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Abstract 

Ageing is a degenerative process characterised by detrimental changes which 

accumulate to cause a decline in physiological functioning of the organism. It is 

characterised by stem cell exhaustion, mitochondrial dysfunction as well as genomic 

instability. One of the core regulators of cellular ageing are telomeres, repetitive DNA 

sequences of TTAGGG that cap the ends of chromosomes and are maintained by the 

ribonucleoprotein DNA polymerase complex, telomerase. Age-dependent progressive 

loss of telomere functions due to the “end replication” problem and insufficient 

telomerase activity eventually induces cell cycle exit for the induction of either 

replicative senescence or apoptosis. To bypass senescence, most epithelial and 

tumorigenic cells re-activate telomerase allowing for telomere extension thereby, 

extending their proliferative potential and promoting overall cell viability. It was 

recently established that knockdown of the 37kDa/ 67kDa laminin receptor (LRP/LR), a 

proliferative-related protein which maintains cell viability in cancerous and normal 

cells, reduces telomerase activity. Therefore, it was hypothesized that elevating LRP/LR 

may increase telomerase activity and hinder the ageing process. The core aims of this 

research included: To prove in vitro that LRP::FLAG overexpression influences 

telomere dynamics and senescent related proteins in cells. Thereafter, to prove in vivo 

that LRP::FLAG overexpression (i) has an effect on the ageing process, (ii) positively 

impacts on telomere dynamics and (iii) significantly reduces the levels of tissue 

senescence in aged C57BL/6J mice. To this end, cell lines were successfully developed 

that stably overexpressed LRP::FLAG and have further overexpressed LRP::FLAG in 

aged C57BL/6J mouse models. Western blotting, confocal microscopy and qPCR were 

used to assess the effects of overexpression of LRP::FLAG on ageing markers as well 

as telomere dynamics in both cell lines and mice. In addition, various physiological tests 

(balance beam, puzzle box, nesting, wirehang, social interaction, open field and hair 

greying tests) and histological analyses were performed to assess overall mouse fitness 

as well as to discern the treatments ability at reducing tissue degeneration and atrophy. 

In terms of the in vitro research, it was found that the overexpression of LRP::FLAG 

induced a significant elevation hTERT levels, telomerase activity and telomere length. 

Concomitantly, it was shown that LRP::FLAG overexpression also reduced the levels of 
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the senescence/ageing markers β-galactosidase and λH2AX in both HEK293 and MRC 

5 cells. Moreover, for the in vivo component it was found that mice overexpressing 

LRP::FLAG displayed improved physiological characteristics and markedly less tissue 

degeneration and atrophy when compared to control and non-treated mice. Alongside 

these improvements, certain organs displayed increased telomerase activity with a 

corresponding elongation in average telomere length, further substantiating that a 

functional relationship exists between LRP and telomerase. In addition to the improved 

aspects of telomere biology it was found that the overexpression of LRP::FLAG 

significantly improved various proliferative and anti-ageing associated proteins (Klotho, 

MDM2, SIRT1, Akt and c-Myc) while causing a concomitant decrease in senescent 

associated proteins (p16, NFkB and γH2AX). These findings are indicative of a novel 

function of LRP/LR impeding the onset of senescence, while also promoting healthier 

ageing through elevating TERT and telomerase activity. Therefore, LRP::FLAG could 

act as a novel drug for healthier ageing through the impediment of the cellular ageing 

process. 
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1. Literature Review 

 

1.1 Ageing and cell senescence 

Ageing is a universal process that incorporates the accumulation of adverse changes that ultimately 

causes a progressive decline of the organism’s physiological and biochemical functioning, which are 

imperative for survival [1]. This functional decline induced by ageing eventually leads to organ 

failure that in turn gives rise to a host of age-related phenotypic features characteristic of ageing. 

These features can include benign changes from hair greying and the thinning of the skin to more 

severe/ pathological features like: loss of lung tissue elasticity, bones becoming brittle, accumulation 

of fatty deposits and loss of flexibility in blood vessels, as well as a reduced ability for healing/ 

regeneration of the tissues [2, 3]. In turn, these features culminate in a time dependent loss of tissue 

and organ function, which effectively elevates the risk of mortality. Although the ageing process 

exhibits numerous features similar to a pathology, it is still considered a normal cellular process and 

not a disease [4]. However, the overall functional decline induced by ageing drastically elevate an 

organism’s susceptibility, especially humans, to a number of age-related pathologies. These include: 

diabetes, cancer, cardiovascular diseases such as atherosclerosis and neurodegenerative disorders like 

Alzheimer’s (AD) or Parkinson’s disease [1, 2, 5, 6].  

 

1.1.1 Stem cell model of ageing 

The process of ageing is believed to be governed by two generally accepted models namely, the 

depletion of adult stem cell niches or secondly the gradual accumulation of senescent cells in various 

tissues of the body [2]. These tissue specific stem cells are essentially uncharacterised cells that 

retain the ability to differentiate into specialised cells of any cell type of the organ they reside within 

[6, 7]. In this way, these cells serve as efficient reservoir cells for organs and allow for regeneration, 

healing and expansion of the tissue [(Figure 1.1) [3]]. These cells however, have been shown to have 

finite proliferative capacities, owing in part to the accumulation of cellular damage as well as the 

restrictions imposed by the length of their telomeres, repetitive genetic elements (TTAGGG repeats) 

that cap the ends of chromosomes [(Figure 1.1) [8-11]]. In turn, when these stem cell reserves are 

eventually depleted the organs are unable to adequately replace the damaged tissue and cells, which 

leads to the characteristic phenotypic alterations that generally constitute ageing [(Figure 1.1) [6, 7]].  
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Figure 1.1: The stem cell model of ageing. 
The figure illustrates a theoretical model to potentially explain the ageing process, or at the very least, an 

aspect of it. Adult stem cell niches are known to act almost as a repository for the organs/ tissue they reside in, 

where the stem cell niches operate to replace damaged or senescent cells with fresh and healthy ones. This 

occurs throughout the organism’s lifespan until the stem cell niches become depleted. This occurs due to an 

accumulation of damage within the stem cells, as well as extensive replication, which induces senescence by 

critical shortening of the telomeres. As a result, the organ/ tissue accumulates damaged or senescent cells that 

can no longer be replaced, which continues until organ failure or mortality occurs. Alternatively, should 

genomic mutations accumulate within the stem cell population, they can induce the formation of cancer stem 

cells. These cells are then fed into the tissue in an attempt to carry out tissue renewal, however, the cancer 

stem cells instead induce tumor formation.   Adopted from: Donate and Blasco, 2011 [12]. 
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1.1.2 Senescence model of ageing  

The second model of ageing was primarily based off the observation that as an organism ages there 

is a notable increase in the number of senescent cells throughout the body. Senescence is defined as 

the complete and irreversible loss of proliferative potential in somatic cells, although they may 

remain metabolically active and viable [13, 14]. The process was historically discovered in vitro 

where normal human fibroblasts were found to enter a state of permanent cell cycle arrest after 

extensive sub-culturing, otherwise known as the Hayflick limit [15-17]. The senescence process 

itself, is a consequence of how a cell responds to both acute and chronic cellular stress [1, 13]. In 

addition, it is believed that the process of cellular senescence arose as an evolutionary defence 

mechanism against carcinogenesis [13, 18]. In this regard, senescence would not only prevent the 

accumulation of mutations, a direct consequence of extensive proliferation and DNA damage, but 

also effectively prevent the propagation of pre-malignant cells.  

 

In ageing the senescence process is governed by oxidative stress caused by the accumulation of 

reactive oxygen species (ROS) but can also be influenced by other biological, chemical and physical 

stresses. These stresses induce genotoxic and proteotoxic damage that is gradually assimilated during 

each subsequent round of cell division [13, 18, 19]. Other factors that ROS influences to modulate 

ageing and senescence include: inducing persistent inflammation, mitochondrial dysfunction, 

forming non-telomeric DNA aberrations, and most importantly, telomeric DNA erosion [1, 19-23]. 

Once the protein and DNA damage surpasses a critical point the cell undergoes a range of genetic 

and phenotypic alterations that primarily serve to limit or prevent further proliferation [13, 24-26]. A 

few of these alterations include: an elevation in key tumor suppressor pathways (p53, pRb and 

p16INK4A), a silencing of active proto-oncogenic pathways, decline of anti-ageing related proteins 

like klotho and Sirtuin 1 (SIRT1), altered metabolic pathways as well as sustained activation of 

inflammatory processes and secretory pathways [13, 25, 26]. In addition, cells adopt an enlarged, 

flattened and granular morphology with increased amounts of vacuolization [19, 27-30]. These 

changes are primarily brought about by chromatin remodelling and altered epigenetic profiles, which 

cause a subsequent change in gene expression patterns [30-32].   
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1.1.3 The senescence process and the senescence associated secretory phenotype 

The altered expression profiles exhibited during cellular ageing allow senescent cells to secrete 

biomolecules (inflammatory cytokines, chemokines, proteases and extracellular matrix (ECM) 

remodelling factors) capable of inducing potent paracrine effects [(Figure 1.2) [29, 33, 34]]. These 

secreted molecules serve to alter the tissue microenvironment in order to propagate the stress or 

senescent phenotype to neighbouring cells (Figure 1.2). This occurs through a process otherwise 

known as the senescent associated secretory phenotype (SASP) [33, 35, 36]. Once activated, the 

senescence process and SASP can take several days, to weeks to become fully established and 

irreversible. This extended process towards irreversible growth arrest is further enhanced by an 

intracellular signalling loop where ROS-linked DNA damage responses (DDRs), NFκB (nuclear 

factor kappa-light-chain-enhancer of activated B cells), transforming growth factor-β (TGF-β) as 

well as inflammatory cytokines IL1α and IL6 and CCAAT enhancer binding protein-β (C/EBP-β) 

together form a loop to exacerbate the spread of the senescent state [29, 34, 37-39]. In addition, the 

process is further reliant on two core inflammatory cytokines, namely; IL6 and IL8, among others, 

that aid in the recruitment of immune cells [34, 39, 40]. As the number of immune cells accumulates, 

it eventually induces chronic inflammation, which is commonly associated with a number of age-

related pathologies and advanced ageing (inflamm-ageing) [41-43]. Furthermore, these two 

cytokines have also been implicated in ensuring that senescence associated growth arrest is 

maintained among the senescent cells and surrounding tissue by operating in both an autocrine and 

paracrine manner [(Figure 1.2) [34, 35, 39, 40]]. In contrast, under non-ageing conditions the SASP 

could offer a number of benefits including: promoting the clearance of damaged cells, resolving 

tissue damage, epithelial to mesenchymal transitions (important for wound healing as well as 

cancer), and act as a form of protection against infections [30, 44-47]. However, as damaged and 

aged cells accumulate, the normal functions of the SASP become dysregulated as the damaged tissue 

can no longer be repaired or replaced with new cells. Instead, the aforementioned senescent-related 

functions occur, thus indicating the vital role that the SASP plays in maintaining and progressing the 

senescent phenotype.    
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Figure 1.2: The autocrine and paracrine signalling roles of the senescent associated secretory 

phenotype in propagating and maintaining the senescence process. 
The senescent associated secretory phenotype (SASP) is ultimately brought about by the accumulation of 

senescent cells. This occurs whereby, normal functioning cells accumulate damage induced by various 

stresses (Chemotherapy, oxidative stress from mitochondrial dysfunction, dysregulated oncogenic signalling, 

radiation and replicative stress ie: critical telomere erosion). This induces a host of alterations in the cells for 

permanent cell cycle arrest. In this state the cells produce SASP factors at an exponential rate that are 

comprised of growth factors, inflammatory cytokines, chemokines as well as factors that operate to modify the 

ECM. These factors firstly, act in an autocrine manner to ensure the persistence of the senescent state in the 

afflicted cells. Thereafter, these factors also operate to alter the tissue environment (altered ECM and 

persistent inflammation) to aid in the maintenance of the senescent phenotype. Finally, these SASP factors can 

also operate in a paracrine manner  to spread the senescent state to the surrounding healthy cells, thereby 

aiding in the propagation of the senescent phenotype. Thus, illustrating the critical roles that the SASP plays 

in maintaining and propagating the senescent state using both autocrine and paracrine signalling. Adopted 

from: Gonzalez-Meljem et al, 2018 [48]. 

 

1.2 Stress-dependent senescence 

The aforementioned factors have led to the identification of two major types of senescence namely 

stress-dependent senescence and telomere dependent senescence. It must be highlighted that there is 

normally a dynamic interplay between the two forms of senescence however, stress-dependent 

senescence can act independently and normally causes the arousal of a condition known as stress 

induced premature cellular senescence (SIPs) [49]. Other forms of stress-dependent ageing/ 

senescence that can operate alongside or independently of telomere dependent senescence include: 

mitochondrial induced senescence, inflamm-ageing, and oncogene induced senescence.  
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1.2.1 Mitochondrial induced senescence 

The mitochondria are the core organelles responsible for the generation of energy as well as cell 

metabolism and have been heavily implicated in the ageing process. This influence on ageing is 

believed to be a consequence of the organelles function to produce ATP through oxidative 

metabolism, where ROS is generated as a by-product of the process [50, 51]. Consequently, during 

ageing there is a notable decline in the respiratory function of these organelles as well as an 

excessive generation of ROS, which leads to elevated levels of oxidative stress and mitochondrial 

dysfunction [52-55]. Once mitochondrial dysfunction sets in there are an array of compounding 

effects that contribute to the decline in cellular and tissue fitness including: abrogated ROS 

generation, mutations and/ or damage within mtDNA, as well as a lack of ATP generation. 

Furthermore, there is a distinctive increase in mitochondrial mass, altered mitochondrial membrane 

permeability (elevating the risk of apoptotic induction) with Ca+ dysregulation and inflammation 

[37, 54, 56-60]. In particular, the abrogated generation of ROS alongside the accumulation of 

mtDNA mutations encompasses one of the leading theories on ageing namely, the mitochondrial free 

radical theory of aging (MFRTA) [61]. This theory is housed around several noteworthy 

observations confirming that both ROS production and mtDNA mutations accumulate with age 

combined with a concomitant decline in ROS neutralising agents [59, 60, 62-64]. This results in a 

viscous cycle where each of the aforementioned effects elevates the other to cause a compounding 

effect. Thereafter, the heighted oxidative stress causes widespread DNA, lipid and protein damage 

which eventually accumulates to cause cellular decline. However, this theory has recently been 

thrown into disrepute due to a growing body of conflicting data that rules out ROS as the initial 

cause of ageing [65-68]. Furthermore, certain studies have found no beneficial effects to longevity 

when using anti-oxidants to prevent the accumulation of ROS [60, 69-71].  This said, mitochondrial 

dysfunction and especially mtDNA mutations have still been shown to significantly contribute to the 

senescent phenotype, where it is believed to contribute to the formation of the SASP and act as an 

effector pathway for both inflammatory induced and oncogene induced ageing [72-78]. Therefore, 

mitochondrial fitness may still play a large role in senescence by promoting its continued progression 

alongside other senescent inducers. 
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1.2.2 Inflamm-ageing 

A core feature that occurs during the ageing process is a persistent activation and increase in chronic 

inflammation with advancing age, which gained the term inflamm-ageing. Generally, inflammation 

encompasses a series of responses that an organism’s inflammatory cytokine system carries out when 

exposed to pathogens or tissue injury [79]. These inflammatory responses fade when the pro-

inflammatory factors like pathogens are resolved or the injury is healed. In contrast, during inflamm-

ageing the inflammation persists and moves onto an unresolved state and eventually causes immuno-

senescence [80, 81]. Accompanying this state is an elevation in ROS (induced by mitochondrial 

dysfunction) to promote cellular damage and metabolic alterations, a progressive increase of pro-

inflammatory cytokines and increased fat content to house pro-inflammatory mediators [81-84]. A 

few of these elevated pro-inflammatory cytokine markers include: IL 1, 6, 8, 15 and 18 as well as 

TNFα [85-90]. These cytokines in high levels operate through the circulatory system to effectively 

ensure that an inflammatory environment is maintained for tissues and organs [84, 85]. This 

generates a cyclic event whereby the elevated ROS generated from the inflammatory response 

induces additional DNA damage. This results in the expression of additional pro-inflammatory 

cytokines to further progress the senescent state [88, 91, 92]. Aside from this, the elevated cytokines 

produced further contribute to the establishment and progression of the SASP allowing the senescent 

state to be spread to the surrounding tissues [93, 94]. Finally, inflamm-ageing has also been 

implicated in a range of age-related diseases such as Alzheimer’s disease (AD), cancer, 

cardiovascular disease (CVD), diabetes and sarcopenia (a muscle wasting disease), thus highlighting 

the intricate role that this form of senescence plays in the ageing process and age-related diseases [5, 

95-98]. 

 

1.2.3 Oncogene induced senescence  

One form of senescence clearly linked to the impediment of tumorigenic development is the cellular 

programme known as oncogene induced senescence (OIS). This form of premature senescence plays 

a major role in transforming a developing tumor into a benign state by responding to distinct DNA 

damage and oncogenic stimuli that the cells produce, to remove the early stage tumorigenic cells 

from the proliferative pool [99, 100]. This potentially lowers the number of pre-neoplastic cells that 

can actively contribute towards the growing tumor, thus tumorigenic progression is halted, leaving 

behind a benign growth with no mitotic potential. Usually this process is brought about by genomic 

mutations that affect either PTEN, RAS, RAF or BRAF, which induces an explosive elevation in 

oncogenic factors and hyper replication of the cell’s DNA allowing for the accumulation of 
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heterochromatic foci [100-104]. Eventually a persistent DDR (independent of telomere shortening) is 

elicited by the accumulation of p16INK4A, p53 and ARF in response to the accumulating cellular 

dysfunction [99, 100, 103]. Interestingly, this type of senescence also incorporates aspects from other 

types of senescence to further aid in limiting tumor growth, where cells undergoing OIS have been 

confirmed to accumulate dysfunctional mitochondria [75, 105]. Moreover, OIS like inflamm-ageing 

utilises distinct cytokines like IL6 and IL8 to activate inflammatory pathways to provide a means to 

spread the OIS phenotype to the surrounding premalignant cells [34, 106, 107]. Therefore, the 

dynamic interplay of other senescent processes involved in inducing OIS highlights its importance as 

acting as a barrier for tumorigenic development both in vitro and in vivo.  

 

1.3 Telomere dependent senescence 

The second major form of senescence which is regulated by telomeric erosion is intricately linked to 

normal ageing in humans [19-22, 108]. The process is governed by the gradual loss in mean telomere 

length during subsequent rounds of cell replication [108-110]. This said, the formation of 

dysfunctional telomeres can in part be attributed to the imperfect synthesising action of DNA 

polymerase, otherwise known as the “end replication problem” [111]. This is due to the semi-

conservative mechanism of the enzyme emplaced by lagging strand synthesis, where around 50 to 

200bp of DNA is lost from the 5’ end of the lagging strand during each mitotic event [108, 111, 

112]. In this way the telomeres serve a vital protective function by preventing degradation of coding 

genomic DNA (gDNA), as the telomeric ends are shortened instead [108, 110]. This erosion 

continues to occur throughout the tissues/organism’s lifespan until the “Haylick limit” is reached; a 

pre-determined critical length of the telomeres that signals for the induction of senescence [(Figure 

1.3) [15, 17, 108, 113]]. Aside from telomere attrition, senescence can also arise from the 

perturbation of the telomere related shelterin complex, a protein complex that binds to the telomeres 

and prevents exposure of the guanine (G) rich overhang, as well as prevents a loss in overall 

structural integrity [114, 115]. Therefore, the loss of telomere length, or structural stability acts as an 

efficient means to track cellular ageing by giving a theoretical indication on the number of times a 

cell can actively divide [108-110, 112]. 
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Figure 1.3: The mechanism behind telomere-dependent senescence, and how telomerase 

reactivation induces replicative immortality by replenishment of the telomeres. 

Telomeres continually erode due to replicative stress and ROS related damage until a critical length 

is reached, causing exposure of the telomeric overhang. Thereafter, DNA damage markers 

accumulate at the exposed overhangs to eventually elicit a DNA damage response (DDR) that is 

mediated by p53 or p16 to ensure cell cycle arrest. In this state the cells produce elevated 

inflammatory markers to ensure the persistence of the DDR, thus ensuring the senescent state is 

maintained. In addition, these inflammatory markers, also known as senescent associated secretory 

phenotype (SASP) factors, aid in propagating the senescent state to the surrounding cells and tissue 

to eventually cause organ failure. Image constructed using: SmartServier.  

 

1.3.1 Telomere-dependent senescence and Reactive Oxygen Species 

According to the above mentioned, an additional imperative contributor to telomere dysfunction is 

the DNA damage caused by ROS. This is due to the rich content of guanine present within the 

telomeres, which ROS molecules preferentially target, thus illustrating a vital secondary protective 

function that the telomeres serve [116-118]. This secondary protective function is imperative in post 

mitotic cells, like neurons, where the major form of DNA damage is derived from sources of 

oxidative stress like amyloid beta (Aβ) accumulation. This observation was made in several studies, 

where induced oxidative stress was found to preferentially cause DNA damage at the telomeric 

regions with higher frequency than within gDNA [117-120]. In conjunction, the oxidative lesions 

generated at the ends of telomeres are repaired less efficiently than anywhere else in the genome, 

further contributing to the accumulation of ROS-related DNA damage [121, 122]. This inefficient 
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repair is a direct consequence of telomere-related binding proteins like, TRF2, that can bind and 

mask areas of damaged telomeric DNA preventing the recruitment of DNA damage repair proteins 

[122-124]. In this manner, the telomeres are exceptionally sensitive to this form of damage induced 

by oxidative stress, where ROS molecules bind to the guanine residues and convert them to 8-oxo-

guanine, thereby disrupting the G-quadruplex, a key telomeric structure needed to ensure telomere 

homeostasis [118, 120, 125, 126]. These 8-oxo-guanines also induce the formation of breaks within 

the telomeric DNA that expose the overhangs allowing them to be read as a DNA double stranded 

breaks (DSBs), ultimately signalling for the induction of senescence.  [(Figure 1.3) [19, 112, 127]].  

 

1.3.2 Signalling cascades involved in telomere-dependent senescence 

This form of senescence occurs as a result of the critically dysfunctional telomeres behaving in a 

similar manner to DSBs, where it induces a potent DDR effectively halting further cell cycling 

(Figure 1.3). In turn, a number of DNA damage markers like: γH2A histone family member X 

(γH2AX), p53 binding protein 1(53BP1), mediator of DNA damage checkpoint (MDC1) and Nibrin 

(NBS1) localise directly to the exposed ends of dysfunctional telomeres resulting in the formation of 

telomere- induced foci (TIFs) [26, 128]. It is these TIFs that are recognised as DSBs and elicit the 

activation of checkpoint PI3 kinases such as ATM (ataxia-telangiectasia mutated) or ATR (ataxia-

telangiectasia and Rad3 related) [26, 128, 129]. These kinases go on to phosphorylate a range of 

downstream factors, leading to the eventual phosphorylation, activation and stabilisation of the tumor 

suppressor protein, p53 (Figure 1.3). In conjunction, to ensure the continued activity of p53 there is 

also a corresponding inactivation and degradation of the Mouse double minute 2 (MDM2) protein. 

Thereafter, p53 stimulates the expression of p21, a cyclin dependent kinase inhibitor, for the 

inhibition of further cell cycling by activating retinoblastoma protein (Rb) which blocks entry into 

the S phase of the cell cycle [(Figure 1.3) [129-131]]. Alongside the elevated p21, there is a 

subsequent activation of the senescent related protein p16, which also induces senescence, albeit at a 

much lower rate than p53 [(Figure 1.3) [130, 131]]. This takes place by p16 feeding into the process 

of Rb hyperphosphorylation, thereby causing an inactivation of CDK4 and CDK6  for cell cycle 

arrest [131, 132]. This said, p16 has been found to be less important than p53 in eliciting a telomere 

dependent DDR for senescence, but may play an important role in maintaining the senescent state 

after its establishment [130, 133]. Thereafter, these signalling pathways are persistently activated in 

order to ensure that a constant DDR is elicited. Alongside a persistent DDR it has been found that the 

extensive shortening of the telomeres may further contribute to altered epigenetic patterns as well as 

the development of the SASP through its role in ROS production [(Figure 1.3) [134, 135]]. In turn, 
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this would allow the telomeric dysfunction as well as the senescent phenotype to spread to the 

surrounding tissues in order to advance the ageing process.  

 

1.3.3 Impediment of telomere-dependent senescence 

This form of senescence can however be prevented or at least obstructed in a controlled manner 

through the telomere replenishment actions of the enzyme, telomerase. In fact, the maintenance that 

telomerase affords has essentially been shown to inhibit the activation of a persistent telomere-

dependent DDR [110, 136, 137]. Subsequently, this leads to an impediment of cellular ageing as well 

as an increased proliferative capacity [(Figure 1.1)[136, 138-142]]. This anti-senescence effect has 

been shown in several studies where, the reactivation of telomerase is an essential requirement for 

cell immortalization and escape from cell senescence for both normal as well as tumorigenic cells 

[136, 139-141, 143]. This said, the preservation of the telomeres has been found to aid in conserving 

normal cell function and also to maintain genomic integrity [136, 143]. In accordance, this telomeric 

replenishment in a controlled setting does not behave in an oncogenic fashion to stimulate the 

induction of carcinogenesis [140, 143, 144]. Instead, by maintaining the telomeres it was found to 

reduce both telomeric and DNA damage, as well as to inhibit the formation of DNA fusion events, 

which are common phenomena during cancer progression [145-147]. Consequently, this telomeric 

replenishment further induces a reduction in senescent signalling pathways, with a corresponding 

elevation in survival/ proliferative pathways, increased expression of anti-ageing proteins like klotho 

and SIRT1 as well as a marked reduction in the expression of senescent markers like γH2AX and β-

galactosidase [136, 140, 143, 144]. Holistically these factors further result in an impediment or 

reversal of the ageing process on both a tissue and organism level. In relation, cells suffering from 

certain age-related pathologies like CVD and diabetes, as well as premature ageing syndromes 

(Werner syndrome), have been found to be positively influenced by telomeric replenishment for an 

improvement of the disease states [148-150]. Ultimately, this exemplifies the vital role that 

telomerase plays in impeding ageing and in conserving cell viability.  

 

1.4 Telomere biology 

1.4.1 Structure and function of the telomeres 

In accordance with the aforementioned, the telomeres which are maintained by telomerase play a 

vital role in senescence as well as maintaining a juvenile cell state. These tandem genetic elements 

composed of TTAGGG repeats that end in a vital 3ʹ single stranded G-rich overhang are located at 

the termini of eukaryotic chromosomes [(Figure 1.4 A) [151-153]]. This unique composition of the 
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telomeres in comparison to other genomic DNA has remained evolutionarily conserved, possibly due 

to a number of factors. A few of which include: constraints imposed by telomerase (specifically the 

composition of the TERC template), its ability to form a  G  quartet (four guanines that interact via 

hydrogen bonding), its unique composition might be imperative for specific association of several 

telomere-related proteins, which further boost the protective function of telomeres and lastly, its 

ability to code telomeric RNA known as TERRA [154-158]. These G quartets that the telomeres 

form have been implicated in telomere protection from damaging agents, suppression of 

recombination and the inhibition of telomerase activity as they act as poor sites for telomeric 

extension [154, 159]. Together, the telomeres with its telomere-associated proteins operate 

synergistically to prevent damage and degradation of coding gDNA [114, 160, 161].  

 

1.4.2 Telomeres and the shelterin complex 

The most important of these telomere-related proteins are comprised of a six-protein complex, 

otherwise known as the shelterin complex that shares a high affinity towards telomeric DNA (Figure 

1.4 B). These six proteins namely: POT1, Rap1, TPP1, TIN2 and most importantly TRF1 as well as 

TRF2, are found with exceedingly high abundance at the telomeric ends during any phase of the cell 

cycle [(Figure 1.4 B) [115, 161-163]]. In addition, the proteins making up this complex do not 

accumulate elsewhere, thereby accentuating their telomere-dependent function of “capping” the 

termini of chromosomes [160]. This exceptional specificity towards the telomeres is owed to the 

multiple TTAGGG recognition folds that these protein subunits house, specifically within TRF1, 

TRF2 and POT1, which are all connected through their protein-protein interactions [160, 164, 165]. 

In this manner, when TRF1 and TRF2 bind to the telomeres, they behave as docking sites and allow 

the recruitment of POT1, RAP1, TIN2 and TPP1; where TIN2 operates as the linchpin of the 

complex [160, 162, 163]. This ensures that TPP1 as well as POT1 remain tethered to TRF1/ 2, 

enabling the stabilisation of TRF2 and in turn, the complex to the telomeres [162, 163]. In this 

manner, the unique setup of the shelterin complex affords it the ability to perform a number of vital 

telomere-associated functions.   

 

 

 

 

 

 



- 13 - 

 

 

 

Figure 1.4: Schematic diagram featuring the structure and function of the telomeres together 

with the shelterin complex and TERRA to form the T and D-loop for enhanced genomic 

protection. 
(A) The figure demonstrates the genetic and structural conformation of the telomeres, where it is made up of 

tandemly repeated genetic elements of TTAGGG in mammals, that further end in a vital 3ʹ guanine (G) rich 

overhang. (B) As these sequences have a highly unique composition, it allows for the recruitment of highly 

specialised telomere-related proteins, which includes: POT1, RAP1, TIN2, TPP1, TRF1, and TRF2, that bind 

and interact with each other and the telomeres, to form the shelterin complex, which essentially provides an 

additional protective function. This said, the binding of the shelterin complex onto the telomeres stimulates 

the telomeric 3ʹ G rich overhang to fold over and invade the double stranded telomeric strand and interact with 

the 5ʹ cysteine (C) rich strand to form the T-loop. The displaced strand then goes on to form a secondary loop 

known as the D-loop. The formation of these loop-like structures provides additional protection; especially to 

the 3ʹ G rich overhang, as it masks the strand from being read as a double stranded break. Furthermore, the 

shelterin complex and the T-loop effectively prevent the binding of telomerase to the telomeric ends, thus 

acting as a negative regulator of telomerase activity.  Adopted from O’ Sullivan and Karlseder, 2013 [166]. 
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1.4.3 Shelterin, telomeres and generation of the telomere loop 

One of the most vital functions pertaining to the shelterin complex, is its ability to aid in the 

formation and stabilisation of the telomere loop [(T- loop) (Figure 1.4 C)]. The process involves the 

overhang invading the duplex telomeric repeats and forming bonds with the C- rich strand, inducing 

the displacement of the G- rich strand, which forms the displacement loop (D- loop) [160, 167]. 

During the formation of the T- loop both TRF1 and TRF 2 exhibit DNA remodelling capabilities, 

where TRF2 has specifically been shown to produce the loop-like structures [167]. These structures 

are essentially formed to cover or shelter the 3ʹ single stranded overhang from being read as a DSB 

by DDR-related proteins and also makes the telomeric ends inaccessible to DNA damaging agents 

[(Figure 1.4 C) [114, 168, 169]]. In fact, in the event that TRF2 is eliminated or inhibited, the 

chromosomal ends are immediately altered, which causes functional telomeres to behave as though 

they are dysfunctional eliciting the activation of the ATM/ p53 pathway for senescence or apoptotic 

induction [114, 169]. Moreover, the abrogation of POT1 can also elicit a persistent DDR albeit in a 

different mechanism to TRF 2, where the ATR pathway is activated instead [170, 171]. Therefore, 

this illustrates the vital protective function that both the T- loop and shelterin complex carry out in 

waylaying DNA damage to the telomeres, as well as preventing the induction of premature 

senescence.  

 

1.4.4 Shelterin and its role in telomere maintenance  

Finally, shelterin carries out a major function in telomere length maintenance. In mammalian 

organisms, this maintenance has been illustrated to be governed by a negative feedback loop, which 

inhibits the actions of telomerase, to ensure that the telomeres remain within a set size range [115, 

172]. How shelterin governs this process, is by acting as an inhibitor to telomerase (Figure 1.4 C). In 

this regard, the actions of telomerase are mediated by the number of shelterin present on a given 

telomere. As the number of these complexes present is more or less proportional to a telomere’s 

length; the enzyme telomerase actively seeks out the telomeres with the fewest number of shelterin 

present and in this way extends only the shortest telomeres [115, 173]. The inhibitory actions 

displayed by shelterin is governed by its TRF1, TRF2 and POT1 subunits, where POT1 inhibits 

telomerase through its ssDNA- binding ability [115, 174, 175]. This is accomplished by POT1 

masking the single stranded 3ʹ terminus, effectively blocking telomerase from gaining access [174, 

175]. In contrast, if POT1 acts in partnership with TPP1, it promotes the recruitment of telomerase 

and allows telomeric extension [176, 177]. This conflicting function occurs as a result of POT1 and 

TPP1 behaving as a “sliding clamp” where it can slide along the telomeres inducing a constant 
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folding and unfolding of the telomeres [176]. Thus, when POT1-TPP1 unfolds the telomere ends, it 

allows for a more relaxed telomeric structure to promote telomerase activity [176]. Therefore, 

illustrating how POT1 can act as both a positive and negative regulator of telomerase activity. 

 

Alongside shelterin there is an additional structural aspect that aids in telomere maintenance and 

telomerase activity, namely telomeric repeat containing RNA (TERRA). These long non-coding 

RNAs are transcribed directly from the telomeres, which is believed to be mediated by TRF1, with 

its subsequent interaction with Pol II [158]. TERRA has been found to bind telomeres, the shelterin 

complex, methyl transferases and chromatin remodelling proteins for heterochromatization of the 

telomeres, as well as regulating telomeric shape, thereby adding a further layer of protection [(Figure 

1.4 C) [172, 178, 179]]. Additionally, TERRA can also operate to limit telomerase by either binding 

the Telomerase RNA component (TERC) subunit directly or by interacting with the catalytic TERT 

subunit to regulate telomere maintenance [172, 178, 179]. Therefore, the telomeres, in conjunction 

with the shelterin complex and TERRA provide an effective means to regulate telomerase activity 

and to shield gDNA from sequence damage or degradation, to conserve cellular and genomic 

function.  

 

1.5 Telomerase and TERT 

1.5.1 Structure and function of the telomerase complex 

Telomerase is one of the core regulators involved in the prevention or impediment of telomere-

dependent senescence. It is a ribonucleoprotein that operates as an enzyme with a primary function 

of telomere synthesis for telomere maintenance and elongation [110, 180-182]. This function 

essentially conserves telomeric structural integrity, which efficiently increases a cell’s proliferative 

capacity; permitting additional cell divisions that exceeds the cell’s predetermined limit [136, 142, 

180, 183, 184]. Specifically, in humans, the active isoform of this protein is commonly located 

within immortalised, germline, embryonic, self-renewing stem cell populations and tumorigenic cells 

[185, 186]. In fact, the presence of telomerase in these cells aids in circumventing senescence, by 

constantly replenishing the shortest telomeres and in turn, allowing for near limitless DNA 

replication [136, 142, 185]. The active enzyme is composed of two core sub-units, among others, to 

form a multi-protein complex which enables telomere replication. These two sub-units are namely: 

TERC which is read by the catalytic reverse transcriptase component (TERT) for the generation of 

new TTAGGG repeats [(Figure 1.5) [187, 188]]. Telomerase carries out telomeric extension by 

recognising the 3ʹ guanine rich overhang of a telomeric strand where it then introduces the newly 
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synthesised telomeric repeats in a 3ʹ-5ʹ direction during the synthesis (S) phase of the cell cycle. The 

other sub-units (NOP10, GAR, Dyskerin NHP2) that make up the telomerase complex mainly assist 

in the stabilisation of the complex, and further facilitate the binding of telomerase onto the 3ʹ G rich 

overhang of the telomeres [(Figure 1.5) [189-191]]. Once telomerase is attached to the 3ʹ G rich 

overhang of the shortest telomere, it carries out telomeric synthesis in a controlled fashion by adding 

one TTAGGG repeat at a time. 

 

 

Figure 1.5: The ribonucleo reverse transcriptase telomerase performing its primary function of 

telomeric extension. 
The telomerase complex is composed of two core sub-units among others, namely TERT and TERC that are 

responsible for performing the catalytic function of telomere synthesis. This function is accomplished by the 

catalytic component, TERT, reading the RNA template, TERC,  to produce the telomeric repeats. The other 

proteins comprising the complex mainly aid in stabilising the enzyme. These stabilising proteins include: 

Dyskerin, GAR, NHP2, and NOP10. Together, the subunits of this complex operate to extend the shortest 

telomeres in a 3′  5′ direction [192]. Figure constructed using SmartServier. 
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1.5.2 Regulation of TERT and telomerase 

In humans, telomerase activity is a tightly regulated process where it passes through various phases 

before telomeric extension can occur. These processes include: regulation of TERT transcription and 

translation, accumulation of the TERC transcript, the export of the telomerase complex to the 

nucleus, the activation of telomerase (through phosphorylation) and finally the recruitment of the 

enzyme to the telomeric ends [(Figure 1.6) [186, 193]]. Although these processes can regulate the 

extent of telomerase activity that occurs, the greatest limiting factor is the catalytic subunit TERT, 

where its levels have been confirmed to directly influence the amount of activity that occurs [139, 

185, 194]. In fact, it has been proven that TERC expression occurs in most mammalian cells, 

whereas the expression of the enzymatic isoform of TERT was found to be localised only to 

cancerous, embryonic and epithelial cells [136, 138, 139]. More surprisingly, it has been shown that 

the 2 subunits have vastly different half-lives, where TERT remains in the cells for more or less 24 

hours [186, 195, 196]. Meanwhile, the TERC transcript can remain for an extraordinary period of 

five days [186, 195, 196]. Therefore, further emphasising the fact that TERT acts as the limiting 

factor for regulation of telomerase activity.  

 

Intrinsically, this was found to be a consequence of the strict transcriptional and translational 

regulation imposed on the human telomerase reverse transcriptase (hTERT) within human somatic 

cells, therefore causing its low or undetectable levels, as well as the corresponding absence of 

telomerase activity [136, 138, 139, 186]. On a transcriptional level, there are a multitude of factors 

that operate to limit expression of the hTERT gene. First and foremost is the unique location that the 

hTERT gene resides within (chromosome 5p15.33), where its promoter region lies within a highly 

condensed chromatin domain [197]. This allows for transcriptional repression to be mediated 

through hypo-acetylation of the core histones, effectively preventing gene activation due to the 

condensed chromatin [(Figure 1.6 A) [186, 198, 199]]. In conjunction, both histone and CpG 

methylation, which are responsible for a stable long term repression of particular genes, have been 

found to influence hTERT regulation [(Figure 1.6 A) [200, 201]]. In turn, this prevents transcription 

factors (TF) from binding to the TERT promoter region, and further illustrates the tight gene 

repression regulations imposed on TERT at an epigenetic level. 
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1.5.3 Transcriptional and post-translational regulation of TERT 

Aside from epigenetics, there is also an array of transcriptional silencers that can bind to hTERT or 

its promoter, to prevent gene expression (Figure 1.6 A). A few such suppressors include: Mad1 (an 

antagonist to c-Myc), WT1, MZF-2 (a zinc finger transcription factor and a member of the E2F 

family), E2F1 (believed to counteract c-Myc and TGFβ transcriptional activation of TERT) and p53, 

among others which is believed to be involved in the negative regulation of TERT (reviewed in: 

[193]). Aside from direct binding for transcriptional repression other lucrative targets for TERT gene 

silencing comprise the inactivation or degradation of factors that promote gene expression which 

include: β-catenin , c-Myc , NFκB, STAT3, STAT5, PAX5  and TGFβ [(Figure 1.6 A) (reviewed in: 

[193])]. These silencing factors act as efficient insulators and, together with the dramatic alterations 

to the chromatin environment surrounding TERT, ensure the constant abrogation of its production. 

 

Aside from transcriptional regulation, should the hTERT gene be transcribed, there is a plethora of 

post-translational regulatory elements that can further limit the enzymes activity. This said, it has 

been observed that TERT mRNA levels do not correlate with the activity of the enzyme, thereby 

further supporting the theory of post-translational regulation [202, 203]. It has further been shown 

that phosphorylation is vital for the formation of the active telomerase enzyme [(Figure 1.6 B) [186, 

204-206]]. In fact, hTERT contains a number of putative phosphorylation sites that are exploited by 

two kinases to regulate the subunit. The two identified kinases responsible for regulating telomerase 

activity are the proliferative related protein Akt and c-Ab1 [204, 207]. With regards to Akt 

phosphorylation, it is believed to aid in translocating the hTERT subunit from the cytoplasm to the 

nucleus for enhanced telomerase activity [(Figure 1.6 B) [204, 205]]. In contrast, the kinase c-Ab1 

serves as a negative regulator for telomerase activity in the presence of DNA damage, where c-Ab1 

phosphorylates hTERT to induce a decrease in activity [(Figure 1.6) [207]].  
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Figure 1.6: The multitude of regulatory elements dictating TERT expression and telomerase 

activity. 

A) Transcription of the hTERT gene is controlled by a host of regulatory elements, including 

methylated CpG islands and histones for chromatin repression. Other negative regulatory elements 

include transcriptional repressors like BRCA1, p53, MAD and E2F1 among others (All TF 

repressors are shown in orange). However, there are a number of transcriptional activators (shown in 

green) that positively influence TERT, with the most important including: β-catenin, c-Myc NFκB 

and SP1 [208]. B) On a post-translational level, the hTERT protein requires phosphorylation by Akt 

for nuclear translocation, however, this can be impeded by CHIP. Moreover, once in the nucleus c-

Ab1 can directly inhibit TERT to prevent telomerase activity, especially while under cellular stress. 

Alternatively, TERT can be signalled to be exported from the nucleus when the mitochondria are 

exposed to a significant degree of oxidative stress. C) An additional aspect to regulating TERT/ 

telomerase is the requirement of the TERC component to be processed by Cajal bodies, to allow the 

assembly of the telomerase complex, as well as to activate the complex in order to carry out telomere 

synthesis. Figure constructed using SmartServier.  

 

Other factors that can negatively regulate hTERT/ telomerase include polyubiquitination of hTERT 

by CHIP (C terminus Hsp70 interacting protein) to block entry to the nucleus and for proteolytic 

degradation [(Figure 1.6 B) [209]]. An additional factor, is the export of the enzyme from the 

nucleoplasm to the nucleolus following DNA damage [210]. In addition, the TERC subunit needs to 
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be processed by Cajal bodies before the enzyme can become active [(Figure 1.6 C) [211]] and the 

protein PinX1 can bind to both the TERT and TERC subunits for inhibition of telomerase activity 

[186, 212, 213]. Moreover, TERT’s presence within the nucleus is limited when cells are exposed to 

hypoxic or oxidative conditions, as it induces the translocation of TERT to the mitochondria to 

protect mtDNA, thus preventing telomeric extension [214, 215]. Collectively, these regulatory 

elements provide strong evidence that TERT behaves as the primary limiting factor for functional 

telomerase activity.  

 

1.5.4 TERT and telomerase activity in humans and mice 

In agreement, it has also been shown that when human or murine cells are exposed to exogenous 

TERT, it acted as an adequate stimulus for the reactivation of telomerase activity for telomere 

replenishment, which effectively impeded senescence and ageing [136, 138-140]. Interestingly, 

TERT expression and telomerase activity in murine species appears to be present throughout most 

somatic cell types [216]. This in part, explains the large difference in telomere length between mice 

and humans, where laboratory mice have telomeres ranging from 20-50 kilobases (kb) in length, 

whereas humans have telomere lengths from 10-15 kb [115, 217, 218]. In fact, it has been theorised 

that the ageing process of mice is governed by stress induced senescence rather than by telomere 

shortening [219, 220]. This is due to the fact that even aged mice exhibit longer telomeres than 

humans, with no critically short telomeres evident, in actively dividing cells as well as post-mitotic 

cells like neurons  [219, 221]. Thus, mice do not age through a telomere-dependent mechanism, but 

rather accumulate senescent cells through alternative ageing paradigms like Inflamm-ageing or 

mitochondrial induced senescence. However, it appears that TERT or telomerase based therapies can 

still exert beneficial effects on aged mice. Studies have confirmed that an overexpression of TERT 

promotes healthier ageing and longevity, where mice that contain hyper long telomeres from 

elevated telomerase activity, actually exhibit longer and/ or healthier lifespans without an increased 

risk of cancer [140, 141, 143, 222-224]. Therefore, although telomere dynamics operate differently 

between humans and mice, treatments aimed at TERT and telomerase activity upregulation can still 

provide anti-ageing effects. All together, these findings highlight TERT as the major regulator of 

telomerase mediated telomere maintenance in both humans and mice, which in turn leads to an 

influential role in regulating proliferative capacity. In this manner, the maintenance function that 

telomerase is responsible for allows the continuation of pre-senescent functioning under non-stressed 

conditions, while also conserving cell viability. 

 



- 21 - 

 

1.6 Extra-telomeric functions of TERT and telomerase 

Recently, there has been a growing body of research that strongly indicates that TERT appears to 

carry out vital functions, independent of its ability to maintain or elongate the telomeric ends. These 

alternative or extra-telomeric functions all operate to conserve cell viability and improve 

proliferative capacity. This said, it is often difficult to distinguish between the benefits afforded from 

telomeric extension and extra-telomeric functions as they generally overlap [(Figure 1.7) [215, 225, 

226]]. These extra-telomeric functions are generally centred around the mitochondria, DNA-repair, 

as well as apoptosis and most importantly the regulation of gene expression. In addition, other non-

canonical roles have been attributed to TERT include roles in: cell differentiation and brain 

development that in turn can regulate the formation of spatial memory. Both these functions are 

strongly tied to TERT expression rather than TERTs active functional participation [227, 228]. These 

extra-telomeric functions are especially vital for post-mitotic cells like neurons, where telomere 

extension plays a negligible role in these cell types. 
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Figure 1.7: TERT and telomerase and its extra-telomeric functions aside from telomere 

maintenance. 
The figure illustrates the numerous extra-telomeric roles that TERT or telomerase have namely, gene 

expression and pathway regulation, mitochondrial function, as well as its ability to act as an RNA dependent 

RNA polymerase. TERT’s ability to affect gene expression and pathway regulation seems to be focused on 

the promotion of cell viability, proliferation and survival via the Wnt and Akt pathway. Furthermore, TERT 

aids in promoting the Epithelial to Mesenchymal transition process (EMT), angiogenesis and inflammatory 

processes by affecting major pathways, including NFκB and Wnt. In addition, TERT’s unique ability to 

translocate  to the mitochondria aids in preventing mitochondrial dysfunction, by affecting mitochondrial 

metabolism, respiration and the production of ROS . TERT conveys this protective function to ameliorate 

ROS-related damage done to the mitochondria. However, in the event these aforementioned functions of 

TERT become dysregulated, it can aid in the stimulation of carcinogenesis. Together, these various functions 

substantiate TERT’s vital presence within both normal and cancerous cells for the promotion of cell viability 

and survival.  Adapted from Ding et al., 2013 [229]. 

 

1.6.1 The mitochondrial functions of TERT  

These non-canonical functions of TERT at the mitochondria are mainly focused on supporting 

mitochondrial function, as well as protecting the mitochondria, especially from oxidative stress. In 

this regard, TERT has been found to readily translocate to the mitochondria, especially when 

exposed to hypoxic conditions [56, 214, 226, 230]. Intriguingly, it appears that TERT’s 

mitochondrial and telomeric functions co-exist, where around 20- 30 % of total telomerase has been 

confirmed to be present within the mitochondria under non-hypoxic conditions, in multiple cell types 

including both mitotic and post mitotic cells [56, 214, 230, 231]. Once TERT gains access to the 

mitochondria it conveys protection to the mtDNA to prevent further oxidative damage (Figure 1.7). 

This is especially important in neuronal cells, where brain ageing and age-related neurodenerative 
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disorders like AD have been closely linked to the inhibition of TERT as well as the accumulation of 

dysfunctional miochondria. Likewise, telomere-dependent senescent cells have also been confirmed 

to exhibit increased ROS production, mtDNA damage and mitochondrial mass [56]. How this 

phenomenon occurs is not exclusively known, however, a few potential mechanisms have been 

theorised. Most significantly, it has been shown that cells induced to overexpress TERT under 

stressed conditions resulted in not only a reduction in ROS, but also improved mitochondrial 

function and decreased the amount of mtDNA damage [(Figure 1.8) [214, 232, 233]]. This might be 

a consequence of TERT interacting with RNAs implicated in mediating the repair and replication of 

mtDNA [215, 234]. Conflictingly, it appears that TERT may promote mtDNA damage and 

apoptosis, however it may act as a selective mechanism to ensure that cells which house 

mitochondria with extensive damage are removed from the replication pool [215, 235, 236]. 

Alternatively, TERTs protective function in the mitochondria could be dependent on the type of 

oxidative stress that the cells are exposed to.  These mitochondrial-related functions of TERT clearly 

demonstrate the importance of this protein in mitochondrial functioning. Furthermore, since both 

mitochondrial dysfunction and oxidative stress are large culprits, in the ageing process these specific 

extra-telomeric functions further highlights TERT’s importance in telomere independent- 

senescence. 

 

1.6.2 TERT in DNA repair and apoptosis 

Two other noteworthy events that TERT appears to influence in both activley dividing cells and post 

mitotic cells like neurons are DNA repair and apoptosis. The latter function was known to be 

influenced through telomerase’s ability of telomere maintenance, thereby preventing the 

accumulation of TIFs and subsequent induction of p53-dependent apoptosis. However, it appears 

TERTs ability to influence apoptosis extends beyond the telomeres, where it has been noted to 

associate with the anti-apoptotic protein Bcl-2 [237]. In fact, overexpression of Bcl-2 was found to 

cause a corresponding elevation in TERT and telomerase activity, with a corresponding decrease in 

apoptosis [237-239]. Furthermore, TERT has also been observed to act as a repressor for 

mitochondrial pathway apoptosis in multiple studies. One such study illustrated that when cells were 

treated with (N-methyl-D-aspartic acid (NMDA) and Staurosporine (STS)), which that induced the 

translocation of BAX into the mitochondria, for apoptotic activation was impeded by TERT [226, 

240]. This may occur either by preventing the accumulation Ca+ ions within the mitochondria, 

TERT preventing the translocation of BAX or at another pre-mitochondrial step [226, 240]. 

Conflictingly, TERT may also influence apoptotic induction through its ability to alter mitochondrial 
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membrane potential and/ or metal homeostasis within the mitochondria, for activation of apoptosis 

[226, 235].  Nevertheless, this illustrates that TERT carries out an important role in the regulation of 

apoptosis.  

 

In addition, TERT has also been shown to affect apoptosis within the nucleus, however this is mainly 

through its ability to affect DNA repair [232, 241]. The telomere replenishment that telomerase 

carries out at telomeric ends can be considered a form of DNA repair, although it seems this repair is 

not just limited to the telomeres. Recent evidence suggests that telomerase itself may play a role in 

the repair of non-telomeric DNA, where intrachromosomal breaks have been infrequently repaired 

by the insertion of telomeric repeats [226, 242]. Adding further weight behind this possible function, 

is that TERT has been confirmed to associate with primase, a DNA replication protein known to 

carry out DNA repair [226, 241]. This interaction coupled with TERT’s ability to induce an 

upregulation in various DNA repair proteins, reaffirms the important role it plays in DNA repair 

[226, 241, 243]. 
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Figure 1.8: The extra telomeric functions of TERT in promoting cell proliferation and survival. 
The non-canonical roles that TERT is involved in are highlighted in the above figure, which is all centred on 

promoting cell survival. Importantly, within the nucleus, TERT has been implicated in various signalling 

cascades to promote gene expression. Specifically, TERT has been found to interact with the p50 and p65 

subunits of NFκB, where it binds to target genes (Bax, Bcl-2, p53 and B-gal) that the NFκB pathway 

transcriptionally activates. Moreover, TERT has also been shown to interact with BRG-1 and β-catenin to 

induce the transcriptional activation of genes (c-Myc, COX2, ABCB1 and CCND1) targeted by Wnt the 

pathway. This clearly establishes a role that TERT carries out by promoting inflammatory (NFκB) and 

proliferative (Wnt) pathways. Aside from pathway regulation, TERT has also been shown to carry out a 

variety of functions to prevent mitochondrial dysfunction, thereby promoting cell survival. This occurs under 

hypoxic conditions, whereby TERT readily translocates from the nucleus to the mitochondria, where it 

provides a protective function to the mitochondria. This effectively reduces mitochondrial related damage to 

the mtDNA and reduces ROS production to lower oxidative stress. Adopted from: Romaniuk et al.,2019 

[244]. 

 

1.6.3 TERT in the regulation of gene expression and signalling cascades 

One of the major extra-telomeric roles that TERT carries out, is the ability to alter gene expression 

profiles and subsequently influence various signalling cascades [(Figure 1.7); (Figure 1.8) [245-

247]]. This ability of TERT has been confirmed through multiple microarray analyses, where TERT 

was found to influence proteins that play a role in apoptosis, cell cycle regulation, cell signalling, 

differentiation, and metabolism. In fact, TERT has been directly implicated in the Wnt pathway, 

which is commonly known to mediate stem cell maintenance and proliferation as well as aid in 
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cellular transformation. In this pathway, TERT acts as a transcription factor with β-catenin 

complexes to promote the expression of several β-catenin target genes such as cyclin D1 and c-Myc, 

where it is involved in a positive feedback loop with c-Myc to promote its expression [(Figure 1.8) 

[225, 245, 246]]. In essence, this relationship illustrates that TERT acts as a driving force for the 

regulation of cell cycle and stem cell maintenance [226, 245, 248]. Other than the Wnt pathway, 

TERT has been confirmed to influence the NFκB pathway, where it has even been observed that 

TERT can act as a transcriptional activator of NFκB target genes [(Figure 1.8) [31, 249-251]]. In 

addition, TERT can also associate with the p65 subunit of NFκB for nuclear translocation [252]. In 

this manner, TERT aids in the activation of NFκB target genes, essentially implicating TERT in 

NFκB regulated functions, like inflammation, wound repair and metabolic processes. Holistically, 

TERT’s extra-telomeric function in gene expression and signalling cascades, coupled with its other 

aforementioned functions, clearly highlight the importance of this protein in normal cell function.  

 

1.7 Telomeres, Telomerase and roles in pathological processes 

1.7.1 Telomerase and telomeres in carcinogenesis 

The diverse functionality of TERT coupled with its ability to influence gene expression has 

unfortunately allowed it to be a key target in multiple pathological processes like cancer, CVD, 

diabetes, as well as neurodegenerative, disorders like AD. Probably one of the most iconic 

pathological processes that telomere biology plays a role in, is carcinogenesis, where telomerase 

reactivation has been confirmed in ±90% of all cancers [194]. Cancer is a disease characterised by 

the loss of normal cellular homeostasis in favour of a dysregulated and hyper-proliferative state. 

Indeed, the pathological process that governs tumorigenic development is governed by:  mutation 

accumulation, an overrepresentation of oncogenic factors, dysregulation of senescent as well as 

apoptotic pathways and uncontrolled telomerase reactivation for uncontrolled proliferation [157, 253, 

254]. This circumvention of senescence coupled with dysfunctional telomeres, enables the formation 

of telomeric fusions to induce genomic rearrangements to drive tumorigenic development, especially 

within premalignant cells [145, 147, 254-257]. In accordance, this elevates the rate and accumulation 

of mutations characteristic of tumors, however, the risk of cell crisis occuring also increases due to 

the accruement of potentially detrimental mutations [257, 258]. Therefore, telomerase is reactivated 

and upregulated to compensate for the telomere loss induced by the fusion events and extensive 

proliferation occurs, ensuring conservation of the disease state [185, 254, 257, 258]. In conjunction, 

many of TERT’s extra-telomeric roles are further altered to promote various tumorigenic hallmarks 

and convey chemo-therapeutic resistance. This is especially true with regards to TERT’s ability to 
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influence proliferative pathways through its ability to upregulate c-Myc, a protein upregulated in 

most cancers [245, 246]. This is vital to not only sustain the tumors enhanced proliferation but to 

also protect against oncogene induced senescence. In addition, TERT’s capacity to impede apoptosis 

through its association to Bcl-2 and the mitochondria, are further exploited to sustain neoplasm 

viability [259, 260]. Therefore, together the various aspects of telomere biology exploited during 

tumorigenic development highlight its vital role in sustaining this particular pathological process.  

 

1.7.2 The role of TERT and telomerase in CVD and diabetes 

Two age-related and metabolic disorders that are heavily influenced by telomere dynamics and the 

accumulation of senescent cells is CVD and diabetes type 2. Both disorders, aside from being 

influenced by ageing, are also brought about by genetic, environmental and behavioural risk factors 

[261]. In particular, diabetes is characterised by insulin insensitivity, hyperglycemia and β-cell 

dysfunction, which, if not treated correctly, can lead to the development of CVD [262-265]. 

Telomere dysfunction is intricately tied to diabetes disease progression, where several studies have 

confirmed critically shortened telomeres, especially within the insulin producing pancreatic β-cells 

[266-269]. Consequently, this telomeric dysfunction results in the induction of premature senescence 

which leads to β-cell failure and impaired insulin secretion [268-270] . In turn, the accumulation of 

these senescent cells eventually induces a deterioration of glucose tolerance [268-270]. Moreover, it 

has been confirmed that telomerase activity and TERT expression in pancreatic islets declines with 

age, which further contributes to the impaired glucose tolerance [268-270].  Interestingly, it has been 

reported that the elevation of telomerase activity within diabetic tissues, is capable of counteracting 

the senescence induced by the hyperglycemic state and has even been confirmed to improve insulin 

resistance [148, 149, 271]. These factors illustrate the critical importance of reduced telomerase 

activity, coupled with dysfunctional telomeres, in aiding the development and progression of the 

diabetic disease state.  

 

As previously mentioned, improper management of diabetes can lead to the onset of CVD, which 

encompasses a group of progressive diseases that are characterised by atherosclerosis, hypertension 

(high blood pressure) and myocardial infarctions [272]. Primarily, these symptoms are induced by 

the complete or partial occlusion of major and minor blood vessels by atherosclerotic plaques, which 

are formed by the accumulation of leukocytes, macrophages, cholesterol and ROS [272, 273]. In 

particular, an intricate relationship has been confirmed to exist between cell senescence, oxidative 

stress, telomere biology and atherosclerosis, where telomere length acts as an efficient marker to 



- 28 - 

 

track CVD risk [274-277]. Indeed, multiple cardiac cell types especially vascular endothelial cells 

and leukocytes, are pre-disposed to high levels of hemodynamic and oxidative stress, which 

enhances telomeric shortening due to a high cell turn over [278-281]. In addition, this stress and 

telomeric dysfunction is further exacerbated around atherosclerotic lesions, causing the surrounding 

tissue to adopt a senescent phenotype with a CVD related protein expression profile. This expression 

profile, alongside the enhanced oxidative stress, leads to the development of chronic inflammation, 

which impedes telomerase activity, thereby enabling disease progression [282]. In fact, telomere 

dysfunction without telomerase activity within cardio myocytes, impedes proliferation and elevates 

hypertrophy of the tissue, which may eventually lead to heart failure. Unsurprisingly, it has been 

shown in a number of studies that elevated levels of telomerase activity and telomere maintenance 

improved the disease state and promoted survival  [223, 224, 283]. These findings highlight the 

interplay between cardiac dysfunction, cell senescence and dysfunctional telomeres in the 

development of heart disease.       

 

1.7.3 The influence of telomerase and telomeres in neurodegenerative disorders 

A growing body of research has implicated TERT/ telomerase in the pathological processes of AD. 

The disease is characterised by two core pathological hallmarks namely: amyloid beta (Aβ) 

aggregation and the generation of neurofibrillary tangles caused by the hyper-phosphorylation of tau 

[284]. These factors accumulate to cause synaptic loss, which eventually leads to the formation of 

the dementia associated symptoms of the disease. One such manner where telomere biology has been 

found to influence AD, is that sufferers of the disease have been found to have shorter than normal 

telomeres in both their neuronal and T cells [285-287]. Additionally, the accumulation of Aβ42 has 

been confirmed to actively impede telomerase activity, where Aβ binds to the DNA-RNA complex 

of TERC and the telomeres, preventing telomerase’s synthesizing function [288]. Likewise, it has 

also been illustrated that Aβ localises to the telomeres, where it actively induces telomere shortening 

and senescence [288]. Moreover, it has been confirmed that the presence of TERT appears to 

attenuate the pathological effects of both  hyperphosphorylated tau [289] and Aβ cytotoxicity [290].  

These factors point towards an antagonistic relationship shared between telomerase, Aβ and tau, 

which drives cellular senescence to promote a loss of neuronal cells resulting in AD-associated 

neurodegeneration.  
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1.8 The 37kDa/67kDA Laminin Receptor 

The 37 kDa Laminin Receptor Precursor/67 kDa High affinity Laminin Receptor (LRP/LR) was 

recently found to interact with TERT to influence telomerase activity [291-294]. In a similar manner 

to TERT, this protein has been found to be intricately linked to preserving cell viability and has even 

been implicated in similar diseases. LRP/LR, also known as ribosomal protein SA (RPSA), p40 and 

LAMR1, serves as a cell surface receptor, as well as a vital component of the 40S ribosomal subunit 

[295-297]. The protein is encoded by the RPSA gene located on the short arm of chromosome 3 in 

humans with a total of 64 pseudogenes, lending credence to the fact that the gene is ancient [298, 

299]. This is further supported by the high level of conservation across various organisms, where the 

protein is produced in both pro- and eukaryotes [298]. The LRP protein transcribed from the RPSA 

gene is approximately 295 amino acids long with a molecular weight of 37 kDa, although, how the 

67 kDa isoform, arises remains a matter of deep debate. This is owed to the fact that both the 37 kDa 

and 67 kDa share amino acid sequence homology which suggested the possibility of 

homodimerization as being a probable cause for the formation of the mature 67 kDa isoform [300, 

301]. This however, was later thrown into contention, where it is now believed that the mature 

isoform may arise from post-translational modifications, such as the addition of heperan sulphates, 

sumoylation or acylation [298, 300, 302]. Furthermore, it is known that acylation of LRP/LR  

promotes the interaction with the fatty acid residues of other LRP monomers or acylated protein 

partners, which could give rise to the mature isoform [298]. Thus, the process and composition of 

how the mature 67 kDa laminin receptor arises is still subject to extensive debate. 

 

1.8.1 Cellular distribution of LRP/LR and its role as a cell surface receptor 

Despite the ambiguity behind the structural aspects of the receptor it is common place in many areas 

of the cell governing a broad range of vital physiologic functions, which are necessary for cellular/ 

tissue homeostasis [292, 298]. The protein has been mapped to the cell surface of the plasma 

membrane residing within the lipid rafts [(Figure 1.9) [303-305]], various cytoplasmic regions [292, 

298, 306] as well as within the nuclear compartments [298, 307-309], specifically the perinuclear 

and perichromosomal regions. Thus, further illustrating the protein’s importance by its broad-

spanning localisation.  It is however, predominately localised to the cell surface, where it carries out 

major functions as a non-intergrin transmembrane protein by binding to laminin- 1 within the ECM, 

with high affinity [(Figure 1.9) [292, 296, 297]]. Intriguingly, this vital ability of the ribosomal 

protein LRP to bind laminin has been confirmed to be an evolutionary gain of function, where it 

serves to mediate the cells ability for cell adhesion and migration [292, 298, 310-313]. Moreover, 
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LRP’s ability to bind laminin maybe important for neuronal function, where it has been associated 

with roles in neuronal development, as well as migration axonal development and guidance, although 

the extent and exact mechanisms are not completely understood [298, 314, 315]. In addition to 

binding laminin-1, this receptor may in fact be capable of modifying other ECM proteins, to 

ultimately alter cell adhesive and motility properties in both actively dividing cells and post mitotic 

cells [298]. Intriguingly, the 67 kDa laminin receptor (LR) could have the ability to be shed from the 

cell surface, and is theorised to partake in laminin modifications to alter adhesion and further 

facilitate with cell motility [298, 316]. 

 

Aside from laminin-1, LRP has also been found to interact or bind a range of extracellular 

biomolecules and proteins, including: carbohydrates, elastin, heparin, heparan proteoglycans in most 

cell types, as well as Aβ and prion proteins (PRP
c
) especially within neurons [(Figure 1.9) [292, 317, 

318]]. This binding plasticity is owed, in part, to the fact that many of these biomolecule’s binding 

sites overlap namely, the 161- 180 aa region referred to as the peptide G region, which binds both 

laminin-1 and heparin [(Figure 1.9) [298, 305]]. One of the other binding sites, which spans the 205- 

229 aa region and is known as the “direct binding region”, could potentially bind laminin- 1 as well 

as PRP
c
 [(Figure 1.9) [298, 305]]. This ability to interact with such a broad range of extracellular 

components has afforded LRP/LR the ability to influence a number of physiological parameters 

outside of migration and adhesion such as: angiogenesis, morphogenesis, aid in neuronal tissue 

development, and tissue differentiation, in order to preserve cell viability [292, 298].  

 

1.8.2 LRP/LR and angiogenesis  

In fact, the cleaved LRP isoform is believed to modify the levels of angiostatin that is produced by 

plasmin, where it interferes with the required selfhydryl reduction needed to form plasmin [319]. 

Essentially, this inhibits the anti-angiogenic activity of plasmin as it normally activates collagenases 

and degrades ECM components. Other aspects of angiogenesis that LRP appears to regulate are the 

migration and neovascularisation of haemopoietic stem cells (HSCs), which stimulates angiogenesis 

via the production of new endothelial cells [308, 320]. Moreover, high LRP/LR levels have been 

detected on the surface of human umbilical vein endothelial (HUVE) cells, which effectively 

enhances their invasive potential by allowing the secretion of type IV collagenase for degradation of 

the basal lamina [292, 308, 321]. In effect this may allow the HUVE cells to migrate towards pro-

angiogenic stimuli, as well as make space for the development of tubular structures for the 

generation of new blood vessels.  In this manner, LRP/ LR promotes the process of angiogenesis. 
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However, certain diseases have been shown to exploit this functionality and broad binding 

capability, where the receptor has been confirmed to interact with numerous pathological elements to 

promote disease progression. A few of these pathological agents include: bacteria [322, 323], viral 

species [324-327], as well as pathological proteins like the scrapie Prion protein (PRP
Sc

) [305, 318, 

328] and the cytotoxic amyloid β42 (Aβ) [329-333].  Essentially, these pathological agents use LRP/ 

LR to gain intracellular access to the cell in order to carry out their cytotoxic effects.  

 

 

Figure 1.9: Schematic representation of the 37 kDa Laminin Receptor Precursor/67 kDa High 

affinity Laminin Receptor and a few of its associated binding partners. 
The schematic diagram illustrates the structure and role that LRP/LR serves as a transmembrane receptor, 

with its C-terminus (amino acid 161-295) located extracellularly. Its multiple overlapping binding sites on the 

C-terminus are capable of interacting with various components of the ECM including: laminin-1, PrP
c
, and 

HSPGs, which enables LRP/LR to regulate a variety of functions such as adhesion and motility. Furthermore, 

the receptor’s N-terminus (amino acid 1-85) is located internally, within the cytosol, where it is believed to 

serve as a conduit between laminin-1 and the cytoskeleton, among other functions. Adopted from: Jovanovic 

et al., 2015 [292]. 

 

1.8.3 LRP/LR and its interaction with the cytoskeleton 

According to what was previously mentioned, LRP/ LR’s range of functions is not limited to just the 

cell surface, where its intracellular functions can be categorised into a number of broad sets namely: 

cytoskeletal, ribosomal, nuclear, cell signalling and development, as well as differentiation functions. 
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With regards to the cytoskeletal functions, it has been illustrated that cytosolic LRP/LR directly 

interacts with cytoskeletal stress fibre features and actin, thus suggesting that this protein may serve 

as a connection or conduit between laminin and the cytoskeleton in most cell types including neurons 

[(Figure 1.10) [312, 313, 334, 335]]. Additionally, it is known that upon laminin binding by LRP/ 

LR, this interaction is able to evoke widespread cytoskeletal reorganisation in order to stimulate cell 

motility [298, 312, 313]. Perhaps LRP/LR’s most significant cytoskeletal function, is its tight 

binding to the cytoskeletal protein, tubulin. In turn, the ribosomal complexes then use LRP/LR as an 

anchor, for the ribosomes to associate with the cytoskeleton [312]. What makes this association so 

critical, is that upon reducing or removing LRP/LR, it induces a corresponding loss in ribosomal 

complexes that localise to the cytoskeleton [306, 312]. Ultimately, this results in major protein 

synthesis dysfunction, which severely impacts cell fitness.  

 

1.8.4 The ribosomal functions of LRP/LR  

Aside from providing structural support there are a number of intricate functions that LRP/LR carries 

out to ensure the proper functioning of the ribosomes. As mentioned previously, LRP/LR’s 

ribosomal-related functions predates its other functions and has remained evolutionarily conserved 

across phyla [298, 308, 336]. The first confirmation that LRP/LR was involved in protein synthesis, 

was the identification of p40 interacting with ribosomal particles in mice [306]. Subsequently, when 

that protein was isolated and sequenced, it was found to perfectly match the 37 kDa LRP sequence 

[295]. It is now known that LRP interacts with the 40S subunit of the ribosomes, especially at the 

commencement of translation [(Figure 1.10) [298, 308, 337-339]]. In fact, the N-terminal portion is 

responsible for interacting with the ribosome, while the C-terminal domain may be responsible for 

binding additional proteins of the ribosomal complex or it is involved in the stabilisation and/ or 

binding of rRNA [307, 338, 339]. This binding of the N-terminal is so imperative, that the 

knockdown of LRP has been shown to induce subsequent translational defects. Aside from direct 

ribosomal function, the protein is vital for the processing of the 21S pre- RNA into the mature 18S 

rRNA allowing for the release of pre-40S particles from the nucleolus [(Figure 1.10) [298, 338, 340, 

341]]. Therefore, indicating a role that LRP carries out in regulating the nucleolar export of 

ribosomal subunits. Collectively, these factors illustrate the crucial role that LRP plays in protein 

synthesis and ribosome biogenesis. 
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1.8.5 Nuclear functions of LRP/LR 

Although LRP’s presence in the nucleus has been confirmed to aid in the export of ribosomal 

particles, there are additional functions that it appears to be implicated in. One such role is the ability 

of LRP to interact moderately with chromatin and more tightly with histones, specifically H2A, H2B 

and H4 [(Figure 1.10) [309]. This ability to interact with DNA could point to a role in maintaining 

and stabilising nuclear structures, through multiple associations between the chromatin, histones and 

LRP. Likewise, LRP has also been shown to interact with Midkine, a growth factor that promotes 

cell viability, which may further assist with LRP binding to the nuclear envelope for chromatin 

stabilisation [(Figure 1.10) [342]]. Furthermore, the significance of LRP within the nucleus may be 

greater than what was firstly envisaged, as its DNA binding ability opens the potential for the protein 

to operate as a potential transcription factor, or as a chromatin modifying agent, however this still 

needs to be researched.   
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Figure 1.10: The various isoforms of LRP/LR also known as LAMR or RPSA and their 

respective functions. 
The figure clearly depicts that LRP/LR, otherwise known as LAMR1 or RPSA, has several different forms 

and each is associated with a particular set of functions. (1) Represents intracellular LRP that in the cytosol 

plays a role in ribosome assembly and anchorage, as well as interacting with the cytoskeleton. In addition, the 

cytosolic forms of LRP potentially play a role in various signalling cascades including: the mitogen activated 

protein kinase (MAPK), extracellular regulated kinase (ERK) and focal adhesion kinase (FAK) pathways. 

Aside from signalling cascades, LRP is also known to share a number of interactions, some of which include: 

NEDD4 (neural precursor cell expressed developmentally down‐regulated protein 4), PEA‐15 

(phosphoprotein enriched in astrocytes‐15) and PP1 (protein phosphatase‐1). Aside from the cytosol, this form 

of LRP/LR can also be found in the nucleus, where it interacts with histones (for nuclear stabilisation), RNF8 

(ring finger protein 8) and 18S rRNA (for nuclear export). (2) Illustrates LRP/LR acting as a peripheral 

membrane protein interacting with laminin-1. (3) Also displays LRP/LR as an extracellular membrane protein 

but supporting laminin-1 binding through interactions with integrins for establishing a link between the 

cytoskeleton and the ECM. (4) Displays the maturation of the 67 kDa receptor as a result of either being a 

hetero or homomer. (5) Shows LRP/LR with its extracellular C-terminus, theoretical transmembrane domain 

extending through the phospholipid bi-layer and its N-terminus that extends into the cytosol. (6) Shows the 

shed form of LRP/LR, believed to play a role in chromatin remodelling and angiogenesis, which is generated 

by matrix metalloproteinase‐11 (MMP‐11). 7) Displays the SUMOylated 53kDa isoform of LRP/LR.      

Adopted from: DiGiacomo and Meruelo, 2015 [298]. 

 

1.8.6 The role of LRP/LR in differentiation and development 

Given LRP/ LR’s importance in various aspects of cellular function it is not surprising that the 

protein has been shown to govern key roles in developmental programmes and differentiation. 

Admittedly, LRP has been closely tied to limb bud development in chicks [343], cardiomyopathy in 

mice [344] and spleen development in humans [298, 345]. Interestingly, this protein like TERT, is 

expressed in high amounts in developing and undifferentiated tissue, with a subsequent decline after 
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differentiation and more importantly, with increased age [298, 346-349]. How LRP is able to exert 

such an influence on development and differentiation, is that its levels can be regulated by hormone 

or cytokine signals such as transforming growth factor (TGF) and tumor necrosis factor (TNF), 

which bring about chemotaxis, a vital aspect of developmental biology [350, 351].     

 

1.8.7 The role of LRP/LR in signalling cascades 

There has been a collection of mounting evidence pointing towards LRP’s ability to influence signal 

transduction pathways, especially those involved in cell growth and apoptotic evasion. This is 

evident, where LRP/ LR has been shown to interact and phosphorylate focal adhesion kinases 

(FAK), inducing a subsequent activation of MEK/ERK 1/2 and PI3-kinase/ Akt pro-survival 

pathways [(Figure 1.10) [352]]. In turn, these pathways effectively inhibit caspase 8 and 9 pathways 

to prevent the induction of apoptosis in both actively dividing cells as well as in post mitotic cells 

like neurons. Other pathways that LRP has been shown to interact with and influence include: 

granulocyte-macrophage colony stimulation factor (GM‐CSF) receptor, which leads to STAT5 (One 

of the TFs responsible for the activation and expression of the TERT gene) phosphorylation for the 

stimulation of proliferation [353, 354]. Additionally, LRP has been found to influence insulin‐like 

growth factor receptors I and II; both of which regulate proliferation and cell survival [355]. One of 

the core pathways regulated by LRP, and importantly its binding to laminin-1, is the Mitogen 

Activated Protein Kinase signal transduction pathway [(MAPK) (Figure 1.10)]. This said, the 

expression levels of LRP are known to affect the phosphorylation and de-phosphorylation of key 

proteins within the MAPK signalling cascade including: p38, ERKs and JNK [356, 357]. How this 

may occur, is that LRP is able to regulate the expression of PAC1 and MKP1, which are MAPK 

phosphateses responsible for the de-phosphorylation of the aforementioned proteins [358]. In this 

manner, LRP is able to influence the entry of cells into cell cycling, proliferation and differentiation. 

Moreover, it has been shown that this laminin-1- LRP- MAPK interaction can increase the 

phosphorylation and activation of the transcription factor (TF) c- Myc [357]. What makes this so 

intriguing is that, aside from aiding in proliferation, this TF carries out an additional function of 

inducing the expression of TERT, as previously mentioned.     

 

Recently, a potentially novel function of LRP has come to light; namely, the interaction or 

association with TERT to promote telomerase activity for sustained cell viability and prevention of 

senescence onset [291, 293, 310]. The relationship shared between these two proteins was 

confirmed, firstly in tumorigenic cells, and later in non-tumorigenic cells, where it appears that LRP 
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is able to stimulate telomerase activity, which would essentially prevent both senescence and 

apoptotic induction in cells. Holistically, all the aforementioned functions pertaining to LRP/LR, 

alongside the tight evolutionary constraints imposed, clearly highlight this protein’s far spread 

importance in maintaining tissue and cellular homeostasis.   

 

1.9 LRP/LR and its role in pathological processes  

LRP/LR’s functional plasticity coupled with its broad binding range, has made LRP/LR a lucrative 

target for disease initiation and progression. In fact, it has been broadly implicated in several 

diseases, especially age-related diseases, where it plays vital roles in promoting and establishing the 

disease. Furthermore, the diseases that this receptor has been associated with, have been found to 

comprise of both communicable and non-communicable diseases that include: viral, as well as 

bacterial infections, prion disorders, AD and most importantly cancer [(Figure 1.11) [292, 298]]. 

 

 

 

Figure 1.11: The various pathological processes that exploit LRP/LR. 
Numerous studies have elucidated that LRP/LR is heavily implicated in a range of pathological processes. 

Three major reasons for this include: LRP/LR’s functional plasticity, its vast cellular distribution patterns and 

that the receptor contains multiple binding sites. This has allowed LRP/LR to interact with various bacteria, 

viruses and infectious/ cytotoxic proteins (PRP
Sc

 and Aβ). Furthermore, the protein is commonly 

overexpressed in tumorigenic cells, where it plays a role in enhanced cell survival, as well as angiogenic and 

metastatic potential. Adopted from Vania et al., 2019 [308]. 
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1.9.1 The Role of LRP/ LR in Bacterial and Viral infections 

Since LRP/ LR’s major function is to serve as a cell surface receptor a number of viral and bacterial 

species exploit it to gain intracellular access to the cell. A few of these viral species include: 

Adenoviruses, Dengue, Sindbis, Tick-borne encephalitis (TBE), Venezuelan equine encephalitis and 

West Nile viruses [324-327, 359]. Although these viruses can interact with LRP/LR, it is not the only 

or primary receptor that is used to infect the cells, however LRP/LR’s presence does appear to 

enhance the aforementioned viruses’ primary receptor interactions. In a similar manner, the receptor 

has been reported to be used by a number of bacterial species. Among them, several bacterial species 

that induce the cerebral infection meningitis (Escherichia coli (E. coli), Haemophilus influenza, 

Neisseria meningitidis and Streptococcus pneumoniae) have been correlated to LRP/ LR binding 

[322, 323, 360]. These bacteria utilise LRP/LR for surface adhesions; especially for binding to the 

blood brain barrier (BBB) as well as to gain intracellular access [322, 323, 361]. In particular, the 

large amounts of LRP/LR present on the surface of human brain microvascular endothelial cells, 

which make up the BBB, allow the bacteria to bind and adhere tightly [322]. Once bound, these 

bacteria are then taken up by the cells, thus allowing passage through the BBB, allowing bacterial 

meningitis to ensue. In addition, to adhesion the K1 strain of E. coli produce the cytotoxic 

necrotizing factor (CNF1), which is a toxin that LRP/LR binds and internalises [322, 360]. 

Therefore, LRP/ LR appears to play a central role in establishing microbial infections, specifically 

those impacting the central nervous system (CNS).   

 

1.9.2 The Role of LRP/ LR in Neurodegenerative disorders 

LRP/LR and Prion disorders 

Aside from establishing communicable diseases, the receptor has been extensively shown to 

influence the development of cerebral or neuronal disorders; like prion disorders and AD. For prion 

disorders, LRP/LR acts as the major receptor which binds and internalises the infectious PrP
Sc

 with 

high affinity [328, 362-364]. The PRP
Sc

 isoform is generated by the conversion of normal PRP
c
 to 

the infectious isoform either within endocytotic vesicles or on the cell surface [365, 366].  What 

makes this particular protein isoform so dangerous, is that it is protease resistant, and thus allows for 

the accumulation of this pathological agent within neuronal cells [318, 328, 367]. The intracellular 

accumulation of this infectious protein induces cell death and neurodegeneration to cause the 

formation of bovine spongiform encephalopathy in cattle and Creutzfeldt‐Jakob disease in humans 

[292, 364]. Since LRP/LR has been implicated in the propagation, internalisation and aggregation of 

PrP
Sc

; it highlights the fact that the receptor plays a central role in the establishment and progression 
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of the disease [362, 368]. This was further evidenced when the receptor was targeted and blocked by 

antibodies, where it resulted in a subsequent hampering of PrP
Sc 

propagation and its associated 

cytotoxic effects both in vitro and in vivo [369, 370]. Therefore, this illustrates the therapeutic 

potential in targeting LRP/ LR for the treatment of prion disorders.   

 

LRP/LR and Alzheimer’s disease 

An additional neurodegenerative disorder and age-related disease that has been intricately tied to 

LRP/ LR is AD. As mentioned previously, two of the most studied neuro-pathological hallmarks 

include: Aβ aggregation and the generation of neurofibrillary tangles caused by the hyper-

phosphorylation of tau [284]. How LRP/ LR is so heavily implicated in AD pathogenesis, is that it 

promotes the shedding of the etiological agent Aβ from the amyloid precursor protein (APP), where 

it interacts with both γ- and β- secretase for the cleavage and generation of the neurotoxic Aβ42 

peptide [331]. Moreover, LRP/LR also acts as the major receptor involved in the shedding, 

internalisation and intracellular aggregation of Aβ within neuronal cells [292, 329-332, 371]. Aside 

from just aggregating, this neurotoxic peptide has also been shown to drive other adverse 

programmes that are detrimental to the cells through its interaction with certain cell surface 

receptors. A few of these adverse functions include: protein degradation, lipid oxidation and 

increases in general oxidative stress [333, 372, 373]. These processes are believed to potentially 

drive disease progression by inducing neuronal damage, cell cytotoxicity and ultimately cell death. 

In fact, the mechanism by which Aβ induced cytotoxicity occurs, is believed to be a consequence of 

the interaction between LRP/LR and Aβ42-PrP
c
 [371]. The importance of LRP/LR in promoting the 

pathogenesis of Aβ was further established, when LRP/LR was knocked down with specific shRNAs 

targeting the mRNA of the receptor, as well as blockade of the receptor using a highly specific anti-

LRP/ LR antibody (IgG1-iS18 or W3) [292, 329-332, 363, 374]. Both forms of treatment were found 

to efficiently inhibit the shedding and internalisation of the cytotoxic Aβ peptide, which in turn 

significantly reduced Aβ induced cytotoxicity, thus improving overall cell viability in vitro [292, 

329, 330, 332, 371]. In conjunction, the IgG1-iS18 antibody has also been proven to be effective in 

vivo, where treatment with the antibody was found to significantly reduce Aβ42 levels, with a 

corresponding increase in APP and mTERT levels [374]. Consequently, this resulted in reduced Aβ 

plaque formation and a striking improvement in memory [374]. Therefore, this convincingly 

illustrates LRP/LR’s potential as a therapeutic target for the treatment of AD.  
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1.9.3 The role of LRP/ LR in carcinogenesis  

In addition to neurodegenerative disorders, LRP/LR has been shown to be crucial for the induction 

and establishment of carcinogenesis by carrying out a range of tumorigenic functions. Similarly to 

TERT, LRP/ LR has been found to be overexpressed in most cancer types, where this overexpression 

aids in the regulation and promotion of key cancer hallmarks. The core hallmarks that LRP/LR has 

been confirmed to influence include: sustained angiogenesis, apoptotic resistance, increased 

adhesion, as well as invasion for enhanced metastatic potential and more than likely, aiding in the 

upregulation of growth signals  [308, 321, 375]. These hallmarks act as the core forces that drive 

tumorigenic progression. Consequently, the majority of these tumorigenic processes that LRP 

mediates are a consequence of the hyper-upregulation of its normal functions. This is due to the 

increased amount of LRP present, as well as a lack of functional tumor suppressor signalling 

cascades [292, 296, 308].     

 

Interestingly, it has recently been uncovered that LRP/LR carries out an additional function through 

a unique ability to interact with the enzymatic component of the telomerase enzyme, TERT [291, 

292, 310]. This interaction within tumorigenic cells points to the possibility that LRP/ LR 

overexpression and telomerase reactivation may be linked. In addition, as the receptor seems capable 

of stimulating or elevating telomerase activity, it may then infer that LRP/LR plays a role in another 

tumorigenic hallmark, namely, limitless replicative potential. In a similar manner to 

neurodegenerative disorders, the blockade of LRP/LR using the LRP-specific IgG1-iS18 antibody or 

downregulation by specific siRNA, were found to efficiently impede tumorigenic progression. The 

antibody treatments were found to significantly hamper adhesive, invasive and angiogenic processes 

of the tumor cells in vitro; to ultimately reduce metastatic potential [321, 369, 375-380]. 

Alternatively, the specific knockdown of LRP/ LR by siRNA was found to induce apoptosis by both 

the extrinsic and intrinsic pathways, while causing a further concomitant decrease in telomerase 

activity [291, 381-385]. The impediment of these hallmarks adversely impacts cell viability and 

induces cell death in tumorigenic cells, highlighting LRP/LR’s potential as a therapeutic target for 

the treatment of cancer. 

  

1.10 Relationship between LRP/LR and telomerase 

The functional relationship shared between LRP/LR and telomerase seems to be centred around 

cellular survival and viability functions, however what molecular mechanisms are governed to bring 

about these functions are still not entirely understood. Intriguingly, like TERT, LRP/LR appears to 
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be expressed less in ageing tissue, while it is overexpressed in the hyper-proliferative disease, cancer. 

Furthermore, it has been shown in metastatic breast cancer cells (MDA MB-231) and in the normal 

cell line human embryonic kidney cells (HEK293), that LRP/LR and TERT  interact [291]. 

Moreover, it was found that upon siRNA-mediated down-regulation of LRP/LR it induced a 

concomitant decrease in telomerase activity [291]. This influence on TERT and telomerase was 

found to be shared in non-cancerous cells, where an overexpression of LRP::FLAG positively 

influenced various aspects of telomere biology in aged cells [293]. In relation, a similar effect was 

also found in cells mimicking an AD pathology (cells treated with cytotoxic levels of Aβ), when 

LRP::FLAG was overexpressed [294]. In fact, LRP::FLAG overexpression rescued HEK293 and 

SH-SY5Y cells from Aβ-mediated cytotoxicity and improved overall cell viability [294]. 

Interestingly, it was also found that this overexpression of LRP::FLAG was even capable of 

enhancing telomerase activity while in the presence of cytotoxic amounts of Aβ [294]. Collectively, 

these findings support the theory that a functional relationship exists between these two proteins, to 

ultimately promote proliferation and viability in both normal and pathological settings. Therefore, 

understanding the molecular mechanisms shared between these two proteins as well as the extent of 

this relationship on a whole-organism scale, may afford the opportunity to develop a novel and 

powerful tool to combat cellular ageing and age-related diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 41 - 

 

2. Aims and objectives  

Hypothesis 

Based off the aforementioned previous published findings and that the two proteins share a broad 

range of similar functions we hypothesised that the elevation of total LRP/LR (by overexpressing 

LRP::FLAG) may induce a corresponding elevation in telomerase and other potential anti-ageing 

proteins to elicit an anti-ageing or anti-senescent effect. 

 

2.1 In vitro Study Aim:  

To investigate the role that LRP/LR has on telomerase activity, hTERT expression, telomere length 

and levels of the ageing markers β-galactosidase as well as γH2AX as a possible anti-ageing therapy.  

 

2.1.1 In vitro Study Objectives:  

1) To transfect MRC-5 (somatic) cells and HEK293 (embryonic) cells with the pCIneo-

moLRP::FLAG plasmid to overexpress the full length LRP::FLAG protein.  

 

2) To investigate whether over-expression of LRP::FLAG has a significant effect on telomerase 

activity, hTERT expression levels and telomere length in vitro.  

 

3) To determine the levels of selected senescence markers including: β-galactosidase activity and 

γH2AX levels in transfected and non-transfected cell lines. 

 

2.2 In vivo Study Aims:  

To investigate the role that LRP::FLAG exerts in modulating the organism ageing and whether its 

overexpression positively influences telomere dynamics as well as prevents the accumulation of 

senescent markers.  

 

2.2.1 In vivo Study Objectives:  

1) To overexpress LRP::FLAG within the C57BL/6J mice by intravenous tail vein injections and 

intramuscular injections with the pCIneo-moLRP::FLAG plasmid.  

 

2) To perform physiological analyses post transfection on the C57BL/6J mice to assess the effects of 

LRP::FLAG overexpression on memory, social behavior and motor function, among others.  
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3) To investigate the effect that LRP::FLAG overexpression had on the ageing process within the 

tissue of the aged C57BL/6J mice. To test the degree of tissue atrophy and degeneration by 

performing histochemical analysis. 

 

4) Investigating whether LRP::FLAG overexpression elevates hTERT expression, telomerase 

activity and telomere length in the aged C57BL/6J mice using qPCR and western blotting.  

 

5) To assess the effect that LRP::FLAG overexpression has on major proliferative and senescent 

proteins in the aged C57BL/6J mice by quantifying mRNA expression levels by qPCR and protein 

levels by western blotting.  

 

6) To assess the effect that LRP::FLAG overexpression has on the longevity of the C57BL/6J mice.  
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3. Methodology 

 

All buffers and chemical reagent recipes used during the course of this research can be found in 

Appendix D. In addition, all chemicals used during the course of this research were obtained from 

Sigma-Aldrich (Missouri, USA) unless specified otherwise.  

 

3.1 Production of the pCIneo-moLRP::FLAG plasmid 

3.1.1 Bacterial Transformation and plasmid expression  

The pCIneo-moLRP-FLAG expression vector used during the course of this study was previously 

generated by Vana and Weiss (2006) [386]. Therefore, the only requirement before commencing 

with the study was to produce a large enough quantity of plasmid for both in vitro and in vivo use. 

Plasmid generation was performed by transforming chemically competent bacterial cells (Invitrogen, 

Thermo Fisher, USA) with the plasmid followed by cultivation, and thereafter isolation and 

purification of the plasmid. Firstly, competent cells were thawed on ice and 50 µl of the cell 

suspension was aliquoted into sterile eppendorf tubes. The pCIneo-moLRP-FLAG plasmid (10 ng) 

was then added with gentle mixing which was allowed to incubate on ice for 30 min. Thereafter, the 

bacterial cells were heat shocked at 42°C for 20 sec and were then immediately placed on ice for 2 

min in order to facilitate uptake of the plasmid by the cells. Pre-warmed bacterial nutrient broth 

[(950 µl) (Table 8.1)] was then added to the cells, which was then incubated for 1 hr at 37 °C with 

gentle agitation (rocking shaker at 225 rpm) to allow for bacterial growth to occur. Following the 1 

hr incubation 200 µl of the cell suspension was then spread onto Ampicillin [(100 µg/ ml) (Melford 

Laboratories, Suffolk, UK)] selective Bacterial Nutrient Agar plates (Table 8.2) which was then 

incubated at 37 °C overnight. This selective treatment was done to ensure that only bacteria 

containing the plasmid grew. In this regard, any colonies present on the plate the following day were 

representative of transformed bacteria. In order to cultivate the transformed bacteria, 1-3 bacterial 

colonies were selected and using a sterile loop were lifted from the agar and transferred into 1 ml of 

pre-warmed bacterial nutrient broth. This was then incubated for 1 hr at 37 °C with gentle agitation 

(rocking shaker at 225 rpm), after which it was transferred into 1 litre of pre-warmed selective 

bacterial broth (ampicillin at 100 µg/ ml). The broth containing the transformed cells was then 

incubated overnight to allow for exponential bacterial growth. Thereafter, the broth was kept at 4°C 

until plasmid isolation was carried out.  
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3.1.2 Plasmid DNA Isolation by the Alkaline Lysis Method 

Following bacterial cultivation, the broth was transferred into new eppendorf tubes and centrifuged 

at 14 000 xg for 1 min to pellet the transformed bacteria. This was repeated until a sizeable pellet 

was obtained (the adding of broth and centrifugation were generally repeated 6 times). Once the 

pellet was a satisfactory size the bacterial cells were resuspended in 150 µl Resuspension buffer 

(Table 8.3) by vortexing. Subsequently, 200 µl of bacterial lysis solution (Table 8.4) was added and 

thoroughly mixed by inversion until the solution became viscous. Thereafter, 300 µl of neutralization 

solution (Table 8.5) was added and mixed by inversion to halt the lysis reaction. The mixture was 

then centrifuged at 14 000 xg for 5 min and the supernatant was transferred to a new eppendorf tube. 

A 1: 1 volume of 100 % isopropanol was added to the solution and mixed by inversion, which was 

then incubated at -20 ˚C overnight in order to precipitate the plasmid DNA. The following day the 

solution was centrifuged at 14 000 xg for 5 min to pellet the plasmid DNA and the supernatant was 

discarded. An ethanol wash was then performed using 600 µl of 70 % ethanol to dislodge the pellet 

and remove any salts, which was followed by centrifugation at 14 000 xg for 5 min. The supernatant 

was discarded, and the pellet was air-dried for 30 min at room temperature (RT) to ensure 

evaporation of residual ethanol. Finally, the plasmid pellet was resuspended in 100 µl of nuclease 

free TE-buffer [(pH 8) (Table 8.6)] and was resolved on a 1 % agarose gel to assess quality and 

integrity of the plasmid (Table 8.4). In addition, the plasmid samples were also quantified by 

nanodropping using the NanoDrop
®
 ND-1000 (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) and were also sent away for sequencing to ensure that the LRP::FLAG gene was present and 

not mutated (Table 8.5).    

 

3.2 Cell Culture 

Non-tumorigenic, Human Embryonic Kidney cells (HEK293) obtained from ATCC (USA) was used 

due to their detectable expression of TERT and in turn levels of telomerase activity. This was in 

order to observe the effect that the overexpression of LRP::FLAG had on telomerase activity in an 

already immortalised cell line. Non-tumorigenic, Human lung fibroblasts (MRC 5) from Fox Chase 

Cancer Center (USA) were used as the ageing model due to its undetectable levels of TERT and 

limited replications before reaching senescence. Additionally, this line readily exhibits increases in 

various senescent markers after extensive sub-cultivation allowing for efficient monitoring of the 

senescent phenotype. This line was used to confirm that an overexpression of LRP::FLAG could 

potentially stimulate the expression of TERT, and subsequently induce an activation of telomerase 

activity within a somatic cell line.  
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All cell lines were cultured under the same physiological conditions in 5 % CO2 at 37 °C in sterile 75 

cm
3
 cell culture flasks (NeST Technology, Virginia, USA), while being maintained in the same 

composition of media namely, Dulbecco’s modified Eagle’s medium (DMEM) with high glucose 

(4.5 g/l) (Hyclone, GE Life Sciences, Massachusetts, USA) containing 4 mM L-Glutamine, 10 % 

foetal bovine serum (FBS) (Biowest, Nuaillé, France) and 1 % penicillin/streptomycin (Thermo 

Fisher Scientific, Massachusetts, USA). All cell lines were sub-cultivated upon reaching a 

confluency of approximately 80 %. Prior to trypsinization the cells were washed with 5 ml of 1X 

phosphate buffered saline solution [(PBS) (Table S2.7)]. After discarding the wash, the cells were 

incubated in 2 ml of trypsin/EDTA (Biowest, Nuaillé, France) at 37 °C for 10 min to allow for the 

detachment of the cells. Thereafter, 8 ml of fresh media was added to the cells to halt the 

trypsinization process and cells were then split in a 1:10 ratio for the HEK293 transfected and non-

transfected lines, while the MRC 5 transfected and non-transfected lines were split at a 1:4 ratio. The 

sub-cultivated cells were then replenished with an appropriate amount of fresh media to make up a 

final volume of 10ml. In the event that cryopreserved cell stocks were made for HEK293 and MRC 5 

cells the following procedure was used: Firstly, cells were trypsinised and centrifuged at 500 xg for 5 

min. The pelleted cells were then resuspended in 1 ml of a 10 % (v/v) dimethyl sulfoxide (DMSO): 

90% (v/v) FBS solution and transferred into cryogenic tubes. The stocks were then frozen at -20 °C 

for 3 hr and afterwards stored at -80 °C. When cryopreserved stocks were taken out to restart a cell 

line, the stocks were thawed in a 37 °C water bath and were subsequently aspirated and transferred 

into a fresh 75 cm
3
 culture flask containing 10 ml of supplemented DMEM. 

 

3.3 LRP::FLAG overexpression in HEK293 and MRC 5 cells 

The HEK293 and MRC 5 cells were stably transfected to cause an overexpression of the 

LRP::FLAG protein, essentially elevating total levels of LRP/LR within the cell [386]. The 

transfection procedure was carried out using Lipofectamine 3000 (Invitrogen, Carlsbad, California, 

USA), according to the manufacturer’s protocol on cells that were at a confluency of around 60 %. 

Briefly, 5000 ng of the pCIneo-moLRP-FLAG, 56.1 μl P3000 reagent and 56.1 μl of the 

Lipofectamine reagent were mixed in 250 μl Optimem (Gibco, Life Technologies, California, USA) 

and incubated at RT for 10- 15 min. This was to allow for the formation of the lipophilic complexes 

around the plasmid DNA. The cells were then treated with 250 μl of the mixture and incubated for 48 

hr to allow uptake of the plasmid complexes by the cells, as well as the expression of both the 

LRP::FLAG protein and selectable marker. Following the 48 hr incubation, the cells underwent a 
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selective treatment using geneticin (Gibco, Life Technologies, California, USA) at a concentration of 

800 ng/ml for 1 week. This high concentration effectively ensured that all non-transfected cells were 

removed from the culture line. Thereafter, cells were maintained in a constant low concentration of 

300 ng/ml, in order to ensure transfection stability and that the cells actively transcribed the plasmid. 

Finally, the success of the treatment was confirmed by western blotting using an antibody that 

specifically targeted the FLAG tag.    

 

3.4 Protein extraction from cells and Bicinchoninic acid (BCA) protein assay 

Prior to carrying out any experimental procedures that required protein samples, flasks of confluent 

cells were harvested. This involved discarding the media and washing the cells in 5 ml of PBS. 

Thereafter, the cells were trypsinized and pelleted by centrifugation at 2000 xg for 10 min. The trysin 

was then discarded and the pellets were resuspended in Radioimmunoprecipitation assay (RIPA) 

buffer (Table 8.8), where they were then placed on ice for 20 min to facilitate cell lysis and protein 

extraction. This was followed by an additional centrifugation step at 10 000 xg for 20 min in order to 

pellet the cell debris. The protein extracts were then transferred to a new eppendorf tube and kept 

frozen at -20°C until required for downstream applications. 

  

BCA assays were performed prior to western blotting to quantify the protein lysate samples for 

normalisation and ensure equal protein concentrations were used for downstream assays. This assay 

produces its colorimetric reaction based off the reduction of Cu
2+

 present in the BCA solution to Cu
+
 

caused by the peptide bonds present in proteins. Briefly, a series of Bovine serum albumin (BSA) 

standards of known concentrations were made by serial dilutions (0, 0.2, 0.4, 0.6, 0.8 and 1 mg/ml) 

and pippetted into individual wells of a 96 well plate. Thereafter, 5 µl of protein sample for each cell 

extract was pippetted in triplicate into individual wells and diluted 1:5 with RIPA buffer. The BCA 

mixture (1:50 ratio of Copper sulphate and Bicinchoninic) was added to each well containing either 

standard or protein sample, and then incubated at 37 °C for 30 min to allow the colorimetric reaction 

to occur.  This colour change was then measured at 562 nm using the Sunrise™ ELISA reader 

(Tecan, Männedorf, Switzerland). The standard curve was generated, and the cell extract’s protein 

concentration was calculated from the curve.  
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3.5 Western blotting for in vitro analysis of HEK293 and MRC 5 protein levels 

3.5.1 Sample preparation 

Western blotting was used to confirm that cells were successfully transfected and expressing the 

LRP::FLAG protein, where endogenous LRP/LR was also assessed.  Apart from confirming the 

presence of LRP::FLAG, western blotting was also used for the relative quantification of hTERT 

levels and the senescent marker γH2AX. Following the BCA assay the extracted protein samples 

were incubated with Blue Loading Buffer (New England Biolabs, Massachusetts, USA) with 40 mM 

of dithiothreitol (DTT) for 5 min at 95 °C. The relative amount of protein sample used for each 

western blot was approximately: 10 µg/µl for LRP/LR and the LRP::FLAG protein, while due to the 

low protein expression levels of hTERT and γH2AX 50 µg/µl of protein lysate was used. Alongside 

these proteins of interest, the reference protein β-actin was assessed to ensure equal concentrations of 

lysates were used. In addition to the samples a pre-stained molecular weight marker (PageRuler 

Prestained Protein Ladder, Thermo Fisher Scientific, Massachusetts, USA) was loaded onto each gel 

in order to determine the relative size of the proteins of interest.  

 

The samples were then resolved by Sodium Dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS- PAGE) using the Mini Protean gel system (Bio- Rad, California, USA) and loaded into a 10 

% Polyacrylamide gel (Table 8.9). The gels were run at 150 V, 0.15 A per a gel with 1 x 

Electrophoresis Tank buffer (Table 8.10) and were resolved until the dye front reached the bottom of 

the gel, allowing for protein seperation by size. Thereafter, the resolved proteins were transferred 

onto a polyvinylidine fluoride (PVDF) membrane (Pall, New York, USA) with 1 × transfer buffer 

(Table 8.11) using the PerfectBlue™ ‘Semi-Dry’ Electro Blotter system (Peqlab Biotechnologie 

GmbH, Erlangen, Germany) at 350 mV for 50 min. These membranes were then blocked in 3 % 

BSA (Glentham Life Sciences, Corsham, UK) in PBS and 0.1 % Tween 20 (PBST) for 1 hr at RT 

with gentle agitation. This was done to coat or block all regions of the membrane that did not have 

protein bound; to ensure that the antibodies used did not bind to the membranes non-specifically. The 

membranes were then incubated with the appropriate primary antibody overnight at 4 °C with gentle 

agitation. Thereafter, the membranes were washed in PBST 5 times for a period of 5 min each, to 

remove any unbound antibody from the membrane. This was then followed by a 1 hr incubation with 

the relevant secondary antibody at RT. The primary and secondary antibodies as well as their 

concentrations that were utilized for western blots are detailed in Table 8.20. The membranes were 

then washed as detailed above and incubated for 5 min in Clarity™ Western ECL Blotting Substrate 

(Bio- Rad, California, USA) that the HRP present on the secondary antibody reacts with, prior to 
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detection. The proteins were then visualized with the ChemiDoc™ Imaging System (Bio- Rad, 

California, USA) and densitometric analysis was performed with Image Lab 5.1 software (Bio- Rad, 

Hercules, California, USA).  

 

3.6 Assessment of co-localisation between TERT and LRP in vitro using confocal 

microscopy 

This experimental procedure was used to determine the extent of co-localization between 

LRP::FLAG, endogenous LRP/LR and hTERT. These proteins were assessed intracellularly, for 

transfected and non-transfected HEK293 as well as MRC 5 cells. Firstly, confluent cells were seeded 

onto coverslips and were cultured until a 70 % cell confluency was reached. Thereafter, the cells 

were fixed in 4 % paraformaldehyde (PFA) for 20 min, after which the cells were washed thrice in 

1X PBS. All successive washing steps were performed a total of three times. In order to allow the 

antibodies to gain intracellular access to the cells; the cells were permeabilized in 0.1 % Triton X in 

PBS for 15 min, which was followed by additional washes in 1X PBS. In order to prevent non-

specific binding of the antibody a 20 min blocking step in 0.5 % BSA in 1X PBST was carried out. 

Subsequently, the cells were incubated with the primary antibodies for hTERT (1:100) and LRP/LR 

or LRP::FLAG [(1:100) (Table 8.20)] overnight. Following the overnight incubation, the cells were 

washed thrice with 1X PBS and were then incubated with the appropriate fluorescent secondary 

antibodies, either a FITC-coupled or APC-coupled secondary antibody (see Table 8.20), at a 1:100 

dilution in 0.5 % BSA in PBST for 1 hr. This was followed by an additional three washes where 

afterwards the cells were incubated in 10 μl of Dapi [(10 μg/ml) (Sigma-Aldrich, Missouri, USA)] 

for 10 min to allow for nuclear staining. A final set of washes were performed and was followed by 

mounting the coverslips onto glass slides using Gelmount (Sigma-Aldrich, Missouri, USA). The 

slides were viewed with the Zeiss LSM 780 confocal microscope (Zeiss, Oberkochen, Germany) at 

450x and 630x magnification, respectively. 

 

3.7 Assessment of cell senescence in vitro by use of the β-Galactosidase assay 

In order to determine whether the overexpression of LRP::FLAG subsequently influenced the 

senescent marker β-galactosidase in vitro, an altered form of the  β-Galactosidase Enzyme Assay 

System with Reporter Lysis Buffer (Promega, Wisconsin, USA) by Lee et al., (2006) [387] was used 

to determine endogenous levels of β-Galactosidase post-transfection. It must also be noted that prior 

to assessing this marker all the cell lines were allowed to undergo ±20 population doublings before 

being assessed. Briefly, cells were seeded into 6 well dishes and were allowed to proliferate until a 
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confluency of about 80% was reached. It must be noted that during the cultivation period daily media 

changes were performed to prevent a stress related (from nutrient starvation) or metabolic related 

activation of β-galactosidase. Thereafter, the cells were harvested, washed in 1X PBS and then lysed 

with 200 µl of Reporter lysis buffer provided in the kit. The lysates were then centrifuged at 10 000 

xg to pellet the cell debris and the supernatant was transferred to a new eppendorf tube.  The lysates 

were then quantified by a BCA assay (see section 3.4) and standardized to 1 mg/ ml. This was 

followed by plating 50 µl of the samples into separate wells of a 96 well plate where the lysates were 

incubated in 50 µl of 2X Assay buffer composed of: ortho-nitrophenyl-β-D-galactopyranoside 

(ONPG), MgCl2, and sodium phosphate all of which were utilised by Lee et al., (2006) for their 

soluble β-galactosidase assay. The mixture was incubated at 37 °C and allowed to react over a 

sixteen hour period. It must be noted that negative controls comprised of lysis buffer and assay 

buffer only were included in the experimental procedure. Afterwards 150 µl of sodium carbonate 

was added to the mixture to halt the reaction, where the plate was then read at 420 nm using the 

Sunrise™ ELISA reader (Tecan, Männedorf, Switzerland). The procedure was performed in 

triplicate with three biological repeats for both transfected and non-transfected HEK293 and MRC 5 

cells. 

 

3.8 Assessment of telomerase activity in HEK293 and MRC 5 cells 

In order to determine whether the overexpression of LRP::FLAG subsequently influenced telomerase 

activity in vitro the TRAPeze RT Telomerase detection Kit (Merck Millipore, USA) was used. The 

procedure was carried out according to the manufacturer’s protocols with a few minor amendments. 

Firstly, cells were harvested and washed in 1X PBS, after which they were suspended and lysed in 

200 µl of CHAPS lysis buffer ((3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate)) 

containing: 1 % CHAPS, EDTA, NaCl, and Tris-HCl that was provided with the kit. This lysis buffer 

was utilized as it is non-denaturing and capable of extracting active enzymes.  The samples were 

then incubated in the lysis solution for 30 min at 4 °C with constant agitation. After the incubation 

the samples were centrifuged at 10 000 xg for 30 min at 4 °C to pellet all cell debris. The samples 

were transferred to new eppendorf tubes and an aliquot of 20 µl was taken for protein quantification 

using the NanoDrop
®
 ND-1000 (Thermo Fisher Scientific, Massachusetts, USA). Thereafter, the 

samples were standardised to 500 ng/μl for all: samples, positive controls and heat treated controls. 

Prior to qPCR analysis, the heat treated controls were incubated at 85 °C for 20 min to inactivate and 

denature the enzymes within the samples. All samples were then subjected to experimental analysis 

by qPCR accompanied by: series dilution (1:10) of TSR8 standards (20–0.2 amoles) for generation 
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of a standard curve, positive control (cell extract confirmed to exhibit telomerase activity) and three 

negative controls: CHAPs lysis buffer only controls, no template control (water), and the heat treated 

samples. The qPCR reactions were carried out in the Roche LightCycler LC480 (Roche, Basel, 

Switzerland) where all experiments were performed in triplicates with the following cycling 

conditions: 37 °C for 30 min to allow the extracted telomerase enzymes to extend the telomeric 

substrate, 95 °C for 2 min and 45 cycles of 95 °C for 15 sec, 59 °C for 60 sec and 45 °C for 10 sec 

(where the fluorescent reads were taken). Thereafter, telomerase activity was calculated from the 

TSR8 standard curve and the data was analysed using the LightCycler1 Software version 1.5.1. 

 

3.9 DNA isolation from HEK293 and MRC 5 cells for telomere length assessment  

3.9.1 DNA isolation from cell pellets 

Prior to assessing relative telomere length in the cells, DNA isolation was first carried out on 

harvested cell pellets using the Gene Jet DNA extraction kit (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) following the manufacturer’s instructions. Briefly, cells were harvested and 

washed in 1X PBS and incubated in a mixture of 200 µl TE buffer (Table 8.6), 200 µl lysis solution 

and 20 µl proteinase K for 10 min at 56 °C with occasional vortexing. Thereafter, the mixture was 

supplemented with 20 µl of RNase and incubated for an additional 10 min in order to remove all 

RNA contaminants. Following RNA removal 400 µl of 50 % ethanol was mixed to precipitate the 

DNA and the mixtures were then transferred to purification columns. The columns were centrifuged 

at 6000 xg for 1 min to allow the mixture to flow through the column where DNA was selectively 

bound. Following this, the purification columns went through two rounds of washes, where the first 

wash was performed by adding 500 µl of wash buffer onto the columns and centrifuging the columns 

at 8000 xg for 1 min. The second wash was performed in a similar manner except the columns were 

centrifuged at max speed for 3 min to dry the column and ensure the complete removal of ethanol 

(present in the wash buffer). DNA samples were then eluted into DNase/ RNase free eppendorf tubes 

by adding 200 µl of elution buffer to the columns and subsequently centrifuging at 8000 xg for 1 

min. The DNA was then resolved on a 1% agarose gel to assess genomic integrity and subsequently 

quantified using the NanoDrop
®
 ND-1000 (Thermo Scientific, Massachusetts, USA) to a working 

concentration of 50 ng/ µl. All DNA samples were then frozen and kept at -20 °C until used in 

downstream applications. 
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3.9.2 Assessment of mean telomere length from cultured cells 

The relative mean telomere length was assessed in order to determine whether the overexpression of 

LRP::FLAG aided in the stimulation of telomeric extension. To this end the qPCR-based procedure 

described by Cawthon et al., (2002)[388] was used. All qPCR reactions were performed using the 

appropriate primers and Sensi-Fast SYBR green master mix [(Bioline, London, UK) (Table 8.14)]. 

Samples were plated in triplicates and a set of controls were included for every run: a positive 

control (DNA isolated from HEK293 cells that was previously confirmed to amplify) as well as a no 

template control (negative control). Firstly, the reference gene acidic ribosomal phosphoprotein 

[(36B4) (for primers see Supplementary Table 8.18)] was quantified for normalisation purposes in 

order to account for any sample to sample variance between the isolated DNA samples, thus ensuring 

the accuracy of the assay. After ensuring that the reference genes exhibited more or less equivalent 

reads; qPCR was undertaken to assess telomere length by use of the Tel 1 and Tel 2 primers 

(Supplementary Table 8.18). All plated samples for both 36B4 and telomere length analysis were run 

in the Roche LightCycler 480 (Roche, Basel, Switzerland) with the following cycling programme: 

Denaturation at 95 °C for 10 min followed by 45 amplification cycles of: 95 °C for 10 sec, 58 °C for 

10 sec and 72 °C for 60 sec. Post amplification the reads generated were analysed where the [2ΔCT 

(telomeres)/2ΔCT (36B4)] equation was used to calculate the mean telomere length that was then 

compared between samples.  

 

3.10 Animal trials and treatments 

The study included the use of female C57BL/6J mice at approximately 12 months of age that were 

obtained from Charles River Laboratories, USA. Forty mice were acquired and 36 of these mice 

were randomized into the 3 treatment groups. These groups included group 1, which received the 

pCIneo-moLRP::FLAG plasmid and TurboFect
TM

 in vivo Transfection Reagent (Thermo Fisher 

Scientific, Massachusetts, USA) to induce an overexpression of LRP::FLAG. Group 2 received the 

empty pCIneo plasmid and transfection reagent which served as a vector control. Lastly group 3, 

which received a 5% glucose solution that served as a vehicle control. The TurboFect
TM

 transfection 

reagent was used as it has been shown to improve gene delivery to various organs and improve 

overall transfection efficiency. The mice were housed in separate cages (standard plexiglass, 28x 12x 

16cm) with sawdust for bedding and provided with free intake of food and water, 22±2 ℃, humidity 

50–60 % and a 12 hr light: dark cycle. Additionally, mice were supplied with paper towel for nest 

building as well as plastic blocks and balls for entertainment. Before the commencement of the study 

one mouse had to be terminated due to a persistent rectal prolapse that caused terminal weight loss. 
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The remaining 3 mice were used to optimise the treatment plan. This included assessing two 

different treatment plans: 2 tail vein injections spaced 10 days apart as well as a tail vein injection 

and an intramuscular injection spaced 10 days apart. Thereafter, telomerase activity and general 

mouse fitness was assessed to select the optimal treatment plan. 

 

The selected treatment plan involved the use of 2 different administration routes namely: a tail vein 

injection to the lateral tail vein and an intramuscular injection into the right and left quadriceps of the 

mice with treatments spaced 10 days apart. Thereafter, the treatment was repeated ±5 months after 

the initial treatment. The treatments were conducted in this manner to ensure a widespread delivery 

of the plasmid to various tissue sites and ensure an ideal transfection efficiency is maintained. All 

treatments were performed according to the manufacturer’s recommendations. Briefly, the tail vein 

injection involved diluting 50 µg of purified plasmid DNA in 400  µl of sterile 5 % glucose solution 

with the addition of 6 µl of the TurboFect™ in vivo Transfection Reagent, which followed the 

manufacturers recommendations. After a 15-20 min incubation at RT to allow the cationic polymers 

in the transfection reagent to form positively charged complexes with the plasmid DNA, the mice 

received 400 μl of the plasmid solution via tail vein injection or 400 μl 5 % glucose as vehicle 

control. The intramuscular injection involved diluting 85 µg of purified plasmid to a volume of 86 µl 

in sterile 5 % glucose with the addition of 4 µl of the TurboFectTM in vivo Transfection Reagent. 

The amount of plasmid utilised for the intramuscular injections was based off recommended amounts 

from Tripathy et al., (1996) [389]. Moreover this particular amount was selected to ensure that each 

quadriceps received 40 µg of plasmid for optimal transfection efficiency. Following, a 15 min 

incubation at RT, the mice received 100 μl of the plasmid solution or 100 μl of 5 % glucose as 

vehicle control by intramuscular injection at to the right and left quadriceps (50 μl per injection).  

 

After the treatments were administered the mice were monitored daily for the formation of any 

adverse side effects or inflammation. Thereafter, physiological tests were carried out 2 months after 

the first round of treatments to allow for a sufficient span of time to induce a measurable change. The 

second round of treatment was performed 10 days before euthanization to ensure a biochemical 

change would be detected. The mice were terminated at approximately 19 months of age, as between 

18-24 months the mice are considered “old” according to The Jackson Laboratory (Hagan, C., 

https://www.jax.org/ news-and-insights/jax-blog/2017/november/when-are-mice-considered-

old,Accessed 2019/09/01). Furthermore, it is from 18 months of age that senescent changes in most 

biomarkers become evident. No mice were set aside for a survival test as 3 mice from the control 

group died during the course of the second treatment from anaemia, a common condition in senior 
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mammals. Other mice that had to be terminated prematurely included: 1 mouse from the treated 

group due to the development of cancer (severely enlarged spleen with evidence of metastases), 1 

mouse from the control group due to a persistent anal prolapse, 1 mouse from the control group 

inflicted extensive self harm by mutilating both ears and experienced terminal weight loss overtime, 

1 mouse from the control group as it developed a bacterial or viral infection and 1 mouse from the 

non-treated group due to a persistent rectal prolapse. All experimental procedures were performed 

with approval by the University of the Witwatersrand Animal Ethics Screening Committee 

(clearance certificate number: 2016/08/38/B).  

 

3.11 Hair greying analysis 

Hair greying is a common consquence of ageing due to a loss of melanocytes and persistent 

oxidative stress where normal pigmentation is gradually lost. This accumulation of senescent hair 

follicles offers a relatively simple approach to track progression of the ageing process. The technique 

encompassed imaging all the mice prior to termination, in a brightly lit room where they were placed 

on a neutral green background to minimise light and colour interferance. Thereafter, the mice were 

coaxed to grab a wooden rod with their forepaws and gently streched out, where they were then 

imaged using a Canon E05 450D. These images were then analysed using Gandalf the Grey, an in-

house developed software by Dr G. Morris. The software measured the amount of grey and white 

pixels present on a mouse’s coat. This data was then presented as a percentage when compared to the 

total amount of black pixels present on the coat.    

 

3.12 Physiological tests to assess organism fitness 

3.12.1 Puzzle box test 

This test was carried out to assess the effects that the treatment (overexpression of LRP::FLAG) 

exhibited on the following cognitive abilities of the mice: short and long term memory as well as 

puzzle solving ability. The protocol was adapted from Ben Abdallah et al., (2011) [390] and slight 

modifications were incorporated. The testing arena comprised of a white container separated by a 

detachable barrier into two compartments: an empty brightly lit start zone (67 cm long, 25.5 cm 

wide) and a smaller dark and covered goal zone (15 cm long, 25.5 cm wide) filled with sawdust to 

mimic a nesting area. The mice were placed into the testing arena with no barrier in place and were 

allowed to habituate the box for 5 min. Thereafter, the mice were removed from the container while 

the barrier was put into place before re-introducing the mice into the start zone. This allowed them to 

travel into the goal zone by entering a narrow underpass (±4 cm) set into the barrier. The mice were 
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then subjected to a total of 9 trials (T1- T9) of increased complexity over a 3 day period, with 3 trials 

per day. During this period the mice had to solve challenges where the underpass was blocked with 

various obstructions (with each new succeeding obstruction deemed to be more challenging). On the 

first day (which was considered training) the mice were tasked with entering the underpass that was 

un-obstructed. During T1 the top of the underpass was uncovered while in T2 and T3 the top of the 

underpass was covered, and the mice were timed until they entered the underpass. On the second day 

(burrowing puzzle), T4 was carried out in the exact same manner as T2 and T3. During T5 and T6, 

the first puzzle was introduced where the underpass was filled with sawdust and mice had to dig 

through the sawdust to locate and enter the underpass. On the third day (plug puzzle), T7 was 

performed as a repetition of T5 and T6. However, during T8 and T9 a more complex puzzle was 

introduced, where mice were challenged with the plug puzzle. This involved obstructing the 

underpass with rolled up gauze that was covered in sawdust, which required the mice to firstly 

burrow and then use their paws and teeth to pull or push the gauze out of the underpass to enter the 

goal zone. The setup of these trials in this manner allowed for the assessment of problem solving 

ability (T5 and T8), learning and short term memory (T3, T6 and T9), while the repetition on the 

next day provided an efficient means of evaluating long term memory (T4 and T7). The mice were 

assessed based on their performance by measuring the time taken to enter the goal zone with all 4 

paws or the trial was ended after a period of 3 min.  All tests were video recorded using a Canon 

E05 450D to aid in obtaining accurate time points.      

 

3.12.2 Nesting Test 

Nest building is a common behaviour in mice that has been shown to become impaired during 

cognitive dysfunction or decline [391]. As ageing causes a decline in motor function, natural 

behaviour and cognitive function, this test therefore allows a non-stressful and efficient means of 

assessing behaviour deterioration in aged mice. Morover, this detrioration in nest building ability has 

been confirmed in the C57BL/6J mouse strain [392]. The test was carried out in the mouse’s “home” 

cage and involved firstly removing all old nesting material from the cages. A single sheet of paper 

towel was then placed into each cage in more or less the same location and left overnight. The nests 

the mice constructed were then imaged and graded the following day according to a 6 point scoring 

system: (1) Paper towel was not noticeably touched or manipulated, (2) Paper towel exhibited slight 

folding with no tearing or flat paper towel with minimal tearing, (3) Partial folding and minimal 

tearing of paper towel, (4) Identifiable nest, with partial folding and shredded material, (5) Nest with 
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well-developed walls, with a distinct amount of folding and/ or shredding, (6) Nest in the shape of a 

cocoon with partial or complete roof. All nests were imaged with a Canon E05 450D for analysis.    

 

3.12.3 Motor function analysis using the balance beam test 

One of the core physiological parameters affected by age-dependent decline is motor function, which 

includes balance co-ordination due to the degeneration of muscle tissue and a stiffening of the joints. 

Therefore, tests aimed at assessing these physiological aspects provide an efficient means of 

evaluating age retardation treatments efficacy. The test that was utilised to assess these parameters 

was the balance beam test [393], which assessed whether the overexpression of LRP::FLAG was 

able to prevent a loss of muscle strength and balance in mice as it is commonly associated with aged 

individuals. The procedure involved using 1 m long beams with a width of 12 mm that was 

suspended between two poles; approximately 50 cm above the surface. In order to ensure that the 

mice would not injure themselves in the event of falling, a box containing copious amounts of 

cushioning material (sawdust and paper towel) was placed underneath the beam. The mice were then 

placed at one end of the beam while the other end housed a platform and goal box containing nesting 

material from the home cage as well as food [393]. Thereafter, the mice were allowed to traverse the 

beam. All tests were video recorded using a Canon E05 450D for data collection purposes where the 

time it took the mice to traverse the beam as well as the approximate number of foot-slips was 

analysed [393].  

 

3.13 Organ harvest 

After all the physiological tests and the second round of treatments had been completed the mice 

were euthanized and transcardially perfused with cold 1X PBS in order to remove the blood from the 

organs. This was to ensure that the blood did not coagulate within the organs and thereby 

compromise histological and biochemical analysis of the tissues. The mice were approximately 19 

months of age at the time of euthanization. The total number of mice terminated at the end of the 

study included: 10 mice from the treated group, 7 mice from the vector control group and 11 mice 

from the vechile control group (Non-treated). The following organs were dissected from the mice: 

brain, colon, heart, kidney, liver, lung, muscle tissue and spleen. Each organ was sectioned into 2 

portions; 1 portion for biochemical analysis and the other for histological analysis. The organ 

portions for biochemical analysis were snap-frozen in liquid nitrogen and stored at –80 °C until used. 

This was performed to preserve the nucleic acids, proteins and enzymatic activities of the various 

tissues and minimise sample degradation. The organ portions for histological analysis were placed in 
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specimen jars and fixed in 4 % PFA. This was done to preserve the tissue structure for efficient 

identification of structural patterns or differences between the treatment groups during histological 

analysis. Briefly, the organs were fixed for 24 hr at 4 °C after which they were rinsed with 1X PBS. 

Thereafter, the organs were placed in a 30 % sucrose solution and incubated for 3 days in order to 

displace all water from the organs as paraffin (used in downstream processing) is hydrophobic and 

will not penetrate wet tissue. The samples were then stored in 4 % PFA to prevent contamination 

until further analysis was performed. It must be noted that organs from 1 mouse in the non-treated 

group and 1 mouse from the group treated to overexpress LRP::FLAG were harvested, but were not 

analysed further due to the possible formation of cancer as enlarged spleens similar to the previously 

mentioned treated mouse were observed.      

 

3.14 Histological analysis 

Histological sectioning and staining of the following organs: skin, brain, kidney, liver, and muscle 

were performed by Ms. Hasiena Ali, Senior Technician, School of Anatomical Sciences, Faculty of 

Health Sciences, University of Witwatersrand (Johannesburg, South Africa). All organ samples were 

firstly embedded into paraffin, where the process involved: immersion in 70 % ethanol with two 

changes of solution (1 hr for each change), thereafter the samples were moved into 80 % ethanol 

with a single change of the solution after an hour. The organs were then immersed for 1 hr in 95 % 

ethanol, which was followed by three 1.5 hr changes in 100 % ethanol. The use of an ethanol 

gradient was done to ensure all water content in the organs had been removed. The samples were 

then cleared in Xylene with three changes of the solution (1.5 hr each), which essentially bleaches 

the tissue to ensure that the only form of colour observed on the sections will be a consequence of 

the respective tissue stain used. Organ samples were finally immersed in molten paraffin wax (58-60 

°C) for 2 hr with 2 changes in wax performed to allow complete paraffin penetration of the tissues. 

These samples were then embedded into paraffin blocks. The blocks were then trimmed and 5 µm 

thick sections were cut using a microtome. The sectioned tissue (paraffin ribbons) were then placed 

into a water bath (40- 45 °C) and floated onto glass slides. These slides were then allowed to air dry 

overnight followed by a deparaffinising step where sections were cleared in 2-3 changes of 

chloroform (10 min each). Sections were then rehydrated by: 2 changes in absolute ethanol (5 min 

each), 95 % ethanol for 2 min and 70 % ethanol for 2 min. The rehydrated sections were then briefly 

washed with distilled water, where afterwards they were stained with Hematoxylin solution (8 min) 

and washed under warm running water for 10 min. Prior to counterstaining in Eosin (1 min) sections 

were rinsed in distilled water and dipped in ethanol up to 10 times. Upon staining completion, the 
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sections were dehydrated in 95 % ethanol (2 changes of 5 min each) and were again cleared in 

chloroform (2 changes of 5 min each) to remove excess stain. Finally, samples were mounted in a 

mounting medium where they were then visualised and imaged using the Zeiss Primovert 

microscope (Zeiss, Oberkochen, Germany). Images were assessed with the aid of Prof R. B. Veale. 

In this manner the images were assessed for tissue atrophication and degeneration to confirm 

whether overexpression of LRP::FLAG prevented or impeded the age-dependent decline of various 

tissue types.  

 

3.15 Assessment of proliferative and senescent gene expression in various mouse 

organs by qPCR 

The mRNA expression levels of various genes involved in key proliferative and senescent pathways 

were assessed to observe how the overexpression of LRP::FLAG influenced these markers. The 

procedure involved the extraction of RNA from mouse tissue samples and subsequent cDNA 

synthesis, prior to qPCR amplification.  

 

3.15.1 Tissue RNA extraction 

RNA was extracted from frozen tissue samples of the brain, kidney and liver for the quantification of 

various proliferative as well as senescent gene expression levels. The RNA was extracted using the 

Nucleospin
®

 RNA kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) by following the 

manufacturer’s protocol. Firstly, about 30 mg of frozen tissue was weighed out per organ and placed 

into sterile RNase free tubes containing 350 µl of lysis buffer RA1 as well as 3.5 µl of β-

mercaptoethanol. The samples were then homogenised with a Dounce homogenizer for 30 sec to 

disrupt the tissue and allow for a more efficient lysis of the cells. Thereafter, the homogenates were 

passed through a 20 gauge needle around 5-6 times to further facilitate cell lysis and shear the 

genomic DNA. This aided in DNA digestion and DNA removal during the subsequent steps. The 

lysates were then loaded onto a NucleoSpin
®

 filter column and were centrifuged at 11 000 xg for 1 

min, in order to filter out tissue debris and reduce the viscosity of the solution. Thereafter, the 

column was discarded and 350 µl of 70 % ethanol was added to the filtrate followed by mixing 

through gentle pipetting to ensure adequate precipitation of the RNA.   

 

This was followed by loading the lysates onto NucleoSpin
®
 RNA columns which selectively bound 

the genomic material and were centrifuged at 11 000 xg for 30 sec. After discarding the filtrate, the 

columns were then desalted using 350 µl of membrane desalting buffer (MDB) that was centrifuged 
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at 11 000 xg for 1 min. This desalting step aided in making the subsequent DNase treatment more 

effective. The on column DNase treatment was carried out in order to remove residual DNA thereby 

preventing off target amplification during qPCR. The DNase treatment was prepared by mixing 10 µl 

of rDNase with 90 µl of Reaction Buffer, which was loaded onto the columns and incubated at RT 

for 15 min. The RNA was then washed with 200 µl of Buffer RAW2 to inactivate the DNase, which 

was then removed by centrifugation at 11 000 xg for 30 sec. The columns were transferred into new 

collection tubes and a second wash was performed using 600 µl of Buffer RA3, where the flow 

through was then discarded after centrifugation at 11 000 xg for 30 sec. This was followed by a third 

wash using 250 µl of Buffer RA3 which was cleared by centrifugation at 11 000 xg for 2 min to 

completely dry the column. Finally, the RNA was eluted from the column using 70 µl of RNase-free 

H2O and centrifuging at 11 000 xg. 

 

As tissues are rich in DNA content, often an on column DNase treatment is not sufficient to remove 

all the DNA contaminants. Therefore, to ensure that all extracted RNA samples were completely 

DNA free, an additional in-solution DNase treatment was performed using the Turbo DNA- free™ 

kit (Thermo Fisher Scientific, Massachusetts, USA). The procedure involved gently mixing 0.1 

volumes of 10x Turbo DNase Buffer and 1 µl of Turbo DNase to the RNA samples. The samples 

were then incubated at RT for 30 min. After DNA digestion was completed, 0.1 volumes of DNase 

Inactivation Reagent was added to the samples and incubated for 5 min with occasional mixing. The 

samples were centrifuged at 10 000 xg to pellet the DNase that was coupled to the inactivation 

reagent. The purified RNA samples were transferred to a new Eppendorf tube where an aliquot was 

taken to resolve on a 1 % agarose gel (w/ v) to assess RNA integrity (see supplementary Table 8.6-

8.8) and also quantify using the Nanodrop One (Thermo Scientific, Massachusetts, USA).  

 

3.15.2 cDNA synthesis from tissue isolated RNA 

Total RNA was quantified for each sample using the NanoDrop One (Thermo Fisher Scientific, 

Massachusetts, USA) and cDNA was synthesised using the SensiFAST™ cDNA Synthesis Kit 

(Bioline, London, UK) following the manufacturers protocol. Briefly, for each sample 1 µg of pure 

RNA was mixed with 4 µl 5x TransAmp Buffer, 1 µl of reverse transcriptase and was made up to 20 

µl using DNase/ RNase free water. In addition, a no reverse transcriptase (RT) control was made up 

for each sample by following the above recipe with the exclusion of the reverse transcriptase. 

Thereafter, the samples were placed in the MultiGene™ OptiMax thermal cycler (Labnet, New 

Jersey, USA) with the following amplification programme: 25 °C for 10 min (to allow primer 
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annealing), 42 °C for 15 min (for reverse transcription), 48 °C for 15 min (to compensate for highly 

structured RNA), and 85 °C for 5 min in order to stop the reaction. Thereafter, the cDNA was stored 

at -20 °C until required for downstream qPCR.   

 

3.15.3 Mouse gene expression analysis by qPCR 

After the successful production of cDNA, qPCR analysis was carried out to determine the gene 

expression levels of a number of markers tightly linked to the ageing process (Table 8.16). Prior to 

assessing the genes of interest (Table 8.16), two reference genes (GAPDH and RPLPO) were 

evaluated in order to normalize the genes of interest to eliminate sample to sample variation. Briefly, 

a master mix containing Luna
®
 Universal qPCR Mastermix (New England Biolabs, Massachusetts, 

USA), primers and water (Table 8.14) were plated into individual wells of a 96 well plate. 

Thereafter, cDNA from each sample was loaded into separate wells and qPCR was conducted with 

the CFX96™ Touch qPCR System (Bio- Rad, California, USA) using the following cycling 

parameters: an initial denaturation at 95 °C for 3 min was followed by 40 cycles of denaturation at 

95 °C for 10 sec and a combined annealing/ extension step carried out at a primer specific 

temperature (Table 8.16) for 30 sec. In addition, a melt curve was also generated to ensure 

amplification specificity, and that only a single product was produced (Appendix B, Figure 8.12-

8.24). The threshold cycle (Ct) for each sample was interpreted using the Bio-Rad CFX Maestro 

analysis software. 

 

3.16 Assessment of proliferative and senescent protein marker levels 

SDS PAGE and western blotting was used as the standard experimental procedure for protein 

quantification of the mouse tissue samples. The tissues selected for protein comparison included: 

brain and liver. Firstly, LRP::FLAG was assessed in order to confirm its successful overexpression. 

In addition, total LRP/LR was also assessed in order to provide an indirect confirmation that total 

LRP levels were elevated in mice treated to overexpress LRP::FLAG (tissues assessed included: 

brain, kidney and liver). In addition to evaluating LRP::FLAG and LRP/LR, the levels of TERT, 

pTERT, proliferative related proteins (Akt, pAkt, c-Myc, Klotho, MDM2, and SIRT1), senescent 

related proteins (γH2AX, NFκB, pMDM2, p53, and p16
INK4A

) were quantified in the brain and liver 

tissue. This allowed for the confirmation of whether the overexpression of LRP::FLAG exerted a 

comparable effect on the senescence process as was observed in the in vitro study.  
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3.16.1 Protein extraction from tissue 

All steps performed were carried out at 4 °C on ice. The frozen organ samples were firstly rinsed in 

1X PBS containing protease inhibitors. Thereafter, the organs were transferred to a new 1.5 ml 

eppendorf tube and homogenized in 400 µl of cold 1X PBS with protease inhibitors using a Dounce 

homogenizer. This was carried out for 30 sec or until the solid tissue had been dissociated into the 

solution. The homogenized samples were then fractionated for varying downstream applications, 

where separate aliquots of 50 µl were taken for DNA extraction and assessment of telomerase 

activity. These aliquots were immediately snap-frozen on dry ice and stored at -80 °C until further 

analysis was performed. The remaining 300 µl of homogenate was then supplemented with 300 µl of 

2x RIPA buffer and were re-homogenized for 20 sec. The samples were then incubated at 4°C for 30 

min with agitation to allow for sample lysis. The samples were then centrifuged at 16 000 xg for 20 

min to pellet all cell/ tissue debris, where the supernatant containing the soluble proteins was 

harvested and stored at -20 °C until further analysis was performed.  

 

In order to normalise and ensure equal protein concentrations between samples were used in 

downstream applications, a BCA assay was performed as detailed in (section 3.4) with minor 

amendments. This included using BSA standards made by serial dilution (1:2) from 5 mg/ml to 0 

mg/ml (5, 2.5, 1.25, 0.625, 0.313, 0.157 and 0 mg/ml), which was used to construct the standard 

curve that was utilised to determine the protein concentration of the various mouse organ samples. In 

addition, the plates were analysed using the Multiskan™ GO Microplate Spectrophotometer 

(Thermo Fisher Scientific, Massachusetts, USA) for the generation of the absorbance values.  

 

3.16.2 Tissue protein profiles assessed by SDS PAGE and western blotting 

All western blotting procedures performed for the in vivo study followed the same procedure 

outlined in section 3.5 with minor amendments. In regard to the transfer step of the procedure an 

alternative transfer apparatus was used namely, the Trans-Blot
®
 Turbo™ Transfer system (Bio- Rad, 

California, USA) where transfer was performed at 25 V – 1.0 A for 30 min. In addition, all primary 

and secondary antibodies that were utilised for the mouse study are detailed in Table 8.21. Following 

the detection of the proteins of interest, the membranes were stripped of their respective antibodies 

and re-probed with antibodies targeting β-actin, which served as the reference protein for 

normalisation purposes. The procedure included washing the viewed blots in PBST twice for 5 min 

to remove the substrate. Thereafter, membranes were incubated in 10 ml of stripping buffer (Table 

8.13) for 10 min with gentle agitation at RT, which was repeated once. The stripped membranes 



- 61 - 

 

were then subjected to three 5 min washes in PBST at RT with gentle agitation. The membranes 

were then blocked in 3 % BSA in PBST for 1 hr at RT with gentle agitation. The subsequent steps 

followed the general western blotting procedure detailed in (section 3.5). This protocol was followed 

for each protein analysed. In terms of analysis, the samples were fitted across 4 blots with a 

minimum of three samples per group. In addition one random technical repeat was performed for 

each group for blot 2, 3 and 4.      

 

3.17 Assessment of telomerase activity in mice tissue  

A modified version of the Telomerase Repeated Amplification Protocol was used to determine the 

effect of overexpression of LRP::FLAG on telomerase activity in the various aged mice organs 

(brain, kidney and liver). The fractionated homogenates [(40- 50 mg) (refer to section 3.15.1)] were 

placed into 200 µl of ice cold CHAPS lysis buffer and re-homogenized for 30 sec. The samples were 

then incubated for 30 min at 4 °C with constant agitation, to allow the tissue to be broken apart and 

for a complete lysis to occur. After lysis was complete the samples were centrifuged at 16 000 xg for 

20 min at 4 °C to pellet the tissue and cell debris. The supernatant containing the isolated active 

proteins and RNA was snap frozen on dry ice for downstream analysis. Prior, to snap freezing a 20 

µl aliquot was taken and used for protein quantification, which was performed using the NanoDrop 

One (Thermo Fisher Scientific, Massachusetts, USA). This was done to ensure that a final 

concentration of 5 µg/ µl was used for all experimental and control samples.   

 

Thereafter, an in house TRAP assay was performed to quantify telomerase activity by qPCR. The 

samples were run alongside a set of TSR8 standards and the same set of controls as used in section 

3.8. Briefly, 5 µg/ µl of protein samples were loaded into individual wells on a 96 well plate and 

mixed with the TRAP reaction mix (Table S2.14) to make up a total volume of 25 µl. The reaction 

mix was composed of the following: TS primer (this acted as a substrate for the telomerase enzyme), 

ACX primer (a modified version of the CX primer that contains a 6 base pair ‘anchor’, which aids in 

preventing primer self-amplification and reduces the formation of primer dimers) (Table 8.19), 

EGTA (to inhibit RNases and prevent degradation of the TERC template), 0.1 µg/ µl ultra-pure BSA 

(this acted as a PCR enhancer), Luna
®

 Universal qPCR Mastermix (New England Biolabs, 

Massachusetts, USA) and DNase/ RNase free H2O (Table 8.15). Thereafter, the plated samples were 

placed in the CFX96™ Touch qPCR System (Bio- Rad, California, USA) and qPCR was performed 

following the same run parameters as outlined in section 3.8; except the telomerase extension step 

was increased to 1 hr to allow for detectable extension of the substrate by the tissue derived 
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telomerase. The data generated was then analysed using the Bio-Rad CFX Maestro software which 

was used to quantify the relative activity of telomerase.   

          

3.18 Telomere length and mitochondrial DNA content determination in mouse 

tissue by qPCR 

3.18.1 DNA extraction from mice tissue 

DNA was extracted from frozen tissue homogenates of the brain, kidney and liver for the 

quantification of telomere length using the Invisorb
®

 Spin Tissue kit (Invitek Molecular, Berlin, 

Germany) and followed the manufacturer’s protocol. Briefly, 400 µl of Lysis Buffer G and 40 µl of 

Proteinase S were added to the frozen tissue homogenates and vortexed for ±15 sec. The tube was 

then incubated at 52 °C with agitation until lysis was complete (when majority of homogenate had 

gone into solution). Thereafter, the samples were centrifuged at 11 000 xg to spin down tissue debris 

and the supernatant was transferred to a new eppendorf tube. The samples were supplemented with 

40 µl of RNase A (10 mg/ml) and vortexed followed by a 5 min incubation at RT to allow for the 

degradation of the RNA within the samples. Prior, to loading the samples into the Spin Filter (in a 2 

ml receiver tube), 200 µl of Binding Buffer A was added to the samples and vortexed for 10 secs. 

The samples were then allowed to incubate for 1 min with the Spin Filter to facilitate DNA binding 

before the samples were centrifuged at 13 500 xg for 3 min. After discarding the filtrate, 550 µl of 

the Wash Buffer was added to the spin column and centrifuged at 11 000 xg for 1 min, after which 

the flow through was discarded. The washing step was repeated once and followed by an additional 

centrifugation step at maximum speed to remove any residual ethanol from the Spin Filter. Finally, 

the Spin Filter was placed into a new eppendorf tube where 100 µl of pre-warmed elution buffer (52 

°C) was added and incubated for 3 min. The samples were then centrifuged at 11 000 xg for 1 min to 

elute the DNA. Thereafter, sample aliquots were taken to resolve on a 1% agarose to assess intergrity 

(Figure 8.9-8.11) and were also nanodropped using the NanoDrop One (Thermo Scientific, 

Massachusetts, USA). The samples were then stored at -20 °C until further analysis was performed. 

 

3.18.2 Relative Telomere length determination in mouse tissue by qPCR  

This procedure was utilized to assess any changes in relative telomere length post-transfection in 

murine tissue; specifically within the brain, liver, kidney and spleen. This qPCR procedure followed 

the same setup as section 3.9.2 with minor amendments.  This included the design of mouse specific 

primers for the reference gene 36B4 (Supplementary Table 8.18).  In addition, both telomere length 

and 36B4 were quantified on the same plate for each organ assessed, where plates were run in 
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triplicates for each organ. The qPCR machine used for these procedures was the CFX96™ Touch 

qPCR System (Bio- Rad, California, USA) and the data generated was analysed using the Bio-Rad 

CFX Maestro software.   

 

3.18.3 Mouse tissue mitochondrial DNA content analysis by qPCR  

This procedure was carried out as mitochondrial DNA content acts as an efficient marker to track the 

senescence/ ageing process. In fact, aged cells readily produce an elevated amount of mitochondrial 

mass/ content, however these mitochondria are generally dysfunctional. This is due to the 

accumulation of mtDNA damage and mutations that induces an increased production of ROS for 

enhanced oxidative stress. In this regard, we assessed whether the overexpression of LRP::FLAG 

was able to aid the tissue in retaining a more juvenile state with a lower mitochondrial mass. To this 

end, primers specifically targeting the mitochondrial DNA as well as another set of primers targeting 

a reference gDNA region were used [(Table 8.17) [394]]. The procedure involved analysing both 

mtDNA and reference gDNA qPCRs on the same plate to ensure the greatest possible accuracy. 

Briefly, the master mix (Table 8.14) containing: Sensi-Fast™ SYBR green master mix (Bioline, 

London, UK), primers, nuclease free H2O and each sample was pipetted into separate wells on a 96 

well plate. In addition, a set of NTC controls were included for each primer set. Thereafter the 

CFX96™ Touch qPCR System (Bio- Rad, California, USA) was used with the following cycling 

parameters: an initial denaturation at 95 °C for 3 min was followed by 40 cycles of denaturation at 

95 °C for 10 sec and a combined annealing/ extension step carried out at 60 °C (Table 8.17) for 30 

sec. In addition, a melt curve was generated to ensure that only a single product was evident 

(Appendix B, Figure 8.25). Finally, the Ct for each sample was analysed using the Bio-Rad CFX 

Maestro analysis software. 

 

3.19 Data and Statistical analysis 

All experimental data collected was subjected to statistical analysis using Graphpad Prism, Microsoft 

Excel 365 ProPlus (Microsoft Corporation) and QuickCalcs Outlier Calculator ©2017 that makes use 

of the Grubbs test for the identification of outlier data points. All experimental procedures were 

performed with a minimum of 7 biological repeats with error bars representing standard deviation. 

This said all physiological tests were performed with Mice overexpressing LRP::FLAG (Treated): n 

= 10; Empty vector treated mice (Control): n = 11; Non-treated mice: n = 11. For histology, and all 

biochemical analyses with the exception of mRNA gene expression analysis the following group 

sample sizes were used: Treated: n = 9; Control: n = 7; Non-treated: n = 10 (except for western 
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blotting where n = 9 due to protein yield from one of the mice). It must be noted that due to time 

constraints only the brain and liver samples were assessed at a protein level by western blotting. 

These sample sizes were a consquence of all the pre-mature mouse deaths and terminations that are 

outlined in: section 3.10 and 3.13. In terms of the mRNA analysis the the following sample sizes 

were used for the 3 different organs: Brain: Treated: n = 6, Control: n = 5, Non-treated: n = 7; Liver: 

Treated: n = 9, Control: n = 7, Non-treated: n = 10 and Kidney: Treated: n = 9, Control: n = 7, Non-

treated: n = 10. The brain samples had a reduced sample size due to poor RNA extraction within 

certain samples as the kit used was not specially tailored for brain extractions. These low extraction 

numbers for the brain RNA may then account for the lack of significance produced among the 

different genes tested. Therefore, the kit could not adqueatly process the samples due to the high fat 

content. In addition, it is unfortunate to note that the majority of the proteins could not be assessed in 

the kidney due to time contraints. This is also true for H2AX, where this protein could not be 

analysed due to time constraints, and furthermore a new antbody needed to be ordered in order to 

assess this marker  these tissues. In terms of statistical analysis, the One-way ANOVA and Welch’s 

t-test coupled with a post hoc Bonferroni correction were performed at a 95% confidence interval; 

where p values < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01 and ***p < 

0.001). 

 

Brief overview of the ageing mouse study 

The flow diagram below (Figure 3.1) gives a summarised overview of how the in vivo study was 

carried in a step wise manner, as well as what experimental procedures were carried out at a 

particular point. All procedures outlined were carried out on each of the three groups (Treated, 

control and non-treated mice). 
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Figure 3.1: Flow diagram depicting timing of treatments to be received by each group. 
A brief outline of the workflow that was performed during the ageing in vivo study to assess whether the 

overexpression of LRP::FLAG could impede the senescence process. Treatment procedures and time points 

are displayed as well as when the various different experimental procedures were carried out on the aged 

C57BL/6J mice. 
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4. Results 

 

4.1 Overexpression of LRP::FLAG in HEK293 and MRC 5 transfected cells 

In order to validate that LRP/LR does indeed influence the ageing process by affecting various 

aspects of telomere biology, stably transfected HEK293 and MRC 5 cell lines were generated 

utilising the pCIneo-moLRP::FLAG mammalian expression vector. This was essentially performed 

to induce an overexpression of LRP::FLAG, and thereby elevate the total amount of LRP/LR present 

within the cells. The successful overexpression of LRP::FLAG was confirmed by western blotting, 

where detection of the FLAG tag was only observed in the transfected HEK293 and MRC 5 cells 

(Figure 4.1 a,b illustrated in lanes 1-3). In addition, both LRP and the loading control β-actin were 

also assessed, where it was visually confirmed that the overexpression of LRP::FLAG caused an 

increase in total LRP levels (Figure 5.1).     

 

 

Figure 4.1: Overexpression of LRP::FLAG in HEK293 and MRC5 cells. 
The expression of the LRP::FLAG protein was determined for both HEK293 and MRC 5 cells transfected 

with the pCIneo-moLRP::FLAG construct (lane 1-3) as well as non-transfected HEK293 and MRC 5 cell 

samples (lane 4-6). Analysis revealed that LRP::FLAG was found to only be expressed in HEK293 and MRC 

5 transfected cell samples, with no LRP::FLAG detection in the non-transfected cell samples. Adapted from 

Otgaar et al., 2017 [293]. 

 

4.2 hTERT co-localises with LRP/LR and LRP::FLAG in vitro 

Upon confirming the successful transfection of both the HEK293 and MRC 5 cells, 

immunofluorescence microscopy was employed; to firstly confirm the co-localisation in HEK293 

cells and assess whether a similar effect was exerted in the somatic MRC 5 cell line. This was 

undertaken to evaluate whether a similar relationship existed in a somatic cell line with low to 
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undetectable levels of hTERT following the overexpression of LRP::FLAG. In addition, the 

technique was further utilised to assess the cellular localisation patterns of TERT and LRP and how 

the overexpression affects distribution patterns of the two proteins.  The merged panels (Figure 4.2 a, 

b) are a representative of the red fluorescence (hTERT) and green fluorescence (LRP/LR and 

LRP::FLAG), where points of yellow fluorescence demonstrate a spatial overlap or co-localisation of 

the two proteins. In turn, this overlap also point towards a potential interaction that could exist 

between the two proteins. This said, co-localisation was observed between LRP/LR and hTERT in 

transfected as well as non-transfected HEK293 cells. In fact, this co-localisation was predominantly 

located intracellularly especially within the cytoplasmic and perinuclear domains of the cell 

confirming our previous findings [291]. Moreover, when transfected and non-transfected HEK293 

cells were compared it was found that the overexpression of LRP::FLAG induced a pronounced 

increase in fluorescence intensity and co-localisation between LRP/LR and hTERT (Figure 4.2a; 

Panels: A, B, D, F, G and I). These findings were further validated by the 2D-Cytoflurograms 

(Figure 4.2a; Panels E and J) which displayed a much greater degree of co-localisation for the 

transfected HEK293 cell line. Surprisingly, upon analysing the MRC 5 cell lines a striking increase 

in LRP/LR and hTERT fluorescence was noted in cells overexpressing LRP::FLAG, when compared 

to the non-transfected cell lines which displayed negligible fluorescence for hTERT (Figure 4.2b; 

Panels A, B, C, E, F and G). This offered a clear display that LRP/LR was able to influence the 

expression and production of the TERT protein. In addition, like the HEK293 transfected cell line, 

the MRC 5 transfected cells displayed a pronounced co-localisation between LRP/LR and hTERT 

clearly indicating a potential interaction and relationship between the two proteins (Figure 4.2b; 

Panels C, and G). Finally to ensure that LRP::FLAG behaved in a similar manner to endogenous 

LRP/LR and also interacted with hTERT, the localisation of the protein was assessed in HEK293 

cells only. To this end it was noted that LRP::FLAG shared a similar protein distribution pattern to 

LRP/LR and further co-localised with hTERT in a similar fashion (Figure 4.2a; Panels K, L, N and 

O). These findings indicated that the plasmid successfully produced LRP::FLAG and that it appeared 

to be fully functional and behaved in a similar manner to the endogenous protein.        
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Figure 4.2: LRP and LRP::FLAG co-localizes with hTERT. 
a, b. Intracellular localization and co-localization patterns of hTERT and  LRP/LR and hTERT and 

LRP::FLAG in transfected as well as non-transfected HEK293 and MRC 5cells. hTERT was detected with 

anti-hTERT primary and APC coupled secondary antibodies(a-A, a-F, a-K, b-A, b-E); LRP/LR was detected 

with anti-LRP/LR IgG1-iS18 primary and FITC coupled secondary antibodies (a-B, a-G, b-B, b-F); 

LRP::FLAG detected with anti-FLAG and FITC coupled secondary antibodies (a-L); Dapi nuclear staining (a-

C, a-H, a-M, a-R); merge between LRP/LR and hTERT (a-D, a-I, b-C, a-G) and LRP::FLAG and hTERT (N) 

illustrates co-localization caused by the spatial overlap between the proteins. 2D Cytoflurograms confirmed 

that the overlap observed was co-localization between the proteins (a-E, a-J, a-O, b-H). Secondary antibody 

controls confirmed no auto-fluorescence or non-specific binding (a-P, a-Q, a-R, a-S, a-T, b-I, b-J, b-K, b-L). 

Images were taken at 630x and negative controls were obtained at 400x magnification. All scale bars are 

20µm. Adapted from Otgaar et al., 2017 [293]. 

 

4.3 LRP::FLAG overexpression positively influences telomere dynamics to 

induce a significant increase in hTERT levels telomerase activity, and 

telomere length in vitro 

The increased hTERT observed, especially within the MRC 5 transfected cells from confocal 

imaging, prompted the assessment of the various aspects of telomere biology. Moreover, the 

stimulation of telomerase by elevating TERT is sufficient to positively influence the ageing/ 

senescence process. This said, telomere attrition has been intricately tied to human ageing, due to the 

limited maintenance afforded by telomerase, thus providing additional motivation into its 

assessment. Firstly, western blotting was performed to confirm whether the overexpression of 

LRP::FLAG did indeed influence the TERT protein levels. Subsequent densitometric analysis 

revealed that the overexpression of LRP::FLAG in both HEK293 and MRC 5 cells induced a 

significant increase in total TERT levels when compared to their non-transfected counterparts 

(Figure 4.3 a1- b2). In fact, transfected HEK293 and MRC 5 cells displayed a 76.4% (n= 3, p= 

0.0014, t test) and 433.11% increase (n= 3, p= 0.0312, t test) in hTERT, respectively when compared 

to their non-transfected counterparts (Figure 4.3 a1- b2). These results convincingly indicate that 

LRP/LR influences the production of TERT either through transcriptional or translational processes. 

What lends this observation further credence is that non-transfected MRC 5 cells displayed 

negligible TERT levels, whereas MRC 5 cells overexpressing LRP::FLAG displayed a distinct 

increase in TERT protein levels. Therefore, clearly indicating that LRP/LR may play a role in the 

transcriptional activation of the TERT gene.  

 

In order to confirm whether the increased hTERT caused a subsequent elevation in telomerase 

activity following the overexpression of LRP::FLAG, real time qPCR with the TRAPeze RT 

telomerase detection kit (Merck Millipore) was performed. This was prudent to discern as elevated 

telomerase activity is the core factor that can aid in the impediment of telomere-dependent 
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senescence through its telomere maintenance ability. Similarly, it was found that the overexpression 

of LRP::FLAG caused a striking elevation in telomerase activity in both cell lines (Figure 4.3 c and 

d). Transfected HEK293 displayed a 2.937 fold increase (n=4, p=2.91E-05, t test) in activity, when 

compared to its respective non-transfected counterpart (Figure 4.3 c). Moreover, a similar trend was 

revealed in the MRC 5 cell lines, where overexpression of LRP::FLAG induced a striking 52.195 

fold increase (n=4, p=2.38E-05, t test) in telomerase activity when compared to the non-transfected 

cells which displayed negligible activity of the enzyme (Figure 4.3 d). Thus, indicating that LRP/LR 

may play a role in the activation of the telomerase enzyme. 

 

In order to elucidate if the elevated telomerase activity observed in both transfected cell lines was 

capable of providing a maintenance effect to the telomeric ends, qPCR was carried out following 

Cawthon et al., (2002) [388] and using the [2ΔCT (telomeres)/2ΔCT (36B4)] equation. Prior to assessing telomere 

length, the reference gene 36B4 was evaluated to ensure an equivalent DNA content was utilized 

between the transfected and non-transfected cell lines. Thereafter, telomere analysis was carried out 

where a significant difference in mean telomere length was observed for both transfected HEK293 

and MRC 5 cell lines after normalizing against the reference gene (Figure 4.3 e, f). The transfected 

HEK293 cells were found to exhibit a 2.236 fold increase (n= 4, p= 0.001909, t test) in average 

telomere length, while the MRC transfected cells at population doubling ±40 displayed a similar 

2.839 fold increase (n= 4, p= 0.0002, t test) in length, when compared to their non-transfected 

counterparts (Figure 4.3 e, f). Therefore, confirming that the enhanced telomerase activity mediated 

by LRP::FLAG overexpression is capable of elongating the telomeres.      

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5689714/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5689714/figure/F4/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5689714/figure/F4/


- 71 - 

 

 

Figure 4.3: LRP::FLAG overexpression significantly elevates hTERT levels, telomerase 

activity and telomere length. 
a-b, Western blot of hTERT levels in non- transfected (lane 1-3), and transfected (lane 4-6) HEK293 cells (a) 

as well as non-transfected (lane 1-3), and transfected (lane 4-6) MRC 5 cells (b). Densitometric analysis of 

hTERT expressed as a relative percentage in change respective to the non-transfected samples. c-d, Relative 

telomerase activity (RU=relative units) in non-transfected and transfected HEK293 (c) as well as MRC 5 (d) 

cells shown in Log concentration (Log amole). e-f, Relative telomere length in transfected and non-transfected 

HEK293 (e) as well as MRC 5 (f) lines as a telomere/36B4 (T/S) ratio to illustrate mean telomere length 

between samples. Sample size n= 3 biological repeats per cell line. Data as a mean ±SD. *p<0.05, **p<0.01, 

***p<0.001 by paired t-test. Adapted from Otgaar et al., 2017 [293]. 

 

4.4 LRP::FLAG overexpression induces a significant reduction in tested 

senescent markers: β-galactosidase activity and γH2AX levels in vitro 

As previously stated, the various aspects of telomere biology carry out essential roles in regulating 

the senescence or ageing process. The positive changes in telomere dynamics induced by 

LRP::FLAG overexpression provided sufficient motivation to assess whether an impediment of the 

senescence process had indeed occurred. To this end, the accumulation of two distinct senescent 

markers was assessed in response to the overexpression of LRP::FLAG. Firstly, β-galactosidase 

activity was assessed as the enzyme is known to be influenced by telomere shortening/ dysfunction 

and further accumulates within aged or senescent cells [387, 395].  In addition, this marker has been 

utilised in a number of studies to track or measure cellular ageing [387, 395]. Prior to assessment, all 

cell lines were allowed to undergo around 20 population doublings to ensure the accumulation of this 
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marker. The enzyme’s activity was evaluated in all cell lines by incubating cell lysates with an assay 

buffer that contained ortho-Nitrophenyl-β-galactoside at pH 6 (reporter lysis β-galactosidase assay, 

Promega), that when reduced allows for the quantification of senescent associated β-galactosidase 

[387]. Interestingly, even though HEK293 cells displayed basal levels of enzymatic activity, owing 

to the fact that it is an immortalised embryonic cell line, a significant reduction of 0.111 fold [(10%) 

(n=3, p= 4,22E-05, t test)] in β-galactosidase activity was observed for HEK293 cells overexpressing 

LRP::FLAG (Figure 4.4 a). Furthermore, a significant decrease of 0.362 fold (±40%) in β-

galactosidase activity (n= 3, p= 0.0008, t test) was also observed for MRC 5 cells overexpressing 

LRP::FLAG (Figure 4.4 b). Therefore, the decrease of this senescent marker in both transfected cell 

lines, especially the MRC 5 cells indicates the occurrence of a potential anti-ageing effect.  

 

To further substantiate the results observed for β-galactosidase and that an impediment of the 

senescence process had indeed occurred, the levels of an additional senescent marker known as 

γH2AX foci were also assessed. These foci are histones that are specifically phosphorylated at 

Serine139 which ultimately act as markers to indicate areas of DNA damage, especially double 

stranded breaks [143, 396]. These markers are known to accumulate as cells age due to a 

combination of unresolved genomic damage and the continuous loss of the telomeric ends [143, 

396]. Western blotting was performed and revealed that the overexpression of LRP::FLAG in both 

HEK293 and MRC 5 cells induced a significant decrease in γH2AX levels (Figure 4.4 c and d). In 

fact, transfected HEK293 cells exhibited a 60.78% (n= 3, p= 0.0017, t test) decrease, while 

transfected MRC 5 cells revealed a 40% (n= 3, p= 0.009, t test) reduction in γH2AX levels when 

compared to their respective non-transfected cell lines. The reduction of this marker alongside the 

reduced β-galactosidase activity clearly indicates that the overexpression of LRP::FLAG in vitro is 

capable of impeding the senescence process. Although, the HEK293 cell line displayed a significant 

reduction in both senescent markers, it must be highlighted that the levels of these markers, even in 

the non-transfected lines, were exceptionally low (basal levels). Therefore, these reductions may in 

part be due to the extensive sub-culturing or other appropriate stresses that these cells were exposed 

to. Additionally, basal levels of these markers have been previously reported in exceptionally low 

amounts [397, 398].    

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5689714/figure/F4/
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Figure 4.4: LRP::FLAG overexpression significantly decreases the levels of senescent markers. 

a-b, Change in enzymatic activity of β-galactosidase following LRP::FLAG overexpression in HEK293 (a) 

and MRC 5 (b) cells when compared to the non-transfected cell lines. c, d Western blotting and densitometric 

analysis of γH2AX levels expressed as a percentage change with non-transfected (lanes 1-3) compared to 

transfected lines (lanes 4- 6) for both HEK293 (c) and MRC 5 (d). Sample size n= 3 biological repeats per cell 

line. Data as a mean ±SD. *p<0.05, **p<0.01, ***p<0.001 by paired t-test. Adapted from Otgaar et al., 2017 

[293]. 

 

4.5 LRP::FLAG overexpression induced a significant improvement in various 

physiological parameters within the aged mice 

4.5.1 Overexpression of LRP::FLAG impedes the age associated process of hair greying  

The positive data acquired during the in vitro component of this research, which indicated that 

LRP/LR could be targeted to cause a profound effect on cellular ageing/ senescence, prompted 

further perusal to observe if the effects found in vitro could be validated in an in vivo context. Prior 

to the termination of the mice, it was prudent to assess whether the overexpression of LRP::FLAG 

was capable of inducing a strong enough effect to waylay the effects of physiologic ageing. To this 

end an array of procedures were carried out to assess how the overexpression of LRP::FLAG 



- 74 - 

 

influenced: cognitive, cosmetic, general well-being and motor function parameters in the aged 

C57BL/6J mice. 

 

The first marker of physiologic ageing assessed was hair greying, as it is probably one of the most 

distinguishing phenotypic markers of mammalian ageing. This is especially true for both humans and 

mice (confirmed in C57BL/6J mouse strain). What governs the process of hair greying is not entirely 

understood, but it has been linked to a dysregulation or apoptosis of the melanocytes, depletion of 

melanocyte stem cell niches and a disruption of the processes that govern the development of 

pigment. Importantly, all these factors can be tied to an age dependent decline in function. Upon 

analysis using a One-way ANOVA, it was observed that mice treated to overexpress LRP::FLAG 

(treated mice) displayed a significant difference (p = 0.004) in hair greying when compared to the 

control (empty vector treated mice) and non-treated mice groups (Figure 4.5).  Additional statistical 

analysis using Welch’s t-test coupled with a post hoc Bonferroni correction found that the 

overexpression of LRP::FLAG caused a significant reduction in hair greying when compared to the 

control (p = 0.0086) and non-treated mice (0.005). It is also noteworthy that although not quantified, 

it was visually observed that the treated mice appeared to show less signs of hair thinning and 

balding when compared to the control and non-treated groups (enlarged images for clarity purposes 

can be observed in Appendix C, Figure8.28). This said, it was observed that the control mice on 

average exhibited around 44.42% (SD: 10.58%) total hair greying and the non-treated mouse group 

displayed an average of 46.68% (SD: 12.59%) total hair greying. This was in stark contrast to the 

treated group which only displayed an average of 25.38% (SD: 14.11%) total hair greying illustrating 

an approximate 20% reduction when compared to the controls and non-treated groups. This 

therefore, offers the first potential indication that the overexpression of LRP::FLAG may delay or 

offset the effects of cellular senescence.       
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Figure 4.5: Overexpression of LRP::FLAG reduces the amount of hair greying in mice. 
Hair greying analysis was performed on 18 month old mice. A) Analysis showed a ±25% reduction in grey 

hair for the treated mice when compared to the non-treated and control mice. B) Representative images 

illustrating that the treated mice not only contained less hair greying but also less balding. Sample size: Mice 

overexpressing LRP::FLAG (Treated): n = 8; Non-treated mice (Non-treated): n = 9 Empty vector treated 

mice (Control): n = 9. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; 

One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction. The number of ‘*’ 

irrespective of colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red 

indicate data that is significant following the Bonferroni correction. 

   

4.5.2 LRP::FLAG overexpression significantly improved cognitive function in aged mice 

A well-documented phenotypic characteristic that declines with age is cognitive function. This 

decline of function can be attributed to the accumulation of senescent neuronal tissues that ultimately 

drive neurodegeneration, and further results in the benign senescent associated forgetfulness that is 

commonplace among the elderly. In order to discern whether the overexpression of LRP::FLAG 

could influence cognitive function the puzzle box test was carried out to assess short and long term 

memory as well as puzzle-solving ability. It must be noted that all data collected was subjected to a 

One-way ANOVA followed up with a Welch’s t-test, and a post hoc Bonferroni correction to ensure 

the statistical validity of the data (Figure 4.6 B).  Overall, it was found that the overexpression of 
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LRP::FLAG was able to induce a significant improvement in all three aforementioned cognitive 

abilities when compared to the non-treated and control mouse groups (Figure 4.6 A, B). More 

specifically, upon analysis of the trials that represented short term memory (T3, T6 and T9) it was 

revealed that both the non-treated and control groups had much higher latencies in reaching the goal 

zone than the treated mice, although T6 was not significantly higher. The same was true for the trials 

that measured long term memory, where the treated mice exhibited significantly shorter latencies in 

reaching the goal zone for both T4 and T7. This essentially indicated that the overexpression of 

LRP::FLAG improved working and long term memory within the aged mice. The final cognitive 

aspect that the puzzle box test assessed was puzzle solving ability (T5 and T8), where the treated 

mice displayed significantly enhanced learning capabilities. This said, the treated mice displayed 

acute remembrance of the opening, burrow puzzle and plug puzzle, which resulted in significantly 

reduced latencies in reaching the goal zone when compared to the control and non-treated mouse 

groups. These data essentially reveal that the overexpression of LRP::FLAG positively affects 

cognitive function to potentially waylay the effects of age-associated cognitive decline.   
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Figure 4.6: Overexpression of LRP::FLAG prevents age associated cognitive decline by 

improving short and long term memory as well as puzzle solving ability. 
The puzzle box test measured the latency (time) of the mice to solve cognitive related tasks over a coarse of 9 

distinct trials. Tasks that were assessed included: Day 1 (training), T1 - underpass uncovered and un-blocked, 

thereafter T2 and T3 involved the top being covered and mice having to enter the goal zone by use of the 

underpass. Day 2 (burrowing puzzle), T4 was a repeat of T2 and T3 to assess long term memory. T5 and T6 

(T6 assessed short term memory) – introduced a novel puzzle where the underpass was filled with sawdust. 

Day 3 (plug puzzle), T7, was a repetition of T5 and T6 to assess long term memory. For T8 and T9 (T9 

assessed short term memory) the underpass was obstructed by plugging the cavity with gauze and covering 

with sawdust. Treated: n = 10; Control: n = 11 and Non-treated: 11. Data as a mean ±SD. *p < 0.05, **p < 

0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post 

hoc Bonferroni correction. The number of ‘*’ irrespective of colour represent the level of significance 

according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni 

correction. 

 

4.5.3 LRP::FLAG overexpression significantly improved nesting abilities in aged mice 

To further validate the improved cognitive function displayed by mice overexpressing LRP::FLAG 

the nesting test was also performed. Nesting generally forms part of spontaneous behaviors and thus 

provided an alternative means to assess cognitive function as well as general well-being of the mice. 

In addition, this form of spontaneous behavior has been confirmed to decline with age in C57BL/6J 

mouse models [399]. Upon analysis and scoring of the nests it was found that mice treated to 

overexpress LRP::FLAG displayed significantly superior nest constructing abilities in comparison to 

the non-treated and control mouse groups (Figure 4.7). In addition, all data was validated by a One-
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way ANOVA (p = 0.0003), Welch’s t-test and a post hoc Bonferroni correction. It was noted that on 

average the non-treated and control mice displayed limited nesting capabilities, where the paper 

towel that was provided only showed partial folding with minimal tearing. These groups were issued 

with an average score of 3.2 for both control (Mean: 3.2, SD: 1.03, p = 0.00096) and non-treated 

(Mean: 3.2, SD: 0.79, p = 0.00022). Meanwhile, the majority of the treated mice were found to 

construct nests that ranked a score of around 4-5 (Mean: 4.89, SD: 0.782), thus indicating that the 

mice were able to construct well developed nests that contained distinct amounts of folding and 

tearing. Therefore, this suggests that the overexpression of LRP::FLAG could potentially waylay the 

effects of age-associated behavioral decline.  

 

 

Figure 4.7: Aged mice treated to overexpress LRP::FLAG displayed improved nest building 

abilities. 

A) Analysis of the nesting scores revealed that mice overexpressing LRP::FLAG were able to build 

better and more complete nests in comparison to the non-treated and control. B 1,2) Representative 

table and images of the scoring mechanism used to grade the nests. Sample size: Treated: n = 9; 

Control: n = 10 and Non-treated: n = 10. Data as a mean ±SD.   *p < 0.05, **p < 0.01, ***p < 0.001, 

NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc 

Bonferroni correction. The number of ‘*’ irrespective of colour represent the level of significance 

according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the 

Bonferroni correction. 
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4.5.4 Overexpression of LRP::FLAG causes a significant improvement in motor function 

and balance 

The next aspect of physiologic ageing assessed was motor function. As previously mentioned, the 

age-dependent loss in motor function provides an ideal phenotypic marker to track organism ageing. 

This decline in function is a direct consequence induced by a loss in muscle tissue, which causes a 

gradual limitation in what physical tasks an aged organism can efficiently perform. The first aspect 

that was assessed was motor function where mice were scored on their physical ability to traverse the 

balance beam. A One-way ANOVA revealed that a significant difference (p = 4.18E-05) was 

observed when scoring the different mouse groups on motor function. Overall, it was found that the 

treated mice displayed a significant improvement in motor function and balance when compared to 

the non-treated and control mice, where the treated mice (Mean score: 4.25, SD: 0.775)  were able to 

traverse the beam using all four limbs albeit with a large number of slips (Figure 4.8 A). 

Astonishingly, it was found that both the non-treated and control mice were unable to efficiently use 

their hindlimbs, and had to resort to traversing majority of the beam by dragging their hindlimbs with 

some attempted, but failed, use of their hindlimbs. As a consequence the non-treated mice scored 

2.625 (SD: 0.72, p = 9.15E-07) while the empty vector treated mice scored 2.8125 (SD: 0.403, p = 

2.75E-07).  

 

The second component of the test focused on assessing the length of time it took the mice to traverse 

the 1 m long beam. A One-way ANOVA revealed that a significant difference (p = 0.0001) was 

observed when analysing the times the different mouse groups took to traverse the beam. In fact, it 

was confirmed using Welch’s t-test with a Bonferroni correction, that the treated mice were able to 

traverse the beam in a significantly shorter span of time than both the control and non-treated groups 

(Figure 4.8 B). Analysis revealed that the treated mice took on average 16.375 sec (SD: 4.14 sec) 

while the non-treated and control took 25 sec (SD: 4.43 sec, p = 0.0013) and 26.813 sec (SD: 3.90 

sec, p = 0.0001), respectively. These data illustrate a remarkable difference in motor function, where 

it appeared that the control and non-treated mice displayed signs of severe loss in motor function. 

This was possibly due to the onset of arthritis as the mice appeared unable to use their hindlimbs to 

its full extent. This essentially highlights the profound effect that the overexpression of LRP::FLAG 

has on impeding the age dependent decline of motor function. 
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Figure 4.8: LRP::FLAG overexpression induced a significant improvement in motor function 

and balance in aged mice. 
A) Scoring of the mice’s ability to traverse the beam indicated that the overexpression of LRP::FLAG 

improved motor function allowing for a ±2 point score difference. B) Illustrates the difference in time taken to 

traverse the beam, where mice overexpressing LRP::FLAG on average traversed the beam ±10 sec faster than 

the control and non-treated mice. Data shown is representative of two averaged technical repeats for each 

biological replicate. Sample size: Treated: n = 8; Control: n = 8 and Non-treated: n = 8. Data as a mean ±SD.  

*p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test 

coupled with a post hoc Bonferroni correction. The number of ‘*’ irrespective of colour represent the level of 

significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the 

Bonferroni correction. 

 

4.6 The overexpression of LRP::FLAG impedes the formation of 

histopathological markers that constitute tissue ageing 

4.6.1 Mice overexpressing LRP::FLAG showed less neurodegeneration in the hippocampal 

regions of the brain 

The stark improvement in cognitive function following the overexpression of LRP::FLAG, 

warranted the assessment of the brain tissue at a histological level. To this end, histological analysis 

was performed on the hippocampus region. This neuronal area comprises part of the limbic system 

where it plays an imperative role in learning and long term memory [400]. In addition, it is the age 

associated functional decline of this tissue that ultimately causes forgetfulness and learning 

impairments in the elderly [400]. Histological assessment of this tissue structure involved staining all 

the sections with H&E, and was subsequently imaged using an inverted microscope at 40x and 200x 

magnification. Firstly, analysis revealed that all mice did show mild signs of age-dependent tissue 

decline, however these age-related alterations were present to a higher degree in the non-treated and 

control mouse groups, when compared to the treated mice (Figure 4.9). This said, the combined 

overall morphology of the hippocampus for the treated mice appeared better proportioned, which 
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essentially reflects a hippocampus in good condition (health).  More specifically, within the 

molecular layer it was found that the treated mice on average appeared to showed less vacuolisation 

and enlarged neurons in comparison to the control and non-treated mice (Figure 4.9 B, F, J). 

Moreover, when analysing the dentate gyrus (DG) it was evident that the control and non-treated 

mice displayed a less defined DG on average, as well as a larger distribution of pyramidal cells 

housing pyknotic nuclei in comparison to the treated mice. Moreover, the non-treated and control 

mice also displayed a greater incidence of vacuolisation, while the treated mice displayed microglia 

with more distinct nuclei. These collective morphological features noted in the non-treated and 

control mice offer a clear indication of a senescing hippocampus, while mice treated to overexpress 

LRP::FLAG displayed healthier neuronal tissue on average.  These data together with the 

physiological findings clearly demonstrate that LRP::FLAG served a rescuing effect by preventing 

age-related cognitive decline and neurodegeneration. Therefore, corroborating with previous in vitro 

data (Bignoux et al., 2019) and suggesting that LRP/LR could be utilised as a potential target to 

waylay the detrimental effects of brain ageing.     
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Figure 4.9: Histological analysis revealing that LRP::FLAG overexpression aids in preventing 

neuro-tissue degeneration in the hippocampus. 

Histological analysis of the brain sections targetting the hippocampus was used to assess age-related 

pathological features following the overexpression of LRP::FLAG. All sections were subjected to 

H&E staining and images were taken at 40x (A, E, I) and 200x (B-D, F-H, J-L) magnification. The 

following hippocampus structures were assessed: Cornu Amonis 1-4 (CA1-CA4), Dentate gyrus 

(DG), Subiculum (S) and the Molecular layer (M). Evaluation of the molecular layer (B, F, J) 

revealed that the treated mice on average showed less vacuolation (indicated by arrows), and 

enlarged neurons. Assessment of the dentate gyrus (C, G, K) showed that the treated mice showed 

less signs of tissue vacuolation (indicated by arrows) when compared to the control and non-treated 

mice. Analysis of the Cornu Ammonis (D, H, L) indicated that the control and non-treated mice 

exhibited more necrotic cells and tissue disorganisation in comparison to the control and non-treated 

mice.   

 

4.6.2 Mice overexpressing LRP::FLAG showed less signs of kidney tissue ageing and 

degeneration 

In order to assess whether the overexpression of LRP::FLAG prevented an age-dependent functional 

decline within the kidneys of the aged mice, histological analysis was carried out. This decline in 

organ function is commonly caused by modifications to the tissue structure specifically within the 

glomerular and tubular structures. The analysis of the tissue sections revealed that for the most part, 



- 83 - 

 

all the mice did house a number of glomeruli with increased diameters which occurs as the mice age 

(Figure 4.10). Interestingly though, the control and non-treated mice on average did appear to show 

slightly more advanced signs of ageing in comparison to the treated mice. These signs included: an 

increased infiltration of inflammatory or lymphocytic cells (glial cells) throughout the tissue, some 

degree of tubular vacuolation and displayed signs of glomerular shrinkage and mild atrophy (Figure 

4.10 D-I). In addition, a subset of the control and non-treated mice actually displayed signs of 

advanced kidney degeneration, where severe glomerular atrophy and sclerosis was evident. 

Admittedly, in some glomeruli, it even appeared that the various tissues that generally constitute this 

tissue structure were replaced with fibrous tissue. This said, the treated mice did also display slight 

shrinkage and increased Bowman’s space in some glomeruli, but to a much lower degree than the 

control and non-treated mice. Therefore, this indicates that the overexpression of LRP::FLAG may 

be capable of preventing an age associated functional decline within the kidneys.             
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Figure 4.10: Overexpression of LRP::FLAG prevented the age-dependent tissue decline of the 

kidney in aged mice 

Histological analysis of the kidney sections following the overexpression of LRP::FLAG was carried 

out to assess age-related pathological features. All sections were subjected to H&E staining and 

images were taken at 200x magnification. (A- C)  The treated mice for the most part exhibited fairly 

normal renal structures with only slight glomerular shrinkage and a finite number of glomeruli with 

increased diameters. (D-F) The control mice and (G-I) non-treated mice displayed distinct 

glomerular atrophy and sclerosis (indicated by the arrows) for some biological replicates while 

overall showing a larger accumulation of age related pathological features including: degree of 

glomerular shrinkage, vacuolation and increased inflammatory infiltration (glial cells (tiny blue 

structures dispersed through the tissue section)) than the treated mice.    

 

4.7 LRP::FLAG overexpression significantly increases total LRP levels in aged 

mice  

Considering the vast improvements observed on both a physiological and histological level, it was 

vital to corroborate this data and ensure that it occurred on a biochemical level so that the potential 

mechanisms involved could be discerned. It must be noted that enlarged images for all the western 

blots can be observed in Appendix C from Figure 8.29 to Figure 8.53 that provides higher resolution 

to more efficiently distinguish differences qualitativley. Firstly, the overexpression of LRP::FLAG 

had to be confirmed in order to demonstrate that a successful transfection had occurred. 
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Unfortunately, the tag could not be successfully identified via western blotting due to the non-

specificity of the various antibodies used (or that the epitope of the FLAG tag was not sufficiently 

unique for use in an in vivo setting). To this end, three different antibodies that targeted the FLAG 

tag were tested at various concentrations; however at all conditions tested a non-specific band was 

detected at the size range for LRP::FLAG. Instead the overexpression of LRP::FLAG was confirmed 

in an indirect manner, where total LRP mRNA and protein levels were quantified. This said, the 

FLAG tag does not alter the composition or structure of LRP nor does it convey any other properties 

other than to allow the discernment between endogenously or exogenously produced protein. Thus, 

an average/ holistic increase in total LRP within the treated mouse group would suggest a successful 

overexpression of LRP::FLAG. Analysis by qPCR (Figure 4.11 A-C) and western blotting with 

densitometry (Figure 4.11 D-F), which were subjected to a One-way ANOVA, revealed that a 

significant difference was observed for total LRP levels at an mRNA (Brain: p = 0.6454; Kidney: p = 

0.0111 and Liver: p = 0.0079) for the kidney and liver as well as at a protein level (Brain: p = 

0.0045, Kidney: p = 0.000062 and Liver: p = 0.0003) for all three tested organs.  

 

Furthermore, a Welch’s t-test and post hoc analysis using the Bonferroni correction confirmed that 

the treated mice (Brain: Mean = 1.27, SD = 0.23; Kidney: Mean = 1.85, SD = 0.59 and Liver: Mean 

= 1.435, SD = 0.557) displayed a significant elevation in gene expression for LRP when compared to 

the non-treated (Brain: Mean = 1.10, SD = 0.53, p = 0.46; Kidney: Mean = 1.13, SD = 0.59, p = 

0.0297 Liver: Mean = 0.932, SD = 0.328 p = 0.012578) and control mice (Brain: Mean = 1.30, SD = 

0.34, p = 0.88; Kidney: Mean = 1.00, SD = 0.36, p = 0.000839 and Liver: Mean = 0.738, SD = 0.114 

p = 0.005389) for both the kidney and liver. Similarly, a significant elevation in total LRP protein 

levels was also noted when the treated mice (Brain: Mean = 121.92%, SD = 14.52%; Kidney: Mean 

= 128.24%, SD = 25.97% and Liver: Mean = 144.91%, SD = 33.06%) were compared to the non-

treated (Brain: Mean = 100%, SD = 15.45%, p = 0.0021; Kidney: Mean = 91.51%, SD = 16.31%, p 

= 0.000136 and Liver: Mean = 100%, SD = 22.67% p = 0.0031) and control mice (Brain: Mean = 

101.12, SD = 18.16, p = 0.0138; Kidney: Mean = 82.62%, SD = 16.30%, p = 0.000722 and Liver: 

Mean = 91.35%, SD = 18.42% p = 0.0008) in all three tested organs. It must be noted that as LRP 

mRNA levels in the brain were not significantly elevated it suggests that gene transfer did not occur, 

possibly due to the BBB. As such all improvements noted within the brain may just be the result of 

an additive effect caused by a rejuvenation of most of the tissues and not LRP::FLAG. However, the 

significant increase in both gene expression and protein levels of LRP within the kidney and liver 

does suggest that the treatment was successful.  This therefore, indirectly confirms that treatment 
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with the pCIneo-moLRP::FLAG vector elevated total LRP/LR levels by allowing for the expression 

of LRP::FLAG.  

 

 

Figure 4.11: Overexpression of LRP::FLAG induces an overall increase in LRP/LR gene 

expression and protein levels. 
LRP/LR gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  It was found that overexpression of LRP::FLAG induced a significant increase of 

±0.5 fold in the liver and ±0.7 fold in the kidney while no difference was observed in the brain. Sample size: 

Treated: n = 5; Control: n = 5 and Non-treated mice: n = 6; Liver: Treated: n = 9; control: n = 6 and Non-

treated: n = 7; Kidney: Treated: n = 8; Control: n = 7 and Non-treated: n = 8. (A, B, C) GAPDH and RPLPO 

were used as reference genes for sample normalisation. Thereafter, total LRP/LR protein levels were assessed 

by western blotting in the (D) brain, (E) liver and (F) kidney. It was found that LRP::FLAG overexpression 

induced a ±20%, ±40% and ±40% increase within the brain, kidney and liver, respectivley. Sample size: 

Brain: Treated: n = 11; Control: n = 9 and Non-treated: n = 12. Liver: Treated: n = 11; Control: n = 8 and 



- 87 - 

 

Non-treated: n = 12. Kidney: Treated: n = 12; Control: n = 8 and Non-treated: n = 10. (D, E) β-actin was used 

as a reference protein and all illustrated blots are representative where 4 blots were performed to assess all 

biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; 

One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction were performed for all 

experiments. The number of ‘*’ irrespective of colour represent the level of significance according to Welch’s 

t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni correction. 

 

4.8 LRP::FLAG overexpression positively affects proliferative markers in aged 

mice 

4.8.1 LRP::FLAG overexpression increases Akt levels in the brain as well as pAKT levels in 

liver of aged mice 

Following the confirmation that the plasmid induced an increased production in total LRP, an 

oncogenic protein, it was prudent to assess the downstream effects that this protein would exert on 

proliferative pathways. This is due to an over representation of proliferative proteins being 

commonplace to cancer, whilst in ageing a decline is often observed, thus a balance is required to 

promote a safe/ healthy anti-ageing effect. The first proliferative marker assessed was Akt, an 

enzyme that plays a pivotal role in processes like proliferation, survival and metabolism through the 

Akt-PI3K pathway. Moreover, it is this enzyme and its associated signalling cascade that is 

responsible for the expression and stimulation of TERT. Gene expression analysis by qPCR coupled 

with a One-way ANOVA revealed that all three tested organs (Brain: p = 0.8845, Kidney: p = 0.4307 

and Liver: p = 0.5292) displayed no significant difference when comparing between each group’s 

(treated, control and non-treated) RNA profiles (Figure 4.12 A-C).  

 

Subsequent densitometric analysis alongside a One-way ANOVA illustrated that the overexpression 

of LRP::FLAG induced no significant alteration in Akt protein levels in the liver (p = 0.8034). In 

contrast, a significant difference was observed for the brain (p = 0.0077) when analysed under the 

same conditions leading to further analysis by Welch’s t-test and Post hoc analysis using the 

Bonferroni correction (Figure 4.12 D, E). It was found that the mice treated to overexpress 

LRP::FLAG (Mean = 122.71%, SD = 17.70%) displayed a significant increase in total Akt levels 

within the brain tissue when compared to the non-treated (Mean = 99.99, SD = 12.94, p = 0.0025) 

and control mice (Mean = 95.12%, SD = 28.39%, p = 0.0249). The increase in this protein within the 

brain may imply that the tissue has an increased propensity to carry out metabolic, survival and 

proliferative related functioning. 

 

In order for Akt to carry out its aforementioned functioning; the enzyme needs to be phosphorylated 

specifically at S473 in order to be fully activated. Once activated the protein can go on to act as a 
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transcription factor to initiate gene expression, or can act as a pathway regulator by directly causing 

the phosphorylation of target proteins. This highlights the requirement to confirm both, total protein 

levels and the amount of phosphorylated protein in order to draw meaningful conclusions. 

Unfortunatley, due to time constraints only the liver samples could be assessed for pAkt. Western 

blotting analysis and One-way ANOVA revealed a significant difference existed within the liver 

samples when comparing between the different mouse groups (Figure 4.12 F). A more in depth 

analysis using Welch’s t-test and Bonferroni correction revealed that mice overexpressing 

LRP::FLAG contained significantly elevated levels of phospho-Akt (Mean = 147.57%, SD = 

36.21%), when compared to the non-treated (Mean = 100%, SD = 16.88%; p = 0.000839) and 

control mice (Mean = 98.96%, SD = 24.73%; p = 0.001703). Therefore, indicating that LRP/LR may 

play a role in the phosphorylation of this protein, thereby influencing the Akt-PI3K pathway to aid in 

cell viability and survival. 
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Figure 4.12: qPCR and Western blot analysis illustrated that the overexpression of 

LRP::FLAG positively affected Akt. 
Akt gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  It was found that overexpression of LRP::FLAG induced no difference in Akt 

expression for any of the tested organs. Sample size: Brain: Treated: n = 6; Control: n = 4 and Non-treated: n 

= 7. Liver: Treated: n = 9; Control: n = 6 and Non-treated: n = 7. Kidney: Treated: n = 8; Control: n = 7 and 

Non-treated: n = 7. (A, B, C) GAPDH and RPLPO were used as reference genes for sample normalisation. 

Thereafter, total Akt protein levels were assessed by western blotting in the (D) brain and (E) liver. 

Specifically for the liver samples, densitometric analysis was carried out on the bottom protein band (third 

band). It was found that LRP::FLAG overexpression induced a ±20%, increase within the brain and no 

significant change for the liver. Sample size: Brain: Treated: n = 11; Control: n = 9 and Non-treated: n = 12. 

Liver: Treated: n = 11; Control: n = 9 and Non-treated: n = 12. (F) Protein levels of phosphorylated Akt were 

assessed by western blotting in the liver. It was found that the treated mice contained ±50% more Akt when 

compared to the non-treated and control groups. Sample size: Liver: Treated: n = 12; Control: n = 9 and Non-

treated: n = 12. (D, E, F) β-actin was used as a reference protein and all illustrated blots are representative 

where 4 blots were performed to assess all biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, 

***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc 

Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of colour represent 

the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant 

following the Bonferroni correction. 

 

4.8.2 LRP::FLAG overexpression increases c-Myc protein levels in the brain and liver of 

aged mice 

The changes observed in Akt following the overexpression LRP::FLAG warranted the assessment of 

other proteins involved TERT regulation. One such protein that was selected was c-Myc a 

transcription factor responsible for the activation and expression of a number of proliferative related 

proteins. This TF has been intricately tied to stem cell function (specifically reprogramming into a 

pluripotent state) and metabolism. Perhaps, c-Myc’s most notable function pertaining to this study is 

that it acts as a major TF for TERT expression and can further enter a positive feedback loop with 

TERT to drive increased expression of both proteins. Gene expression analysis by qPCR and a One-

way ANOVA showed no significant change in c-Myc expression following the overexpression of 

LRP::FLAG within the brain (p = 0.9818). In contrast, a significant difference in gene expression 

was observed for the kidney (0.0082) and liver (p = 0.0252) between the three groups when analysed 

by One-way ANOVA (Figure 4.13 A-C). This was further validated by use of Welch’s t-test and 

Bonferroni correction, where it was found that for the kidney the treated mice (Mean = 1.73, SD = 

0.47) had significantly elevated c-Myc expression when compared to the non-treated mice (Mean = 

1.01, SD = 0.18, p = 0.0063) and a non-significant increase in comparison to the control (Mean = 

1.24, SD = 0.35, p = 0.0573). In addition, the liver samples showed a similar trend where mice 

overexpressing LRP::FLAG (Mean = 1.41, SD = 0.372) displayed a significant increase in c-Myc 

expression in comparison to the control mouse group (Mean = 0.83 SD = 0.186, p = 0.002851) and a 
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non-significant increase when compared to the non-treated mice (Mean = 1.18, SD = 0.505, p = 

0.372).  

 

Thereafter, densitometry alongside a One-way ANOVA revealed a significant difference in c-Myc 

protein levels following LRP::FLAG overexpression [(Brain: p = 0.0009; Liver: p = 0.002) (Figure 

4.13 D, E)]. Further analysis by Welch’s t-test and Bonferroni correction illustrated that the treated 

mice contained significantly elevated levels of c- Myc in both the brain (Mean = 185.98%, SD = 

74.01%) and liver (Mean = 140.15%, SD = 41.12%) when compared to their respective non-treated 

(Brain: Mean = 98.96, SD = 24.73; p = 0.000839; Liver: Mean = 99.99%, SD = 24.67% p = 

0.012578) and control mouse samples (Brain: Mean = 98.96%, SD = 24.73%; p = 0.000839; Liver: 

Mean = 89.51%, SD = 23.64%, p = 0.003224).  The observed upregulation of this TF following 

overexpression of LRP::FLAG validates that LRP/LR influences signalling cascades and gene 

expression to promote increased proliferation and survival.   
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Figure 4.13: LRP::FLAG overexpression significantly elevates c-Myc gene expression and 

protein levels in aged mice. 
c-Myc gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  It was found that overexpression of LRP::FLAG induced no difference in c-Myc 

expression for the brain while a significant ±0.4 and 0.6 fold increase was evident in the liver and kidny when 

compared to the control an non-treatede. Sample size: Brain: Treated: n = 6; Control: n = 5 and Non-treated: n 

= 7. Liver: Treated: n = 8; Control: n = 7 and Non-treated: n = 6. Kidney: Treated: n = 7; Control: n = 6 and 

Non-treated: n = 6. (A, B, C) GAPDH and RPLPO were used as reference genes for sample normalisation. 

Thereafter, c-Myc protein levels were assessed by western blotting in the (D) brain and (E) liver. 

Densitometry was performed on the the top band for the liver samples. It was found that treated mice had a 

±70% and ±40% increase within the brain and liver when compared to the non-treated and control groups. 

Sample size: Brain: Treated: n = 10; Control: n = 8 and Non-treated: n = 11. Liver: Treated: n = 11; Control: n 

= 9 and Non-treated: n = 12. (D, E) β-actin was used as a reference protein and all illustrated blots are 

representative where 4 blots were performed to assess all biological replicates. Data as a mean ±SD. *p < 
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0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled 

with a post hoc Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of 

colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is 

significant following the Bonferroni correction. 

 

4.8.3 Overexpression of LRP::FLAG increases MDM2 levels in the brain while inducing no 

significant change in pMDM2 levels of the aged mice 

An additional protein influenced by Akt, and that serves a major role in cell survival by 

circumvention of apoptosis, is the protein MDM2 [401]. This protein serves as an imperative E3-

ubiquitin ligase for the negative regulation of p53 which essentially regulates p53-mediated 

apoptosis [402, 403]. In this regard, a MDM2/p53 axis has been found to govern processes like 

tumorigenesis, DNA repair, apoptosis and ageing [404]. Importantly, in ageing this axis is believed 

to be dysregulated with correspondingly elevated levels of p53, while MDM2 is reduced to drive the 

senescent phenotype [404]. To this end, gene expression and protein levels of MDM2 were assessed. 

qPCR analysis subjected to a One-way ANOVA illustrated that the overexpression of LRP::FLAG 

caused no significant change in MDM2 gene expression between the different mouse groups for all 

three tested organs [(Brain: p = 0.4097; Kidney: p = 0.2588 and Liver: p = 0.2381) (Figure 4.14 A-

C)]. 

 

Following gene expression analysis, the total protein levels of MDM2 were assessed. Densitometric 

analysis and subsequent One-way ANOVA showed that like Akt a significant difference in protein 

levels was observed for the brain samples (p = 0.006) in the treated mice while no significant 

difference was noted for the liver samples (p = 0.073)  when compared to the non-treated and control 

mice samples (Figure 4.14 D, E). Moreover, a more detailed analysis using the Welch’s t-test and 

Bonferroni correction revealed that mice overexpressing LRP::FLAG (Mean = 149.73%, SD = 

60.26%) had significantly elevated MDM2 protein levels within their brain tissue when compared to 

the control (Mean = 96.65%, SD = 30.72%; p = 0.0175) and non-treated mice (Mean = 99.99%, SD 

= 12.98%; p = 0.0162). This suggests that the overexpression of LRP::FLAG may influence MDM2 

levels to further regulate or inactivate p53 to allow for increased survival, proliferation and an anti-

senescence effect. In a similar fashion to Akt, the protein MDM2 requires phosphorylation in order 

to be fully active. In fact, phosphorylation at S166 has been directly tied to allowing MDM2 to carry 

out its ubiquinating function for p53 proteosomal degradation. Western blotting analysis of pMDM2 

with a One-way ANOVA found that mice treated to overexpress LRP::LAG displayed no significant 

difference when compared to the control and non-treated mice groups for both tested organs [(Brain: 

p = 0.6682 and Liver: p = 0.1715) (Figure 4.14 F, G)]. Essentially these data show that although total 
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MDM2 does increase in the brains of the treated mice there is no difference in the levels of the active 

form of this protein in either organ. Furthermore, this potentially indicates that no dysregulated or 

excessive cell cycling occurred, thus suggesting that functional cell cycle controls were in place to 

regulate the increased amount of observed oncogenic proteins.   
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Figure 4.14: Overexpression of LRP::FLAG increases MDM2 levels in the brain while not 

affecting the extent of protein phosphorylation in both the brain and liver of aged mice. 
MDM2 gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  It was found that overexpression of LRP::FLAG induced no difference in the brain, 

liver and kidney when compared to the non-treated and control. Sample size: Brain: Treated: n = 6; Control: n 

= 4 and Non-treated: n = 6. Liver: Treated: n = 9; Control: n = 6 and Non-treated: n = 8. Kidney: Treated: n = 

8; Control: n = 7 and Non-treated: n = 9. (A, B, C) GAPDH and RPLPO were used as reference genes for 

sample normalisation. Thereafter, MDM2 protein levels were assessed by western blotting in the (D) brain 

and (E) liver. It was found that LRP::FLAG overexpression induced a ±50% increase within the brain and no 

difference within the liver. Sample size: Brain: Treated: n = 12; Control: n = 9 and Non-treated: n = 12. Liver: 

Treated: n = 11; Control: n = 9 and Non-treated: n = 12.  Protein levels of phosphorylated MDM2 were 

assessed by western blotting in the brain (F) and liver (G). No significant difference in pMDM2 protein levels 

was observed between the three groups. Sample size: Liver: Treated: n = 12; Control: n = 9 and Non-treated 

mice: n = 12. (D, E, F, G) β-actin was used as a reference protein and all illustrated blots are representative 

where 4 blots were performed to assess all biological replicates. Data as a mean ±SD.  *p < 0.05, **p < 0.01, 

***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc 

Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of colour represent 

the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant 

following the Bonferroni correction. 

 

4.9 Overexpression of LRP::FLAG induces a significant elevation in anti-ageing 

proteins within the aged mice 

4.9.1 LRP::FLAG overexpression significantly increases the levels of the anti-ageing 

protein SIRT1 in aged mice 

Upon confirming an improved proliferative response in the aged mice overexpressing LRP::FLAG 

the next group of proteins assessed were those directly involved in longevity. These anti-ageing 

proteins have been shown in a number of studies to gradually decline with increased age, and 

therefore elevations in these proteins are generally associated with an anti-ageing effect. The first 

anti-ageing marker assessed was the protein SIRT1, a NAD-dependent deacetylase that plays a 

regulatory function in gene expression and longevity by deacetylating histones (for regulating gene 

expression), TFs and cytosolic proteins. Specifically, in an ageing context the enzyme is intricately 

involved in DNA repair, inflammation (regulating antioxidant defences), and has even been tied to 

the stimulation of TERT as well as p53. Therefore, the stimulation of this enzyme would provide a 

profound benefit in eliciting an anti-senescence or anti-ageing response.  

 

To this end, SIRT1 gene expression was assessed by qPCR to discern whether LRP::FLAG could 

influence this enzyme to affect the senescence process. Subsequent gene expression analysis coupled 

with a One-way ANOVA revealed a significant difference in SIRT1 expression between the treated, 

control and non-treated mouse groups within the kidney (p = 0.0114) and liver (p = 0.0038) samples 

while a non-significant difference was observed for the brain samples [(p = 0.9074) (Figure 4.15 A-
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C)]. Further analysis by Welch’s t-test and Bonferroni correction ascertained that the treated mice 

(Kidney: Mean = 1.761, SD = 0.794 and Liver: Mean = 1.35, SD = 0.139) had significantly 

increased SIRT1 mRNA expression in both organs (liver and kidney) when compared to both the 

control (Kidney: Mean = 1.023, SD = 0.225, p = 0.02489 and Liver: Mean = 0.92, SD = 0.186, p = 

0.0000343) and non-treated mice (Kidney: Mean = 1.006%, SD = 0.369, p = 0.02479 and Liver: 

Mean = 1.03, SD = 0.288, p = 0.02264). Furthermore, when the protein levels of this enzyme was 

assessed a similar trend was observed. Admittedly, upon densitometric analysis with a One-way 

ANOVA it was found that a significant difference existed within the brain (p = 1.922E-08) and liver 

(p = 0.0002) of the aged mice (Figure 4.15 D, E). Additional scrutinization using Welch’s t-test and 

Bonferroni correction confirmed that the mice treated to overexpress LRP::FLAG (Brain: Mean = 

139.64%, SD = 15.95% and Liver: Mean = 260.22%, SD = 119.87%)  demonstrated significantly 

enhanced SIRT1 protein levels within the brain as well as liver samples in comparison to the control 

(Brain: Mean = 100.47%, SD = 12.96%, p = 6.099E-06 and Liver: Mean = 140.35%, SD = 48.48%, 

p = 0.0092)  and non-treated mice groups (Brain: Mean = 100%, SD = 9.96%, p = 7.584E-07and 

Liver: Mean = 100.42%, SD = 31.59%, p = 0.0012). This increase in SIRT1 post LRP::FLAG 

overexpression clearly points towards a longevity promoting function of LRP/LR in potentially 

waylaying the effects of oxidative stress or inflammation through SIRT1. 
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Figure 4.15: Mice overexpressing LRP::FLAG displayed significantly elevated SIRT1 gene 

expression and protein levels. 
SIRT1 gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  It was found that overexpression of LRP::FLAG induced a significant increase of 

±0.3 and ±0.7 fold for the liver and kidney while no difference was observed for the brain. Sample size: Brain: 

Treated: n = 6; Control: n = 4 and Non-treated: n = 6. Liver: Treated: n = 7; Control: n = 7 and Non-treated: n 

= 7. Kidney: Treated: n = 9; Control: n = 7 and Non-treated: n = 8. (A, B, C) GAPDH and RPLPO were used 

as reference genes for sample normalisation. Thereafter, SIRT1 protein levels were assessed by western 

blotting in the (D) brain and (E) liver. Densitometry was performed on the the top band for the liver samples. 

It was found that LRP::FLAG overexpression induced a ±40% and ±120% increase within the brain and liver. 

Sample size: Brain: Treated: n = 12; Control: n = 9 and Non-treated: n = 12. Liver: Treated: n = 11; Control: n 

= 9 and Non-treated: n = 12. (D, E) β-actin was used as a reference protein and all illustrated blots are 

representative where 4 blots were performed to assess all biological replicates. Data as a mean ±SD. *p < 

0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled 
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with a post hoc Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of 

colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is 

significant following the Bonferroni correction. 

 

4.9.2 LRP::FLAG overexpression significantly increased the levels of the anti-ageing 

protein α-Klotho in aged mice 

In order to confirm that anti-ageing processes were indeed being favoured post LRP::FLAG 

overexpression in the aged mice, a second anti-ageing marker was assessed. The marker selected was 

α-klotho, a transmembrane protein that can also produce a secreted isoform that plays a vital role in 

regulating insulin signalling and protecting against oxidative stress to elicit an anti-ageing effect. In 

addition, it also appears that α-klotho may share a functional relationship with other longevity related 

proteins like SIRT1 and TERT to further carry out this anti-ageing effect. Accordingly, gene 

expression analysis by qPCR and further assessment by One-way ANOVA illustrated that a 

significant difference occurred between the different mouse groups (treated, control and non-treated) 

in the kidneys of the aged mice (p = 0.0221) while a non-significant difference was found in the 

brain [(p = 0.5419) (Figure 4.16 A, B)]. This was then further validated by the use of a Welch’s t-test 

and Bonferroni correction which showed that the treated mice (Mean = 1.86, SD = 0.555) exhibited 

significantly higher α-klotho mRNA levels within the kidney when compared to the non-treated 

(Mean = 1.12, SD = 0.518, p = 0.0153) and control mice (Mean = 1.24, SD = 0.470, p = 0.0369). It 

must be noted that while not significant the treated mice (Mean = 1.33, SD = 0.415) did exhibit an 

increased expression of α-klotho in comparison to the non-treated (Mean = 1.07, SD = 0.438, p = 

0.324) and control mouse groups (Mean = 1.15, SD = 0.239, p = 0.445). It must be noted that the 

gene expression of α-klotho is tissue specific and is mainly expressed in the brain and kidney, while 

it is not expressed in the liver, hence why gene expression analysis was not performed in this organ.  

 

This increase was then further validated by assessing the protein levels by western blotting. 

Subsequent, densitometric analysis alongside a One-way ANOVA verified that a significant 

difference in full length α-klotho was observed within the brain between the different groups of mice 

[(p = 7.594E-06) (Figure 4.16 C)]. Moreover, a significant difference in secreted α-klotho was also 

noted in the brain and liver of the various mouse groups [(Brain: p = 0.0002 and Liver: p = 0.0062) 

(Figure 4.16 C, D)]. In a similar fashion, Welch’s t-test alongside a Bonferroni correction ascertained 

that mice overexpressing LRP::FLAG (Mean = 239.98%, SD = 76.65%) were found to have 

significantly higher levels of full length α-klotho within the brain, when compared to the control 

(Mean = 92.23%, SD = 74.95%, p = 0.00034) and non-treated mice (Mean = 99.99%, SD = 44.73%, 

p = 0.000036). Furthermore, this trend followed through for the secreted isoform of α-klotho, where 
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treated mice (Brain: Mean = 121.23%, SD = 18.31% and Liver: Mean = 157.22%, SD = 71.38%) 

displayed a significant increase of this protein isoform in the brain and liver when compared to the 

non-treated (Brain: Mean = 97.63%, SD = 12.69%, p = 0.0025 and Liver: Mean = 100%, SD = 

21.85%, p = 0.0258) and control groups (Brain: Mean = 83.50%, SD = 21.78%, p = 0.0008 and 

Liver: Mean = 94.04%, SD = 26.49%, p = 0.0174). These data together with SIRT1 highlight that 

LRP/LR clearly has longevity functionality either by being directly involved in the ageing process or 

by acting as a regulatory element for anti-ageing signalling cascades.      

 

 

Figure 4.16: The overexpression of LRP::FLAG increased the levels of both the full length and 

secreted isoform of α-klotho in aged mice. 

α-Klotho gene expression levels in the (A) brain (B) liver kidney were compared between the different mouse 

treatment groups.  The mice treated to overexpress LRP::FLAG exhibited a significant increase of ±0.6 fold 

for the kidney while the brain showed a non-significant increase of ±0.2 fold when compared to the control 

and non-treated. Sample size: Brain: Treated: n = 5; Control: n = 4 and Non-treated: n = 7. Kidney: Treated: n 

= 8; Control: n = 7 and Non-treated: n = 8. (A, B) GAPDH and RPLPO were used as reference genes for 

sample normalisation. Thereafter, protein levels for both full length and secreted α-klotho were assessed by 

western blotting in the (C) brain and (D) liver. In regard to the brain, densitometry was performed on the first 

set of bands for the full length isoform, while the third band was quantified for the secreted isoform of α-

klotho. It was found that LRP::FLAG overexpression induced a ±150% and ±20% increase for full length and 

secreted α-klotho, respectively within the brain. The liver of the treated mice was observed to contain ±60% 

more secreted α-klotho in comparison to the control and non-treated. Sample size: Brain: Treated: n = 12 (full 
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length) and 11 (secreted); Control: n = 9 (for both full length and secreted) and Non-treated: n = 12 (full 

length) and 11 (secreted). Liver: Treated: n = 11; Control: n = 9 and Non-treated: n = 12. (C, D) β-actin was 

used as a reference protein and all illustrated blots are representative where 4 blots were performed to assess 

all biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-

significant; One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction were 

performed for all experiments. The number of ‘*’ irrespective of colour represent the level of significance 

according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni 

correction. 
   

4.10 The overexpression of LRP::FLAG significantly elevates the levels of the 

senescence-associated protein, p53 in aged mice 

Considering the positive influence that the overexpression of LRP::FLAG exerted on various 

proliferative and longevity markers in vivo, coupled with the observed reduction in senescent 

markers in vitro, warranted the assessment as to whether the overexpression of LRP::FLAG could 

effectively prevent the accumulation of senescent markers in vivo. The first senescent marker 

assessed was p53 due to its major aforementioned role in telomere dependent senescence, DNA 

repair and apoptosis. Moreover, a dysregulated reduction of this protein is commonly associated with 

carcinogenesis illustrating the importance of assessing this marker in anti-ageing research. Gene 

expression analysis by qPCR and a One-way ANOVA demonstrated a significant difference in p53 

expression was evident within the liver (p = 0.0202) and kidney (p = 0.0363) of the different mouse 

groups (treated, control and non-treated). In contrast, no significant difference in p53 gene 

expression was observed between the brain samples [(p = 0.9246) (Figure 4.17 A-C)].   Surprisingly, 

further analysis using the Welch’s t-test and Bonferroni correction confirmed that a significant 

elevation in p53 expression had occurred in kidney of the treated mice (Kidney: Mean = 1.87, SD = 

0.609) when compared to the non-treated groups (Kidney: Mean = 1.18, SD = 0.564, p = 0.0302) and 

a non-significant increase when compared to the control mouse group (Kidney: Mean = 1.29, SD = 

0.312, p = 0.0402). A similar pattern was observed in the liver where mice treated to overexpress 

LRP::FLAG (Mean = 1.38, SD = 0.472) had significantly elevated levels of p53 mRNA when 

compared to the control (Mean = 0.75, SD = 0.184, p = 0.00648), but only a non-significant increase 

in comparison to the non-treated (Mean = 0.937, SD = 0.475, p = 0.0853).   

 

Likewise, a similar trend was observed at a protein level where densitometric analysis and One-way 

ANOVA revealed a significant difference in total p53 levels between the various groups in both the 

brain (p = 0.0038) and liver [(p = 0.0045) (Figure 4.17 D, E)]. This was further validated by use of a 

Welch’s t-test and Bonferroni correction that illustrated that mice treated to overexpress LRP::FLAG 

(Brain: Mean = 183.70%, SD = 58.70% and Liver: Mean = 135.71%, SD = 30.03%) exhibited 
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significantly higher levels of p53 in comparison to the non-treated (Brain: Mean = 125.10%, SD = 

34.81%, p = 0.0148 and Liver: Mean = 108.55%, SD = 29.71%, p = 0.0447) and control mice (Brain: 

Mean = 111.89%, SD = 42.88%, p = 0.0072 and Liver: Mean = 95.80%, SD = 23.09%, p = 0.00123) 

for both brain and liver samples. Although these data demonstrate a marked elevation in p53 that is 

normally associated with telomere-dependent senescence; certain evidence suggests that p53 induces 

the elimination of cells exhibiting telomere damage rather than promoting further senescence 

progression [405]. Therefore the increase in p53 observed post LRP::FLAG overexpression may not 

be causing an ageing effect, and may in fact require the accumulation of additional senescent 

markers to promote ageing. 
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Figure 4.17: Overexpression of LRP::FLAG induced an increase of the tumor suppressor 

protein, p53 in aged mice. 
p53 gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups.  Following LRP::FLAG overexpression the treated mice were observed to house a 

significant elevation of ±0.5 and ±0.6 fold for the liver and kidney, respectively, while no difference was 

observed for the brain. Sample size: Brain: Treated: n = 6; Control: n = 5 and Non-treated: n = 7. Liver: 

Treated: n = 8; Control: n = 7 and Non-treated: n = 8. Kidney: Treated: n = 8; Control: n = 6 and Non-treated: 

n = 9. (A, B, C) GAPDH and RPLPO were used as reference genes for sample normalisation. Subsequently, 

p53 protein levels were assessed by western blotting in the (D) brain and (E) liver. It was found that 

LRP::FLAG overexpression induced a ±70% and ±40% increase within the brain and liver. Sample size: 

Brain: Treated: n = 10; Control: n = 9 and Non-treated: n = 12. Liver: Treated: n = 12; Control: n = 9 and 

Non-treated: n = 12. (D, E) β-actin was used as a reference protein and all illustrated blots are representative 

where 4 blots were performed to assess all biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, 
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***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc 

Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of colour represent 

the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant 

following the Bonferroni correction. 

 

4.11 The overexpression of LRP::FLAG significantly impedes the accumulation 

of senescent markers, p16 and γH2AX in aged mice 

4.11.1 LRP::FLAG overexpression decreases p16 levels in aged mice 

Following the observed changes to p53 post LRP::FLAG overexpression in the mice it was prudent 

to confirm the effect that elevating total LRP had on other senescent markers. One of the markers 

selected was p16
INK4A

, a cyclin dependent kinase inhibitor that serves as a tumor suppressor protein 

by inhibiting cell cycle progression. Importantly, this protein has been tied to telomere dependent 

senescence, albeit in a lesser fashion to p53, however it has also been found to play a vital role in 

telomere-independent senescence processes. Moreover, the accumulation of this protein especially 

within mice has been tied to the progression of the ageing phenotype. In fact, the reduction or 

eradication of p16 within senescent cells and tissues has been found to reverse the ageing process 

and improve longevity [35, 406].  

 

To this end, gene expression analysis coupled with a One-way ANOVA revealed no significant 

difference in p16 gene expression for all three tested organs when the treated, control and non-treated 

mouse groups were compared [(Brain: p = 0.3325; Kidney: p = 0.1079 and Liver: p = 0.1031 ) 

(Figure 4.18 A-C)]. A more detailed analysis using the Welch’s t-test and Bonferroni correction 

found that p16 expression within the kidney of the treated mice (Mean = 0.793, SD = 0.096) was 

significantly lower than the non-treated (Mean = 1.011, SD = 0.171, p = 0.0268) mice but exhibited a 

non-significant decrease when compared to the control (Mean = 1.189, SD = 0.489, p = 0.105). In 

addition, the brain samples also showed a non-significant decrease in p16 expression when the 

treated mice (Mean = 0.99, SD = 0.286) were compared to the non-treated (Mean = 1.5, SD = 0.782, 

p = 0.2023) and control mice (Mean = 1.64, SD = 0.872, p = 0.3387). Although p16 expression was 

non-significantly reduced in the liver when comparing treated to non-treated mice, there was 

however a suprising increase in p16 expression when comparingh the treated to the control mice. 

These results were suspected to be a consquence of experiemntal error when plating and therefore 

will need to be repeated. Thereafter, the protein levels of p16 was assessed by densitometry and One-

way ANOVA, where it was revealed that a significant difference in p16 levels existed between the 

treated, control and non-treated mice within the brain (p = 0.0134) and liver [(p = 0.0141) (Figure 

4.18 D, E)]. Upon a deeper scrutinization of the data using Welch’s t-test and Bonferroni correction 



- 105 - 

 

it was validated that the overexpression of LRP::FLAG induced a significant reduction in p16 for the 

treated mice (Brain: Mean = 65.11%, SD = 20.52%, and Liver: Mean = 38.71%, SD = 30.70%) when 

compared to the control (Brain: Mean = 89.71%, SD = 35.04%, p = 0.163 and Liver: Mean = 

79.81%, SD = 21.85%, p = 0.0045) and non-treated mice (Brain: Mean = 103.79%, SD = 26.23%, p 

= 0.00057 and Liver: Mean = 99.47%, SD = 62.55%, p = 0.0162). Therefore, suggesting that the 

overexpression of LRP::FLAG is capable of preventing the accumulation of p16, and thereby 

effectively delay or impede the progression of the ageing phenotype. 

 

 

Figure 4.18: LRP::FLAG overexpression significantly reduces the senescent marker p16 in 

aged mice. 
p16 gene expression levels in the (A) brain (B) liver and (C) kidney were compared between the different 

mouse treatment groups. The treated mice displayed a decrease of ±0.5 and ±0.2 fold for the brain and kidney, 
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respectively while no difference was observed for the liver. Sample size: Brain: Treated: n = 5; Control: n = 5 

and Non-treated: n = 6. Liver: Treated: n = 6; Control: n = 4 and Non-treated: n = 7. Kidney: Treated: n = 6; 

Control: n = 6 and Non-treated: n = 6. (A, B, C) GAPDH and RPLPO were used as reference genes for sample 

normalisation. Subsequent assessment of p16 protein levels by western blotting in the (D) brain and (E) liver 

revealed that LRP::FLAG overexpression induced a ±30% and ±40% reduction within the brain and liver, 

respectively. Sample size: Brain: Treated: n = 9; Control: n = 7 and Non-treated: n = 11. Liver: Treated: n = 

10; Control: n = 8 and Non-treated: n = 10. (D, E) β-actin was used as a reference protein and all illustrated 

blots are representative where 4 blots were performed to assess all biological replicates. Data as a mean ±SD. 

*p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test 

coupled with a post hoc Bonferroni correction were performed for all experiments. The number of ‘*’ 

irrespective of colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red 

indicate data that is significant following the Bonferroni correction. 

 

4.11.2 LRP::FLAG overexpression prevents the age-dependent accumulation of γH2AX 

levels within the aged mice 

The confirmed reduction in p16 following the overexpression of LRP::FLAG prompted the 

assessment of an additional factor that influences ageing, namely the accumulation of DNA damage. 

To this end, the DNA damage marker γH2AX was assessed. As previously mentioned, γH2AX 

marks the sites of DNA damage like DSBs and is known to accumulate with age to cause the 

formation of hetrochromatic foci as well as telomere-induced foci. These foci are then responsible 

for causing the initial activation for a senescent-dependent DDR thereby making this an ideal marker 

to track ageing both in vitro and in vivo. Western blotting and subsequent densitometric analysis with 

a One-way ANOVA indicated that a significant difference in γH2AX levels was evident between the 

three mouse groups (treated, control and non-treated) for both brain (p = 0.000016) and liver (p = 

0.000012) samples (Figure 4.19 A, B). Additionally, a more in-depth analysis using Welch’s t-test 

and Bonferroni correction verified that mice overexpressing LRP::FLAG (Brain: Mean = 55.73%, 

SD = 17.24%, and Liver: Mean = 52.86%, SD = 14.02%) had a significant reduction in γH2AX 

levels for both the brain and liver when compared to the non-treated (Brain: Mean = 100%, SD = 

13.86%, p = 7.4688E-07 and Liver: Mean = 100.18%, SD = 23.71%, p = 0.0000129) and control 

(Brain: Mean = 88.88%, SD = 26.59%, p = 0.0161 and Liver: Mean = 95.20%, SD = 26.69%, p = 

0.00112) mouse groups. This essentially confirms the in vitro data that the overexpression of 

LRP::FLAG is able to either prevent the accumulation of DNA damage or induce effective DNA 

repair processes to reduce DNA damage and thereby potentially impede the onset of cell senescence.  
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Figure 4.19: The overexpression of LRP::FLAG induces a significant reduction in the DNA 

damage marker γH2AX within the aged mice. 
Protein level assessment of γH2AX levels by western blotting in the (A) brain and (B) liver. Densitomteric 

analysis was was performed on the bottom bands. Analysis revealed that LRP::FLAG overexpression induced 

a ±40% and ±50% reduction within the brain and liver, respectively. Sample size: Brain: Treated: n = 12; 

Control: n = 9 and Non-treated: n = 12. Liver: Treated: n = 12; Control: n = 9 and Non-treated: n = 12. (A, B) 

β-actin was used as a reference protein and all illustrated blots are representative where 4 blots were 

performed to assess all biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: 

p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction 

were performed for all experiments. The number of ‘*’ irrespective of colour represent the level of 

significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the 

Bonferroni correction. 

 

4.12 The overexpression of LRP::FLAG lessens the effects of mitochondrial 

dysfunction by decreasing mitochondrial DNA content in various organs of 

the aged mice 

As previously mentioned, mitochondrial dysfunction forms a major part of the ageing process, where 

most age-related diseases to some extent are affected by compromised mitochondria. This 

dysfunction ultimately induces lowered ATP generation and severely heightens ROS production, 

which in turn allows mtDNA damage as well as mutations to accumulate. In an attempt to ameliorate 

these effects the cells produce additional mitochondria (increase in mitochondrial mass), however 

this just results in a cyclic event to further drive mitochondrial dysfunction. Thereafter, the increased 

oxidative stress targets genomic and telomeric DNA to exacerbate the senescence process. In this 

regard, assessing the relative mitochondrial DNA content serves to track not only mitochondrial 

dysfunction but ageing as well. qPCR analysis followed by a One-way ANOVA illustrated that the 

overexpression of LRP::FLAG significantly affected total mitochondrial DNA content [(Brain: p = 

0.0129; Kidney: p = 0.0009 and Liver: p = 0.0132) (Figure 4.20 A-C)]. Additional analysis by 
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Welch’s t-test and Bonferroni correction demonstrated that the treated mice (Brain: Mean = 0.721, 

SD = 0.170; Kidney: Mean = 0.776, SD = 0.220 and Liver: Mean = 0.65, SD = 0.12) contained 

significantly less mitochondrial DNA in all three tested organs (brain, kidney and liver) in 

comparison to the non-treated (Brain: Mean = 1.035, SD = 0.187, p = 0.00153; Kidney: Mean = 

1.057, SD = 0.301, p = 0.0322 and Liver: Mean = 1.06, SD = 0.363, p = 0.0069) and control mice 

(Brain: Mean = 1.117, SD = 0.398, p = 0.0407; Kidney: Mean = 1.386, SD = 0.369, p = 0.0036 and 

Liver: Mean = 1.16, SD = 0.408, p =0.0274). These data essentially illustrate that the overexpression 

of LRP::FLAG may prevent senescence-associated mitochondrial dysfunction. Therefore, the 

reduced mitochondrial DNA content together with the effects on the other senescent markers 

suggests that LRP/LR may indeed play an imperative role in influencing the process of cellular 

ageing.       

 

 

Figure 4.20: The overexpression of LRP::FLAG significantly reduces total mitochondrial DNA 

content in aged mice. 
Mitochondrial DNA content assessment by qPCR revealed that LRP::FLAG overexpression induced a ±0.3, 

±0.4 and ±0.4 fold reduction within the (A) brain, (B) liver and kidney (C). Sample size: Brain: Treated: n = 

8; Control: n = 7 and Non-treated: n = 11. Liver: Treated: n = 8; Control: n = 6 and Non-treated: n = 10 and 
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Kidney: Treated: n = 9; Control: n = 7 and Non-treated: n = 10. Nuclear specific primers for hexokinase 2 

gene, intron 9 were used as reference genes for sample normalisation. Data shown for all three organs is 

representative of three averaged technical repeats for each biological replicate. Data as a mean ±SD. *p < 

0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled 

with a post hoc Bonferroni correction were performed for all experiments. The number of ‘*’ irrespective of 

colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is 

significant following the Bonferroni correction. 

 

4.13 LRP::FLAG overexpression induces a significant improvement of telomere 

dynamics within the aged mice 

4.13.1 LRP::FLAG overexpression causes a significant increase in TERT and pTERT levels 

in aged mice 

As the overexpression of LRP::FLAG was found to improve various aspects of telomere dynamics in 

vitro coupled with the positive effects on proliferative, anti-ageing and senescent markers in vivo 

made it prudent to discern, whether a similar effect could be induced on telomere dynamics in vivo. 

To this end both TERT and its active form pTERT were assessed. As previously mentioned, TERT 

acts as the limiting factor to telomerase activity and thus is one of the major reasons for telomere 

erosion due to a lack of maintenance. In addition, the functions of this protein are imperative for 

carrying out an anti-ageing effect not only in an in vitro setting but within an in vivo setting as well. 

Firstly, gene expression analysis by qPCR was undertaken with a One-way ANOVA, where a 

significant difference in TERT mRNA levels was found in the kidney [(p = 0.0351) (Figure 21 A)]. 

Meanwhile, the brain (p = 0.392) and liver (p = 0.1031) displayed a non-significant difference when 

comparing the treated, control and non-treated mouse groups (Figure 21 B, C). Further analysis by 

Welch’s t-test and Bonferroni correction illustrated that the treated mice displayed a significant 

increase in mTERT gene expression for the kidney (Mean = 2.16, SD = 0.95) and a non-significant 

increase for the brain (Mean = 1.4, SD = 0.224)  and liver (Mean = 1.64, SD = 0.89)  when compared 

to the non-treated (Brain: Mean = 1.01, SD = 0.566, p = 0.298; Kidney: Mean = 1.14, SD = 0.572, p 

= 0.0483 and Liver: Mean = 1.079, SD = 0.433, p = 0.121) and control mice (Brain: Mean = 1.12, 

SD = 0.502, p = 0.167; Kidney: Mean = 1.23, SD = 0.573, p = 0.0725 and Liver: Mean = 1.021, SD 

= 0.352, p = 0.082). 

 

Following gene expression analysis, the total protein levels of mTERT were assessed. Subsequent 

densitometric analysis and One-way ANOVA confirmed that there was a significant difference 

between the treated, non-treated groups [(Brain: p = 0.0046 and Liver: p = 0.0071) (Figure 21 D, E)]. 

Upon further analysis using the Welch’s t-test and Bonferroni correction it was validated that the 

overexpression of LRP::FLAG within the treated mice (Brain: Mean = 153.36%, SD = 62.44% and 
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Liver: Mean = 144.70%, SD = 45.55%) induced a significant increase in total mTERT protein levels 

for both the brain and liver when compared to the control (Brain: Mean = 82.14%, SD = 39.93%, p = 

0.0118 and Liver: Mean = 94.87%, SD = 22.91%, p =0.0094) and non-treated mice (Brain: Mean = 

100%, SD = 27.77%, p = 0.0138 and Liver: Mean = 100%, SD = 28.11, p =0.0185). This confirms 

the in vitro findings that the overexpression of LRP::FLAG is capable of influencing TERT levels. 

Following these findings it was imperative to assess, whether the increased TERT observed was 

being phosphorylated to induce the proteins activation to allow for an increase in its activity for 

telomeric extension. Similarly, densitometry and One-way ANOVA of pTERT blots confirmed that 

there was a significant difference between the three groups (treated, control and non-treated) for both 

the brain (p = 0.0003) and liver [(p = 0.002) (Figure 21 F, G)]. In addition, a more detailed analysis 

using the Welch’s t-test and Bonferroni correction found that mice treated to overexpress 

LRP::FLAG (Brain: Mean = 148.53%, SD = 35.58% and Liver: Mean = 135.15%, SD = 42.60%) 

displayed a greater degree of “active” pTERT in both the brain and liver when compared to the non-

treated (Brain: Mean = 100%, SD = 18.35%, p = 0.00064 and Liver: Mean = 95.96%, SD = 24.50%, 

p = 0.0138) and control (Brain: Mean = 117.20%, SD = 22.80%, p = 0.0122 and Liver: Mean = 

86.33%, SD = 12.96%, p =0.0023) samples. These data indicate that not only does LRP/LR appear 

capable of influencing TERT levels; it may also play a role in the activation of this protein so that it 

can form the active telomerase complex to carry out telomere maintenance effects.           
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Figure 4.21: LRP::FLAG overexpression significantly elevated total TERT and active pTERT 

levels in aged mice. 
TERT gene expression analysis by qPCR was performed in the (A) brain (B) liver and (C) kidney to compare 

expression differences between the different mouse treatment groups.  It was observed that overexpression of 

LRP::FLAG induced a significant ±0.8 fold increase for the kidney, while a non-significant increase of ±0.4 

and ±0.6 fold was evident in the brain and liver, when compared to the non-treated and control. Sample size: 

Brain: Treated: n = 5; Control: n = 5 and Non-treated: n = 6. Liver: Treated: n = 8; Control: n = 7 and Non-

treated: n = 7. Kidney: Treated: n = 6; Control: n = 6 and Non-treated: n = 8. (A, B, C) GAPDH and RPLPO 

were used as reference genes for sample normalisation. Thereafter, total TERT protein levels were assessed by 

western blotting in the (D) brain and (E) liver. It was found that LRP::FLAG overexpression induced a ±50% 

and ±40% increase within the brain and liver. Sample size: Brain: Treated: n = 11; Control: n = 8 and Non-

treated: n = 12. Liver: Treated: n = 10; Control: n = 8 and Non-treated: n = 10. In addition, protein levels of 

phosphorylated TERT (pTERT) were assessed by western blotting in the brain (F) and liver (G). It was noted 

that the treated mice displayed a significant increase of ±30% and 40% was noted when compared to the non-

treated and control. Sample size: Brain: Treated: n = 12; Control: n = 8 and Non-treated mice: n = 12 and 

Liver: Treated: n = 12; Control: n = 9 and Non-treated mice: n = 11. (D, E, F, G) β-actin was used as a 

reference protein and all illustrated blots are representative where 4 blots were performed to assess all 

biological replicates. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; 

One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction were performed for all 

experiments. The number of ‘*’ irrespective of colour represent the level of significance according to Welch’s 

t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni correction. 

 

4.13.2 LRP::FLAG overexpression causes an increase in relative telomerase activity in the 

kidney and liver of aged mice 

In order to confirm that the increased TERT and pTERT observed was causing a subsequent increase 

in telomerase activity post LRP::FLAG overexpression, an in house TRAP assay using qPCR was 

performed. Initial qPCR analysis coupled with a One-way ANOVA illustrated that the 

overexpression of LRP::FLAG did induce a significant change in telomerase activity within the 

kidney and liver samples, when compared to the non-treated and control mouse groups [(Kidney: p = 

0.0037 and Liver: p = 0.0177) (Figure 4.22 B, C)]. In addition, it was also found that no significant 

difference was observed in the brain when comparing between the different mouse groups [(p = 

0.1765) (Figure 4.22 A)]. This lack of change in telomerase activity within the brain may be 

explained by the fact that even in juvenile mice there is only a basal level of telomerase activity, as 

majority of the TERT expressed within the brain appears to play extra-telomeric functions. 

Moreover, a deeper analysis using Welch’s t-test and Bonferroni correction revealed that the treated 

mice (Kidney: Mean = 0.0025 amole, SD = 0.00075 amole and Liver: Mean = 0.0047 amole, SD = 

0.0019 amole) exhibited a significantly greater elevation in telomerase activity within the kidney and 

liver when compared to the non-treated (Kidney: Mean = 0.0013 amole, SD = 0.00028 amole, p = 

0.0072 and Liver: Mean = 0.0024 amole, SD = 0.00096 amole, p = 0.0319) and control mice 

(Kidney: Mean = 0.0016 amole, SD = 0.00033 amole, p = 0.0254 and Liver: Mean = 0.0026 amole, 

SD = 0.00068 amole, p = 0.0399). These data in conjuction with the in vitro results clearly suggests 
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that LRP/LR may play an influential role in mediating telomerase activity, and therefore alterations 

in LRP/LR levels may play a pivotal role in regulating telomere dependent senescence.     

 

 

Figure 4.22: The overexpression of LRP::FLAG caused a significant elevation in relative 

telomerase activity within the kidney and liver of aged mice. 
Relative telomerase activity was quantified by qTRAP and real time PCR. (A) Analysis for the brain 

displayed no significant difference in telomerase activity between the three groups. (B, C) Quantification of 

telomerase activity within the liver and kidney revealed a significant 0.002 and 0.001(log amole) elevation in 

activity for the treated mice, when compared to the non-treated and control mice. Data shown for all three 

organs is representative of sample data subtracted from the heat treated control. Sample size: Brain: n = 7 

biological replicates for all three groups. Liver: n = 6 biological replicates for the treated and non-treated 

groups while n = 5 biological replicates for the control group. Kidney: n = 6 biological replicates for all three 

mouse groups. Data as a mean ±SD.  *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-

way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction. The number of ‘*’ 

irrespective of colour represent the level of significance according to Welch’s t-test, whereas ‘*’ in red 

indicate data that is significant following the Bonferroni correction. 
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4.13.3 LRP::FLAG overexpression causes a significant increase in mean telomere length in 

kidney and liver of aged mice 

The final aspect assessed for the in vivo study was whether LRP/LR could influence the mean 

telomere length within tissue to attenuate the senescence process on an organism scale. To this end 

telomere length was assessed using the protocol outlined by Cawthon, et al., (2002)[388]. 

Subsequent analysis by qPCR and One-way ANOVA illustrated that when the three groups (treated, 

control and non-treated) a significant difference was noted in the kidney and liver while no 

significant difference was observed for the brain [(Brain: p = 0.9332; Kidney: p = 0.0065 and Liver: 

p = 0.0072) (Figure 4.23 A-C)]. In fact, further analysis utilising Welch’s t-test and Bonferroni 

correction verified that the treated mice’s (Kidney: Mean = 1.56, SD = 0.167 and Liver: Mean = 

1.59, SD = 0.514) average telomere length was significantly greater in comparison to both the 

control (Kidney: Mean = 1.02, SD = 0.319, p = 0.0191 and Liver: Mean = 0.93, SD = 0.392, p = 

0.0269) and non-treated (Kidney: Mean = 1.01, SD = 0.470, p = 0.0337 and Liver: Mean = 0.98, SD 

= 0.376, p =0.0266) mice within the liver and kidney samples. In regards to the brain, the fact that 

there was no significant change in mean telomere length may be a consequence of the lack of change 

in telomerase actvity observed. Moreover, it can be directly attributed to the tissue being poorly 

proliferative, and would therefore not display signs of extensive telomere erosion like the other 

organs. These data further corroborate what was observed in vitro that the overexpression of 

LRP::FLAG is capable of stimulating telomerase for an enhanced telomere maintenance effect. 

Therefore, this indicates that LRP/LR could be utilised or targeted to specifically impede telomere-

dependent senescence to improve organism fitness and allow for a healthier form of ageing.   
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Figure 4.23: The overexpression of LRP::FLAG causes a substantial increase in mean telomere 

length within the kidney and liver of the aged mice. 
Mean telomere length was measured by qPCR and normalised to the reference gene 36B4 to generate a 

telomere/ 36B4 (T/S) ratio. (A) Brain samples showed no significant difference in relative telomere length 

across all three mouse groups. (B) A significant ±0.6 fold increase in telomere length was evident in the 

treated mice when compared to the non-treated and control mouse groups for the liver. (C) Analysis revealed 

a significant increase of ±0.5 fold in relative telomere in the treated mice when compared to the non-treated 

and control mouse groups. Error bars are indicative of standard deviation. Data shown for all three organs is 

representative of three averaged technical repeats for each biological replicate. Brain: n = 7 biological 

replicates for all three groups. Liver: n = 7 biological replicates for the treated and non-treated groups while n 

= 6 biological replicates for the control group. Kidney: n = 9 biological replicates for the treated and non-

treated groups while n = 7 biological replicates. Data as a mean ±SD.  *p < 0.05, **p < 0.01, ***p < 0.001, 

NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni 

correction. The number of ‘*’ irrespective of colour represent the level of significance according to Welch’s t-

test, whereas ‘*’ in red indicate data that is significant following the Bonferroni correction. 
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5. Discussion 

 

The research areas pertaining to healthy ageing and longevity extensions have been a prime target of 

scientific investigation for decades. These areas have garnered intense interest due to the enticing 

prospect of increasing the average human lifespan. However, an additional factor that has stimulated 

increased research motivation into this field, is that an ever-increasing number of diseases have been 

shown to be tied to ageing. In fact, anti-ageing or anti-senescent strategies have shown lucrative 

results in treating or managing these diseases. This said, the ageing process has been found to be 

attenuated by a variety of different strategies including: diet; specifically caloric restriction (which 

influences insulin signalling and oxidative stress to retard ageing), reducing DNA damage by use of 

NAD+ (stimulates DNA damage repair), senolytics (selective elimination of senescent cells) as well 

as using or targeting anti-ageing proteins like SIRT1, klotho and TERT [140, 407-409]. In regard to 

TERT and telomerase activity, it is more than likely one of the most well studied proteins in both the 

fields of ageing as well as cancer. It is well known that a lack of telomerase activity, induced by the 

absence of TERT allows the accumulation of short/damaged telomeres to elicit a permanent DDR. 

Subsequently, causing a loss/ decline in regenerative capacity for systemic organismal ageing in both 

humans and mice [143, 221, 410].  

 

Indeed, the reactivation of telomerase, through genetic manipulation and/ or targeting the TERT gene 

with specific proteins like c-Myc or using biomolecules like TA-65 as an activator, has proven to 

impede cell senescence and allow for tissue rejuvenation in both an in vitro and in vivo research 

aspect [141, 411, 412]. The current study serves to demonstrate for the first time that the proliferative 

protein LRP/ LR could induce a similar effect for the stimulation of telomerase. Moreover, this 

particular protein may house other anti-ageing properties aside from influencing TERT, due to its 

apparent broad spanning effect on other senescent markers and anti-ageing proteins. Prior to 

discussing LRPs potential anti-ageing properties it is important to note that it shares a number of 

similar characteristics with TERT. This includes similar localisations, functions, diseases (like cancer 

and AD) and most interestingly both proteins are found in high abundance during embryonic 

development (specifically in undifferentiated cells). Subsequently, during differentiation and 

increasing age there is a gradual decline in the levels of both proteins. This link between TERT and 

LRP was further solidified when the two proteins were confirmed to interact in vitro within 

tumorigenic cells.  Furthermore, it was shown that knock down of LRP/LR induced a subsequent 
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decrease in telomerase activity, thereby justifying the link between these two proteins in a cancer 

context. 

 

5.1 LRP and LRP::FLAG co-localise with TERT in vitro  

The functional relationship and shared localisation between LRP/LR and TERT was further 

confirmed in the current study, where post LRP::FLAG overexpression (Figure 4.1 a, b) a distinct 

amount of co-localisation occurred in both HEK293 and MRC 5 cell lines (Figure 4.2 a, b). 

Interestingly, the only way such a co-localisation would have been possible within the MRC 5’s is 

that the increased LRP levels stimulated the production of TERT; as most somatic lines like MRC 5 

produce negligible levels of TERT in vitro.  Consequently, it was further established that both the 

transfected lines appeared to not only have increased TERT levels, but also an increased amount of 

co-localisation between the two proteins within the peri-nuclear and cytosolic regions (Figure 4.2 a, 

b). Although this distribution is uncommon for TERT in non-tumorigenic cells, a number of studies 

have established that the shuttling of TERT between the cytoplasm and the nucleus occurs in both 

tumorigenic as well as non-tumorigenic lines [215, 230, 233]. This shuttling of TERT is vital for cell 

immortalisation as it allows TERT to carry out extra-telomeric functions aside from telomerase 

activity, like aiding in mitochondrial protection and function [215, 230, 233]. Alternatively, the 

widespread distribution of TERT could be a result of other factors. Firstly, it is known that the TERT 

gene has the ability to produce multiple splice variants (the epitope that the antibody recognises 

could be conserved across multiple variants of TERT), where these different isoforms normally carry 

out functions independent of telomerase activity [225, 413]. Secondly, it is known that a portion of 

the TERT gene encodes for a component of the major histocompatibility complex (MHC), which 

would further explain the fluorescence noted on the surface of the cells [414].     

 

5.2 Overexpression of LRP::FLAG improves telomere dynamics in aged cells in 

vitro 

The seemingly increased levels of TERT observed within the cells during confocal microscopy 

following LRP::FLAG overexpression was further validated by western blotting. In fact, the striking 

increases observed for the 120 kDa fully functional TERT in both cell lines, especially within the 

fibroblast MRC 5 line (which normally contains negligible levels of TERT), suggests that LRP may 

stimulate the production of TERT for telomerase activity [(Figure 4.3 a1-b2) [291, 292]]. 

Consequently, this increased production in TERT appeared to follow the central dogma in telomere 

biology, as a corresponding elevation in telomerase activity was evident in both cell lines.  This 
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dogma states that the ectopic expression of TERT or the stimulation of its production at any stage 

within the cell cycle is sufficient to elevate telomerase activity for enhanced telomeric maintenance 

and cell immortalisation in vitro [136, 139, 184, 415]. The increased telomerase activity observed 

post LRP::FLAG overexpression (Figure 4.3 c, d) could indicate, that aside from elevating TERT, 

LRP could potentially play a role in forming the active telomerase complex. Either through the 

recruitment of telomerase associated proteins, promoting the association of TERT and TERC or even 

in aiding in the shuttling of telomerase components within the cell. These observations were made 

based off the previously seen co-localisation and that LRP appears to influence telomerase activity in 

both normal and tumorigenic cells.  

 

Moreover, these results clearly resemble other telomerase modulating strategies like TA-65 or gene 

based therapies [136, 140, 141]. This clearly illustrates that the elevation of both TERT and 

telomerase activity by LRP::FLAG overexpression is sufficient to potentially stimulate telomere 

maintenance for an enhanced proliferative lifespan [136, 140, 141, 293]. This was further supported 

by the large difference in mean telomere length noted between both transfected and non-transfected 

cell lines indicating that a telomere maintenance effect had indeed occurred (Figure 4.3 e, f). 

However, the average telomere length does not provide a detailed insight as to whether the 

maintenance effect observed was targeting the shortest telomeres to prevent the critical loss and 

exposure of the overhangs. Prior studies do offer imperative insight, where telomerase has been 

shown to preferentially extend the shortest telomeres, which it identifies according to the number of 

shelterin present on each telomere.  Therefore this suggests that the telomeric extension provided by 

the increased telomerase activity post LRP::FLAG overexpression provided sufficient maintenance 

to prevent the accumulation of critically shortened telomeres [293]. In turn, this would prevent the 

induction of telomere-dependent senescence thereby impeding cellular ageing, at least in vitro [136, 

184, 415, 416].  

 

5.3 LRP::FLAG overexpression influences the accumulation of senescent 

markers in vitro 

The increased telomere length and potential impediment of senescence was further confirmed by the 

reduction in both tested senescent markers; β-galactosidase and γH2AX (Figure 4.4 a-d). More 

specifically β-galactosidase is an enzyme housed within the lysosomes that serves as a hydrolase, 

especially in senescent cells, by cleaving the β-linked terminal galactosyl residues of substrates 

[395]. This said, as cells age and enter senescence, there is a gradual increased production in 
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lysosomal mass and β-galactosidase. This increase has been theorised to be a result of an 

accumulation of non-degradable macromolecules and organelles housed in autophagic vacuoles [2, 

395]. Secondly, the increased lysosomal content is further brought about by age-related changes to 

epigenetic patterns allowing senescent pathways to be favoured [2]. Ultimately, these epigenetic 

alterations can be linked to telomere dysfunction and thereby illustrates that increased β-

galactosidase activity can be used to track cellular ageing [395, 417]. Therefore, the observed 

reduction in β-galactosidase activity in both cell lines clearly points towards an anti-senescence 

effect (Figure 4.4 a, b).  

 

A similar effect was also noted when assessing the second senescent marker γH2AX, where stark 

reductions in this DNA damage marker was noted in both transfected cell lines (Figure 4.4 c, d). This 

implies that LRP may play a role in DNA damage response either by aiding in the prevention of 

damage or playing an active part in ameliorating the damage and thus preventing an age-dependent 

accumulation. Moreover, this reduction alongside the increased telomere length signifies that not 

only is DNA damage being reduced it may also aid in preventing the generation of telomere induced 

foci. These positive effects exerted on the DNA damage response following LRP::FLAG 

overexpression could be a consequence of two proposed mechanisms. Firstly, the increased TERT 

induced by LRP::FLAG could be performing extra-telomeric functions aside from telomere 

maintenance. As previously stated, TERT has been proven to exhibit DNA repair functionality that 

can act on both heterochromatic foci and TIFs [129, 225, 232]. This occurs by telomerase acting as a 

substitute repair enzyme (fills in DNA breaks with telomeric repeats) or TERT can aid in the 

recruitment of DNA repair proteins [129, 225, 232]. Alternatively, LRP itself could aid in the 

recruitment of DNA repair proteins due to the supporting role it plays in the nucleus [292, 298, 418]. 

In fact, the increased LRP present within the transfected cells could provide additional nuclear 

structural support to prevent further damage. Instead LRP may also have chromatin modification 

abilities, through its histone association, and may therefore allow chromatin repression so that DNA 

repair proteins could access the sites of DNA damage with ease. Therefore, the reduction in both 

senescent markers within the transfected cells strongly indicates that LRP may have anti-senescent 

functionality [293].  

 

Finally, at the culmination of the in vitro study it was noted that the non-transfected MRC 5 cells 

entered senescence at around passage doubling 49-50, while its transfected counterpart underwent an 

additional 20 population doublings before concluding the study. Collectively, these findings strongly 

indicate that the overexpression of LRP::FLAG was sufficient to influence telomere dynamics to 
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allow for the state and processing of juvenile cells to be retained, by impeding the ageing process in 

vitro [136, 140, 143, 184, 293]. 

 

5.4 Overexpression of LRP::FLAG improves physiological functioning in aged 

mice 

5.4.1 LRP::FLAG overexpression prevents the accumulation of grey hair 

Based off the highly promising data collected from the in vitro study it was prudent to confirm if the 

potential anti-ageing functionality that LRP illustrated in vitro could be replicated on an organism 

scale in vivo. Accordingly, aged mice were treated to overexpress LRP::FLAG after which various 

physiological and histological parameters were performed. The first parameter that provided an 

indication that the overexpression of LRP::FLAG was indeed providing an anti-senescence effect 

was the marked decrease in hair greying of the treated mice (Figure 4.5). Although, the C57BL/6J 

mouse strain does exhibit a fairly homogenous dark coat throughout their lifespan, a gradual 

accumulation in the amount of grey hairs was evident. Interestingly, it must be pointed out that no 

hair thinning/ balding was evident within any of the treated mice, while 2-3 mice from the control 

and non-treated group each displayed signs of thinning and balding. This reduction in hair greying 

could be attributed to a replenishment of melanocyte stem cells or the conservation of the pigment 

production machinery within the treated mice [419]. Moreover, the absence of hair thinning and 

balding in the treated mice clearly indicates that the hair follicles are not being lost through 

senescence onset. In part, the improved telomere length observed both at an in vitro (Figure 4.3 e, f) 

and in vivo (Figure 4.23) level coupled with the reduced mitochondrial DNA content (Figure 4.20), 

IL 6 and 8 levels (Supplementary Figure 8.1 and 8.2), which indirectly indicates a reduction in 

oxidative stress, could provide a maintenance effect to prevent melanocyte stem cell depletion [419-

422]. This therefore, indicates that the overexpression of LRP::FLAG potentially stimulated these 

factors positively to induce the observed reduction in hair greying. 

 

5.4.2 LRP::FLAG overexpression improves cognitive function in aged mice 

 Normally with ageing there is a corresponding reduction in cognitive function. This is mainly 

manifested through a gradual decline in higher order function centering around short and long term 

memory as well as working ability, planning and puzzle solving ability. This age-dependent decline 

is brought about in part by a loss in neuronal tissue, especially within the hippocampus and negative 

alterations (like disruptions in mTOR signalling) to neuro-based signalling pathways [423]. Two 

distinct cognitive tests were performed (puzzle box and nesting test) to confirm whether LRP::FLAG 
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had the ability to prevent age-related cognitive decline. From the results obtained, it was evident that 

the overexpression of LRP::FLAG had a profound effect on cognitive function. Firstly, the puzzle 

box test clearly illustrated that the treated mice had superior short and long term memory, as well as 

puzzle solving ability when compared to their non-treated and control counterparts (Figure 4.6). This 

was illustrated, where all treated mice exhibited largely reduced latencies in solving the puzzles and 

reaching the goal zone. In turn, this implied that the treated mice showed greater spatial recognition 

and reference memory suggesting that neural plasticity within the hippocampus was maintained, 

explaining the observed memory enhancement [400].  

 

These data were further corroborated by the nesting test results, where mice treated to overexpress 

LRP::FLAG exhibited improved nesting ability (Figure 4.7). In this regard, the ability to successfully 

build a complete nest relies heavily on hippocampal integrity (for spatial memory) and a fully 

functioning medial prefrontal cortex [392]. This said, the significant improvement in nest building 

ability, alongside the improved short and long term memory as well as puzzle solving ability, 

indicate that the overexpression of LRP::FLAG likely impeded the age-dependent neurodegeneration 

of the hippocampus for enhanced cognitive function. This was further confirmed by 

histopathological analysis where less tissue degeneration was noted in the treated mice. In addition, 

these improvements could be a result of multiple consequences that have been previously confirmed 

to positively influence brain ageing. A few of these factors include; conservation of neuronal 

signalling, reduced age-related inflammation (decreased expression of IL6 and 8 within neuronal 

tissue (Supplementary Figure 8.1 and 8.2), reduced oxidative stress from the increased levels of 

TERT (both in vitro (Figure 4.3 a1-b2) and in vivo (Figure 4.21)), mitochondrial content (Figure 

4.20) and klotho’s anti-oxidant capabilities (Figure 4.16) [285, 399, 424-426]. In fact, elevated levels 

of secreted klotho especially in the hippocampal region of the brain has been shown to not only 

improve memory related functions, but nesting abilities as well [399]. All of these factors observed 

post LRP::FLAG overexpression would act in a synergistic manner to prevent or reduce the effects 

of neurological ageing. Therefore, this infers that the use of LRP::FLAG or stimulation of LRP/LR 

could act as a potent cognitive enhancer for aged mice.     

 

5.4.3 Overexpression of LRP::FLAG improves motor function 

The final physiological aspect that displayed a significant improvement post LRP::FLAG 

overexpression in the aged mice was motor function and balance co-ordination (Figure 4.8). These 

two physiological parameters have been well documented to decline with increased age, where 
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C57BL/6J mouse models have been confirmed to exhibit stark motor skill deficits with increased age 

[427-429]. This motor function decline is potentially brought about by the loss in muscle fibres from 

muscular atrophy, low grade persistent inflammation (increased oxidative stress) with a 

corresponding low bioavailability of Nitric Oxide (NO) (required for muscle contractions) as well as 

reduced energy production due to mitochondrial dysfunction [430, 431]. This said, the stark 

improvements in motor function and balance that the treated mice displayed offers unequivocal proof 

that senescence/ age retardation had occurred following the overexpression of LRP::FLAG. 

Moreover, the control and non-treated mice aside from displaying deficits in motor function and 

balance, generally hooked their hindlimbs around the beam for additional support. This observation 

has been previously confirmed to indicate a gross inability to maintain balance and further 

substantiates that LRP::FLAG was able to prevent the age-dependent induction of motor function 

decline [427]. This result may have been a consequence of the reduced mitochondrial dysfunction 

(Figure 4.20), which would have allowed for reduced oxidative stress as well as more efficient 

energy production [431, 432]. Alternatively, the increased production of TERT (Figure 4.21) and 

other proliferative markers observed (Figure 4.12- 4.14), may have allowed the muscle tissue to 

replenish its lost mass by filling the tissue with non-senescent and functional muscle cells [240, 407, 

433]. Therefore, the widespread improvement noted for most tested physiological parameters 

suggests that LRP/LR could effectively waylay the effects of physiologic ageing for increased gross 

motor co-ordination as well as organism fitness.         

 

5.5 The overexpression of LRP::FLAG improves tissue pathology in aged mice 

The stark improvements in physiologic functioning observed post overexpression of LRP::FLAG, 

was further corroborated by widespread improvements to tissue structure and form, noted during 

histochemical analysis. In this respect, the brain tissue of the mice overexpressing LRP::FLAG, 

specifically the hippocampus, were found on average to be more defined with fewer tissue 

abnormalities. More, specifically the treated mice were shown to contain less vacuolation and 

pyknotic nuclei (indicative of apoptosis) in comparison to the control and non-treated mice, clearly 

demonstrating an anti-senescence effect. This effect may have been brought about by the treatment 

inducing neurogenesis [434], to allow for neuronal tissue replenishment, however this would need to 

be confirmed. This said, the improvement in the hippocampus convincingly explains the large 

improvements in short and long term memory as well as puzzle solving and nesting ability. This is 

due to the fact that the hippocampus forms part of the limbic system, where it plays an imperative 

role in learning and long term memory [400].    
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It must be noted these tissue changes while not extensive, it does coincide with parts of the 

biochemical data and suggests that only a moderate anti-ageing/ senescence was induced in the brain, 

possibly due to a lack of LRP::FLAG present in the brain. In fact, as the plasmid may not have been 

able to traverse the BBB, the positive effects seen in the brain of the treated mice may just be a 

consequence of an additive effect caused by the systemic improvement of the rest of the tissues and 

organs. Alternatively, as LRP protein levels were shown to be slightly elevated in the brain it may be 

induced, firstly by an accumulation of the shed isoform of LRP, possibly brought to the brain by the 

circulatory system. Secondly, as LRP is known to decrease with age, the increased levels of LRP 

within the neuronal tissues may just be a consequence of the aforementioned additive effect of 

impeding the ageing process [298].  Nevertheless, the improvements noted in the brain clearly 

display the potential ant-ageing effects that can be induced by elevating total LRP.  

 

The second tissue type assessed via histochemical analysis was the kidney as it commonly develops 

various age-related tissue pathologies even within the C57BL/6J mouse strain [435, 436]. 

Assessment of the sections revealed that the non-treated and control mice on average displayed a 

greater accumulation of pathological markers such as glomerular shrinkage, as well as atrophic and 

sclerotic glomeruli in comparison to the mice treated to overexpress LRP::FLAG (Figure 4.10). 

These findings for the non-treated and control mice fit in line with previous findings, where aged 

post-menopausal female mice show heightened development of glomerulosclerosis [435, 437]. 

Moreover, a subset of the control and non-treated mice also displayed severe atrophy and 

replacement of the glomeruli tissue with fibrous tissue hinting at the development of an age-related 

kidney disease. In stark contrast, the treated mice, for the most part, displayed healthier kidney tissue 

with normal glomeruli structure and shape with only a portion of glomeruli displaying increased 

diameters (Figure 4.10 A-C). This clearly indicates that the gene based treatment to overexpress 

LRP::FLAG is providing a restorative effect to the tissues, where renal ageing was impeded.  

 

One such possibility that could explain these findings is that Wnt signalling,  which is generally 

upregulated during ageing to cause reduced progenitor cell proliferation and increased fibrosis, was 

reduced in the treated mice [438, 439]. This proposed reduction in Wnt signalling could be induced 

by the increase in klotho expression observed in both brain and kidney (Figure 4.16 B)[399, 439, 

440]. This anti-ageing protein is highly expressed in the kidney and is responsible for maintaining 

renal functions like renal mineral metabolism as well as renal ageing [441]. Moreover, this protein is 

also produced in the brain and is imperative for preserving cognitive function. In fact, depletion of 
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this protein has even been associated with AD development in brain tissue [399, 442]. Although the 

Wnt pathway can be up-regulated through TERT’s extra-telomeric functionality [247, 443], we 

propose that the increased TERT observed in the kidney (Figure 4.21) is primarily carrying out a 

telomere maintenance effect, which may prevent senescence mediated kidney dysfunction [140, 

444]. Whereas, within the brain tissue the elevated TERT may be favouring its mitochondrial related 

functions to prevent mitochondrial dysfunction and extensive ROS generation [225, 288]. Otherwise, 

the increased TERT present in the brain may aid in preventing the accumulation of Aβ, a peptide 

known to cause age-related neurodegeneration [288, 294]. Alternativley, as the treated mice 

appeared to still have functional pathway controls in place, a compensatory mechanism could have 

been activated to regulate Wnt signalling such as the increased p53 (Figure 4.17) that was observed 

[440, 445]. A final possibility that could account for the observed restorative effects within the brain 

and kidney is that there was a potential reduction in tissue damage caused from oxidative stress. The 

proposed reduction in oxidative stress may have been a result of firstly the reduced mitochondrial 

DNA content (Figure 4.20), suggesting that less ROS would be produced. Secondly, oxidative stress 

could be ameliorated by the increased SIRT1 levels observed (Figure 4.15), which would 

subsquently reduce PGC-1α signalling lowering adenosine monophosphate activated protein kinase 

(AMPK) for reduced oxidative stress [446, 447]. Collectivley, this illustrates that LRP could be 

utilised or targeted to reduce the effects of renal ageing.  

 

5.6 Overexpression of LRP::FLAG postivley effects proliferative markers in aged 

mice 

5.6.1 LRP::FLAG overexpression increases Akt and pAkt in aged mice 

The improved physiological and histological parameters confirmed post LRP::FLAG overexpression 

was identified to be a consequence of stark improvements on multiple biochemical aspects including 

proliferative markers, anti-ageing proteins, senescent markers as well as telomere dynamics [13, 25, 

26]. This said, advanced ageing is often correlated with an overall lack in proliferation that 

culminates in a loss of tissue replenishment, whereas the restoration of controlled and active 

proliferative signalling has been associated with tissue restoration [13, 25, 26]. The current study 

falls in line with this sentiment, where Akt was positively affected in both tested organs. This protein 

is the major constituent of the Akt/PI3K pathway, which has been shown to play controversial roles 

in ageing. This pathway is generally attributed to regulating apoptosis, cell survival, glucose 

metabolism and protein synthesis among others [448]. Interestingly, this pathway is also known to 

share a role with the current study’s two major proteins of interest; TERT and LRP/LR [204, 352]. 
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The protein has three distinct isoforms that are expressed, to various degrees, in different organs to 

carry out its aforementioned functioning. The expression of Akt1 has been found to be fairly uniform 

for the different tissues [449], while expression of Akt 2 occurs in organs that mainly respond to 

insulin signalling, like the liver, for mediating glucose metabolism [450], whereas Akt 3 is more 

commonly expressed in the brain and kidney [448, 451].  

 

In regard to ageing and development, it has been noted that knockout of Akt 1 leads to a shortened 

lifespan [449], while a loss of Akt 2; can induce the development of the age-related disease, diabetes 

[452] and loss of Akt3 results in reduced brain size [451]. Furthermore, reductions in Akt or a 

reduction in its phosphorylation at Ser473 during ageing has been correlated to the following: muscle 

atrophy and reduced insulin sensitivity [453], a loss of osteogenic capacity in the skeletal system 

[448, 454] and a suppression of telomerase activity in memory T cells as well as the vascular system 

[448, 455, 456]. In stark contrast, the over-activation of Akt has been tied to some pathological 

aspects of ageing such as increased oxidative stress [457, 458] and has been shown to play a 

potential role in senescence activation [459]. Moreover, increased amounts of phosphorylated Akt 

have been tied to a number of aged organs including the brain, muscle and heart [460-462]. The 

controversial roles that this protein plays in ageing could be attributed to its signalling targets mTOR, 

which carries out both autophagy and protein synthesis based roles, and TERT, which is known to 

play a role in immortalisation and anti-ageing [204, 456, 463].  

 

Regarding the current study, a significant increase in Akt protein was observed within the brain 

samples of treated mice (Figure 4.12 D). While no change was observed in in the liver (Figure 4.12 

E). However, a significant elevation in pAkt was observed in the liver (Figure 4.12 F). We propose 

that the aforementioned increases served a beneficial effect within the mice overexpressing 

LRP::FLAG. This is in accordance with the increased pTERT (Figure 4.21 F, G) and telomerase 

activity (Figure 4.22), which corresponds with a previous study that illustrated that resveratrol 

treatment increased telomerase activity through the PI3K-Akt signalling cascade [464]. This is due to 

Akt’s function in phosphorylating TERT, which allows its translocation from the cytoplasm to the 

nucleus for enhanced telomerase activity [204, 205]. Moreover, this is further evidenced by the 

increased TRF1 exhibited in the liver (Supplementary Figure 8.3) following LRP::FLAG 

overexpression. In fact, the stability and telomere binding function of TRF1 is highly dependent on 

its phosphorylation by Akt [465]. This effectively establishes that in the current study it appears that 

the increased active Akt may be favouring its longevity related functions by causing various 

improvements telomere dynamics and telomere associated proteins [465]. Finally, we propose that 
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the increased LRP (Figure 4.11) present activates FAK to stimulate Akt and its signalling cascade to 

carry out these beneficial functions [352]. More specifically, it offers a potential mechanism as to 

how LRP may upregulate TERT.      

 

5.6.2 LRP::FLAG overexpression elevates the transcription factor c-Myc 

Alongside the observed improvements in the proliferative signalling marker, Akt, there was also a 

corresponding improvement in c-Myc, for mice overexpressing LRP::FLAG. Notably, c-Myc is a 

protein whose expression and stabilisation is also influenced by Akt and plays a major role in 

proliferation, apoptosis, EMT (plays a role in stem cell like functions), TERT regulation and the 

process of tumorigenesis through its ability as a TF [412, 466-468]. More specifically, in 

tumorigenesis, this TF is hyper upregulated to drive uncontrolled proliferation and telomerase 

activity. In contrast, c-Myc has been noted to play controversial roles in ageing. Increased expression 

and activity of c-Myc has been associated with senescence and more specifically in driving oncogene 

induced senescence provided that p16 and p53 are functional, in order to limit neoplasm 

development [469, 470]. However, a large body of evidence has found that inhibition or reduced c-

Myc alongside active p16 and p19 has been implicated in senescence as well [466, 471, 472]. In fact, 

overexpression of c-Myc in normal cells has been found to circumvent Rb/p16
INK4a

 based senescence 

for immortalisation [473, 474]. One other manner c-Myc promotes circumvention of senescence is 

through its ability to upregulate TERT expression for enhanced telomerase activity [198, 412]. This 

said, the increased gene expression and protein levels of c-Myc observed (Figure 4.13) following 

LRP::FLAG overexpression, was found to provide a beneficial effect in all tested organs. Several 

interconnected findings validated this observation, where firstly the decreased p16 (Figure 4.18) 

alongside the elevated c-Myc would aid in obstructing senescence. Moreover, the increase in TERT 

further substantiated that an anti-senescent effect had occurred and thus offered an additional 

mechanism as to how LRP is able to induce an increased production of TERT [193]. Hence, in the 

context of this study, the increase in c-Myc following the overexpression of LRP::FLAG improves 

proliferative functioning while impeding senescence to ultimately improve organism fitness.         

 

5.6.3 LRP::FLAG overexpression positively influences MDM2 and its phosphorylation 

Alongside the significant increases in c-Myc post LRP::FLAG overexpression, in vivo, it was also 

noted that MDM2 and its phosphorylation was positively affected. Interestingly, like c-Myc, the 

activation and stabilisation of the MDM2 protein is dependent on Akt phosphorylation [401]. This 

oncogenic protein acts as a ubiquitin ligase for p53 allowing it to carry out an imperative role in the 
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stability and regulation of p53 [402, 403]. This ubiquitinating action affords MDM2 anti-apoptotic 

functionality via the repression and degradation of p53 [402, 403]. This relationship between these 

two proteins is further evidenced by the auto-regulatory feedback loop present, where p53 positively 

influences MDM2 gene expression while MDM2 negatively regulates p53 [402]. This feedback loop 

allows for the establishment of a p53-MDM2 axis for cell cycle regulation and is often a target for 

dysregulation in both tumorigenic and ageing processes. In regard to cancer, this axis is often 

dysregulated by favouring the increased expression of MDM2 to promote apoptotic evasion and 

uncontrolled proliferation. Meanwhile in ageing, this axis is often modified to favour an elevation in 

p53 that can induce either early or delayed ageing onset depending on the presence of other ageing/ 

senescent markers (like telomere shortening) [404]. This said, a number of studies have found that 

ablation of this p53-MDM2 axis does contribute to the ageing phenotype both in vitro where it 

induces p53 dependent growth arrest as well as in vivo [475-477].  

 

The current study revealed that post LRP::FLAG overexpression there was no difference in MDM2 

gene expression (Figure 4.14 A-C). Likewise, no significant change was noted in the protein levels 

of MDM2 within the liver samples when comparing the three mouse groups (Figure 4.14 E). This 

finding could potentially be attributed to the fact that the liver is a highly regenerative organ and 

would thus already display higher levels of MDM2. Therefore, any additional alterations to raising 

this protein could prove deregulatory and may provide ideal conditions for carcinogenic 

development. In contrast, the brain did display elevated levels of MDM2 within the treated mice 

(Figure 4.14 D), possibly to allow for increased proliferative potential and tissue replenishment of 

neuronal cells that can propagate. Alternatively, the increased MDM2 observed could be a 

consequence of the increased p53 observed in order to maintain the p53-MDM2 axis for proper 

functioning and ensure that the ATM/ATR pathways were not inappropriately favoured for senescent 

onset [404]. In accordance with maintaining proper cell signalling, it was also noted that the 

overexpression of LRP::FLAG caused no significant increase in pMDM2 (Figure 4.14 F, G), the 

active form of this protein, for either organ. This potentially indicates that proper cell functioning 

and cell cycle controls are still in place that would prevent exhaustive proliferation and conserve 

chromosomal stability to act as a preventative towards tumorigenic development [404, 478].     
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5.7 Overexpression of LRP::FLAG increases anti-ageing proteins in aged mice  

5.7.1 LRP::FLAG overexpression significantly elevates SIRT1  

A further indicator behind LRP/LR’s suggested anti-senescent functionality, is that it was able to 

positivley influence proteins directly involved in anti-ageing and longevity responses. As mentioned 

previously these anti-ageing proteins; SIRT1 and klotho, have been confirmed to decline during the 

senenescence process [479, 480]. Whereas, a subsquent increase of these markers have been shown 

to retard ageing [479, 481-483]. In this regard, the increase in both gene expression and protein 

levels of SIRT1 following LRP::FLAG overexpression (Figure 4.15), clearly indicates an 

impediment of senescence. This protein is a NAD-dependent deacetylase that is known to 

deacetylate not only histones but also TFs and other other cytsolic proteins. This function allows 

SIRT1 to play a regulatory role in gene expression and in subsequent signalling cascades for NFκB, 

p53, E2F1, forkhead transcriptional factors, AMPK (5' adenosine monophosphate-activated protein 

kinase) and importantly TERT [484, 485]. Additionally, the regulation of these various pathways 

allow SIRT1 to influence DNA repair, metabolism and longevity [484, 485]. Aside from these 

functions, SIRT1 has also been implicated in reducing the effects of oxidative stress, as well as 

inflammation while enhancing DNA stabilisation, and most importantly it has been found to act as a 

potent tumor supperssor (by consquence of its other aformentioned functions) [482, 486, 487]. These 

functions collectivley are responsible for both impeding the ageing process as well as promoting 

healthier ageing. 

 

The benefits to cell longevity that SIRT1 provides was clearly evidenced in the mice treated to 

overexpress LRP::FLAG. In fact, the increased SIRT1 (Figure 4.15) observed may have potentially 

played a role in the reduction of γH2AX  through enhancing DNA repair [488]. In turn, these data 

together offer an additional mechanism as to how LRP::FLAG was able to reduce DNA damage and 

accumulation of the senescent marker; γH2AX both in vitro (Figure 4.4 c, d) an in vivo (Figure 4.19). 

Alongside the reduction in γH2AX, it was further suggested that the increased SIRT1 aided in 

reducing oxidative stress to induce the observed reduction in the senescent marker p16 [(Figure 4.18) 

[489, 490]]. An additional snescent marker that SIRT1 may have influenced in line with this study is 

p53, where SIRT1 is known to regulate its function by acetylation [491]. In this manner, SIRT1 

could regulate p53 activity to ensure it carries out its function in DDR in a controlled manner that 

would not induce senescence [491, 492].  Aside from ameliorating DNA damage, it can be further 

suggested that the elevated SIRT1 aided in maintaining telomere length either by influencing 

telomerase activity or affecting the telomeres or shelterin directly [(Figure 4.21- 4.23) [493]]. In 
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addition, the increased SIRT1 may also have aided in reducing or preventing the accumulation of 

senescent-related inflammatory markers IL6 and 8 (Figure 8.1 and 8.2) by deacetylating and 

inactivating NFκB [494, 495]. The interconnections and positive effects that these data present 

ultimately indicate that elevated LRP increases the anti-ageing protein SIRT1 through translational 

processes or by influencing signalling cascades to bring about an anti-senescent effect for healthier 

ageing. 

  

5.7.2 LRP::FLAG overexpression increases both full length and secreted isoforms of klotho 

The second anti-ageing protein that LRP::FLAG was found to influence was α-klotho; a single pass 

transmembrane protein that can occur in three distinct isoforms (full length, shed and secreted α-

klotho) [496]. This protein is predominantly expressed in the kidney and brain but is also expressed 

to a lesser extent in the ovary, testis and placenta [497]. Although this protein is only expressed in a 

subset of organs, its dysregulation can induce widespread and systemic effects to aggravate either the 

natural ageing processes or the development of age-related diseases [479, 498]. The full length 

isoform of this protein is known to act as an obligate co-receptor for FGF23 and further associates 

with fibroblast growth factor receptors (FGFR) to play a critical role in endocrine based metabolism 

of calcium, phosphate and vitamin D [496]. In fact, defects in the α-klotho-FGF23 endocrine axis 

leads to a retention of the aforementioned minerals to induce a premature ageing phenotype. This 

retention, especially in phosphate, has been known to cause increased insulin sensitivity and ROS 

production/ oxidative stress, caused by the mitochondrial uptake of cytoplasmic phosphate for 

oxidative phosphorylation, thereby inducing a state of accelerated ageing [496, 499, 500]. 

 

In addition, the secreted form of α-klotho, whose levels decline with increased age, also plays a 

major role in promoting longevity [498]. This isoform is able to interact with various ion channels 

and growth factor receptors to further regulate ageing [479]. Importantly, secreted klotho has also 

been found to influence Wnt signalling by binding to Wnt-related proteins to prevent exhaustive 

proliferation and thus depletion of stem cell niches [440]. Moreover, secreted α-klotho present within 

the blood and cerebrospinal fluid, has also been associated with ameliorating oxidative stress through 

a negative regulation of insulin/IGF-1 signalling [483]. This negative regulation induces the 

expression of manganese superoxide dismutase, which is responsible for the removal of ROS [483]. 

Hence, why the age dependent decline in secreted α-klotho accelerates ageing due to the increased 

insulin signalling and oxidative stress evident within aged cells. 
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In line with these published findings (reviewed in: [479]), the present study found that in mice 

overexpressing LRP::FLAG a significant increase in α-klotho gene expression (Figure 4.16 A, B) 

was noted for the kidney, while a non-significant increase was noted in the brain. This was further 

substantiated by an increase in both full length and secreted klotho in the brain (Figure 4.16 C), 

while a subsequent increase in secreted α-klotho was noted in the liver (Figure 4.16 D). In regard to 

the liver findings, it is known that β-klotho rather than α-klotho is expressed [501]. However, due to 

secreted klotho’s presence within the blood system, coupled with its hormone related functions, may 

enable it to operate within organs that do not transcribe it. In fact, studies have revealed that reduced 

secreted klotho levels have impacted the liver by attenuating expression of multiple growth 

hormones responsive genes [409] and may be further responsible for attenuating TGFβ- signalling in 

multiple different organs [479]. This said, the increased klotho observed within the treated mice 

essentially coincides with the increased SIRT1 (Figure 4.15) to suggest that an anti- ageing or anti-

senescence had indeed occurred. Additional substantiation is that it has been previously confirmed 

that klotho appears to exert some form of regulation over SIRT1 activity for longevity functionality 

[502]. Further contributing to this anti-senescent effect, is that klotho has been confirmed to 

influence TERT and telomerase activity [503]. Thus, the increased klotho may have aided in 

stimulating the observed increase in TERT (Figure 4.21) expression following LRP::FLAG 

overexpression thereby potentially aiding LRP with enhancing telomerase activity (Figure 4.22). 

Aside from all these aforementioned functions of klotho, the final manner in which it could be 

carrying out an anti-ageing effect is its ability to reduce the expression of inflammatory related 

markers (such as IL6 and 8 (Figure 8.1 and 8.2)) [504]. This occurs by klotho reducing the effects of 

oxidative stress as well as diminishing NFκB’s activity via preventing its translocation to the nucleus 

[504]. In contrast to the increased klotho observed, there was also an increase in Akt and its 

phosphorylation at Ser473, which klotho normally down regulates to protect against oxidative stress 

and hypoxia [505, 506]. However, other studies have shown conflicting results where enhancing 

klotho expression in the brain was shown to cause a subsequent increase in pAkt to improve synaptic 

plasticity [399]. In accordance other studies have found that klotho can increase Akt expression 

[507] and that pAkt, through rapamycin, allows for klotho expression [508], thus suggesting that the 

relationship between Akt and klotho is treatment and environment dependent. This said, we propose 

that klotho and Akt in the current study positively regulates one another to allow for increased anti-

ageing functionality. Therefore, to summarise, the data suggests that LRP::FLAG overexpression is 

able to induce an increase in klotho production to prevent the accumulation of inflammatory markers 

and oxidative stress, while positively influencing SIRT1 and telomerase for an anti-senescent effect.  
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5.8 Overexpression of LRP::FLAG increases the senescent-related protein p53 in 

aged mice  

An exceptionally surprising finding observed during the course of this study was the apparent 

elevation in gene expression and protein levels of p53 following LRP::FLAG overexpression. This 

particular tumor suppressor, which famously doubles up as a senescent marker, has broad spanning 

roles in cancer, apoptosis, DNA repair, and senescence (reviewed in: [509]). These roles allow p53 

to act as a guard to conserve normal cell functioning and prevent tumorigensis. In fact, p53 is well 

characterised as the central mediator in telomere dependent senescence, where the activation of 

ATM/ATR signalling cascades from critical telomeric erosion activates this protein to ensure a state 

of permanent cell arrest [129-131]. This has been further confirmed in mice engineered to express a 

mutant p53 or overexpression of p53 with other pathways that are also dysregulated [510, 511]. 

Although these mice are extremely cancer resistant, they did unfortunately display signs of 

acclerated ageing [510, 511].  In contrast, accumulating evidence has shown that p53’s roles in 

ageing is not as clear cut as originally thought. Interestingly, p53 has been tied to longevity 

functioning, where it has been shown to be capable of stimulating the activation of genes, like sistrin, 

which are involved in reducing oxidative stress; provided the stress is not of a high intensity [512-

514]. Should a high intensity stress affect the cells then p53 switches roles in favour of apoptosis 

where it interacts with the mitochondria for additional ROS generation and to intiate mitochondria-

dependent apoptosis [512, 515]. Futhermore, other mouse studies focused on overexpressing 

wildtype p53 showed signs that the ageing process was impeded [512]. In further support, p53 has 

also been shown to play an inhibitory role towards insulin and Akt signalling, both of which have 

been tied to pro-ageing functionality [516, 517]. Alongside the previously mentioned p53-MDM2 

axis, it is abundantly clear that the role p53 plays in a given moment is highly dependent on the 

environment (like stress) and presence of other manipulating factors, like the accumulation of 

senescent markers [475-477]. 

 

This said, we propose the increased p53 noted in the current study can be ascribed to promoting 

longevity. This is due to prior published findings that mice engineered with extra copies of the wild-

type p53 showed ordinary ageing patterns, even in the face of increased p53 [518, 519]. Moreover, it 

was found in another study that increased p53, alongside p19
ARF

 in mice, induced a heightened 

resistance to tumor development as well as a significant increase in longevity [512]. One possibility 

that could account for the increased p53 present in the mice overexpressing LRP::FLAG is that the 

alteration of LRP, like MDM2, has been shown to stimulate p53 expression [520]. Thus, the 
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increased p53 observed may have been a compensatory mechanism carried out by the tissue. This 

would have ensured that the proliferative and potential anti-ageing functions of LRP were tightly 

regulated to protect against any potential tumorigenic onset. Alternativley, the increase in p53 

observed, specifically in the brain, may have been a consquence of the increased MDM2 in order to 

maintain the p53-MDM2 axis to ensure normal and controlled functioning. Further supporting this 

proposed longevity functioning of p53 is the increase in both anti-ageing proteins and mean telomere 

length (Figure 4.15, 4.16, 4.23) with the concomittant decrease in DNA damage marker, γH2AX 

(Figure 4.19). This co-incides with previous findings that increased p53 activity does not necessarily 

accelerate or impede telomere driven senescence but rather promotes the removal of telomere 

damaged cells [405]. In this context, the removal of the damaged cells would further promote the 

establishment of a healthier phenotype in the treated mice in conjunction to waylaying senescence.            

 

5.9 Overexpression of LRP::FLAG reduces the levels of tested senescent markers 

in aged mice  

5.9.1 LRP::FLAG overexpression decreases senescent marker p16 

The conclusions made following the observed increases in p53 and other longevity markers was 

further substantiated by the stark decrease in p16 protein levels. This tumor suppressor protein acts 

as a cyclin-dependent kinase inhibitor that induces cell cycle arrest at the G1 checkpoint or activates 

Rb to elicit growth arrest by suppressing cdk 4 and 6 [131, 132]. This protein is commonly expressed 

or activated when the cells are exposed to extensive stress (exhaustive replication, oxidative stress 

and or metabolic stress) implicating the involvement of this protein in the process of senescence 

[131, 132]. In fact, p16 may even act as the master regulator of senescence, especially in mice. This 

is due to the fact that mice age along a stress-dependent senescence process as they exhibit a lack of 

critically shortened telomeres during their lifespan [219, 220]. Moreover, this protein has been 

confirmed to accumulate in various human and mouse tissues with increased age and also plays a 

role in maintaining the senescent phenotype [24, 521]. This said, it must still be noted that p16 can 

influence telomere-dependent senescence, but to a lower degree in comparsion to p53. Further 

ascertaining p16’s role in the ageing process, is that the eradication of p16 within senescent cells or 

the targeted removal of these cells has been found to reverse the ageing phenotype [35, 406].  

 

The current study falls in line with this sentiment, where the decreased gene expression and lowered 

protein levels of p16 appeared to positively affect tissue and organism fitness. In support, majority of 

the other tested senescent markers (Figure: 4.19; γH2AX, Figure: 8.1 and 8.2; IL6 and IL8) were also 
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diminished and thereby provides strong evidence that the senescence process was impeded [522, 

523]. Conflictingly though, elevated PI3K/ Akt/ mTOR signalling alongside increased p16 has been 

implicated in senescence [459]. Although, an increase in Akt and pAkt was noted in the current 

study, (Figure 4.12), we propose that it was not contributing to the senescent phenotype through 

mTOR signalling [459], but was rather being utilised for longevity related functions like TERT 

activation [204, 205]. This inhibition of senescence was further validated by the elevation in c-Myc 

previously noted within the treated mice (Figure 4.13). This is due to prior findings that have shown 

that an elevation in both p19 and p16 is capable of inducing an inhibition of c-Myc during DDR-

independent senescence [524]. Thus, an elevation of c-Myc with reduced p16 expression would 

indicate an impediment of senescence. Moreover, elevated levels in klotho (Figure 4.16) and SIRT1 

(Figure 4.15) have been shown separately, to reduce p16 in aged organisms to promote longevity 

[482, 490, 525]. Therefore, the reduction in p16, alongside the improvements noted on a 

biochemical, histological and physiological clearly show that LRP plays an imperative role in ageing 

and senescence.   

 

5.9.2 LRP::FLAG overexpression reduces the DNA damage marker γH2AX  

The stark reduction in p16 alongside the increased p53 induced by LRP::FLAG overexpression 

prompted the assessment of DNA damage accumulation; one of the lead driving forces in ageing. 

DSBs have been closely linked to senescence by inducing permanent cell cycle arrest at stalled 

replication forks [526]. In response to the presence of DSBs caused by ROS, metabolic stress or UV, 

the cells firstly phosphorlate the histone H2AX (a variant of H2A) at Ser139, by ATM and ATR, to 

elicit a DDR [527, 528]. Thereafter, the presence of phospho-H2AX (γH2AX) ensures the 

persistance of the DDR until the damage is resolved. Moreover, γH2AX increases DNA accessibility 

and also aids in the recruitment of DDR proteins. This marker then persists throughout the repair 

process and is only de-phosphorylated in normal cells after the damage has been ameliorated. In turn, 

the persistant presence of this marker during DDR allows it to modulate cell cycle checkpoints to 

ensure growth arrest is maintained (21-24). In an ageing context, senescent cells accumulate γH2AX 

that eventually form foci, which represent a portion of lesions that are resistant to repair [529]. These 

lesions accumulate especially at the telomeric ends, due to crtical telomere erosion, and eventually 

induce a state of permanent cell cycle arrest typical of senescence [529]. This phenomenon has been 

extensivley confirmed both in vitro and in vivo, where it plays a key role in determing the rate of 

ageing [20, 26, 128]. Thus, a reduction in this marker in aged organisms following a particular 

treatment can be attributed to an anti-ageing or senescent effect. 
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Accordingly, the significant reduction in γH2AX following LRP::FLAG overexpression both in vitro 

(Figure 4.4 c, d) and in vivo (Figure 4.19) clearly points towards an anti-senescent effect. This 

finding was further substantiated by the reductions in p16 (Figure 4.18) levels as well as IL6 and 8 

expression (Figure 8.1 and 8.2) that was observed. In fact, previous studies have shown that marked 

reductions in γH2AX not only suppressed DDR-dependent senescence but also reduced IL6 secretion 

thereby corroborating the current findings [530, 531].  Moreover, the reduction in γH2AX alongside 

the increase in mean telomere length (Figure 4.23) suggests global genomic integrity was maintained 

in the treated mice (telomere dysfunction was averted) [529]. This said, there are a number of 

possibilities that could have accounted for this phenomenon including that the increased LRP may 

have played a role in resolving the DNA damage through its ability to maintain nuclear structure and 

integrity [292, 418]. In addition, LRP could aid in the recruitment of DNA repair proteins possibly 

through its ability to interact with histones [309]. Alternativley, Akt is also known to regulate 

phosphorylation of H2AX to regulate apoptosis, where it has been known to aid cancer progression 

by diminishing γH2AX during DNA repair [532, 533]. However, the current study suggests that 

Akt’s functioning is not pro-tumorigenic due to the high presence of proteins that play a role in 

tumor suppression (p53, SIRT1 and klotho). Moreover, the increased SIRT (Figure 4.15) may also 

aid in reducing γH2AX as it is known to localise to DNA damage sites to promote repair [534, 535]. 

Another potential mechanism that could account for this reduction both in vitro and in vivo is that the 

increased TERT (Figure 4.21) present may have been carrying out extra-telomeric functioning. This 

extra-telomeric functioning of TERT refers to its ability to prevent DNA damage accumulation and 

also to mediate in the DNA repair process to effectivley reduce the number of foci present [225, 

232]. Holistically, the reduction of γH2AX alongside all the other positive aspects that 

overexpression of LRP::FLAG wrought clearly indicate an improvement of tissue fitness. 

 

5.10 Overexpression of LRP::FLAG lowers mitochondrial DNA content in aged 

mice  

In order to further substantiate that LRP::FLAG had indeed aided in the impediment of senescence, 

mitochondrial fitness was assessed. One of the most common occurrences during ageing and age-

related diseases is the development of mitochondrial dysfunction. This process is characterised by a 

deterioration in respiratory function of the mitochondria that leads to enhanced oxidative stress 

causing extensive DNA, lipid and protein damage to accelerate the senescence process [536]. As 

mentioned previously this dysfunction generally comes about as a result of excessive generation of 
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ROS during ATP synthesis with impaired anti-oxidant defences that eventually induces extensive 

mtDNA damage accumulation [537, 538]. An additional factor contributing to mitochondrial decline 

is defective mitochondrial biogenesis through altered rates of fission and fusion, thereby causing 

disruptions in the lifecycle of the mitochondria [539]. This said, even though extensive research has 

been performed in elucidating the exact mechanisms behind mitochondrial dysfunction, there is 

much controversy with no clearly agreed upon explanation consolidating changes to mtDNA content 

(reviewed in: [536, 540]). What is agreed upon though, is that during ageing (aside from the 

accumulation of mtDNA mutations) there is a stark increase in mtDNA deletions, which negatively 

impacts the electron transport chain leading to the aforementioned increase in free radicals (reviewed 

in: [536, 540]). However, with regards to mtDNA copy number glaring, discrepancies are apparent, 

where increases, decreases and no apparent changes in copy number during ageing have been 

reported for both humans and rodents (reviewed in: [536, 540]). In relation, these discrepancies 

cannot be attributed to be being tissue-specific as conflicting data has been generated in the same 

tissue. However, one possibility that could at least in part account for this is the selection of 

mitochondrial and nuclear amplicons, where overlaps between mtDNA and genomic DNA or cases 

where the amplicon can be mapped to multiple sites can lead to confounding and even misleading 

results [536]. Alternatively, mitochondrial numbers may be regulated by a series of different 

signalling cascades and protein axes, and therefore alterations in its numbers maybe dependent on 

the patterns of signalling cascades that are favoured. 

 

Nevertheless, both increases and decreases in mtDNA copy number can be reasonably consolidated 

in the ageing process. In regard to a decreased copy number during ageing, this may be the result of 

extensive mitophagy where damaged mitochondria are degraded without a compensatory 

replenishment by biogenesis [541]. Moreover, this decline in mtDNA copy number could also be a 

consequence of aged mtDNA being a poor template for replication [542]. In addition, any aberrations 

to mitochondrial-based signalling cascades and anti-oxidant defences could abolish mitochondrial 

replication, thus lowering the mtDNA copy number. Alternatively, the increase in mtDNA copy 

number observed in prior ageing-based studies may also be a result of dysregulated fission and 

biogenesis. In this regard, impairments in mitophagy may prevent the degradation of damaged 

mitochondria and thereby allow their accumulation. Likewise, the increase in mtDNA could be a 

result of an attempted compensatory mechanism to counteract the accumulation of damaged 

mitochondria [543-545]. Moreover, elevated oxidative stress, a common feature in ageing, has been 

shown to stimulate mitochondrial biogenesis [546, 547]. Based on the aforementioned possibilities, it 

appears that changes in the copy number of mtDNA with age, cannot be consolidated, and therefore 
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data pertaining to mtDNA must be interpreted alongside other biochemical changes to draw 

reasonable conclusions.   

 

The data generated from the current study proposes that the overexpression of LRP::FLAG in aged 

mice reduces mtDNA content to elicit an anti-ageing effect (Figure 4.20). In fact our data coincides 

with Correia et al. (2016) [548], who found that reductions in mtDNA copy number prevented tissue 

senescence within the liver in vivo. Moreover, Masuyama et al. (2005) [544] further showed that as 

mice age there is a corresponding increase in brain and kidney mtDNA content, which indicates that 

the observed reductions in these tissues post LRP::FLAG overexpression could potentially be 

attributed to an anti-senescent effect. Further corroborating these findings, is the stark reductions in 

γH2AX (Figure 4.19), IL6 and IL8 (Figure 8.1 and 8.2) as well as increased telomere length (Figure 

4.23) that were noted. These findings collectively suggest an impediment of excessive ROS 

production and inflammation, which in turn would reduce the senescence-promoting effects of the 

SASP [548, 549]. In turn, this would not just improve mitochondrial function but whole cell 

functioning as well for improved tissue fitness. From these data, it can be construed that 

mitochondrial dysfunction was impeded by the preservation of mitochondrial fission and fusion 

processes, thereby allowing the selective degradation of damaged mitochondria. Alternatively, 

oxidative stress could have been reduced to prevent excessive mitochondrial biogenesis. Although, 

Akt through the mTORC pathway has been shown to adversely affect mitochondrial function during 

ageing, to promote ROS production, we propose that the increased Akt (Figure 4.12) is not favouring 

mTORC signalling, but is rather focused on pathways promoting longevity [548]. Alternatively, a 

compensatory mechanism, like elevated TERT or klotho, may be in place to stem excessive 

mitochondrial biogenesis, regulate Akt signalling and also protect against ROS [225, 483]. In fact, 

TERT is known to play a dual extra-telomeric role in the mitochondria, where it aids in protecting 

mtDNA from oxidative damage [215, 235, 236]. However, if the damage is too extensive TERT can 

aid in the initiation of mitophagy for its removal [215, 235, 236]. Therefore, the potential 

improvement in mitochondrial function alongside the improvements noted in physiologic function 

and tissue state further substantiate LRP as an ideal candidate to influence organism health and 

fitness. 

  

5.11 Overexpression of LRP::FLAG telomere dynamics in aged mice  

The final and perhaps most important aspect for LRP::FLAG overexpression that was assessed 

within the mice was validating the in vitro findings that LRP::FLAG overexpression positively 
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influenced telomere biology through telomerase. Although, the dynamics that govern telomere 

biology in ageing are fundamentally different between humans and mice, there are still common 

features that can be assessed to gain possible insights as to what may happen in humans. This said, 

mice do exhibit significantly longer telomeres than humans with no critically short telomeres 

evident, even at advanced ages, in either actively dividing cells or post-mitotic cells like neurons 

[219, 221]. Thus, mice do not age via a telomere-driven replicative senescence mechanism, but 

rather through the accumulation of stresses like oxidative stress commonly observed in inflamm-

ageing or mitochondrial induced senescence. However, treatments that modulate telomerase and the 

telomeres can still produce comparable anti-ageing effects, especially for healthier ageing, in both 

humans and mice. In addition, studies have also shown that mice like humans may also suffer from 

critical telomere erosion or dysfunction at old age [405, 550]. Similarly to the in vitro study, it was 

validated that the overexpression of LRP::FLAG not only caused a significant increase in mTERT 

protein, but also stimulated its expression at a gene level (Figure 4.21). This would suggest that LRP 

may have the potential to stimulate TERT expression through the stimulation of appropriate 

signalling cascades like MAPK or Wnt [292]. Moreover, the TERT gene is known to reside in an 

area of highly condensed chromatin domain that is subjected to histone hypoacetylation. Thus, 

LRP’s ability to interact with histones may aid in chromatin relaxation to allow for transcription. 

Alternatively, due to LRP’s nuclear related functioning and suspected potential TF capabilities it 

may play a more direct role in TERT expression [298, 418].  

 

In regard to the increased TERT protein levels, the elevated LRP could have had a potential hand in 

this as well, where it’s ribosomal functioning may allow for additional translational processing, 

effectively elevating TERT [298, 551]. This elevation in TERT, aside from allowing it to perform 

additional telomeric extension, may also allow for enhanced extra-telomeric functioning. Further 

supporting this theory, was the improved mtDNA content (Figure 4.20) and elevated c-Myc (Figure 

4.13). This indicated that the elevated TERT may have aided in preserving mitochondrial function 

and protected the mitochondria against oxidative mediated damage [225]. Moreover, the increased c-

Myc could suggest that TERT was aiding in Wnt pathway signalling, specifically through its positive 

feedback loop with c-Myc [225, 245, 246]. Alongside the increased TERT, there was also a 

corresponding increase in the phosphorylated form of this protein. This suggests that that the 

increased Akt may have allowed a corresponding elevation in TERT activation for subsequent 

translocation to the nucleus for construction of the active telomerase complex [204, 205]. 
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In line with the increased phospho-TERT there was a corresponding elevation in telomerase activity 

within the kidney and liver following LRP::FLAG overexpression in the treated mice (Figure 4.22). 

This corroborates the in vitro findings that LRP can be utilised to influence telomerase and telomere 

dynamics [293]. In accordance, this data was further validated by the fact that like telomerase 

activity the average telomere length was longer in the liver and kidney of the treated mice (Figure 

4.23) and thus confirmed that the elevated telomerase activity was having a replenishing effect. More 

specifically, this increase in telomere length was further confirmed by the elevated levels of TRF1 

and TRF2 observed in the liver (Figure 8.3), where comparatively higher TRF1 and 2 has been 

previously confirmed to illustrate the presence of longer telomeres. One last assurance that 

telomerase activity and telomere length had indeed improved was the elevated SIRT1 (Figure 4.15) 

that was also noted. How SIRT1 positively influences telomere biology is that it stabilises the 

telomeres and promotes their extension [493, 552]. Moreover, the improved mtDNA content (Figure 

4.20), telomere length and elevated telomerase activity coupled with the significant decreases in 

multiple senescent markers (γH2AX (Figure 4.19), p16 (Figure 4.18), IL6 and IL8 (Figure 8.1 and 

8.2) further establishes that an impediment of the senescent process had indeed occurred [136, 140, 

144, 553]. In turn, this telomeric extension would allow for a re-population of the treated mice 

tissues with non-senescent cells, further backing up the improved tissue observed during 

histopathological analysis [140, 554].  

 

Lastly, it must be pointed out that a slightly larger number of treated mice contracted cancer in 

comparison to the control or non-treated mice. Now while this is not a significantly large (8%) 

increase to cancer susceptibility, it does mimic other gene altering longevity based studies, further 

corroborating our findings that altering LRP can be used to modulate telomerase activity  [555-557]. 

This said, the marginal increase could just indicate that LRP can be modulated to impede senescence 

onset, provided all cell cycle controls are functional and the organism is not predisposed to 

tumorigenic development (does not have genomic mutations that could alter tumor suppressor 

protein function). Moreover, the increased functional p53 could further operate as a cancer deterrent. 

Therefore, treatments that target LRP in a non-genetic altering manner, may provide a potentially 

powerful therapeutic to impede the senescence process and possibly even treat age-related diseases 

influenced by telomerase. Holistically, all the aforementioned improvements to mouse physiologic, 

histologic and biochemical function clearly point towards a healthier form of ageing. It is unfortunate 

to note that an increase in longevity could not be confirmed post LRP::FLAG overexpression. This 

was due to a significant loss of control mice prior to the planned terminations for subsequent 

histological and biochemical analysis. These premature deaths, mainly from age-related conditions, 
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do offer some testament that the ageing process may have been impeded; however this should be 

further confirmed by a longevity-based study in the future. Moreover, these premature age-related 

deaths alongside the apparent increase in cellular proliferative capacity suggest that elevation of LRP 

could be used to potentially treat age-related diseases like AD, CVD, diabetes, age-related macular 

degeneration and possibly accelerated ageing disorders [136, 558, 559]. This is especially true for 

diseases or ageing syndromes that are affected by cell senescence, dysfunctional telomeres as well as 

telomerase. A fact confirmed by Bignoux et al., (2019)[294] that showed that LRP::FLAG could 

rescue cells, mimicking AD, from Aβ-induced cytotoxicity in vitro. Therefore, based off both the in 

vitro and in vivo ageing studies, strategies aimed at elevating LRP/LR could be used to improve not 

only telomere dynamics, but also allow the elevation of anti-ageing proteins while impeding the 

accumulation of senescent markers to revert or impede cellular senescence.    
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6. Conclusion 

 

This study provided an in-depth analysis into the effects of overexpressing LRP::FLAG in vitro and 

thereafter, in vivo demonstrated, from an ageing perspective, the potential of using LRP as a target 

for modulating the ageing process. This should come as little surprise due to the extensive roles it 

plays in cancer. In fact, it was in tumorigenic cells that a relationship between LRP and TERT was 

first established. The current study confirmed that this relationship between LRP and TERT extended 

into normal cells, where a co-localization between both proteins was observed predominantly within 

the perinuclear and cytosolic domains of the cells. Thereafter, the overexpression of LRP::FLAG 

was confirmed to induce a significant reduction in both γH2AX and β-galactosidase in aged 

embryonic (HEK293) and somatic (MRC 5) cells. This reduction in both tested senescent markers, 

suggested an impediment of the senescent process in vitro. This was validated by the subsequent 

elevation in hTERT, telomerase activity and telomere length in both cell lines transfected to stably 

overexpress LRP::FLAG. This indicates that LRP is able to hinder telomere-dependent senescence to 

impede cellular ageing.  

 

Further corroborating these findings, it was found that the overexpression of LRP::FLAG in aged 

mice exhibited drastically improved health and well-being. In this regard, the treated mice, on 

average, displayed less hair greying as well as fewer signs of hair thinning and balding. This was 

followed up with stark improvements in cognitive and motor function, where the treated mice solved 

puzzles of increasing complexity within a shorter period than the control mice and non-treated mice. 

Therefore, illustrating distinct improvements in short- and long-term memory, as well as puzzle 

solving ability. This improvement of cognitive function was further supported by the improved 

nesting ability displayed by the treated mice.  Moreover, significant improvements in motor 

functions and balance were noted, where the treated mice traversed the beam, on average, 10 sec 

faster. Overall, these physiological improvements were proposed to be due to holistic improvements 

observed at a tissue level. Histological analysis showed that, on average, mice overexpressing 

LRP::FLAG displayed fewer signs of tissue atrophy, degeneration, disorganization and shrinkage, in 

both the brain and liver tissue. Thus, further highlighting the restorative effects conveyed by 

LRP::FLAG.          
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The compelling benefits noted at both a physiologic and histologic level in the treated mice were 

further substantiated upon biochemical analysis. In this respect, the confirmed elevation in total LRP 

was found to significantly improve distinct proliferative pathways, including the PI3-Akt (via Akt) 

and Wnt (via c-Myc) pathway. In fact, the significant elevation in both total and active Akt, also 

indicates, that additional TERT protein may have been phosphorylated for nuclear translocation. 

Moreover, the increase in the TF c-Myc not only indicated an increase in Wnt proliferative and 

survival signaling, but also suggested an increase in TERT expression. This improvement in 

proliferative potential was further confirmed, in part, by the elevated MDM2 within the brain. 

Alternatively, this may have simply acted as a compensatory mechanism against the observed 

increase of p53. Although this increase in MDM2 was noted in the brain, there was no change in 

total MDM2 in the liver, as well as no observable difference in active pMDM2 in these organs. 

Accordingly, this indicates a preservation of cell cycle controls and that no dysregulated or extensive 

proliferation had occurred.   

 

Coinciding with the improvement in proliferative signalling, it was subsequently noted that 

LRP::FLAG overexpression significantly enhanced the levels of the anti-ageing proteins, SIRT1 and 

klotho. Both of these proteins are positively implicated in telomere and telomerase regulation, and 

have been confirmed to induce a healthier ageing and longevity effect. Surprisingly, in conjunction 

with these improvements, there was a significant increase in p53 levels in the treated mice. These 

elevated levels more than likely acted as a compensatory mechanism against the enhanced 

proliferative markers (especially LRP and MDM2), to ensure functional cell cycle controls were in 

place, and this would have made the mice (that displayed these increases) more resistant to 

tumorigenic development. Interestingly, although p53 was increased in the treated mice, a significant 

reduction was noted in all other tested senescent markers (γH2AX, p16, IL6 and IL8), thereby 

confirming that LRP::FLAG impeded the senescence process in vivo. More specifically, it also 

indicates a reduction in both DNA damage and inflammatory responses, which are normally central 

to progressing the ageing phenotype. Collectively, the elevation in multiple proliferative and anti-

ageing proteins coupled with the observed decrease of the various senescent markers clearly 

demonstrate that elevation of LRP/LR exerted an anti-ageing effect within the mice.  Finally, this 

potential impediment of the senescence  process was further confirmed by the substantial 

improvements observed in the telomere biology of the treated mice. In a similar manner to the in 

vitro study, it was found that LRP::FLAG overexpression within the aged mice induced a significant 

elevation in mTERT expression, total mTERT protein levels, phospho-TERT and telomerase 

activity, as well as telomere length, which would have aided in promoting healthier ageing.      
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In conclusion, these data from both the in vitro and in vivo studies clearly implicate LRP in a novel 

role within the process of cellular ageing. This role appears to be centred around modulating 

telomere biology and anti-ageing proteins, as well as aiding in preventing the accumulation of 

senescent markers. The considerable data generated during the course of this study offers valuable 

insight into the process of cellular ageing and further presents the potential for alternative therapeutic 

design. Therefore, strategies aimed at targeting or elevating LRP may well provide an alternative 

therapeutic strategy for impeding the effects of ageing and potentially treat age-related diseases.      

   

6.1 Future Studies 

Since the process of ageing is a dynamic and multi-faceted process, any future studies surrounding 

the modulation of LRP for impeding the senescence process should aim at delving into this function 

with greater detail. In particular, greater attention should be given to determining LRP’s role in 

metabolic and mitochondrial function based off the mtDNA content data generated during the 

current study. In substantiation, numerous age-related and metabolic disorders like AD, diabetes, 

CVD and muscular dystrophy, to name a few, are significantly affected by mitochondrial 

dysfunction. Thus, should LRP be found to have functionality that improves mitochondrial and/ or 

metabolic function, it could be exploited for therapeutic design. Another avenue of research that 

could be explored, is performing a proteomic and transcriptomic study to fully elucidate the gene 

expression patterns, as well as signaling patterns altered by LRP::FLAG overexpression. This would 

provide valuable insight into the extent to which LRP influences normal cellular functions. 

Moreover, as LRP is an oncogenic protein, a full risk assessment study should be carried out to 

evaluate and minimize chances of tumorigenic development during potential drug development.  

 

Perhaps, the most important avenue that this research will take in future studies, will be in drug 

design. One potential drug design area we aim to pursue, is the use of the LRP protein as a protein-

based drug. This area of drug design is particularly attractive as the use of a protein, especially one 

that is normally produced endogenously, usually produces minimal to negligible side effects. One 

factor accounting for this, is that it is normally non-gene altering, safe and that several protein-based 

drugs have been met with large success. Interestingly, protein-based therapeutics have substantial 

commercial and therapeutic value, comprising approximately 10% of the current pharmaceutical 

market. A few well-documented cases where protein-based drugs have been used with large success, 

are epoetin for anemia, rituximab for non-Hodgkin’s lymphoma and insulin for diabetes, thereby 
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highlighting the huge potential this field of drug design has. One large draw-back to protein-based 

drugs, is their relatively short half-life and their poor ability to pass through physiologic barriers.  

 

To circumvent this issue, we will attempt encapsulating the LRP protein within nanocapsules, 

specifically using Poly(lactic-co-glycolic acid) (PLGA) nanoparticles, which is already FDA 

approved. These nanoparticles offer a range of advantages over alternative delivery systems, 

including low toxicity, high biocompatibility, and a controlled release of the drug due to its 

biodegradability. Therefore, encapsulating LRP in PLGA nanocapsules will protect the drug from 

degradation and allow it to pass physiological barriers, in addition to having a longer half-life for 

enhanced therapeutic properties. Once synthesized, this drug’s therapeutic potential would firstly 

need to be assessed in vitro on cultured cells and thereafter in vivo on various animal models, where 

toxicity profiling would also need to be done. Should positive data be generated on all these fronts 

pre-clinical and clinical studies could then be possibly initiated. On an interesting side note, once the 

LRP protein-based drug is developed we can perform studies that assess its effectiveness against 

other anti-ageing drugs like TA-65, senolytics, klotho, resveratrol and NAD
+
. These studies would 

offer valuable knowledge to discern how the different drugs measure up comparably to one another, 

especially with regards to our LRP-based drug. Ultimately, the targeting or use of LRP/LR to impede 

the senescence process may provide an invaluable opportunity for therapeutic design; for the 

potential treatment of age-related disorders, as well as allow for healthier ageing and extended 

longevity.   

   

6.2 Study Limitations 

There were a number of additional parameters and alterations that could have been made to improve 

the current study. Firstly, a larger sample size for the mouse study could have been used to 

definitively confirm all of the aforementioned effects that LRP::FLAG induced, in a larger cohort. 

Moreover, the use of a larger sample size would have allowed for a more accurate statistical 

representation. An additional shortcoming, is that an additional mouse group should have been used 

during the study. This group would have included younger C57BL/6J mice to distinguish the extent 

to which overexpression of LRP::FLAG induces an anti-ageing effect. In addition, an alternative 

vector system could have been used for the overexpression of LRP. If overexpression of LRP had 

been performed by a viral system (lenti-viral) or by CRISPR/CAS9, this would have presented a 

much larger and further reaching overexpression which may have allowed for efficient deection of 

the FLAG tag. In turn, this may have induced a much greater effect on all the different markers that 
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were assessed.  As mentioned previously, a large discrepency exists around mtDNA content, 

therefore a better alternative, such as assessing mtDNA mutations, may have provided a more 

definitive finding. Finally, with regards to the assessment of telomere length and telomerase activity, 

alternative techniques could have been performed together with the qPCR to act as further validation.    
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8. Appendices 

Appendix A 

Additional Data 

 

 

Figure 8.1: The overexpression of LRP::FLAG reduces IL6 in the brain and kidney in aged 

mice. 
IL6 gene expression assessment by qPCR revealed that LRP::FLAG overexpression induced a ±0.2 and ±0.4 

fold reduction within the (A) brain and kidney (C), while no difference was observed in the (B) liver. Sample 

size: Brain: Treated: n = 6; Control: n = 5 and Non-treated: n = 6. Liver: Treated: n = 6; Control: n = 6 and 

Non-treated: n = 7 and Kidney: Treated: n = 9; Control: n = 5 and Non-treated: n = 10. RPLPO and GAPDH 

were used as reference genes for normalisation purposes. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 

0.001, NS: p>0.05, non-significant; One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni 

correction were performed for all experiments. The number of ‘*’ irrespective of colour represents the level of 

significance according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the 

Bonferroni correction. 
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Figure 8.2: The overexpression of LRP::FLAG caused a non-significant reduction in IL8 

within the brain and kidney of aged mice. 
IL8 gene expression assessment by qPCR revealed that LRP::FLAG overexpression induced a ±0.3, ±0.4 and 

±0.4 fold reduction within the (A) brain, (B) liver and kidney (C). Sample size: Brain: Treated: n = 5; Control: 

n = 5 and Non-treated: n = 6. Liver: Treated: n = 7; Control: n = 7 and Non-treated: n = 8 and Kidney: 

Treated: n = 6; Control: n = 6 and Non-treated: n = 8. RPLPO and GAPDH were used as reference genes for 

normalisation purposes. Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-

significant; One-way ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction were 

performed for all experiments. The number of ‘*’ irrespective of colour represents the level of significance 

according to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni 

correction. 
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Figure 8.3: The overexpression of LRP::FLAG induces a significant increase in TRF1 and 

TRF2 within the liver of the aged mice. 

Protein level assessment of (A) TRF1 and (B) TRF2 protein levels by western blotting in the liver 

revealed that LRP::FLAG overexpression induced a ±40% and ±20% elevation for both proteins. 

Liver TRF1: Treated: n = 12; Control: n = 9 and Non-treated: n = 12. Liver TRF2: Treated: n = 11; 

Control: n = 9 and Non-treated: n = 10. (A, B) β-actin was used as a reference protein and all 

illustrated blots are representative where 4 blots were performed to assess all biological replicates. 

Data as a mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, NS: p>0.05, non-significant; One-way 

ANOVA and Welch’s t-test coupled with a post hoc Bonferroni correction were performed for all 

experiments. The number of ‘*’ irrespective of colour represents the level of significance according 

to Welch’s t-test, whereas ‘*’ in red indicate data that is significant following the Bonferroni 

correction. 
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Supporting Data 

 

 
Figure 8.4: Agarose gel electrophoresis displaying the pCIneo-moLRP::FLAG and empty 

pCIneo- vector. 
A 1% agarose gel was utilised to assess plasmid purity and integrity following plasmid expression and 

isolation. Two distinct bands can be noted in all loaded lanes (lane 1-4 and lane 6-9). The uppermost band 

(fainter band in each lane) displays nicked plasmid while the second band (brightest and largest band in each 

lane) illustrates intact supercoiled plasmid. Lanes containing the empty pCIneo-vector include: 1, 2, 6 and 7, 

while lanes containing the pCIneo-moLRP::FLAG include: 3, 4, 8, 9. Interestingly, the pCIneo-

moLRP::FLAG plasmid appeared higher on the gel indicating an extra weight of ±1000 bp, where the 

LRP::FLAG insert is about ±909 bp thereby rudimentarily confirming that an insert was present.  
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Figure 8.5: Sequencing alignment and BLAST data for the LRP::FLAG gene 
The isolated and purified pCIneo-moLRP::FLAG mammalian expression vector was sequenced by Inqaba 

Biotech™ (South Africa). The sequence data generated was then aligned to the mus musculus LRP (RPSA) 

gene using Bio-edit. Thereafter, the aligned sequences were BLASTed on NCBI where it was noted that the 

insert present in the pCIneo-moLRP::FLAG plasmid shared a 97% sequence homology. This confirms that the 

plasmid used during the in vitro and in vivo study definitely allowed the overexpression of LRP::FLAG.  
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Figure 8.6: Agarose gel electrophoresis displaying RNA extracted samples from the brain. 
A 1% agarose gel was utilised to assess RNA purity and integrity following RNA isolation. Two distinct 

bands representing the ribosomal 28S rRNA and 18S rRNA can be seen for most samples in each gel. In 

addition, it was observed that no bands were present at the top of the gel confirming that there is no DNA to 

negligible DNA contamination. Lanes 1-9 represent brain RNA samples from the treated group. Lanes 12-18 

represent brain from the RNA samples from the control mouse group, and Lanes 20-27 represent brain RNA 

samples from the non-treated mouse group. Approximately 200 ng of RNA was loaded for each sample.  

 

 
Figure 8.7: Agarose gel electrophoresis displaying RNA extracted samples from the liver. 
A 1% agarose gel was utilised to assess RNA purity and integrity following RNA isolation. Two distinct 

bands representing the ribosomal 28S rRNA and 18S rRNA can be seen for most samples in each gel. In 

addition, it was observed that no bands were present at the top of the gel confirming that there is no DNA to 

negligible DNA contamination. Lanes 1-9 represent liver RNA samples from the treated mouse group. Lanes 

10-16 represent liver from the RNA samples from the control mouse group, and Lanes 17-26 represent liver 

RNA samples from the non-treated mouse group. Approximately 200 ng of RNA was loaded for each sample. 
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Figure 8.8: Agarose gel electrophoresis displaying RNA extracted samples from the kidney. 
A 1% agarose gel was utilised to assess RNA purity and integrity following RNA isolation. Two distinct 

bands representing the ribosomal 28S rRNA and 18S rRNA can be seen for most samples in each gel. In 

addition, it was observed that no bands were present at the top of the gel confirming that there is no DNA to 

negligible DNA contamination. Lanes 1-9 represent kidney RNA samples from the treated mouse group. 

Lanes 10-16 represent kidney from the RNA samples from the control mouse group, and Lanes 17-26 

represent kidney RNA samples from the non-treated mouse group. Approximately 200 ng of RNA was loaded 

for each sample.  

 

 
Figure 8.9: Agarose gel electrophoresis displaying DNA extracted samples from the brain. 
A 1% agarose gel was utilised to assess DNA integrity following DNA isolation. One distinct band was 

present at the top of each lane confirming the presence of intact DNA. Lanes 1-9 represent brain DNA 

samples from the treated mouse group. Lanes 10-16 represent brain from the DNA samples from the control 

mouse group, and Lanes 17-24 represent brain DNA samples from the non-treated mouse group. 

Approximately 100 ng of DNA was loaded for each sample.  
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Figure 8.10: Agarose gel electrophoresis displaying DNA extracted samples from the liver. 
A 1% agarose gel was utilised to assess DNA integrity following DNA isolation. One distinct band was 

present at the top of each lane confirming the presence of intact DNA. Lanes 1-8 represent liver DNA samples 

from the treated mouse group. Lanes 9-15 represent liver from the DNA samples from the control mouse 

group, and Lanes 16-22 represent liver DNA samples from the non-treated mouse group. Approximately 100 

ng of DNA was loaded for each sample.  

 

 
Figure 8.11: Agarose gel electrophoresis displaying DNA extracted samples from the kidney. 
A 1% agarose gel was utilised to assess DNA integrity following DNA isolation. One distinct band was 

present at the top of each lane confirming the presence of intact DNA. Lanes 1-9 represent kidney DNA 

samples from the treated mouse group. Lanes 10-16 represent kidney from the DNA samples from the control 

mouse group, and Lanes 17-25 represent kidney DNA samples from the non-treated mouse group. 

Approximately 100 ng of DNA was loaded for each sample.  
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Figure 8.12: Amplification curve and Melt peak analysis of the reference gene GAPDH. 
(A, C, E) Amplification curves following qPCR amplification of the reference gene GAPDH in the three 

different mouse groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-

treated mice. This was done for all three tested organs that included the brain (A), liver (C) and kidney (E). 

(B, D, F) Representative qPCR melt peak analysis of the reference gene GAPDH in the three different organs 

of the various mouse groups confirmed that only a single gene product was amplified. No amplification was 

observed in the no template controls (NTC’s) and the no reverse transcriptase controls (no RT’s). 
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Figure 8.13: Amplification curve and Melt peak analysis of the reference gene RPLPO. 
 (A, C, E) Amplification curves following qPCR amplification of the reference gene RPLPO in the three 

different mouse groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-

treated mice. This was done for all three tested organs that included the brain (A), liver (C) and kidney (E). 

(B, D, F) Representative qPCR melt peak analysis of the reference gene RPLPO in the three different organs 

of the various mouse groups confirmed that only a single gene product was amplified. No amplification was 

observed in the NTC’s and for majority of the no RT’s except for two of the no RT samples in the liver (D). 
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Figure 8.14: Amplification curve and Melt peak analysis of the LRP gene.  
(A, C, E) Amplification curves following qPCR amplification of the LRP gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the LRP gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.15: Amplification curve and Melt peak analysis of the Akt gene. 
(A, C, E) Amplification curves following qPCR amplification of the Akt gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the Akt gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. There was however one sample that 

amplified poorly in the (D) liver. No amplification was observed in the NTC’s and no RT’s. 
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Figure 8.16: Amplification curve and Melt peak analysis of the c-Myc gene. 
 (A, C, E) Amplification curves following qPCR amplification of the c-Myc gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the c-Myc gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.17: Amplification curve and Melt peak analysis of the MDM2 gene. 
 (A, C, E) Amplification curves following qPCR amplification of the MDM2 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the MDM2 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.18: Amplification curve and Melt peak analysis of the SIRT1 gene. 
(A, C, E) Amplification curves following qPCR amplification of the SIRT1 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the SIRT1 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. However, one sample for the kidney (F) was 

confirmed to amplify poorly. No amplification was observed in the NTC’s and no RT’s. 
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Figure 8.19: Amplification curve and Melt peak analysis of the klotho gene. 
(A, C) Amplification curves following qPCR amplification of the klotho gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A) and kidney (C). (B, D) Representative qPCR 

melt peak analysis of the klotho gene in the three different organs of the various mouse groups confirmed that 

only a single gene product was amplified, however all the no RT’s and NTC’s displayed low amplification 

suggesting that primer dimers had occurred.  
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Figure 8.20: Amplification curve and Melt peak analysis of the p53 gene. 
(A, C, E) Amplification curves following qPCR amplification of the p53 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the p53 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.21: Amplification curve and Melt peak analysis of the p16 gene. 
(A, C, E) Amplification curves following qPCR amplification of the p16 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the p16 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.22: Amplification curve and Melt peak analysis of the TERT gene. 
(A, C, E) Amplification curves following qPCR amplification of the TERT gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the TERT gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. There was low amplification for the no RT’s 

and NTC’s for the brain (B) and liver (D) suggesting the formation of primer dimers.  No amplification was 

observed in the NTC’s and no RT’s for the kidney (F). 
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Figure 8.23: Amplification curve and Melt peak analysis of the IL6 gene. 
(A, C, E) Amplification curves following qPCR amplification of the IL6 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the IL6 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. However, one sample for the kidney (F) was 

found to amplify poorly. No amplification was observed in the NTC’s and no RT’s. 
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Figure 8.24: Amplification curve and Melt peak analysis of the IL8 gene. 
(A, C, E) Amplification curves following qPCR amplification of the IL8 gene in the three different mouse 

groups, namely: Mice overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This 

was done for all three tested organs that included the brain (A), liver (C) and kidney (E). (B, D, F) 

Representative qPCR melt peak analysis of the IL8 gene in the three different organs of the various mouse 

groups confirmed that only a single gene product was amplified. No amplification was observed in the NTC’s 

and no RT’s. 

 



- 196 - 

 

 
Figure 8.25: Amplification curve and Melt peak analysis of the mtDNA and nuclear specific 

DNA sequence (hexokinase). 
(A, C, E) Amplification curves following qPCR amplification of mtDNA as well as a nuclear specific 

sequence in the three different mouse groups, namely: Mice overexpressing LRP::FLAG, Empty vector 

Treated mice and Non-treated mice. The curves show that two distinct genomic products were amplified; one 

for the mtDNA and the other for the nuclear specific sequence. This was done for all three tested organs that 

included the brain (A), liver (C) and kidney (E). (B, D, F) Representative qPCR melt peak analysis of the LRP 

gene in the three different organs of the various mouse groups confirmed that only a single gene product was 

amplified per primer set evidenced by the two separate peaks. No amplification was observed in the NTC’s 

and no RT’s. 
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Figure 8.26: Amplification curves for telomerase activity in the brain, liver and kidney. 
(A, B, C) Amplification curves following telomerase extension and subsequent qPCR amplification of a 

telomeric substrate to quantify telomerase activity in the three different mouse groups, namely: Mice 

overexpressing LRP::FLAG, Empty vector Treated mice and Non-treated mice. This was done for all three 

tested organs that included the brain (A), liver (C) and kidney (E). Minimal amplification was observed in the 

NTC’s and Heat treated (HT) controls. 
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Figure 8.27: Amplification curve and Melt peak analysis for telomere length as well as the 

reference gene 36B4. 
(A, C, E) Amplification curves following qPCR amplification of the 36B4 reference gene as well as the 

telomeres in the three different mouse groups, namely: Mice overexpressing LRP::FLAG, Empty vector 

Treated mice and Non-treated mice. The curves show that two distinct genomic products were amplified; one 

for the amplified telomeres and the other for the reference gene 36B4. This was done for all three tested 

organs that included the brain (A), liver (C) and kidney (E). (B, D, F) Representative qPCR melt peak analysis 

of the LRP gene in the three different organs of the various mouse groups confirmed that only a single gene 

product was amplified per primer set evidenced by the two separate peaks. No amplification was observed in 

the NTC’s and no RT’s. 
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Appendix C 

 

Enlarged Figures 

 

 
Figure 8.28: Qualitative analysis of mouse hair greying 
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Figure 8.29: LRP::FLAG overexpression significantly elevates total LRP levels in the brain of 

aged mice. 

 



- 201 - 

 

 
Figure 8.30: LRP::FLAG overexpression significantly elevates total LRP levels in the liver of 

aged mice. 
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Figure 8.31: LRP::FLAG overexpression significantly elevates total Akt levels in the brain of 

aged mice. 
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Figure 8.32: LRP::FLAG overexpression induces no significant change in total Akt levels 

within the liver of aged mice. 

 



- 204 - 

 

 
Figure 8.33: LRP::FLAG overexpression significantly elevates phospho-Akt levels in the liver 

of aged mice. 
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Figure 8.34: LRP::FLAG overexpression significantly elevates c-Myc levels in the brain of 

aged mice. 
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Figure 8.35: LRP::FLAG overexpression significantly elevates c-Myc levels in the liver of aged 

mice. 
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Figure 8.36: LRP::FLAG overexpression significantly elevates total MDM2 levels in the brain 

of aged mice. 
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Figure 8.37: LRP::FLAG overexpression induces no significant change in total MDM2 levels in 

the liver of aged mice. 
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Figure 8.38: LRP::FLAG overexpression induces no significant change in phospho-MDM2 

levels in the brain of aged mice. 
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Figure 8.39: LRP::FLAG overexpression induces no significant change in phospho-MDM2 

levels in the brain of aged mice. 
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Figure 8.40: LRP::FLAG overexpression significantly increases Sirt1 levels in the brain of 

aged mice. 
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Figure 8.41: LRP::FLAG overexpression significantly elevates Sirt1 levels in the liver of aged 

mice. 
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Figure 8.42: LRP::FLAG overexpression significantly elevates full length and secreted klotho 

levels in the brain of aged mice. 
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Figure 8.43: LRP::FLAG overexpression significantly elevates secreted klotho levels in the 

liver of aged mice. 
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Figure 8.44: LRP::FLAG overexpression significantly elevates p53 levels in the brain of aged 

mice. 
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Figure 8.45: LRP::FLAG overexpression significantly elevates p53 levels in the liver of aged 

mice. 
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Figure 8.46: LRP::FLAG overexpression significantly reduces p16 levels in the brain of aged 

mice. 
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Figure 8.47: LRP::FLAG overexpression significantly reduces p16 levels in the liver of aged 

mice. 
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Figure 8.48: LRP::FLAG overexpression significantly reduces γH2AX levels in the brain of 

aged mice. 
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Figure 8.49: LRP::FLAG overexpression significantly reduces γH2AX levels in the liver of 

aged mice. 
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Figure 8.50: LRP::FLAG overexpression significantly elevates TERT levels in the brain of 

aged mice. 
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Figure 8.51: LRP::FLAG overexpression significantly elevates TERT levels in the liver of aged 

mice. 
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Figure 8.52: LRP::FLAG overexpression significantly elevates phospho-TERT levels in the 

brain of aged mice. 
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Figure 8.53: LRP::FLAG overexpression significantly elevates phospho-TERT levels in the 

liver of aged mice. 
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Appendix D 

 

Table 8.1: Bacterial Nutrient Broth 

Reagents Amount (g) 

Tryptone 10 

Yeast Extract  5 

NaCl 10 

 

• Add ddH20 to 1l 

• pH to 7.5 

• Autoclave 

• (if resistance gene is being used, add 1ml of 100mg/ml Ampicillin after it has cooled) 

 

Table 8.2: Bacterial Nutrient Agar 

Reagents Amount (g) 

Tryptone 10 

Yeast Extract 5 

NaCl 10 

Agar 15 

  

 Add ddH20 to 1l 

 pH to 7.5 

 Autoclave 

 (if resistance gene is being used, add 1ml of 100mg/ml Ampicillin after it has cooled) 
o Creates selective environment 
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Plasmid DNA Isolation Buffers: 

 

Table 8.3: Resuspension Buffer 

Reagents Volume (ml) 

1M Glucose 5 

1M Tris- HCl 2.5 

1M EDTA 1 

ddH2O 90.5 

Total: 100 

 

Table 8.4: Bacterial Lysis Buffer 

Reagents Volume 

0.2 M NaOH 0.4 

1% (w/ v) SDS 2 

ddH2O 17.6 

Total: 20 

 

Table 8.5: Neutralisation Buffer 

Reagents Volume (ml) 

5M Potassium acetate 60 

Glacial Acetic Acid 11.5 

Total: 100 

 

Table 8.6: Tris-EDTA (TE) Buffer (pH8) 

Component  Volume (ml) 

1M Tris- HCl 1 

0.5M EDTA 0.2 

ddH2O 98.8 

Total: 100 

 

1M Tris-HCl (50ml):  

  

1. Dissolve 6.057g of Tris-base in 50ml ddH20 

2. Adjust pH with HCl and NaOH 

3. Filter sterilize 

4. Store at room temperature  
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500mM / 0.5M EDTA (pH 8.0) (100ml): 

 18.2 g Na2EDTA 

 80 ml dH2O 

 pH to 8.0 with HCl and NaOH 

 Make up to 100ml 

 Stored at 4 ⁰C 

 

 

Table 8.7: Phosphate Buffered Saline 

 Amount 

Reagent 1X 10X 20X 

NaCl 8 g 80 g 160 g 

KCl 0.2 g 2 g 4 g 

Sodium dihydrogen phosphate 

dodecahydrate (NA2HPO4.12H20) 

1.44 g 14.4 g 28.8 g 

Monopotassium phosphate 0.24 g 2.4 g 4.8 g 

 

 pH using HCl and NaOH 

 Dissolve in 1L with dH20  

 Stored at Room Temperature 

 

Table 8.8: RIPA Buffer (Radio immunoprecipitation assay lysis buffer) 

 Amount 

Reagent 1X 2X 

NaCl 150 mM 300 mM 

Trition X- 100 1 % (v/ v) 2 % (v/ v) 

Sodium deoxycholate 0.5 % (w/ v) 1 % (w/ v) 

SDS 0.1 % (w/ v) 0.2 % (w/ v) 

Tris- HCl (pH 8.0) 50 mM 100 mM 

EDTA (pH 8.0) 5 mM 10 mM 

  

 A protease inhibitor cocktail was added to the RIPA buffer used for protein extraction from 

tissue.  

 Made up to 100 ml with dH2O and stored at 4 ⁰C. 
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Table 8.9: 10% SDS-PAGE gel recipe 

Reagents/ 

No. of gels 

 

10 % Separating Gel 

 

5 % Stacking Gel 

No. of gels 1 2 3 4 1 2 3 4 

dH2O (ml) 0.825 1.65 2.475 3.3 1.36 2.73 4.1 5.45 

40 % 

Acrylamide 

1.675 3.35 5.025 6.7 0.3 0.6 0.9 1.2 

2X 

Resolving 

Gel Buffer 

2.5 5 7.5 10 - - - - 

4X 

Stacking 

Gel Buffer 

- - - - 0.56 1.125 1.69 2.25 

10 % SDS         

10 % 

Ammonium 

Persulphate 

(APS)  

37.25 74.5 111.75 149 22.5 45 67.5 90 

TEMED 

(µl) 

   25 2.25 4.5 6.75 9 

Total gel 

volume 

        

 

40 % Acrylamide/ bis-acrylamide: 

  

 Add 380g acrylamide 

 Add 20g bis-acrylamide 

 Dissolve in up to 1L of water 

 Store at 4 ⁰C 

 

4X Stacking gel buffer (pH 6.8): 

  

500 mM Tris – HCl 

 30.25 g Tris in 400 ml dH2O, make up to 500 ml 

 pH to 6.8 using HCl and NaOH 

 Stored at 4 ⁰C 
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Resolving/ Separation gel buffer (pH 8.8): 

  

1.5 M Tris – HCl 

 90.85 g Tris in 400 ml dH2O, make up to 500 ml with water 

 pH to 8.8 using HCl and NaOH 

 Stored at 4 ⁰C 

 

Table 8.10: Electrophoresis tank (Running) Buffer (pH 8.3) 

 Amount (g) 

Reagent 1X 10X 

Tris 3 30 

Glycine 14.4 144 

SDS 1 10 

 

 Made up to 1L with dH20 

 pH using HCl and NaOH 

 Stored at 4 ⁰C 

 

Table 8.11: 10X Transfer Buffer 

 Amount (g) 

Reagents 10X 

Tris 30  

Glycine 144 

  

 Made up to 1L with dH20 

 Stored at 4 ⁰C 

 

Table 8.12: 10X Transfer Buffer 

 Amount (ml) 

Reagents 1X 

10X Transfer Buffer 100  

Methanol 200 

dH2O 700 

  

 Stored at 4 ⁰C 
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Table 8.13: Stripping Buffer (pH 2.2) 

 Amount 

Reagent 500 ml 250 ml 100 ml 

Glycine 7.5 g 3.75 g 1.5 g 

SDS 0.5 g 0.25 g 0.1 g 

Tween20 5 ml 2.5 ml 1 ml 

  

 Make up to 70% of the total volume with dH2O 

 To pH 2.2 using HCl and NaOH (this may take some time) 

 Then make up to the final volume with dH2O 

 Stored at 4 ⁰C for up to 3 days 

 

Table 8.14: qPCR master mix 

Reagent Amount per well (µl) 

SYBR green (Luna or Sensi-Fast) 5 

Forward Primer (10 µM) 0.5 

Reverse Primer (10 µM) 0.5 

DNase/ RNase free dH2O 3 

Sample 1 

 

Table 8.15: qPCR Trap Master mix 

Reagent Amount per well (µl) 

SYBR green 12.5 

Forward Primer 1 

Reverse Primer 1 

EGTA 1 

BSA (0.1 mg/ ml) 2.5 

DNase/ RNase free dH2O 5 

Sample 2 
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Appendix E 

Reagents and Materials 

 Associate chemical enterprise (ACE), Southdale, RSA: Methanol; Paraformaldehyde; 

Acetic acid; Hydrochloric acid; Sodium hydroxide (NaOH) 

 Bioline, London, UK: Sensi-Fast™ SYBR green master mix  

 Biorad Hercules, CA: Clarity™ Western ECL Substrate; Laemmli sample buffer; Cell 

counting slides; Triton X-100 

 Biowest/Gibco, Nuaillé - France: Penicillin/streptomycin; PBS; Opti-MEM  

 Capricorn Scientific, Hessen, Germany: FCS 

 Cleaver Scientific Ltd, Warwickshire, UK: Agarose  

 Corning Inc. Corning, NY, USA:15 ml and 50 ml centrifuge tube; 1.8 ml cryogenic tube, 

24-well, 6-well plates as well as 25 cm
3
 and 75 cm

3
 cell culture flasks  

 Eppendorf AG, Hamburg, Germany: 2 ml microfuge tubes  

 Fermentas Life Sciences, Glen Burnie, Burlington, Canada: Loading buffer  

 GE Life sciences /Hyclone, Massachusetts, USA: Media (DMEM) 

 Invitrogen, California, USA: Lipofectamine 3000 

 Labocare, Secunderabad, India: Microscopy slides and coverslips   

 Lonza Walkersville, MD: Trypsin/EDTA; Pen/Strep; Gentamycin 

 Macherey-Nagel, Düren, Germany: RNase A  

 Merck Millipore, Massachusetts, USA: Tween 20; DMSO; CHAPs lysis buffer; 

Ethylenediaminetetraacetic acid (EDTA); Glycine; Isopropanol; KCl; Potassium dihydrogen 

phosphate (KH2PO4); Sodium chloride (NaCl); Sodium dodecyl sulfate (SDS); 

Tris(hydroxymethyl) aminomethane (Tris) 

 New England Biolabs Inc. Massachusetts, USA: Molecular weight marker; OneTaq® 

HotStart Taq Polymerase; Luna
®
 Universal qPCR Mastermix  

 Pall corporation, NY, USA: PVDF membrane  

 Sigma-Aldrich, Missouri, USA: Non-essential amino acids; BCA reagents; APS; 

acrylamide; TEMED; fluoromount mounting fluid; SDS; Triton-X; Agarose gel stain; 

Acrylamide; β-mercaptoethanol; Bisacrylamide; Ammonium persulphate; Formaldehyde; 

Dapi 
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 Thermo Fisher Scientific, Massachusetts, USA: TurboFect
TM

 in vivo Transfection Reagent; 

GeneRuler 1 kb DNA ladder; PageRuler
TM

 Plus prestained protein ladder; Lipofectamine 

3000 

 VWR Life sciences, Pennsylvania, USA: BSA; Ethanol  

 

Antibodies and primer Tables 

Table 8.16: List of primers used for gene expression analysis 

Name Mouse Primers (5'-3') 

Annealing 

Temp 

(°C) 

Reference 

 α-

klotho 

Forward GATGGCAGAGAAATCAACACAGT 
60 

Sato et al., 

2015 (1) Reverse ACTACGTTCAAGTGGACACTACT 

Akt 

Forward  GCCAAAGTCCAGCAAGAAGG 

58 

 Hoshino 

and Sato, 

2008 (2) 
Reverse  CTGAACCGCATGGGACACAG 

cMyc 
Forward TGAGGAGACACCGCCCAC 

55 

Magri et 

al., 2014 

(3) 
Reverse CAACATCGATTTCTTCCTCATCTTC 

GAPDH 
Forward CAACTACATGGTCTACATGTTC 

55 
Sato et al., 

2015 (1) Reverse CGCCAGTAGACTCCACGAC 

IL-6 
Forward CCAGAGATACAAAGAAATGATGG 

58 
Li et al., 

2010 (4) Reverse ACTCCAGAAGACCAGAGGAAAT 

IL8 
Forward TGTCCCCAAGTAACGGAGAAA 

56 

Thangavel 

et al., 2014 

(5) 
Reverse TGTCAGAAGCCAGCGTTCAC 

LRP 

Forward GGT TGG GAT TGC CAG ATG GA 

60 -  Reverse AAG TGC TAT TCA CAG GCC CC 

Mdm2 
Forward ATTGCCTGGATCAGGATTCAGTT 

58 

Alder et 

al., 2015 

(6) 
Reverse ACCTCATCATCCTCATCTGAGA 

p16 
Forward CGGTCGTACCCCGATTCAG 

60 

Diekman et 

al., 2018. 

(7) 
Reverse GCACCGTAGTTGAGCAGAAGAG 

p53 
Forward CTGTGCAGTTGTGGGTCAGC 

60 
Kim et al., 

2012 (8) Reverse ACCTCCGTCATGTGCTGTGA 

RPLPO 
Forward GGACCCGAGAAGACCTCCTT 

60 
Lin et al., 

2013. (9) Reverse GCACATCACTCAGAATTTCAATGG 

Sirt 1 
Forward TGTGAAGTT ACTGCAGGAGTGTAAA 

56 Bai et al., 

2011. (10) Reverse GCATAGATACCGTCTCTTGATCTGAA  

TERT 

Forward TGC TAC TGT TGA GCC GAG TG 

56 -  Reverse GCC TGT AAC TAG CGG ACA CA 
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Table 8.17: Primers used for mtDNA content analysis 

Name Mouse Primers (5'-3') 
Annealing 

Temp (°C) 

Reference 

mtDNA 

specific 

(murine)  

Forward CCGCAAGGGAAAGATGAAAGA C 
60  

Bai et al., 

2011 [10] 
Reverse TCGTTTGGTTTCGGGGTTTC 

nuclear 

specific 

(murine)  

Forward GCCAGCCTCTCCTGATTT TAGTGT 
 60 

Bai et al., 

2011 [10] 
Reverse 

GGGAACACAAAAGACCTC 

TTCTGG 

 

Table 8.18: Primers used for mean telomere length analysis 

Name Mouse Primers (5'-3') 
Annealing 

Temp (°C) 
Reference 

Tel 1 
Forward 

TCC CGA CTA TCC CTA TCC CTA 

TCC CTA TCC CTA TCC CTA 
 60 

(mouse) 

and 58 

(human) 
Cawthon, 

2002. [11] Tel 2 
Reverse GGT TTT TTG AGG GTG AGG GTG 

AGG GGT GAG GGT GAG GGT 

36B4 

(human) 

Forward CAGCAAGTGGGAAGGTGTAATCC  

 58 
Cawthon,  

2002 [11] Reverse CCCATTCTATCATCAACGGGTACAA 

36B4 

(mouse) 

Forward ACT GGT CTA GGA CCC GAG AAG 

 60 

O'Callaghan, 

and Fenech, 

2011 [12] Reverse TCA ATG GTG CCT CTG GAG ATT 

 

 

Table 8.19: Primers used for telomerase activity analysis 

Name Mouse Primers (5'-3') 
Annealing 

Temp (°C) 

Citation 

TS 
Forward 

AATCCGTCGAGCAGAGTT 

58 

Kim et al., 

1997 [13] 

ACX 
Reverse 

GCGCGGCTTACCCTTACCCTTACCCTA 

Kim et al. 

1997 [13] 
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Table 8.20: Antibodies used for in vitro confocal microscopy and western blotting analysis 

Target Protein Primary  (1°) 

antibody 

Secondary (2°) 

antibody 

Experiment and 

dilution factor 

LRP/LR Human anti-LRP/LR 

IgG-iS18  

(Affimed) 

anti-human IgG-HRP  

(Abcam 6858) 

Western blotting 

1°: 1:6500 

2°: 1:6500 

LRP/LR Human anti-LRP/LR 

IgG-iS18  

(Affimed) 

anti-human IgG-FITC  

(Abcam 6854) 

Confocal 

Microscopy 

1°: 1:100 

2°: 1:100 

LRP::FLAG Murine anti-FLAG 

(Sigma F-3165) 

anti-murine IgG-HRP 

(Sigma A4416) 

Western blotting 

1°: 1:4000 

2°: 1: 2500 

LRP::FLAG Murine anti-FLAG 

(Sigma F-3165) 

anti-murine IgG-FITC 

(Abcam 6785) 

Confocal 

Microscopy 

1°: 1:100 

2°: 1:100 

hTERT Rabbit anti-hTERT 

(abcam 183105) 

anti-rabbit IgG-HRP 

(Cell signalling 7074S) 

Western blotting 

1°: 1:1000 

2°: 1: 2500 

hTERT Rabbit anti-hTERT 

(Abcam 183105) 

anti-rabbit IgG-APC 

(Abcam 72567) 

Confocal 

Microscopy 

1°: 1:100 

2°: 1:100 

β-actin Murine anti-β-actin-

peroxidase. 

(Sigma A3854) 

 

- 

Western blotting 

1°: 1:10 000 

Progerin  Murine anti-progerin  

(Abcam 13A) 

anti-murine IgG-HRP 

(Sigma A4416) 

Western blotting 

1°: 1:1000 

2°: 1: 2500 
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Table 8.21: Antibodies used for in the vivo study western blotting analysis 

Target 

Protein 

Primary antibody Dilution 

factor for 

primary 

antibodies 

Secondary 

antibody 

Dilution 

factor for 

secondary 

antibodies 

β-actin Anti-β-actin-

peroxidase (Murine) 

(Sigma A3854) 

1:10 000 - - 

γH2AX Anti-PHOSPHO-

H2AFX (Rabbit) 

(Sigma-Aldrich: 

SAB4300213) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

Akt Anti-pan-AKT 

(Rabbit) (Sigma-

Aldrich: SAB4301170) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

pAkt Anti-P-Akt (pSer473) 

(Rabbit) (Cell 

Signalling 

Technologies: 9271S) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

c-Myc Anti-MYC (AB-58) 

(Rabbit) (Sigma-

Aldrich: SAB4300318) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S 

1: 2500 

Klotho Anti-KL (Rabbit) 

(Sigma-Aldrich: 

SAB2101270-50UG) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

LRP Anti-LRP/LR IgG-

iS18 (Human) 

(Affimed 

Therapeutics) 

1: 6500 Anti-human IgG-HRP 

(Abcam 6858) 

1: 6500   

MDM2 Anti-MDM2 (Rabbit) 

(Sigma-Aldrich: 

SAB4501849) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

pMDM2 Anti-phospho-MDM2 

(pSer166) (Rabbit) 

(Sigma-Aldrich: 

SAB4503937) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 
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p16 Anti-p16 INK, N-

Terminal (Rabbit) 

(Sigma-Aldrich: 

SAB4500072) 

1: 500 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

p53 Anti-p53, C-Terminal 

(Rabbit) (Sigma-

Aldrich: SAB4503015) 

1: 500 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

SIRT1 Anti-SIRT1 (Rabbit) 

(Sigma-Aldrich: 

AV32386-100UL) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

TERT Anti-TERT/ 

Telomerase (Rabbit) 

(Lifespan Biosciences: 

LS-C312849-100 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

pTERT Anti-phospho-

Telomerase (pSer824) 

(Rabbit) (Sigma-

Aldrich: SAB4504295) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

TRF1 Anti-TRF1 (Rabbit) 

(Sigma-Aldrich: 

ABE210) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 

TRF2 Anti-TRF2 (D1Y5D) 

(Rabbit) (Cell 

signalling 

Technologies: 13136S) 

1: 1000 Anti-rabbit IgG-HRP 

(Cell signalling 

Technologies: 7074S) 

1: 2500 
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Kits 

 Gene Jet DNA extraction kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

 Gene Jet DNA extraction kit (Thermo Scientific) 

 Invisorb
®
 Spin Tissue kit (Invitek Molecular, Berlin, Germany) 

 KAPA Taq PCR kit – Kapa Biosystems 

 Nucleospin
®
 RNA kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) 

 SensiFAST™ cDNA Synthesis Kit (Bioline, London, UK) 

 TRAPeze RT Telomerase detection Kit (Merck Millipore, USA) 

 Turbo DNA-free™ kit Life Technologies 

 β -Galactosidase Enzyme Assay System with Reporter Lysis Buffer (Promega, Wisconsin, 

USA) 
 

Equipment list 

 Bright field microscope – Floid cell imaging station 

 Canon EOS 4501 

 Centrifuge – Eppendorf 5417C 

 CFX Maestro™ thermo cycler 

 Confocal microscope – Zeiss LSM 710 3-channel  

 ELISA reader – Tecan (using Magellan software) 

 Gel casting and running apparatus, Chemidoc imaging machine (Roche 

 Laminar flow – Labotec 

 Multiskan™ GO Microplate Spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) 

 NanoDrop One (Thermo Fisher Scientific, Massachusetts, USA) 

 Nanodrop® ND-1000 

 pH meter – Eutech instruments 

 Pipettes and micropipettes – Eppendorf research 

 Roche LightCycler 480 (Germany) 

 Trans-Blot® Turbo™ Transfer System – Biorad 
 

Software 

 Biorad CFX Maestro™ (version 1.0) 

 Gandalf the Grey, grey scale measurement software (Weiss lab) 

 GraphPad prism (version 5.03) 

 Image Lab (version 5.1) 

 Magellan software (For ELISA plate reader) 

 Microsoft Excel 365 ProPlus (Microsoft Corporation) 

 Panlab Smart video tracking software, Smart 3.0 video tracking software 

 Roche LightCycler software version 1.5.1 

 Zen v2.6 (Blue edition) 

 Zen 2011 software (For the Zeiss confocal microscope) 
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Appendix F 
Original Publications 
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Appendix G 

 

Co-authored publications (not pertaining to current study) 
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