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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



the senescence/ageing markers B-galactosidase and AH2AX 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 YH2AX). 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].



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
pl6INK4A), 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].



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), NFkB (nuclear
factor kappa-light-chain-enhancer of activated B cells), transforming growth factor-p (TGF-B) as
well as inflammatory cytokines IL1a and IL6 and CCAAT enhancer binding protein-f (C/EBP-B)
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.



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.



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
TNFa [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 pl6 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 (AP) 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-oxo0-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: yH2A histone family member X
(YH2AX), 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 YH2AX and f-
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 3’ 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, Rapl, 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, RAPL, 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.
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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 3’ 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 3’ G rich overhang to fold over and invade the double stranded telomeric strand and interact with
the 5’ 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 3’ 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 3' 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 3’ 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 Il [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 3’ guanine rich overhang of a telomeric strand where it then introduces the newly
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synthesised telomeric repeats in a 3’-5' 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 3’ G rich
overhang of the telomeres [(Figure 1.5) [189-191]]. Once telomerase is attached to the 3" G rich
overhang of the shortest telomere, it carries out telomeric synthesis in a controlled fashion by adding
one TTAGGG repeat at a time.
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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 (hnTERT) 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: Madl (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 TGFp 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: B-catenin , c-Myc , NFkB, STAT3, STAT5, PAX5 and TGFp [(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, hnTERT 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-Abl [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-Abl
serves as a negative regulator for telomerase activity in the presence of DNA damage, where c-Abl
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 BRCAL, 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: B-catenin, c-Myc NFkB
and SP1 [208]. B) On a post-translational level, the hnTERT protein requires phosphorylation by Akt
for nuclear translocation, however, this can be impeded by CHIP. Moreover, once in the nucleus c-
Abl 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 hnTERT/ 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.
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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 NFkB 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, TERTSs 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
TERTSs 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 NFkB, where it binds to target genes (Bax, Bcl-2, p53 and B-gal) that the NF«B pathway
transcriptionally activates. Moreover, TERT has also been shown to interact with BRG-1 and p-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 (NFxB) 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 [B-catenin
complexes to promote the expression of several B-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 NFxB pathway, where it has even been observed that
TERT can act as a transcriptional activator of NFkB target genes [(Figure 1.8) [31, 249-251]]. In
addition, TERT can also associate with the p65 subunit of NF«B for nuclear translocation [252]. In
this manner, TERT aids in the activation of NF«kB target genes, essentially implicating TERT in
NF«B 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 PB-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 B-cells
[266-269]. Consequently, this telomeric dysfunction results in the induction of premature senescence
which leads to B-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
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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 (Ap)
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 AB42 has
been confirmed to actively impede telomerase activity, where AP binds to the DNA-RNA complex
of TERC and the telomeres, preventing telomerase’s synthesizing function [288]. Likewise, it has
also been illustrated that AP 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 AP cytotoxicity [290].
These factors point towards an antagonistic relationship shared between telomerase, Ap 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
LAMRL, 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 AB and prion proteins (PRP®) 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® [(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*%) [305, 318,
328] and the cytotoxic amyloid P42 (AP) [329-333]. Essentially, these pathological agents use LRP/

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

C-terminus ECM
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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¢, 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
etal., 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 LAMRL1 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 | and I1; 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]].
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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*° and AB). 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> with
high affinity [328, 362-364]. The PRP* isoform is generated by the conversion of normal PRP® 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*%; 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* 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: AP 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 AP from the amyloid precursor protein (APP), where
it interacts with both y- and B- secretase for the cleavage and generation of the neurotoxic Afa
peptide [331]. Moreover, LRP/LR also acts as the major receptor involved in the shedding,
internalisation and intracellular aggregation of AP 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 AP induced cytotoxicity occurs, is believed to be a consequence of
the interaction between LRP/LR and AB4,-PrP® [371]. The importance of LRP/LR in promoting the
pathogenesis of AP 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 (1gG1-iS18 or W3) [292, 329-332, 363, 374]. Both forms of treatment were found
to efficiently inhibit the shedding and internalisation of the cytotoxic AP peptide, which in turn
significantly reduced AP induced cytotoxicity, thus improving overall cell viability in vitro [292,
329, 330, 332, 371]. In conjunction, the 1gG1-iS18 antibody has also been proven to be effective in
vivo, where treatment with the antibody was found to significantly reduce AP4, levels, with a
corresponding increase in APP and mTERT levels [374]. Consequently, this resulted in reduced Ap
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 1gG1-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 AB), when
LRP::FLAG was overexpressed [294]. In fact, LRP::FLAG overexpression rescued HEK293 and
SH-SY5Y cells from Ap-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 A [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.
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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 -galactosidase as well as YH2AX as a possible anti-ageing therapy.

2.1.1 Invitro 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, hnTERT expression levels and telomere length in vitro.

3) To determine the levels of selected senescence markers including: f-galactosidase activity and

yYH2AX levels in transfected and non-transfected cell lines.

2.2 Invivo 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 Invivo Study Objectives:
1) To overexpress LRP::FLAG within the C57BL/6J mice by intravenous tail vein injections and

intramuscular injections with the pClneo-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 gPCR 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 gPCR 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 pClneo-moLRP::FLAG plasmid

3.1.1 Bacterial Transformation and plasmid expression

The pClneo-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 ul of the cell
suspension was aliquoted into sterile eppendorf tubes. The pClneo-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 pl) (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 pul of the cell suspension was then spread onto Ampicillin [(100 pg/ 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 pug/ 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 pl Resuspension buffer
(Table 8.3) by vortexing. Subsequently, 200 ul of bacterial lysis solution (Table 8.4) was added and
thoroughly mixed by inversion until the solution became viscous. Thereafter, 300 pl 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 pl 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 pl 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 % CO, at 37 °C in sterile 75
cm® 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?® 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 pClneo-moLRP-FLAG, 56.1 pl P3000 reagent and 56.1 pl of the
Lipofectamine reagent were mixed in 250 ul 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 pl 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®* 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 pl 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, Ménnedorf, 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 YH2AX. 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 pug/ul for LRP/LR and the LRP::FLAG protein, while due to the
low protein expression levels of hTERT and YH2AX 50 pg/ul of protein lysate was used. Alongside
these proteins of interest, the reference protein [3-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 x 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 hnTERT (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 pl of Dapi [(10 pg/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 p-Galactosidase assay

In order to determine whether the overexpression of LRP::FLAG subsequently influenced the
senescent marker B-galactosidase in vitro, an altered form of the PB-Galactosidase Enzyme Assay
System with Reporter Lysis Buffer (Promega, Wisconsin, USA) by Lee et al., (2006) [387] was used
to determine endogenous levels of -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 B-galactosidase. Thereafter, the cells were harvested, washed in 1X PBS and then lysed
with 200 pl 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 pl of the samples into separate wells of a 96 well plate where the lysates were
incubated in 50 pl of 2X Assay buffer composed of: ortho-nitrophenyl-p-D-galactopyranoside
(ONPG), MgCI2, and sodium phosphate all of which were utilised by Lee et al., (2006) for their
soluble B-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 pl 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, Minnedorf, 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 pl of CHAPS lysis buffer ((3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate))
containing: 1 % CHAPS, EDTA, NaCl, and Tris-HCI 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 pl was taken for protein quantification
using the NanoDrop® ND-1000 (Thermo Fisher Scientific, Massachusetts, USA). Thereafter, the
samples were standardised to 500 ng/ul for all: samples, positive controls and heat treated controls.
Prior to gPCR 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 gPCR 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 gPCR 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 LightCyclerl 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 pl TE buffer (Table 8.6), 200 pl lysis solution
and 20 pl proteinase K for 10 min at 56 °C with occasional vortexing. Thereafter, the mixture was
supplemented with 20 ul of RNase and incubated for an additional 10 min in order to remove all
RNA contaminants. Following RNA removal 400 ul 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 pl 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 pl 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/ ul. 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 g°PCR-based procedure
described by Cawthon et al., (2002)[388] was used. All gPCR 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 HEK?293 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 [2ACT
(telomeres)/2ACT (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™ in vivo Transfection Reagent (Thermo Fisher
Scientific, Massachusetts, USA) to induce an overexpression of LRP::FLAG. Group 2 received the
empty pClneo 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™ 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 °C, 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 pg of purified plasmid DNA in 400 pl of sterile 5 % glucose solution
with the addition of 6 pl 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 pl of the plasmid solution via tail vein injection or 400 ul 5 % glucose as vehicle
control. The intramuscular injection involved diluting 85 g of purified plasmid to a volume of 86 pl
in sterile 5 % glucose with the addition of 4 pl 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 pg of plasmid for optimal transfection efficiency. Following, a 15 min
incubation at RT, the mice received 100 pl of the plasmid solution or 100 pul of 5 % glucose as

vehicle control by intramuscular injection at to the right and left quadriceps (50 pl 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 (x4 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

-54 -



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 EO5 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 EQ05 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 um
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, Diiren, 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 pl of lysis buffer RA1 as well as 3.5 ul of B-
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 ul 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 pl 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 pl
of rDNase with 90 pl of Reaction Buffer, which was loaded onto the columns and incubated at RT
for 15 min. The RNA was then washed with 200 pl 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 pl 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 pl 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 pl of RNase-free
H,0O 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 ul 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 pg of pure
RNA was mixed with 4 ul 5x TransAmp Buffer, 1 pl of reverse transcriptase and was made up to 20
pl 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 gPCR.

3.15.3 Mouse gene expression analysis by g°PCR

After the successful production of cDNA, gPCR 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 gPCR 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 gPCR was conducted with
the CFX96™ Touch gqPCR 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 (YH2AX, NFkB, pMDM2, p53, and p16™"**) 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 ul 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 pl 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 pl of homogenate was then supplemented with 300 pl 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 [-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
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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 ul 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
pl 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 pg/ pl was used for all experimental and control samples.

Thereafter, an in house TRAP assay was performed to quantify telomerase activity by gPCR. The
samples were run alongside a set of TSR8 standards and the same set of controls as used in section
3.8. Briefly, 5 pg/ pl 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 pl. 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 pg/ pl ultra-pure BSA
(this acted as a PCR enhancer), Luna® Universal qPCR Mastermix (New England Biolabs,
Massachusetts, USA) and DNase/ RNase free H,O (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 gPCR

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 pul of Lysis Buffer G and 40 pl 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 pl 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 pl 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 pl 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 ul 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 gPCR 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 gPCR machine used for these procedures was the CFX96™ Touch
gPCR 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 gPCRs 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 H,O 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 mMRNA 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 pClneo-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 B-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).

a) HEK293 transfected HEK293 non-transfected b) MRC 5 transfected MRC 5 non-transfected
\ ]
., L0 \ A A
1 2 3 4 5 6 [ \ { \
1 2 3 4 5 6
= s, -
O =40 kDa LRP::FLAG : =40 kDa LRP::FLAG
= e e 37 kDaLRP/LR - - - 37 kDaLRPLR
- e a» T N e —
) - e - 42 kDa B-actin . - . ' ‘ ‘ 42 kDa B-actin
(Loading control) (Loading control)

Figure 4.1: Overexpression of LRP::FLAG in HEK293 and MRCS5 cells.

The expression of the LRP::FLAG protein was determined for both HEK293 and MRC 5 cells transfected
with the pClneo-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 HEK?293 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 HEK?293 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
0). 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 1gG1-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-1, 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-l, b-J, b-K, b-L).
Images were taken at 630x and negative controls were obtained at 400x magnification. All scale bars are
20um. 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 al- 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 al- 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 gPCR 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 ¢ 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 [27¢ (<lomeres [21CT 3947 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, ttest) 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.
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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
HEK?293 (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,
***n<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: p-galactosidase activity and yH2AX 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, B-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-p-galactoside at pH 6 (reporter lysis B-galactosidase assay,
Promega), that when reduced allows for the quantification of senescent associated p-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 B-galactosidase activity was observed for HEK293 cells overexpressing
LRP::FLAG (Figure 4.4 a). Furthermore, a significant decrease of 0.362 fold (x40%) in pB-
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 B-galactosidase and that an impediment of the
senescence process had indeed occurred, the levels of an additional senescent marker known as
YH2AX foci were also assessed. These foci are histones that are specifically phosphorylated at
Serinel39 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 YH2AX levels (Figure 4.4 ¢ 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 YH2AX levels when
compared to their respective non-transfected cell lines. The reduction of this marker alongside the
reduced B-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].
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Figure 4.4: LRP::FLAG overexpression significantly decreases the levels of senescent markers.
a-b, Change in enzymatic activity of B-galactosidase following LRP::FLAG overexpression in HEK293 (a)
and MRC 5 (b) cells when compared to the non-transfected cell lines. ¢, d Western blotting and densitometric
analysis of YH2AX 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
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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.

45.2 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

-75-



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.
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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) lllustrates 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,
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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-1). 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-1) 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 pClneo-moLRP::

FLAG vector elevated total LRP/LR levels by allowing for the expression

of LRP::FLAG.
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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
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Non-treated: n = 12. Kidney: Treated: n = 12; Control: n = 8 and Non-treated: n = 10. (D, E) B-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) B-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 gPCR 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) p-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 MDM?2 [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.
gPCR 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-

o).

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) B-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 gPCR 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-

-96 -



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.

-97 -



A) Brain B) Liver
. w
1.5 NS 1.6
= y e
S1le =14
v -
£ NS B
g o i NS i g1z NS
“ 12 -
g | £ !
- i &~
= e 1]
Hos 8
~ &
! 06 g 0.6
=
'E 04 1 (L
% 03 ': 02
b -
0
Mice overexpressang  Non-treated mace Empty vector Mxe overexpressing  Noa-treated mice Empty vectce
LRP-FLAG Treated mice LRP.FLAG Treated mice
C) Kidney
L )
)
249
£
g xS
- 1
- |
=
<
sy ,
-] 1 N$
- .
11
' I
]
051
.° |
.
Mice overexpressing  Noo-treated mice Empty vector
LRP:FLAG Treated mice
D) Brain E) Liver
Mice overexpressing Non-treated mice Empty vectos Me overespeessag Nou-treated mxe Empey vector
LRP: FLAG Treated mice LRPFLAG Treated mce
> 18 L} = | \ | |
bl e g p—— T ——— - o . — e S 110 KDa Sint
110 EDa Sint) T R W — — — ad
: . 42 kDa [l-actin
D WS T 42 kDa feactin
— > - T - ~
00 4
150 + e ‘
1 8 = - 150 |
100 4 cas |
| % | — - -
0 4 | 300 4 [
|
2120 4 NS 2 204
: g | ] <
& 100 4 & - 200 4
5 1 = 0 |
- E0 4 b [
z 150 4
] - | .
i & A4
100 4 [
40 1 |
"] .
w4 .
0 — £ . - o ( -
Mice overexpresaing Non-treated mxe Empty vetor Treated Mice overexpressing Noo-treated mice Eqpty vetor Treated
LRP.FLAG nuce LRP:FLAG mice

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) B-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 a-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
a-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 a-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 gPCR 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 a-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 a-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 a-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 a-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 a-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 a-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 a-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.
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Figure 4.16: The overexpression of LRP::FLAG increased the levels of both the full length and
secreted isoform of a-klotho in aged mice.

a-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 a-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 a-
klotho. It was found that LRP::FLAG overexpression induced a £150% and +20% increase for full length and
secreted a-klotho, respectively within the brain. The liver of the treated mice was observed to contain £60%
more secreted a-klotho in comparison to the control and non-treated. Sample size: Brain: Treated: n = 12 (ful
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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) B-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 gPCR 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) p-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 yH2AX 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™ **, 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 pl6 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 pl6 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
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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 pl6, and thereby

effectively delay or impede the progression of the ageing phenotype.
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Figure 4.18: LRP::FLAG overexpression significantly reduces the senescent marker pl16 in
aged mice.

pl6 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) B-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 yH2A4X
levels within the aged mice

The confirmed reduction in pl6 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 YH2AX was assessed. As previously mentioned, YH2AX
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 yH2AX 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 YH2AX
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 YH2AX within the aged mice.

Protein level assessment of YH2AX 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)
B-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. gPCR 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.
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Figure 4.20: The overexpression of LRP::FLAG significantly reduces total mitochondrial DNA
content in aged mice.

Mitochondrial DNA content assessment by gPCR 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
Iin 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 gPCR 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 mMTERT 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

- 109 -



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 gPCR 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) B-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 gPCR 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.
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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 gPCR 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 al-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 ¢, 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; B-galactosidase and YH2AX (Figure 4.4 a-d). More
specifically B-galactosidase is an enzyme housed within the lysosomes that serves as a hydrolase,
especially in senescent cells, by cleaving the B-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 p-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 p-
galactosidase activity can be used to track cellular ageing [395, 417]. Therefore, the observed
reduction in B-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 YH2AX, 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 g, 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 al-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 AP, 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-1a 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 Aktl 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 pl6 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™"“? 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 pl16 (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 MDMZ2 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-MDM?2 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 NFkB,
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 YH2AX 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; yH2AX both in vitro (Figure 4.4 c, d) an in vivo (Figure 4.19).
Alongside the reduction in YH2AX, 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 NFkB [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 a-klotho; a single pass
transmembrane protein that can occur in three distinct isoforms (full length, shed and secreted o-
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 a-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 a-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 a-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 a-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 a-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 a-klotho was noted in the liver (Figure 4.16 D). In regard to
the liver findings, it is known that B-klotho rather than a-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 TGFp- 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 NFkB’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-MDM?2
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°~*

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 MDMZ2 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, yYH2AX
(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; yH2AX, Figure: 8.1 and 8.2; IL6 and I1L8) 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 pl6 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 pl6 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 pl6 in aged organisms to promote longevity
[482, 490, 525]. Therefore, the reduction in pl6, 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 yH2AX

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 (yH2AX) ensures the
persistance of the DDR until the damage is resolved. Moreover, YH2AX 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 YH2AX
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 yH2AX following LRP::FLAG overexpression both in vitro
(Figure 4.4 ¢, 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 YH2AX not only suppressed DDR-dependent senescence but also reduced IL6 secretion
thereby corroborating the current findings [530, 531]. Moreover, the reduction in YH2AX 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 YH2AX 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 YH2AX 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 yH2AX 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
yH2AX (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 (YH2AX (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 AB-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 YH2AX and B-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 (yYH2AX, p16, IL6 and ILS), 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 gPCR to act as further validation.
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8. Appendices
Appendix A
Additional Data
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Figure 8.1: The overexpression of LRP::FLAG reduces IL6 in the brain and kidney in aged
mice.

IL6 gene expression assessment by gPCR 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 gPCR 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) B-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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Appendix B
Supporting Data

Lanes:

* MWM: Molecular weight marker

* pClneo- empty vector: Lane 1.2,.6,7
* pClneo-moLRP::FLAG: Lane 20-27

Figure 8.4: Agarose gel electrophoresis displaying the pClneo-moLRP::FLAG and empty
pClneo- 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 pClneo-vector include: 1, 2, 6 and 7,
while lanes containing the pClneo-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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& Download v  GenBank Graphics

Mus musculus ribosomal protein SA (Rpsa), mRNA
Sequence ID: NM_011029.4 Length: 1861 Number of Matches: 1

Range 1: 95 to 829 GenBank Graphics

Score Expect Identities Gaps Strand
1223 bits(662) 0.0 721/746{97%) 17/746(2%) Plus/Plus

Query 372  CACCATGTCCGGAGCCCTTGACGTCCTGCAGATGGEGRAGGAGGATGTCCTCARATTCCT 431

LL LLLELLLELELELEL UL LEL LT L ||||||||||||||||||||||||
Sbjct 95  CACAATGTCCGGAGCCCTTGACGTCCTGCAGATGAAGGAGGAGGATGTCCTCARATTCCT 154

Query 432  TECTGCOGGGAACCCACTTAGGTGGCACCAACCTTGACTTTCAGATGGAGCAGTACATCTA 4091

COLELELELELELELELEEL LD LI EL LT LT
Sbjct 155  TGCTGCGGGAACCCACTTAGGTGGCACCAACCTTGACTTTCAGATGGAGCAGTACATCTA 214

Query 492  CAAAAGGAAAAGTGACGGTATCTACATCATAAACCTGAAGAGGACCTGGEAGAAGCTGTT 551

, ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
sbjct 215 GTGACGGTATCTACATCATAAACCTGAAGAGGACCTGGGAGAAGCTGTT 274

Query 552  GCTCGCAGCTCGAGCTATTGTTGCCATCGAGAATCCTGCTGACGTCAGCGTCATCTCCTC 611

CCLELELELLLEE LU UL L L LT LL L ELEL LT LT ETE L]
Sbjct 275  GCTCGCAGCTCGAGCTATTGTTGCCATCGAGAATCCTGCTGACGTCAGCGTCATCTCCTC 334

Query 612 AACACTGGCCAGCGAGCTATGCTGAAGTTTGCTACTGCCACAGGAGCCACTCCGAT 671

Sbjct 335 CAGGAACACTGGCCAGCGAGCTGTGCTGAAGTTTGCTGLTGCCACAGGAGCCACTCCGAT 394
Quary 672  CECTGGCCGCTTCACACCTGRGACCTTCACTAACCAGATCCAAGCAGCCTTCAGGGAGCC 731

Sbjct 395  CGCTGGCCGUTTCACACCTGGGACCTTCACTAACCAGATCCAAGCAGCCTTCAGGGAGCC 454
Query 732  ACGGCTTCTAGTGGTGACCGATCCCAGGGCTGACCATCAGCCACTCACAGAGGCCTCTTA 791

Sbjct 455  ACGGCTTCTAGTGGTGACCGATCCCAGGGCTGACCATCAGCCACTCACAGAGGCCTCTTA 514
Query 792 GTCAACCTGCCCACCATTGCTCTATGTAACACAGATTCTCCCCTGLGCTATGTGRACAT 851

Sbjct 515  TGTCAACCTGCCCACCATTGCTCTGTGTAACACAGATTCTCCCCTGLGCTATGTGRACAT 574

Query 352 TGCCATCCCATGCAA CTCACTCAGTGGGTCTGATGTGGTGEATGCTGE 911
e ittt
Query 912 CCAGGEAAGTACTCCOCATECGAGGTACTATCTCCCGTGAGCACCCCCTGORAGGTCAT 971
oy iR

Query 972  GCCTGATCTTTTACTTTCTACAGAGACCCAGAGGAGATTGAGAATGGAG-AGCAAGCTGE 1838

Sbjct 692  GCCTGATCTTT-AC-TTCTACAGAGACCCAGAGGAGATTGAGAA-GGAGGAGCAGGCTG- 747
Query 1831 CTGCTGAGATG-CTGTGACC-AGGAAGATTTCAAGE-TG-ATGGACCGCACCAGCTC-TG 1885

Sbjct 748  CTGCTGAGAAGGCTGTGACCAAGGAGGAATTCCAGGGTGRATGGACCGCACCAGCTCCTG 887
Query 1686 AGTTCACTGGCTTGCTCAAGTCCTGA 1111

[1]]
Sbjct 808  AGTTCACTG-CT-GCTCA-G-CCTGA 829

Figure 8.5: Sequencing alignment and BLAST data for the LRP::FLAG gene

The isolated and purified pClneo-moLRP::FLAG mammalian expression vector was sequenced by Ingaba
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 pClneo-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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Lanes:

+ MWM: Molecular weight marker

* Mice overexpressing LRP-FLAG: Lane 1-9
* Empty vector treated mice: Lane 12-18

* Non-treated mice: Lane 20-27

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.

Lanes:
+ MWM: Molecular weight marker
+ Mice overexpressing LRP-FLAG: Lane 1-9

* Empty vector treated mice: Lane 10-16

* Non-treated mice: Lane 17-26

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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* Empty vector treated mice: Lane 10-16

* Non-treated mice: Lane 17-27

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.
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Lanes:
* MWM: Molecular weight marker

* Mice overexpressing LRP-FLAG: Lane 1-9
* Empty vector treated mice: Lane 10-16

* Non-treated mice: Lane 17-24

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.

- 181 -



MWM 14 15 16 17 18 19 20 21 22

H><H- —H._.-L‘u

Lanes:
* MWM: Molecular weight marker
* Mice overexpressing LRP-FLAG: Lane 1-8

* Empty vector treated mice: Lane 9-15

* Non-treated mice: Lane 16-22

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.
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Lanes:

* MWM: Molecular weight marker
* Mice overexpressing LRP-FLAG: Lane 1-9
* Empty vector treated mice: Lane 10-16

* Non-treated mice: Lane 17-25

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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 MDMZ2 gene.
(A, C, E) Amplification curves following gPCR amplification of the MDMZ2 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 gPCR 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 gPCR 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 gPCR
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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 gPCR 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 1L8 gene.
(A, C, E) Amplification curves following gPCR 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.
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Figure 8.25: Amplification curve and Melt peak analysis of the mtDNA and nuclear specific
DNA sequence (hexokinase).

(A, C, E) Amplification curves following gPCR 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 gPCR 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 g°PCR 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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Enlarged Figures
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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.
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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.
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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 MDMZ2 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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Table 8.1: Bacterial Nutrient Broth

Appendix D

Reagents Amount (g)
Tryptone 10
Yeast Extract 5
NaCl 10
. Add ddH20 to 11
. pHto 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
e Add ddH,0 to 1l
e pHto7.5
e Autoclave
o (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- HCI 2.5
IMEDTA 1

ddH,0 90.5

Total: 100

Table 8.4: Bacterial Lysis Buffer

Reagents Volume

0.2 M NaOH 0.4

1% (w/ v) SDS 2

ddH,0 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- HCI 1

0.5M EDTA 0.2

ddH,0 98.8

Total: 100

1M Tris-HCI (50ml):

Adjust pH with HCI and NaOH
Filter sterilize
Store at room temperature

PN E

Dissolve 6.057g of Tris-base in 50ml ddH0
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500mM / 0.5M EDTA (pH 8.0) (100ml):
e 18.2gNaEDTA
e 80 mldH,O
e pH to 8.0 with HCI and NaOH
e Make up to 100ml
e Stored at4 °C

Table 8.7: Phosphate Buffered Saline

Amount
Reagent 1X 10X 20X
NaCl 80 80g 160 g
KCI 029 29 49
Sodium  dihydrogen phosphate | 1.44 g 144 g 28.8 g
dodecahydrate (NA2HPO4.12H20)
Monopotassium phosphate 0.24¢g 249 484

e pH using HCI and NaOH
e Dissolve in 1L with dH,0
e 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- HCI (pH 8.0) 50 mM 100 mM
EDTA (pH 8.0) 5mM 10 mM

e A protease inhibitor cocktail was added to the RIPA buffer used for protein extraction from

tissue.

e Made up to 100 ml with dH,O and stored at 4 °C.
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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

2 3 4

2

3

dH,0 (ml)

0.825

1.65 2475 | 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
)

25

2.25

4.5

6.75

Total  gel

volume

40 % Acrylamide/ bis-acrylamide:

Add 380g acrylamide

Add 20g bis-acrylamide
Dissolve in up to 1L of water
Store at 4 °C

4X Stacking gel buffer (pH 6.8):

500 mM Tris — HCI
e 30.25g Tris in 400 ml dH,0, make up to 500 ml
e pHto 6.8 using HCI and NaOH

e Stored at 4 °C
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Resolving/ Separation gel buffer (pH 8.8):

1.5 M Tris — HCI

e 90.85g Tris in 400 ml dH,0O, make up to 500 ml with water
e pHto 8.8 using HCI and NaOH

e Stored at 4 °C

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

e Made up to 1L with dH,0

e pH using HCI and NaOH

e Stored at 4 °C
Table 8.11: 10X Transfer Buffer

Amount (g)

Reagents 10X
Tris 30
Glycine 144

e Made up to 1L with dH,0

e Stored at 4 °C
Table 8.12: 10X Transfer Buffer

Amount (ml)

Reagents 1X
10X Transfer Buffer 100
Methanol 200
dH,0 700

e Stored at 4 °C
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Table 8.13: Stripping Buffer (pH 2.2)

Amount

Reagent 500 ml 250 ml 100 ml
Glycine 759 3.75¢ 159
SDS 059 0259 0.1¢g
Tween20 5ml 2.5 ml 1ml

e Make up to 70% of the total volume with dH,0O

e TopH 2.2 using HCI and NaOH (this may take some time)

e Then make up to the final volume with dH,0

e Stored at 4 °C for up to 3 days

Table 8.14: gPCR master mix

Reagent

Amount per well (ul)

SYBR green (Luna or Sensi-Fast)

5

Forward Primer (10 uM) 0.5
Reverse Primer (10 pM) 0.5
DNase/ RNase free dH,0 3
Sample 1

Table 8.15: gPCR Trap Master mix

Reagent

Amount per well (ul)

SYBR green

125

Forward Primer 1
Reverse Primer 1
EGTA 1
BSA (0.1 mg/ ml) 2.5
DNase/ RNase free dH,O 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® and 75 cm® cell culture flasks

Eppendorf AG, Hamburg, Germany: 2 ml microfuge tubes

Fermentas Life Sciences, Glen Burnie, Burlington, Canada: Loading buffer

GE L.ife 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, Duren, Germany: RNase A

Merck Millipore, Massachusetts, USA: Tween 20; DMSO; CHAPs lysis buffer;
Ethylenediaminetetraacetic acid (EDTA); Glycine; Isopropanol; KCI; Potassium dihydrogen
phosphate (KH2PO4); Sodium chloride (NaCl); Sodium dodecyl sulfate (SDS);
Tris(hydroxymethyl) aminomethane (Tris)

New England Biolabs Inc. Massachusetts, USA: Molecular weight marker; OneTag®
HotStart Taq Polymerase; Luna® Universal gPCR 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; f-mercaptoethanol; Bisacrylamide; Ammonium persulphate; Formaldehyde;

Dapi
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« Thermo Fisher Scientific, Massachusetts, USA: TurboFect™ in vivo Transfection Reagent;

GeneRuler 1 kb DNA ladder; PageRuler™ Plus prestained protein ladder; Lipofectamine

3000

e VWR Life sciences, Pennsylvania, USA: BSA; Ethanol

Antibodies and primer Tables

Table 8.16: List of primers used for gene expression analysis

Annealing
Name Mouse Primers (5'-3") Temp Reference
(°C)
- Forward | GATGGCAGAGAAATCAACACAGT 60 Sato et al.,
klotho Reverse | ACTACGTTCAAGTGGACACTACT 2015 (1)
Forward | GCCAAAGTCCAGCAAGAAGG Hoshino
and Sato,
Akt Reverse | cTGAACCGCATGGGACACAG 58 2008 (2)
Forward | TGAGGAGACACCGCCCAC Magri et
cMyc 55 al., 2014
Reverse | CAACATCGATTTCTTCCTCATCTTC 3)
Forward | CAACTACATGGTCTACATGTTC Sato et al.
GAPDH 55 :
Reverse | CGCCAGTAGACTCCACGAC 2015 (1)
Forward | CCAGAGATACAAAGAAATGATGG Li et al
IL-6 58 N
Reverse | ACTCCAGAAGACCAGAGGAAAT 2010 (4)
Forward | TGTCCCCAAGTAACGGAGAAA Thangavel
IL8 56 etal., 2014
Reverse | TGTCAGAAGCCAGCGTTCAC (5)
Forward | GGT TGG GAT TGC CAG ATG GA
LRP Reverse AAG TGC TAT TCA CAG GCC CC 60 -
Forward | ATTGCCTGGATCAGGATTCAGTT Alder et
Mdm2 58 al., 2015
Reverse | ACCTCATCATCCTCATCTGAGA (6)
Forward | CGGTCGTACCCCGATTCAG Diekman et
pl6 60 al., 2018.
Reverse | GCACCGTAGTTGAGCAGAAGAG 7)
Forward | CTGTGCAGTTGTGGGTCAGC Kim et al.
p53 60 ’
Reverse | ACCTCCGTCATGTGCTGTGA 2012 (8)
Forward | GGACCCGAGAAGACCTCCTT Lin et al.
RPLPO 60 '
Reverse | GCACATCACTCAGAATTTCAATGG 2013.(9)
Sirt 1 Forward | TGTGAAGTT ACTGCAGGAGTGTAAA - Bai et al.,
Reverse | GCATAGATACCGTCTCTTGATCTGAA 2011. (10)
Forward TGC TACTGT TGA GCCGAG TG
TERT Reverse GCC TGT AACTAG CGG ACACA 56 -
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Table 8.17:

Primers used for mtDNA content analysis

- " o Annealing | Reference
Name Mouse Primers (5'-3") Temp (°C)
mtDNA | Forward | CCGCAAGGGAAAGATGAAAGA C Bai et al.,
specific 60 2011 [10]
(murine) | REVErSe | TCGTTTGGTTTCGGGGTTTC
nuclear | Forward | GCCAGCCTCTCCTGATTT TAGTGT Bai et al.,
specific | . | GGGAACACAAAAGACCTC 60 2011 [10]
(murine) TTCTGG
Table 8.18: Primers used for mean telomere length analysis
: Py Annealing
Name Mouse Primers (5'-3") Temp (°C) Reference
Forward | JCC CGA CTATCC CTATCC CTA 60
Tel 1 TCC CTATCC CTATCCCTA (mouse)
Reverse | GGT TTT TTG AGG GTG AGG GTG and58 | Cawthon,
Tel 2 AGG GGT GAG GGT GAG GGT (human) | 2002.[11]
3684 | Forward | CAGCAAGTGGGAAGGTGTAATCC Cawthon,
(human) | Reverse | CCCATTCTATCATCAACGGGTACAA 58 2002 [11]
Forward | ACT GGT CTA GGA CCC GAG AAG O'Callaghan,
36B4 and Fenech,
(mouse) | REVEISE | TCA ATG GTG CCT CTG GAG ATT 60 2011 [12]
Table 8.19: Primers used for telomerase activity analysis
. o Annealing | Citation
Name Mouse Primers (5'-3") Temp (°C)
Forward Kimetal.,
TS AATCCGTCGAGCAGAGTT 1997 [13]
Reverse Kim et al.
ACX GCGCGGCTTACCCTTACCCTTACCCTA 58 1997 [13]
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Table 8.20: Antibodies used for in vitro confocal microscopy and western blotting analysis

Target Protein | Primary (1°) | Secondary (2°) | Experiment and
antibody antibody dilution factor
LRP/LR Human anti-LRP/LR | anti-human 1gG-HRP Western blotting
lgG-iS18 (Abcam 6858) 1°: 1:6500
(Affimed) 2°: 1:6500
LRP/LR Human anti-LRP/LR | anti-human IgG-FITC Confocal
1gG-iS18 (Abcam 6854) Microscopy
(Affimed) 1°: 1:100
2°:1:100
LRP::FLAG Murine anti-FLAG anti-murine 1gG-HRP Western blotting
(Sigma F-3165) (Sigma A4416) 1°: 1:4000
2°: 1: 2500
LRP::FLAG Murine anti-FLAG anti-murine IgG-FITC Confocal
(Sigma F-3165) (Abcam 6785) Microscopy
1°:1:100
2°:1:100
hTERT Rabbit anti-hTERT anti-rabbit IgG-HRP Western blotting
(abcam 183105) (Cell signalling 7074S) | 1°: 1:1000
2°: 1: 2500
hTERT Rabbit anti-hTERT anti-rabbit IgG-APC Confocal
(Abcam 183105) (Abcam 72567) Microscopy
1°:1:100
2°:1:100
B-actin Murine anti-p-actin- Western blotting
peroxidase. - 1°:1:10 000
(Sigma A3854)
Progerin Murine anti-progerin anti-murine 1gG-HRP Western blotting
(Abcam 13A) (Sigma A4416) 1°: 1:1000
2°: 1: 2500
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Table 8.21: Antibodies used for in the vivo study western blotting analysis

Target | Primary antibody Dilution Secondary Dilution
Protein factor for antibody factor for
primary secondary
antibodies antibodies
B-actin Anti-B-actin- 1:10 000 - -
peroxidase (Murine)
(Sigma A3854)

YH2AX Anti-PHOSPHO- 1: 1000 Anti-rabbit 1I9G-HRP | 1: 2500
H2AFX (Rabbit) (Cell signalling
(Sigma-Aldrich: Technologies: 7074S)

SAB4300213)
Akt Anti-pan-AKT 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
(Rabbit) (Sigma- (Cell signalling
Aldrich: SAB4301170) Technologies: 7074S)
pAkt Anti-P-Akt (pSer473) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
(Rabbit) (Cell (Cell signalling
Signalling Technologies: 7074S)
Technologies: 9271S)

c-Myc Anti-MYC (AB-58) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500

(Rabbit) (Sigma- (Cell signalling
Aldrich: SAB4300318) Technologies: 7074S
Klotho Anti-KL (Rabbit) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
(Sigma-Aldrich: (Cell signalling
SAB2101270-50UG) Technologies: 7074S)
LRP Anti-LRP/LR IgG- 1: 6500 Anti-human IgG-HRP | 1: 6500
iS18 (Human) (Abcam 6858)
(Affimed
Therapeutics)

MDM2 | Anti-MDM?2 (Rabbit) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500

(Sigma-Aldrich: (Cell signalling
SAB4501849) Technologies: 7074S)
pMDM?2 | Anti-phospho-MDM2 1: 1000 Anti-rabbit IgG-HRP | 1: 2500

(pSer166) (Rabbit)
(Sigma-Aldrich:
SAB4503937)

(Cell signalling
Technologies: 7074S)
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pl6 Anti-p16 INK, N- 1: 500 Anti-rabbit IgG-HRP | 1: 2500
Terminal (Rabbit) (Cell signalling
(Sigma-Aldrich: Technologies: 7074S)
SAB4500072)
p53 Anti-p53, C-Terminal 1: 500 Anti-rabbit IgG-HRP | 1: 2500
(Rabbit) (Sigma- (Cell signalling
Aldrich: SAB4503015) Technologies: 7074S)
SIRT1 Anti-SIRT1 (Rabbit) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
(Sigma-Aldrich: (Cell signalling
AV32386-100UL) Technologies: 7074S)
TERT Anti-TERT/ 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
Telomerase (Rabbit) (Cell signalling
(Lifespan Biosciences: Technologies: 7074S)
LS-C312849-100
pTERT Anti-phospho- 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
Telomerase (pSer824) (Cell signalling
(Rabbit) (Sigma- Technologies: 7074S)
Aldrich: SAB4504295)
TRF1 Anti-TRF1 (Rabbit) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500
(Sigma-Aldrich: (Cell signalling
ABE210) Technologies: 7074S)
TRF2 Anti-TRF2 (D1Y5D) 1: 1000 Anti-rabbit IgG-HRP | 1: 2500

(Rabbit) (Cell
signalling
Technologies: 13136S)

(Cell signalling
Technologies: 7074S)
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Kits

e Gene Jet DNA extraction kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA)

e Gene Jet DNA extraction kit (Thermo Scientific)

e Invisorb® Spin Tissue kit (Invitek Molecular, Berlin, Germany)

e KAPA Taq PCR kit — Kapa Biosystems

e Nucleospin® RNA kit (Macherey-Nagel GmbH & Co. KG, Diiren, Germany)

e SensiFAST™ cDNA Synthesis Kit (Bioline, London, UK)

e TRAPeze RT Telomerase detection Kit (Merck Millipore, USA)

e Turbo DNA-free™ kit Life Technologies

e [ -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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ABSTRACT

Ona of tha cora regulators of celiular aging are telomares, repetitive DNA
sequencas at the ends of chromosomes that are maintained by the ribonucieoproteln
DNA polymerase complex, telomerase. Recently, we demonstrated that knockdown of
the 37kDa/ 67hkDa laminin receptor (LRP/LR), a protein that promotes cell viabllity in
tumorigenic and normal cells, reduces telomerase activity. We therofore hypothesized
that upreguiating LRP/LR might increase telomerase activity and impede aging. Hore
we show that overexpression of LRPIIFLAG resulted In significantly clevated hTERT
leveils, telomerase activity and telomere length, respectively, with concomitantly
reduced lavels of senescence markers. These data suggest a novel function of LRP/
LR hampering the onset of sencscence through clevating hTERT levels and telomerase
activity, respectively. LRPIFLAG might therefore act as a potential novel anti-aging
drug through the impediment of the cellular aging process.
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wprsad bocalivtion of TRPTE = well a5 ifs someroms
allows its kery role = mmitiple processss such as: cell
growth, adhewon, differentixtion, mvgrenon, translanonsl
processes and manfeeamcs of nnclear sEnohres egoined
for sovnal seginmees [14-21]. The meds-Sazctiomality of
LEP1 R inchodos witel rolos in disssses mch 3 cancer [14,
16-21], poom diseasss [X2, 23] and Alzheimar's dsmese
[24]. Emcantly, wa demomretzied ot kmockdoom of LEPY
LE, redures: talomeress actity iz tumerigarsc and nomeal
calls [14, 15] The suggust: ot IRPE, which prosote:

osll vishility, plrys 2 pivotal rols i= cancar procossas wia

RESULTS

1n order tovali daie That spregulaion of LHP1R doss
im fart inrreesn fal o aciwity, moe-tomoripamc MEC
¥ walls, at population doublizg 23, and HEED23 calls weme
sably trmsfeckd with a plInec-mol RP-FLAG plammd
(Figure 14, 16 Weston bloiong was porformed o
confirm the pressnce of the IRP-FLAG momie amd
tharafore sizhle mensfacton of the cells zmd fo firdhar
assess LEP lesls (Figoe 14 1B). Upon confirming
LEP-FLAL overanpoasion we proceaded to sahois the
churnge in expremsion pamema of LEF smd hTERT following
memsfectiom. Wo previoosly ohesned co-localization
tetpwsn LEF zzd WTERT withiz MDA-MBI3] and
lecalizztion betwesn thess two protuins heve mot beaz
conSmeed in someic calls with kow' nedetectzble levls of
TERT. Emymafinnmescence secroscopywas eeplmyed o
confirm the co-locdiraton betwesn the pootsins &= bok
MEC 3 and HEES) tramsfacied 25 wall a5 non-tramsfected.
call lings, The merged panels in Figers 24, 25, repressst 2

wes promounced for bhoth mon-teesfacied end transfuched
HEEIR calls Figurs ZA) wmemingly, the ransfucted
MEC J malls dEsplaved 2 sinkizg imcreass i TERT
finomeecence: eed coelocalization (hetwsen [RPTE and
ETERT) whan compared fo e zoa-semsfickd RO I
cells whick

ks weared to eahuzte whethar this patar= v ales dhared
botowsn. KTERT and LEP-FLAG To fi oxd omly
HEEM®S calls wars wolied, whers we found ther
LEP-FLAG beberod in 2 amilar fashion io sedogenons:

LEWLE in locabizztion and 2lso co-localized with ETERT
(Figers 24 pomals K-N) This forther seggesned that e
plasmid daried protein was correcily post-TenslaSozalhy
procesad, and wes ahls to parform sl proceses and
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gt dagres of co-localisatiom ooommed in colls
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LTEET lewals post pClnecrmol RP-FLAG tromsfction
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aging. A main fcir mvolved in egoliing wlomem
atinimon is  eoiSiclent matnienasos by ielomense which in
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{o=13, p= 00312, riest) in ETERT lowals. The elevation of
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indicane et LR FLACG enhomces BTERT Lovals. These

(Beeck Nillipoma]) 132 meel fime gPCER
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HEEZSS and MEL 5 colls oveeuxpraseing LRP-FLAG
(Fimars 4E. 4F). Transfectsd HEE2Y3 calls displayed a
21136 fold increzsa (= 4, p= 0001205, r tesl) and
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dinplayed a 2239 fold serass (2= 4, p= 00002, rissf) =
men ftelomars langd, commamed o thedr respective mon-
mezsfected call lines. Sizmcs tslomecase plays a..:dl--

arpresion. W mlected frmplaciosdacs actinity as our
primary sanescencs meekar & this anmyem is influcnced by
talomem dysfimctios a=d accanlates 25 malls age or rsach
sammecane [25, 0], Furtharmoera, the nss of this sozyma in.
mﬁhandn'uhmlfﬂh
mack colfolar aging [29, 30]. Transfected and zoo-
i-ﬁ-mdnﬂlmmlllmdbmhplm
of 20 popilaton doubibings befire this marke wis asseesed
To gualinese the aneyms’s activity in both transfocisd and
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assry bufSar comtaiming orthe-Witopkeeyl-f-mlactosids ot
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sigmificant 1101 fold (10%45) rednction (2=3, p=4,X2E-05, ¢
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revealed 2 mmmiScamt 1638 fold (40%) swdincticn =
Ergalactosidass activity (o= 3. p= 0000E. ¢ test) afar
LEP-FLAG overaxpression (Figmme 4H) To furher
mhsprioie this mepedires: of the aging proces we
assassed the leseks of o= addibons]l senescent merker
phogphoryzred at phar] 39 and sares to ek stes of DINA
domags 25 wall 25 dooble somded brasks which
acemralats with increased callular e dos to o loss of
talomanic snds [31, 37] Coueapresdon of LEP-FLAL
cansed 2 significant decrese iz the lewnk of yHRAX =
ot il lnss (Fipew 40 400 HEEMI cells
orvusaruming R P FLAG oxhibited x 60.78% (=3, p=
0.0017, ir oo redursion in yEZAK lovals, while MEC 5
cells ovarexpressing LEP-FLAG displrysd a significast

iohsprued in the HFE03 colls it rmist be noied that thes

Javals wars axceptionally loar (basal kessls) a=d srery in fact
b e o eetemsive sub-cultnming ar othar relerast srowms.
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DISCTUSSION

Provirns  smdies Ers showm LEPLR amd
talomarase to play coitical roles In carcinoganasis [14, 15

3%, 38). In addision, it kas besm fovnd &= menst cancer fypas
thert LEPT R WTEET 2nd slomarass ars ovaraxprassed 1o
promots el viahility 25 wall 25 to retziz an Eomoralized
wiztm [14, 13, 35, 36] Mosworer, el ormarass up-ragolytion
i a pecesaary reguirement for cells o Irppass apopiodc and
sensscenle padvways dining orinodl 1elomere sbomenag i
afder i beeidne immonalized of possibiy
H]Encld}'mhmshﬂmﬁll.ﬂhﬂmtm];rmr
localized, beat im fart, intoracted with KTFRT; the catelytic
woibuit of taloenarass iz 2 co-immmeprecipittion ATy
[14] In addisiom, kneckdowm of LEPLRE redured
telommrats actndty iz mmongerc and mon-tomorigeanic
calls [14]. Crr bypothsis was fimbar baged oo tho
evidenoe Thit wihile aon-mmoetgenc soman cells senesoe
s f0 lomers afTiton, ivrodnctes of K'TERT at amy
siage of the coll oycle & suficient 1 immorsling cells
weithiowst additional sk of imorigenic snsst [%, 36, 39]. We
bens shomn thet arids fom and otkor highhy
Fnh.ﬁ:.mﬂlﬂl:hﬂuﬂuﬂ];ru-:ﬂu'lﬂﬂa
tunctiomal relatioaship borweea LEFLE and KTERT sxists
in sometic calls wach a5 Shooblzs, whick ars cely capable
prodoction is stimmisied 'Hﬂ.lm

shrertieg hatwesn the macions and cytoplasm i Enperate
for call immortalizxtion in both femorigenic 2=d mon-
_:ﬁuhﬂHﬂ[mu[lqgutdlh,lm

m&wum&mmmu
ovarenpression of the LRP-FLAG prodsin. In fact, it was
found that upon evspexprassion of LEP-FLAC that tho
Jorrals of TERT amd co-localization batoesce TERT and
LEFLE imreascsd. Our resulis suggest that LRPLR shares
preicsly raported = HEE203 and metestatic breast
camcer cells (MDA-MEIS]) [14] The comfirmation of
soch &z inferarsion batwesn LR R and KTFRT indicatas
thet fargeting LEPLE could b wilived to aler the

sozizg of hTERT or wlomarase to inflsmos athar
camcar or xmeg [14, 15] LEP-FLAG moay also play 2
direct or indirect role in promwoieg sndogancms BKTERT
]:l:nh[ll’r]}]']]:unﬁnﬂ.gmtﬂutmm

from imecacting with TERT, ey play 2 ke iz the
sodogances production of TERT temagh te=slational or
transcriptional proceses. Additonslly, tho pressoce of
LR FLAG mynn:h:ﬂ:li:n-'h:'ﬂ:nnhﬂr.:mﬂ
ﬁnﬂmutmﬂ.hmm
whoe it facilitries meesistionsl proceszing  [43].
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slevating TERT lovels by meeracson with the ouoclear the mcreased TERT lewsls. This comsites with the

smalops to allow chromats remodeling to subsecueatdy peenous finding that teloaserase actwator (TAST) alevates
exposs the TERT geoe Jeadzg o moreased tramcrpson TERT Jlowels witk a commesponding mcrease in meam
[44]. The zmeciztion of thase two proteins 25 well as the taloczars length [45]. Cur Sndings confirm the dogma m
oh'.'auuanElUpor.. LRP:FLAG ovarsxpressos taloczare biology: the imtreducsiom of RTERT cc the
appom!oposmdympmonmlmamudvmmnd exturnaily medizsed cdevation of ETERT kusls ncreases
telomecy Eomoostasis. This can be noted dwe to the talomarass activity in 2 noe-omcogesic fashion; a compecn
szuScant alevation in telomarace actnity accompInying phenoenanon in many emoctaiized cell linss [9, 10, 26,
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- -- « SIADe L™ MAN LB 086s UP- A8
— T 0w LN - LY Mls LBPOIN
L -2~-_ o i
- — - e . -y . 42 10s 320t
-_—-—-a ettt ® i)

Figure 1: Overexpressson of LRP::FLAG m HEK293 and MRCS cellz (A, B) The exprenam of the LIPFLAG protem was
delermined for both HEX 293 snd MRC S colis tneufected wilh €2 pCleo-LRP-FLAG comiruct (lane |-3) s well & non-swmafected
FERC293 s MEC S ool semiplen (lane 4-5) Azalysix revesled thet LRP. FLAG waa f.tz‘l to ordy be axpresed in HEK203 wud MEC §

asafecied coll smuples, with nc LRP: FLAG & in the fected ool senph
: 8 33 1
Figure 2: LRP and LRP::FLAG co-localizes with KTERT (A, B) Intracelliube Jocalizstion snd co-localizatice | ol KTERT

wd LRPAR end WTERT sad LRP. FLAQG in gaafociad e wall @ non-twesfocted HER293 snd MEC 5 colls. KTERT wia detectad with
wti-HTERT primacy sd APC coupled secondry antthodbes (A4, A-F, A-K, B-A, B-E);, LEPLR wia detocted wah sti-LEP/LR Ig0}-
318 ey sod FITC cospled sscondary stibodies (A-B, A-Q, B-B, B-F), LRP: FLAG detected with ati-FLAG aned FITC coupled
socimhey srtibodes (A-LE Dys tmlurﬁmtk(‘ AH AM, AR, nuq-hamnul RPLE sad WTERT (A-D, AL, B-C, B-0) el
LRF: FLAG eod KTERT (A-N) il co-tozak d by tho spatial overlap between the jecteina. 2D Cytofipograss confemsd
Ut the overiag chesrved wa co-localizstion betwess the protema (A-B, A-J, A-Q, B-H), Secondey mrsbody cortrols oafirmed no walo-
Dece or sy Fc tinding (AP, A-Q AL A-S AT, Bl B-J, B-K, B-L) Tresgges were taken st S30x sl nogative cooirols were

chizined st A00x magnification. AT saale ban are 2y
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27,39, 45]. Tt st be noted that post trasfection with the

pClnsc-mol RP-FLAG plasnnd there was no sppaseat
mawmmmd

Fouth may

edevation in selosperase activity [9). The selomersse activity
descoibed hare refars to its core sloagzting fimction of
attaching telomeric ropeats to the ssrmmmal cmds of
chromosomss, and thus sehenceg the cell's proliferative
potantial [10, 35, 46] and preventing cellular snsscance
{9, 32]. Thacofore # appoars that LERP.FLAG
safficisatly to increzse prolifsrasne potsntal amd mhubat
the activation of ssnesceace associted pathvays. Aside
from inczsasing bTERT levels, wo sugeest dat LRPLR
and'or LRP:FLAG =ay play 2 role in promoting the
association of the ETERC and hTERT subursts to focm the
actve talomsrase based on the St that telommerase activzty
appears to be regnlated by LRP levals in bodk cancar and
zorme! calls whars bodx ins have bosn shown fo co-

in tedoencre length between wransfected and non-tramdeceed
lings 2 2 clear mdicator that telomsss leugth was indecd
munexingd. This suzgests dat the increesed telomarase

activity following @6 prodocticn of LRP-FLAG =
sufScient to mxintaun telomseee leegth and provent tho

2ccunmlation of short sslomeces. a cheractenstic of

telomere-dependent sznsscence (9, 10, 46]. This clongation
allows cells %o revarse and ipods the aging process, 2nd
dffecence in telomere leagth post tansfoction may indicate
2 re-populatica by calls vtk longer wlomarss [10, 47].
Tie roduction of boch molecular ap=g maskers fucthar
m&bﬂmmMu
in fact impeding ssosscence. Moo specifically the
reduction of f-galxctosidase, asde Som sugpsstzg an
impadimext to the sensscsnce process also suggests that
taloeore dysfuncsiom is zot occumzg [30, 48] The
2ccunmiztion of shors‘dymaged slomsess with increesed
meplicative stross azd 2gs is balisued to be aze of the maer
mMMpMﬂw[l&Q}

localizs and imscact [14]. In additioe, the lazge difference Thes demage Siwther accelarates tha Joss of
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Figure 3: LRP::FLAG
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HEK293 (K) s well 21 MEC 5 (F) Ener s a talomeca/ 3684 (T/8) mtio 10 illreate mean selomers leagfh betwoss senples. Swerpls xize
o 3 biclogical sepests per cell Ene. Dutn oa » stomn 22 “pelL 05, “p0.00, "pel 001 by pwired somt.
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capacity iz arganisius [10, 49]. The signiScant decreass n
TH2AX concomitantly with e incesase in telomere length
dearafore mdicates that the ovsrexpressicn of LRP-FLAG
peovides am effcisnt meeze of reducing e efects of
mpbcatne sess by chaumating o proveeting the
accomyalation of DNA dymage [32, 46, 45). TERT b
previously been found o peevent the asccumulation of DNA
camage or madias in the repair procsss 1 decraase the
amorent of Soci present [12, 49, 50] furfar suggesting that

{12, 501 Aheatvaly, LRP muy have 2 role in DNA
Prosection of in the repair process stsalf howewer the axact
zaters and fimction still needs o0 be zseased Cue
=oechenism that moxy eaplam this is that LRPYLR is koown
%o play 2 mlo in ing zuclker soucture and
oo of LRP-FLAG may thus provide a=
ad&sioax fancton of ncraasing mclear imtegney [15, 44]
Thes woald casentially malotain suclear shape ahich coudd
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Figure 4: LRP::FLAG

alleviate nad prevent additional DNA damage. Collectvely,
these Sndimgs strongly suggest that cvsrsxpression of
mﬂMnmoﬂhnmﬁmh

mﬂyh-ahobmhkdumhpb

ags-ralated
disseses a=d aging syodromss mchudmg: idiopathic
palmonary Sbrosis, bons marow fadurs and age-ralated
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decreases the levels of semescent markers. (A-8) Charge in cesymtic

: overexpression significantly
wctavity of fpalactividue following LEP:-FLAC oversxproasicn in HEK293 (A) mxd MRC 5 (B) oolla witen compered 1o the mon-
trmsafectzd coll lines. (C, D) Dermilometric saalyvis of yHIAX levels axpressed w x pecectige chunge with noo-tumfocted (lene 1-3)
compeed 10 Irmnfocted lizes (butee 4- 6) for bos HEK 293 (C) end MRC S (D). Senple xize n~ 3 biclogical repeats per call ke, Duts ae
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ol degansration [9, 51). These diseeses could be
reated or thetr effecis lessened by extending idomeres and
potuntial use for LERLE. = conclosion, thess Sndmgs
ilsiraie & novel femoton of LEFLE and ielomerass in the
process of cellnlar aging. Ferthermoes we shoo that nidh
LEPFLAG oversxprassion, it is possibls to delzy the
accerelation of DNA damage or powgbly rapair it
Theeedfira, straiegies aimed 2t alevating LEFLE. kevels
oy proe a potsnial therpentic Cuatment = revartss
ipedieg caltolar semescencs and, in tum orgenism aging.

MATERTALS AND METHODS

Cell limes

Hon-fmnesigenic, Humes Fmbryonic Exdney calls
(HEE293) obained from ATCT were used dos fo their
datectzible lenals of slomemss . Hunom lomg
fibroblasts (MEC ) (Fox Chese Crzcar Coztar) wees
used as e aging modal dos to lowundstectzibls lesls of
TERT el Himvited replications before reaching semsscence.
All call bmes wars catwed = e OO0, a2t 37°C and were
smintrined in Dulbscee’s modifed Eagles mediom
(DMEM i bigh hucom (3.3 (Byclon) contining

4™ L-Cletamine. 10%: Soeinl bovins semuns
(Biowsst) ezd 1% pmnh‘:hq‘hnn_l,m [Hycloza)
(Tharmeo soantific).

LEP:-FLAG overexprezsion in HEET93 amd
MEC = cells

Cells wers stably tmmsfected o induss =
of the LEP-FLAG prowin, 1o eleraie
tofel levels of LRP within the call [23] Calls were
tansfactad at 2 $0% comfluency usizg Lipofectamine
1000 (Izwitrogem), accordizg to the mamnfachirer’s
peotocol. Brafly 250wl Optmens, 3000=g of the
pCneo-mel RP-FLAG, 56.1pl PS00D e=d 36.1p of
the Lipofactamizg reagant wers mixed a=d imcubated at
roam temparatere for 10-15 mimrtes. Cells wane meated
with 250w of the mix and incubated for 48 hours. Twa
drys post traatmest calls wore exposed fo the selectve
treaizat, peosticis at B){ngml for 1 weak Thesafier,
cells wers mointaized in 300ng/ml of gessticm fo woems
tremsfaction stabdlity. Iz onder to confim: seccass of the
e FLAG g

Western blotting

TWastern blotting o wsed to delsrming the protes
lavals of LRP: FLAG, LEPFLE, ETERT and yH2AX post-
trmsfction with pLInec-mol BP-FLAG whes compamaed
fo enireaied controls. fractin nsed a5 e loading coniral.

and 10pg of coll lysais vas boadad for LEPLE, and
T emsine egual concentratiom of Dysate were med, [lactin

'm:;amﬁy'hmu&mganmuﬂﬁﬂm‘i'ﬁrﬂl
mimatas. Mombranes wers then blocked in 3% BS54 1x

PBE Twsam (0.1%:). Thersaftor the appropriate prmany

was added (e Supplemeetary Table 1 czling)
and incobeted at 4"C overzight, with ganils agitrtion
Mambrazss wars then wathed in "ES-Twesm, amd Sarthar
incubeted m a smtebly diluied soluties of smcondany
antbody coupled o 2 HEF aozyme in 3% B5A in FES-
Twesn for 1 Eour af poons tsngperaium (e Sepplsmentery
Table 1 omimg)). The msambrzne was washed as bafors and
prior b being azalyzed wath the Bioad Gel Dec XE
Ineavgar.

cells wers Sred i= a solution of 4%: paaformaldatryedas for
20 mimmies, ﬁ:ﬂmdbfhnwuhuiu.lxmﬁ.ﬂnl:
wure Sother in a sohrtice of .1% Trotom,
X in PES for 15 mimntos. corurslips wam
washed thrice and blocked &= 0.5% BSA for 20 minutes.
Tika calls were subssquently ncubated ovsmmght with
the primary antibodies for LRPLE (1:100) and hTERT
[(1=1007 (sea: Supplamaentzry Trhle 1 onling)] 2nd vashed
thrics with PES. The cells wars then innibased with the
secomdery antthodiss [[1-100 dilmtion in 0¥ BEA) (sa
Supplememiary Tahle 1 onling)] for 1 bowr where aféer
the coveeslips wam wasked and oobated for 10 zxzebes
with 10yl of Depi (10pgml) for molesr steimiey. This
was followad by additiona] washes. The cover slips nore
momzted and viewsd at 40ix apd 630x magniScation
iy the Foiss LEM T2 confocal microscopa.

P-Galactesidase aszays

Az altared formn Leo ot 2l 2005 [29] of tw
[-Galactosidase Frooyme Assay System with Bsporser
Lysis Buffer (Promega) wai med 1o determing eadogenoms
lerals of f-Calactsidess withi= the calls. Bnatly, cells
wore seeded o § wall Eshes and allowsd to prolifscaio
el cozfluest with daihy media changss perfomeed.
io peeiunt matbolic or sivess melxled activesiom of

j Tha calls wsrs hamssted, wkaed I
PBE and lyzed with 2 hesis beffar providad in the ki
incubatad in 96 wsll plates with Assay buifer composd.
of sodhom phosphate, and octhe-mitrophamyd-f-D-
mAlaciopyranngidae {ONPE) all of which Les of al., (2006)
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wiis e incubaied at 3770 and sllowed o react for sixiess
bours. Nogative comtrols consisting of bysis boffor and
asszy buffar cely wers also inchnded. Afararesds sodiem.
carbonete wes added 1o stop the reaction and the plase v
mead at 420om in 2 Sunnise™ FLIZA reader (Tecan). The

Detection of telomersse actvity

TEAPare BT Talomsrase detection Fit (Manck Millipora)
altarations. Briefly, calls ware karvested and washed =
PBEE, affar which they weee lysed using CHAPS bnis
beeffor {{3-{[3-cholamidopropy]) dimeflymmanio}-1-
peopenssafoneta)). Proteim and FMNA aximchions ames
collectesd in the supernstand whers profein concentmtions
weew steedamdived to 300 mgiul for all axpscmental and
contral reactions. All symples wars then sabjacted to
experimental amalvais by qPCR sccodipanbed By a positive
and thres negative controls: Do tamplats contol (water)l
CHAPs bysis buffor 2=d samples heat trazsed 2t 25T for
10 sedvates. All reactions were performed fn tripl icaie. The

reartions were caeried oul i the LightCyeler LC4ED
tFaochs] nsing the Sollowing cytling paramaters: 370 for
3 mimmes, #5°C fior 2 mimates and 47 oycles of 95°0 for
17 seconds, 35°C for 60 seconds and 43°C for 10 seconds.
the stendesd cume genereted by 1010 seozl diluSoms
(2002 amnolaes) of TSEE control as par Merck Millipoes
imstmuctions. The dats wos asabymod with LightChyclar]
Sodtweara varson 1.5.1.

Azsesyment of telomere lempth

Tha relifne ftelomwrs kogth was assossed by
e 0 Tal 1 and Tal 2 prinzars with gPCE as descobed
by Cowthon e of. (2002). DNA wes cotracted. usizg
the Geze Jot DNA extraction kit (Thermmo Sciantific)
followizg the mamefacterer’s instructions. I onder to
zoemalize the dztz obteimed for selomsars lezgd and
0 anmrs accemacy in the gqumtification of the data
obtaizod, 3664 was ueed &5 2 referezcs geme (List of
poinars used caz be found 25 onling Supplesnsntary
Tabla 1) [2E]. A stamdard corvw was constructed using
DA of 2 koown concqoination (3Fzg/pl to 0.033zg'
pl The reacton was roz with 2 et of poadtios (DA
samples pravicusly comBrmmed to azoplify) and negative
controls (zo teplats coztel) All sxparimestal and
control sample reactions weme perfommed m the Roche
LighaCyolar B0 (ermamy) with the following cycling

peramgturs: initial denxhmation at #5°C for 10 minntes
followad by 43 amplification cycles of %50 for 10
sscomds, 38T for 10 seconds amd T2°C for 60 secomds.
were hen nomalized o the standard curve and analyzed.

Statiztical evaluations

AN seatisticel sralnatons of the dai name :.l::md.
ozt rsing Mieresnd Froel 2014 2lioroseft ©

50 that siandard deviation could be lodsied The
toc-tzdled Smdent™s et was pardforoed at a ¥5%
confidence imerval; whene valees po0U03 were oonsidered
significest, while vakeas =p<0,01 2nd valmes =pc,001

Abbrevisooms

kD Eil Dalton

LEPLE: 37 kDa Le=ximn Racepior Precanor 7
kD High AfSmity Lapsizin Recaptor
BDA-MB2EL: Metastesic breast camcsr calls

TERLC: Talomaracs EIA

Anithor contribations

T. C. O parformed the TCO.EF,
5.0, M B amalyred the data. T. C. 0. axd E. F. werots
the mamscript 5. F.T. W end B. T. L. conreptalined fo
stody axd edited fhe sonrescript

ACENOWLEDGMENTS

Waa thomk Affimed Therzpentics GmibH, Hedelarg,
Garpeamy for providing antbedy Igrl-i516. It i with
ot smdngsy to peport that D Boitalo T. Letsolo, passed
iy dering the presparation of this manuscript.

wivewr Impactjournals_comfoncotanget

Qinootanget

- 246 -



CONFLICTS OF INTEREST
There are zo conflicts of imtares:

FUNDING

are thoso of the awhoo(s), and thersfora, the Nationel
Rasoarch Foundation dogs not accept any Bability iz this
regand theesto, Fisancial suppoet was further received fiom

1o this maverial are those
of the authoe(s), and therafioes, the MRC doas not 2ccept
auy Bability in fhes regard thareto.

REFERENCES

I Priewe A, Pesper DS. Collube setmomce iv viver & beerier
1o tumengzmaie. Oy Open Call Biol 2008, 20- 150-155.

2 Allsepp RC, Harley CB. Bvidence for & critical delomere
length i smmescent human Glwcbluts. Bxp Coll Res 1995,
2913136

3. Muololiky AV, Skitaky 30, Joecph NM, He 8 Podd T,
Krishearssrthy J, Shasplom NE, Mariscn 81, Increasng
pIENK4s eprasicn decresses foebatin peogenitors ind

4. Harley CB, Futcher AB, Gueider CW. Telomeras shoeten
M“J_WN.-. 1990, 345

or recommandations axpeessed

s MC&WB Telomeres ind telorresans in
ang and camcer. Coay Opin Gennt Do, 1595, 5: 240-258.

6. Capper R, Britt-Compicn B, Tankimanovs M, Rowson
1, Letaolo B, Man 8, Haughton M Bwird DM The
nutiwe of telosere Farios and & defimition of the critiesd
iedomere length in hurmean celle. Genes Dev, 2007, 21
24952508

7. Hisckbos HE Telomees and izkomaos: ther meciuesism
of action and e efocts of slering their finctom. FEES
Lett. 2008; 579 §55-862

8 Leteclo BT, Rewson ], Buind DM Furicn of shot ek
16 humian celle = charcterized by exteraive deletion and
eacrchom abogy, sed cen revull & comphet reamasgemets
Nodeic Acads Ree 2000, 58: 18411852

9. Bodear AQ, Cuslletie M, Frolkix M, Holt 38, Chiu (3,
Meein OB, Heley CB, Stoy IW. Lichtsisne 8, Wright WE
Ebetermion of lifcupan by introdaction of telomense 2o
nomeed trsssan ool Science 1998, 279 $40.352

10 de Jouu BS, Vers B, Schoocberger K, Tejern AM, Ayaao
E, Bosch F, Blaco MA. Telomersss gene thengy in sdult

12

15

14

15

16

I

IR

19

md old mice delays mpinng and tcrems leagevity withaout
nassg cence EMBO Mol Med 2002, 4: 691-T0M
Creider CW, Blackbuen BH, A telonenc saquince in e
RNA of Tewaly tel quired for telonere
repest syethotia Nutuea 1989, 337 331357,

Zaretzki G. Bxwn-lelonaric fanctions of lraean telomense:
2004, 2 6385-5403

Furk T, Verrescher AS, Horg TV, Chiet [, Jun 8, Sticreli M,
Chang W, Masg 7, Cheung P Ji H Telomerase modulaies
Wit aignalieng by sascciatios with taget gens chromatin.
Natiwe. 2009, 460 6672

Naadoo K, Malindux ST, Otgase TC, Bermert M, Dims BD,
Ferseirs B, Reusch U, Knackmoa 8, Litthe M, Weim 5F.
Knock-Down of the 37kDw6ThDu Lanizin Rocoptor LEP/
LR Tmpedea Telomenme Activity, FLoS Qne 2015; 10
CREIEIES

Jovanovic K, Chatty CJ, Xhamalo T, Du Coats Diss B,
Ferssirs B, Malindisa 8T, Caverey R, Letsclo BT, Weine
SF. Novel puenied therapeutic approsches tugetng the
IVET Klw lerminin receplor for restment of cancer and
Alzhsimer's disease Bxpert Opin Thes Pat. 2005, 25
56781

Oveae A, Roussch U, Ketackroa 8, Linte M, Wi SF, Arrs-
LEPLRapecific miibody lg01-518 sgnbiontly rdices
wlevico and mewmice of melaitc hay, omvix, colos wd
Poutsle cecer cells J Mol Bol 2012, 419 102-100.
Khrammalo T, Reuach U, Kaackmua 8, Litle M, Veale RB,
Weize SF. Adhesion ind invmion of brosat sed cescpluges!
cmcer call are mnpeded by mrs-LRPLR-specific sibody
2014313, PLo8 One. 2013; 8: p.oS6297.

Moodley K, Weie 8F. Dowrpagulesion of the soe-tegrin
spopianis i hng and carvical cancer oells. FloS One.
WY 8 ST

Rebelo TM, Chetty CJ, Ferreirs E, Wean 8F. Anti-LEF/
LR-specific satibody [g01-iS18 impedes adboson wad
urvasicns of pancesatic cancer sul neuroblasioma calls
EMC Corcer. 2014 16 917,

Mursen C, Rebelo Th Ferrirs E, Wetns SF. [g01-i518
epedes S ndhosve and arvasive poseatial of eerdy sl
lnte stage mahgnest melesoma celle. Bep Cell Res. 2017,
351135141

. Visia L, Chety CJ, Feseirs B, Weis SF. Ati-LRPLR-

Spocific entibody ig(] 313 significeuly mpede adhaion
od invmion in exrly-snd lue-dage colerectsd cxcinoma
colle. Mol Mad. 2016, 22 664673,

Crusczywaki 8, Niklea 1), Bl-Ocgo 8, Papy-Oassia ), Rey
C, Alben 8, Buvitedl D, Lasnezas CL, Weie, 8 The
A7EDWSTADs lamimin receplor acte aa & peceptor for
infectious prices snd i ihibited by polysulfsted glyomss.
T lnfloct Din. 2006, 194 N2-708%.

Vies K, Weim 8. A trens-domizaest negative 37kDw'67kDa
leminin peceptor sutard impein PrP(Sc) mopagetion in

www impactjournals com/oncotarget

86654

Oncotarget

- 247 -



N

3s

37,

senpie-infecied mewonal colle. J Mol Biol 2006, 35&:
5168

Jovamovio K, Gomslves D, Da Coxts Dise B, Moodey K
Rewch U, Krsckreas 8, Peany C, Weinberg MS, Litle
impede amyloid beta sbeiMing i Altheimer's disase. Sei
Rep. 2013, 3: 2609,

Bllawoo MA. Telomeres and human Sacsss: agng, cencer
and Beyond Nattre Reviews Gasatics. 2005, 6 611622
Counler OM, Meyerson M Eston EN, Fllicen LW, Caddie
30, Haber DA, Weisherg RA. Telomense activiy i
reatoved in human cslls by ectopec expression of hTERT
(REST2), the cumlytic subumit of telomersas. Onsogene.
1998, 16 1217-1222

: M&h—&h’.ﬁﬁ&“"m

Q. Huzan 1) csalived
mumh—w-wm
for Rumn cysomegalovine J Gen Vel 2001; 82
R55853.

Cowthon M. Telomere sesrencnt by quantitative PR
Nucdene Acids Ree 2002, 32 047

Leoe BY, Han JA, e 15, Mozrnms A, Johusg K, Goodwin
BC, Klejjr WI, DMfaio D, Hwayg ES. Sencacence-
sascctaled B-galactomdase i Bmosoral B-galactodan.
Agarg Coll 2006 5 187195

Kuez DF, Decuary 8, Horg Y. Enslonsky JD. Seomomnce-
waccisled  (beta)-galaciosidase reflocts an mcroase
in lysosomsl ream diring sephoative agng of human
eodothalad celle. J Cell S 2000, 113: 3613-3822
Prepelova TV, Demadenko ZN, Bukreeve El, Pospelor
VA, Gudeor AV, Blagoakiosay MV, Pasudo-DNA denage
reaptes in sescecest cells. Call Cycle 2000, & 41124118
Toomas-Lobe A, Flores [ Femandea-Mocos PJ, Cayuela
ML, Marwver A, Tejers A, Bormes C, Matheu A, Klatt P,
Floess IM, Vina 1, Serrno M, Bhesco MA. Telom eree
roverse Baracrptue dabos aging i cescer-oseiturt mice.
Call 2006; 135 800622

Bderami B, Amin F, Rowsbandch AM, Badadori M, Herns
MD, Rosdiasar MH. The LerQ-ergiseered FER-293 celbs
show senescerce under stremfiel condition. fran J Baso
Mad Sci. 200 5; 18 459464,

Fyu 8 Kewwmes |, Naka R, Siferberg YR, Nukarsurs
N, Nukcemuea C. Nanonesdls imartion avo e call pociens
doea not induce docklestrind Bredks in chromomomsd
DHA. T Bucnci Biossg. 2008, 11& 391-396.

Kirs NW, Platyxoek MA, Prowse KR, Hasley CB, West
immartal celle snd cimcer. Science. 1994, 266- 2001201 5.
Shay JW, Zeu Y, Hiyassa B, Weight WE. Telomerme and
cunce: Hum Mol Genet. 2001, 10 677635

Wege H, Le BT, Chui MS, Lau L, Wu ), Giri R, Maethi H,
Sappal BS, Kemsoe V, Gy 8. Telomenoe recommintion

47

wem ortalizes busan fetal hepatooytes without disptng
their differsestintion potestisl. Carsoenteology. 2003, 124
A32-444.

Haysna E, Gollahon [, Katacka T, Kuroi K Yokoysma T,
Chaxcbe AF, Hiywenss K, Piatysock MA, Stwy W Telomimuse
wctsvity in hareses boeaet tumces J Natl Cancer Inad. 1996,
BS: 116122

Morsdes CF, Hokt 88, Ouellette M, Kawr KJ, Yan ¥, Wilscn
K8, Wiste MA, Wright WE, Stoy TW. Almence of concer—
sanocieled clunges & Bunan flvebbots mmnceadiood with
tolomenae. Nat Geret 1999, 21: 115118

Huendeler 1, Drdes 8, Bockner N, Jukok 8, Altecheried J,
Goy C, Spyridepodiion L Zaher AM, Brand U, Dimmeler
& Mitechendrald tzloeneruss revesse Sansonptoes beuls (o
wnd protects mvtockoadrind DINA and feoctin Sos demige.
Asterioncher TRromb Vise Biol 2000, 29 920-935.
Fowealenko OA, Caros M, Ulerna P Mednmno C, Thomas
AP, Kirrrarn M, Bonini MU, Hectag U, Sactos TH. A sntaen
telimenme defective in macloar<yloplesnic shuttling fails
@ mmonaise cells and & smocated with mitochondrial
dyrfimstion Aging Cell 2000, 9; 203-219.

Sereecki 0. Telomenae, mitochondns and ovidetive strem
Eixp Gerontol 2000, &4: 455402

Scheiman I, Jumizscn K, Ziello 1, Tamg J, Meruslo D
Extanbosomad fusctions smocisted with the C terarinams of
the Y757 KDw lamirsn roceptor are reguived fox manteming
ooll viabikty, Cell Dawdh Dax. 2010 §: 022

Sato M, Kincahetn K, Kanods ¥, Sacki ¥, Fwanatsc A,
Tenakea K, Kancds Y. Analysis of muclesr locslioston of
Biopkys Rea Conmum, 1996 229, §96-001

de Jenum BB, Schoodberger K, Vers B, Teje A, Harley
CB, Blasco MA. The telomenme activator TA-65 eleageies
shont telomeras and mereasse haskds spes of acaltiold mice
without incrsssng cenoie mcidenos. Aging Cell 2011 10
G821,

Sueper B, Flores 4, Blasso MA  Restceution of
telomerame actvity reacues cheumcosomal instahiity sl
prematare aging in Tere/~ mice with shoet Selomarea
EMED Rop. 2001, 2: 800-807,

Hao LY, Asmanica M, Strong MA, Karim B, Feddeer DM,
Fuo D, Oveider CW. Shoet selosssm, even in So presence
of klomeraae, kit liswse renewal capacity. Cell 2005,
123 210831

Mamusage H, Hands JT, Acuki-Kesn A, Sharwood
SW, West MD, Hjslmelexl LM Beta-galaciondase
hitochemisky sl tclores bum in ssmeszent retined
pigrmant epethalial cells. Trrvent Ophthaleal Vie Sca 1999,
40 197200

Herbig U, Jobling WA, Chen BF, Ches DJ, Sedivy M
Telcmere shortening tiggees senmcense of humas cells
through a ety Evelving ATM, pS3, and p2) CTPL, tan
not pl 6 TNK 4. Mol Call. 2004 14 500-513,

www impactjournals com/oncotarget

86655

Oncotarpet

- 248 -



50 Sherma (W, Chupis &, Warg H, Schedian H, Diar 5, 51 Armanice M Telomeres s sgeerclated dacase: Row
Gundhi %, Meskin 3, Thiy W, Young O3, Fabis TK telienere teulegy mfizma chnical parukgma. 1 Clin nveal.
hTEET amncwmies wits horas lonerss el eohances 2003 1°E3: oDs-1 a2
penic siability wd DA cepuer Omcogens. 2003, 21
130-185,

v, I pactiourmads comfomnootarget BEE5E Onootanget

- 249 -



{PLOS o

Appendix G

Co-authored publications (not pertaining to current study)

CrossMark

[RISp—

EO'ENACGQS

Clatior Matcoo K, et et 5 1 Onpeer TC Beormaet
M, O Conte Dkt Farmivn £ ut al (2005) Kearh
Coawr of @ S0 N L famgtr LW LR
i Rtmeson Ady MLaSORE 100 Y
WS EIE Gt 10 BT Sparrl vk (B4 1E

e Mg b Urbaaly o Saf Akbers
UNTECARIES

Mewdvd LUy 08
Accapied. Otibwr 4 2005
Publnbat. Nowedss £, 208

Copyight- O 2005 Nakco i ol Thes & e s
s wice d b code T b o 8
Canbw Crmwars R &8s Lisrow, whith perls
TR e Ch R st (eprrieton ey
mwchan, Ptk B ofgodd sdior st saroe e
e

Ot Avaiatod 1y Stz et A awss ioasoom
witin B e

Funding: [ wxhwsaigpote by B Nedore!
Fossmech Frasviaon, B Raputd cof Soth Mo
Aoy vk Sesbgpand arcoboras

b 0o ol e
e oflhw wfem s Daondn, Bw Nedorad
Fosssoct) Fourmuton dsa nt L1
B0 s Mard s The Lepien bastro rode i oy
0 ol T e Wahp b e b D
pubich o proguesdion ot sersce gt e
e e wbdh B puldic i s wie
@A byt St At Mkl Moo

NESEACHMMBGE

Knock-Down of the 37kDa/67kDa Laminin
Receptor LRP/LR Impedes Telomerase
Activity
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Abstract

Cancer has bacoma 2 maior probiem wordwdo dud 201 Pomasing Inddancs and masss
1ty maes. Both o STRORSTROR laminn mcopton] LRP/LH) and 30iomamso 250 ovenx -
promad h mncer celis LAPLRoanhances o fvasvenas of mocer cols Hhomby
PromOtng MafRSacs, PEOmng angogenass and hampantng 20opeoss. An asental
companant of Siomerase, NTERT s overereasad N 85-90% ofmostcandors NTERT
SUPINSSION 2nd N 02a0d WIoMeraan AVEy aro asaociatad wih famor pmgression A
LAALA and ATEART both play 3 00 Incancer Fogmedon, weimesigasad a poasbie cor
roison botwam LRPALA and iomanse LAPLA andhTERT oo ocalzed in ™0 padnuo
loar campartmant of Sumongenic brea £ macer (MDA_ME231) cols and non-Sumargenic
rurman embryonic Kdnoy (HEK293) aslis. ALAGY Coimmunopradptason asays con
tmmed an interacion botwoon LAPLA and hTERT. in addtion, fowcytomety ovaslad that
both col ines depizyed ngh ol surtacs and Pemceltdar LAPAR and NTERT lowis.
Knock down of LRPLA by ANA! sschnoingy Sgntaantly mducod SSomamse sty
These msubs 200705250 10 Y Mo anovel fancion of LEPLA N conseausng %0 %iome:
T30 actvly. siSNAS tamgeang LRPLR may actas 2 potonti a2omasvo Hhamoousc 100l for
cancar reasmant by () biocking metasacis () promating angiogeness (1) Indaang aoopeo-
si3 and (V) mpeding Wlomemso AcVIty.

Introduction

Cancer bus b tere w i gor profidem workdwide doeto i ncraciing ind idence wnd mortaliny
s Accanding 10 the Wodd Hodth Ogueniaatvon (WHO L cancer scounted for 82 millom

deitu 02012 dote Qv fww ww crlong G ot sl Sshs).
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The ITADAETUD ' bemiinin recepior procureos/ bigh s Msity keniain recepaor (LRF/LI) Sa
high ofinity ool aurface vouopaor for beminia -1, an extra cllule r s trix @y cound i in wolved
in cel owth, onovem e, st et o ol Sif ferestia Gon { for mview: (L 2]). The relaonabp
Between the ST D high wff iniry receptor (LR ) and S KD bam inin recepior precurior
(LRP) remm oo ankoown. LRP/LR & S adioad on the coll surface as well w inthe cptophaen,
pednnciew o riment and the o odent. Theoveregprasiam of LRP/LR & evident in mulds.
e caney types, wnd drecdy corm s with the lavsiiene s of cander colie wkich theredy
endues S ik of cence s metotas 3-7].

LRP/LR further plays fun donentd wlss in neundogonenaive Sorden soch = prion dis-
cones | B-12] wnd Abdhe iners Divcse | [3-171.

Telomeyes 3 respacidivnd DN A-paodein strocsures found o Se ends of Encar cularyotic
chenoean e The cndi of tehune = buvethes bility % form 2 wameredoop (1-loop) sttuaae
|15 Thetdoop s Sadilied by S Shaterin® comples {13] 1n fhis comformat b, Chmodorme
endiare pooteciad freen oy s dution and Moy itimat e proceing which could wadt in premu-
lue senscence, recttnbin alion and e ol 2-cnd fsines wnd wlimady genome intbilly 2
BBk of cancer 10222 Dusl g e snlcomsermtive DNA repdication, DNA polymense Sl
10 teplicate Bhe chrotnodnna) cnds dofing the hagping 2 m ndsyntheasy walling in te koo of
terming jeguence s, 2 phencn coon Ktown o “en d replication peebdenm™ (13-23] Colls thutt are
wna bl 0 coruperiade Sor this mada nian cxperience pag ssaive tdoomere sharien g, which in
1um Uiggers growth arod cdied mplic e sencence [ J6-28] Replica tive sencicence 5ia
Ty proteciive s cucniiom wkich ce B bave © Dy 10 guive nmartdity {29].

Teomeress we maintenad and replenishal by 1dounerce. Tdomence &3 hodosnryme wnd
# ey r ridetracionpaste in that & levolved in e Wlditon of TTAGOK repaits © Be e ad ol
chanononnes. 11 5 comgoad of Twoeeentie] cotrgrments, Bhe Sz yrl i ® e e ipace
cumlyBe suban i, ATERT and theintegyd RNA componen t A TR ar b TERC (30, 31 STERT
overegpresion und (Snerge ativity ax Sctamed in Mgy prodifera ive ol soch s emibry-
omic celle, gersnline oolle, alult steen colls end oot Cencer types | I1 33] Tamerase standyies
T progreion by sadiiting S Hameres 1o prevent S ndodion of replicaive & nes-
cence and! or spopioais. Therelor deval ol tdomenoe aivity could prevent 4 pro.cencer
acivity andaall function w an wntiegiog o by ¢hnguting e iag womeres and pevent -
g e accum daBon of short omeres |34, £

As LRP/LR wnd KTERT both pluy & refle in can cer progrosson o sl abu = subs< clloh s kaods-
Talion, we sotgfd B lave it 3 possible carnelaton betwesn LRP/LR 2.0d sshomersie
acmvany

Materials and Methods
Celi cutture

Husmane sbayonic Mdney cells | HEK293) were cdtered in Dulbecos’s Modifiod Egle
Medizen (DMEM) kigh glacede { Hydone], MDA_MEZ3 ] breot o ncer ool were culiored in
DMEM/Ham's-R2{13). All molis wos scpplem el with [0% fetad el e mum (FCS) and
1% pencilintreptanrycn The cells werecal ue dut 70 wnd 5% 00, Noo-tumarigeai
HEK 293 cells were wod o the posilive coutrod 1 hey eohibit high sdomsrgie o ity wheren
the tnorigenic MDA _MB231 el were ced o the cxperimental moded & Swy ax tamri.
genic and metaaic

Reageants and antibodies
TG L5128 was wccon B anlly prodiucad g mussune Ba s eprciion sy dem w doscribed by
Zeber 1 al, 2008) 3]
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Flow cytometne anatysis of call suriace and infraceliuiar levels

Qe i wom of ool s tece snd ttrace e s devels of LRP/LR wad hTERT wes conducted
g fow cytometry. TopanEDTA wak wod o faillitae dotachonen tof adbe = ot ool whic &
wis fullowed by cont ffcga tn w1200 s Sor 10 minutes. Cels were abmoguently fwedby
re-aupe nding Shem for 10 minokss o 4°C 14 8% pardorsaddey de. Calls were Sen permeds)-
Bacd by resumpension in metha ted for 30 minutes 1 detoct intrac il s hevedi. Collswe £ agein
centrifged in FACS butfer whic halbvwe d for the prepacation of two ol suipensisong, one 3
wiichanS- LRP/LR gpedfic antody 100 - 518 wus add:-d1odee o LRP/LR wnd watl- adome-
ra revese Wancriptisew s addadto detect KTERT in another. The cefl saspeniion conten -
inganly PES bt oo wnt Body wus sl o the nomthe cont el Al sspension & were ncadatal
a1 e tem pesture Sor | hoor. Following Suee wadving Zeps with 1 X PES, wn S-busmun.
FITC conplad sccondery (Sgnm Abdrich) wus added 0 ek ol supendon o desec 1 LRP/LR
and APC-coupbdto detect ATERT, fallowed by unothe s | boor incdbution periad Futhe:r.
mere, Buree pist dnculia Gon waahe wee performel wnd ool sopenions wered ndy e d wing
the BD Accud Cf flow cymmeter Theerperiments were perfurmed intapiicate und repadad
o1 boot tree Somns

Confocal microscopy
1o osder 1 viasadioe Se - Jocllizg in of LRIVLR and RTERT onthe ol surfce s nd intrad.

Ry, condoncal microncopy wes employed. Colls were first e aded an coveslign and diowedto
reuch 0% canfiuen cy. Cells were figad in 4% Sorsdde byde in PRS foc approdors iy 15 min -
e falbowed by soverd wisdes with PRS Clls were permadeillined for int e cioler yiscalte.
tien with Triton- X BSA sedotion {or 15 minuies Sollowed by severd washes, Celils were Modiad
in 05% BSA in PBS for 5-10 mingtes Afierwaddog with | £ PRS, exceu PHS was bl off
The cove s alipu containbang Cells were phiced on @ ghos alide (with el S ug upwards ) and i
w {flowed by additeon of paoe ry antody 1gGT-S18 {1100} d3uedin 05% BSA andant-
Telomence reve sie Marmcriptae { 1:100) dllste din 05% BSA wnd incdhated 8 4°C cernight.
At the end of inc dduBon pefiod, the coneralipa wese rissod theiein PRS/BSA and incubuat el
with ATCCauplad and APC-couplad sccondary wt Bodics (Sllutedin 05% BSA | for | besr
nSedad Afer which the ool were quin timmad thiice w befure Theraufier, Hoadst 3342
diue din PBS was adtriniie =d for 5-10 minuton Cell we e S lly wisbad once in PES abane
wnd maunied oo s desn dide wiing GeMoant (Sgma- Aldeidi) A perial of £ misuts wis
wor ated 3 Wilow for semting 10 tuke plice Inages wereaoguiradat som kenpe nturewith
G0X s geilicution waing She Olypnpes IXTT In munafiurecen ce Mic sucope and Oy mpes
AMI0 geyscde cames 3 sudyds Rescuah Tmage Procesiog Softwe e wi med 30 cgaure the
nges

FLAG® Co-mmunoprecipiation assay (Pull down Assay)

To st whe ey Siere Gan intéow ton letwee s LRP/LR wnd STERT, HEE2 3 cdliwe s
Lramidec tad with pllneo- moLRP = FLAG | 17] wsing Lipoded tamine 3000 and colmured i sty
egren Be LRP-FLAG @ per thesmnunubicturer s ind s Soss ( it ragen ). The ol fpsate
wits prroafocad from bomh oon Lransdetod HEK29 ol (lacling e LRP-FLAG) sawellas
HEK293 ¢l tra safetad with pClne 6 molRP-FLAGL A modified procedure wing FLAG®
Terenun oprec ipit e T { S - Abdrach ) was then sedtosdatiely ndihe FLAG pep-
tade This krolved | nocbuting coll hsed ol with e Asti-FLAG M2 beady in Eppendor! ube
w1 C owernght Theeafter Buce wasdles wee performedwith bx wioh bufler pavyided in
the Mt The washes were the ncaiiecad o they cootain o snboamnd prodein. Prodcins were
then collactadand andysad by weaern bloting. The murine ol FLAG { S F-3165)
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(4000} anad +abdat wont S HTERT { Abcun ub 1R3105) (1:1000] prima sy wat bodies were wied &y
dewnt LRP:FLAG and NTERT, respectivedy. These we e then dete cond waing o nfi- rabdlt 150
(Gl aign alling TOTHS) wnn dantl- mrine 10 {Sigma A44L6) seconda ry et Dodies caspled
withan HRP ensyme.

Westemn blotting and SDS-PAGE

Western Mating we wad © dsterninethe protein kowds of LRP post-tane! oction with «iR-
NA-LAMR whe ncom pared 10 untreged controis, with 8 actin wied s the bading contral
Briefly, ol weve Ysed, prossin levels qua nifiad and Sig of ool hsate was readied on 2 poly-
acrjlamide gd. The protein were selseguen 8y tran derediou polyvimiide ne Sooride
(PVDF] membrane for £ milnoks @ 350 mV and 4 sem ldry (o sderring appasts The

m emberans was blodie d in 4 1:10 000 sobution of the LRP apec ific pmary ant 2ody 13G1-518
I 3% BSA in PBS Twesn a1 SCovernigh L with sdultog. The snem bea ne was sbceguenly
wiidad I PHS- Tween, and fuher in coged 1o 4 110000 s0lt kon of an - bames HRP e
ondayy antbody in 3% BSA ln PBS Tween for | hour ot som fem peraure with sbuling and
wahid i before prior tobeing anddyed

siANA-mediated down-reguiation of LRP

HEK23 and MDA_MBI colls weretransdactad for LRP koodaiown with SRNA pus hesed
faaen Dharsnacon, Cat 2 101330508, acoording 1 muanslacneress bl st s saing Diaro -
FECT® 1 2ancdection regent. Control SIRNA wed—Cat # D 001604 20. Miwion AIRNA

wnhersal segative controd (OO0 -Sgua Abdrich| wies wad a conding o manudacourer’s

10 % 00 Thotes a5 4 Mot e control Sor the e xperime nt

Detection of telomerase actvity

We utlizad e TRAPeze RT® Tdomerase dee ction K2t (Merck Millpore] 1 determine who.
mnerise acovity according % men clatue £ g na Sot with musor madificaions. Briclly,
el were havesand and wade din PBS. Thecdll were then yiad with CHAPS Jysibufle e
Protcin and RNA were colloctad in the quperm tun. P o in con condra ion wa standurdine d
500 nghd for al experimentd and controd reactions. Al sampls were Se naubieaad 1o experi.
mental s ndys accompaniad by two controbi; heat trestment & 85°C Sor 10 minoes and con.
el react Sancon taning 4 PCR inhitor o per the sufacsores’s inst et ion. AN reactions
werepe formedin triplicate The rew o werecarde d out In She LighaCyder LO430 { Rache |
under thefolowing cycling conditionic 37°C for 30 mlvutes, $5°C for 2 mincies and 45 cydes
of 53C for 15 seconds, 397 for @ woondiand43C ke I0sacandi Tebmense «vity wis
e lmutad by e gra paation fram the Sandand curve geserated by E10 serial diation (40-04
amods | of TSRE cont sl & per Merck Millipore ind ractions. The dets wis andyedin Light
Cyder® software version 1 51

Data analysis and statstics

Sutieticn ] anadynis wiss conducted i Geraph pud Prien version 5.09. Al s inticd woulpses were
peformed ualng 4 two-daled Stodent's 125t with 4 5% confidence heral Povaloss of kes
than 005 wes consddered aignllicant. The Hnewr dependend ies between two varidls wese
exgrosed vlng Pouson's | 1] core bdlan co-cfficie nt.
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Human embryonic iadney and metastatic breast cancer cells display
LRP/LRand hTERT on the cell surface and intraceliularly

Sitce theoverespreadon of LRP/LRund KTERT b been daeried in nume s cocer cell
lineq S levelsof LRP/L Rand WTERT an She el surfae and inraceSidardy an HEK29 and
MDA_MR3 colls weree mmined by Sow cptametry. HEK293 and MDA_MB23 1 cobs dis-
played highlevesof LIRP/LR and ETERT an booth She ¢l sudface und intraceSialardy (Eig L) OF
the waoad HEK293 ol popdiation, 71 2% and 8% of the ol cxpesad bty celiciar
LRP/LRand KTERT, respec thwdy. MDA_MB231 colls exhibined FAE2% wnd 9454% of LRF/LR
and KTERT bavaeldarly, respectivedy (Eig 1) The bwds of LRP/LR and NTERT onthe ol
sarface were dm llarly deermined Flow Otcmetry revedad St 5. 6% and B.56% of
HERSI cdbiaxpresad LRIVIR an dRTERT on the cellsuriace respactively, MDA _MB231
cells expresed 591 7% und 95.56% of LEP/LR and STERT an the ol durlace, sspectvely (Fig
1) Wecmlinned peviows stadies St HEKIS wnd MDA_MABII | colls diphay high levea of
LUP/LR. However, il 5 th e it separt noting the keweds of STERT bath o racelicdardy andon
the ol aurfuce onthose two ool lines

LRP/LA co-localizes with nTERT on the cell surface and inthe
pennudsar comparments

Condocdd nicroas apy wies cmployed % e igate whether LRIVIR and ATERT co Jocalize an
the ool aurluce w6 well 4 it cliolardy, @ dha ring @ sioiller cellular Iacalization sy be indica-
the of 4 posile Ssocetion betw cen Sese proteing. Co-locdiation of LRP/LR and WTERT
wai de ol om the call surkace of non-permetalied HER293 and MDA _MB3 1 e (B
and A and penounced In 1he pe fin o dewr compartm ents of perme b Bned HEK 93 and
MDA_MR3E ool { Fiy 24 atad 2¢) These sl damomitrate tha LRF/LRand A TERT oo
Sonca lize 10 pe din u Soir compartme sits and She cell sud ace but endete cublel no co docadis aion
in the nudews of the HEK 293 and MDA_MEIT ol repetivedy.

FLAG® co-immunprecpitation assay of LRPALR and hTERT confirms
interacton

To et whaet hey 1he observod co locdizaton of the two protsing in dicde d lal cration) ssod-
4ton mm«m,m‘»wﬂm waayswe e perfomed (B
). The preiesce of e LRP-FLAG und KTERT protein wis detetad by covepanding ant-
bodies. h-TERT {pand A, baund prossin) and LRPFIAG (pans B, bound protcin) both
boand 3 FLAGE M- beuds, in g4I neo-moLRP:FLAG 18 nafetad e iy, wheress both past i
fadled 3 bin d10 FLAG ™. M2 beuds in tom-transtec tad colls fhound prseinpund A and R

nen damiee d oy, Thin Sxouagly indicates au nteractionia sancia Gon betwee n ATERT and
LRP-FLAG.

sIRNA-mediated inockd own of LRP/LR sxpression in HEK293 and
MDA _MB231 celis

To wach whes her LRP/LR infoences adomernae 2civiryg, LRPALN wis down-=galeadby
enploying RNA imerferen ce tochn dogy cilng sl ierde fng RNAS SIRN AL The kvl of
LRP/LR exprcsaion in HEK293 and MDA_MBE231 el afier rasder on with AN A-LAMRI
wits determined walng wedern bloming wnd was quandt ified by dessiometry (Eig 41. The knelof
LHP was redoced by 5642% and 259% in HEEK293 and MDA_MRI3 ! ey mpeclivdy, com-
paradiothenon damdaedoon take
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R = e a0 4 | !
Fluorescence Intensity Fluorescence Intensity
o Surface 75.26% 99.17%
u‘ Imtracoiluiar T2.22% 58.852%
Surface 93.56% U5.86%
IR Intracelhular 97.98% G4.54%
Fig L How optoom e dete cham of el oe s or face ey s of LIV Harst ATENT o MEX 2 Jaedt MOA MEZI ) cain. A) intad e

Mwds o LEALR e et PR G MDA MRS ol vt el oo prtersedy by noutalog Beod s Wb 10080 8 owed by noutstion
Wil rthbuorenF 1 TC coupdent ey e fodee (Sigm e AR B b twmouub e boveda of B VENT i oot Bseec HESCRY sent VD A_MIECT) T cnll weeow
dotwrrraad vy by (oo badn g e ol wth et T ol - o phoee st Aoy ol Ly s WG OE arthmosse (gl ASC
Ooptend e cadery s Dt o (Sag o ARt C) Gl mafucs wdts of I u.vu-m-n:l-s -ﬂcm st MDA VEEEES T o e e et e !
Pty by Dobsng Pw odswh gl iS5 Blowel by notuton Wi @l a0 yartbod s (Sigre Adc by O Cdlstios
oo DR T i oo g o B! FEXCIES MO A MEDTE Y Ol e o st ot (olimsedy Dy P Slog Deoebe Wb s ) -are oo seve s

g dcme w TDocy o iow st Ly bon Dadio e w i Gt w3 -onnse (gG-ANC cogs ket s ondiey srtbod e (R gram-Alanh | haba v~ [
nepdTuy etbiody onrelc soant for o -sped oty of U seorday artodad whibe U ol ourve s pras ids od & lutn-ul:-ldnlnbdh
Ty et ooty artbeda. e peosrtags r: nce s e prepoten of cdlla wihn Dapopue 1on whiche g sseet U5 L aod NVENT

Dinod iy wud o e odlsction THs wes ododemt g Bt dima dor (om Bepar | of 1l osecion Detwas n e o ons o Besrd o e et oo

St 1019 heaal pan 014 B S )

siRNA-mediate d inock-down of LRP/LR in HEK293 and MDA_MB231
cealis significantly impades 2 lomerase activity

The eiume sscactivity in reporse o the SRNA- madisted dvwn regulation of LRP eguesion
in HEK293 und MIDA_MB231 cells wush s scied walng o TRA Peve RT® sdome se dsazion
kit {Mexck Millipore). HEEK293 and MDA_MB23 colls were transiectad with MENA-LAMR)
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Fig L Corfoca ! micros otpy s B of Mg inders clicn Beatwaan LIV UL B TENT co MOA_ MR 37 v MEX 200 cu s A) hinodlun
BTENT on prermncd e e HEXCO Soe ke (5 Endopenon s oel suatfucs LIAVLN aret BTEST oo i Sdialland PEQ QL (O Intacd ibe LS
BIENT on srevurchabe A MO A MERTT odlx (00 £ oo g s o roos LAEYUA snd b TERLT on vt it Bedd MDA VD ST 1 TESTY v detacion!
UMY ]S oo mev ries Lo st g athgosd Lo most e ANC ot be LIV veck de e dempioyin g rtbiglG 508 nd et bumune A TC
RO M Cirmsag soe ve et e ool oo Bon. The yeliow sad iy Dd o snec o oo il Seornaey sibody ox oo s own
Erorws s sty o ol FHatre oM o won Caectun! wen e rmsig % woersn o et Gl e Olyrrgass 307 rerunoli ones: sres Mo scopeand Arsd e Gl il
Hlcwt e So b 5o Baes s 200 Wihs st poin ! i ek of oodood o n

G105 oot pore D14 W18 g2
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Al HEKISI cula
Non-transtected WRNA. L ANEY
150 P < 00001
R suv
37 wDa I

a
Non-tracsdectad SANA-LAMRY i
b

Noetremaiecien MNNALANVE

B) MDA _MB235 cells

Moo transfected T RNA LAMAL
150+
LR#
37 kDs !
g 100+
Nen-nanstected SIRNA LARR
i ”.
'
o+
o 1 anstecied SIENA AN
Fig A sIA etiated & nce bdowe of LIV e HEX 20 —umm i T P i o vl i HESCITD et MDA VIECTS T onlbe wees
vedigated T pod-tursdecion wh 8 INA LA D ol g o s mawdedn sgrtfoet ("% p <0000 )90 4% et
D255 rvrbation s LIUY p ook sox procd i A) HESCE) a0 a8 ) MOA_MECT T ool iy ly. comresewd o Frtars-Coi i Card o e (e w1 TO0S)
AT el pan DA B EgIE

and SRNA-TFROYDICER (pasltive control). The byl of womerice w ity in HEK2S and
MDA_MBELY ool wis significa nly redoced (Fig 5] after the inack-down of LRPALR.

Discussion

Numeroes @odes have inpiicased LRPAR end whome e in the progression of cancer. LRP/
LR s overegresed onthe ool aurface and lavac sl sdy ona 0 wmber of cancer cclilines In
thase coll, LRPAR b b o 10 comde r the abillity 10 metagolee (1-71 hamper spoplonss
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Flgd Emuct of UIPLN o te eners se activity s HEK2TD e MOA_ MED DY cattn Thae oo n have |n # E5C0 wid MOA_ VST odiowion
i st i g TRAPEDE Tdoommeions M (e ook MBS oore ) an A PO Acsd iy of e oo ntotion 3 nevesd e o gn ot ("% p <« G007 ) seduction i
Do catmars dow i vty O LI vl ke chudowe In A) HEXCERS 35 wn @ ©) MDA _VIEET ) onle. seape clwly, compainad © o tolna don shaded ods wid
g b oot I cudedn o s 008

St 101 9| e g D14 W1 0S

|38 and promate the Indoction of tumor wigiogensis 9] Moreover, Soumne sise op-repils -
hon ¢ nubdes kg hdy prodiferating cunc e ol © bypasa chadkpoint signa b during coritical sso.
mere harten lng which ry picdly Indu ¢ cellaler senccence and e B da s Bhay & Weight,
2000}, Given Shat LRP/LR and shosnerae e invobed in 4 samber of cellul s procesies and
arefoundin sumne evos celiular ke afom (ool sorface, nocdeus and the perimadien s ¢ om part-
e, un 4 mockeionbetwesn S macrosoodendies warraed v e Ggaton,

The tusmedyenic brewst cancer (MDA _MB231 ) an d busun endrponic Didneys (HEK293)
<l displayed LRP/LR and NTERT on their el surfac cand intrace bula dy. Flow optomenric
andyds rewdad thg MDA_MB3] ool duplyy higher intrac Siolir devels of LRP/LRand
ETERT incamparton © the HEK293 ol Similarly, the cell sardace kevels o LRP/ LR wee
higher in the tumorigenic ool line. Howeves, Shere was o dgnificant difle e nce in e ool ne-
face bevels of RTERT betw een e twior el D, Thiss & oocet ey e o the S tha
MDA_MEN ol arctumorigenic snd need more LRP/LRAndATERT 1o madataingbeir
twnorigenic duarases

We confirmead previas stodis S LRP/LR [3-T] and KTERT are oundon Secdlsuriae
|40 The cosaiderddy high levels of RTERT om thec el surfac e mnay be explainad by e pres-
ence of an wsa kand peptideknown & MHC daam] which ks derived Srom KTERTand &
egprased on theccllsurface 40| This peptide may be recognieed by ATERT antihodios. Thee
finding demosutrate Sul LRP/ LR And B TERT are undon both the ool suface andintacd.
hodla dy of bodh, HEK293 and MDA_ME231 ol

Confocal microscogy wis exngioje d 10 Lvestizite whether LRF/LR and KTERT codocalive
which mies thepote ntid that Suse proacing muy farm anssocutoninmenation (Eg 2} The
co docdiation ofserved between LRP/LR and RTERT an both HEK29 and MDA_MB23E
colle indicats that 2 apatial everbep ooours between the floreioen t dnmmons. bbedied parteing
Aol S dose cliular proimity of these piote i on S cod surface of both ool Inesdas
besndessted it does 338 sagp et an wsacie dn betwesn LRP/L Rand ATERT. Confacd
w0 crencopy wias fu her G lieed 1 e timine whather LRP/LR oo Jocalized withATERT b ach-
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celinby boca torm other Shan 0 ol sufuce Foom Fig 105 oide st @utl RP/LR adeo sbarws o
high degree of co- ke iz lon with NTERT within S perinacde s compartoen t LRP/LR asd
BTERT are kenowm 10 be present in fhe cymand, madess aod perinudes comgpatm ent. From
our madlty, e latra ool dig dbution of ATERT and LRF/LR & en 1o be fuidy widspead
thraghont the perinacies r campu rtments Th s sgets St TRP/TR cocld be bt ing
with KTERT within the pe o bar compartme st and on the ol surlace.

FLAG® - Co-Lemn uteopee pltat oniprell downasm ys confirmed St LRPLR and KTERT
nerc with s other. This bnasruction can cither be direct or indirec L A nindirect interac -
o cauld be maliatad by posie b present In the ¢ mde lymte of e HEK29S ol

T lerve @ igate wheth or LRFYLR hus an of et on sdomeraie aciviny, LRIVIR exgression was
slgaifica nly decrensedin MDA_MB23E and HEK293 ool by cm ploying RNAS methodology .
AIRN A directad g it LRP weretrandoctad lots S aloreme stiomed ool and the degree of
LIP down reglution we wocies] by wedern ot ing Sllowed by densiiunet 4 o ndysts (B
3). The kvl of LRP expression wis dgnifica rdy reduced by 50.43% and 92.59% in HEK293
and MDA_MRIIE el respectnedy. The cffect af B ko cc ldown of LRP egrassion m (o
merae alvity ws inwestigate &by e mploying the TRAPe W sdosnerase dese csion 1t
(Merck Millipore) and reud time PCH. LRP dow s tepullation revshiad in o signific wnd redoction
in 1 erie I Wiy in HEK 293 and MDA MR ool respectively, suggesting & crocial
rode of LRP/LR intdomernoe acthvity. These findings therefore asggest that IRP/L R uy play s
fole 3 odnd alnking or enbun Cleg b cre wlivity.

Srnllydy, we obuerved & slgnificet reduction in teken crase wtv ity 4 fies tan dection with
the SRNA-TFROJDICER | posithve contred. According (o Bacmer & 4l 2010, TFRC and
DICERT evdu tace adome s actvity |41, which astfes wh y the down. reggalat on of TFRCY
DICER! revalied i & dgnificant dacreue of dome s acstvity.

The funcSons of LRP/LRand ATERT incancer progresgon are nume s Targeting LRP/
LR can theredore be Sevdloped i st sy 0 bamper can cer progradson. A dditionally targ -
i g adourmes e activity by down regulaing LRPY/LR could patentufly bean diernatve Targt
few cancer thengy 43 high tdomenge expe adon In braist cune t b been ssociaedwit:
Increpad deth rid, dicge recurrence and placiile (posaibl ) resiitance 1o dhe motherayy
(42 4] Thas tgeting LRP/LR via RN AL methodology iy serve asan wierna e et had
Larget ibourmesie act ity and may S be bene il & 4 tvo-pooaged agproach B cencer
tresment Lo ngeting LRP/LR cocld dbo be wiad In synengy with ather cancer drogs waignifl-
Canty sdoce cande s progresion .

The s dhut the knock Jown of LRP saliad in 4 significant & arese of NTERT wihay,
Mgt that LRP/LR juddl incraoes comerase acivity. This sugpesttha LRP/ LR or fag
ment theread which 4= repomidie for RTERT acthation muy be whad 2 a0 wtl-ayiog drog
sinceelomngatbon of wome =5 i o bl for implemn enting {lmpe ding) the aging proces Since
Sow-loved 1dounersie a1 ivity can dia dftve agerelaind ducses and pematre s ging syn-
dromes, expressionof LRP/LR e or fra gmen % therond muy be wtlined o increce dome e
achvity and the ma y act 5 pode tilled B 5 peutics apain thawe dhcse.

I condamion, we have confirmedihag HEK293 end MDA_MB23 1 el Saplay A TERT and
LY LR on the cellsurtae and btracellulely. The LRP/LR-NTERT luteruction, confiemed by
FLAGY Co Jenun oo Jpitaion, ruy oot in the perinoc bar com partioe s and on thecell
surface SIRNA modive d knockdown of LRFY LR sggaifics sty decrensad 1ddomenae achiny in
HEK23 and MDA_MER2ZH el These findlogs sogpest Sor the firg Gme a novel function o
LRPYLR b cont bt tng o KTERT sttty alRNAS targeting LRPL Rty act asa potentid
ahiernug e o e peutic 1ol for cancer tragment by (1) blocking met ot () logpe ding
Duenor 4 gy enesis (1) indocin g apopioats 4 nd as demong eaad in B gody, by Gv) hamper.
ing whosmerae actity.
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Research Paper
LRP/LR specific antibody IgG1-iS18 impedes neurodegeneration
in Alzheimer's disease mice

Elolse Ferrelra®, Monbgque 1. Blgnousx', Tyrone C. Otgaar®, Nicolas Tagliattl’, Katarina
Jovanovic’?, Boltelo T. Letsolo' and Stefan F.T. Welss®
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ABSTRACT

Alzheimer's discase (AD) is a nesrodegenerative disease cassed by socumulation
of amyleld beta (AR) plague and newrofibrillary tangle formation. Wa have shown
in witro, that knock-down and blockade of the 37 kDa/67 kDa Laminin Receptor (LR
LE) resulted In reduced AP Induced cytotoxicity and AP accumulation. In order to
test the affect of blocking LRF/LR on AR formation and AD associated symptoms,
AD transganic mios recelved the anti-LRP/ LR spacific antibody, IgE1-S18 through
ntranasal adminlstration. We show that this treatment resulted bnoan Imprasement in
meemnary, and decreased AR plague lormation. Moreover, a significant decreasa in AR,
protein expression with a concomitant increase in amylold precursor protein (APF) and
tEloneerase reverse transcripmee [ MTERT) levels was observed. These data recommend

IgGl-i518 xs a potantially powerful therapeutic antibody for AD trestemant.

INTRODUCTION
Alzkoimer’s diswese (AL & the mest prevalent
ﬁm.:l:' dicoedars -mn-a-i

m aﬂiﬂmg
pamanpﬁn:lmmt-mdnﬁlthﬂm
TFAD in 201 5, whick i expected o meech 2 trllion TTED
T 2030 [1]. Dhos to e comsidereiie knoudedse gepin the
midersianding of the disease comng mechanism, currenily
djplﬂlliwhﬂulnp&nuhm-nnmhﬂrﬁth
kighlights the promesnced need to advencs the pressmt
Imoewledge basn and devalop thorapautic sieatamias for the
traa vemt of AL

Thera are tam by neeropatholomcal hallmearks
of ALY, the formetion of sxmollnlar anmvded be (AF)
plaques and the formaton of Erecsliular meooSholleny
tengles consicting of aggegrias of Inypar-phosphorsaed
tau (3 microtobels associied prote). Acoeradation of
plaquas ame predomine=tdy moade up of ceooloxs AR,
[2] whick is mdmhmd claziage
of the amyloid preqirsor protain (AFF) by f-mcrese

(also knowm an BACE]-E-sie AFP clenting szryma)
and ysacrstaza [3], which results = AR shedding Tho
soinhle Af oligoesans ploy 2 mole n the formetion of on-
pemx sble caznals, aredoes causing incrassed joo fndhe
ﬁn‘thmmnﬂ:mmmih:wmm
with call components, aithar through direct mdaraction with
aﬂ.m‘&nm[ﬁ]u-imnﬂfhymmm
pad membre=cs 2=d call cepzmalles [7]. O=o mck receptar
mﬂi.dndl.ﬂﬂ-mn'ﬂmﬂlﬂllmhm
LE) [E 9] LEMLE & 2 mmitifinrtions], noe-imoegnm,
fvpe II emspeoebeene recapinr wich is prodominsmshy
wnaried within bipid reft regioms of plesmea membrames =
well 25 within the cyioplamm and the enclans [18]. LERY
mmunmhmmm
tirmas, baclsm:, prioz pooieins, waemacsllalar ooinx
protaing z=sd wory inspartanthy, AR LEFLE tharafiore has
copous fanctiozs o cancer [I1, 12). ansiogeness [13]
poon disordars [14-17], telomerass [12, 19] 25 wall 25 AD
[ﬁ,:!:, Hl—ﬂ]. Tt s nnluﬁj'-hcmmﬂ.htm-:n-
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and dimectly imeracs: with the catelytic wmit (FE1) of -
e o whascs clerzage of APP In addifion, it bas
Iheen obsarved thet AS,, imeracts with LREPT R on the call
werfisze with revoltant Al tntemalisabion sad sceummolation.
Treatranis targating
antibody, Ial71-i518 and shENAs have shows to esult in
2 sigmificant rednction in Af stedding and cam Sortharmans
Teecne cells mdnred cytotmicity [B, 21, 23]
Apctkor suck proteiz with which TRPLE, imferacts

[26]. Telomamse kas Sathermors besn implicated in
tha patkolegical process of ADL. It has been shown that
people roffering Eom AT e shorter felomsrs langths
in geir nozzonad 2=d T calls [27) and thet AS,, mmbsteis
tha mleammc THA-FNA tamplatn compplax of telomorrm
[28]. Thix indicates an antegonissic ralationship betaman
telomarase and Af within zeorons. We Eanve recently
discorared thet LEPLE. and KTFRT imsaract, bath on
tha calll warface and wathin the peen CompeTtnants
[19, 23] Together with this, & was ohserved that
Imeckdonn of LEPLE. mwdizted by small intorforing
BHAs (aFMNAs) ceesed 2 sigoificant impediment of
teliomeresg acthaty, indicating that LRPLE kas a finction
:i:n.:'n;ia'ﬁnglﬂmaﬂi‘ri}r[lﬂ.!ﬂ
furtharmors  parfores

ﬁmm&-hnnm[hjamdrm
tha mitochondria agaizst apopinsis, eiochondrial DA
danmaga [29] and is omeokved in DMA da=rpe mspoesac
and repair [30]. [t bas beex chesrved dhat DA densags is
mmmlndml:anih'mhaﬁ_ﬁ:aﬁmd
I:}'Ihar-l:-nhh.lm-af LA kesions

double smemd DA tmeeks (DEGs) [31].
COmidative damoge caused by fos radical ROE foreotion
can kead to formtion of DESs whick can rigger 2 mmac
of repeir patbwerys. These imvolve replacemest of hisions
HX4 with the ksioms vamant HIAX in maclecsonmes
which flank DSB8z with concoment or subsoopomt
phosphorylation of a C-termumal seroe = AN,
Phosphorylaied HIAK (3H2AX) balps reonsit proteins
contazing pkospho-rpecific imamrtion doeroving which in
tur kxlp recnut DRA repair factors [32]. Accunsulating
wvidence suggests mcreesed DHA demags, perticulerty
omidative damaga, and deficisncas iz the repair of DA
lesioms im calls &mmm_mﬂﬂw

2pproach for trazmeest of xge-ralated dissazss moch as AT,

'ﬂ.':'lﬂ:. thiz mformatios I mind, we ximed fo

LEMLE as a potentizl therapsutic target for

o treaimeeed of AD = SHFAD soce. In order io axanung

thiz, LRMLE was blocked with Ig{F]-i518 antibody and
ko sffect of e trastmeond oo AT ralafed beass

memory 2=d the cogzithve abilities of e mxcw werw

stadied. In addites, levals of Af eed other AT relaind

peotpezs, pELAAN an well a2z TERT oxprassion and
talomarase actiity wars determzined

EESULTS

Iplz1-i51% siznificantly impreves short term
memory and learning abiliry of SXFAD mice

In order to welidate whather targeting LEPLE
wmizg IgEl-51E, m AD trapsgeeic mice would bove
an affect on their cogeitive shilitiss, the nowel ohisct
recopmition and pozrls box tests wers parformed We
carmiad out a sl treatment protocol taioe 3 wesk
for B wesks im SXFAD treesgumic mrice beginning at the
ags of approsineatehy 4-5 months. Mice recaired ithar
PEE as comtrel treztment o the ansi-LELE speciSic
anfibody, Igiz1-451E. Aftr complaticn of the treatmest
and the parcsniaps tme woplosing 2 Gmmiliar = wall 2
moveel object wees recorded. A one-way bermesn sabjects
ANONA was condursed o compars the effuct of treamegst
oo the time explonng Similizr and meeel ohjects. The PES
hﬂhi-ciﬁmdmﬂgnﬁ:miﬁmnlhm
pant the fammiliar and nowel objects [F{1, 16)
= L08, p = 0.311]. Howeeror, oice ot recaived IgGl-
Eltmnﬂmmldmhahmlputlﬂﬁmmt_

ihe mowal eibjects [F(1, 16)=1134, p="0.0038]
(Figurs 14). Post hoc analysis using the Tokey-FS0 st
imdicated thet the =wen vahe for e exploraSon Hme
(parcamtzge) of the novel ohject (Mean = 3B 09%:, D=
10.16%) was sigmificantly differsnt than the
e exploging the feomliar objects (Mezn =41 51%, 51
= 10.16%). Hext the puzzle hox test was performed to
dioterming the sfect of intamasad administration on shor
and long terme memery 25 wall a5 the lermng abidity of
hm.ﬂ.l]m@'gumlﬁ}mmm];.m:;ﬁmm
mmmnery, the PES traated mice warw 5i inpaired
on T3 and TH, and had higher briseries to reach the goal
2one comparsd to the mice that recerved IE1-518 (T3
[E'ﬂ_ib}]—-l.ﬂp 0426) and T6 [F(1, 21) =445,
p=0046]] Peat boc anabysis further sherod that the
IgE1-i51% trexted moce (T3 Mean =834 5, 3D = 6.61
% T& Meam = 106.2] 5, 3D = 72.73 &) reached tha goal
womas in il T3 emd T in sigmificestdy locs tims thes the
PEE treated mics (T3: Mean = 23.77 5, ED = 2108 &
T Moan = 15782 g, 530 = 3639 5. One-way ANCNA
and Thikeny-Erzmnar post hoo ezabysis firtharmess showed.
ikat the Ig1-i51E eated goup displayed leaming of
tha opex as well 25 the bumow puzzle with 2 demificest
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dacreass in bieecies from 412 5 (T2) ta 9.3 5 (T3) (T2 w.
T3, p={006E) axd 180 5 (T3) to 1062 5 (T (T3 v TE,
= 00108} respectively. In additice, PEE teated mice
bad higher brteecis 1o rsach the goal zome oo T7, whan
azalvring leng termn messery, thowgh oo signiScamtly
wion compesed to g1 -i5 18 muated mocs (Idkan (FEE)
= 180, 50 =1; Mem (Te31-1518) = 146.73, 5D'= J8.73;
p=0008) (Frgurs 1)

Iniranasal adminizratien of Ipl1-i518 decreazes
AD histopatholomicsl allmerk: snd Af levels in
brains of AD ranspesic mice

Aftar sacrifice at ¥ moeths, histological siadias
obsanation of these images mvealed thet troatnant with
Iz51-4518 amtibody (Figme 18] cmsed 2 deczeass in
anxylotd plagues in the hippocespes when compared 1o
e That recebved FES (Flgone 24) reatment. Juantitaiive
studies and post hoc ezalysis of the anmyloid load (&)
in e kippecampal sactions of the PES a=d Ig{x] 4518
traaped moice showed that thare was 2 significant docrsess
after meatment with IgF]-i518 (Aean = Q. 5D =
10.32%) wiwn comparsd fo the PES eated mics (Men
= 1.52%, 8D = 0.33%) [F{1, 12) = 2508, p =0.00031]
(Figmm 20 To confiom the effect of inrnael Iglzl-
iS1E anffbady traatsart on anrdmd levals, imeokdbla and
soduble A kevals of the antine comeralamral Bemisplan of
the peouse beains, from each of tho twa St groups
warg defarmined Irsoloble profsin wes axtacied with
was parfoened o determsing tho kvels of AR per mg bain
tiswne. It was obserewd that thers was 2 sigeificant 4. 72%
[E(1,30)=2644, p=1.55F-05] decreass in mreoluble Af,
o Aar traarmoant with Ig(51-i518 (Meam =T518%, ED =
19 12%:) whan compamed fo the PES control mrice (B
sat to 1007 (Figers 34 Maxt, we imastigeted the lewval
of solable AR, peptids by parforming samdwich FT ISAs.
A bighly sigmificant daczeacs [F(1,24) =3T6L, p= L446E-
06] was ohesrved (Fi 3B} when the avscage A5,
lewul of tha nesal Ig(s1-i516 antbody swied mics (hsan
=127.71 pg'mg, 5D = 15.06 pg‘mg) wes compared with
that of the PHS fmuated i (Mean = 37021 pgimg, 50
=E2 41 pgme)

Togewther, those data soggest ther themo &0 a
signiScant deczse in AP protein levels in the mowss
Tezin bomogsnaies afiar treatmest with Igll-is18.

Iplr1-i518 treatment substantially incresses APP
brain levels

Simce we ke prenioushy reporied. et Tgl=l-i518
traamemrt hed po effect o mll waface lenuls of AFF,
[f-secratesn and psecrotmn m HEEI03 cells, im wiso,
[21}] = wramted fo confirm that knsls of thess proteins in
tha brain were the =mme n 2l treatmant groups. Wastem

bloting revealed wnifoem expremion of LRP - and
rsecratesn anonyg the PES axd antibody reied animals
rEupplessanary Figms 1. This was sxpected 25 [zG1-51E

mapectivaly,

lawsls [11, 2] Howeser, in cootrast o thess previooshy
puhlished ohservations, APP kesls inmeesmd mibstantialhy
and significantty afar nobody meatmant of e IXEAD
nsgunic meics, Witk o avenge alerbon of B5A6%
[F(1,14) = 5111, p =4 54E-5] obarvad (Figme 1.

Intranasal Iglz1-i518 ireatment significaniy
mcreases mTERT expression and
phospherylation of HIAX

Wa heve recemtly shown that LRPLE co-localizes
with the revarss transoptase TEET
[1E]. It has furharmors basn that TERT plays 2
esuroprodsctive role [34)] and that thare is a redoction &=
axpression. of TERT protsiz in the brain, duning mormal
aging in mics [35]. Tharedors, we decided o imssczate
=TERT peoten exprassion o the moms hemi-tez
bomoganates. Wastem hiod mavsalad an sxiensive
and highly signiSicant 74.34% [F(1,14) = 196.29, p =
E.14E-11) incrsass in mTERT proteiz besels in the beein
gumne of the IgC1-i51% antibody treated mxice compened
%o the FES coatral groap E’lpn!l}.l‘n.rﬂ:m.mpm

trAmRmp s acivity
e effect of te IgEl-i51E apdbedy Teatmes: o=
talomscase activity in the momee beem e We detocted
axtramely bow lovals of slomwrass actity in the mouss
loeain bomoganates of bath the FES 25 well as Igzl 518
Tated mcs 2nd 2o signifizant change betwsen conrel

This is in agreamest with previous fedings desoribing
dosmmagnlaton of telomarase acthity = rodomt brad
pestnatally [36).

It has baen astzblished thort TRVA desvesge i oz initizl
and itical contritwor for agzg axd it bas been moggeeted
ikat the pathogenasis of AD mry imelve a DRA ropair
defuct [33]. T farihar mubstantishe the neroprotectics relo
of Igizl451E and to imactigaie the affect of this treamegee
oo the ONA demeg responss, the kuals of phosphorylaied
HI:!.H (FEI2AN]} wes determinsd These losiomes aw

at Sarl3% and saree to mark

mﬂndﬁm.hn—h-ufmﬂnm&mﬁ
or Igz1-451E antibody reatmecet to determing the lewuls of
THIAX. Figme § shows thers nes 2 sigmficant moresss
[F{11Y) = 1134 p = 0.00539) iz lovals of yHZAY bt
zot i sndogances lavels of toml H2AN [F{1,1¥} = 1.08,

o= 03046], in the brwin fesne of anibody meatsd mhce

whan coeopesed o PES treied ool mocs.
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DISCUSSION call srvnal im the pressace of AB, we kypothesized that

mireaal adminstration of IgG1-1818 mught lead to redaced

Hare ws damoastrate o zoval finding dat intrarasl A geescrtion amd soxicaty and allevists AD associated

IgG1-iS18 1o SXFAD tramsgmeic muce seults in improved z2cal admenistration of IgG1-4518 for § wosks sgmificarshy
Tecogmition and learming'shoct tfarm memory 25 well as zzproved recogeition and short fams mameey (Figure 1)

decreased AS accamulation witk 2 coopomuitast cease Cogmitne inpuinmants m AD s exhibited 25
in mTERT lewek Sizce we have provicusly obswrved deficts in Righar-crder neurccogmitive finztions inciuding
1n vitro, that blockads of LRP/LR with IgG1-4518 rednced platzizg apd problic: sohizg, shart tem, leng tem and
A 0 -
** p>0.0039
0o ==
— w I
i
i w Famillar object
é ol © W Novel object
X 201
8 ]
Q
gG1-is18
Treatment
B zm = e —————
‘ % p=00108, IgG1518
3 1% + =
g * p~ 00388, IgG1-518
2 - Ig514518
g ~«-PBS
e
5 p-ooasa
TITIB T4 T5 T6 T 18 19
50
Trial number

Figure 1 Memory and cognitive function tests performed to suvess the effect of treatment with IgG1iS18. (4) The
nevel object secogration teat wax performad with 4-5 month old SXFAD (n » 10) mals mace toawted with sither FES or [gG1-S18
The pecantige of tme thet S= mece spact exploring e novel axd femaliar chyoct over G0 total tims sperst exploring both cliects was
odoulsted Feror bar raprosent standhed dovassion, “p, 0.05, "z, 0.01, ™5, 0.004; Ose-wwy ANOVA. (B) Pecfonmance of he AD tsagooic
e i fhe puaade box teal. Latencies scored to reech $e goal 2one dizing the 9 trials of the teat see shown. Taaka prrfonmed during T1-T9
we ur Sollow. Dwy ) (wimieg), T1 - enderpass m-blocked, and the tp of e undecpuss wncoveed, T2 wuld T3 the top wie covered and
muice estered Se goal box vis the imdepeas. Duy 2 (burrowing puzzie), T4 was idesticnd 10 T2 mud T3, 75 and 76 - istdecpeas wie lled
with sewdhast. Day 3 (phig pracaie), T7 was # repetition of 75 end T8 TR end T9 underprus was ctutructed by « plastic obgect. Ervor bues
pepresncet stanckerd devistion, n = 12 per group, g, 008, “p, 001, ™z, 0.001, Ooe-way ANOVA,
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T bl e it
cogeitie deckize = nsurodegenarative dseases. The object
Tecogmution test 15 DOW umong the most commoaly used
beharioural tests for moce. This st assesses attantion to
oovalty and sxploration of 2 novsl, noz-sweesive chject
placed in 2 fendir eevircemsat [37, 38). Tko noval obvect
Tecogretion fest was theredore used 1o evalute the offect
of sestment with IgG1-4518 on recogmtion mamory. We
obsarved that the treated mice exkobued chject

by peefersotially sxploring the movsl chject (32.09%)
compared to e familiar cbject (41.91%) dring the teetng
phase a indicated o Figure 1A k= a study pecformed
by Frydmen-Marom ef af, [39] they obsarved that wild

fype 2mce that do not express the SXFAD transgsos spext
appeccanzely 689 of the total exploration tme explocing
20 novel objoct. This suggests @t weatment of 4-5 month
old SXFAD mice with IgG1-S18 can mpeove object

itoe but oot to basaling levels as obsarved in wild
oype mica. It 5 bowever possible &at initiating traatmext
3t an astiss stage a=d increesing the mmber of treatooants
eght decraxse AS Jevsls even further and improve the
zeenoey xod coguiting ehilnes of (e AD mancpem: mice
Noverthaless, 3 sgeficar: mprovenser was obsarved
= recoguition mamory in e SXFAD oouse
moodel that showes rzpid systhess of AR, zeuromal Joss and

o-um

1
) i
0

ﬁhs.u

n;-utc.p-d-duwdw—.u-.wﬁwmumum-ms Amyloid losd (C) in

expreased s the propostion (%) of Bawse sres occupied by seylood bets plheqoon in the keppooenped sactions of the PES and 1901818
trewted mace. A docresss in myloid plespes fornmation @ clserved afler trowtment with Ig01-iSI8 Orginal magnification st 400+ Emce

bars pepranent stsndend deviatios, n = 7 per groep, = 0,05, “'p, 001, "5, 0.004; One-way ANOVA,
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To farther imvestigate the offect om skort and
long tem: msmery 25 well as loarning abality of the AD
transgenic xoce, ©6 puzale box test was parformed. This
is a problemo-solving test in which moco are required to
complote escape tasks of increasing difficalty witkin a
limested amount of tens. It has preniously besa shownm to
bs 2 guick but kighly rolablo assesssnt of Raghor-ordar
cogmitive fimcticuing [41] We determuned that the PES

A PBS

toated coatral xuce had highar Ixtexcies to reack the goal
zons on T3 and T6, when the wadapass was opex and
blockod with sawdhast (buzrow puzade), respectivaly wian
comparsd 10 mice teated with IgGl-iS18. IgGl-818
toated mice furthermars showed 2 significant deczease
= lakacies to reach the goal zone in T3 and T6 whex
compared to T2 (undecpess opex) and T3 (underpass
blocked with sowdust) respectively, whereas, no difference

IgG1-i518

* p=1556.05

Insoluble AB1-42 (%)

IgGNSlB
Treatment

B

Soluble AB1-42 (pg/mg total
protein)

AR Jevais wee determined by dot blot end celculned e & perossiage per myg braim timue, Duts shown

oo p=246E-N

1gG1-i518

Treatment
Figure 3: Levels of AR in brain tizsue of AD transpeasc mice sfier mreatment with IgG1-iS18 and PBS. (A) Imchshle

+ sanidbed devistion) in

ropressrtative of eight tealogacal repeats (pecformed i duplicele) per Featment grogp “p, 005, “p, 0.0, "p, 0,004, One-way ANOVA,
(B) Level of soheble AS 21 brain timus of AD treugenic mice afler trestresnt with [gG1 2518 sd PES s determimed by AR ELISA. Duns
shows (svernge & stercbed deviation) was calodated s pg AR nqwmdnwodmwnp-p
MM“FMMW-W “p, 008, "p, 0.01, p, 0,001, Croe-way ANOVA,
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nohlt‘dhhmsumdmmm
This short teom
on the immediaee problam repeats trizls. Girard
et al., [42] showsd that deficits in Jearning and memocy
in SXFAD transgenic mico sterted at 4 months with a
substantial inczease at 6 momths of age This further
suggests that trextmsnt should be mitiaed prior to e
omsst of cogmithng impammeent which neght explais why
Do significant Tuprovemest was obsarved in the loxg term
msmory or probleen solving abilities of the -3 month old
SXFAD mice treated with IzG1-tS18 in the cuzrent study.
Noostzoless, ws still obsarved a sigraficant 1
in recogmition and learming/short term afier
mwﬂlﬁl-ﬁl&hh@nd’h
improvseoant in meeory afer roatment widk IgG1-iS18,
wu decided to Imvestizate the efec om the Ristopathology
of ths hippocampus of ths AD mice and we obssrved a
merked deczease m amyiced plages formation (Figare 2).
It los provionsdy bean ascastined that w
lesoms canse moderate memeocy mvpairmsnt [43] and
alwred sxocutive functons = tho puradle bax test [41].
WS, tharafors, saggest that the improtemsat In memory

PBS

APP
B-actin

250

8

(=
o
o

and coguitive fazction is due to the improveumsat = AD
beaun pathology.
To confrm if the nasal IgG1-iS18 reatment had a=
sffsct o= AS Jowsks, we ELISA a=d dot-bloe
quantificencn of Tris-soluble (sokable) aad GuHC-sokble
W)M mmm-mm—
b-np.s foend 2 sigmficant docrease = the
average AP burden, selectivaly in the IgG1-1518 treatment
sroup (Tigare 3). This is in agroemeet with our peewicusly
publsked obsenations, reamsat of HER293 and
SH-SYSY calls with IgG1-1518 cused a decrease in A
ovsls [20]. In additica, we have previ demcastrated
ot LRPLR and A | interact ca the cell surface axd that
o LRPIR—AS,, associztion reslt in the induction
of apoptosis, whick navy be significantly deterrsd upom
blockade of &is association with anti-LRALR-mpecfic
atibodies. This stody Swther demonstrated that LEP/
LR plzys a ceatral role in medizting AS | iterzalization
mmmwumm
segulation of the receptor significantly mmpedes cellular
wpaake and consequest apoptosss [44]. Therefors, it
that the responses in cogriive sbdity azd beam

1gG 11518

LR i JRUUEE

weeovoeopeeevewws

-4,54:66

APP protein level (%)
8

8

K&t“ﬁh.ﬂyﬁdﬂhﬂhhﬁhdﬂ
A

| . '
0+

eG1-1518

Treatment

significart mzrome i APP Jevels was cbeerved afler bestrmennt with [5G 518 Ersce bves regoesart standard deviation, n = 8 mios
e eatmeest group. “p, 005, “p, 0101, "z, 0.001; One-way ANOVA,
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pathology cbesrved saloctivaly in the I5G1-4518 msody

Dewotoxcity.
pevoasly shoun, by FRET analysis
[21], that IRP/LR diroctly mteracts with y-secretase 2od
indirecdly inturacts with 2=d that blockade
of LRPLR by IgG1-S18 impedes those imteractions
and coosequent AP, skedding [22] This, thecefors,
suggests thet costment with this antibody does mot aSect
the Jevals of these AD related peotedizs bat oxly prenunts
the sequemsal clesvams of APP by - and y-secretase to
pewvent formation and shoddng of AP, .- I= Light of thess
peovicusly obtained i wiro rewlis, we wanted to confirm
that IgG1-iS18 axtibody treatmset bad zo sigmiScant
effoct o= the lowvals of LRPLR, - and y-secretase :
wall 25 APP in the moss brain tissus whea comapared to
wniformm LRPLE, § and y-secretase sxpressicn 2ncong

PBS

mTERT -

Bractin

200

-

o amimols (Supplementary Figere 1) HM =
mfarsstng fimdag in contrast o whoat we
chearved (n vitra, was that treatmeet with the ant-LRPY
IR casod 3 significant 85.86%5 ixcroase = AFP
Sovals (n wive (Figase 4). W, thacefore, suggest that the
=cress in APP lovals is dus % reduced clexvage of this
pronsin, owing to the dxznished interaction batwosa LRPY
LR, f- and y-secratase [22], which iz concurrent with the
seducton m AR, . production that we cbsarved (Figare 3).
In addition to the interzctions we e chsarved
botwsez LRPLR, §- and y-seczstase [22], we bawe
muﬂylhaﬂhl.ﬂl&ﬂdbm“w

peotaizs [18]. In rodset brain, tslomsarase actmity i high
during smhbryomic development bz sapedly decTeases
postmatally [36]. Howwuvar, expresson of TERT kas beaz
described t0 parsist into adnlthood im mouse and rat [36].

In agrosncent with this, we obssrved vary low levsls of

1gG1-i518

R A ——— 1)

p=814E11

g

8

mTERT protein level (%)
§

o

Figure 5: Levels of @TERT m brain tissue of AD transpenic mice after treatment with

IgG1.518

Treatment

and PBS. Westers

Blot smlysis wio pecformed sod & significent incvease in mTERT Jevels was cloerved afier trestinesd with lg0H-iS1E Ervor bees sepuesent
standerd devivtion, » = § mice per trewsnent group, 7, 008, “p, 0,00, "7, .00, One-way ANOVA.
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teloozarase activity i= tho monso bram boasogeeates with
no significant change betavsn control and treated mice
(Supplemeatary Figure 2). Besides the rols TERT plays
25 revarse transcnptase ribconcisoprotain in klomesass,
TERT alsc pacfocms sxte-telomsnic functicns. It kas
besa reparsed that TERT protects nsurcas from apoptosis
ind:zcad by vancus stressas [34] and moreouer, is =volved
in DNA i

that = mcrease im mTERT- Jovels could confir resistance
10 auxyloid patholozy. We, thecefore, wasted to determoine
if the =provement in cogmative dbelbty and decreass in
AP obsarved affer anthody treatuent was 2ccompezied
by a comcommtant increzse in mTERT Jevels. Intarostingly,
we discoversd 2 signiSicant mocreese m mTERT protain
levals i the bran Sssue of the antbody teated mice
wien compared o the PSS wosted coztrol aimals
(Figeze 5). It 5 well-known that the incidence rate of AD

PBS

yH2AX

mcreeses with ags azd it has recendy besn shomm that
s pathologmical mochaxismm: of AD are associated witk
Bunan tolomarase. Wang ef o, [28)] found that AR,
nd.x\p' inkstet telomaraze activty (e witro by tending

the talomenic DNARNA complex of talomerae. =
mmamﬁnmam
functiom of TERT in an in witro AD exparimental modst,
wharsby overaxpesssicn of TERT decreased vulnsszhdity
%0 Af-induced apoptosis. Therafors, we saggest that =
@5 camset study, the Nodsuh of the LRPIR—Af
associaticn by lgGl-nSlSpwubd imtarmalization of
axtaceliular A and subssquent apoptosis. Moreorse, the
mmﬂﬁt‘hm:ﬂclﬁlﬂslsm
Seatment cmsed 2 reduction in neurctexicity and haece a
comcommtant increass in ndTERT Jevels. It is akeo possible
that the inceease b mTERT levels has 2 peotective fusction
= the beain and may offer farther nowronal resistance
aginst pathological AR

1861518

PR AARALAR. 15 0;

o ———

B-actin

140

"p‘ 0,006

———— 1 K02

Protein lavel (%)
5 8 B é

120 + !
i l .
0

yH2AX
" H2AX

IgG14518

Treatment
on phosphorylated (Serl39) yHIAX and total HIAN procems levels m brain tizswe of

Eug“—ismw

&t.ﬂ)ﬂA’ﬁmmnpﬂul”MXlndl ware aezrved aftee

trostmart with Ig01-iS18 Error bues represcst standhed devistion, & = 7 reios per rextment group, 2, 1L08, 5, 004, *p, 0.001; Cuae-way

ANOVA,
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It Bos e sugpested that TERT likewdiss plays a
role in mesistamcs fo e pathology: Spilsbury of al, [46)

mm::&juhumd.hmhtnhﬂ:m of TEET,
i and oxidstre

the hippocesapes of AD patients, mygesting thet TERT
smpression might farther play 2 mole in tm pathology.
Hmmldin:midd [4}] obssrved no mm

they sogaested m imbility of high AS loads to coese NET
in FXFAD mice [4] zxd thanafors the effect of IzG1-1518
traefmoant on KET and phosphorylased-tm levals was not
imestigeted in e comeet siudy:

As p:urmlljm-ﬂ. stadios kows sbocidated
that Af n-u.l:l:iu:nli}' is asmocizbed with Af imdoced
meurozal apoptosis wia omidative stess and disnapoed

[30] wehich fucilitwia the recnsimmemt of a seheot of

Tesponss and ropair proteizs. Marmon of of., [31] showed
that in cells lacking BTERT, the DNA dansgs respossa
was impained dos o 2 redinced degee of phosphorylation
of H2AX, thms insplicetimg BTERT as 2 cntical ragolator
of the DNA dymage responss padlmey. Simcs v cheorved
2 decrezss in Deuroocity and an inceass in mMTERT
lewsls after trazment with IpGl-i51%, we dacided o

incraesnd lavals of ¥EI2AN bt ot total H2A X (Figura £).
This suggssts that the increass in vHIZAN levels chearved
was a5 2 newalk of phosploryiation of FRAY rethor than an
increass i dotal sodogsnons FEXAK levals. It is possibla
thar the increess iz the yHEAY lewels wes dm to the
concoatent imcreass in MTERT and might comtibut 1o
the repair 2nd prolsction azainst newodsgenaration as
otsarvad in this sudy dos to the irvolvemsnt of YHZAX
in e mecrritment of 2 mmitimds of DA daeonpe reepoms
pEoleiE

In summeary, this s the Sret report proposing
thet intrenazal adminigation of e aot-LEPLE
antbody, Ig(x1-1518, & ahls 1o redoc bevels of moluble
2nd izsolchle Af  in the whels bmin and dminish
mcum:lm.ufm}hd[hq:nlmﬂnlq:;nmq-ﬁ
sageast that, getkar with iz, the imoreass = mTERT
lewuls amd H2AX phosphorylation resohied in a decraese
in eeroimicity and oomss qoanthy comreyed Eopooemant
af cognitive shilites, recognition a=d learning shert term
memery. Thersfom, W recommand the apg-LEFLE

q:uu:ﬁ.:nﬂn:lj;lgﬁlﬂl&mnml-:lpuwl:ﬂ

to furthar imsstizate the affect of IgG1-i513 on paticnts
mffering foom AT
MATEERTALS AND METHODS

Amimals and intranazal irestmest

Tes BOEIL-TefAPPSaTLee, PEENIMI46LL
ZREVHETOM s M (T2f759%) tamsganic line was used
mﬂ.ehmd&mlﬁmlahmm[ﬂtﬂm
ME). Thase IXFAD CTRIRADCREE
mretant humes MDF}M'&MWM
METILY, Flomida (T716V), and Londez (V71 7T) Familial
Alrhgimor’s Diszass (FALDY) mmuiztions aleeg wnd
Enneam PEL harbourng e FAD peetations, BI1-46L and
LB Both tramsgenes are regulzted by the meuss Thyl
promoter 1o dive ovarsxpression in e brin. SXFAD
moce displyy mmjor fuatrss of Alrheener™s discase
armyhoid patkelogy and are esefil madal s of intranaumonal
AR indoced neursdagsneration and anvplosd plague
formation. The high APP expression obearved in this
moded comsss sccunmlation of AR and plague formestion
mhdﬂnﬂulﬂimm:ﬁmﬂ
mmce (3t appresiziehy 4.5 months) wers rmdesrad
fio 2 treatmant groepes group 1 (e = 12) recerved PES
vahicle contred and groep 2 (f = 12) recaieed the ams-
LEP rpecific aztibedhy Iz(r]l-i51E. Tho reaime=t: won
adrimistered 1 toace & wask for B amaks amd
tha mwice received IgCl-i51E 2t 2 tofal dowe of 2EE g/
moouss (% ug/13 plinans =18 poimeeso, 2 « weak = 36 pg/
mousewack, §wks = X2 pp’ meeesa) All procederes

Wenatemerand Aremel Fihics Screcmizg Commiree
(clezranra cortiSicaries mumbar 20143750

Memory and cognitive function fests

Novel object recopmiton

The zowel chject recogniteon test (for Feviews fee
(%2, 53]y was perfoemed in & 440 mm = 300 mon open field
%0 an empty movel object mcognition opan Held box
for two 10 meim sessions 24 br aparnt. Tweoty four hours
aftar the last Eabimetion sessicz, mwice were mbjected
%o training iz a 10 mim sssicn of ogposurs o o
idantical, mom-tmic. bard plastic ikrms in the opan Seld
lbox. Aftar the training session, e animal was reromed
5o its homa cage. Afiar 2 retention intersal of 24 Ery, the
anime] was rermmed o @9 arena which conteized oo
ohjects, oo identical to the feniliar object and one mooel
ohject. The azizmn] wes allowed to sxplome for 10 exi=otes,
during whick the amecunt of tine exploring sach object
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was recerded and tracked employing Panleb Smart video
tracking sofwam, Smort 3.0 Clgects were randomimad
anid coemiartalamced acznss amimals Chjects and asemas
wurs thoronghly claned boransn mals.

Puzzle box best

The protocol was shghthy modified from Ban
Ahbdaliah et af., [41]. Teo asena conssted of 2 whis box
dinided by 2 renurrzhlo barmcr inhy tw compartments a
wiart zone (57 cm long, 355 om wide)) aed 2 omolier dagk
and covemed pral pome: (15 om long, 235 cm wids). The
mics wers imtroduced intn the start roew and alivaed o
cm wide) located in the barmor, The mics ware nubjected o
2 torted of ning tals {T1-T9) ovar 3 conseoutive deys, with
'ﬂnﬂhﬂjp@ﬁmdﬂiﬁmwm
obstractons of inrreesing difSonky plared e the endarpess.
ﬁ@-lwhmmm-ih
iop of the wdopess vas mecovered dimizg T1. Drsing T2
and T3 tha dop was ommared and miro aniared via tw sl
10'T2 and T3. Draring T3 and T4, howerar, the undarpoass
was filled vidk wodust azd mics had to dig thes way

ihrrogh. Cndey 3 {pb;puﬂ}, T'."'m-.: 2 mpatitiom of T3

by a plastic ohject that mice kad to pull ar push with teath
n.ﬂ.wntnmilhg:im'l‘h lnp_:n.llhwﬂ.

o the mawt dny prrvidad a measars of Uy
(T4 2zad TT). Parforomce of mics in e puesle bhox was
with alll Sour peas o T exded 25 3 total t=g of 3 min

—=T0" C ot wsed Sor heochemical analysis. The remaiming:
hemibraizs wore fixed n 4% pereforma ldebvda (5igms-
fivad for 24 h in 4% paraftemaldobode pt 4" C whers after
they wers fnsed with FES. In ondar fo displace all waier
fom the brxin seeeples, 307 szcrose was added axd e
samples ware monbated for approxinesichy 3 deys. The
samples weers them stored 28 4° Cin 0.1M PES comaining:
protzass inhibitor {5 ignee-Aldi k) nes] firdhar amlyzis.

Histological anakysiz

lzktoratories (Pretonia, Somth Afvica). All train samplas

(n = E) wers re-fined m 10%: beffured formalis amd
MWmtmipﬁmﬂ.mﬁgmmm

50@-17. Faollowang teem procescng,
pmﬂ{ﬂiﬂiﬂ.ﬂ-ﬁ@-ﬁﬂ}mﬂﬁnp‘nﬂnﬂd
shidas wars stxmed in an ebomorind
Enmﬂmm.{ihﬁﬂ.lmm}}.ﬂlhm
firtharmore stained with Conge med o idantify anyiedd
quantified from histological sections by mang Imegel
amylnid load correspmmdad to the retio [¥e) of the meam
araa of anmyloid plagqmes o doiel ame meammed = sk
bippocamral section.
Profeis extraction

Al sieps were compleied at 4% C. The fHome
braim crmplos wers bomoguniesd in 300 pd cold PBS
with proiease inhibitors using & Dounre homogeeizer
Of qach smple, 100 pl bomogenxis was remuered amd
fromem at =207 C fior azalywis of telemamse activity. To
fo ruorining komogsnsse, 00 pl of 2« FIPA uffer wes
added and o symples wars byzed 2t 4"  for 30 min nash
Fﬂnmmmmhlnﬂh
profeies, was oollacied aftar at 16000 = g
fir 210 min a=d stored 2t =20 € wtil fordkar analysis.
The remeimmg tissue pellst was then homogsnired =
100 ] Groaniding HCY busfor (GufICl) (3 Guanidine
HCL, 30 mM Tris (pHE) contxining protess inhibdinrs
(Stzmea-Aldrick)) o extract imsoluble anendesd batz
After bopogeewation, 7.9 ml GoAC] wae sdded and
t2e mamples ware genchy rotated owernight at 47 £ The
supemnztant was stomed 2t —20" O uotil fsther azaberiz. A
BCA assey was parformed on the soluble profgin samples
i= ondar b detareniza the iotel protein concoraton.

Western Elot analysiz

Thw sohobls provsin samoples wers heaied for § o
at 85" C in Bl Loading Buffer (New England Biolahs)
with 40 mMb of dithinthmeiinl and a total of 10 pg (f-achin),
20 g (YEZAX), 25 pg (PST), 33 pug (LRP). 40 g [APP
and HIAX), 50 pg (mTERT) and 60 pg (BACEL) of
TEX Steiz-Froe™ Prosgin Gels (Biorad). A prestained
Laddqr, Tharmo Fiskor) was leaded onto qach gl Aftar
mambramg (Pall) with 1 = seesfor affer (20%: methamel
= 25 polf Tras amd 19 F mb glvoms) the memsbones worw
blocked in 3% BEA (Ammesco) in FES and 0_1% Twses
M) (PFEST). The prmary a=d secondary antibodies used
for wesiern blots are detviled in Sepplemsntary Tahls 1.
Th: protains wees wirualied vith Clriny ™ Wasem ECL
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Hlotting Sobetrete {Biorad) and the CheeniTioc™ Imeging
with Image Lab 5.1 software (Biocad).

Dot blot amalysis

In ordar o determing the effect of IgGl-4516
traefment on the insoluble AF levals, 2 dot blot was
pacformed The Z=HCl protein extracts wars deted
oo 2 etrocellalons pembrama and allerared to dry. Tha
membrens was blocked in 3% BEA in FEET for 30 min
whers after it wes incchaed with rebbit anti-fomeem AR
{Calll Zigmabizg Tecknology®, DRAIA] (1-1000 2t room
temnparatnrg for | boer The memberese was wesbad 3
= with FEET for 5 min e=d imcobated with aofi-rabbet
HREP secondary angbody (Call Sigmalli=g) (1:2500) =t
roon: teeparyturs for 30 min. After the pembrams was
washad amodar 3 ~ with PFEST, & was inoubated with
Clarsy™ Wastern ECT Sloeting Subemae (Hiorad) and

Ap, ELISA

Soluhle hemes Af . wes omanred with the
Cuznfiking® ELTSA Homom Asmyloid § (za]-42) lat (R&D
Symams). The mamrcsarar's instructons ware folloaed.
Enafly: The plaie was weshed twice witk Wish Buffar
immadizely pricr to we. Humen Apsylcsd B (zal-$I)
ataselard and 100 Shned soluble froban semples were added
1o tha wells (100 pl} 2zd E=cshated for 2 bours at 28" C.
TWask Buffar. Cold Hoerem Anrylosd f (32142 conjoze
{200 ply was added to each wall and incobated for 2 bows at
28" C. Tha plais s washed for Szoes with Wash Bueffar
and 200 pl of Substrte Sohson was added to sadh well The
plats was then imoshesed for 3] mom at room enperamrg
in the dark whare afiar ) pl Stop Solutiocn was added. The
optical dezsity was detemeined wsing 2= F1I5A plaw radar
ot #7 eo with wersslongsh cormection ar 540 .

Telomeraze soiivity

Thas TR APaze® Eit, BT Telomosrass Debactom Eat
{Mlarck), wras nsed fo mﬂnnﬁnilﬁ}l-ﬁlﬂ

sxtractad neimg 200 ul of CHAPS yzis baffor per 40-100
mg of tissue 2=d incebated on e for 30 e I oedar
1o cbiain the extact, the samples wars csomifoged at
16000 = g for 20 mimntes at 4% C and the supsmammt
was s=3p fezen oz dry ice. The profein was que=shed
with the NameDrop™ WD-1000 (Thermo Sciamisc) and
aitandardized o 1000 gl for all experimental and contend

{Maw Engle=d Biclabe) was wsed and all samples wess
analysed Wz qPCE with the Roche LightCyolar TOAB0
The following cyclizg parameters ware applied: 37
C for 30 mimmies, 97 C for 2 mizutes and 45 cyches of
23" C for 15 seconds, 50° C for &0 secozds end 45 C
for 10 saconds. Talomarass actiwity wes calculated from
tho shemdard cone peeoraied by 1:10 sansl dilefioes
(20000002 amoles) of TERE costrol temgplate ac par
LightChelar] Softoams vemsion 1.51.

Statistical mlp's

Exel 300 i covsanfh Corpoeation ) and Unilier
&hhuﬁﬁl?&qhﬂ&uhmﬂdmﬁn
Grubbe™ test (arures smdanteed devixie). All sxparmnants
wers parforeed with 2 pnimum of § hiologcal rapaats
and aror bars reprassat stemdesd daviation The Ome-
wey AMNOVA and Stmdant’s ¢-tes wes performed ot 2
3% confidance inmrnl; wiere povaloes < 005 weew
cozsiterad stxtisically cgnificant (§ =005, p-=0.01 and

=p<= 0001} The Tokey HED or Tikoy-Eramor Post Hoc
Tast was parformed afer Coe-Way ANOVA to comfirm
agnificance

Abbreviations

Emn-']'nlmhmm']:m.miﬂl:m
Daltom; LFEPVLE: 37 kDa Laminin Bacaptor ProcumsecST
Bexffared Saling; FEST: Phosphate Buffured Saling wid
Tlmqm_{a:.amﬂmm]rm[hnkm

EIFA: Fadicammmmopeecipitrtion Asery Buffer, BINA:
Eibomecleic Acid; BL%S: Feacive Owygen Spacies
sERMA: Short Hairpin BENA; siEMA: Small Inscfanmg
ENA; TERC: Telomsamse EMNA Compomant; TERT:
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LRP::FLAG Rescues Cells from
Amyloid-B-Mediated Cytotoxicity
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Abstract. Auheioers dsease (AD) raposgnats the mosi comaen form of

mww
piagee formaing cagsed DY Smyloks35 (AS) aggresating and nesmtbrilary agle

teaimesss comeelly avallatic. Amykid

@aceders wiiS naly puslative

Formation cazsed by Syperphoqpboryatad Lo e hxllmarks fe e developmest of AD. The 37 kDa#7 kD iamisin feceptos

(LRALR) tas heco In AD 208 took

ar gowinycstiny LRIVLR impode smyiold plague formatios

&l aad a vho umm,wnuramm elomeme x3ivity with & concumitast lucioe
of sepescent markers. Here, ummmW|-lnmsmmlsvsvmnumu-m

I NTERT Jevels as weil & ncreaed

of cytomic levels

of exogeaous Ap. LRP.FLAC overexprassing mm)pmm;mnmmu-u dewels 4 FIEX2935 cefs. Ths

suggents it FRP-FLAG nescues cedls Som ApSstudns cytoticily theough iscressed Isfomense acivity. This stady
nanumssuwutArn;ununuumwnsqmnnwnnmumuumu.n:mmmuieuung-mnq

Keywode Alzeimes's darase. syl -4, mmmmmmnmmmm

.

™

INTRODUCTION

Alzheimes’s dmesse (AD) & the most comman
form of progressive neumdegesentive dmocdens
afliscting in cxcess of 47 millos people plobally.
This form of dementia pmdommsarntly alfecs the
agang popalation and ix a significant socio-ecosomic
burdes, whendy in 2015, the global cost was esti-
maded at 818 bilsoa USD [1]. Thees is a coasiderabie

knowlodge gap which exats in the undentandisg of
e disesse Causing mochasism and 25 2 result, only

*Crsrespoesionce fer Serdas 1V, Wenx, Schood of Malecsls
and Ol , Vesweney of Sx Wiewsssroraad, Privats Tl
3, Wiex 20%0, ,South Afncs. Bamil sxfas woow
wexaca

palative therapeutic options are curready avislable.
Ths highlighes the nacessity for dnem--odxfm
trestment siralegios foc
such as AL M)uddlcdhy&mnlnof
the searotoxsc smyloid-2 42 (ABe) peptde, meseh-
ing iz the devedopmest of extroelluler AR plaques
[2. 3| uad e aggregation of by perphosphorylated tue
(2 microtubule assocised proteint, pntnqm
cellular neurcfiballary tasgles (4] Colloctvdy, it is
these factors asd Sheir associabors that cusse the
progressive and devastue ng behavioral and cognitive
dysfunction sees = those ing from Al

The 4kDa AB peptide & the candidate etinlog-
ical camse for AD, expeessly, it s the 42.amizo
acid (aa) proceol ytic clesvage peodact whech amasses
o came the aceroloxc effects preseat = AD ISE

ISSN 17 2NTNVTRES000 2019 - K6 Moo and S suthers. Aﬂl‘ﬁm
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Geoeruios of e AB pepode acours va the amy-
icadogenic pathwuy, whes e umyloid B protin

precunse (AR s soquentially cleaved by B-
mdymlupﬂnd; AD occurs
when the amyloidogesic pathway is insppropriately
favored and whes ARg degradation s raduced,
s keadisg W lhe socumulatos of these pep-
Bdes J6L AD pathology snises o 2 consequence of
Ap-modizied dstortions in the neural marphology.
These distortioss 1mpede sewrotransmessaos and,
correspoadiagly, cause sewral dysfzscios [7]. AR
seuevloxxity fes furthermocs been lamkad 10 AR
mduced aseroeal spoposss throegh deruption of
mucellular membranes |8, 9] 25 wedl 25 oxidatve
stress, both of which cootnbale o miochondasl
dysfeaction [10§ snd DNA damage |11, 12} The
mechanism by which AR prosmpts the charcter-
=oc neumnal loss & due © it dinct inlsaction
with mcepeors oo the cefl sarface {13 or through
mudirsct interactions, soch @s incorporation mto ced
organelles uad lipod membrunes | 14]. The interacton
betwoen AB asd cell surface receptors, soch as with
e 17 ia Laminin Receptor Precunon'iT k1Ds high
affiaity Laminin Roceptor (LIRPLR) [15], prompes

mweradization of A, thos camsing the istracellu-

far accumulation of Afl;, MMW
effecss |13, 16-18].

LRPLR, otherwise knows s 1asR 1, RI'SA.nl
pi0, is 3 muitifuncSosal Il h_nh-

type
receplor consistisg of 205@ and & prscipally found

within lipid rafi regioms of the plasma membnein,_
addition to e cywoplasm mad the mcleus J19-21).
LRPYLR is weociated with nemernos discases. These
chade, but sne pot imited to, cancer, prbe.disor-
dess, aging, and AD. In cancesr, LRIVLILis known 10
be highly speegulsind. leading to eshusced adhesion
and mvasion and wlamalrly, meteass, w well =
sad the sshibiticn of apoptosis [22-30).
In addition, 1 RIIR & imolved in the aging pro-
cess due {0 an inferacoon with iomenase [31, 32,
Tasthermoee, IRWVLR s implicated = AD, through
23 micraction with AR oz the coll suface, as well
as i ole = AR Sheddisg, due 1o ils intesucbon
with the AD-.cefaind proteins: ARPP. y.secretase,
and B-secretse 33, M| IRPLR is involved in
the micraslzation of A, which cosses scommu-
fation of AP mtrscellelarly [34) aad ukimately
Apsz-modmisd cysotoxicey [1S) Farthermoee, the
anderlying mechasm of the AR andoced nzurcasl
cywouicty is an sadirect result of an intesucton
besween the cellulsr prion protein () and Ape
135]. Antibody (IgGG1-S1R) and small hairpin RNA

(BINA) techoologies employad © tapet LRPAR,
o block the recepeor snd dowrrrgulate its expres-
sion, respectively, reveslad 2 sigmficant reducsoa
in Ap-medisged cytoloxicty and Afl,, sheddng
[15, 33, 36)

Racently, an additional pmiese foand 80 be assocs -
wod with AD s tedomerzse. 3 nheauceopeoiein with
revense tramscriptase activity. Telomense is pnsc-
pllyfonduhgliymﬁlcwwdhadhl
key functios in protecting DNA from
through the addibon of telomernic {ITTAGGG) nepeats
o the eads of gelomenc DNA |37, 38). Telomerase
15 o malS-subagit subasit proecin wih teo key compoassts,
T, ummmunm
the RNA o {9} Telomerase activity bes ae
important qofe in celluler senesceace snd immortal.
ization, whereby it & involved in the aging process
uad the canterous state [40]. Addisoaslly, TERT
bn‘p&pmm&mcm

for the conservation of cell viabd.
llll.‘]l'llptmnd-huhm-g
3‘“@0@.!4.44] When reactive axypes
_speces (ROS) e present sad conditioas become
/" hypaxic. TERT wmaslocates to and protacts the mito-
_chondnin agaizst DNA (miDNA) damage. as wedl as
 Bpoptasis [45]. Marcover, telomerase has an essential
u-worw@-mmm
fupm-:n by which it ia involved in the recnes.
meat of DNA repair peotsing [41]. It kas beea shows
that ielomerase is imphcuted = the pafological peo-
cesses of AD [46-45]. Evadence shows that AD
wents bave shoeter tdomere leagths in ther neo-
rosal uad T cells }47]. Funhermoes, in vitm studics
have demoastraied that welomerase acavity s inhib-
itlnd by Aflg, drough the bading of AR clagomess to
the tomenc DNA-JINA emplue comples of wlom.-
erase [48], repeesenting an satapoeisae relatiorsbip
betwees lelomerass aad AR within neurcas. It has
beea pmposad et upregalation of wWomense peo-
wides a poteatial therupeutic strategy for the reatment
of AD, as the resulting overexpresssoa of TERT peo-
tects sevroml cofls sgaime Ap-indaced apoptosis
[46]. A discovery by Otgasr ¢ a3l [32] clacidated
that overexpeession of ERP-FLAG 9] neeled is
as incease in TERT expression, welomerass activity,
idomere length 2s well s g reduction in sesescent
markers [32]. Altogether mdicatiag that L RIVLE has
srole in Al and in the regsfation of ilomernse activ-
ity asd TYRT expression (31, 32, 361

TPherefore, ths study focused castably lmnsfecsag
HEX23 and SH-SYSY cells wath the pClnco-
mol RPFLAG construce, to assess the effect of
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overexpersssoa of LILP: FLAG an Aflg: Jevels, TIRT
exprassion, iefomense activity, and ool vhility. in
an ix viro AD seing.

METHODS AND MATERIALS

Ticmae culiure

(HEX293) were wed due o ther detactable levels
of wlomerase activily and gewr common use 23 an
AD mode. Human sewroblastoma cells (SH-SYSY)
were axed as the sooo AD moded, doe o their
low leveds of TERT. HIX293 and SH-SYSY cefl
fines were culturnd in 12 1 Dulbeoco's modifiad cagle
medum (DMIM) and Ham's F12 outnent mixture,
sepplemented with [5% faotal bovine serum (FBS)
and 1% penialin'srepomyos solution. Cells were
w-mms&cogmm&ndm

sphes.

Cell tmasfection
Toasfecooa of HIX293 and SH-SYSY cefls with

the blots weee mcubaled with the uppeopnate po-
mary antiboady overnight with pentle sbukisp o 4°C.
The membrases were wisted is PAST
und forther incubaled for 1 hoer in the dark, = the
mmﬂymbﬂ;mmm
thes washad a5 cutlined shove. The
mmmu-uymwmmnm&n
strate {Hsornd) asd the Chemaloc™ kzaging System
(Bicead). Densitometric anslysis was performod with
Imape Lab 5.1 softwane (Biorad), wheseby all values
ooatrol. For the kst of all antibodies asd dhooes
refer to (Supplem: Table 11

%

Confocal micrcscopy with Airyscaa™

C‘huﬂd.:dﬂyn{ 1.2x WP
mﬂx@eﬂoﬁmﬁpﬂm I8 x 18 mm;
0.19mm thick) sad incubaied overnight. AN sub.
sequeal ‘sirps were performed with peatie shaking.
Mmﬁmﬂmﬁhdiwﬂnms
fioc 20min ut room lemperature. Cells were washod

‘iu:e with 1X PES and therrafer permesiifiand
-Hmmmux-loobcsomwpm

e pClnso-mol RP:FLAG plasmid was carviod o, Md}IIMMlXPBSIﬂmeJ“

following the Clomtach Xfoct™ tnnsfocos protos
col, once the cells had seached 50-70%: coall
mmmmwmmm

wmunmmm-ﬁu*

mﬂnmcmdwdldwnyml(hamnm
win the trunsfectsd cell popalation.

Wextern blotting -

Wesiem was used 1o
moa of LRPZFLAG aad to detect
fevels of LRP asd hTERT. post-assfocton
pCincc-mol RP-FLAG, Bactin was wsed

coatrol. Boefly, ool lysales wers
with IX RIPA beffer sad protein levels
mllehandnn:nd-:ymcm

g

.

?

HE

?

: s&x
33&%%3@5

< %.BSM: IX PBS for 30 min. Cedls were incubated with

relevant prmary astdody solubas (dilutad 1: 200

0.5% ASA-PRS) oversight at 4C. Hereafler, cells
were wushod 3 Gmes in 0.5% BSA-PIS. Cells were
thes iacubated with the mspoctve secondary nes-
body dafued (1: 500} @ S00 ui 0.5% HSA-PBS for
2h = the dark, at mom emperature. Covesslips wers
thes washed thrice, i the dark and subsequestlyincu-
bated in (.05 pgfml DAPIdiluted in I X PBS for 5 mis
in the duark. Coverdips wen: [urther nasad 4 ames sad
mousted onto plass micmscope shides with 20 ul Flu-
nromoure (Sigma) asd allowed 0 set in the dark o
room temperature for 1L.5h Thereufler, shdes were
stored is the dark at 4°C catil viewed. Sides wers
viewad using the Zeiss LSM 780 confocul micm-
scope with the addssos of Airyscan™. %
images were sxalyzed with Zen 2010 imagizg soft-
ware vL1. Coatrods were prepased @ abowe, with
the exception of prmary astibodies. For the list of
ol antihodies usad for confocal macroscopry, (see
Supplemestary Table 2).

Afe-ELISA

Toml bumas Ap o was quastified with e use
of & Human Amyloid g (a 1-42) Quastikine *
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FLISA kit by RED Systems. The manufacturer's
matructicas were followed. Brefly: The plate wis
washed twice with Wash Huffer immediztely pre-
oahgu.llnml\-yhda(nl-nlm
together with extncind peotnia samples were added
b&wﬂs(lMMMMﬂh!hl
4C. Thereafler, cach well was wpiraled asd wanbed
four tmes with Wash Bufiee Cold Homas Amy-
foad @ (mal-42) conjugate (200 i/ well) was added
and incubated for @ ferther 2h @ 4°C. The plae
wis schsequestly washed foor Smes with Wash
Pefer mad 200 i fwell of Substrate Solution was
added. Following e, the plate was incshuted for
30 mia ut room lemperature in the dark, afler which
50 ¥ well of Siop Solution wis added. The opocal
deasty was determened wsing an FLISA macrotizer
plate reader of A502m with wavedength cormection
al M0zm.

The TRAP=ne® RT Tolomerase Detection Kz

344, 5-Dimethyitiuagl-2-5-2,
S Inphemylterrazoliam bromide (MTT) cell
viahdity asssy

The MIT sesay wis used 10 mesess ooll visbd-
ity following transfection and afier trestment with
cytotnxic Jovels of AR, Boefly, nos-transfociad
and LRP:FLAG transfeciad HEK293 and SH-SYSY
cells were seadod at | x WP calls'well in 2 45 well
plate und woshated ovenighe under sommal con-
ditions. Following S, Lhe colls wers trested with
5000M Af o mamac AR-mediuted cysomvicity)
for 48h. Funhesmore, all untrested contmls ued
maﬁnktdkwwuhsdl

tocatechic a6 PCandndadixﬂndl
line= Teowg 48 h incubation, 100 ul of 1 mefm! MTT
was added (0 sach well and sebsaquestly incubated
for 26 3t FPC. Followisg icobation, aff culturs
mﬁnuptﬁd.ndlbmdmfm
crystals wers dissolved in 200 i damethy! ssifox-
ide (DMSO). Ssbsequeatly, the opscal density was
determined ssing an F1ISA plate resder @ S0am
All expenmestal sad control samples were assayed

(Merck), wis wod 0 detormize the offect of | indrplicate and the perceatage cofl visbdlity was cal.-
IRPILAG ovesxprossion on tcdomense activ- . Oelaied, relative to the untneated congrols.
I;Tehnmmyumﬁdnps¢\\

the manufacturer’s mstructions. Hrielly, adlls wee “Snnnmdndm

barvested and lysulss prepard
= CHAFS Lysis Buoffer (3.0

bymm,,

Stataicul asalysis was performad using Microsoft

)I.Mm»m\ Exced 365 (Micmmofl Comporaticn) and  Quick-

dimethylammosio 2
MENAﬁm:mmlhmdmum“

where afler CODCERNIEOSs Were

with $e NancDeop® ND-1000 (Thermo Sciestific)
and sandardized to S003g/pd for all experimental
and contm] reacboms. AL nulp:!
mcﬂl‘vﬂhl&bdrh;h&.‘ydslmm
the following cycling paramesers applisd: cae cycle
of 37°C for 0 amm, 95°C for 2 min, and 45

of 95°C for 155, S9°C for 603, sad 45°C for 105
Telomerase activity was thareafier calculuied from
the standand curve penesated by | - 10 senal dilutions
(2000002 amoles) of the provided TSRS coatral
wemplate @ per Meck Mallipore instractions. AR
costrols were secluded: 2 mines telomerase coa-
gol (CHAPS Lyss Buffier), u no template coatrol
(Nuchezse fraaPCR Grade Waler) and a heat -treated
elomerase negative cootrod, whereby 10! of each
500 ngp/ ! sample was incobated at 85-C for 10 min
prior o detection. A tefomense posstive codl extrac
was provided 25 9 positive control sad mads up =
per the protocol. The data was analvaed wih Light-
Cycler] Software versdon 15,1

Calles Ouier Calostator ©2017 GraphiPad Softears
which employs the Grubbs' iest (extreme stndes-
tized devaate). Al expenments were performed with
u minimum of three teological repeats asd aoror bars
represent standand deviation. The Sosdest’s o9 was
performed u 2 95% confidence interval; where values
*p < 005 were considered statistically significant asd
values **p <001 nad ***p <0001 weve cossidesnd
tughly sgnificaat

RESULTS

This sudy svestigand the effsct of overexpress-
ing LRP-11LAG on TERT usd AP protein levels,
us wedl 25 the resultant effect oz wlomerase actvity
dmﬂnﬂy-&cmiindSll-SYSYAD
ooll culture modals. Here, we show that, 1 RP-FLAG
is exclusively = the mmsfocted HEX203
(HEK293T) {Jag. 1A) and SH-SYSY (SH-SYSYD
(Fip. |H) cells, post-transfectica of HFEK203 asd
SH.SYSY cells with the pClaco-mal RP-FLAG
ocoastroct. Furthermors, we reveal o resultant iscreass
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= TERT levels and telomense activity s well a5 8
sgnificant reductios in AR levels in the HIK 203 and
SH-SYSY colls overexpressang LRP-FLAG

Overexpression of LRPFIAG increases hTERT
Mwﬁamkmnuh&
ix SH-SYSY cellx

Sisce we confirmed transfection i SH-SYSY
cells, confocal microscopy with the addition of
Airyscan™ was employed 0 ssses the offocts on
e lovels mad respectve co-Socalustioz of 1RP,
AP 2ad hTTRT. ks noa-trmesfeciad SH-SYSY cells,
1LRP localires on the cell ssrface and 1
(Fig. 2A), as we peevinusly reportad |19, Under the
same conditions, AR tends 1o localize Lo the ooll sur-
face as has been shown peeviowsly [50f and to a lesser
extent in e cytoplasm (Fg. 2B ). Aldough AR level
are krw in SH-SYSY celix, co-localization (Fig. 215
was chserved betwees LRP and Af ca the ool sar-
face and 10 2 Jeszer exiznt in the cytoplasimic regions
(Fig. 2D-F). This 1s condacive to what was pevi.
cusly repoctnd [15]. Upon transfection of SH-SYSY

nn#mmﬁ:ﬂuﬁh
‘,,-' siaubu? dovats =1t '_4

cells with pClaco-mol RP-ILAG (Fig. 2H), thers
is 2 clear acnase in toeal levels of LRP (Fgs. 1D
aad 2G), stmbuted to the eadogencas LRP w well
= the LRPFLAG proiciss, with a concomitant
decrease in AQ levels, whereby leveds we almost
undetectable (g, 21) = 1sen © the non-
mfnnndceh(h; 28). 12 SH-SYSY codls WIERT
localizes weiformly across the suckear and cytoso-
fic regions (13g. 2N, whesehy co-localization cocurs
betwees LIRP and hTIRT (Fig. 2P-R). However,
upos ovesexpressios of LRPFLAG, the SHSYSYT
cells exhibit 2 clear sscrease & hTERT levels aad
cytosolic lncalirasos, as obwerved i (Fig. 2T, which
is further shown by the incresse in Suonsceace isten-
sity indicuted in (Fag. 2X.

Since we know of an istic refatiordip
betwees TERTAsomerase and AR in AD, as pre-
viowly reponiad [48]. confocal microscopy with the
sdditica of Airyscun™ ws employed o determine
whether these two protems co-localize in the cell.
Here, we cbserve that RTERT and AR do isdecd co-
Incalize, predominaatlyia the cytoplasmic regions, 2s
indiculad by while ames 32 Fag. 3E and s detociable
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fluorescence in quadrae 3 of (Fag. 39 ‘This fur-
thermore sugpests an iatersction and 3 possible
associutos betwern e two protess.

LRP::FIAC overexpression sipe ficantly
decreases intracellular A2 devels and Afq
shedding oo HEK293 and SH-SYSY celiy

Az AR T1ISA was perdformed oz both the
HEKX3 and SH-SYSY cefls to futher amlyze
ARy, lovelx mdwmm
= HEK203 and HIKIIT cells. showed a sig-
sificast mductos of 517 € in istrscellule Apo
= the HEKX3T cells (p=0.0000) (ig. 4A). No
sgnificant chasge was cbservad ca anafyss of intrs-
cellular Afly; leveds s both entrested SH-SYSY and
SH-SYSYT colls (Fag. 40 Momover, intraceSiular
AP, fevels i the SHSYSY and SHSYSYT cells
were almost andsteciable withow Afly; testment
Jig. 4C). Therefore, immusoSuorescest lubedling
uudnqumufyi\ackvekthH-SYSY
cells and is described 25 sbove (Fig. 2A-1). Further-
more, sace LRIWLER is mvalved in the shadding of

Overexpression of LRP::FIAG sigaificanty
increceres defomenese activity in HEK293 and

SH-SYSY cells

Malople studies bave rporiad thee an inorase is
TIHT exprossion induces as increase in telomenase
activity [52, 53], thesefore, submaquent 10 chsery-
ing an iscrease in BTTRT levels post- LRP-FLAG
overespeassion (Fig. 2T, redstive ielomersse activ.
ity was quaatified via gPCR. In sddition, sisce Afl,,
is known o buve g relabosship with hTERT j48],
iedomenae activity was sssayed 12 both the peesence
uad shsence levels of Afyy. Here, we
uffirm that, in the abseace of Af¢: (0aM), HEK203T
l‘p-0.0M’l‘)tdSH-SYSYTl‘p-DGM)dBuJub
ued significintly higher omense activity whes
menmmmsvsv
u:llmupetﬁel)d'q.ﬂ This is coaducive 1o what
wcm reporied @ HEK293 cells |32 Upos
u‘d with cytotonic kevels of Afe (S00nM),
g&uﬂum&ﬂmmm&m-
erate acihvity iz both the nos-transfeciad HIX20)
(p=00056) sad SHSYSY (p=0.0005) cofis, =

ABz 151], extraceliotar AP levels were assessed | Well 35 in HEK203T (p~ LBIE-06) cells. Sumns-
by Afa-F1ISA © determise whether overezpras. Mly.mmwmnmw
nouoﬂRP_RAGmldumeummAﬂq--. AH'nﬁmﬂy highes tedomerase activity in com.-
shedding. Sumprsingly, we cbeerved 2 sigmficant 0 1o nos-transfecied HEK203 (p=0.03) aad
eammmww.,mgo-uoumm AHSYS5Y (p=BAIELS) cells afier weatment with
&ll‘IMToelk.Mcvmulbm.‘cQ, Aflyz (500 nM). This: suggests that overexpressios of
(Fig. 4B). This mdicates 3 mdbuction ia AR . LR]!ﬂAGlyaulsmnvuy.dquﬂlt
-hmﬂmﬂsmw_ﬂ.ﬁﬁ preseoce of igh leweds of A
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Overexpression of LRP-:FLAG rescues HEK293
and SH-SYSY ceils from Apy — mediated
cwolcracy

We huve previously shown that |RMIR & o
meceplor for A, wherehy it is isvolved in dhe iater-
salization mad therefore, the accumslation of ARe
muacedlalady, sltimately mhibiting cell peoliferabon
and inducing apoptosis |51). Sizce we rovealad tha
LRPFTLAG oversapeessos mcreased MTERT lev.
els with & coocomitsat decrease in AR, levels, an
MTT ssay was performed to determine whether

(00 aM) Al vahes wese sormalonod

—

. |
n = B 0 Lo
' C.X

oy 'A';A-l‘.
.-
- W .. . S—
o ot A
| ". om
waveed 0_'«» e A
e e——
BRAY N EENNT Tambeniod

mnl“tmﬂhm“mnﬁh--ﬂgdc&m&m
il MITKYTT 2wkl 30 (1) S19SYSY aad S0 NYIVY cxlls, s detcrrnined by MTT sy odl-d-lq‘-‘

wiek S0 “mdh“-hlmm-d.am-ﬁd
bhp:up "r<00%, “p<OD], *r <0101, Suxkent's 4 laxt,

tauson
Scvmtae

LRP-FLAG oversxpression would b isfleesce
the viahifity of the transfecisd HEK203 and SH.
SYSY cells i the presence of cytolonc leveds of
synthetic Ao peptides (g, 61, We observed that
mm&m-&llwc.dwcdluhm
bility = i both aon-srassfocted HIX292
(p = 0008) and SH-SYSY (p= 1.31E-07) cells, with
decrease of 32.68% asd 63.33% seon in compansos
o arerealed HEK2D asd SHSYSY cells, respec-
treedy. (Fig. 6). Simultancously, we investigated the
effect of the S00zM synthetic Afly; trealmest oz
cell vighifey @ HEK203T wsd SHSYSYT cells
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(g. 6. Imerestingly, we revealed that these cells
eabibited 2 significant 6262 % (p= (1001 1 )and 01 44
% (p=T.75E26) less call death, respectively, when
compared (o the sca-tmasfacied cousterperts trested
under the same conditions. Tikes together. these data
adicate the noved fading St LRP. F1LAG ovesex-
prassion rescees both HEX293 and SH-SYSY cells
from Aflyz-induced cytoloxicity,

DISCUSSION

We have socently shown Sat SXFAD tmasgenic
mice treated with e ues LRPLR specific antibady,
IgGl 351K, atubizad oz mmpeovement in memecy, 3
decrease in A plague formatios, with a sigrficunt
reductioa is both saluble and insoluble Afly; levels.
This was suggesied 1o be 2 searoprotactive offect =
atinbeted 10 2 concomitant 3nd sgnificant increase
= mTERT leveds chserved (36]. Despite the peen.
ously explained rode of LIIVIR in the pathological
process of deease, we rucently slacidated that aver-
expressinn of LRP-F1AG|49] resuliad is anincrease
o THRT expeesdon, lelomerase activily, iefomen:
lenpth a3 well as a roduction a2 seacsceat markers
132]. Altogedher indicting that LRIYLR has 2 mie
-&qmndm-mvuyndﬂlﬂ

tw the metochosdm in neuroas upon AD pathology.
here, they suppesad that TERT decreases ROS levels
usd smpeoves respiraiory chass [encgoa. It is well-
reporiad that AD s 2 multifactonial disssse, whers
mazy composeats of the cedl play 3 role: however, it
hmm!,bmdeaibdﬁmabdnddys
faction is ooe of the cardiest obsarved pathogenic
akerations, which occars well before the accumeda-
md-yidph;mslilxl.mm
have reporind impairmest of mtochosdnal fusc-
hnnuweﬂu-aenﬂpohmmofk(ﬁuw
mq:mﬁ:udkbpnaslﬂ-sl.
Mﬂnugh - mactunism behind macchosdral dys.
mﬂwfumay-dm“
known that there & 3 cumulative effect betwees mito-
choodrial dysfunction and AP accumalation §64].
*ﬁw-imﬂ)ohencdlhnmm
localires with STERT and with Az, mspectively,
lmbmd&shm-dmc
We ohserved co-localizaticn hetwees
mmnu\acnumutususvsv
Jldun.mm-mham
Iatercstingly, we observed 2 signif-

P these peolsiss.
/ hdeaummlhlxk&:lmbmtb

T cells, o welf a3 the SHSYSYT cells

MMQIRPJIAG vlumqmdlotb
wo-mfnddmﬂx Furthersmoez, 3

exprassion [31, 32, 36} Furthermoes, since ieloas, Jmﬁmdmiammmbﬂn
erase plays a rode in AD J46-45], wethseﬁuuﬂ, vhserved in the transfocted HEK 203 cells, whes com-

0 determane the effect of ovenexpressing |3
-nwnq.’l‘lupuumdyd:m“
overexpeessios of LRLP:FLAG incresses TESLT ley-
*ﬂmmdyﬂm.ﬁﬂrhﬁq“
and Agty; shedding iz HEX293 cofis. In additicn, wee
sevead 3 concometanl imcrease in trlomense xdvny

and MDA-MR231 cells [31, 32] Her. it s secn
Gl | 1P and HIERT do indeed co-loculize = the
SH-SYSY colls (Fg. 2P, R), as determined by oon-
focal microscopy aad that co-localization oocwrs in
the muclear and cytosolic regioas. [z ad&tion, we
cbserved asabstansal screase in WTERT kevels in the
SH-SYSYT cells after LRP2FLAG av

huunqu.wﬁudmuthﬂmmlcal
wed mome shuzdustly in e cytophomic mgions,
@an is the nocless. Studies have repocted that TIRT
suslocates from the secieus o the mitochondnia,
where it plays a role in deceasing ROS levels,
DNA damage, and apopeosss 4244 Spilshary o
al. 154] revealed that TIHT preferentially localues

© pared to the so0-wuasfoced HEXI93 cells, therzhy,
representing 3 sgnificant redoction in A shed-
ding. Sisce A leveds were uadetoctable s the
SH.SYSY cellx by Af-F1LISA. we were unable to
s whether thene was a change in AR shedding
upos overexpeession of 1RP:FLAG iz these cells
%gai“ﬂpwmm-nm
tic celationshp between lelomerase and AR withiz

neuras, mace APy is imolved in the intuhition of
tedomerse actavity, through the hindiag of the wlom.
enic DNA/RNA lesplaie of tefomenise. Sisce we saw
as increseee i3 HTTRT protein leveds, us wedl 2s local-
ization o the cylopfasm, we propose this concomitant
docrrase in Aflyz levels sees in both the SHSYSY
F1g. 2) and the HEK293 (Fag. 4A) cellls, a5 well 2s
the redoction in A sheddiag (g 4H), s ourd to
the isteruction hetween TERT and AB.

It has bees reported by multiple studies, that us
incregse ia BTTRT expression cuuses an incease is
tdomense activity, asd thet TERT befaves as the
limiGag factor for telomense actavity |52, 53], Then:-
foee, as we cbservedd 58 sacrease @ BTIRT lewels
and o docrease in Al levels, we determined the
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cestitimg effect on lomerase activity in both the
ahsence and preseace ol cysotoxic fevels of AP,
We coafirmed s mgnificant iscrase = tdomense
activity in both HEK293 (Fg. SA) ssd SHSYSY
(Jag. SI) cells overexpressing 1LRP-FLAG. Funber-
moce, $as follows the resd we previoudy repocted in
HEK293 cedls [32]. Although telomerase espression
= 2 knows ballmark of cuscer, it bas been shown
tat ectopic expressios of ielomense = nol 2550 -
mied with malignancy [61]. £ was mpored thet the
mrodection of telomerase o fibroblees did 2ot aker
otber gruwih paramesens. The telomerase-expressing
ceils showed 2o other in growth patierss of
gesomic insability, and these cells &d aot bypass
cellcycle imsduced check point coatrols typical of
cancer cells [61] ladeod, The HEK293 and SH-
SYSY s overexpressing [ RP-:FLAG maintzised
a dependence on standand serum concentrations and
exhibiand conzct :mbibitica.

Tratment with cytotoxic levels of AR, thershy
mamacking AR . -modisted cyintoncity, caused a
coaxoguential reduction in telomenase activaty in both
suasfocied sad non-tnasfectsd HEK23 and SH-

SYSY cella Ssace we kaow A induces apopecss

§46] and ishibits telomenase activity (48], 2 is pro-

M2 Bpeoas e @ / TYRT Lovelr axz Tolsmerase Acisnny

ion-pesmissible channels iz the ol membrne, &=
well as causing oxdative steess [10{ In addssos,
ROS- induced alleraions in mitochondriad mesbrane
potential bave been shown o be caused by pS3,
hseby.ynmngmlﬁl.‘lh“mm

ccade hypothess™ cas be uwsed o explas
MWAD It 2xplains how 2 decline
in the efficency of mitochoadral activities cocurs
m o result of sge-reduted cffacts ca genetic facton
(zoclesr and matochoadrial DNA), v causeg os
incmase iz ROS, thereby tngpenng peodection of
Af |63] Tedamerese s responsible for masstain.
qmmwlwuumamm

oudmsm:uusslqamduug
cwdldomondmamu
mﬁmnm«ﬂlwwnﬂn-

well 25 genomic sability. Thenefors, we propose that
theingeease in WTERT levels can compensate for the

,_,mdma-dby&hqijvdsdm; by

elomerase actvity. Through the iscrease
in elomerase activity, we sugpest the ape-redaind

pnsdlhllumhnoamldmnnemn)-,- ’Mmumndumnmww&,

chserved 25 3 combusation of these twn factors. 'hwmng

Remarkahly, however. slomense activity wis sigaifs.
scanlly hegher in bath the HEK293T uad SHSYSYE,
cells when teeated with synetic ARq pth
and compared 1o st poa-transfecied
realed sader e same coaditions (Fg. M
oozally, we performed ue MTT assay,
o 2 435 sogencus ratmest msaium-
Setic Al peptides, 1o assess the effea oca el
vighdlity. | less el death was thserved
i both the HEK29IT (Fig. 6A) and e SHSYSYT
(Fig. 631) cells, post eratment with cytoeoTic levels
of A peptides, when comparnd 10 G cofrespoad -
isg non-transfected celis. Thus, these aovel findings
suggest overexpeessos of LRPF1LAG signoficancly
morares Homesse activity, despae the presence
of ARy and furthermose rescues cells from Ap-
modaisd xity. This cbservation is
to be attnbutable to the fuct that the increasein W TIRT
levels and the resulting increase m elomerase activ-
xy after overeapression of [LRP:FLAG, & cocumring
priar to the masifestation of Aflo.--mediated cyin-
tonicity.

The pathologacal ageal of AD, Ag, tas o func-
toasd role in mitnchoodnial dysfunction by descupting
calciom homeostass  throagh e formaton of

mitochondrinl dysfuaction and mducey
.ﬂ!m&Mhmpmﬂ“hhﬁt
incmmsed leveds of hTERT sees in the oytoplasm
could have un additive offect, 10 protect e oelo.
choodnu from both the indermalization of AR, o well
= Ap-anduced mitochondnal impainnenl, a5 previ-
vudy deseribed. It is mportsd dat pS3 s poesent
-mm-mwwm
plagues [66], = well 25 in mie OYerex-
pressing the Af peptide [67] Fu et al. [68] = badaind
that TIERT can peevent the acavasios of caspases,
proc 1o mitochond dal dysfisacios and Srough s
nteraction wih the wmor sepprossce, pS2 [62)
Therefors,  is likely that TIHT = farthermons cxent-
ing a protective offect ia the cytoplasm, agmse the
alorementioned detnmental effecs of AR, theough
the madulation of pS3-dependent mochanisms. Thas,
we sugpest the increase iz TERT levels 2ad wlom.
erase acuvity is playing a peviective function agaizst
spoplotic stresses cussed by AR aad setochosdnal
perturhanoss, whuch mlluesce each other 1= 2 dendly
cychand & $enby, providing a neuroprotoctive

factiom. However, further studies are besng per-
foemed o invessgale the effect of oversxpresseg
LRP-FLAG ca ROS peodoction and mzochoadnal
feaction.
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Thes study has shown that LRPUFLAG overx-
mmi‘lﬂ!‘[mmﬂaﬂy
mcreases wlomerase acovity, sad concurrently
decreases intraceflular AR, leveds zad shodding in
HEK23 and SH-SYSY AD cell culture models.
Togeder, cur results sugges thae e telomerase pro-
tein, TERT, scems to be 2 protactive factor agmmt
AD pathology aad muy ofler resistance against patho-
fogical AR. We therefore propoese that LRP:HLAG
OVCTEXYTSSOn & serviag as 3 iomense activating
compound 10 redoce AD pathology asd = resulting
= scumprolective processes ws iadicaind by the res-
cue from ABs: -indoced cylotaucity chserved in ths
soady. Thus, oversaperssoca of LRP-FLAG could
form the basis foez powerful, novel preventasive et -
ment {or scuradegencrtive disondess, such as AD.
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el conditions, particularly wherein said relomere related diseases andfor telomere related medical conditions are cancer and cellular
O ageing. Particularly, herein is disclosed 37 kDa/67 kDa laminin receptor precursord high affinity laminin receptor { LRP/LE) andfor a
fragment thereof for use inthe trestment andior prevention of cellular ageing.
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RE: REGISTRATION OF FACILITY

mmwhmbm-lw.WhmdNOM
Modifiset Orgarfams Act 1967 (Act No. 15 of 1887). Regmtration number 38.2Univorsity of
Witwatersrand -18/146.

mwnmwmmwmmmm“umu

. Pisase familerze yourself with the Standard Opersting Procedums appraved for
Reguiation 2{2) to determing whother your current activities or any future activites would require
an additional cantained use permit or not.

MwﬂhmdNWltmcam.m
m,mamsmmnmmmmmmm
and the SOF document refermed (o n the above paragragh

n-mdwmunmwmmm1mmu 15 of
1897), including any condition of any permit lssued In terme of the GMO Act Is mot
mmmuuuummu.mmmmmms«umuoun

Yours sincarely

N L Wkhonxa
Roeglatrar; Genstically Modified Organismas Act, 1897 (Act No. 15 of 1987)
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agricuiture,
forestry & fisheries
Decararme

2%, Forsery and Reterm
REPUBLIC OF BOUTH AFRICA

CERTIFICATE OF REGISTRATION

FRegistration Numbev: 38.27UNIVERSITY OF WITWATERSRAND - 18/148

It is haraby cevtified that the faciily stuated at:

UNIVERSITY OF WITWATERSRAND
SCHOOL OF MOLECULAR AND CELL BIOLOGY
1 JAN SMUTS AVE
BRAAMFONTEIN
JOHANNESBURG
2060
haa bean regislared in the nameys) of: PROF SFT WEISS

on beha¥ of. UNIVERSITY OF WITWATERSRAND

In terme of Reguiation 8 of the Genetically Modified Orgenisms Act, 1997 (Act Na. 15 of 1997) in
respact of the fokowing-

type of facity. LABORATORY

containment lovat ONE (1) & TWO (2)

for period: 18 MAY 2010~ 18 MAY 2022

Dato issuea: 15 MAY 2019

W

Regiérar for Genetically Modified Organiems Date

- 299 -



o

aﬂmmwmu TEE

CLUARANCE CERTIFICATE PROTOSOL NUMBER: 201 20330La0
BRIEY DESCRIFTION OF APPLICATION:

Latormtmras viuated N rooms @17 and 617 n Sate Houte

APPLICANT; Profeazor & Wass

SOHOOLIDEPARTMENT | Malgcutar & Dot lickogy!

PATE CONSIDERED: Hy crnuiton

DECIGION OF COMMITTER:

These tabs -y evct b3 10et 1= Ftancurds 0f the etturonet Begatety T tiwe (HIC)
46 spactad in ita 1BC's pustehed Btandard Opealng prooethrey
Ay change to the ype of ioRazaedous #gemis] Do ng Mundied chould b sepertad L0 the IBC

1 Trisclsance carfcas espres oo 1 Margh Z016 and may be rareved O o RSN

Radiation and Health Physics Usit

Sr— of Witwatersrand
DATE: 2 Mavch JU14 tmunnnum,__4;__;;gE§;=ﬁ=Fﬁ%%Pw&kh-
{ oM L Larkin) +2 8531

DUCLARATION OF APPLICANT.

To te coersbatend i Suphicaly wid ong Copy MAING 10 the Secretiey, Flooon Y0002, 16 Meor, Senate Hoves,

e sy
1| e rond, Unaereiood nd SL000OT 19 SXOYTE ST 0N Wowe

2 \m-»wmcow-ymwmwmcmmm-dh-mmM1wmmw
priwdind, i) e even of airy segniicant ink ot o g oo 0f & drug I, derrpanary dossre of

iccaton o ny lsboratory, el

1| oo et e Lnieraty Safcty Ofosr, Or feahal (Eprosesiatior, Ity I MTy (CODDNEDME fafm AO0CE Y
hmahﬂtnmmwwwumnhwMums;uyudu-mn 1 undartares tn ol oy A0

COCPerabon N oy auth iNEeon

4| have s2ad DRdecasstic 40 wil oomply with) The Rusonmgniind ST 0oy A for e hanak
of Atuzsrgtus ey rsied 7 TED. Vet n T A Ac00e e R eacch (B satzy rm
G | decherm (deete 20 approiciaty] BAal

] 'm&NW--MmmawﬂummwthWsww‘mlm

n ::‘l':;mawgh Witk e St e L .
.
..m:’%‘ca:“«g/ﬁ o 3= v -2 S

S < Lecs s

PLEASE QUOTE THE PROTOCOL NUMBER (N ALL ENGUIRES
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University
of the Witwatersrand,

Human Research Ethics Committee {Medical) Johannesburg
(formerly Committze for Research on Human Subjects (Medical)

Sacialarial; Ressanch Olbce. Room SH1000E, 108 foor, Senate Houss  + Tolophone «27 10 TIT-1234 = Faec +27 11 228-6708
Proaate Hag 3, Wi 2050, Souin Alica

Ref. W-CJ-130620-1 20/05/2013

TO WHOM IT MAY CONCERN:

Waiver: This certifies that the following research does not require clearance from

the Human Research Ethics Committee (Medical).
Investigator:  Professor Stefan F T Weiss.

Project titte:  Targeting the 37 kDa/67 kDa laminin receptor for Alzheimer's
Digease treatment.

Reason: This is a laboratory study using commercial cell lines including - SHSYS5Y

MZa and HEKZ283. No humans are involved.

“SFTHE wrﬁi-:e‘}&q_
PRDF PECLERSDR « JOREE g
(1=

013 05 2 ﬂﬁ:

Professor Peter Cleaton-Jones
Chair: Human Research Ethics Committee (Medical)

copy: Anisa Keshav, Research Office, Senate House, Wils
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o v‘f_;

Human Research Ethics Committee (Medical) f %

3 5
Research Office Secretarat Senate House Room SHID00S, 109 fiocr. Tel 27 (0)11-717-1252
Medical School Secretzriat P Tobias Building, Room 304, 39 floor Tal #27 (0)11-717-2700 R - .
Frivabe Bag 3, Wits 2060, www.wits.2c.2a. Fay +27 (I]11-717-1266 R
Ref. W-C.J-140804-1 04/08/2014

TO WHOM IT MAY CONCERN.
Waiver: This certifies that the following research does not require clearance from the
Human Research Ethics Committee {Medical).
Investigator:  Prof ST Weiss.
Project title: Antibodies and shRNA targeting the 37TkDa LRP/LR for cancer
treatment.

Reason: This is a laboratory study using commercially available or established cell

lines at Wils including USHSYSY, A3TS, MDA-MB231, HT-29, LNCaP,
WHCO1, HEP G2, HPAC, HUVEC, MCF-7, HeLa and HEK-293 or
similar, There are no human participants

Professor Peter Cleaton-Jones

Chair: Human Research Ethics Committee (Medical)

Copy - HREC(Medical) Secretariat . Anisa Keshav, Zanele Ndlovu,
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STRICTLY CONFIDENTIAL

AMIMAL ETHICS SCREENING COMMITTEE (AESC)

CLEARANCE CERTIFICATE NO, 2enesC

APPLICANT: Professor S F T Wakss

SCHOOL: Schocl of Maieculsr and Ced Biciogy
DEPARTMENT:

LOCATION:

PROJECT TITLE: In vivo Iveastigation of the effect of LRP-. FLAG overasprassion on
Ihe ageing process and telomese dyramics [0 CST3LA) mice

Humber and Spocies
40 Famals CSTRUA mice

Appeoval was givan for tha use of arimsis for e projed descrbec abowe at an AESC mesting hek! on
2016/08/20, Tl approval remains vald untl 209871 1201,

Unmeportad chasges to the spplication may invaldate the clearance given by the AFSC

AN Innua Progress repoet must be provided

The: uss of Fwav arimals & subject 1o AESC guideines for the use ad care of aninals, Is Imited to the
procedures described in tha appicadon form and @ subject (o 3y additional condtions 18led bekw:

Thore should be no physical contact of the mice that resuits In mjuries during the sosisl
bahaviour tests

Sigred: L. s _ Dater 23/0(/'29/"?_
CtanemIn, ATEC)

| s sfinled thel the parsons Ssted In this apoicatan are competent o pedarm the
hmdwm23(1)(c)dmnmmmmmmmmmma1m;

Signed: J'%/%S{M' - b 23 June 2017
egrsappd Veratralar)
oa: Supenvsor: NiA
Director: CAS Works 2003 s UNAMFACTert wee
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