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Abstract

Numerous previous studies have shown an association between shorter TL and CAD.
Prospective and family-based studies have suggested that shorter TL precedes disease onset.
Recent genetic studies have provided evidence to support causality, however the biological
mechanism is not understood. There is evidence that catastrophic telomere loss induces
endothelial dysfunction through senescence. Such changes in TL do not reflect the modest
changes observed at an inter-individual level. The aim of this study was to develop a model
system in which TL could be manipulated to investigate potential mechanisms through which TL

modulates disease risk.

The model utilised the addition of a removal TERT transgene (encoding the catalytic subunit of
telomerase, which is normally repressed in somatic cells) to enable TL lengthening or
stabilisation in endothelial cell lines. Removal of TERT, through Cre excision at different time
points, would allow the generation of subcultures with short and long TL in the absence of
potential confounding factors. In total TERT was transduced into nine HUVEC lines, four
successfully immortalised and showed TL stabilisation. Three lines stabilised with relatively long
TL. One of these lines was taken forward to generate long and short TL subcultures which were
tested with and without the presence of a pro-inflammatory stimulus, for markers of endothelial

dysfunction.

Cells with shorter TL displayed differences in basal expression of the cellular adhesion molecule
ICAM-1 at both an mRNA and protein level. Cells with shorter TL were further shown to recruit
higher numbers of monocytes using an in-vitro cellular adhesion assay. It was further shown that
these differences are not the result of inducing senescence in these cells. This data provides
preliminary evidence that TL may regulate monocyte adhesion to endothelial cells, contributing
to the early stages of atherosclerosis and providing a potential mechanism through which TL

contributes to disease risk.
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CHAPTER 1 INTRODUCTION

1.1 The dynamic aspect of telomeres

Derived from the Greek telos (end) and meros (part), telomeres are non-coding, protein
bound structures located at the ends of eukaryotic chromosomes. In humans the
telomere sequence consists of tandem repeats of ‘TTAGGG’ ending with a 3’ single
guanine strand overhang (Blackburn & Gall 1978; Moyzis et al., 1988; Henderson et al.,
1989). In healthy humans, the average length of the telomere ranges from 2kb to 12kb
(Henderson & Blackburn 1989; Meyer et al., 2018). The main role of telomeres is in

maintaining genomic stability (Podlevsky et al., 2008).

1.1.1 Telomere function and maintenance

At the proximal end of chromosomes, telomeres are isolated from chromatin by a
dynamic stretch of conserved DNA sequences. The 3’ G-rich overhang strand invades
the doubled-stranded DNA region to form a large duplex D-loop T-loop ‘cap’, which in
essence neatly tucks away the ends of telomeres and offers telomere protection (Sfeir
et al., 2009) (Figure 1.1 A). This complex structure protects the 3’ overhang from being
incorrectly recognised as a DNA break and thereby preventing inappropriate activation
of the DNA damage response pathway. Telomeres also protect against DNA damage
repair processes including Non-Homologous End Joining (NHEJ) and Homology Directed
Repair (HDR) and subsequent chromosomal fusion and degradation (Yu et al., 1990). The
activation of these processes can incorrectly lead to homologous recombination as well
as chromosome end-to-end fusions chromosome aberrations; such genomic instability
is a hallmark of cancer (De Lange 2005; Wolman et al., 1964; Benn 1976). In preventing
chromosomal fusion, telomeres ensure the stable integrity of genetic material and the
correct segregation of genetic material into daughter cells during each mitotic cell

division (Henderson & Blackburn 1989).

The tight structure and regulation of the telomeric cap structure is dependent on the
association and dynamics of specific telomere associated proteins known as the
shelterin complex (Ye et al., 2004) (Figure 1.1 A & B) and telomerase (Figure 1.1 B). The
shelterin complex encompasses six core proteins; TRF1, TRF2, POT1, RAP1, TIN2 and
TPP1. The telomeric repeat binding factors 1 (TRF1) and 2 (TRF2) directly bind



independently to telomeric double stranded DNA (Broccoli et al., 1997). The protection
of telomeres protein 1 (POT1) binds at a high affinity to the single stranded G-rich 3’
overhang as well as the displaced G-strand at the D-loop site (Lei et al., 2001) (Figure 1.1
C). TIN2 binds to both TRF1 and TRF2 through independent molecular domains and
recruits the TIN2- and POT1-organizing protein (TPP1)-POT1 complex to telomeric DNA
(Figure 1.1 C) (Ye et al., 2004; Chen et al., 2008). Through this interaction, TRF-1
interacting nuclear protein 2 (TIN2) creates a bridge between the different shelterin
proteins to structurally maintain the telomere cap. TPP1 possesses a telomerase-
interacting domain within its amino terminus (Xin et al., 2007) and recruits an essential
telomere binding protein, Telomerase, which has an important role in elongating the

invading telomeric strand.

Inhibition of DNA Damage Response and Repair Pathways by Telomere Binding
Proteins

Telomere protection is predominantly dependent on the shelterin complex (Griffith et
al., 1999; Kim et al., 1999; Abreu et al., 2010; Guo et al., 2007) and is crucial is preventing
the activation of the DNA Damage Response and DNA repair pathways. Telomere
protection is acquired through the inhibition of conventional DNA damage response
(DDR) pathways, the Ataxia telangiectasia mutated (ATM) kinase pathway and the Ataxia
telangiectasia and Rad3-related protein (ATR) kinase pathway. The ATM and ATR kinases
induce cell cycle arrest through the inhibition of cell cycle checkpoint proteins via
independent signalling pathways. Okamoto et al., (2013) found the direct role of TRF2
in the suppression of the ATM pathway via a two-step mechanism. Firstly, the
dimerization domain of TRF2, TRFH, is essential to inhibit early ATM activation. Secondly
a iDDR region is present within TRF2 which prevents the recruitment of a E3 ubiquitin
ligase, RNF168, thereby suppressing chromosome end to end fusions. TRF2 also plays a
role downstream the ATM kinase signalling pathway, in the direct repression of the
classic (c-NHEJ) pathway (Karlseder et al.,, 2004). During c-NHEJ, the Ku70-Ku80
heterodimer is normally recruited and binds to the site of double stranded DNA (dsDNA)
breaks (Rai et al., 2010). Prior to DNA replication, TRF2 binds and inhibits the helix 5
(a5) domain of Ku70, thereby blocking the activation of the c-NHEJ repair pathway and

preventing synapsis of chromosome ends (Ribes-Zamora et al., 2013).
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Figure 1.1. Telomere Biology. A. Schematic model of the shelterin complex bound to a telomere ina T-
loop configuration adopted by the 3’ G-strand overhang. B. The telomerase enzyme is comprised of
TERT (the reverse transcriptase) and the RNA template TR (TERC) which recognizes the hydroxyl group
(OH) at the 3’ end of the G-strand overhang and elongates the telomere. The dyskerin complex is a
component of telomerase and consists of NHP2, NOP10 and GAR1 (ribonucleoprotein). C. The shelterin
complex is composed of telomeric repeat binding factor 1 (TRF1), TRF2, repressor-activator protein 1
(RAP1), the protection of telomeres protein 1 (POT1), TIN2, and an organizing protein (TPP1) (Ye et al.,
2004; Armanios (2009)). Images taken from Martinez & Blasco (2011) and Armanios & Blackburn (2012).



The telomere binding protein, RAP1, alone is unable to bind directly to telomeric DNA
and its functional role is reliant on interaction with TRF2. It is known that RAP1 supports
TRF2 in inhibiting ATM activation/c-NHEJ pathways, through a direct association with
TRF2 at the t-loop formation (Arat et al., 2012). The RAP1-TRF2 complex, compared to
TRF2 alone, binds at a higher affinity to the telomeric 3’ end. One study confirmed the
repression of RAP1 does not alter the heterochromatic structure of telomeres or affect
binding of the other shelterin proteins but does cause telomere recombination in the
presence of POT1a/b (Sfeir et al., 2010). These findings show in addition to TRF2, RAP1
also blocks HDR but in a TPP1/POT1 dependent manner. At the site of stalled replication
forks, TPP1-POT1 is recruited by TRF1-TIN2 to prevent ATR activation (Sfeir et al., 2009).
Inhibition is achieved through the exclusion of a replication protein A (RPA) from the G-
rich single-stranded overhang at the site of stalled replication forks (Gong & de Lange
2010; Litman et al., 2012). Despite TRF2 and TRF1 belonging in the TRF (DNA
topoisomerase |-related function) family of proteins, TRF1 serves a distinct function in
telomere regulation. TRF1 supresses telomere elongation through a negative feedback
mechanism that stabilises telomere length (van Steensel & De Lange 1997). As TRF1 does
not directly affect the expression of telomerase; the authors speculate this may be
through TRF1 repression in cis by inhibiting the action of telomerase at the telomeric
strands. TRF1 also facilitates the replication of telomeres during S-phase. Loss of TRF1
activates ATR at stalled replication forks during G and S2 phase of the cell cycle, where
despite this replication stress, TIN2-TPP1-POT1 bind to TRF2 to suppress the ATR

activation (Sfeir et al., 2009).

Long non-coding telomeric repeat-containing RNA, TERRA are transcribed at
subtelomeric regions and regulate various aspects of telomere function (Azzalin et al.,
2007; Cusanelliet al., 2014; Wang et al., 2015). A recent review by Bettin and colleagues
(2019) highlights the proposed function of TERRA in telomere maintenance. TERRA
transcripts may facilitate DNA replication at telomeres through the formation of DNA-
RNA hybrids (R-loops) which promote homologous recombination and protects
replication forks from collapsing and becoming dysfunctional during replication stress
(Bettin et al., 2019). TERRA interacts with a histone methyltransferase (Suv39h1l), in

TRF2-depleted cells, this interaction promotes H3K9me3 accumulation at dysfunctional



telomeres, sustaining the DNA damage response (Porro et al., 2014). Therefore, TERRA

sustains the DNA damage response at dysfunctional telomeres.

1.1.2 Semiconservative telomeric DNA replication

During semiconservative telomeric DNA replication, DNA polymerase-a (part of a Pola)—
primase (PP) complex) incorporates nucleotides using Watson Crick base pairing
extending along the template strand. Telomeric repeats are lengthened on the leading
strand via a reverse transcription reaction (Figure 1.2A). Due to the unidirectional nature
of DNA replication, during replication of the 5'-3' template strand, a complementary
lagging strand is synthesised by Pola with deoxyribonucleotides by conventional RNA
priming (Pellegrini et al., 2012). The RNA primers provides a hydroxyl group to prime
DNA synthesis at regular intervals along the strand (Figure 1.2 A) (Watson 1972). The
RNA primers are subsequently degraded, the gaps are filled by DNA polymerase-& using
Okazaki fragments and ligated by DNA ligase to synthesis the lagging strand (Blasco
2005). During S-phase, at the 5’ end of telomeres, the ‘final’ RNA primer (positioned 70—
100 nucleotides) is removed as no 3’ —OH group is available to prime DNA synthesis at
the end of the lagging strand (Figure 1.2 A) (Chow et al., 2012) leaving a 3’ G-rich over-

hang strand.

1.1.3 Telomerase and telomere elongation

After the replication of telomeric DNA, the 5’ and 3’ telomere DNA strands (the G and C
strands respectively) are sequentially extended by telomerase and the PP complex
(Blasco 2005). Telomerase is a ribonucleoprotein polymerase which uses a reverse
transcriptase catalytic subunit (TERT) and an integral RNA component with a short
template element (TERC) (Figure 1.1. B) (Greider & Blackburn 1985) for the de-novo
addition of telomere repeat sequences. In humans, the TERC RNA sequence spans 451
nucleotides, within this is a recognition sequence 5'-AAUCCC. The TERC RNA template
sequence complementary binds to the subtelomeric 3’ single strand overhang TTAGGG
region (of a sequence bearing TTAGGGn) to lengthen the G strand via reverse
transcription (Greider & Blackburn 1985). The presence of telomerase is critical for the
binding of a CST complex (CTC1-TEN1-OBFC1) to this extended 3’ end (telomerase
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dependent) which occurs during S/G2 phase. CST binding suppresses telomerase access,
and subsequently the C strand is synthesised by the CST complex, thereby lengthening
the C strand (Reveal et al., 1997; Martinez & Blasco 2015; Gu et al., 2012). This process
is highly stringent and is reliant on the spatial association of telomerase. The Dyskerin
complex of telomerase is composed of proteins GAR, NHP2 and NOP10 (Mitchell et al.,
1999; Podlevsky et al., 2012) (Figure 1.1 B). TERC contains a 3' H/ACA box motif that
binds the dyskerin protein DKC1, this complex plays a key role in TERC stabilization
(Counter et al., 1992).

Telomerase expression is high in specific cell types of regenerative tissues, telomerase
is particularly active during human embryonic development (Wright 1996), enabling
rapid cell division to support growth of the developing embryo. Furthermore,
telomerase is expressed in human germ cells and activated lymphocytes and to a lesser
extent in adult stem cells (of the gut, skin and blood), all of which have infinite cellular

lifespans (Kim et al., 1994; Wright 1996; Broccoli et al., 1995; Tahara et al., 1995).

In humans, both the TERC and dyskerin components of telomerase are ubiquitously
expressed in somatic cells (Mitchell et al., 1999; Feng et al., 1995). Human telomerase is
primarily regulated through the transcriptional silencing of the TERT gene. This is
achieved through TERT transcriptional repressors and epigenetic modifications (Counter
etal., 1998; Won et al., 2002; Cong et al., 2002; Nakayama et al., 1998). TERT is the rate-
limiting determinant of enzymatic activity of human telomerase. The ectopic expression
of TERT in normal human somatic cells has been shown to reconstitute telomerase
activity and extend the replicative lifespan of human somatic cells (Bodnar et al., 1997,
Bodnar et al., 1998). This evidence is highly suggestive that the repression of TERT
accounts for telomerase activity to be switched off in most somatic cells. Reactivation
of telomerase in somatic cells is associated with tumorigenesis (Counter et al., 1998).
TERT overexpression alone has been shown to be insufficient for cell transformation,
unless cells lose the function of tumour suppressor genes p53, PTEN, RB (Boehm et al.,
2005) or TERT is overexpressed in combination with viral oncogenes such as the large T
antigen of SV40 or E6/E7 genes of human papilloma virus (which exert their inhibitory

effects on p53 and Rb, respectively) (Fontijn et al., 1995; Kiyono et al., 1998).



1.2 Telomere length as a marker of biological age

1.2.1 3’ End Replication problem

A caveat with the maintenance of telomerase dependent elongation of telomeric DNA
discussed previously is telomerase is not expressed in somatic cells. To maintain the
telomere length (TL) as associated with cell division throughout life, the presence of
telomerase is necessary. The previous section discussed the inability to replicate the 3’
ends of linear chromosomes due to conventional DNA replication machinery (1.1.2
semiconservative telomeric DNA replication). Therefore, in the absence of telomerase,
3’ telomeric sequence of the C strand is lost at each round of DNA replication (Olovnikov
1973; Samani & van der Harst 2008), a process known as the 3’ End Replication Problem
(Figure 1.2 A). Owing in part to the 3’ End Replication problem, chromosomes
progressively shorten from both ends during each round of DNA replication which

contributes to progressive telomere shortening with cellular ageing.

1.2.2 The Hayflick Limit- Replicative senescence

Due to the 3’ end replication problem discussed in the previous section, as human
somatic cells actively divide, TL progressively shorten, a theory postulated by Olovnikov
in 1973. During telomere attrition, once telomeres reach a crucially short TL, known as
the ‘Hayflick Limit’, somatic cells undergo replicative senescence which results in cell
cycle growth arrest (Hayflick, Moorhead 1961). As shown in Figure 1.2 B, the Hayflick
Limit model is proposed to be one of the molecular mechanisms of cellular ageing.
Hayflick concluded both adult and fetal cells undergo a finite number of cell divisions
before undergoing cell arrest. Hayflick’s hypothesis denoted ‘the finite lifetime of diploid
cell strains in vitro may be an expression of ageing or senescence at the cellular level’
(Hayflick 1965). The limited replicative capability of a cell is related to cellular ageing;
this finite lifespan of human somatic cells is fundamental. A common denominator of
cellular ageing is the accumulation of DNA damage throughout life (Moskalev et al.,
2013). This includes exogenous stress such a UV damage as well as endogenous stress
including DNA replication errors (such as somatic cell mutations), hydrolytic reactions
and reactive oxygen species (ROS). Although there is a complex network of DNA repair
mechanisms (Lopaz-Otin et al., 2013), the concept of cellular ageing places a limit on
how much DNA damage a cell can accumulate prior to the finite lifespan of that cell.
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Figure 1.2 A. Schematic diagram of the DNA end-replication problem during mitosis in the absence of
telomerase. B. Depiction of progressive telomere shortening with each round of cell division.

During conventional DNA replication, DNA is copied during the S phase of the cell cycle. RNA primers (red
block) and DNA polymerase synthesises the lagging strand (3’ = 5’) by copying the parental strand. As the
final RNA primer is removed, there is an inability to replicate the end of chromosomes leaving a 5’ terminal
gap on bottom strand. Degradation of this 3’ single-stranded overhang results in loss of the telomeric
sequence. This leads to progressive telomere shortening with increased cell division. B. Due to the 3’ end
replication problem in normal human somatic cells, telomeres shorten each time the cell divides.
Eventually telomeres reach a critical short length, known as the ‘Hayflick Limit’ at which cells enter
replicative senescence (Olovnikov 1973; Watson 1972; Hayflick 1965; Harley 1990, Stewart et al., 2003).
A & B. Adapted from Samani & Van der Harst (2008) and Shay & Wright (2019) respectively.



As telomerase activity is silenced in most human adult somatic cells, the Hayflick Limit,
is an important determinant of the limited lifespan of these cells. Based on this concept
of cellular ageing, TL is proposed as a marker of biological ageing, with shorter mean TL
signifying an increased biological age (Watson 1972; Bodnar et al., 1998; Harley &
Greider 1990).

Numerous cross-sectional human studies support the cellular ageing hypothesis; a
significant inverse relationship is observed between TL and chronological age (Bakaysa
et al., 2007; Nordfjall et al., 2009; De Meyer et al., 2008; Aviv et al., 2009; Martin-Ruiz
et al., 2005). Mean adult TL attrition rates have been reported of ~30bp/year from cross-
sectional studies (Daniali et al., 2013; Slagbhoom et al.,, 1994). Genetic heritability is
proposed to be the major mechanism that accounts for inter-individual differences in TL
between individuals; 78-84% of mean TL is genetically determined in twin and family
studies (Slagboom et al., 1994; De Meyer et al., 2007; Jeanclos et al., 2000; Broer et al.,
2013). Human studies show wide variability in TL between individuals of the same
chronological age and this difference exists at birth (Belsky et al., 2015). This variation
reflects inherited and environmental differences between subjects. Lifestyle factors
such as smoking, obesity and chronic psychological stress (increased cortisol levels) are
also factors implicated in TL shortening through the biological effects of oxidative stress

and inflammation (Epel et al., 2006; Bekaert et al., 2007; Valdes et al., 2005).
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1.2.3 Telomere length and premature ageing syndromes

Further support for TL as a marker for biological age comes from studies of TL in
premature ageing syndromes (Vulliamy et al., 2001; Armanios et al., 2007; Panossian et
al., 2003). Such telomeropathies are strongly linked to telomere shortening and
telomere dysfunction, through deleterious mutations in TERT, TERC and components of

other telomere binding proteins involved in telomere protection (Du et al., 2009).

An example of a telomeropathy is Dyskeratosis Congenita (DKC), a severe multi-system
ageing disorder to which bone marrow disorder develops into mucocutaneous
manifestations including oral leukoplakia, abnormal skin pigmentation, and nail
dystrophy. X-linked recessive DKC is associated with telomere dysfunction, primarily
through mutations in the DKC1 gene encoding the dyskerin protein of telomerase
(Mitchell et al., 1999). Patients with the autosomal dominant form of DKC are
haploinsufficient for TERT (missense mutation) and TERC (several deletions and
nucleotide substitutions) and have a shorter TL compared to age matched controls
(Armanios et al.,, 2005; Vulliamy et al., 2001, 2004 & 2005). DKC is a genetically
heterogenous disorder, but universally almost all molecular features of this disease are
excessively short telomeres. Studies with DKC associated WRAP53, TERT, TERC and DKC1
mutations have demonstrated decreased telomerase activity levels or loss of
telomerase recruitment to telomeres (Nelson & Bertuch 2012). In DKC (autosomal
recessive form of the disease), NOP10 and NHP2 are associated with decreased TERC
levels, re-emphasising telomere shortening is through decreased levels of telomerase
activity (Walne et al., 2007, Vulliamy et al., 2008). In contrast, the DKC associated genes,
TRF1 interacting nuclear factor 2 (TINF2) affects TL independent of telomerase. TINF2
encodes protein TIN2 of the shelterin complex, TINF2 mutations in children (most
frequently present during early childhood) are presented with bone marrow failure prior
to the development of the clinical mucocutaneous features of DKC mentioned above
(Gramatges & Bertuch 2013). Onset and severity of DKC has been shown to correlate

with progressive telomere shortening in later generations (Goldman et al., 2005).

In addition to telomere attrition, Lopez-Otin and colleagues (2013) propose further
hallmarks of premature ageing which include genomic instability, epigenetic alterations,
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loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion and altered intercellular communication (Lopez-Otin

et al., 2018).

Increased DNA damage accumulation (including genomic nuclear DNA and
mitochondrial DNA) contributes to premature ageing diseases such as Werner syndrome
and Bloom syndrome, however genetic instability as previously mentioned is in part
owed to various exogenous and endogenous threats (Hoeijmakers 2009). Ageing is also
accompanied by epigenetic alterations (such as histone modifications, chromatin
remodelling, DNA methylation and transcriptional alterations of mRNA) in various
progeroid syndromes (Shumaker et al., 2006). The hallmark, loss of proteostasis results
in the chronic expression of unfolded, misfolded, or aggregated proteins which
contributes to the development of some age-related pathologies, such as Alzheimer’s

disease, Parkinson’s disease, and cataracts (Powers et al., 2009).

Stem cell exhaustion results in a decline in the regenerative potential of tissues, e.g.
hematopoiesis declines with age and due to immunosenecence a diminished production
of immune cells. Such a phenotype is typical of myeloid malignancies and anemia

(L6pez-Otin et al., 2013), which are further discussed in the next section.

1.2.4 Telomere Length and Age-related Diseases

Aplastic Anemia

Aplastic anemia (AA) is a fatal bone marrow heterogenous disorder characterised by
peripheral pancytopenia and marrow hypoplasia (Marsh et al., 2009). In AA, there is an
inability of immature haematopoietic stem and progenitor cells (HSPCs) in the body to
produce sufficient new erythrocytes, leukocytes and platelets (Scopes et al., 1994,

Yamaguchi et al., 2003), in an otherwise natural process.

AA can be acquired, caused by T-cell triggered autoimmune processes against the

hematopoietic stem cell compartment (Nakao 1997) or inherited caused by mutations
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in genes involved in DNA repair, ribosome biogenesis and telomere biology (Dokal &

Vulliamy 2010; Fogarty et al., 2003).

Sequencing from AA blood samples revealed telomere dysfunction due to TERT
haploinsufficiency (Vulliamy et al., 2005; Yamaguchi et al., 2005). Significant TL
shortening was observed in patients with AA of varying disease severity and duration
(Ball et al., 1998). Telomerase activity in HSPCs is insufficient to maintain telomeres with
ageing, this prematurely limits the high proliferation potential of the cells. Eventually
this leads to a loss in the regenerative potential of these cells and the decreased tissue
renewal capacity of the hematopoietic system (Vulliamy et al., 2002). Furthermore,
further TL loss may be linked to the increased loss of primitive progenitor cells (e.g.

CD34+ cells) associated with AA through apoptosis (Philpott et al., 1995).

In autoimmune-mediated AA, as a compensatory mechanism, HPSCs cells undergo an
increased number of cell divisions to achieve the generation of mature progenitor cells
in comparison to normal. Using a mouse model, it was shown conditional Trf1 deletion
causes acute telomere uncapping and activation of a DNA damage response at
telomeres, leading to fast elimination of HPSC (Beier et al, 2012). This study
recapitulates the high turnover and hyper-proliferation observed in patients with AA of
autoimmune origin, as well as demonstrating the presence of catastrophic telomere loss
owing to direct mutations in telomere maintenance genes. Furthermore, Bar and
colleagues (2016) showed telomerase reactivation using adeno-associated virus (AAV)9-
Tert gene therapy vector, in 2 independent mouse models of AA due to very short
telomeres (Trf1- and Tert-deficient) rescues AA in HSPC and mouse survival. Improved
survival is associated with a significant increase in TL in both peripheral blood and bone

marrow cells and improved blood counts (Bér et al., 2016).

Conversely in another subset of AA, Fanconi Anemia, rather than direct mutations in
telomere associated genes, telomeres are affected through breaks at telomere
sequences, accumulation of breaks due to defective DNA repair mechanisms and

impaired response to oxidative stress (Sarkar and Liu 2016)
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Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is a progressive, fatal lung disease characterized by
lung scarring and abnormal gas exchange. A clinical study shows both familial IPF
(heterozygous mutations in TERT) and sporadic IPF (mutation in TERC) patients had
shorter leukocyte TL compared to age matched controls. Asymptomatic subjects with
mutant telomerase also had short telomeres, suggesting that they may be at risk for the
disease (Armanios et al., 2007). Povedano and colleagues (2015) provided a proof of
principle study, of the causal role of DNA damage stemming from either critically short
telomeres (telomerase-deficient mice) or severe telomere dysfunction (in mice with Trfl

deletion in type Il alveolar cells) in IPF development (Povedano et al., 2015).

Alzheimer’s Disease

Telomere dysfunction is a potential contributor to the pathogenesis of Alzheimer’s
disease (AD), an ageing-associated progressive neurodegenerative disorder. Different
brain cell types are shown to exhibit diverse telomere dynamics. Neurons are terminally-
differentiated post-mitotic brain cells while microglia exhibit significant mitotic potential
and are therefore suspectible to telomere shortening. Microglial cells exhibit significant
TL shortening and a reduction in telomerase activity is obserbed in ageing rats. In
humans there is a tendency towards telomere shortening with the presence of dementia
Flanary et al., 2007. The authors suggested the increase in amyloid pathology with a
higher degree of microglial dystrophy may play a contributing factor in the pathogenesis
of AD (Flanary et al., 2007). Patients with AD have significantly shorter telomeres in
WBC and buccal cells relative to healthy age matched controls (Panossian et al., 2003;
Thomas et al., 2008). These cell types have diverse cellular replicative potentials. TL are
particularly shorter in buccal cells compared to WBC in patients with AD; buccal cells
have a higher turnover rate of 21 days relative to that of lymphocytes (which is 6months

or greater) (Zhang et al., 2003).

Increased TL shortening in T-cells of patients also correlates with the severity of AD
(Panossian et al., 2003). Furthermore, in AD patients, increased telomerase activity and
decreased proliferation of T-lymphocytes correlates with the severity of dementia

(Zhang et al., 2003). AD patients show partial impairment of immune cell (T-cell and B-
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cell) function (Martorana et al., 2012). Immune cell populations undergo rapid clonal
expansion and are subject to high levels of replicative stress and therefore are
particularly susceptible to telomere attrition (Zhang et al., 2003). Whether leukocyte TL

is associated with AD is still unclear (Boccardi et al., 2015).

Cancer

One of the many hallmarks of cancer is loss of genomic stability (Hanahan & Weinberg
2000). Associations between TL and numerous human cancers have been identified
(Wentzensen et al., 2011; Shay 1997; Blasco 2005). Due to the loss of function of the
tumour suppressor proteins RB/P53, cancer cells bypass cell cycle arrest. At the early
stages of tumorigenesis, the telomere end protection capping process is disrupted in a
small subset of precursor cells (Gilley & Herbert 2005) which may alter telomerase
activity, for example mutations in POT1 of glioma patients (Walsh et al., 2015). The
uncapped short telomeres evade being recognised as DNA breaks and this causes high
chromosomal instability. End to end telomere fusions lead to breakage fusion bridge
cycles and aberrant chromosomes leading to chromosomal translocations, aneuploidy
and gene amplifications/deletions (Gilley & Herbert 2005; Artandi et al., 2000; DePinho
2000; Sprung et al., 1999). The late tumour metastasis stage involves a complexity of
changes in expression levels of telomere associated proteins. For example, TRF1, TRF2,
POT1 and TIN2 are vastly upregulated during the late tumour metastasis stage which
induces changes in telomere dynamics thereby promoting late tumorigenesis of human

cancers (Oh et al., 2005, Kondo et al., 2004, Hackett & Greider 2002).

A small subset of tumours activate alternative lengthening of telomeres-based
mechanisms to cap the chromosome ends (Bryan et al., 1997; Bechter et al., 2004),
although telomerase reactivation is observed in up to 90% of all types of malignant
tumours (Shay 1997) where short telomeres are rescued and cancer growth is sustained
(Kim et al., 1994). However, it has been shown telomerase expression alone is not
enough to transform cells; neoplastic transformation of human cells was first achieved
by the combination of hTERT, SV40 TAg, and Ras®'?V (Hahn et al., 1999). Recent work

shows AAV9-mediated TERT over expression in the context of an oncogenic K-RAS
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induced lung cancer mouse model does not accelerate tumorigenesis (Mufioz-Lorente

et al., 2018) showing defined genetic elements are required in addition to telomerase.

The tumour promoting effects of telomere dysfunction in humans is complex; different
mechanisms module telomere homeostasis and aberrant telomeres (Bernal & Tusell
2018). Unlike other ageing diseases, changes in TL and telomerase activation are
observed during tumorigenesis. Short TL is observed in early metastasis whilst longer
telomeres are present in telomerase positive cancer cells during late tumour metastasis
(Blasco 2005). To further strengthen this point, a genome wide association study shows
TERT and TERC alleles associated with both shorter and longer telomeres are associated

with increased risk of specific cancers (Codd et al., 2013).

1.3 Telomere length and CAD

Coronary Artery Disease (CAD) is becoming increasingly prevalent in the ageing
population. At a population level, environmental, lifestyle and genetic risk factors all
play a role in CAD development. However, at an individual level CAD onset varies
considerably even for subjects with similar risk factor profiles (Samani & van der Harst
2008). Due to this, human studies were initially performed using TL as a marker of
biological age to address this issue of inter-individual variability observed in the
susceptibility to, and in age of onset of CAD.

TL and telomere attrition rate have been shown to strongly correlate between different
somatic tissues (Daniali et al., 2013), therefore straightforward ‘systemic’ TL had been
measured in leukocytes or mononuclear cells for the following epidemiological studies
that will be discussed. Furthermore, different laboratory methods were used to measure
leukocyte TL. Traditional methods include telomere restriction fragment analysis which
requires enzymatic DNA digestion and subsequent Southern Blot analysis (Harley &
Greider 1990) which measures subtelomeric fragments. Recent high-throughput
methods include quantitative PCR (telomeric repeat DNA) to measure mean TL
(Cawthorn et al., 2003) and fluorescence in situ hybridisation, where it is possible to

measure the shortest telomeres in large human sample sets (Canela et al., 2007).
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Nonetheless all 3 established methods to measure TL detect at least large differences

between individuals.

1.3.1 Epidemiological studies associating a positive relationship between TL, Ageing
and cardiovascular disease

A vast number of epidemiological studies have suggested shorter TL is associated with
cardiovascular disease therefore centring TL and ageing to CAD risk (De Meyer et al.,
2018). One of the initial studies investigating TL and CAD found patients with severe
(triple vessel) CAD had a shorter mean TL than age matched individuals with normal
coronary angiograms. The mean TLin CAD patients was equivalent to those without CAD
who were 8.6years younger (Samani et al., 2001), this first study identified a link
between shorter TL and increased risk of CAD. Other studies have shown a consistent
difference equivalent to between 6-12 years (with the exception in elderly subjects)
(Brouilette et al., 2003; Brouilette et al., 2008; Brouilette et al., 2007; Willeit et al., 2010)
suggestive that subjects with CAD are biologically older. Whether this association is
ultimately causal or due to reverse causation with the inclusion of confounding factors

remained to be elucidated.

The relationship of shorter TL with increased CAD was confirmed and greatly extended
on a retrospective study with a larger cohort of subjects at a later stage in the CAD
process, with premature Myocardial Infarction (MI) (<50years) (Brouilette et al., 2003).
The limitation with cross-section observational studies (Samani et al., 2001; Brouilette
et al., 2003) is the possibility that shorter TL may be a consequence of the development

of CAD rather than a causative factor.

In a prospective study, leukocyte TL was analysed in statin naive men aged between 45-
65years (with no history of an MI) (Brouilette et al., 2007). Subjects with a shorter
baseline TL have an increased risk of developing a future CAD end-point event,
compared to those with longer telomeres (Brouilette et al., 2007). In poor socio-
economic areas (for example West of Scotland), due to the poor lifestyle and dietary

choices, CAD risk factors are more prevalent (Lowe et al., 2000). The association
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between shorter TL and increased CAD risk is independent of other established CAD risk
factors such as smoking (oxidative stress through the generation of reactive oxygen
species), body mass index, dyslipidemia, hypertension, diabetes or markers of systemic
inflammation (CRP, WBC, fibrinogen) (Samani et al., 2001; Brouilette et al., 2003;
Brouilette et al., 2008; Brouilette et al., 2007; Willeit et al., 2010). These factors are also
known to be implicated in telomere shortening (Valdes et al., 2005; Lowe et al., 2000;
von Zglinicki 2002; Kurz et al., 2004; Zhao et al., 2013). Such findings support a causal
relationship where shorter leukocyte TL increases the likelihood of a future CAD event
occurring or CAD progression. Interestingly with shorter baseline TL this increased risk
is attenuated in individuals receiving statins (Brouilette et al., 2007), suggesting that
patients with shorter telomeres preferentially gain advantage from taking statin

treatment.

Within the scope of the prospective population-based Bruneck Study, leukocyte TL were
measured in both men and women within a broader age range (45-94yrs). This study
analysed the association of TL and atherosclerosis progression and manifestation of the
CAD end-points stroke and myocardial infarction (Willeit et al., 2010). As observed with
previous epidemiological studies, age adjusted TL was shorter in men than in women
and inversely correlated to age (Epel et al., 2008). Participants with cardiovascular
disease events during follow-up had significantly shorter TL. Furthermore, baseline
shorter TL emerged as a significant and independent risk predictor for Ml and stroke
during a follow up period of twenty years (Willeit et al., 2010). This observed effect is
probable of a more causal (over a reverse causation) effect of shorter TL with CAD risk.
The study shows TL is associated with the progression of advanced rather than early
atherosclerosis. However, there are some limitations with aspects of this study; despite
being a large cohort study (of 800 subjects), the level of significance associating TL to
the risk of advanced compared to early atherosclerosis was low due to a wide error in
the multivariable odds ratios of advanced atherogenesis between the data sets (Willeit
etal., 2010).

Atherosclerosis is a disease process which develops over decades; the time frame of the
follow-up in the longitudinal studies discussed (Brouilette et al., 2007; Willeit et al.,

2010) was relatively short. Therefore, it is difficult to interpret in such studies whether
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the underlying pathophysiology of atherosclerosis, particularly early in the disease
process, was already present at the time patients were recruited. In addition,
confounding factors for both telomere shortening and CAD risk may still be implicated

which means reverse causation cannot be completely ruled out.

To explore the familial risk of CAD in subjects with shorter TL, in a case-control study, TL
measured in healthy young offspring with contrasting familial risks of CAD were
compared to offspring from families without such a history of CAD (Brouilette et al.,
2008). TL of the case offspring was significantly shorter compared to that of the control
offspring and the difference in mean TL (adjusted for age, sex, BMI and recruitment
phase) between offspring of cases and controls was 472 base pairs. Furthermore, there
was a significant positive correlation in mean TL between offspring and their parents.
Shorter TL was observed quite early in the adult life of the healthy offspring (29years)
with a family history of CAD. Therefore, it is unlikely that the shorter TL in these
individuals is a consequence of significant existing but undetected disease. The
observation that inherited short telomeres primarily increases familial CAD risk provides
support that shorter TL may be causally implicated in the pathogenesis of CAD

(Brouilette et al., 2008).

1.3.2 Inheritance and Genetics of Telomere Length

There is some evidence to suggest that exogenous environmental factors such as
smoking, obesity and chronic psychological stress affect TL (due to oxidative stress and
inflammation) during an individual’s life span (Epel et al., 2004; Bekaert et al., 2007;
Valdes et al., 2005; von Zglinicki 2002; Kurz et al., 2004). However, the observational
studies that have identified the link between shorter TL and increased risk of CAD found
the association to be independent of these factors and also established CAD risk factors
(smoking, high BMI, hypertension, diabetes, high cholesterol and high C-reactive
peptide/fibrinogen/WBC/homocysteine) (Samani et al.,, 2001; Brouilette et al., 2003;
Brouilette et al., 2008; Brouilette, et al., 2007; Willeit et al., 2010). Such factors do not
confound or explain the association between shorter telomeres and increased risk of

CAD.
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Genetic heritability is proposed to be the major mechanism that accounts for inter-
individual differences in TL (Andrew et al., 2006). Mendelian randomization (MR) is a
broadly applicable methodological approach to assess the relationship between a
biomarker and disease (Jansen et al., 2014; Voight et al., 2012). MR is based on the
principle that, due to the nature of Mendelian Inheritance, genetic variants are
randomly assigned during meiosis and are not affected by lifestyle or environmental
factors. Therefore if genetic variants associated with TL associate with risk of CAD one
can infer that the relationship is causal and not due to either reverse causation or

confounding.

Genome-wide association studies have identified genetic determinants of TL (TERC and
OBF(C1) (Codd et al., 2010; Levy et al., 2010). This was expanded in a larger study that
identified 7 genetic loci that affect TL (Codd et al.,, 2013). The reported loci harbour
genes are involved in the formation and activity of telomerase (TERC, TERT, NAF1) or
telomere binding/replication (OBFC1 and RTEL1). Most interestingly, a combined
genetic risk score using all seven lead variants in cases of CAD compared to controls
found a significant association between the alleles associated with shorter leucocyte TL
with increased risk of CAD (Figure 1.3). This was the first study to establish an association
between shorter TL and increased risk of CAD. The findings was later confirmed using a
larger dataset of the same Coronary ARtery Disease Genome wide Replication and Meta-
analysis (CARDIOGRAM) consortium and the Coronary Artery Disease (C4D) Genetics
(CARDIOGRAMplusC4D) consortium (Madrid et al., 2016). In addition, the observational
and genetic studies, determined 200-bp-shorter TL was associated with a higher risk of

ischemic heart disease (OR 1.10) (Madrid et al., 2016).
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Figure 1.3. Telomere length variants and risk of CAD. Forest plot showing the effect
of TL on CAD risk obtained for each SNP using a risk score analysis for each individual
SNP. Effect sizes are plotted with 95% confidence intervals. The overall estimate is
from a fixed-effects meta-analysis over all combined 7 SNPs, where the odds ratio
(OR) relates to the change in CAD risk for a standard deviation change in telomere
length. From Codd et al., 2013.

The key findings discussed strengthen the hypothesis that shorter leucocyte TL is causal
to CAD (Codd et al., 2013; Madrid et al., 2016; De Meyer et al., 2018; Said et al., 2017),
to a level where one can confidentially progress research in this area to investigate the

biological mechanisms by which shorter TL leads to increased CAD risk.
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1.4 How may Telomere Length influence Coronary Artery Disease?

1.4.1 Coronary Artery Disease

The supply of oxygen to the myocardium is through an independent coronary circulation
via the left and right epicardial coronary arteries. CAD is a disease of plaque (atheroma)
formation in the coronary arteries; a process known as atherosclerosis. Cardiovascular
heart disease is the biggest single cause of death around the world; with CAD the leading

cause of death (Benjamin et al., 2019).

Depending on the severity of CAD, atherosclerotic plagues can form in one or more of
the following coronary vessels; the left coronary artery, the left anterior descending
(LAD) artery, the right coronary artery or the circumflex artery (Roberts 1972). A severe
case of CAD is triple-vessel disease. This is defined by the presence of 250% diameter
luminal narrowing at sites in three of the major coronary vessels. At the final stages of
the atherosclerosis process, fibrous plaque formation and plaque rupture may lead to
blockage of any of the coronary vessels. This causes localised ischaemia of the heart

muscle and leads to a Ml (Roberts 1972; De Maria et al., 2013).

Structure of the vessel wall

The arterial vessel wall consists of three layers (Figure 1.4). The innermost tunica intima
is lined with a monolayer of endothelial cells (EC) on the luminal side, and an internal
elastic lamina on the peripheral side. The tunica media layer is made up of primarily
vascular smooth muscle cells (VSMC) embedded in the extracellular matrix. Tunica
adventitia (the outer layer) comprises of fibroblasts, VSMC, mast cells, nerve endings

and microvessels (Libby et al., 2011; Lusis 2000).

22



Tunica Tunica
Adventitia  Media

£~ External elastic
< lamina

Q5 Endothelial
\ O

\f\\‘l\ cells
RN

Figure 1.4. Structural layers of a normal artery vessel. The tunica intima (inner most layer) is lined with
a monolayer of EC and a subendothelial connective tissue layer, limited by the internal elastic lamina.
The tunica media layer is made up of primarily VSMC and ECM components, including elastin, collagen
and proteoglycans. The adventitia is the outer layer of the vessel and comprises of fibroblasts, VSMC,
mast cells, nerve endings and microvessels. Adapted from Lusis (2000).

1.4.2 Endothelial cell homeostasis

The healthy endothelium is a highly selective permeable barrier between the circulating
blood and the vessel wall. EC control vascular function by responding to various chemical
substances including vasoactive factors, which affect vasomotion, thrombosis, platelet
aggregation and inflammation. As highlighted in Table 1.1, the healthy endothelium
exerts favourable and atheroprotective effects to carry out its function (Davignon 2004;

Sandoo et al., 2010).

Vascular Tone

A healthy endothelium secretes vasoactive factors to tightly control vascular tone.
Vasodilatory factors include nitric oxide (NO), prostacyclin (PGl2) and endothelium
derived hyperpolarizing factor (EDHF). The vasoconstrictive factors secreted by the
endothelium are thromboxane (TXAz), endothelin-1 (ET-1) and platelet-activating factor
(PAF). The balanced production of these vasoactive factors is atheroprotective, whereas
a damaged endothelium causes disrupted production of these factors (Sandoo et al.,

2010) (Table 1.1).
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Endothelial cell barrier

The endothelial lining of the vessel wall forms a tight selective barrier for the transport
of molecules between blood and tissues. The monolayer of endothelial cells is formed
by cells tightly linked to adjacent cells by adhesive structures or cell to cell junctions
(tight junctions, adherens junctions and gap junctions) (Bazzoni & Dejana 2004).
Endothelial cell to cell contact is an important phenotype of EC and allows for blood
vessels to sprout and lengthen (angiogenesis). Adhesion molecules such as vascular cell
adhesion molecule 1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1), E-SELECTIN
and platelet EC adhesion molecule 1 (PECAM-1) expressed on the surface of EC (Cines
et al., 1998) (Table 1.1) are implicated in this process. The adhesion molecules control
the vascular permeability to circulating inflammatory cells (Bazzoni & Dejana 2004). In a
healthy resting endothelium expression of these adhesion molecules is low therefore

there is little leukocyte and lymphocyte cell recruitment to the intima (Michiels 2003).

Coagulation and Thrombotic properties

EC control the intrinsic coagulation cascade and platelet aggregation to exert anti-
coagulant and antithrombotic effects (Table 1.1). EC secrete anti-platelet molecules
such as NO and PGI; which act synergistically to increase cAMP in platelets, thereby
preventing platelet aggregation. Furthermore, EC secretes protein thrombomodulin,
and heparin like glycosaminoglycans at its cell surface which inhibit thrombin (a critical
component of the coagulation cascade). Furthermore, EC release tissue factor pathway
inhibitor (TFPI), an anti-coagulation protein, which specifically inhibits the extrinsic

pathway of blood coagulation; the tissue factor pathway (Michiels 2003).
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Vascular
Effect

Atheroprotective Healthy
Endothelial cell

Vascular tone Pro-Vasodilatory
Increased secretion of vasodilators

(NO, PGl»)

Coagulation
& Platelet
activity

Anti-coagulant/ anti-thrombotic
Inhibits platelet aggregation and
adhesion, PGI2, NO and ADPase
produced and stored by platelets

Glycosaminoglycans/ATIII
Thrombomodulin
TFPI

Cell Low inflammatory cell recruitment
(eI | VCAM-1 absent, downregulation of
ICAM-1 and E-SELECTIN expression,

decreased chemokine secretion

Pro-atherogenic
Endothelial cell
dysfunction

Pro-vasoconstrictive

Increased secretion of vasoconstrictors

(ET-1, angiotensin I, TXAz)

Pro-coagulant/ Pro-thrombotic
Promotes platelet aggregation and
adhesion, vVWF, PAF, Fibrinogen, FV
and FXI

Binding sites for, fibrin, FIX, IXa, X, Xa,
FXII, kallikrein,
thrombin receptor for protein C/APC
TF

High inflammatory cell recruitment
Up-regulation of VCAM-1, ICAM-1 and
E-SELECTIN expression, increased
chemokine secretion, monocyte &

T-cell recruitment

EC Decreased cell permeability to blood
permeability molecules

Increased cell permeability to LDL

Table 1.1. Cellular effects of normal (atheroprotective) endothelial cell compared to endothelial cell
dysfunction (pro-atherogenic). A healthy endothelium exerts favourable and atheroprotective
effects to carry out its function and in response to pro-atherogenic stimuli undergoes endothelial cell
dysfunction. During this process the following changes in vascular tone (pro-vasoconstrictive),
coagulation & platelet activity (pro-coagulant and pro-thrombotic), high inflammatory cell
recruitment, and increased EC permeability occurs. Endothelial cells (EC), Nitric oxide (NO),
prostacyclin (PGlz), endoethelin-1 (ET-1), Thromboxane TXA2, Von-Willibrand factor (VWF),
Antithrombin Il (ATIIl), tissue factor pathway inhibitor (TFPI), activated protein C (APC), platelet
activating factor (PAF), Coagulation factor V (FV), factor XI (FXI), Tissue Factor (TF), vascular cell
adhesion molecule 1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1) and E-SELECTIN. (Michiels
2003; Mudau & Mashudu 2012; Cines et al., 1998; Schachinger et al., 2000; Gimbrone & Garcia-
Cardefia 2016).
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1.4.3 Stages of atherogenesis
The earliest change in the vessel wall that precedes atherogenesis is endothelial
dysfunction (ED) (Figure 1.5 A). This triggers a plethora of cellular and molecular changes

at the vessel wall which drives atherogenesis (Lusis 2000; Pober & Sessa 2007).

Upon the activation of endothelial cells, blood monocytes migrate into the intima where
they maturate into macrophages (Figure 1.5 B). The intracellular accumulation of
oxidised LDL within macrophages, forms a ‘foam cell’. The accumulation of lipid-laden
foam cells together with T-lymphocytes and VSMC forms a ‘fatty streak’ (Pober & Sessa
2007, Rudijanto 2007) (Figure 1.5 B).

During the late stages of atherogenesis increased migration and proliferation of VSMC
contributes to the formation of a fibrous plaque. The increased synthesis and secretion
of mainly collagen by VSMC forms the protective fibrous cap (Rudijanto 2007).
Monocytes, macrophages and VSMC within the atheroma die to produce a lipid-rich
necrotic core consisting of oxidized lipoproteins, cholesterol crystals and cellular debris
which is accompanied by varying degrees of matrix remodelling and calcification (Figure

1.5 C) (Hansson 2005).

The last stage of atherosclerosis involves plaque rupture and thrombosis (Figure 1.5 D).
Thinning of the fibrous cap and plaque instability is due to the action of proteolytic
enzymes which are released by VSMC in response to cell contact by activated T-
lymphocytes (Schonbeck et al., 1997). Upon plaque rupture, thrombogenic plaque
material enters the blood, thrombosis occurs where the thrombus (platelets and fibrin
crosslinks) extends into the lumen of the vessel impeding blood flow to the heart causing
tissue ischaemia (Wang & Bennett 2012). Each of these stages of atherosclerosis are

discussed in detail in the next section.
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Figure 1.5. Stages in atherogenesis. A. Endothelial dysfunction is the earliest stage of atherogenesis, EC are activated by inflammatory mediators
TNF-a, IL-1B, CRP and ROS. B. The upregulation of adhesion molecules VCAM-1/ICAM-1/E-SELECTIN permits monocytes to adhere and migrate
into the intima where they differentiate into macrophages. These macrophages take up oxidised LDL, resulting in foam cell formation. C.
Accumulation of foam cells and cytokine-induced VSMC migration/proliferation leads to a fibrous plaque formation. Apoptotic
bodies/macrophages release lipid and cholesterol crystals into the plaque to form a hard necrotic core. D. Upon plaque rupture and thrombosis
the fibrous cap releases the contents of the necrotic core into the lumen, inducing thrombosis formation that may lead to a myocardial infarction.
Adapted from Libby et al., (2011). VCAM-1 (vascular cell adhesion molecule-1), LDL (low density lipoprotein), Ox-LDL (oxidised low density
lipoprotein), TNF-a (Tumour necrosis factor-a), CRP (C-reactive peptide), IL-1 (Interleukin-1), ROS (Reactive oxygen species).
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Endothelial cell activation and dysfunction

Healthy EC are activated according to the needs of the microenvironment of the cells
e.g. for repair processes upon injury. ED is the initial stage of atherogenesis (Figure 1.5
a) (Liao et al., 2013). As proposed by Ross and Glomset (1976), the ‘response-to-injury’
hypothesis is the initial step in atherogenesis and involves endothelial denudation in
response to noxious substances (oxidised cholesterol, cigarette smoke,
hyperhomocystemia, hyperglycemia) or altered hemodynamic forces (shear stress)
(Gimbrone & Garcia-Cardena 2016). To understand how this process is initiated, it is
important to first discuss inducers of ED in the context of how ED drives a pro-

atherogenic environment.

Shear stress

NO plays a pivotal role in the regulation of endothelial function. NO is synthesised in
healthy endothelial cells and is a potent vasodilator. In NO synthesis, L-citrulline is
formed from L-arginine. This oxidative reaction is catalysed by endothelial NO synthase
(eNOS) in the presence of cofactors (Davignon 2004). In response to shear stress, NO
diffuses into VSMC where it activates soluble guanylate cyclase. As a consequence, the
substantial increase in the secondary messenger cGMP activates cGMP-dependent
kinase causing a decrease in Ca?* and vasorelaxation (Miinzel et al., 2008). Non-laminar
blood flow induces shear stress and disrupts the balance in vascular tone. Impaired
endothelium dependent vasorelaxation is caused by the loss of bioavailability of NO and

is a critical hallmark of endothelial cell dysfunction (Ludmer et al., 1986) (Table 1.1).

Oxidative stress

ED is primarily due to the increased production of reactive oxygen species (ROS) which
affects the bioavailability of NO (Cai & Harrison 2000). ROS include the free radicals,
superoxide anion (02*°) and the hydroxyl radical (HO®). Hydrogen peroxide (H203) is also
a ROS that contributes to oxidative stress. Decreased bioavailability of NO may be due
to changes in the activity/and or decreased expression of eNOS or due to increased
formation of O,*" (due to uncoupled eNOS) (Wilcox et al., 1997; Mudau et al., 2012). The

subsequent imbalance in NO and O;*" leads to accelerated degradation of NO (Harrison
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1997). Increased O3° " is released from endothelial cells and macrophages which along
with other ROS contribute to the oxidation of LDL. Ox-LDL are scavenged by
macrophages and once internalised undergoes modification to form foam cells (Figure
1.5 B). Lipid laden macrophages primarily serve as the hallmark of the fatty streak
(Figure 1.5 B). During atherogenesis, mediators of inflammation TNF-a, IL-1 and MCF-1
increase transcription of the LDL-receptor gene and also subsequent LDL binding to EC

and VSMC (Ross 1999; Steinberg 2009).

Inflammation

In ED, oxidative stress is an important promotor of inflammation. All stages of
atherosclerosis from initiation to the advanced plaque formation and thrombosis are
considered a chronic inflammatory response (Libby et al., 2002). At sites of inflammation
during atherogenesis, inflammatory leukocytes are recruited (T cells, neutrophils,
monocytes, and mast cells (Figure 1.5 A and B) (Weber & Noels 2011; Libby et al., 2002).
C-reactive peptide (CRP) is an inflammatory marker present within atherosclerotic
lesions (Torzewski et al., 1998). CRP is found in the vascular intima, where it co-localizes
with monocytes, monocyte-derived macrophages and lipoproteins (Torzewski et al.,
1998). CRP is an activator of EC and is known to play a role during the inflammatory
stages of stages of atherosclerosis (Bazzoni & Dejana 2004) through decreasing the
secretion of both NO and PG1, (Paffen & DeMaat 2006). EC undergo type Il activation
in response to inflammatory cytokines TNF-a, IL-1 and IFN-y and results in the activation
of the pleiotropic nuclear factor-kB which leads to the upregulation of pro-inflammatory

effector proteins as further discussed in the next section.

Adhesion Molecules

Accumulated oxidised-LDL and markers of inflammation (CRP, IL-1, TNF-a) stimulate
overlying EC to express the adhesion proteins vascular cell adhesion molecule 1 (VCAM-
1) intracellular adhesion molecule 1 (ICAM-1), E-SELECTIN and P-SELECTIN (Figure 1.5 A
& B) (Pober & Sessa 2007; Paffen & DeMaat 2006; Albrecht et al., 2004). Such proteins
are expressed on the surface of activated EC and have been observed in EC of
atherosclerotic vessels (Lusis 2000, Pober & Sessa 2007; Davies et al., 1993). These pro-
inflammatory mediators are important in monocyte and T-lymphocyte cell recruitment
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to the endothelium during the initial stages of atherogenesis (Lusis 2000; Chi 2007)
Figure 1.5 B).

Chemokines/cytokines

Activated EC locally secrete the inflammatory mediators, TNF-a and chemokines
monocyte chemoattractant protein-1 (MCP-1), IL-8 and fractalkine (CX3CL1), to
stimulate the adhesion of different monocytic subsets to the intima (Ceikové et al.,
2016). Proinflammatory monocytes, identified by the high expression of a cell surface
marker Ly6C, express a CCR2 receptor at its cell surface (Gordon & Taylor 2005). MCP-1
is a critical cytokine responsible for the recruitment and trafficking of classical and
intermediate subsets of Ly6C"8" CCR2+ monocytes, via the B2-integrin adhesion
signalling pathway (binding to ICAM-1) (Maus et al., 2002). CX3CL1 mediates the
transendothelial migration of non-classical CD16+ monocyte subset (Ancuta et al.,

2003).

The adhesion cascade

It has been discussed how endothelial dysfunction drives the earliest stage of
atherogenesis. The pro-inflammatory microenvironment of the endothelium is
favourable for monocyte recruitment which ultimately leads to formation of the
atherosclerotic plaque via a multistep regulated process known as the ‘adhesion
cascade’ (Ceikovd et al., 2016). An and colleagues (2008) found P-SELECTIN glycoprotein
ligand-1 (PSGL-1) is expressed at a much higher level by Ly6C"&" monocytes compared
to resident Ly6C'°" monocytes which facilitates the adhesion cascade in mice
atherosclerotic lesions. During monocyte capture, P-selectin binds to its PSGL-1 this
association is however weak. Firm adhesion of pro-inflammatory monocytes and
subsequent ‘rolling’ requires the binding of Very Late Antigen-4 oaf1(VLA-4
o4Pi) integrin, VCAM-1 and ICAM-1 (Tan et al., 2000; Gerhardt & Ley 2015). Recent
attention has focused on specific carbohydrate antigens (glycosaminoglycans) present
on the surface of EC called glycocalyx (Kolarova et al., 2014; Chacko et al., 2011). TNF-a
is known to induce the shredding of glycosaminoglycans (Henry & Duling 2000) thereby
decreasing the glycocalyx size at the endothelium. This allows circulating adhesion

molecules to undergo N-glycosylation at sites of endothelial junctions (Scott & Patel
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2013) which attracts circulating monocytes to recruit and roll (Chacko et al., 2011). Such

a cascade at the endothelium develops to the formation of the atherosclerotic plaque.

Endothelial cell senescence

The concept of cellular senescence has previously been discussed (section 1.2.2). Using
B-Galactosidase as a marker of cellular senescence, senescent EC are detected within
human atherosclerotic plaques obtained from the carotid arties of patients with CAD
(Minamino et al., 2002). Numerous In-vitro studies have shown senescent EC are
dysfunctional and pro-inflammatory. Endothelial vasodilation is impaired in aged EC and
the production of TXA;, ET-1 and PGIl; is markedly augmented (Sako et al, 1993),
contributing to atherogenesis. Senescent EC also show decreased expression of eNOS
and NO production (Sato et al., 1993, Matsushita et al., 2001). Furthermore, there is an
upregulation of ICAM-1, VCAM-1 and the pro-inflammatory cytokine (IL-15) (Minamino
et al., 2002, Matsushita et al., 2001; Shelton et al., 1999). As discussed previously, this
contributes to the adhesion cascade; interactions between monocytes EC are enhanced

in senescent EC (Maier et al., 1993).

Plaque Formation

After intimal injury, cell types including EC, platelets and various inflammatory cells
release growth factors (platelet-derived growth factor (PDGF) and fibroblast growth
factor (FGF) and inflammatory cytokines (IL-1, IL-4, TNF-a) (Willis et al., 2004). These
growth factors and inflammatory cytokines act synergistically to induce the migratory
and proliferative activities of VSMC. These mediators also induce matrix
metalloproteinase (MMPs). MMPs remodel the basement membrane around VSMC to
enable their migration (Newby 2005). The concurrent migration and proliferative
properties of VSMC are regulated by additional growth promoters (ET-1, thrombin, FGF,
interferon gamma (IFN-y) and inhibitors (heparin sulfates, NO, and transforming growth
factor (TGF)-B)) (Rudijanto 2007). Under physiological conditions, VSMCs within the
medial layer of the vessel wall are of a ‘synthetic’ phenotype, where the secretion of
extracellular matrix (ECM) proteins is reduced. VSMC then transits into a normal
‘contractile’ state where in physiological conditions they function to regulate blood

pressure and flow (by contraction and dilation of the blood vessel wall). During early
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atherogenesis, VSMC undergo a phenotypic shift from the normal contractile state to
synthetic, consequently VSMC can migrate from the media into the intima and
proliferate following injury (Figure 1.5 C). VSMC in a synthetic state contribute to the
accumulation of fibrous tissue in advanced lesions. VSMC achieve this through the
increased synthesis of collagen, elastin, proteoglycans, and elaborate growth factors
and cytokines. This fibrous tissue makes up fibrous cap (Figure 1.5 C). The fibrous cap
overlies a lipid core and necrotic tissue; this is made up of accumulated foam cells and
collagen and other extracellular matrix molecules (secreted by VSMCs) (Figure 1.5 C).
This forms a more advanced atherosclerotic plague, which stabilises the plaque

(Rudijanto 2007).

Plaque Rupture

VSMC within the vessel wall are capable of both dividing and undergoing apoptosis
during their cellular lifespan. VSMC of atherosclerotic plaques show reduced
proliferation, early senescence, and increased susceptibility to apoptosis (Geng & Libby
1995). In atherosclerosis, the presence of inflammatory cells, cytokines, modified
cholesterol, and systemic factors such as hyperglycaemia, blood pressure and flow are
all involved in regulating apoptosis (Bennett 2002). These factors substantially alter the
normal balance of VSMC proliferation and apoptosis; where apoptosis predominates

(Bennett et al., 1995).

Survival growth factors such as PDGF and insulin-like growth factors (IGF-1) are also
increased in atherosclerotic plaques (Poston et al., 1996). Such mitogenic signals are
normally protective against apoptosis and promote cell proliferation but are evaded in
atherogenic VSMC. VSMC in advanced atherosclerotic plaques possess a senescence
associated apoptotic phenotype, where even in the presence of mitogenic signal, they
are unable to proliferate, show increased markers of cellular senescence, and upon re-
entering the cell cycle are forced to undergo apoptosis (Bennett et al., 1998; Minamino
et al., 2003). The apoptosis pathway in VSMC is induced primarily through interplay
between the different atherogenic cell types. Human VSMC express a death receptor
known as the Fas receptor whilst inflammatory cells (EC, macrophages and T-

lymphocytes) secrete the Fas ligand. Fas-mediated apoptosis in VSMC has been
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observed in plaque VSMC in vitro (Boyle et al., 2001). Atherogenic factors which drive
this process include ox-LDL, CRP, cytokines IL-1B, interferon (IFN)-y, and TNF-a (Bazzoni
& Dejana 2004; Chau 2001). During the process of plaque rupture, infiltration of
inflammatory cells in the fibrous cap, results in the loss of plaque stability (Figure 1.5 D).
Loss of plaque stability and thinning of the fibrous cap is achieved through VSMC
apoptosis. Apoptotic VSMC are observed in advanced atherosclerotic plagues which
suggests VSMC apoptosis promotes plaque rupture leading to thrombosis (Newby et al.,

1999).

Senescence of VSMC within the fibrous cap may also contribute significantly to
inefficient plaque repair and loss of plaque stability. Furthermore, senescence cells
upregulate genes (adhesion molecules (/ICAM-1), a regulator of homeostasis
(plasminogen activator inhibitor 1) and MMPs (collagenases) which all directly induce
plaque instability (Gorenne et al., 2006). The lateral edges of the fibrous plaque (where
underlying VSMC are present) also contain inflammatory cells (activated macrophages
and T cells, natural killer T cells and dendritic cells) which further modulates the EC
proinflammatory phenotype (Hansson 2005). Proteolytic modifications of the
extracellular matrix, contributes to plaque instability which is prone to rupture (Figure
1.5 D) (Hansson & Libby 2006; Gimbrone & Garcia-Cardeia 2016). During plaque rupture
highly thrombogenic contents are released from the necrotic core triggering an

atherothrombotic occlusion (Fuster et al., 2005; Libby 2013).

Endothelial cell apoptosis

EC apoptosis occurs in lesion prone regions and accounts for the EC turnover suggesting
a mechanistic link between the atherosclerotic plaque development and rupture (Figure
1.5 D). EC apoptosis has been shown to be directly involved in the formation of coronary
thrombotic atherosclerotic plaques (Xu et al., 2009). EC apoptosis may be due to the
infiltration of inflammatory cells (T cells, mast cells and some B cells) and the subsequent
secretion of pro-apoptotic cytokines from these cells (Chi & Melendez 2007). Additional
pro-apoptotic mediators also include glucose, angiotensin Il, liposaccharide and ROS
(Dimmeler et al., 1998). One mechanistic study showed the binding of oxLDL to the LOX-

1 receptor, caused EC apoptosis via the suppression of anti-apoptotic proteins, Bcl-2 (B-
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cell ymphoma-2) and c-IAP-1 (Baculoviral IAP repeat-containing protein 2) (Chen et al.,
2004). The fibrous cap is covered by a monolayer of EC, which sequesters peripheral
blood from the sub-endothelial lesion prior to plaque rupture (Figure 1.5 D) (Chi 2007).
Clinically, superficial intimal erosions are present without evidence of plaque rupture
and is a due to EC apoptosis coupled with endothelial denudation and triggering of

thrombus formation (Quillard et al., 2016, Gimbrone & Garcia-Cardefia 2016).

CAD Risk Factors

Risk factors of CAD such as hyperlipidaemia, hypertension, diabetes, and smoking
promotes atherogenesis (particularly ED) by primarily causing oxidative stress and
inflammation (Soldatos et al., 2005; Boger et al., 2003; Burke & FitzGerald 2003). In
hypercholesterolemia, elevated concentrations of total and LDL cholesterol are
associated with ED, driven by oxidative stress. Cigarette smoking profoundly impairs
endothelial function; high levels of free radicals are present in cigarette smoke which
facilitates the release of ROS in activated inflammatory cells (Burke & FitzGerald 2003).
Whereas, smoking cessation was found to reverse the impairment of endothelium-
dependent dilation (Celermajer et al., 1993). ED is prominent in hypertension due to
the vasoconstrictive change in the vascular tone. Patients with hypertension show
decreased NO bioavailability and increased synthesis of ROS and potent
vasoconstrictors (Burke & FitzGerald 2003).

Diabetes is CAD risk factor clinically associated with impaired endothelial function and
contributes to the atherogenic process. In diabetes mellitus, hyperglycaemia leads to
the increased formation of advanced glycation end-products (AGEs). AGEs accumulates
in the vessel wall and quench NO, causing NO inactivation (Soldatos et al., 2005).
Furthermore, AGEs have been shown to enhance VCAM-1 and ICAM-1 gene expression
and induce macrophage infiltration, in an in-vivo rabbit model (Vlassara et al., 1995). In
hyperglycaemia, glycated proteins and growth factors have also been shown stimulate
the proliferation of smooth muscle cells. Diabetes is also associated with elevations in
LDL cholesterol and reductions in HDL cholesterol (Johnstone et al., 1993). This evidence
is highly suggestive that diabetes contributes to atherogenic process through

independent several mechanisms.
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1.5 The Causality Telomere Hypothesis

The Telomere Hypothesis has been suggested by Samani & Van der Harst (2008) which
links how shorter telomere length may be causally implicated to CAD. The Hayflick Limit
states, once telomeres reach a critically short length cells undergo replicative

senescence. Therefore, cells with shorter TL may become senescent faster.

The effects of atherosclerosis are superimposed on normal vascular ageing of both
endothelial cells and smooth muscle cells; where cellular senescence is an important
and early feature of the atherosclerotic plagues (Minamino et al., 2002, Matthews et al.,
2006). Senescence associated B-galactosidase (SA B-gal) activity correlates with cellular
ageing and is a biomarker for cellular senescence (Dimri et al., 1995). SA B-gal-positive
VSMCs are detected in the intima of advanced atherosclerotic lesions (Minamino et al.,
2003). Another study showed in addition to SA B-Gal, cyclin-dependent kinase inhibitors
pl6 and p21 (additional markers of senescence) are detected in VSMC of the fibrous
plaque (at a later stage of the atherosclerotic process) (Figure 1.5 C) (Matthews et al.,
2006). In VSMC, telomere shortening is closely associated with increasing severity of
atherosclerosis. In-vitro plaque VSMC exhibited markedly shorter telomeres compared
with normal medial VSMC, where telomerase expression alone rescued plague VSMC

senescence and normalised p16/p21 levels (Matthews et al., 2006).

Shorter TL measured in leucocytes derived from both circulating blood and within the
vascular wall is associated with increased atherosclerosis (Brouilette et al, 2003;
Brouilette et al.,, 2008; Brouilette et al.,, 2007; Willeit et al., 2010). Furthermore,
telomeres of EC from the coronary vessel are shorter in patients with atherosclerosis
compared with healthy age-matched controls; suggesting telomere shortening of EC
may play a role in atherogenesis (Ogami et al., 2004). SA B-gal-positive EC are observed
on the luminal surface of atheromas in coronary arteries from patients with ischaemic
heart disease (Minamino et al, 2002). Studies show that normal aged EC are
dysfunctional and pro-inflammatory; senescent EC show reduced NO, increased ET-1,

increased activation of NF-kB and predisposition to apoptosis (Khaidakov et al., 2011,
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Sato et al., 1993; Donato et al., 2009). Furthermore, there is an enhanced uptake of

acetylated LDL in normal aged EC (Hashimoto et al., 1991).

It is currently unclear as to how shorter telomeres may contribute to the atherosclerotic
process. In one study, a dominant negative TRF2 (lacking the TRF2 binding domain) was
introduced in EC to induce telomere dysfunction (Minamino et al., 2002). Catastrophic
telomere loss increased the number of SA B-gal-positive EC and altered levels of
endothelial dysfunction markers (increased ICAM-1 expression, decreased eNOS
activity). Conversely, introducing TERT significantly extended the lifespan of the cells,
reversed the changes in ICAM-1 and eNOS and inhibited the functional alterations
associated with senescence (Minamino et al., 2002). This is a key finding and is the first
line of evidence for the direct link between telomere shortening and ED, where the
changes in expression levels of ICAM-1 and eNOS are implicated in atherogenesis (Lusis
2000, Pober & Sessa 2007; Davignon 2004). Therefore, one hypothesis is that shorter TL
may induce ED and inflammation to drive early atherogenesis. As severe dysfunction,
via removal of TRF2 function (Minamino et al., 2002) will not reflect the subtle changes
in telomere length associated with CAD risk it is necessary in the current context to
establish a model system in which one could manipulate telomere length to examine

the ED effects of more subtle changes in telomere length.

1.6. In-vitro model systems to generate primary cells lines with different
telomere lengths

1.6.1 Historical studies to generate lines of different telomere lengths

Historically, to generate cell lines with different telomere lengths, cells would be grown
over time in culture and experiments performed on sub-cultures at different time points
(Harley & Greider 1990; Chang et al., 1995). Cells from an early time point in culture
would have longer telomeres than those at later time points due to the natural decline
in telomere length. However, with this approach culturing of the cells for different
lengths of time induces potential stress conditions to different sub cultures therefore it

would not be possible to distinguish whether any difference in cellular behaviour is due
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to the different telomere length or whether it simply reflects different culture
conditions. Another method would be to test human primary cells from donors with
short telomeres versus cells from donors with long telomeres (Allsopp et al., 1992). A
limitation with this approach is the diverse genetic backgrounds between donors,
therefore it is difficult to distinguish whether any effects are due to telomere length

differences or differences in donors, particularly with small sample sizes.

The telomere lengths between different chromosome ends within an individual cell per
se are highly variable (Barbieri et al., 2009). This is problematic when working with
primary human cells in-vitro due to the diverse proliferative lifespan of these cells.
Another implication is clonal succession, which occurs in human primary cell cultures
(Martin et al., 1974). In clonal succession, an individual clone dominates the cell
population but is then attenuated and replaced in turn by a different clone as the cells
are passaged. Clonal succession would be a problem specifically with regards to
telomere length, during passaging of the cells, one clone may have a different TL to
another that replaces it. This is an issue for the older models where cells were grown in

culture for different lengths of time (Harley & Greider 1990; Chang et al., 1995).

1.6.2 Established models to generate isogenic lines of short and long TL

The aim of this project is to utilise a more elegant approach to eradicate the confounding
factors that have been discussed. Isogenic (from the same genotype) endothelial cell
lines of varying TL will be generated and cells will be subjected to the same length of
time in culture. This established model has been applied in a number of studies to
immortalise myoblast clonal cell lines isolated from patients with Facioscapulohumeral
muscular dystrophy with the aim to investigate an occurrence known as Telomere
Position Effect (Stadler et al., 2011; 2013; Robin et al., 2014). Using this strategy, the
telomere lengths in clonal cell lines can be controlled. It is necessary to first immortalise
the cells using a removable TERT cDNA flanked by LoxP sites (Stadler et al., 2011; 2013).
Telomerase is recruited to the shortest telomeres, consequently short TL are
preferentially elongated over longer TL which ensures a uniform TL distribution within
the cell (Fakhoury et al., 2010). To address the issue of clonal succession within the
resulting mixed TERT+ population, this model is particularly advantageous as it is

thought to homogenise the TL between different chromosome ends (Londono-Vallejo
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et al., 2001; Arnoult et al.,, 2010), therefore minimising the effects of TL variation on
different chromosomes (Bodnar et al., 1998). TERT can then be excised at an earlier and
later time points using Cre Recombinase. Isogenic lines are then grown for the same
length of time in culture. Telomere length shortening occurs, due to the natural decline
in TL during each cell division and isogenic lines with short and long TL are generated

(Robin et al., 2014).

Bypass of Stress induced senescence (Telomere length Independent) during
immortalisation

Using a prototypic approach it is feasible for primary cells isolated in-vivo to grow
indefinitely in-vitro, a process known as immortalisation. Previous efforts to immortalise
Human Umbilical Vein Endothelial cells (HUVEC) endothelial cells include the expression
of viral oncogenes such as the large T antigen of SV40 (Ades et al., 1992; Candel et al.,
1996) and E6/E7 genes of human papilloma virus (Fontiin et al., 1995) which exert their
inhibitory effects on p53 and Rb, respectively (Shay et al., 1991; Kiyono et al., 1998;
Coppe et al., 2008).

An important aspect to the model system to consider is, in addition to telomere
dependent replicative stress, cells may also undergo cell cycle arrest via alternative
(non-telomere length) pathways, such as stress induced senescence. Stress induced
cellular senescence can particularly occur when primary cells are cultured for extended
periods of time (Toussaint et al., 2002) for example during the immortalisation process.
Overexpression of the cell cycle regulator cyclin dependent kinase 4 (CDK4) will bypass
the premature growth phase arrest, without affecting normal cell-cycle kinetics or the
ability of cells to differentiate normally (Ramirez et al., 2003; Stadler et al., 2011). The
tumour suppressor protein, p16'N** is a major negative regulator of CDK4 and drives
premature growth arrest via the p16'N**?/retinoblastoma protein (p16/Rb) pathway
(Dickson et al., 2000; Kiyano et al., 1998). Therefore, previous studies have achieved the
immortalisation of primary cells by over-expressing CDK4 in addition to telomerase
(Stadler et al., 2011; Zhu et al., 2007). Alternatively, a CDK4 (R24C) mutant can be
introduced, which is insensitive to inhibition by p16'N4@ (Hahn et al., 2002). However,

studies have shown that it is possible to successfully immortalise EC using TERT alone
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(Yangetal., 1999; Wen et al., 2006; Kan et al., 2012). In certain primary cell lines, p16'Nk42
is directly repressed upon immortalisation, through CpG island methylation (Wen et al.,
2006; Kan et al., 2012; Dickson et al., 2000; Graham et al., 2017), thereby permitting
immortalised cells to bypass premature growth arrest. Normal EC express low levels of
p16'NK4a (Kan et al., 2012), therefore in this cell type levels of endogenous CDK4 may
exceed that of p16'N*4@ to enable cell cycle progression. Previous studies that have
immortalised EC have not over-expressed CDK4, this model also did not utilise this
approach, in part to avoid use of a viral CDK4 which would introduce further viral

integration events in the host genome which may be more deleterious to the cell.

1.6.3 Lentiviruses

Replication life cycle of HIV-1

It is possible to achieve the immortalisation of primary cells lines by expressing human
TERT using a lentiviral transfer technique; a method developed by the Trono Lab
(Salmon et al., 2000). Lentiviruses are capable of governing the efficient delivery,
integration and long term expression of transgenes into both proliferating and non-
dividing cells (Zufferey et al., 1997). Lentivectors are based on the human
immunodeficiency virus type 1 (HIV-1) virus and therefore consists of HIV-1 core viral

proteins and viral genome (Salmon & Trono 2007).

To understand lentiviral technology, it is useful to first discuss the replication life cycle
of a HIV-1 virus, as shown in Figure 1.6. Glycoproteins present on the viral envelope
accounts for viral tropism during attachment and subsequent entry into the host cell
(via membrane fusion), the matrix and capsid proteins are then disassembled releasing
integrase and reverse transcriptase (RT) (Harrison 2005; Salmon & Trono 2007) (Figure
1.6 (1, 2 & 3)). Using viral RNA as a template, RT synthesises pro-viral DNA (Naldini et
al., 2016) (Figure 1.6 (4)); the virus takes advantage of the host genome in order to
replicate and have the capacity to store their genome as RNA within the host cell. Pro-
viral DNA is imported into the nucleus and integrated into the host genome with the aid

of the viral integrase (Fanales-Belasio et al., 2010) (Figure 1.6 (5 & 6)). Following pro-
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viral integration, the 5" end of the viral genome is an enhancer and promoter, which
allows RNA polymerase Il to begin the transcription process and express a full length

copy of the transgene (Figure 1.6. (7)) (Sakuma et al., 2012).

Synthesised viral transcripts are multiply spliced into short transcripts encoding the non-
structural proteins Tat, Rev and Nef, which progress through to the viral protein
synthesis and assembly (Wei et al., 1998) (Figure 1.6 (8)). mRNA transcripts synthesised
include multiple spliced (encoding accessory factors Tat, Rev and Nef), singly spliced
(env, Vif, Vpu and Vpr) and un-spliced transcripts (Gag, Pol and the viral genome)
(Baeyens et al., 2016). The nuclear export of both singly spliced and un-spliced viral
mRNA transcripts is reliant on a protein Rev binding to the Rev-responsive elements
(RRE) within the viral transcripts (Malim et al., 1989; Fischer et al., 1995). The exported
viral proteins and viral genome are then assembled to generate a viral particle which is
released from the host cell via budding. The Gag and Gag-Pol viral components dimerize
to activate a viral protease (PR), cleavage of this PR leads to the maturation of an
infectious particle (Sundquist et al., 2012; Shehu-Xhilaga et al., 2001) (Figure 1.6. (9 &
10)).

Proviral Integration

Lentiviruses have a particular selection criteria for integration; they have a unique ability
to translocate across the nuclear pore where they access chromosomes by active
transport (Yamashita et al.,, 2004). This permits lentiviral integration into non-dividing
cells. The long terminal repeat (LTR) sequence within the transgene lentivector is a non-
coding region and facilitates the reverse transcription process (Figure 1.7 A). Such a
feature allows for the full control of transgene expression to the exogenous promoter
inserted in the lentivector (Miyoshi et al., 1998). The LTR is recognised by integrase,
which helps mediate integration of the virus genome into the host chromosome
(Zufferey et al., 1997; Salmon et al., 2000). Lentiviruses integration is site specific, and
integration takes place in gene-dense regions throughout the transcription units rather
than promoter regions or transcription start sites (Ciuffi et al., 2016). Lentiviral
integration site analysis has shown to correlate to high GC content, high Alu elements,

low LINE elements, light Giemsa bands (less condensed chromatin), epigenetic marks of
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active transcription (H3K4me, H3K4me2, H3K9me, H3K27me, H3K36me), DNase |
hypersensitive sites and acetylated histones (Ciuffi et al., 2008; 2016). Due to insertional
mutagenesis (viral genome insertion into the host DNA), it is possible to disrupt the host
genome integrity upon integration. As reviewed by Ciuffi et al., (2016), insertional
mutagenesis can occur impacting the cell in a number of ways. Lentiviral integration
within intergenic regions has little effect on host cell gene expression (Ciuffi et al., 2016).
However, integration in enhancers/ promoter regions results in changes in pro-viral
gene expression (if enhancers are within the heterchromatin region, expression is
reduced). Pro-viral integration within a transcription unit (in either an antisense or same
orientation) also disrupts cellular gene expression. The potential impact on the cellular
gene is dependent on the i) the function of the gene close to the integration event (e.g.
whether the gene is pro-apoptotic or involved in cell proliferation), (ii) the way in which
the gene is modified (dominant negative splice variant, gene truncation) and (iii) the
impact on gene expression (i.e. over-expression or knock-down) (Knight et al., 2013;

Ciuffi et al., 2016).

2" Generation Lentiviral System

As the lentiviral method developed by the Trono group is established, the same method
will be utilised in this work to generate immortalised HUVEC cell lines, therefore the
context covered from this section onwards will focus on the 2" generation lentiviral
system. The 2" generation lentivirus system utilises an envelope vector (pMD2.G), a
packaging vector (pCMVR8.74), and an excisable transfer vector (pLOX-TERT-iresTK),
(Salmon et al., 2000).

The envelope vector encodes glycoprotein G of the Vesicular Stomatitis Virus (VSV-G)
which is used to pseudotype () the HIV-1 envelope protein ((Salmon, Trono 2007).
Compared to the HIV-1 envelope protein, the VSV-G protein on the surface of the virus
will govern its specificity to a broader host cell range (Burns et al., 1993). The packaging
vector encodes the HIV-1 core proteins Gag, Pol, Tat and Rev that are important for
packing the viral genome (Zufferey et al., 1997). For safety reasons, the accessory

proteins, (Vpr, Vif, Vpu, and Nef) involved in viral propagation are excluded.
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Figure 1.6 Schematic overview of a HIV-1 replication and life cycle. 1, 2 & 3. The virus attaches to the cell membrane via a viral glycoprotein binding to a receptor,
permitting entry into the host cell. The viral capsid proteins, reverse transcriptase and integrase are uncoated. 4, 5 & 6. Using viral RNA as a template, RT
synthesises pro-viral DNA which is exported in the nucleus followed by pro-viral integration into the host genome. 7. A copy of the transgene DNA is translated.
The following are part of the HIV-1 life cycle; viral mRNA transcripts are processed according to the cellular machinery and are exported from the nucleus. 8. Viral
proteins are synthesised and assembled and are exported out of the cell through a budding (9). 10. Viral particles undergo maturation upon the dimerization of
Gal-Pol which gives rise to an infectious particle. (Salmon & Trono 2007; Sakuma et al., 2012; Baeyens et al., 2016; Sundquist et al., 2012).
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A lentiviral transfer vector, pLOX-TERT-iresTK, is derived from the human
immunodeficiency virus (HIV-1) (Salmon et al., 2000; Stadler et al., 2011). The lentiviral
vectors have been modified amid the safety concerns, as such they are capable of
infecting only one cell. In a HIV genome, a single RNA molecule that contains the critical
cis-acting elements carries all the coding sequence (Salmon & Trono 2007) (Figure 1.7.
A). The lentiviral system segregates the sequences encoding the critical components
through the use of multiple vectors to generate the virus. The use of multiple vectors
maximises the number of complex recombination events that would be required to
regenerate a fully replicative competent virus (Salmon & Trono 2007; Salmon 2013). This
ensures the lentiviral vectors will only produce replicative defective viruses. The pLOX-
TERT-iresTK transfer vector serves as a proxy for the virus encoding the TERT gene under
a human cytomegalovirus (CMV) internal promoter (Salmon et al,, 2000). The CMV
promoter is placed in the vector upstream of a bicistronic coding cassette encoding the
TERT transgene and the Herpes simplex virus type 1 thymidine kinase (HSV TK) gene
(Figure 1.7. A). The TERT and TK transgenes are linked by a DNA sequence encoding the
internal ribosome entry site of encephalomyocarditis virus (IRES) (Salmon et al., 2000).
The IRES element acts as another ribosome recruitment site to allow the initiation of
translation (independent of the 5’ cap), this ensures the co-expression of the two

proteins from a single mRNA.

1.6.4 Cre-Lox system

Previous studies have the achieved the reversible immortalisation of primary cells
through externally controllable gene expression systems for e.g. the use of a tet
repressor, or inserting a dexamethasone-responsive mouse mammary tumor virus
(MMTV) promoter, or a conditionally active growth promoting factor, such as the
temperature-sensitive mutant of SV40 large T antigen (Efrat et al., 1995; Gossen et al.,
1992; Lee et al.,, 1981; Chou et al., 1978). A further system relies on the specific
introduction of transgenes in a configuration that permits their subsequent excision by
DNA recombinases, such as that possessed by the lentivector pLOX-TERT-iresTK (Figure
1.8 B). This technique utilises the Cre-Lox system and involves the use of a CMV
promoter regulated Cre recombinase a method developed by Stadler and colleagues

(2000). The two components; Cre Recombinase and a 58bp Lox-P recognition site are
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derived from the P1 bacteriophage (Salmon et al., 2000) (Figure 1.8 B). The orientation
and location of the LoxP is site specific and is inserted in the 3’ LTR of the pLOX-TERT-
iresTK transfer vector. This is important to prevent downstream LoxP-mediated effects
and to ensure the complete excision of DNA. The U3 region of the 3'LTR of the integrated
proviral TERT is duplicated during reverse transcription (Figure 1.8 B). The LoxP sites
flanked on either side of the integrated proviral TERT allows for site specific deletion of
the internal gene expression cassette by Cre recombinase, leaving behind an inert
solitary LTR sequence devoid of any transcriptional activity (Salmon et al., 2000). This
ensures the site is not incorrectly recognised as a cryptic LoxP site, which has been
shown to serve as non-specific recognition sites for the Cre recombinase (Thyagarajan

et al., 2000; Semprini et al., 2007).
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Figure 1.7 Schematic diagram of the Lox-TERT lentivirus and the Lox 3'LTR region of the integrated TERT provirus. A. The Lox-TERT vector life cycle
from the point of introducing the vector into HUVEC. The critical aspect to the Cre-Lox system is the two LoxP sites flanked on either side of the
expression cassette of the integrated provirus. B. The U3, R and U5 regions and sizes of the LTR sites are indicated along with the major transcriptional
elements. Upon the addition of Cre the -418 to -18 segment of the LTR is removed leaving a 53 nt LoxP sequence upstream of R. The LoxP sequence
(58 nt) is inserted within the SIN deletion and is transcriptionally inert. Adapted from Salmon et al., 2000.
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The use of a viral Cre does however raise possible issues with integration events within
the host cell. As discussed previously (section 1.6.1), due to clonal succession, it is
questionable whether the TERT+ population will remain heterogenous or will have
unintentionally become clonal during the prolonged culturing period. One of the
disadvantages of introducing a gene via the lentiviral gene transfer system is a single
integration could lead to changes in expression another gene (Cuiffi et al., 2016), which
could then be responsible for any phenotype observed other then TL. If the lines are
clonal, the pro-viral Cre has narrowed to a single integration then there may be a one or
two insertion points of Cre incorporated within the host genome which may be
detrimental to the cell. A mixed cell population is therefore preferred, however as
discussed in section 1.6.1. heterogenous cells with different telomere lengths will still

be present as the model would not prevent this.

Previous studies have observed an incomplete excision of floxed genes following the
addition of Cre, resulting in a subsequent lack of phenotype in target cell types (Kimura
et al., 2003; Lei et al., 2010). As this project involves working with a heterogenous cell
population, it is possible for the small percentage of non-excised cells to have a
significant growth advantage. As it is critical to achieve the complete removal of TERT,
this experimental model system utilises a conditional built in ablation system. The HSV-
1 Thymidine kinase transgene component of the pLOX-TERT-iresTK lentivector used to
immortalise HUVEC is transcriptionally linked only with TERT via an IRES sequence
(Figure 1.7 A.). Cells producing HSV1-TK (Figure 1.7 A.) are sensitive to nucleoside
analogs such as Acycloguanosine (ACG) which are converted by the viral enzyme into
nucleotides that are toxic upon incorporation into DNA (Salmon et al., 2000). Therefore,
ACG anti-viral therapy is required to eradicate any non-excised TERT+ cells (after the
addition of Cre) and taking this model forward reduces the chances of any potential

bystander effect of TK-negative neighbouring cells (Bendetti et al., 2017).

46



1.7. Aims of the Project

The principle aim of the project is to investigate the biological mechanism by which
shorter TL could increase the risk of CAD. This will be exploited by studying the effect of
telomere length dynamics on the atherogenic potential of endothelial cells.

This will be achieved by:

- Generating experimental isogenic lines (with short and long telomeres) using
primary endothelial cell lines.

- Challenging the established isogenic cell lines with proatherogenic stimuli to
assess atherogenic phenotypes.

Human Umbilical Vein Endothelial cells (HUVEC) will be used to generate the
experimental isogenic lines of long and short telomere lengths. Endothelial cells are a
cardiovascular relevant cell-type. HUVEC undergo endothelial cell dysfunction in
response to pro-atherogenic stimuli and therefore are suitable for in-vitro models of
atherogenesis. The first part of this thesis aims to establish an experimental model to i)
generate Lox-TERT immortalised HUVEC and ii) isolate isogenic lines of short and long
TL. To assess immortalisation using TERT, lines will be first analysed for TERT expression
and telomerase activity and the cells will be maintained in culture until the HUVEC have
exceeded 100PDs. Cellular transformation has been associated with culturing primary
cells for a prolonged period, therefore the immortalised lines will be checked for their
endothelial cell phenotype by expression of established endothelial cell surface markers
CD144 (VE-Cadherin), CD31 (PE-CAM-1) and cell surface antigen CD109 (VEGFR-2).

Isogenic EC lines will be generated upon the addition of a self-excising viral Cre.

The second part of this thesis involves the creation of isogenic EC lines with short and
long telomere lengths to investigate whether such differences in telomere length are
attributed to changes in endothelial cell function in response to the proatherogenic
stimuli, Tumour Necrosis Factor (TNF-a). TNF-ais a pro-inflammatory cytokine naturally
secreted by endothelial cells, smooth muscle cells, neutrophils and activated

lymphocytes and therefore is locally sourced at the endothelium to activate endothelial
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cells. Endothelial cell activation triggers the plethora of molecular mechanisms
associated with endothelial dysfunction, the initial stage of atherogenesis. This work
investigates whether isogenic lines of short and long telomere length are attributed to
changes in endothelial cell function in response to TNF-a, by assessing the gene
expression of specific endothelial dysfunctional markers eNOS, ICAM-1 and E-SELECTIN
and further exploring the functional effect this may have on later stages of

atherogenesis such as endothelial cell-monocyte adhesion binding.
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CHAPTER 2
Materials & Methods



Materials & Methods

2.1 Materials

2.1.1 Bacterial culture
Ampicillin antibiotic
BD™ Difco™ Agar

E.coli DH5a competent cells

Kanamycin antibiotic

Luria Broth

SOC media (Tryptone 2% (w/v), Yeast extract

0.5% (w/v), 10mM NaCl, 2.5mM KCl, 10mM

MgCl; and 20mM Glucose)

2.1.2 Nucleic acid extraction from human cells

DNeasy® Blood and Tissue DNA extraction kit

Proteinase K
RNase A (7000 units/ml)

RNeasy® RNA extraction kit

2.1.3 PCR and RT-gPCR reagents
MyTag™ HS DNA Polymerase kit

SensiFAST™ cDNA Synthesis Kit
SensiMix™ SYBR® No-ROX Kit
Lenti-X™ Integration Site Analysis

Nucleospin® Gel and PCR Clean-up

50

ThermoFisher Scientific, UK
Thermo Fisher Scientific, UK

Invitrogen Life
Technologies, UK

ThermoFisher Scientific, UK
Sigma Aldrich, UK

Sigma Aldrich, UK

QIAGEN, UK
Sigma Aldrich, UK
QIAGEN, UK
QIAGEN, UK

Bioline, MA
Bioline, MA
Bioline, MA
Clontech, USA

Macherey-Nagel, Germany



2.1.4 Gel electrophoresis

Agarose

5X DNA Loading buffer

PAGE GelRed™

GeneRuler Ultra Low Range DNA Ladder (0.1 pg/ulL)
Hyperladder™ 100bp

Hyperladder™ 1kb

Novex™ TBE High Density Sample Buffer 5x
(0.1% bromophenol blue, 0.1% xylene cyanol)

Novex™ 10% TBE non-denaturing polyacrylamide
precast gel (without urea), 15-well
Novex™ TBE Running Buffer

TAE Buffer

2.1.5 Plasmid preparation and cloning

Cutsmart® Buffer

GenElute™ PCR Clean-Up Kit

Glycerol

PureYield™ Plasmid Midiprep System (Endotoxin Free)
PGEMZ®-T Easy Vector System

Restriction enzymes
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Sigma Aldrich, UK

Bioline, MA

BIOTIUM Inc
ThermoFisher Scientific, UK
Bioline, MA

Bioline, MA

ThermoFisher Scientific, UK

ThermoFisher Scientific, UK

ThermoFisher Scientific, UK

Sigma Aldrich, UK

New England Biolabs, MA
Sigma Aldrich, UK

Sigma Aldrich, UK
Promega, USA

Promega, USA

New England Biolabs, MA



Plasmids

Plasmid DNA | Bacterial Growth Catalogue
Vector strain (E.coli) number

pLOX-TERT- Stbl3 Addgene, MA 12245
iresTK
pLOX-GFP- Stbl3 Addgene, MA 12243
iresTK
pLOX-CW-CRE Stbl3 Addgene, MA 12238
pMD2.G NEB Stable Addgene, MA 12259
pCMVR8.74 DH5-a Addgene, MA 22036
p0G231 DH5-a Addgene, MA 17736
pCre-pac DH5-a Professor Catrin Prichard (Cancer -

Research Centre, Uol, UK)

Table 2.1 Plasmid DNA vector name, bacterial growth strain, supplier/source and catalogue number

2.1.6 Cell Culture

Cell lines

HCT116 (Colorectal carcinoma cell line) Horizon Discovery, UK

HEK293T (Human Embryonic Kidney 293T) Horizon Discovery, UK

HUVEC (Human umbilical vein endothelial cells) Promocell GmbH, Germany

THP-1 (Human monocytic leukaemia) Gift from Dr Tom Webb
Cardiovascular Sciences,
UoL, UK

Culture media, additives and related

Acycloguanosine Sigma Aldrich, UK

CryoSFM Promocell GmbH, Germany

DetachKit Promocell GmbH, Germany

DMEM (Dulbecco’s modified Eagle’s medium) Sigma Aldrich, UK

DMEM/F12 (Dulbecco's Modified Eagle Medium: Thermo Fisher Scientific, UK

Nutrient Mixture F-12)
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DMSO

Endothelial cell growth media

Human Recombinant TNF-a (50ug/ml)

Non heat activated Fetal Bovine Serum (FBS)
Phosphate Buffered Saline (PBS)

(10g NaCl, 0.25g KCI, 1.43g NazHPO,,
0.25g KH2PO4)

Penicillin/Streptomycin 1% (10,000U/ml stock solution)

RPMI
Senescence cells Histochemical Staining Kit
Trypan Blue 0.4% (w/v)

Trypsin-EDTA 10x (5g/1 trypsin and 2g/I EDTA)

Transfection
Lipofectamine® 2000

Opti-MEM® Reduced Serum Medium

2.1.7 Production of Lentivirus

PEG-it™ Virus Precipitation Solution

Transdux™ Virus Infection Reagent 1x

0.45 um Stericup® PVDF disk filter

2.1.8 Protein detection by flow-cytometry
CD309 (VEGFR-2) human Antibody

CD31 (PECAM-1) human Antibody
CD144 (VE-Cadherin) human Antibody
CD54 (ICAM-1)-APC, human Antibody

REA Control- APC human Antibody
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Sigma Aldrich, UK
Promocell GmbH, Germany
PeproTech, UK

Gibco, Life Technologies,
UK

Sigma Aldrich, UK

Hyclone (GE Healthcare Life
Sciences, UK)
Thermo Fisher Scientific, UK

Sigma Aldrich, UK
ThermoFisher Scientific, UK

Lonza, Switzerland

ThermoFisher Scientific, UK

Fisher Scientific, UK

System Biosciences,

Cambridge UK
Cambridge Biosiences, UK

Merck, Hertfordshire UK

Miltenyi Biotec, Germany
Miltenyi Biotec, Germany
Miltenyi Biotec, Germany
Miltenyi Biotec, Germany

Miltenyi Biotec, Germany



REA Control- FITC human Antibody

2.1.9 TRAP assay for telomerase activity

Bradford Reagent

TRAPeze® Telomerase Detection kit

2.2.0 Equipment
Nanodrop 8000 Spectrophotometer

QlAgilty liquid handling system

GelDoc llluminator

GStorm Multi-Block Thermal Cycler
RotorGene™ 6000 Q Thermal Cycler
XCell SureLock® Mini-Cell system

UV transilluminator

2.2.1 Software

Ensembl database

GraphPad Prism 8.1.1

Imagel) (version 1.51p)

NetPrimer

Primer3 (version 4.1.0)

Rotorgene analysis software
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Miltenyi Biotec, Germany

Sigma Aldrich, UK

Merck, Hertfordshire UK

ThermoFisher Scientific, UK
Qiagen, UK

Invitrogen

Life Technologies,UK

Gene Technologies Ltd. UK
Qiagen, UK

ThermoFisher Scientific, UK

Syngene, India

Cambridgeshire, UK

GraphPad software Inc. CA,
USA
National Institute of Health,
USA

PREMIER Biosoft, USA

Whitehead Institute for
Biomedical Research, USA

Qiagen, UK



2.2 Methods

2.2.1 Cell Culture

Generation of the Lox-TERT experimental lines involves the use of both primary human
cells and cell lines. A brief summary of each of the lines along with its uses are shown in
Table 2.2. Key information on each of the lines including the cell name and type, the
media composition and the seeding densities required for general maintenance of the
lines is also shown (Table 2.2). Cells were cultured in the media specified unless
otherwise stated. Supplemented media was stored at 4°C for up to one month. Cell
culture work was performed under sterile conditions. HEK293T, HCT116 and THP-1 cells
were cultured at 37°C with 20% 02/5% CO,. HUVEC were cultured at 37°C with 5% 0,/5%
CO..

A total of 9 HUVEC single donors (newborn/Caucasian) were used (Table 2.2), HUVEC
were isolated from the umbilical vein of the umbilical cord tissue (by Promocell). All
donors showed acceptable viability and growth characteristics. The HUVEC were
phenotypically characterised (using immunohistochemistry) positive for CD31,
vWF/Factor Vlll-related antigen, Dil-Ac-LDL and negative for smooth muscle a-actin.
Upon receipt of the cells from Promocell, thawing and seeding of the cells was deemed

passage 1.

Cell Recovery from Liquid Nitrogen storage

Working stocks of all cell lines at earlier passages were stored in liquid nitrogen until
required. Upon recovery, vials were removed immediately and thawed rapidly at 37°C.
Cells were added to 12ml of pre-warmed media (in a T80 culture flask). After 24 hours
the media was replaced with fresh media to remove any dimethyl sulfoxide (from the
cryopreservation solution) and any remnants of cell debris (as a result of inevitable cell

death during recovery).
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Cell washing and detachment

HUVEC, HEK293T and HCT116 cells

The appropriate cell media and solutions used for passaging the HUVEC, HEK293T and
HCT116 cells are shown in Table 2.2. Prior to use, media, PBS, trypsin/EDTA and
detachment kit (for HUVEC) was prewarmed to 37°C. All cell lines were passaged at 60-
70% confluency. To passage the HEK293T and HCT116 cells the media was aspirated,
cells were washed with 3ml of PBS and incubated with 2ml of trypsin for 5mins. HUVEC
were first washed in 2ml of HEPES followed by 2ml of trypsin. Cells were observed under
the microscope for complete cell detachment. Any remaining cells were loosened by
gently tapping the side of the flask. For the HEK293T and HCT116 cells complete DMEM
was used to neutralise the trypsin. For HUVEC, 2ml of Trypsin Neutralizing Solution was
added to the flask. Cells were collected and then centrifuged at 300 x g for 5Sminutes.

The cell pellet was then diluted in the appropriate of media prior to counting.

THP-1 cells
THP-1 cell suspension was collected in a falcon tube and centrifuged for 100 x g for 5
minutes. The supernatant was carefully discarded and the pellet was resuspended in

5ml of media as shown in Table 2.2.

Cell counting using Trypan Blue
To count the cells, 10ul of the cell suspension was mixed with an equal volume of 0.4%
(w/v) Trypan Blue dye solution. The number of viable cells present on the four outer

squares (Imm?) of a haemocytometer slide were counted under a light microscope.

An average viable cell count was calculated using the equation below:

Cell count per ml = Average number of viable cells x 10%* x 2**

*the volume of one square in the haemocytometer is 10*ml, therefore the factor of 10*

converts this to 1 ml volume of the cell suspension.

**takes into account the 1:1 dilution factor of the cell suspension to Trypan Blue.
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Cell Seeding

For the general passaging, the cells were seeded according to the densities outlined in
Table 2.2. The calculated volume of cell suspension was added to 11ml of pre-
equilibrated media. For THP-1 cells the required volume of cell suspension was added

to 20ml of media.

Population Doublings
The Population Doubling (PDs) level were calculated for HUVEC cell lines grown in

culture (during each passage using the following equation:

PDs = 3.32 (log total cell yield — log seeding cell density to begin the next subculture)

The growth curve of the HUVEC cell line was then plotted as cumulative PDs versus time

in culture (days).

Cell Cryopreservation

As the HUVEC cell lines will be continuously cultured for an extended period of time, cell
stocks of various passages were cryopreserved in liquid nitrogen for use in future
experiments. HEK293T and HCT116 cell stocks were also frozen down and revived at a
later point according to as and when lentivirus generation was required. For all cell lines,
a total number of >1x10° total cells were resuspended in 1ml of the appropriate
cryopreservation media as outlined in Table 2.2. To cryo-freeze cell stocks, homogenous
cell suspensions were added to cryovials and were kept in a cryo-freezing container at -
80°C for 24 hours. To allow the cells to freeze slowly by reducing the temperature at
approximately 1°C per minute, the vials were kept in a cryo-freezing container at -80°C

for 24 hours. Frozen cells were then transferred to liquid nitrogen for long term storage.

Transient Cell Transfections
The generation of high titre pseudoviral lentiviral particles initially involved the use of a
cation lipid based transfection method of plasmid DNA in HEK293T cells. A day prior to

the transfection procedure, the cells were seeded at 8 x 10° cells total per T75 flask.
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HEK293T cells were transfected at ~70% confluency. 30min prior to the transfection, the
media was replaced with pre-equilibrated DMEM with 10% FCS (containing no

antibiotics).

Lipofectamine® 2000 (375ul) was diluted in 500ul of Opti-MEM® Reduced Serum
Medium. The Lipofectamine® 2000/Opti-MEM® mixture was carefully mixed by gentle
swirling. The mixture was incubated for 5 minutes at room temperature. During this
incubation period, the transgene (60ug), envelope (30 pg) and packaging (60ug) DNA
vectors were added to 2500ul of Opti-MEM® in a sterile tube. After the incubation, the
Lipofectamine®2000/0pti-MEM® was gently swirled in the DNA/Opti-MEM® mix. The
DNA-lipid complex was incubated for 30 minutes at room temperature and the mixture
was added dropwise to each T75 flask (~¥1.16ml). To minimise cytotoxic effects to the
HEK293T cells, the flasks were gently tilted to avoid direct contact of the DNA/lipid
complex to the cells. The cells were incubated overnight at 37°C with 5% CO,. The
following morning, the media was carefully replaced with 10ml of pre-equilibrated

complete DMEM. The cells were incubated at 37°C with 5% CO; for ~16hours.

Cell Pellets
During passaging of the lines, cell pellets were collected and subsequently kept on dry
ice for 5mins and were then transferred for storage at -80°C until use for

DNA/RNA/protein extraction.
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Cell type Experimental Growth Media Final Supplement concentration Seeding Detachment Freezing

Use Densities Method Media
Primary HUVEC Establish an Endothelial cell ~ Fetal Calf Serum 0.02ml/ml 2.5-3.0x10° Detachment Cryo-SFM
human (Promocell) endothelial growth media Endothelial Cell Growth Supplement cells/ml kit (HEPES (Promocell)
cells model to (Promocell) 0.004ml/ml 30mM,
9 single generate Epidermal Growth Factor
donors isogenic lines of (recombinant human) 1ng/ml Trypsin
(newborn/ short, medium Heparin 90ug/ml (0.04%)/EDTA
Caucasian) and long Hydrocortisone 1ug/ml (Promocell) (0.03%)
telomere
lengths Trypsin
Neutralising
Solution
(Promocell)
(oI NIy T-I3 HEK293T Host cell line DMEM Fetal Calf Serum 10% (Gibco, Life 6.0x 10° Trypsin(0.5%) DMEM with
(Horizon used to (Advanced) Technologies) cells ml EDTA(0.2%) 10% DMSO
Discovery) generate the Penicillin/Streptomycin 1% (Lonza) (Sigma)
TERT, CRE and (10,000U/ml stock solution) (Hyclone)

GFP lentivirus

HCT116 Transduced DMEM/F12 Fetal Calf Serum 10% Trypsin DMEM with
HCT116 used to Penicillin/Streptomycin 1% 5.6x10° (0.5%) 10% DMSO
titrate lentivirus cells ml EDTA(0.2%)

THP-1 Monocyte - RPMI L-Glutamine 2mM, Sodium Pyruvate n/a n/a
HUVEC cell 1mM, B-mercaptoethanol 0.055mM 2.5x 10°
adhesion assay Fetal Calf Serum 10% cells/ml

Penicillin/Streptomycin 1%

Figure 2.2. Table showing information on human primary cell lines and non-primary human cells lines. Human Umbilical Vein Endothelial cells (HUVEC), Human Embryonic
Kidney-293T cells (HEK293T) (expressing a mutant version of the T-antigen), human colorectal carcinoma cell line HCT116 and human monocytic THP-1 cells. Dulbecco's
Modified Eagle's Medium (DMEM); advanced DMEM is with complete supplements listed. Ethylenediaminetetraacetic acid (EDTA). Cryo-serum-free-media (Cryo-SFM).
Dimethyl sulfoxide (DMSO).
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2.2.2 Lentivirus Generation

As the nature of this experimental work involves a 2" generation lentiviral vector system
and ultimately genetically modification of primary cells, safety approval was required
from the Health and Safety Executive. All viral work was carried out according to Class Il
Biohazard regulations. The TERT lentivirus used to generate the isogenic clonal lines, will
be created using the host producer cell line, Human Embryonic Kidney 293T (HEK293T)

cells.

Co-transfection of plasmid DNA constructs in HEK293T cells

To generate the high titre pseudoviral particles, the plasmid DNA carrying the relevant
transgene (pLOX-TERT-iresTK, pLOX-GFP-iresTK or pLOX-CW-CRE) along with envelope
and packaging vectors (pMD2.G and pCMVR8.74) were transiently co-transfected in
HEK293T cells using a lipid based transfection method. Approximately 16 hours post
transfection, the medium from the HEK293T cells was removed and carefully replaced
with 10ml of pre-equilibrated complete DMEM. The cells were incubated at 37°C with
5% CO; overnight.

Harvesting Lentiviral Particles

Media containing the lentiviral particles was carefully collected in pre-cooled 50ml
conical tubes and centrifuged for 5 min at 500 x g at 4°C to remove any detached cells
and cell debris. The viral supernatant was collected and stored at 4°C. The harvested
media was replaced with 10ml of pre-equilibrated complete DMEM and two further
consecutive ~16hours incubations and harvests were performed. In between each
harvest the viral supernatants were stored at 4°C, the lentiviral supernatant can be
stored at °C for 1-4 days without significant viral titre loss, therefore a total of 3 harvests

was collected.

Concentrating Lentiviral Particles with PEG-it™
The lentiviral supernatants were pooled and carefully filtered through a 0.45 um filter.
The lentivirus was then concentrated using a polyethylene glycol based reagent; PEG-

it™ Virus Precipitation Solution according to the manufacturer’s instructions. In brief, 1
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volume of cold PEG-it™ was added to every 4 volumes of lentiviral supernatant. The
tubes were mixed by gentle inversion and incubated at 4°C overnight. The
lentiviral/PEG-it™ mixture was then centrifuged at 1500 x g for 30 minutes at 4°C. The
lentiviral particles appeared as a beige pellet; to ensure adequate lentiviral collection
the supernatant was transferred to a fresh tube and centrifuged again. The supernatant
was carefully discarded and the lentiviral pellets were resuspended in cold PBS at 1/100
of the original volume (prior to concentration). The PEG-it™ Virus Precipitation Solution
also acts as a cryopreservative agent, therefore lentiviral stocks were aliquoted and

stored at -70°C until required.

2.2.3 Genomic DNA Extraction

Genomic DNA (gDNA) was extracted from cells using a DNeasy Blood and Tissue kit

(Qiagen) according to the manufacturer’s protocol.

Cell lysis and DNA isolation

Cell pellets (up to 5x10° cells total/pellet) were thawed and resuspended in 200ul of
sterile PBS. To lyse the cells 20ul of Proteinase K was added to the cell suspension. As
RNA-free genomic DNA is required, 4pl of RNase A (100 mg/ml) was added, the samples
were briefly vortexed and incubated for 2min at room temperature to allow for RNA
digestion. 200ul of Buffer AL (with no ethanol) was added and the tubes were vortexed
immediately to yield a homogenous solution. Samples were incubated at 56°C (to
provide optimal DNA binding conditions during gDNA isolation) for 10 min. After the

incubation, 200ul of 100% ethanol was added and the samples were mixed thoroughly.

DNA binding and washing

To allow for DNA binding the lysate was pipetted into a silica-based spin column. The
column was centrifuged at = 600 x g for 1 min. The flow-through was discarded and the
column was placed in a new collection tube. A series of centrifugation steps were
performed in the presence of a high ethanol gradient to selectively bind DNA to the
membrane as contaminants pass through. To do this, 500ul of Buffer AW1 was added

and the column was centrifuged for 1 min = 600 x g. After discarding the flow-through,
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the column was placed in a new collection tube and 500ul of Buffer AW2 was added.
The column was centrifuged for 3min at 20,000 x g to dry the membrane. To ensure
there was no residual ethanol carryover the flow-through was carefully discarded and

the column was centrifuged for a further 1min at 20,000 x g.

DNA elution

For maximum DNA yield, purified DNA was eluted in 50 pul of elution buffer. The elution
buffer contained 10 mM Tris Cl and 0.5 mM EDTA (pH 9.0) to ensure optimum recovery
and stability of eluted DNA. The column was incubated with elution buffer for 5min at
room temperature and then centrifuged at > 600 x g for 1 min to elute the DNA. The
concentration of purified DNA was determined using spectrophotometry (Nanodrop
8000). Genomic DNA with an Azeo/ Azgo ratio between 1.7 and 1.9, showing a symmetric

peak at 260nm confirmed high purity and was deemed acceptable for experimental use.

2.2.4 Plasmid DNA

Bacterial Culture

LB Agar Plates for Bacterial Culture

All bacterial culture work was performed under sterile conditions. Luria Broth (LB) agar
plates were prepared by adding 1.5g of granulated agar (BD Difco) to 2.5g of Luria Broth
(Sigma) per 100ml of distilled water. The appropriate antibiotic selection marker (Table
2.3) was added for each DNA plasmids. Once the plates were set, a sterile metal loop
was used to streak bacteria from the E.coli stab culture (Table 2.1) onto the appropriate

LB agar/antibiotic plate. All plates were incubated overnight at 37°C.

Inoculating a liquid culture of bacterial plasmid

After ~16hours, plates were checked for single colonies. A starter culture was prepared
by inoculating a single colony in 5ml of LB media (containing the appropriate antibiotic).
The starter cultures were incubated at 37°C in a shaking (~300rpm) incubator for 6-8hrs.
At the end of the incubation time, starter cultures were observed for cloudiness. As all
of the DNA plasmids of interest have a high copy number growth in bacteria therefore

0.1ml (1:1000) of the starter culture was added to a large conical flask containing 100ml
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of the appropriate antibiotic selective LB media. The bacterial culture was incubated

overnight.

Glycerol Stocks of Bacterial Plasmids

Bacterial glycerol stocks were prepared for long term storage of the plasmids. 500ul of
the transformed E.coli bacterial culture was added to 500l of 80% glycerol in a screw
top cryovial. After mixing gently the cryovials were cooled on dry ice for 5-10mins and
then transferred to -80°C for long term storage. To recover bacteria, the cryovials were
placed on dry ice. Using an inoculation loop the bacteria was scraped from the surface
and then streaked onto a LB agar plate (containing the appropriate antibiotic selection

marker) and the culture was left to grow overnight at 37°C.

Plasmid DNA was isolated from E.Coli bacterial cells using a ‘PureYield Plasmid Midiprep
System— Endotoxin Free’ plasmid preparation kit (Promega, Wisconsin, USA). This kit is
endotoxin free to ensure the removal of protein, RNA and bacterial endotoxin
contaminants from the purified plasmid DNA prior to cell transfections (to prevent an
inflammatory response). Plasmid DNA was purified according to the manufacturer’s

protocol as described below.

Bacterial cell lysis

The transformed E.coli bacterial liquid cultures were pelleted by centrifugation (3082 x
g for 10 minutes). The cell pellets were then resuspended in 3ml Cell Resuspension
solution. To lyse the bacterial cells, 3ml of Cell Lysis Solution was added and the tube
was mixed by gentle inversion and incubated for 3min at room temperature. The lysate
was then neutralised with 3ml of Neutralising Solution. After gentle inversion, the tube
was left in an upright position for 3 minutes (to allow for the formation of a white

flocculent precipitate containing dead proteins and cell debris).

Lysate clearing and plasmid DNA binding
Lysate clearing and binding of plasmid DNA to the column was performed using a series

of centrifugation steps. Upon adding the lysate to the PureYield™ clearing column, a 2
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min incubation was performed to allow for the bacterial cellular debris to rise to the top.
The column was centrifuged at 1,500 x g for 5 minutes. To allow for the plasmid DNA to
bind to the column, the filtered lysate was added to a PureYield™ Binding Column, and

the column was centrifuged at 1,500 x g for 3 minutes.

Wash

Contaminants such as endotoxins, protein, RNA and endonucleases were eliminated by
adding 5ml of endotoxin wash removal (containing isopropanol). The column was
centrifuged at 1,500 x g for 3 minutes and the supernatant was discarded. A second
wash was performed this time using 20ml of Column Wash Solution (containing 95%

ethanol). To ensure the removal of any remaining ethanol, the column was centrifuged

at 1,500 x g for an additional 10mins.

DNA Plasmid Gene of | E.coli Bacterial Antibiotic Vector Use
Vector interest Host Resistance gene
Strain
pLOX-TERT-iresTK ~ TERT Stbl3 Ampicillin 100ug/ml Lentiviral (transfer)
pLOX-GFP-iresTK GFP Stbl3 Ampicillin 100ug/ml Lentiviral (transfer)
pLOX-CW-CRE CRE Stbl3 Ampicillin 100ug/ml Lentiviral (transfer)
pMD2.G VsV G DH5a Ampicillin 100ug/ml Lentiviral (envelope)

pCMVR8.74 gag pol DH5a Ampicillin 100pg/ml Lentiviral (packaging)
tat rev

pCre-pac CRE DH5a Ampicillin 100pg/ml Transient Transfection

Table 2.3 Plasmid DNA vector. For each of the plasmid DNA information on, the gene of interest, E.coli
host strain, the specific antibiotic resistant gene cloned within the plasmid, the experimental purpose of
the vector and the source of obtaining the plasmids are shown. Telomerase Reverse Transcriptase (TERT),
Green Fluorescent Protein (GFP), Cyclin Dependent Kinase 4 (CDK4), Vesicular stomatitis virus (VSV G)
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Plasmid DNA elution

To elute the plasmid DNA, 600ul of nuclease-free water was added and the column was
centrifuged at 1,500 x g for 5 minutes. The eluted plasmid DNA was transferred to a
1.5ml tube and quantified. The remaining plasmid DNA was stored at -20°C until

required.

Quantification of Plasmid DNA using Spectrophotometry

Spectrophotometry (Nanodrop 8000) was used to determine the plasmid DNA
concentration by measuring the absorbance at 260nm. As a measure of good DNA
purity, plasmid DNA samples with a 260/280 ratio within the range of 1.8-2.0 were

deemed acceptable for experimental use.

Re-transforming DH5a Competent Cells with Plasmid DNA

For re-transformation, 100ng of plasmid DNA was added to 100ul of thawed E.coli DH5a
competent cells (Invitrogen Life Technologies) on ice. The tube was gently mixed and
the competent cell/DNA mixture was incubated on ice for 20 minutes. For ‘heat shock’
to occur, the transformation tube was placed in a 42°C water bath for 30-40 seconds.
The tube was immediately placed on ice for 2 minutes. 1ml of SOC media (containing no
antibiotic) was added to the bacteria and the contents were transferred to a 15ml falcon.
To allow for bacterial growth, the culture was incubated at 37°C for 60 minutes. 50ul of
the transformation reaction was spread onto prewarmed LB Agar plates (containing the
appropriate antibiotic) and the plate was incubated overnight at 37°C. Bacterial liquid
cultures were inoculated with a single colony, bacterial cultures were grown and the

plasmid was purified.

Diagnostic Restriction Digests

To verify the purified plasmid DNA, diagnostic digests were performed using specific
restriction enzymes that cleave complementary restriction sites within the DNA
sequences. Table 2.4 highlights the plasmid DNA, vector backbone size and the
restriction enzymes to digest the plasmid used (with details of the specific cut site within
the plasmid) and the expected fragment sizes. The corresponding plasmid maps for each

of the plasmid DNA vectors are shown in the Appendix S1 (1-10).
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Plasmid DNA Vector backbone

Restriction enzymes (and restriction cut site on

plasmid)

Expected fragment sizes
(Kb)

(bp)
pLOX-CW-CRE 9886
pLOX- TERT-iresTK 13115
pLOX-GFP-iresTK 10438
pCMVr8.74 11906
pMD2.G 5824
pCre-pac 6000
pOG231 4800

Xbal (4687bp) and BamHI (3016bp)

BamHI (5180bp) and Xbal (7917bp)
BamHI (2632bp) and Xbal (5239bp)

Xbal (7005bp) and EcoRI (5064bp)

BamHI (multiple restriction sites 2bp, 33bp, 860bp) and
Scal (5383bp)

BamHI (2 restriction sites 600bp and 1600bp)

Sall and Spel (253bp)

8.2kb and 1.7kb

2.7kb and 10.4kb

2.6kb and 7.8kb

1.9kb and 10.0kb

Multiple fragments
443bp, 31bp, 827bp and
4.5kb

5kb and 1kb

4.5kb and 233bp

Table 2.4 Restriction enzymes and the expected fragment sizes for each of the plasmid vectors. Plasmid DNA is shown along with the size of the
vector backbone, the restriction enzyme(s) used for the single or double diagnostic digest and the expected fragment sizes post digest.
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Setting up the Restriction Digests

The DNA restriction digest reactions were set up according to Table 2.5 shown below:
DNA restriction digest reaction set-up
Plasmid DNA 500ng

10x CutSmart Buffer® (10mM Magnesium Acetate, 50Mm 2l
Potassium Acetate, 20Mm Tris-acetate, 100ug/ml Bovine

Serum Albumine pH 7.9)
Restriction enzyme(s) 1l
Total reaction volume 20pl

Table 2.5 DNA restriction digest reaction set-up

The restriction digest reactions were adjusted with ultrapure water to give a total
reaction volume of 20ul. All reactions were performed on ice due to sensitivity of the
restriction endonuclease activity. Prior to the addition of the restriction enzymes; the
plasmid DNA, CutSmart Buffer® and ultrapure water were mixed. CutSmart Buffer® was
chosen as the combination of chemical components listed in Table 2.5 to allow for
double digests, furthermore the addition of BSA was used to enhance the digest. The
restriction enzymes were added (Table 2.4), and the reaction mixture was gently mixed.
Reaction mixtures were then placed in a heat block at (37°C) for 1hr, the incubation time
for the pCre-pac plasmid restriction digest reaction was 3hrs. Restriction digest

fragments were analysed by agarose gel electrophoresis.

Agarose Gel Electrophoresis

A 0.7% agarose gel was prepared using agarose (0.7g) with 1X TAE buffer (100ml) and
10ul of GelRed nucleic acid stain (Biotium). DNA samples were prepared; 5ul of 5X
loading buffer containing bromophenol blue (Blue), cresol red (Red), orange G and
xylene cyanol FF (Bioline) was added to 20ul of DNA digest product and to the
corresponding uncut plasmid DNA (500ng). Both the DNA digests and the uncut

corresponding plasmid DNA samples were run on the agarose gel alongside 1kb and
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100bp DNA ladders (Hyperladder, Bioline). The agarose gel electrophoresis was run at
100V for approximately 1.5 hours and visualised under UV light.
An example of an agarose gel showing the diagnostic digest restriction products is

below:
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Figure 2.1 Example of DNA restriction double digest products on a gel. The uncut DNA
plasmid pLox-GFP-iresTK (-) can be observed where no restriction enzyme added. The plasmid
DNA cut using the restriction endonuclease BamHI and Xbal (pLox-GFP-iresTK(+)) yields two
fragments at 2.6kb and 7.8kb.

Using the diagnostic digests for verification, the actual fragment sizes from the digests
were compared to the expected fragment size for each of the plasmid DNA listed in

Table 2.4.

A discrepancy in one of the bands was observed for the double digest of pLOX-CW-CRE
with BamHI and Xball. The band sizes 8.2kb and 1.7kb were expected, instead DNA
fragments sizes of 8.2kb, 3.5kb and a very faint band at 400bp was found. These band
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sizes have been observed by the supplier Addgene and the depositing lab is aware of
the discrepancy and attributes it to mistakes during sequence assembly for the full
plasmid. Nonetheless, the depositing lab have confirmed this plasmid is still functional.
The plasmid pOG231 could not be verified using the fragment size yielded by the
diagnostic digest (Appendix S1 (9)). Subsequently, new bacterial cultures were grown
from isolated single colonies. This was performed within the two week recommended
time period to use the bacteria within the stab culture. After plasmid purification and
quantification, the double digest was repeated on the original pOG231 plasmid and the
new p0G231 plasmid DNA. The same incorrect bands were yielded in both digests.
Therefore this plasmid was replaced with a pCre-pac plasmid Appendix S1 (10). for use

in subsequent experiments.

2.2.5 RNA Extraction

Total RNA was extracted from the HUVEC using an RNeasy mini kit (Qiagen) according
to manufacturer’s protocol. Cells pellets were collected as described in 2.2.1. To lyse the
cells, the media was aspirated from the wells. To inactivate RNases, a denaturing
guanidineisothiocyanate-containing buffer, RTL (with B-mercaptoethanol (1:100)) was
added (350ul per well). Lysates were pipetted directly into a QlAshredder spin column
(Qiagen) and the column was centrifuged at 17,000 x g for 3 minutes for cell
homogenisation. To provide the appropriate conditions for RNA binding, 1 volume of
70% ethanol was mixed with the lysate. The sample was then added to a silica based
RNeasy spin column and centrifuged for 15 seconds at 28000 x g. The flow-through was
discarded. To ensure the removal of any residual gDNA (which may interfere with the
real-time PCR application) an on-column DNase digest was performed. First to wash the
spin column, 350ul of RW1 buffer was added and the column was centrifuged for 15
seconds at >8000 x g. The flow-through was discarded. For each reaction, 10ul of RNase-
free DNase | (27 Kunitz units) was added to 70ul Buffer RDD and the tube was mixed by
gentle inversion. The DNase was applied directly to the column and incubated at room
temperature for 15 min. 350ul of Buffer RW1 was added and the column was
centrifuged for 15 seconds at 28000 x g. The flow-through was discarded. To wash away
contaminants and to retain only the total RNA, 500ul of Buffer RPE was added and the

column was centrifuged for 15 seconds at >8000 x g, the flow-through was discarded.
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To dry the spin column, the wash step (500ul of RPE buffer) was repeated and the
column was centrifuged for 2 minutes at 28000 x g. The flow-through was carefully
discarded and to prevent the carryover of ethanol the column was centrifugated again
at full speed for 1 min. To elute the RNA, 30ul of RNase-free water was applied directly
to the column and incubated for 2 minutes. The column was centrifuged for 1 min at
>8000 x g. This extraction method purifies RNA longer than 200 nucleotides (for example
mRNA) therefore RNA molecules shorter than this size are excluded (for example 5.8S

rRNA, 5S rRNA, and tRNAs).

Quantification of RNA using Spectrophotometry
The RNA concentration was determined by spectrophotometry (Nanodrop 8000) by
measuring the absorbance at 260nm. RNA samples with a 260/280 ratio of >2.0 was

deemed suitable for experimental use.

Determining the quality of RNA by agarose gel electrophoresis

The quality, yield and integrity of the RNA in the samples was assessed by gel
electrophoresis. An agarose gel (1%) was prepared with agarose (1g) and 1X TAE buffer
(100ml), and 10ul of GelRed nucleic acid stain. The samples were prepared by the
following; 3ul sample RNA, 2ul 5x loading dye (bioline) and 7l distilled water. Samples
were mixed and loaded into the gel alongside a 100bp ladder (Bioline). The
electrophoresis ran at 80V for ~1hour. The gel was then visualised under UV light to
confirm the RNA is intact (by the detection of clear 18S and 28S ribosomal RNA bands),

free of gDNA contamination with minimal RNA degradation present.

cDNA synthesis

cDNA was synthesised from mRNA template using reverse transcription, to serve as a
template in subsequent quantitative realtime PCR (RT-gPCR) assays. cDNA was
produced using the Sensifast cDNA synthesis kit (Bioline) according to manufacturer’s
instructions. All reactions were prepared on ice. A mastermix was prepared 1ug RNA,
4ul of 5x TransAmp buffer (containing oligo dT primers) and 1ul of Reverse

Transcriptase. The volume was adjusted to 20ul using RNase free water and mixed by
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gentle pipetting. A no reverse transcriptase (NRT) control reaction was included using
1ul of RNase free water in place of the RNA. The reactions were run on a RT-PCR thermal
cycler in the following order: 25°C for 10 min (for primer annealing), 42°C for 15 min
(reverse transcription), 85°C for 5 min (Reverse Transcriptase inactivation) and a 4 °C
hold. Upon completion of the cycle, the cDNA samples were immediately stored at -

20°C, prior to use in the real-time gPCR assays.

2.2.6 Polymerase chain reaction

Primer Design

Primers sequences were designed for TERT, MOB4, ICAM-1, eNOS, E-SELECTIN as no
primers specific to these genes were readily available in our laboratory. The Ensembl
database (Cambridgeshire, UK) was used to identify the cDNA sequences of a particular
transcript variant for each of the human genes. The cDNA sequences of specific exons
of interest were inputted in a software (Primer3) which generated potential forward and
reverse primers. To prevent amplification of non-specific DNA, stringent parameters
were set when designing primers (Table 2.6). Primer sequences were chosen that
spanned specific exon junctions to prevent amplification of any potential contamination
in the RNA extract. Primers that bind to different exons were chosen, provided the
introns spanning these exons were long. The NetPrimer (Premiere Biosoft) software was

used to cross check the chosen primers against a set criteria (Table 2.6).

Melting Temperature Trm, Within +2°C of each other
Length of primer sequence 18-21 nucleotides
GC content ~50%

GC clamp > 2 out of 5 is either G or C

Secondary structures Avoid primer sequences that may form secondary
structures (hairpin structures, self-dimers or
heterodimers)

Amplicon Size 100-200bp

Table 2.6 Criteria for the design of optimum forward and reverse primers for PCR

associated with sequence
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Blast searches were performed to check the chosen primers are specific to the gene of
interest. Primers were then ordered from either Eurofins Genomics (Germany) or Sigma

(UK).

Standard PCR Set-up

A temperature gradient standard PCR was applied when optimising primer sets.
Different annealing temperatures of the primers were initially tested, followed by the
optimum cycling parameter. PCR was performed on cDNA using a MyTag HS DNA
Polymerase kit (Bioline), according to the manufacturer’s protocol. A typical PCR
reaction set up is shown in Table 2.7. DNase free water was added to give a total
reaction volume of 25 pl. A NRT (no reverse transcriptase) and NTC (no template control)
were included. All reactions were performed using a GStorm Multi-Block Thermal Cycler
using the conditions outlined in Table 2.8. PCR products were visualised on a 1.5%
agarose gel. The most suitable primer sets for each the genes of interest were then taken

forward to the real-time platform.

I

5x MyTagq™ Reaction Buffer 10 pl
Template 10ng
Reverse Primer 300nM
Forward Primer 300nM
MyTag™ HS DNA Polymerase 500 Units

Table 2.7 The components of a standard PCR set up reaction

I

Initial Denaturation 95°C 1 min
Denaturation 95°C 15 sec 30
Annealing According to Tm 15 sec
of primers
Extension 72°C 10 sec

Table 2.8 Standard PCR cycling conditions
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Colony PCR
For colony PCR, a sterile tip was used to stab the colony and was directly added to the
25ul reaction mix shown in Table 2.6.1.a. The cycling parameters used for the colony

PCR are shown in Table 2.8.

Integration Site Analysis

Integration site analysis was performed according to the manufacturer’s protocol
(Clontech, UK). Genomic DNA was first isolated from the cells using the procedure
outlined in Section 2.2.3. The purity of experimental genomic DNA was tested by Dral

(10 units/ul) digestion (overnight at 37°C) and the restriction products were analysed on

a 0.6% agarose gel.

Viral DNA library Restriction Restriction Restriction | Temperature Incubation
enzyme enzyme enzyme time of
concentration buffer digest (hrs)
units/pl
DL-1 Dral 10 10x 37°C 2
DL-2 Sspl 10 10x 37°C 2
DL-2 Hpal 10 10x 37°C 2
Dral positive control Dral 10 10x 37°C 2

Table 2.9 Blunt ended digestion of experimental genomic DNA using Dral, Sspl or Hpal to
generate viral integration DNA libraries. A control (human genomic DNA (lentivirus)) with high
molecular weight genomic DNA that contains a single copy of the lentiviral provirus is provided in
the kit. The Dral positive control is the control human genomic DNA digested with Dral.
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Digestion of genomic DNA

Adapted ligated genomic DNA fragments were then constructed from the lentiviral
transduced cell population to generate three different viral integration libraries. To do
this gDNA (0.1pg/ml) was digested independently using the following blunt ended
restriction enzymes (10 units/ul), Dral, Ssp | and Hpal according to Table 2.9.

Following the digest, reactions were vortexed (slow speed) for 5-10 sec and incubated
at 37°C overnight (16—18 hr). The next day, to check for complete digestion 5 ul of each

digestion reaction on a 0.6% agarose gel.

Purification of DNA

DNA was purified using the ‘NucleoSpin Gel and PCR Clean-Up’ component of the kit. In
brief gDNA digests were mixed with 200 pl of Buffer NT1 and the sample was added to
a column membrane. The membrane was centrifuged for 30 sec at 11,000 x g to allow
for DNA binding, the flow-through was then discarded. To wash the membrane, 700ul
of buffer NT3 was added to the column which was then centrifuged for 30 sec at 11,000
x g. The flow-through was discarded. To dry the membrane, the column was centrifuged
for 1 min at 11,000 x g to completely remove the buffer NT3. The purified DNA was
eluted using 20 ul of Buffer NE (prewarmed to 70°C), after the addition of the elution
buffer the column was incubated at room temperature (18—25°C) for 1 min. The column
was then centrifuged for 1 min at 11,000 x g. The DNA yield was confirmed by running 1
pl of purified digested DNA of each reaction along with unpurified digested genomic

DNA on a 0.6% agarose.

Ligation of genomic DNA to adapters

Four ligation reactions were set-up (DL-1, DL-2, DL-3 and Dral Control Human Genomic
DNA). Each ligation reaction contained 4.8 pl of purified DNA, 1.9 ul GenomeWalker
Adaptor (25 uM), 0.8 ul 10X Ligation Buffer and 0.5 pl T4 DNA Ligase (6 units/ul). The
reaction mixtures were incubated at 16°C overnight. To stop the reactions, tubes were
incubated at 70°C for 5 min. To maintain stability of the gDNA during storage, 32 pl of
TE (pH 7.5) was added to the samples.
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PCR-Based DNA Walking in Viral Integration Libraries

Primary PCR

Primary PCR was performed (using adaptor primers (AP) and lentivirus-specific primers
(LSP)) to amplify the region of gDNA surrounding the integration site (Table 2.10). The
following primary PCR master mixture was prepared (per reaction); 117l of distilled
water, 15l of 10X Advantage 2 PCR Buffer, 3ul dNTP (10mM), 3l AP1 (10uM), 3pl LSP1
(10 uM) and 3pl Advantage 2 Polymerase Mix (50X). The mastermix was gently mixed
and 24l to 1pl of the corresponding DNA library was added per reaction. The primary
PCR 2-step cycling parameters were as follows, 94°C 25 sec, 72°C 3 min (7 cycles); 94°C
25 sec 67°C 3 min (32 cycles) and one cycle of 67°C for 7 min after the final cycle. For

quality control purposes the primary PCR products were run on a 1.5% agarose gel.

Secondary (Nested) PCR

The secondary PCR master mix was prepared as follows, 117l of distilled water, 15l of
10X Advantage 2 PCR Buffer, 3ul dNTP (10mM), 3ul AP2 (10uM), 3l LSP2 (10 uM) (Table
2.10) and 3l Advantage 2 Polymerase Mix (50X). 24ul of this secondary PCR master mix
was gently mixed with 1 pl of each diluted corresponding primary PCR product. The
secondary PCR 2-step cycling parameters were as follows 94°C 25 sec, 72°C 3 min (5
cycles); 94°C 25 sec, 67°C 3 min (20 cycles) and one cycle of 67°C for an additional 7 min.
The secondary PCR products of the viral integration libraries were analysed on a 1.5%
agarose for verification. For quality control purposes of the assay, the Dral-treated

control library was run on the gel (which produces a 700 bp secondary PCR product).

Primary PCR AP1 GTAATACGACTCACTATAGGGC

LSP1 GCTTCAGCAAGCCGAGTCCTGCGTCGAG

Secondary PCR AP2 ACTATAGGGCACGCGTGGT
LSP2 GCTCCTCTGGTTTCCCTTTCGCTTTCAA

Table 2.10. Integration Site Analysis primer sequences for the primary and secondary PCR. Adaptor
primers (AP) contain sequence from the GenomeWalker Adaptor. Lentivirus specific primers (LSP) are
located downstream of the 5’ LTR within conserved sequences to avoid amplification of repeat
sequences within the provirus.
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PCR Clean-up and Direct Sequencing

Major bands from the secondary PCR products were the excised from the gel and the
DNA was extracted using a ‘NucleoSpin Gel and PCR Clean-Up’ kit. In brief the DNA
fragment was carefully excised using a scalpel. 200l of Buffer NT1 was added to each
100 mg of agarose gel. Samples were incubated for 10 min at 50 °C and gently vortexed
to ensure the gel was completely dissolved. To extract the DNA, the sample was loaded
on a column and centrifuged for 30 seconds at 11,000 x g. The flow-through was
discarded. To wash the membrane, 700l of Buffer NT3 was added and the column was
centrifuged for 30 seconds at 11,000 x g, the flow-through was discarded. This washing
step was repeated to minimise chaotropic salt carry-over. To dry the membrane, the
column was spun for 1 minute at 11,000 x g. To ensure the total removal of residual
ethanol, the column was incubated for 2-5 minutes at 70°C. To elute the DNA, the
column was placed in a clean 1.5ml micro-centrifuge tube, 15ul of Buffer NE was then
added and column was incubated at room temperature for 1 minute. The column was
centrifuged for 1 minute at 11,000 x g to elute the purified DNA. Purified DNA was
sequenced using AP2 and LSP2 primers (Table 2.10). Sequencing analysis was performed

using NCBI BLAST (Altschul et al., 1990) and UCSC Genome Browser (Kent et al., 2002).

Real-Time Quantitative PCR

RT-qPCR set up

Real-time quantitative PCR (RT-qPCR) is a means of determining the real time detection
of amplified DNA copies and the relative quantification of the starting template cDNA.
Each real-time qPCR reaction was performed in triplicate. 2X SensiMix™ SYBR® No-ROX
kit containing SYBR® Green | dye, dNTPs, stabilisers and enhancers was used when
setting up the PCR reactions. The final reaction mix composition consisted of the
following; 1x SensiMix™ SYBR® No-ROX (3mM MgCl,), 300nM forward primer, 300nM
reverse primer and the final volume was adjusted using ultrapure water. The mastermix
(9.5ul per reaction) was carefully pipetted in 0.1ml strip PCR tubes (Qiagen,UK) followed
by 3ul of template cDNA. As control measures, a NRT (no reverse transcriptase) and a
NTC (no cDNA template control, 3ul of ultrapure water) were also run in the PCR assay.
The RT-qPCR cycling profile was specific for each primer set as shown on Table 2.1.1.

This was performed on a RotorGene™ 6000 Q Thermal Cycler (Qiagen).
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Primer optimisation

The conditions for each of the primer sets to be used were optimised by a temperature
gradient standard PCR. Different annealing temperatures of the primers were initially
tested, followed by the optimum cycling parameter. The PCR products were visualised
on a 1.5% agarose gel to confirm the expected band size was observed and only a single
product was produced. The forward and reverse primer sequences of each of the primer
sets and the optimum cycling conditions are shown in Table 2.11. The house-keepers
36B4 and PMSB4 were specifically chosen for quantification purposes due to the genes

being constitutively expressed in most cell types.

SYBR-Green

During the run, the SYBR® Cycling. A Green channel was set on the Rotor-Gene Q. This
allowed for optics present within the cycler to excite (at 470 + 10 nm) when SYBR® Green
is bound to the duplex double-stranded DNA. The fluorescent signal corresponds to the
amount of DNA product that has been amplified during the qPCR run; an example of an
amplification plot is shown (Figure 2.2). The SYBR® Green dye is sensitive to the non-
specific binding of primers and other contaminating DNA, as a result, primer-dimers and
superficial PCR product may be detected. A melt curve analysis was therefore performed

to confirm the presence of a single product.

Melt curve analysis

The melt curve analysis checks the specificity of the reaction and ensures the detection
of a consistent single product; the target amplicon of interest (Figure 2.2). The melt
curve cycle was run at the end of the cycling profile; 90 seconds for the first step and 5

seconds for subsequent steps at 72 to 95°C (increments of 1°C).
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Figure 2.2 Melt Curve Analysis of ICAM-1 standard curve obtained through the SYBR Green real-
time quantitative PCR (RT-qPCR). RT-qPCR reactions were carried out using a two-fold dilution
series (150ng to 1.17ng) of HUVEC cDNA. The reactions were performed using 1x SensiMix™ SYBR®
No-ROX (3mM MgCl2), 300nM forward ICAM-1 primer and 300nM reverse ICAM-1 primer. The RT-
gPCR cycling profile was as follows, 95°C for 15 seconds, 58°C for 15 seconds and 72°C for 20
seconds. The melt curve cycle was run at the end of the cycling profile; 90 seconds for the first step
and 5 seconds for subsequent steps at 72 to 95°C (increments of 1°C).
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Forward Primer Reverse Primer RT-qPCR Cycling Conditions Amplicon
Step 1 Denaturation Step 2 Annealing Step 3 Elongation length (bp)

ICAM-1 AACCCCACAGTCACCTATGG TTCTGAGACCTCTGGCTTCG 95 15 58 15 72 20 194
CTCACCGCTACAACATCCT TGATTTCCACTGCTGCCTTG 95 15 56 15 72 20 98

E-SELECTIN CCAGAGCCTTCAGTGTACCT GAGTGGTGCATTCAACCTGG 95 15 58 15 72 20 211

36B4 TCGACAATGGCAGCATCTAC GCCTTGACCTTTTCAGCAAG 95 10 58 60 72 20 221

- CGTTCCGCAGAGAAAAGAGG CGTCACATCCACCTTGACAA 95 15 59 15 72 15 212

MOB4 TGCCATCCAGATACTTGCAC TCCTACGGCATACTGATCCT 95 15 58 15 72 15 214

VWF GACCCTTTGTGCAGAAGGAA GGCTCACTATCTTGCCATTC 95 15 58 35 72 20 194

KDR TGATCGGAAATGACACTGGA CACGACTCCATGTTGGTCAC 95 15 58 35 72 20 131

AGGTATGCTCCCTGCTCCTT GAATAGCTCTGGTGGCTTGC 95 15 58 35 72 20 181

CDH5 GCCAGGTATGAGATCGTGGT GTGTCTTCAGGCACGACAAA 95 15 58 30 72 20 152

Table 2.11 Forward and reverse primer sequences and cycling conditions for real-time quantitative PCR. The forward and reverse primer sequences for each of the
genes of interest are shown along with the three step cycling conditions (step 1 Denaturation, step 2 Annealing and step 3 Elongation). The number of cycles for all
genes were 40 cycles with the exception of TERT (35 cycles) and CDH5 (30 cycles). The total size of amplicon length (in bp) is shown for each gene.
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Standard Curves
Standard curves were generated for each of the primer sets in order to establish a linear
(input) cDNA template concentration range. To generate the standard curves, a two-
fold dilution series of reference template cDNA (150ng to 1.17ng in a total of 8 serial
dilutions) was carefully prepared. For reproducibility, the RT-qPCR reaction was set-up
in triplicate for each reaction.
To generate the standard curve, the take-off values for each reaction was plotted against
the log10 input cDNA (ng). The amplification efficiency can be calculated from the slope
of the line using the following equation:

% Efficiency = (10 (%/slore)l-1) x 100
Efficiency between 90 and 110% was acceptable, which corresponds to a gradient
ranging from -3.1 to -3.6 (with the optimal being -3.32). The coefficient of determination
value, R%, measures how well the experimental data fits the regression line (R2 > 0.98
was acceptable). A standard curve of the ICAM-1 primer is shown in Figure 2.3. The
linear dynamic range of the standard curve is where the line is linear and in this case
likely extends past the lowest and highest values. Therefore a input cDNA concentration
in the middle of the linear range (15ng) was chosen as the input cDNA concentration to

be used in subsequent experiments.
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Figure 2.3 Standard curve for ICAM-1 primer set. A linear range (14.5 — 21.5 cycles) was
established, 15ng total cDNA was used for subsequent qPCR assays. All experimental
data using this primer set were checked to ensure take-off values lie within this linear
range. Any samples found to run outside the linear range were diluted and re-run.
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Relative quantification

The real-time gPCR data was analysed by relative quantitation using the Rotor-Gene Q
Series comparative quantification software. The software calculates the amount of
product in the test sample relative to a set calibrator. The Rotor-Gene software
calculates the concentration of the specific gene of interest in a given sample relative to
a set calibrator using the equation:

Relative concentration = MAE (Calibrator takeoff — Sample takeoff)

To put this equation into context, the software generates a second derivative of an
amplification plot which produces a peak corresponding to the maximum rate of
fluorescence increase during the exponential phase of the reaction. The software
calculates the take-off point of each sample defined as the cycle number that reaches a
20% threshold of the maximum level. The efficiency of the reaction is calculated as E=
100-/slore) ' MAE is the mean amplification efficiency across all triplicates for each test

sample within the PCR run to adjust for any differences between reactions.

Gene expression analysis

Relative quantification was performed for gene expression analysis (n=3 for each test
sample with each sample run in triplicate) using control or baseline samples as the
calibrator. Data was further normalised against the gene 36B4 which is a routine
housekeeper used in our laboratory. The housekeeper assays accounts for any variations
in target DNA (due to technical errors or differences in the reverse transcription
efficiencies when synthesising cDNA). The relative concentrations were determined
independently for 36B4. The relative concentration for the gene of interest was divided
by the reference relative concentration (for each sample) to give a ratio. The gene
expression level of the gene of interest in each sample is expressed as a fold-difference

relative to the comparative calibrator concentration.
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Telomere length Measurements

Mean telomere length (TL) was measured in gDNA samples using a standard quantitative
real time PCR (RT-qPCR)-based method which has been validated in our laboratory
(Codd et al., 2010, Codd et al., 2013).

Genomic DNA was extracted from cells using the protocol outlined in section 2.2.3. Prior
to the TL measurements, gDNA samples were diluted to 10ng/pl. TL is expressed as a
T/S ratio of telomere repeat length (T) to copy number of a single copy gene, 36B4(S).

Primer sequences for the telomere and house keeper (36B4) are shown in Table 2.12.

- Forward Primer Sequence Reverse Primer Sequence

Telomere Tellb: Tel2b:

CGGTTTGTTTGGGTTTGGGTTTGGG  GGCTTGCCTTACCCTTACCCTTACCCT

TITGGGTTTGGGTT TACCCTTACCCT

Single Copy 36B4U: 36B4D:

CONEIY: 2B CAGCAAGTGGGAAGGTGTAATCC CCCATTCTATCATCAACGGGTACAA

Table 2.12 Telomere and Single Copy gene (36B4) primer sequences for telomere length PCR

PCR set up reactions contained, 1x SensiMix™ SYBR® NO-ROX master mix (Bioline),
300nM of Tellb, 300nM Tel2b primers and 30ng of template gDNA. For the single copy
gene 36B4 PCR, 300nM 36B4U primer and 500nM of 36B4D primer was used. The total
volume for each PCR reaction was 25ul and DNA samples were assayed in duplicate. To
standardize across assays a K562 Calibrator sample (gDNA from a K562 cell line) was
used. A no template control was also set up for each TL assay. For consistency, all
reactions were set up using a QlAgilty liquid handling system (Qiagen, UK) and run on a
Rotor-Gene Q Thermal Cycler (Qiagen). The cycling conditions were as follows; 95°C
incubation for 10mins followed by either 20 cycles (telomere) or 30 cycles (36B4) of 95°C
for 15 sec and 58°C for 1min. Relative values for both T and S were calculated by relative

quantification against K562 as the calibrator sample and the T/S ratio calculated.
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Absolute quantification

Absolute quantification was performed for copy number quantification assays. This
assay measures the lentiviral copy number stably integrated in the genome of a single
target cell of a transduced HCT116 cell line by targeting the HSV Thymidine Kinase (HSV

TK) transgene within the provirus.

A standard curve is generated using serial dilutions of a standard of plasmid DNA
carrying the TK and the housekeeper gene albumin for normalisation. Samples for
guantification are run within the same gPCR run as the standard curve. Quantification
is then performed using the Rotor-Gene Q Series quantification software, which uses
the diluted standard to generate the standard curve and quantifies the sample against

this.

Transduction of cells with Lentivirus

Creation of albumin standard for copy number calculation

Plasmid DNA carrying the housekeeper albumin gene was required for the generation
of standards for viral titre. As one was not readily available in our laboratory, a vector
containing the albumin transgene was generated. The forward (sequence) and reverse
(sequence) albumin primers were first optimised, by a temperature gradient PCR as
outlined in section 2.2.5. DNA fragments containing albumin were produced by PCR
amplification (124bp) of the required region on parental HCT116 genomic DNA
(2.64ng/ul). Products were visualised on a 1.7% agarose gel for verification of the correct
albumin product. The PCR amplification products were purified (from excess primers,
nucleotides, DNA polymerase, oil and salts) using a GenElute™ PCR Clean-Up Kit (Sigma,
UK). In brief, 0.5ml of column preparation solution was added to a GenElute plasmid
mini spin column and the column was centrifuged at 12,000 x g for 1 min. After
centrifugation, the eluate was discarded. Binding solution (5 volumes) was added to the
PCR reaction mix (1 volume) and the mixed solution was applied to the membrane. The
column was centrifuged at maximum speed for 1 min and the eluate was discarded.
0.5ml of diluted Wash Solution (containing ethanol) was added and the column was
centrifuged for 1 min at maximum speed. The eluate containing containments was

discarded. To dry the membrane from excess ethanol, the column was further
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centrifuged for 2 minutes at full speed. To elute the DNA, 15ul of Elution Solution was
added and the column was incubated for 1 min at room temperature. The pure PCR
amplification product was eluted by centrifuging the column at maximum speed for

Imin.

TA Cloning

The albumin insert was cloned into a pGEM®-T Easy Vector System according to the
manufacturer’s instructions (Promega, UK). Ligation reactions were set up in 0.5ml tubes
as follows; 5ul 2x Rapid Ligation Buffer, pGEM®-T Easy Vector 50ng, albumin PCR
product (64ng/ul), T4 DNA Ligase 3 Weiss units/ul and nuclease-free water to a final
volume of 10ul. The reactions were mixed by pipetting and incubated for 1 hour at room
temperature. The ligated pGMT-alb mixture was transformed into E.coli DH5a

competent cells according to the protocol outlined in 2.2.4.

Lentivirus Infection of HCT116 for viral titration

HCT116 cells were seeded in 12-well culture plates according to the methods outlined
in 2.2.1. Once the cells had reached 60-70% confluency, HCT116 cells were infected with
4 pl, 2 pl and 1pl of lentivirus in 500ul of fresh supplemented DMEM/F12. Two further
virus dilutions included 1:100 and 1:1000.

The transduced cells were incubated for 96 hours. Cell pellets were collected and
immediately kept on dry ice for 5mins. Genomic DNA was extracted from the cells

according to the protocol outlined in 2.2.3.

Lentiviral Titration Calculation

The number of assessed lentiviral DNA copies integrated in the transduced target cell
was determined using qPCR by absolute quantification against known standard of
plasmid DNA carrying the TERT and the housekeeper gene albumin for normalisation.
To calculate the number of integrations per cell quantification of a genomic single copy
control, albumin, were performed in parallel, using known dilutions of the pGMT-alb

plasmid to generate the standard curve.
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Copy number was calculated using the following equation:

Vector copy number = (Quantity mean of TK sequence / Quantity mean of Alb sequence) x2.

This equation takes into account the Albumin sequence is present in two copies per
genome.
Once the copy number was determined, the lentiviral titre was calculated according the

following:

Titre (TU/ml) = (Number of target cells x number of copies per cell of the sample)

Volume of supernatant in (ml).

Multiplicity of Infection (MOI) is defined as the ratio of infectious pseudoviral particles
(IFU) to the population of target cells. Using the viral titre, the MOI used for the lentivirus

infection in the host cell was calculated as follows:

MOI = Titre (TU/ml) x Volume of lentivirus (ml) / Number of target cells

Lentivirus infection in the host cell

HUVEC cells were seeded in T25 culture vessels according to the methods outlined in
2.2.1. Once the cells had reached 60-70% confluency, the lentivirus of interest was
added to the cells in 5ml of fresh ECGM. For ‘difficult to transfect’ cell lines such as
HUVEC an MOI of 100 is sufficient to transduce the cells. The transduced cells were

incubated for 72 hours.

Antiviral therapy using Acycloguanosine

For generation of the isogenic lines of short and long TL, the experimental model system
utilised in this work involves the use of a conditional ablation system post viral Cre
excision. As the lines utilised in this work are a mixed population, the use of an anti-viral
therapy is to ensure the complete removal of non-excised cells containing the TERT

transgene. A cytotoxicity test to assess the concentration-response was first performed
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on untransduced HUVEC. Cells were treated with 0.25-10 pug/ml of Acycloguanosine

(ACG) alongside a DMSO vehicle only control for 7 days and counted (Figure 2.4).
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Figure 2.4 Concentration-response of Acycloguanosine on untransduced HUVEC. Cells were
treated with a dose response of Acycloguanosine alongside a DMSO vehicle only control for
a course of 7 days. Cells were then counted post treatment.

The cytotoxicity test results found 10ug/ml ACG as the optimal dose with minimal
toxicity on parental HUVEC, therefore this dose was taken forward for subsequent ACG

treatments.

Telomerase Repeat Amplification Protocol

Telomerase activity was measured using a PCR-based assay known as Telomerase
Repeat Amplification Protocol (Kim et al 1994; 1997). This was performed using a gel-
based TRAPeze® Telomerase Detection kit according to the manufacturer’s instructions

(Merck, Hertfordshire).
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Extract Telomerase

1x10° HUVEC were pelleted by centrifugation followed by the removal of media at 300
x g for 5 minutes. The cell pellet was washed twice with phosphate-buffered saline and
after the final centrifugation all residual PBS was carefully removed. The pellets were
either snap frozen in dry ice and stored at -80°C for future use or immediately
resuspended in 200ul of ice-cold 1x CHAPS Lysis Buffer (10mM Tris-HCI pH 7.5, 1mM
MgCly, ImM EGTA, 0.1 mM Benzamidine, 5 mM B-mercaptoethanol, 0.5% CHAPS and
10% Glycerol) to a concentration of 5000 cell equivalents/ul. To allow for lysis, cells were
incubated on ice for 230 minutes and then centrifuged at 4°C for 30 minutes at 16,200xg.
The supernatant was carefully transferred to a pre-cooled 0.5ml screw-top tube and left
on ice prior to measuring the protein concentration. A 25ul volume was taken from each
cell lysate in order to perform protein concentration assay. For the remaining
supernatant, 30ul aliquots were added to additional pre-cooled 0.5ml tubes to avoid

multiple freeze-thawing, all tubes were snap-frozen on dry ice and stored at -80°C.

Protein Concentration

Protein concentration was measured using a Bradford Assay method (Bradford Reagent,
Sigma Aldrich UK) against known BSA standards (2, 1.5, 1, 0.75, 0.5, 0.25, 0.125 BSA
mg/ml). In a 96-well plate, cell lysate was diluted 1:50 with Bradford reagent. The plate
was then placed on a shaker for 30 seconds at 230rpm and the absorbance values were
immediately read on a spectrometer at a wavelength of 595nm. A TRAP PCR master mix

was prepared according to Table 2.13.

10X TRAP Reaction Buffer (200mM Tris-HCI pH 8.3, 15mM 2.5
MgCl;, 630mM KCl, 0.5% Tween 20, 10mM EDTA)

50X dNTP Mix (2.5mM each dATP, dTTP, dGTP and dCTP) 0.5

TS Primer 0.5
TRAP Primer Mix 0.5
Taq Polymerase (5 units/pL) 0.2 (1 unit)
PCR-grade Water (protease, DNase, and RNase-free; 18.8
deionized)
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Table 2.13 Mastermix PCR set up for the TRAP assay.
For valid analysis of the results,

controls were included in each TRAP assay. A telomerase-positive control included a
K562 cell extract (500cells/ul). To make this extract, cells were lysed in 200ul of 1x
CHAPS Lysis Buffer and then diluted 1:20 (with 1x CHAPS Lysis Buffer), 2ul were added
per TRAP assay. As telomerase is a heat-sensitive enzyme, a heat-inactivated negative
control included a K562 sample extract incubated at 85°C for 10 minutes. A special
feature of the TRAPEZE® Telomerase detection kit is the inclusion of an internal control
to assess PCR inhibition and amplification efficiency, which in turn enables semi-
guantitative analysis. The TRAP Primer Mix contains an internal control primer K1 and a
TSK1 oligonucleotide template that together with the TS primer generates a 36 bp
internal control (IC) band in every lane. Finally, a primer-dimer/PCR contamination
control included CHAPS Lysis Buffer only. This control checks for the presence of primer-
dimer/PCR artefacts, which may be due to suboptimal PCR conditions and/or amplified

TRAP product carry-over contamination.

Cell test extracts were added to the PCR reaction in three different serial dilutions (2500,
500, 100 cell equivalents). 2ul of cell sample test extracts, heat-inactivated extracts or
controls into each PCR tube to give a total reaction volume of 25 pl. Amplification of the
extension products by PCR was performed using a two-step Rotor-Gene® Q (Qiagen)

thermocycler protocol according to Table 2.14.

PCR cycling conditions

Elongation step Step 1 30°C 30min 1 cycle
Step 2 95°C 5min 1 cycle*
Amplification step Step 3 94°C 15sec 34 cycles
59°C 30sec
72°C 1min
Step 4 25°C 20min 1 cycle

*To heat inactivate telomerase

Table 2.14 PCR cycling conditions for the TRAP assay
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Gel Electrophoresis

To visualise the amplified telomerase products, 10ul of the TRAP PCR products were
diluted in 2.5ul of 5x Novex™ TBE High Density Sample Buffer (containing 0.1%
bromophenol blue and 0.1% xylene cyanol). 10ul of this mixture was loaded on a
Novex™ 10% TBE non-denaturing polyacrylamide gel (no urea), 15-well gels
(Thermofisher) . The gel is run in a XCell SureLock® Mini-Cell (Thermofisher) vertical
electrophoresis tank and the reservoirs were filled with 1x Novex™ TBE Running Buffer.
1ul of a GeneRuler Ultra Low Range DNA Ladder (0.1 pg/uL) (Thermofisher Scientific) to
lane 1 of the gel.

The gel was run at 160V constant for ~70 minutes (Start: 16mA, End: 8 to 10mA) until
the marker dye had run ~75% of the gel/ 5mm above third line on the gel casing. After
electrophoresis, the gel was carefully stained with PAGE GelRed™ (Takara, France).
To do this PAGE GelRed™ solution was diluted 1:10,000 in deionised water and the
PAGE GelRed/TRAP gel was incubated for 30 minutes at room temperature with gentle
agitation. The gel was then visualised on a 254nm UV transilluminator (Syngene) with

an ethidium bromide filter.

Semi Quantitative analysis

To quantify the telomerase reaction products, the signal of the total region
corresponding to the TRAP product ladder bands from each gel lane (representative of
each sample) was measured (Figure 2.5 A). To do this, plots were generated using the
image densitometry analysis software program Imagel 1.51. Each plot corresponds to
each lane of the TRAP gel image and each peak within a plot is representative of a band
of telomerase reaction product (Figure 2.5 B). The Area Under the Curve (AUC) was
manually enclosed for each of the peaks to allow for the software to generate a value
and the sum of the total telomerase products for each sample was then calculated and

plotted on a graph.
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Figure 2.5 TRAP assay gel image and densitometry. A. TRAP gel image is shown where
telomerase activity was detected in whole cell lysates of parental HUVEC (2500 cell
equivalents) (- control) and a K562 telomerase positive cell line at 2500, 500 and 100 cell
equivalents (+ control). The 35bp internal control (IC) is present for every lane to monitor
PCR inhibition and serves as a control for amplification efficiency for each reaction. B. For
the quantitative analysis of relative telomerase activity, densitometry is applied (using
Image) 1.5.1). Plots for lanes 4, 5 and 6 only are shown, with each peak corresponding to
each band within that lane. The Area Under the Curve (AUC) was manually enclosed for
each of the peaks to which the software generates a value for each band. The total product
generated is calculated as the sum of all peaks for each plot.
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2.2.7 Cellular Senescence

Senescent cells within the HUVEC population were identified using a histochemical
approach staining for a marker of cellular senescence B-galactosidase activity at pH 6.
Increased P-galactosidase activity is detectable in senescent cells, however is not

detected in quiescent, immortal or tumour cells (Dimri, I.G., et al., 1995).

The senescence assay was performed according to the manufacturer’s instructions
(Sigma Aldrich, Germany). Prior to the assay HUVEC were seeded into 6 well cell culture
plates (in triplicate) and corresponding treatments were carried out. The fixation buffer,
Reagent B and Reagent C were pre-equilibrated to room temperature and mixed
thoroughly before use. Ultrapure water was filtered through a 0.2um filter unit prior to
use. The Fixation Buffer solution (20% formaldehyde, 2% glutaraldehyde, 70.4 mM
NazHPOa4, 14.7 mM KH;PO4, 1.37 M NaCl, and 26.8 mM KCl) was diluted 10-fold with
ultrapure water. To avoid the formation of aggregates (that could potentially interfere
with the visualisation of the stained cells), the X-Gal Solution was pre-warmed at 37°C
for 1 hour. The endothelial cell growth media was aspirated from the cells and 1ml of
PBS was added per well/plate to wash the cells. The entire wash solution was carefully
removed. 1.5ml of 1x Fixation Buffer was added per well and the plate was incubated at
room temperature for 6-7 minutes to allow for fixation of the cells. Cells were then
rinsed 3 times with 1ml PBS/well. To prepare the Staining Mixture, the following
components were mixed, 1ml of Staining Solution, 125ul Reagent B (400 mM Potassium
Ferricyanide), 125ul Reagent C (400 mM Potassium Ferrocyanide), 0.25ml X-Gal solution
(40mg/ml) and 8.5ml of ultrapure water. The Staining Mixture was then passed through
a 0.2um filter to ensure no aggregates remained in the solution. 1ml of the Staining
Mixture was added per well, the plate was sealed with Parafilm and incubated at 37°C
overnight. As the staining of the cells is pH dependent, the cells were left in an incubator

without CO».

Cells were then visualised under an EVOS light microscope (100x magnification), to
guantify the % of cells expressing B-galactosidase (senescent cells) the number of blue-
stained cells and the total number of cells were counted in 5 fields of view (by two
independent subjects). The staining mixture was aspirated and 1ml of 70% glycerol was

added to the wells, to allow for long-term storage of the cells at 4°C.
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2.2.8 THP-1 monocyte cell adhesion assay

HUVEC were seeded into 96 well plates (9,000 cells/well) according to the methods
outlined in 2.2.1. On the day prior to the assay, HUVEC were treated with TNF-a
(10ng/ml) for 24 hours. Fresh ECGM was added to the unstimulated HUVEC. After 24
hours, the media was removed and 100ul of serum free RPMI containing L-Glutamine
was added to the wells and the plate was returned to the incubator. THP-1 cells (1 x
106cells/ml) were loaded with 5uM Calcineurin and incubated for 30min at 37°C. Loaded
THP-1 were washed twice with RPMI and 100pl of the THP-1 cell suspension was added
to the wells containing stimulated and unstimulated HUVEC and the cells were
incubated at 37°C for 90 minutes. 100ul of serum free RPMI (+L-Glutamine) media was
added to unstimulated HUVEC only wells which served as an internal background only
control for the assay. Following the incubation, the cells were washed 4x with pre-
warmed serum free RPMI media. The plate was read using a NovoStar (BMG LabTech,
Bucks, UK) fluorescence spectrophotometer at an excitation wavelength of 490nm and
emission wavelength of 510nm. The cells were visualised and images were taken on an

EVOS light microscope (ThermoFisher Scientific, UK).

2.2.9 Cell surface target detection by Flow Cytometry

Cell Staining for CD309 (VEGFR-2), CD114 (VE-Cadherin) and CD31 (PECAM-1) protein
expression

FACS analysis was performed to detect the surface expression of endothelial specific
proteins CD309 (VEGFR-2), CD31 (PECAM-1) and CD114 (VE-Cadherin) on the Ex1 and
Ex2 isogenic lines (at 141-147 PDs). Up to 1x10° cells were labelled with a human
conjugated antibody (1:200) or the appropriate IgG isotope control (for each run)
according to Table 2.15. Endothelial cells were gated on the basis of their forward versus
side scatter and fluorescence was measured on a Gallios FACS analyser. The Mean
Fluorescence Intensity (MFI) of the logarithmic histoplots (showing a normal population)

was calculated using the median value derived using the Kaluza analysis software.
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Cell surface protein Human Isotype Human IgG Isotype Control

CD309 (VEGFR-2) CD309-APC REA Control (S) APC
CD114 (VE-Cadherin) CD114-APC REA Control (S) APC
CD31 (PECAM-1) CD31-FITC REA Control (S) FITC
CD54 (ICAM-1) CD54-APC REA Control (S) APC

Table 2.15 Human isotope antibodies and the corresponding human isotope
control antibody used for the detection of endothelial cell surface proteins

Cell Staining for ICAM-1 protein expression

For the HUVEC surface staining, cells were seeded into 6 well plates (0.5 x 10°cells/well)
and treated if necessary with TNF-a (10ng/ml). After 24 hours, the cells were pelleted
by centrifuging the cells for 200 x g for 5minutes and resuspended in 100ul (per 10’
nucleated cells) PBS containing 1ImM EDTA (to avoid cell aggregates). Cells were labelled
with a human CD44 (ICAM-1) conjugated antibody (1:200). Samples were also run using
the appropriate IgG isotope control according to Table 2.15. The cells/antibody were
incubated for 20 minutes in the dark at room temperature. Following the incubation,
100ul of PBS/EDTA was added and mixed well (to ensure a single cell suspension). The
cells were transferred to 5ml polystyrene round bottom tubes (BD falcon) for analysis

using a Beckman Coulter Gallios flow cytometer.

2.3.0 Statisical analysis

All data are presented as mean % standard deviation (SD). GraphPad Prism 8.1.1
(GraphPad software Inc.) was used to generate all graphs and for the statistical analyses.
Statistical significance of the data was determined using a paired t-test. A one-way
Analysis of Variance (ANOVA), following the appropriate post-test was used for
comparisons between two or more groups. A P-value of <0.05 was considered

statistically significant.
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CHAPTER 3

GENERATION OF LOX-TERT PRIMARY HUMAN ENDOTHELIAL CELL LINES
3.1 Introduction

In order to understand how telomere length (TL) may influence disease it is important
to establish how telomere length may influence cellular physiology. Previous studies
have focused on either inducing severe telomere dysfunction or growing cells for varying
lengths of time in culture to induce telomere loss. As severe dysfunction, via removal
of TRF2 function (Minamino et al., 2001), will not reflect the subtle changes in telomere
length associated with disease risk and growing cells for varying times in culture can
introduce confounding factors (i.e. culture stress), neither are a perfect model. To
overcome these difficulties | sought to establish a model system which could manipulate

telomere length to examine the effects of more subtle changes in telomere length.

Endothelial cells (EC) line the blood vessel wall, endothelial dysfunction (ED) is the
earliest change within the vessel wall that precedes atherogenesis. It has been shown
that senescent, EC are observed on the luminal surface of atheromas in coronary
arteries from patients with ischaemic heart disease (Minamino et al., 2002). Telomere
loss induces senescence, which is pro-inflammatory and also increases markers of
endothelial dysfunction (increased ICAM-1 expression, decreased eNOS activity)
(Minamino et al., 2002). We therefore decided to use endothelial cells in which to
establish the model, with the hypothesis that shorter TL may induce ED and

inflammation to drive early atherogenesis.

To investigate the role by which shorter TL could increase the risk of CAD, the effect of
telomere length dynamics on the atherogenic potential of endothelial cells will be
investigated. Isogenic lines of short and long telomeres will be generated, but to achieve
this the immortalisation of human primary HUVEC is necessary. This procedure involves
the ectopic expression of a removable form of the reverse transcriptase component of
human telomerase (TERT) under the Cre Lox system (Salmon et al., 2000, Stadler et al.,
2013). LoxP sites flanking either side of the integrated proviral TERT allows for the site

specific deletion of the internal gene expression cassette by Cre recombinase.
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Expression of TERT should allow the cell to overcome replicative senescence; a
fundamental aspect of cellular immortalisation. Previous studies have immortalised
normal human diploid cell strains through the reactivation/upregulation of telomerase,
where cells acquired an unlimited replicative capacity through telomere length
stabilisation (Bodner et al., 1998; Yang et al., 1999; Morales 2003). We aimed to achieve
the immortalisation of HUVEC upon the addition of human TERT to activate telomerase.
Previous studies have achieved the immortalisation of primary cells by over-expressing
CDK4 in addition to telomerase (Stadler et al., 2011; Zhu et al., 2007). Over-expression
of CDK4 sequesters the tumour suppressor protein p16'N* to allow free CDK4 to bind
to cyclin D to enable cell cycle progression. Normal EC express low levels of p16'N%42 (Kan
et al.,, 2012), therefore over-expressing CDK4 may not be necessary in this model, which
is preferable to avoid introducing another integration event which may be more

detrimental to the cells.

TERT will be introduced in a HUVEC single donor line using a lentiviral transfer technique.
This method is established to introduce a genetically integrated transgene into primary
cells (Stadler et al., 2011). Once TERT expression is achieved the cells will be grown in
culture, either stabilisation of or increase in telomere length (TL) is expected in the cell

lines with time.

Once the TL is undergoing lengthening or has become stabilised, removal of TERT from
subcultures will produce isogenic lines with short and long telomere lengths. A
schematic diagram of the proposed experimental model system is shown in Figure 3.1.
To achieve this, TERT will be removed by expression of Cre at an earlier and later time
point, lines will be grown in parallel, where normal TL attrition would then occur
generating “short” and “long” telomere lengths without introducing confounding

factors (Figure 3.1, Stadler et al., 2011; 2013).
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Figure 3.1. Schematic experimental design to show the generation of short and long telomeric
isogenic lines from a single immortalised TERT+ HUVEC donor. At time X Lox-TERT will be excised
by Cre recombinase at an earlier time point to generate an isogenic line with short TL (isogenic
line 1). At time X Lox-TERT will be excised by Cre recombinase at a later time point to generate an
isogenic line with long TL (isogenic line 2). The lines will be cultured for the same length of time
therefore no confounding factors are introduced. The only difference between the isogenic lines
will be the telomere lengths (Stadler et al., 2011; 2013).
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3.2 Methods

3.2.1 Lentivirus Generation

As the nature of this experimental work involves a 2" generation lentiviral vector system
and ultimately genetic modification, safety approval was gained from the Health and
Safety Executive. All viral work was carried out according to Class Il Biohazard
regulations. To summarise, the TERT, GFP and Cre lentiviral particles were generated,
titrated and infected into HUVEC according to the detailed methods described
previously (Methods 2.2.2). A flow diagram of this is depicted in Figure 3.2, shown

below.

Envelope Vector

% .
fransferVector - co_transfect lentivectors | Packaging Vector(s)

in HEK293T cells

Harvest viral
particles from
supernatant

Purify and
@ , concentrate virus

Determine virus titre
on HCT116 cells

Infect HUVEC
target cells

Figure 3.2 Flow diagram to show the process of lentivirus production,
concentration, titration and infection into the host cell. The envelope vector
pMD2.G, transfer vector *pLox-TERT-iresTK/pLox-GFP-iresTK/pLox-CW-CRE and
packaging vector pCMVR8.74, were co-transfected in HEK293T cells using a lipid-
based transfection method. The virus was harvested 24, 48 and 72 hours post-
transduction. The harvests were then pooled, purified by filtration and
concentrated by precipitation (using a polyethylene glycol-based reagent). Once
the viral titre was determined, lentiviral particles were infected in HUVEC.
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3.2.2 Biological Titration of TERT Lentivirus by quantitative PCR

The titer of a functional lentivector is defined as the number of infectious particles
required to transduce a single cell within a defined volume (Barczak et al., 2015; Salmon
& Trono 2007). The lentivirus was titrated using a conventional assay based on
guantitative PCR. This assay measures the lentiviral copy number stably integrated in
the genome of a single target cell of a transduced HCT116 cell line by targeting the
Thymidine Kinase transgene within the provirus (Forghani et al., 1991). The methods
utilised in this work to titrate the lentivirus were developed by the Trono Lab (Methods
2.2.6). Following TERT and GFP lentivirus generation, a test infection of each lentivirus
was performed using HCT116 cells to confirm the lentiviruses are functional and viable
and to titrate the virus. The titre was calculated using a qPCR based approach with
primers targeting the HSV type 1 thymidine kinase (HSV TK) transgene present in the
viral component of both pLOX-TERT-iresTK and pLOX-GFP-iresTK lentivectors. Absolute
quantification was performed on genomic DNA extracted from the transduced HCT116
cells against standard curves generated from known dilutions of the relevant lentivector
plasmid DNA. To calculate the number of integrations per cell, quantification of a
genomic single copy control, albumin, was performed in parallel, using known dilutions
of the pGMT alb plasmid to generate the standard curve. Copy number was then

calculated using the following equation:

Vector copy number = (Quantity mean of TK sequence / Quantity mean of Alb sequence) x2.

This equation takes into account the Albumin sequence is present in two copies per

genome.

Once the copy number was determined, the lentiviral titre (Transducing Units (TU) per

ml) was calculated according the following:

Titre (TU/ml) = (Number of target cells x number of copies per cell of the sample)

Volume of supernatant in (ml).
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Multiplicity of Infection (MOI) is defined as the ratio of infectious pseudoviral particles
(IFU) to the population of target cells. Using the viral titre, the MOI used for the LV-TERT

and LV-GFP titration was calculated as follows:

MOI = Titre (TU/ml) x Volume of lentivirus (ml) / Number of target cells
The lentiviral generation protocol utilised in this work was efficacious; both the LV-TERT
and LV-GFP pro-viral copy numbers increased with increasing MOI, as shown in Figure

3.3 A & B. The lentiviral titration results confirm the pseudoviral stocks are viable; there

is a fairly stable titre between the infected doses (Figure 3.3 C)

100



HSV TK Proviral

copy number

HSV TK Proviral

copy number

50
45
40
35
30
25
20
15
10

0 0.5 1 1.5 2 2.5 3

Lentiviral TERT volume pl

0 0.5 1 1.5 2

Lentiviral GFP volume pl

3.5 4

2.5

101

Lentivirus HSV TK Titre Multiplicity
Volume pl | Proviral Copy TU/ml of Infection
Number (MoOI)
-ve Control 0 0.0004 0.02 -
LV-TERT 0.1 10.26 6.97 X 108 1.2
LV-TERT 1.0 23.08 7.85 X 108 14.0
LV-TERT 4.0 43.99 7.48 X 108 26.7
LV-GFP 0.1 0.62 3.69 X 108 0.7
LV-GFP 1.0 6.31 3.79 X 108 6.8
LV-GFP 2.0 12.85 3.85 X 108 13.8

Figure 3.3 Pro-viral copy number, Titre (TU/ml) and MOI for transduced TERT
and transduced GFP lines. Lentiviral (LV) copy number is shown against LV
infection doses in transduced HCT116 cells (56,000 cells/sample) for A. TERT and
B. GFP . C. Calculated vector copy number, lentiviral titre and Multiplicity of
Infection (MOI) for TERT or GFP transduced cells using varying multiplicity of
infections (MOI). Negative (-ve) control is uninfected HCT116.



Lentiviral Cre Titration

To improve the efficacy of Cre delivery into the HUVEC, the experimental model system
in this work utilised a Cre lentivector to govern the excision of the TERT provirus. As the
lentiviral Cre is self-excising it would not be possible to calculate titre in the same
manner as removal of viral sequence will need to be measured rather than insertion. It
was therefore necessary to first generate a HCT116 cell line containing a single copy of
the LoxP site. To achieve this, lentiviral GFP was infected in HCT116 cells according to
the methods described in section 2.2.6 (Lentivirus infection of HCT116 for viral
transduction). Single cell dilutions of the GFP transduced HCT116 cells were plated and
grown into clonal cell lines. Positive clones for GFP were selected by fluorescence
screening. The total number of positive clones for GFP are shown in Figure 3.4 A.
HCT116/GFP Clone 4 was taken forward to the Cre titration platform as the integrated
pro-viral copy of the GFP transgene was closest to a single copy (0.95). The Cre titration
was then performed according to the method described in 3.2.2. In brief, GFP+ clonal
cells containing a single copy of the LoxP site were transduced with varying volumes of
lentiviral Cre, genomic DNA was extracted from the cells post 72 hours transduction.
HSV TK derived vector sequences (specific to the integrated HSV TK transgene) were
amplified by quantitative real-time PCR, albumin sequences (specific for the human

albumin gene) were used to normalise for the amount of genomic DNA.

The data shown in Figure 3.4 (A-C) confirm the LV- Cre viral stocks are functional and
viable, showing increased reduction in HSV TK copy number with increasing volume of
lentiviral Cre (Figure 3.4 B-C). GFP excision is confirmed when adding 5-10ul of LV-Cre;
this indicates the successful excision of the GFP transgene is achieved when the Cre viral
stock is diluted at least 1/100. Minor fluctuations in HSV TK proviral copy number are
observed in the control (untransduced lines) between the two quantitative PCR assays.
The copy number for Clone 4 untransduced cells from the initial screening assay is 0.95
versus 1.19 (Figure 3.4 A & B). However, such differences do not significantly impact the

Cre titration data.
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Figure 3.4 HCT116 single cell GFP clone screening and Cre titration using clone 4. A. The GFP proviral copy number for each clone is given alongside
calculated TK and ALBUMIN concentrations derived by absolute quantification (real time gPCR) to calculate vector copy number. B. The HSV TK copy
number for clone 4 is shown following transduction with 1-10pl of lentiviral Cre (LV-Cre) (n=3 for each dose) or from un-transduced cells (- control). N=3,
meanzSD; 0.95+0.05 (- control), 0.39£0.08 (1.0ul LV-Cre), 0.13+0.01 (2.5ul LV-Cre), 0.05+0.007 (5.0ul LV-Cre) and 0.04+0.01 (10.0pl LV-Cre). C. Due to
the substantial difference in HSV TK copy number between the control and Cre transduced cells, proviral HSV TK copy number is shown for the transduced
lines (1.0, 2.5, 5.0 and 10ul of LV-Cre) only.
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3.3 Results

3.3.1 Telomere shortening in HUVEC under standard culturing conditions
Prior to the generation of the Lox-TERT cell lines, it was necessary to first understand
important parameters such as the rate of telomere length (TL) decline in HUVEC under

standard culturing conditions (37°C/5% C0O,/20% 0O,).

The population doubling level is defined as the number of times the cell population has
doubled since their primary isolation in-vitro (Hayflick 1961). Figure 3.5 A depicts the
growth curve of a single HUVEC donor, Line 7, cultivated under standard conditions. The
population doublings (PDs) against the number of days the cells were maintained in
culture are shown. PDs provides a meaningful estimate on the biological age of the cell
population to which telomere length is a marker (Harley & Greider 1990). The average
telomere length (expressed as a Telomere/36B4 single copy gene ratio) was determined
by RT-qPCR (Cawthon 2002) in the HUVEC (Figure 3.5 B). The cells grew steadily up to
~38days at PD 24.4; as reflected by the relatively consistent difference of population
doublings (2.0-3.1 PDs) per passage. A gradual telomere length decline can be observed
as the population doubling increases. As shown in Figure 3.5 A & B, the cellular lifespan
of parental HUVEC was 55 days or 31.7 PDs (T/S ratio 1.5), at which the growth curve
reaches a plateau. Figure 3.5 B). This falls within previous estimates of the finite lifespan
of primary HUVEC which can vary between 20 and 60 PDs (Bicknell 1996). These results
confirm primary HUVEC undergo a gradual telomere length shortening and the cells stop

growing at around 55 days in culture.

Most lentiviral genomes have selectable markers such as an antibiotic resistance gene
(e.g Puromycin) or a fluorescent GFP marker (Ben-Dor et al., 2006) to enrich a stable cell
population expressing the transgene. The Puromycin resistance gene confers antibiotic
resistance to infected host cells. The addition of Puromycin to the growth media of the
host cells would kill off any un-transduced cells that have not incorporated the lentivirus.
As a result of this, cells that have incorporated the lentivirus survive and can be
expanded to create stable lines. In the case of GFP selection, fluorescence activated cell

sorting (FACS) can be used to separate live cells expressing GFP, which can then be
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expanded into a stable cell line. The pLOX-TERT-iresTK lentivector was chosen for this
model, as this plasmid had been successfully used for the reversible immortalisation of
primary human cells (via the Cre-Lox system) (Salmon et al., 2000). However, this
lentivector does not have a specific selection cassette (e.g antibiotic resistance or GFP
tag) to allow for TERT selection, most likely due to the large capacity size of the vector
(backbone and insert ~1.3kb Appendix S1. 2). As it is not possible using this model to
specifically select cells that carry the TERT transgene following transduction, this model
relies on non-transduced cells reaching replicative senescence and cell death to
eliminate them from the cell population to resulting in a homogenous TERT+ population.

Therefore, we expect to see establishment of the Lox-TERT cells after 55 days in culture.
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Figure 3.5 Growth curve and telomere length of HUVEC single donor cell Line 7 cultured
under standard conditions. A. Population doublings (PDs) are shown against the time in
culture (days). A fairly constant growth rate is observed until ~40 days when growth rate slows
before stopping at day 55. B. The relative T/S ratio is shown against PDs showing a general
decline in telomere length over time in culture.
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3.3.2. Generation of a Lox-TERT line

Having established the lifespan of Line 7 the next step was to transduce this line with
LV-TERT. This was performed according to Methods 2.2.6 (Lentivirus infection in the
host cell). As the ability of lentiviruses to infect host cell varies according to the cell type
used, three different MOIs were tested (5, 50 and 100). Copy number integration was
observed in a viral dose specific manner (Figure 3.6 A). For all experimental lines, using
the average titre, LV-TERT was used to transduce this HUVEC line at a multiplicity of
infection of 100 as this gave an integrated copy number close to 1 per target cell. LV-
TERT copy number in the transduced population was assessed at 8 days post
transduction. This showed integration at a copy number of a single copy per cell (Figure
3.6 B). It should be noted that this is an average number across the population, with
some cells potentially carrying multiple integrations whilst others may be containing
none. Expression of TERT was seen in the transduced line, the parental (non-transduced
cells grown in parallel culture) showed no expression as expected (Figure 3.6 C & D).
TERT expression was quantified relative to the TERT expressing K562 lymphoblastoid cell
line and was seen to be expressed at high levels (120 fold relative to K562 Figure 3.6 C).
These findings show successful integration of pro-viral TERT and subsequent

upregulation of TERT in transduced HUVEC.

3.3.3 Growth of TERT+ HUVEC under standard culturing conditions

The HUVEC were grown in parallel with un-transduced control cells under standard
culturing conditions (37°C/5% C0O2/20% 0,). As the growth curve depicts (Figure 3.7 A),
the un-transduced control cells reached a growth plateau after 43 days in culture
whereas the TERT+ line continued to grow steadily. To confirm the senescent status,
cells were stained for B-galactosidase (B-Gal), the activity of which at pH.6 is a specific
marker of cellular senescence (Dimri et al., 1995). During the initial culturing period,
both lines showed comparable low levels of B-Gal activity (day 8 Parental 0.8 % versus
TERT+ 0.2 % B-Gal+ cells Figure 3.7 B, C & D). At day 48 a high proportion of the control
cells reached senescence; 78% B-Gal+ cells versus 8% B-Gal+ TERT+ cells (Figure 3.7 B, E

&F).
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A small proportion of senescent cells were detected in the TERT+ lines, due to the line
being a mixed cell population. It is possible for senescent cells to remain metabolically
active and have a senescence-associated secretory phenotype that can affect the
behavior of neighboring cells (Krtolica et al., 2001; Ramirez et al., 2001). In our
observations, the effect of the small number of senescent parental cells is almost
negligible as the growth curve depicts a stable growing population in the TERT+ line

(Figure 3.7 A).
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Figure 3.6. Confirmation of TERT pro-viral integration and TERT expression A. LV-TERT copy number (CN) integration in uninfected HUVEC (parental)
and Line 7 HUVEC infected with LV-TERT at an MOI of 5, 50 and 100. N=3, mean%SD; 0.1+0.01 (MOl 5), 0.39+0.03 (MOI 10), 0.67+0.05 (MOI 100).
No LV-TERT pro-viral copy number was detected in parental HUVEC. B. LV-TERT pro-viral copy number integration day 8 post infection of LV-TERT at
MOI of 100 (0.81+0.05), as expected no LV-TERT copy number was detected in parental HUVEC. C. TERT expression (relative to a K562 cancer cell
line) at day 8 post infection (1.0+0.06 K562, 129+7.3 LV-TERT). D. TERT qPCR products are shown on a 1.5% agarose gel. TERT is expressed in HUVEC
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Figure 3.7. Line 7 growth curves and cellular senescence levels for parental (un-transduced) and TERT+ cells, grown under standard culturing conditions. A.
Growth curve shows PD vs time in culture. The control cells reach a plateau in growth at ~45 PDs, whereas TERT+ cells continue to grow. B. B-Gal positive cells
quantified (n=3) in the parental line (mean+SD; 0.3+0.45) and TERT line (0.2+0.19) at day 8 post LV-TERT infection (C & D) and in the parental line (78.1+3.00)
and TERT line (8.3+0.97) at day 48, where the parental cells exhibit growth arrest. E & F. Representative images (100x magnification) of B-Gal staining used for
senescence quantification.

110



3.3.4. Under standard culture conditions TERT is protective against stress induced
senescence but does not maintain telomere length

Traditionally, “immortalisation” of cells in culture is defined as growth past 100 PDs
(Yang et al., 1999). To achieve this, it was necessary to continue to culture the TERT+
cells for an extended period of time. Although this line was expressing TERT and had
continued to grow past the point where the parental cells reached replicative
senescence, this line did not reach 100 PDs, with growth slowing and eventually stopping

at 49 PDs (Figure 3.8. A).

The expectation was in the presence of TERT, the TL in the cells would have increased
or at least stabilised due to the activity of telomerase, thereby preventing replicative
senescence (Figure 3.8 B) (Bicknell 1996). Assessing TL throughout the time in culture,
telomere length shortening was observed in the parental line and the cells eventually
reached senescence (Figure 3.8. A and C). Unexpectedly, the TERT+ line also showed
telomere length shortening despite the cell population continuing to grow (Figure 3.8.
A and C). Premature growth arrest is associated with the upregulation of a cyclin-
dependent kinase inhibitor, p16'N**A, and is known to be caused by stress inflicted by
prolonged culturing conditions in primary cell lines including endothelial cells (Ramirez
et al., 2001; 2003; Herbert et al., 2002). The simplest explanation is the parental cells
are undergoing stress-induced rather than replicative senescence and TERT is having a
protective effect on the cells which is telomere length independent. TERT is known to
be relocated to the mitochondria under conditions of oxidative stress (Haendeler et al.,
2009; Haendeler et al., 2004; Santos et al., 2004) and has been shown to be protective
with increased mitochondrial function and reduced mitochondrial DNA damage in
conditions of mild hyperoxia (Ahmed et al., 2008; Haendeler et al., 2009). Therefore, it
is plausible that TERT may be protective, allowing the cells to outlive the parental cells,

but immortalisation has not been achieved as this is TL independent.

Standard cell culture is performed at atmospheric O, levels of ~20% whereas
physiological O is ~3-7% (Decaris et al., 2009). Primary cells grown at 5% O show a 20-
50% increase in PDs (Betts et al., 2008; Decaris et al., 2009) suggesting that atmospheric

0O, can induce cellular stress.
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One study has shown that over expression of TERT in endothelial cells does not prevent
telomere loss in standard culture conditions and TL is maintained when grown at 5% O>
(Napier et al., 2010). In order to establish the model system, | needed to see either
stabilisation or elongation of TL upon TERT upregulation. To mimic physiological cell
conditions, Line 7 cell stocks of both the parental and TERT+ line from the earliest
passage were revived and maintained in culture at 5% 0, (37°C, 5% CO;). As seen under
previously under standard culture conditions, the TERT+ cells continued to grow past
the point where the parental cells exhibited growth arrest (22.1 PDs, Figure 3.9 A) and
showed TL measurements similar to control cells until this point. However, after control
cells entered growth arrest, TERT+ cells showed an increased and stable growth rate
(Figure 3.9 A) which corresponds with an observed TL lengthening followed by

stabilisation throughout subsequent culture (Figure 3.9. B).
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Figure 3.8. Line 7 growth and telomere measurements reveal TERT+ cells fail to
immortalise. A. Growth curves for parental (uninfected) and TERT+ cells show slowing and
arrest of growth in TERT + cells at 49 PDs. B. Schematic diagram of expected telomere
lengths of the TERT+ HUVEC lines. C. Actual telomere length measurements in the TERT+
and control lines, showing that TERT+ cells continue to show attrition during culture and
exhibit shorter TL than that observed in control cells at the point of growth arrest
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3.3.5 Establishment of further Lox-TERT cell lines
Once successful immortalisation of Line 7 was achieved | sought to establish a minimum
of two further lines. This would be required in order to ensure downstream

experimental data derived from the model were not donor specific.

In total a further 8 additional single HUVEC donors were transduced with LV-TERT, all
donors were maintained in culture at 5% 02 (37°C, 5% CO;). The phenotypic profile of
each of the HUVEC donors were determined at the time the cells were isolated, as
described in Methods 2.2.1 Cell Culture. Of the 8 lines, 5 failed to immortalise, showing
that despite previous success, creating further lines was not guaranteed and that
limitations to this approach existed and further optimisation of this model is required
for future work. First the 5 lines where immortalisation was not achieved will be

discussed followed by the 3 lines which were successful.

To validate the model it was important to assess the growth kinetics, TERT pro-viral
integration and TERT transgene expression in the unsuccessful donors. As shown in
Figure 3.10. A, none of the failed immortalised lines grew long enough to
surpass 100PDs. Two of the lines, Line 3 and 8 failed to outgrow the parental cells
(Figure 3.10. A) despite the presence of TERT (Figure 3.10. C) at 114 fold and 39 fold
relative to K562 respectively. In such cases, although TERT is being expressed, due to
clonal succession, the un-transduced cells within the mixed population are outgrowing
the TERT+ cells (Kay 1965; Martin et al., 1993). One possible explanation is that
inadvertently the line may have grown clonal within the resulting mixed TERT+
population. To address this issue, attempts were made (at the time of TERT
transduction) to try and grow the EC to clonal TERT+ line. This approach has failed; EC
are a notoriously difficult cell type to seed to a single cell dilution or even at low

confluency due to contact inhibition (Noseda et al., 2004).

Differences in TERT expression between the failed lines are observed, Lines 8 and 9
show an adequate TERT pro-viral copy number (Figure 3.10. B & C) however compared

to the other HUVEC donors, lower TERT expression. Reduced transgene expression could
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be due to epigenetic modifications such as the DNA methylation of CpG-rich regions
within the provirus, particularly the CMV promoter region (He et al., 2005; Kong et al.;
2009). Furthermore, the stable insertion of the provirus can have a significant impact on
transgene expression. For example, in a cell population with an integrated copy number
of >1 copy per target cell, such as the TERT+ line observed in Line 4 (Figure 3.10. C).
insertional mutagenesis and subsequent transgene instability can occur (Lui et al., 2008).
As subpopulation of cells undergo subsequent divisions, cells transmit this genetic
information, thereby with time it is possible for a loss of transgene expression
(Christodoulou et al., 2016). To investigate this, TERT expression was monitored in the
Line 4 TERT+ line at numerous passages throughout the entirety of its culture. As shown
in the quantitative data (Figure 3.11), TERT expression was lost during subsequent
passaging of the cells up to day 106. This progressive loss of TERT expression coincides

with the growth curve which eventually reaches a plateau (Figure 3.10 A).

Substantial TERT expression was observed in Lines 3 and 6 (Figure 3.10 A and C), despite
this both lines failed to immortalise. To check the failure of these cells is TL dependent,
this was explored in Line 6 (as this TERT+ grew longer in culture) (Figure 3.12 A and B).
Progressive TL shortening was observed in the TERT+ line. Due to insufficient time,
telomerase activity was not determined Line 6, but the TL measurements show telomere
lengths are not being maintained in these cells despite the presence of TERT (Figure 3.10
C). TERT may have been inhibited by post-transcriptional regulators such as endogenous
miR-128 which inhibits telomerase activity by directly targeting two sites within the
coding sequence of TERT mRNA (Guzman et al., 2018). This may part explain how there
is a substantial upregulation in TERT, however telomerase is not able to function to meet

the needs of TL length maintenance.
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Figure 3.10. A. Growth curves, TERT pro-viral integration data and TERT expression for Line 3, 4,
6, 8 and 9 parental (uninfected) and TERT+ cells showing a failure to immortalise the HUVEC
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copy number (derived by absolute quantification) is shown for Lines 3, 4, 6, 8 and 9 infected with
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3, 4, 6 ,8 and 9 determined using comparative quantification against the telomerase positive
cancer cell line K562 (mean+SD; K562 1.0+0.02, Line 3 114.7+3.28, Line 4 20+0.70, Line 6
107.543.93, Line 8 39.124+2.20 and Line 9 35.03+2.29 TERT expression relative fold change to
K562). All samples were normalised to a 36B4 housekeeper gene. Integrated TERT pro-viral copy
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Figure 3.11. Failure to immortalise HUVEC (loss of TERT expression). Line 4 TERT expression levels
relative to K562 determined by RT-qPCR from Day 19 post LV-TERT infection to Day 102. A progressive
loss of TERT expression was observed during prolonged culturing of the line. Mean+SD; Day 19
2040.71, Day 30 19.5%0.88, Day 40 20.5%0.93, Day 52 15.3+0.61, Day 66 12.8+0.17, Day 74 6.3£0.32,
Day 89 1.5+0.00, Day 102 0.5%0.24 and Day 106 0.3+0.01 TERT expression relative fold change to K562.

118



Population Doublings (PDs)

T/S

50 Line 6

#0 o0® *°® eoe © ¢
o ® oo
30 ~..qﬁ...
22¢
20 .. @ Parental
] ® TERT
10 s s
'S
™
0 @

0 10 20 30 40 50 60 70 80 S0 100 110 120 130

Time in Culture (Days)

5.00 @ Parental
4.50 .
4.00

350 1 el
3.00 e & o ..
250 | T o. .

........

2.00 oP-..... ,
150 | T L. S,
1.00 - e
0.50
0.00
0 5 10 15 20 25 30 35 40 45

14 @ TERT

Population Doublings (PDs)

Figure 3.12. Failure to immortalise HUVEC (telomere length shortening in the TERT+ line)
A. Line 6 Growth curve and B. Line 6 telomere length measurements across the culture from
Day 18 (post LV-TERT infection) to Day 122. As the growth of the cells eventually reached a
plateau at Day 74 (34 PDs) the telomere lengths continued to shorten.
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3.3.6 Successful Immortalisation of HUVEC using human TERT

Improved Growth Kinetics and bypass of replicative senescence

If we look at the growth kinetics of the successful HUVEC lines over time (Figure 3.13.
A), TERT+ cells in four lines (Line 1, 2, 7 and 10) showed a marked extension in growth
and surpassed 100 PDs, so were deemed as immortalised HUVEC (iHUVEC). All of the
lines showed successful pro-viral TERT integration (Figure 3.13. B) and TERT expression
(Figure 3.13. C). In the 4 immortalised lines, the addition of TERT increased the
replicative lifespan of these cells by >70 PDs (Figure 3.13. A) compared to un-transduced
parental cells. There are differences in the finite replicative lifespan of each of the un-
transduced control lines, with Line 2 growing the longest for 85 days (reaching a
maximum population doubling of 43). As the HUVEC are derived from different donors,
these differences could be due to the basal TL and rate of telomere attrition (as further
discussed later in this section). As time progressed all lines showed a linear growth rate
with minimal senescence levels, in contrast the uninfected control cells which eventually

stopped growing at 19.7-41.0 PDs and became senescent (Figure 3.14 A and B).

120



Population Doublings (PDs)

140 B. 1.0+

120 Line 1 .
10 3 o8] = —
80 ® Control g 1
60 o iHUVEC 0.6
40 §
140 %" 024
1;2 Line 2 /'/ -
0.0 T T T T T
80 c Control Linel Line2 Line7 Linel0
60 : 150+
40 R
20 %
0 5o 1004
v uo
140 3 5
120 Line 7 E‘ E
100 = 0
80 ﬁ “";’ >0
60 "_g
40 g
20 O T I
0 K562 Linel Line2 Line7 Linel0
120 Figure 3.13. Successful immortalisation of four HUVEC lines. A. Growth kinetics of
100 Line 10 ‘./" parental (un-transduced) HUVEC and immortalised HUVEC (iHUVEC) in Line 1, 2, 7
a0 '/‘ and 10 (grown under 5% oxygen). LV-TERT was transduced in all lines between Day
/.0 10 and 12. B. Integrated pro-viral TERT copy number (CN) determined by RT-qPCR
60 /‘ (meantSD; Line 1 0.67+0.05, Line 2 0.85+0.04, Line 7 0.81+0.05 and Line 10
40 0.81+0.07 CN). C. TERT mRNA expression determined by RT-qPCR (Line 1 88.4+2.27,
20 / Line 2 64.0+2.02, Line 7 129.14+7.3 and Line 10 54.94+1.79 TERT expression (relative
0 o fold change to kK562). Both the integrated copy number and TERT expression were
0 50 100 150 200 250 300 350 determined in the lines 8 days post LV-TERT infection.

Time in Culture (Days)

121



100+

. Control
BN TERT
2 80+
8
@
> _
B 60
W
o
-3
= 40
(U]
=
R 204
0_
Line 1 Line 2 Line 7 Line 10
Line 1 Control Line 2 Control

Line 1 iHUVEC

\ =

122

Figure 3.14 Immortalised HUVEC bypass senescence A.
Quantification of B-Gal positive senescent cells in parental
and iHUVEC lines (n=3) at the point where parental cells
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Gal staining used for quantification.
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Detection of High Telomerase Activity

TERT is the rate limiting catalytic component of the telomerase enzyme (Kim et al.,
1995), as we know TERT is expressed in the iHUVEC lines, experimental work was
performed to verify telomerase is active. A PCR-based telomerase activity (Feng et al.,
1997) detection assay known as TRAP (Telomeric Repeat Amplification Protocol) was
performed according to the methods described in 2.2.6 Telomerase Repeat
Amplification Protocol. The concept involves a simple two-step process, firstly
telomerase adds the nucleotides ‘AG’ in addition to a number of telomeric repeats
(GGTTAG) onto the 3' end of a substrate oligonucleotide (TS). The products are then

amplified by PCR using the telomerase substrate and reverse primers.

A ladder of telomerase products with 6 base increments starting from 50 nucleotides is
detected in the telomerase positive K562 control and in Lines 7, 1 and 2 and 10 showing
telomerase activity in the iHUVEC (Figure 3.15 A). For all the lines of interest, cell
equivalents (from 2500, 500 and 100) were serially diluted, the amount of telomerase
products (intensity of the bands) reflects this cell dilution in Line 7, 1 and 2. No
differences were observed between the 2500, 500 and 100 cell equivalents in Line 10
due to technical differences in loading the cell lysates. As expected, no telomerase
activity was detected in parental HUVEC. In all the iHUVEC lines, the level of telomerase
product in the iHUVEC lines was remarkably higher compared to the telomerase positive
cancer cell line K562, this finding corresponds to the substantial TERT expression

(relative to K562) in these lines (Figure 3.13 C).

Between the iHUVEC lines, at 2500 cell equivalents varying intensities of the telomerase
products can be observed. To further investigate this, the relative telomerase activity %
(RTA) was quantified by calculating the total product generated per reaction using
densitometry. RTA varied between donors (Figure 3.15 A and B) with the highest RTA in
Line 10 and lowest in Line 1. The difference in telomerase activity between donors gives
an idea of the TERT making it into the telomerase complex versus TERT being

sequestered elsewhere (Blackburn 2005).
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Figure 3.15 Telomerase Activity in iHUVEC. A. Telomerase activity detected in the whole cell
lysates of control parental HUVEC (-) (pHUVEC) telomerase positive cell line K562 (+), iHUVEC
cell Lines 7, 1, 2 and 10 at 2500, 500 and 100 cell equivalents. An assay negative control (Lysis
Buffer only, LB) was also included. Line 7* and 10 were run on a separate gel, hence Line 7 is
shown twice. The 35bp internal control (IC) is present for every lane to monitor PCR inhibition
and serves as a control for amplification efficiency for each reaction. B. Quantitative analysis
determined using densitometry. Relative telomerase activity in whole cell lysates of Line 7, Line
1, Line 2 and Line 10 iHUVEC expressed as a % normalised to Line 7 at 2500 cell equivalents.
Line 7 1.0£0.05 (n=2), Line 1 0.43, Line 2 0.81, Line 10 1.6710.12 (n=2).
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Growth rates and Telomere Length stabilisation
As telomerase activity was confirmed, next the TL was measured throughout the
entirety of both the parental and iHUVEC lines in culture. TL stabilisation was confirmed

in all the iHUVEC lines, compared to TL shortening in the parental cells of all lines.

In the parental cells the basal TL and subsequent TL shortening between individual
donors varies considerably, it would make sense that because of this parental cells for
each of the lines would reach replicative senescence at different population doublings
depending on the rate of TL shortening (Figure 3.16). If we look at the TL measurements
for parental Line 1, you would expect the cells to reach replicative senescence faster
based on a faster telomere attrition (Figure 3.16). However, this is not quite reflected in
the growth rates for this donor. Comparison of the TL shortening in the parental cells of
all donors shows a greater drop in TL is observed for Line 7 parental from 5-16 PDs (T/S
3.54 to T/S 1.90), which explains replicative senescence observed 17 days earlier
compared to Line 1 (Figure 3.16). This could be due to a number of reasons, the
telomere assay used in this study measures average TL in a cell rather than an individual
TL per chromosome per se. Whilst we assume that TERT will extend the shortest
telomeres and create relatively homogenous TLs across the chromosomes within each
cell, this was not investigated. Therefore senescence could have been triggered by
individual chromosomes reaching a critical TL, although the average TL may be higher.
Individuals may also maintain their TL differently based on genetics, leading to variance

in attrition rates.

Interestingly, the level of TL stabilisation between the four donors varied and this
corresponds with the level of telomerase activity detected (Figure 3.1.5 B and 3.16). In
Lines 2, 7 and 10 TL look promising for the generation of isogenic lines, the iHUVEC were
stabilised at a high level and the growth rate of the cells were maintained at ~2.2-2.6
PDs between each passage (Figure 3.16), thus allowing Cre excision and subsequent

growth and TL attrition to generate isogenic lines with different TL.
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Figure 3.16 Growth rates and telomere length measurements for control (uninfected) and iHUVEC. Growth kinetics (the accumulative population doublings (PDs)
against the time in culture) of parental (un-transduced) HUVEC and immortalised HUVEC (iHUVEC) in Line 1, 2, 7 and 10 (grown under 5% oxygen) are shown.
Telomere lengths were measured (by RT-qPCR) throughout the entirety of the culture for each of the donors.

126



The telomere length dynamics of the iHUVEC reflects the growth rates, for example in
Line 1 iHUVEC at 46 PDs the TL in this line increased from T/S 1.36 to its peak of 3.34
(Figure 3.16), increase growth rate was also detected. Although these cells have
surpassed 100PDs and continued growing in culture, from the point at which the TL
stabilise at a low level, the growth rate of the cells is reduced. To understand why Line
1 iIHUVEC stabilised with a short telomere length, the expression of TERT from cells at
103 PDs was determined. Figure 3.17 shows a 67-fold loss of TERT expression at mRNA
level in iIHUVEC (261 days post Lox-TERT transduction) compared to early TERT

transduced cells (10 days post Lox-TERT transduction).
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40+
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|
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Figure 3.17 TERT mRNA expression in Line 1 cells transduced with LV-TERT at Day 10 (6.3 PDs)
and Day 261 (103 PDs). TERT expression is quantified using real-time quantitative PCR (RT-qPCR)
and is shown as the relative fold change to K562. TERT expression decreased in the Line 1 cells
from Day 10 to Day 268. Mean%SD; K562 0.98+0.02, Day 10 TERT 88.4+2.3, Day 268 TERT
13.140.4 TERT expression (relative fold change to K562). For RT-qPCR of TERT expression, each
sample was assayed in triplicate (n=3).

Due to the loss of TERT expression and the low level of TL stabilisation in the Line 1
iHUVEC this line was no longer taken forward. Had there been more time to investigate
this, | would need to check whether this is a donor specific effect, an effect of the
insertion site(s) or whether this was a random occurrence. Cells would need to be re-
grown in culture from an earlier passage to see if the lines stabilised low again or
whether it would be possible for the cells to stabilise at a higher TL. Day 32 (20 PDs)
would be an ideal point to revive the cells as | observed a more linear growth and the

average TL was maintained by telomerase at a high level.
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Pro-viral Integration Analysis

As successful immortalisation has been achieved it is important to assess where the
TERT transgene has been integrated into the genome. As lentivectors randomly insert
into actively transcribing units of the host genome, endogenous gene expressions may
be disrupted (Desfarges & Ciuffi 2010), therefore it is necessary to characterise the
insert sites. Upon LV-TERT infection, initially there is a mixed population of both parental
and TERT+ cells. After extended culture it can be assumed that any TERT -ve cells have
undergone cell death and therefore have been removed from the population. In terms
of cell dynamics in culture, it is questionable whether the iIHUVEC population remain
heterogenous or have unintentionally become clonal during the prolonged culturing
period. A clonal cell population within the iHUVEC could be a potential implication to
this model system. For example, if the pro-viral TERT has narrowed to a single
integration then there may be a one or two insertion points of TERT incorporated within
the cell which may be detrimental to the cell. This could explain the effects seen
previously in the unsuccessful HUVEC lines (section 3.3.5 Establishment of further Lox-
TERT lines). One of the disadvantages of introducing a gene via the lentiviral gene
transfer system is a single integration could lead to changes in the expression of another
gene, which could then be responsible for any phenotype observed, rather than TERT.
Therefore, it was next sought to characterise the TERT pro-viral insertion site(s) of Lines
2, 7 and 10 iHUVEC to better understand whether such changes are being observed in

this model.

Lines 2, 7 and 10 iHUVEC were assessed for sites of TERT integration using the methods
described in methods 2.2.6 (Integration Site Analysis). In brief, viral integration libraries
consisting of adaptor-ligated genomic DNA fragments were constructed from the TERT
transduced HUVEC population using specific restriction enzymes (Dral, Sspl and Hpal).
The region of genomic DNA flanking the 5’ end of the viral integration site(s) were
amplified by primary PCR and a secondary ‘nested’ PCR. Figure 3.18 A shows the results
of the nested PCR reaction for each of the viral integration libraries. PCR products were
then excised from the gel and directly sequenced and analysed using NCBI BLAST
(Altschul et al., 1990) and UCSC Genome Browser (Kent et al., 2002).
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Figure 3.18 Pro-viral TERT Integration site analysis of Line 7, 2 and 10 iHUVEC. A. Gel
image (0.6% agarose gel) of secondary PCR products from three viral integration libraries
(as indicated below each lane) of TERT transduced iHUVEC (0.1ug/ul genomic DNA). A
control digest was performed on human genomic DNA transduced with lentivirus 0.1pg/ul)
which showed the expected fragment size of 700bp (Dral human control). B. Sequencing
Analysis of the secondary PCR products generated from the lentiviral integration libraries.
Pro-viral TERT singly integrated in Line 7 HUVEC at location Chr2g33, within an intron of
Family Member 4, Phocein (MOB4). Multiple pro-viral TERT integration events were
detected in Line 2, one at Chr10g23.31 within the intron of Phosphatase and tensin
homolog (PTEN) and LOC107987150 a sense intronic (non-coding transcript), at Chr8q24.3
within an intron of C8orf33 and at Chr20q11.22 within an intron of NCOAG6. A single pro-
viral TERT integration site was detected for Line 10 at Chr5q34 and is intergenic.
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Multiple integration sites within each line was expected, which would indicate a mixed
population, however very few are actually observed. Two lines (7 and 10) contained a

single integration, whilst three sites were found in Line 2.

Line 10 sequencing revealed a single integration within an intergenic region of Chr5q34
(Figure 3.18 A and B). Therefore pro-viral TERT integration should have minimal
consequence on host cell gene expression as it does not obviously disrupt an

endogenous gene (Ciuffi et al., 2016).

Multiple pro-viral integration events were detected in Line 2 (Figure 3.18 A and B). One
integration site is at Chr10g23.31 within an intron of phosphatase and tensin homolog
(PTEN) and downstream of an intronic non-coding transcript (LOC107987150). PTEN is a
known tumour suppressor gene and mutation of this gene has been shown to promote
angiogenesis, hyperproliferation and impair vascular remodelling (Suzuki et al., 2007).
This is a cause for concern as disruption of these gene could adversely affect EC function.
A second site was observed at Chr8qg24.3 within an intron of an uncharacterised gene
chromosome 8 open reading frame 33 (C8orf33) (Figure 3.18 B). A third integration was
identified at Chr20g11.22, within an intron of nuclear receptor coactivator 6 (NCOA6), a
multifunctional gene involved in transcription, cell survival, growth and development
(Mahajan & Samuels 2008).There was insufficient time to take this line further as it
would first be necessary to confirm whether it was multiple insertions into the same cell
or a mixed population. It would need to be assessed whether the viral integration
influences expression and/or splicing of PTEN, C8orf33 or NCOA6. The copy number data
for Line 2 (Figure 3.13 B 0.8 copies of TERT/cell) would suggest a mixed population, in
which case clonal lines can be isolated for each of the three integration sites, lines where

endogenous gene expression is not altered can be carried forward.
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Line 7 also showed a single integration at location Chr2q33, within intron 5 of Family
Member 4, Phocein (MOB4) (Figure 3.18 A and B, Appendix S2). MOB4, also known as
hMOB3 directly binds to sterile 20-like kinase 1 (MST-1) in response to apoptotic stimuli,
to negatively regulate apoptotic signalling. As this protein is over-expressed in
Glioblastoma Multiform, it may be involved in promoting tumour growth (Tang et al.,
2014). The integration of TERT within MOB4 may be an implication to the model as this
may exert toxic effects on the cell, particularly as the protein is a negative regulator of
the apoptosis signalling pathway. Therefore, it was necessary to check the endogenous
expression levels of MOB4 in both un-transduced and the iHUVEC lines. As shown in
Figure 3.19), levels of MOB4 remained unchanged upon integration of the TERT provirus
confirming integration has no confounding effect on the level of endogenous MOB4
expression. The primers for gene expression analysis were designed to bind exons either
side of the integration point, so that if splicing was disrupted this would be detected . If
splicing of intron 5 was inhibited either additional products and / or a reduction in the
spliced transcript would be detected, neither of which were seen. Therefore, taking this
line forward, it can be reassured any phenotypes observed are not due to an effect of

TERT integration on MOBA4.

The DL-3 integration library showed a smear of high molecule weight material at ~6kb
(Figure 3.18 A). The presence of the smear is potentially due to a diminished suppression
PCR effect (Siebert et al., 1995). As shown in Appendix S3, the adapter sequence
template size of DL3 is unexpectedly extended and forms panhandle DNA structures.
This could be due to an incomplete amine modification or incomplete adaptor ligation.
During PCR, the intramolecular annealing event of adaptor primer to sequence is
favoured to these structures over the ‘normal’ adaptor primer to the adaptor sequence
which in essence suppresses the PCR (Siebert et al., 1995). The diminished PCR effect
does not mean that products obtained with DL-1 and DL-2 are not correct, since

redundancy is a part of the assay.
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Figure 3.19 MOB4 gene expression in control (un-transduced) and TERT+
transduced (iHUVEC) cells. MOB4 expression was quantified in the un-transduced
and TERT+ iHUVEC cells (n=3) using RT-gPCR. For the comparative quantification
analysis, levels of MOB4 in iIHUVEC were calibrated to the control cells. Levels of
MOB4 are no different in both the control (untransduced) and TERT+ transduced
iHUVEC (control 1.0+0.01 versus iHUVEC 0.95+0.02).
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iHUVEC maintain the phenotypic expression of endothelial cell specific markers

Previous studies have reported prolonged constitutive expression of telomerase in
TERT+ immortalised cells favoured the development of a pre-malignant transformation
of endothelial cells (Kan et al., 2012; Takano et al., 2008). Therefore, it was necessary
to verify the immortalised endothelial cell lines maintain an endothelial cell phenotype.
To further characterise the lines, it was necessary to firstly verify the detection of gene
expression of endothelial cell specific markers on one of the iHUVEC lines. Baseline
expression of von Willebrand factor, CD34 and CDH5 (encodes VE-Cadherin) are
regarded as key endothelial markers (Lin et al., 1995; Cines et al., 1998). Expression of
the four markers was detected in both iHUVEC and parental cells at an mRNA level for
all experimental lines, an example gel image for Line 7 is shown in Figure 3.20 A. It was
next sought to quantify the protein expression of endothelial cell surface markers
present at the cell surface of all the iHUVEC lines. The cell adhesion molecules CD31 (PE-
CAM1), CD144 (VE-Cadherin) and cell surface antigen CD109 (VEGFR-2) are established
markers of endothelial cells (Lampugnani et al., 1992; Carmeliet et al., 1999; Flores-
Nascimento et al., 2015), all were detected in both parental and iHUVEC at similar levels

(Figure 3.20 B).

Taken together these findings confirm the iHUVEC maintain their endothelial phenotype

at both a gene expression and protein level.
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Figure 3.20 iHUVEC phenotypic profiling to normal HUVEC. A. Gene expression markers CD34, CDH5, KDR and vWF detected by PCR in early passage
parental HUVEC (< 10 days in culture), TERT+ HUVEC (< 10 days in culture) and iHUVEC of Line 7. B. Flow cytometric detection of endothelial cell surface
markers CD31, CD109 and CD144 in early passage parental HUVEC (<10 days in culture) and iHUVEC (between 103 - 106 PDs). Mean fluorescence intensity
was calculated from histoplots and is shown normalised to either human isotope Ig G-APC or Ig G-APC control (to check the background level of non-
specific antibody) (Appendix $4)). No data is shown for CD309 expression in Line 1 due to technical errors in the procedure.
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3.3.7 Ability to generate isogenic lines of varying telomere lengths from immortalised
HUVEC.

Upon successful immortalisation of the HUVEC lines using TERT, the next stage was to
experimentally isolate isogenic cell lines with short and long telomere lengths. In order
to achieve this, the TERT transgene is excised using Cre recombinase. Our system relies
on the introduction of the TERT vector in a configuration where upon reverse
transcription, the U3 region of the 3’LTR is duplicated and LoxP sites are flanked on
either side of the integrated TERT provirus (Salmon et al., 2000). Both LoxP site are
recognised by Cre recombinase allowing for the complete excision of the LTR cassette
and subsequent removal of the TERT transgene (Westerman et al., 1996; Salmon et al.,
2000). The remaining LoxP site is transcriptionally inert which is important in the
establishment of this model system. As this ensures the site is not incorrectly recognised
as a cryptic LoxP site, which have been shown to serve as non-specific recognition sites

for Cre recombinase (Thyagarajan et al., 2000; Semprini et al., 2007).

Transient Cre expression is not sufficient to excise Lox-TERT

To excise TERT, Cre (pCre-pac) was first transiently transfected into iHUVEC as this has
been shown successful in other studies (O’Gorman et al., 1997; Stadler et al., 2013). As
described in section 2.2.6 (Lentiviral infection in host cell), Cre was transfected (for
72hours) into a population of Line 7 iHUVEC. Although this plasmid has been successfully
utilised in other studies and within our lab, no reduction in TERT expression was
observed (Figure 3.21). Using transient transfection, Cre delivery was of a poor
efficiency. Endothelial cells are notoriously difficult to transiently transfect, therefore to
enable TERT removal, a viral Cre (pLOX-CW-CRE) was delivered to the cells via a lentiviral

approach (Cudre-Mauroux et al., 2003; Kang et al., 2013; Lim et al., 2010).
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Figure 3.21. Addition of Cre recombinase by transient transfection does not
remove Lox-TERT. TERT expression (relative to K562) was determined by real-
time quantitative PCR in iHUVEC (n=3) and iHUVEC transiently transfected
with a Cre plasmid (n=3). No reduction in TERT is observed after transfection
with Cre (K562 1.0+0.1, TERT 18.52+1.3, TERT +Cre 18.03+1.8).
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Lentiviral Cre-mediated ablation of TERT expression and telomere length
shortening in test excision (Line 7)

To establish the experimental conditions to set-up the creation of isogenic lines of
long and short TL, it was first necessary to perform a test infection using viral Cre
in the iIHUVEC. According to the methods described in section 2.2.1 and 2.26, a
subculture of Line 7 iHUVEC were isolated post 100 PDs and transduced with
lentiviral Cre. Notably, no cellular toxicity was observed upon the addition of viral
Cre. For the conditional ablation of any unexcised cells, the excised line was
subjected to a 7-day course of Acycloguanosine (ACG) (10ug/ml) treatment and
the cells were maintained in culture. This isogenic line is termed Excision 1 (Ex1).
TERT removal was verified and consequently no telomerase activity was detected
in the excised line (Figure 3.22 A & B). To confirm the generation of this isogenic
subclone was due differences in TL dynamics (compared to the iHUVEC clone), the
TL lengths were measured in the excised line throughout the entirety of the
culturing period from 108—174 PDs. The telomere length analysis shown on Figure
3.22 C shows subtle telomere length shortening was observed during this period,
the telomere lengths dropped from T/S 3.8-1.36. The activity of telomerase was
abolished upon TERT removal, therefore there was a failure for telomerase to
maintain the TL in the excised subclone. In order to achieve both long and short
TL isogenic lines it was important to assess the growth kinetics of the excised
clone. The timing of the second excision for the generation of the long TL clone is
critical so that the first excised line is still viable and will not have undergone
sufficient TL attrition to reach replicative senescence / growth arrest. According to
the telomere length data of the test infection, a gap of ~20days was considered

optimal for creation of the experimental lines.
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Figure 3.22 Successful removal of TERT from iHUVEC following the viral
Cre test excision. A. Complete TERT removable in the Ex (Day 10 post Cre
excision). B. Telomerase activity in K562 (positive control), Line 7 parental
HUVEC, iHUVEC, +Cre excised subclone (Day 15 post Cre excision) whole
cell lysates at 2500, 500 and 100 cell equivalents. The negative control
(lysis buffer only, LB) is clear of bands. As telomerase is a heat-sensitive
enzyme, heat treated (A) K562 (85°C) was performed as a negative
control which is also clear of bands. The 35bp internal control (IC) is
present for every lane to monitor PCR inhibition and serves as a control
for amplification efficiency for each reaction. No detectable telomerase
activity is seen in the parental and Cre excised lines. Telomerase activity
is observed in K562 (+control) and iHUVEC. C. TL measurements of the
iHUVEC (from 55.2 — 207 PDs) and Ex1 isogenic subclone (from 108 PDs
to 174 PDs). All test samples were calibrated to K562 gDNA.



Test infection — Line 10

Three iHUVEC lines, which had been seen to show stabilised TL (Lines 2, 7 and 10)
(section 3.3.6) were taken forward for functional experiments, with the aim to observe
a consistent effect across three different donors. This would allow for any potential
donor specific effects to be ruled out.

As discussed previously (section 3.3.6), Line 10 iHUVEC looked promising for the
generation of isogenic lines as the TL of the iIHUVEC were stabilised at a high level (Figure
3.13). Therefore, an initial infection of viral Cre (MOI of 100) was performed on Line 10
iHUVEC at day 227 (109 PDs). To verify whether the first excision had worked, cDNA
from K562 (telomerase positive), Line 10 iHUVEC and the Line 10 Cre excised line were
assayed by PCR for the presence or absence of TERT mRNA. PCR products were run on
a 1.5% agarose gel. The gel image confirm the TERT excision was successful (Figure 3.23).
There was insufficient time to take this line forward within scope of this thesis, although

there are future plans to continue work with this line.
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Figure 3.23 TERT expression in Line 10 immortalised HUVEC excised with Cre at
109 PDs. TERT expression (analysed by PCR) is observed in the telomerase positive
cancer cell line K562 (which served as a positive control) and Line 10 iHUVEC.
Complete TERT removal was confirmed at 10 days post Cre excision. TERT PCR
products were run on a 0.6% agarose gel.
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3.4 Conclusion

To investigate the biological mechanism by which shorter TL is causal to CAD, the aim of
this project is to explore the effect of telomere length dynamics on the atherogenic
potential of endothelial cells. The first aim is to generate isogenic lines of short and long
telomeres. The immortalisation of human primary HUVEC using exogenous TERT is
necessary for this process. This model system was based on an established technique
where the controlled expression of a TERT transgene has been used successfully to

immortalise myoblasts (Stadler et al., 2011; 2013).

Findings show TERT was successfully integrated in the genome of one HUVEC donor,
Line 7, and substantial TERT expression was observed at both RNA and protein level
compared to parental HUVEC. Unexpectedly, both the parental and TERT+ line
underwent TL shortening, the parental cells ultimately stopping growing and reached
senescence whilst the TERT+ cell population continued growing in culture. Premature
stress induced senescence is known to be caused by stress inflicted by prolonged
culturing conditions in primary cell lines (Herbert et al., 2002) therefore it is possible the
parental cells were undergoing stress-induced rather than replicative senescence.
Under oxidative stress conditions, such as mild hyperoxia, TERT has been reported to
translocate from the nucleus to the mitochondria (Haendeler et al., 2009; Haendeler et
al., 2004; Santos et al., 2004) where it exerts protective effects such as reducing
mitochondrial DNA damage (Ahmed et al., 2008; Haendeler et al., 2008). Therefore, it
can be postulated, it is due to this protective effect that the TERT+ cells outlived the
parental cells, however immortalisation has not been achieved as this is TLindependent.
Along with our findings, one study has also confirmed the over-expression of TERT in
endothelial cells does not prevent telomere loss in standard culture conditions and the
authors found TL is maintained when cells were grown at 5% O, (Napier et al., 2010),
therefore it is possible that atmospheric Oz can induce cellular stress. Additionally,
studies have shown primary cells grown at 5% O, show a 20-50% increase in PDs (Betts

et al., 2008; Martin et al., 2004).
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Therefore, to establish the experimental endothelial cell model, cells were maintained
in culture at 5% O,. Line 7 stocks of both parental and TERT+ cells were revived from
the earliest point in culture and maintained. Following this approach, parental cells
entered growth arrest, TERT+ cells exceeded 100 PDs showing no diminution in growth
rate and can therefore be classified as ‘immortal’ (Yang et al., 1999; Morales et al.,

2003). The immortalised cells showed TL lengthening followed by stabilisation.

To ensure any functional data derived from the model is not donor specific, a further 8
donors were subjected to the immortalisation process. Although 5 of the donors failed
to immortalise, differences in pro-viral TERT copy number and TERT expression were
observed in the unsuccessful lines. For one of the failing lines a downwards trajectory in
TERT expression with increasing number of days post lentiviral TERT infection was
observed. Epigenetic modifications such as DNA methylation may influence the
transgene TERT expression (Kong et al., 2009), particularly as the promoter region for
TERT harbours a high GC content (Lu et al., 2009). However, due to the prolonged
culturing of the cells, it is possible because of clonal succession (Kay 1965), the un-
transduced cells within the mixed population are outgrowing the TERT+ cells thereby

‘diluting’ out the effects of the transgene.

3 single HUVEC donors (Line 2, 7 and 10) successfully immortalised upon the addition of
lentiviral TERT, all iHUVEC showed substantial TERT expression. High telomerase activity
was detected in all of the immortalised lines, ultimately TL stabilization was observed
and the detection of CD31 (PE-CAM1), CD144 (VE-Cadherin) and the cell surface antigen

CD109 (VEGFR-2) show the immortalised lines maintain an EC phenotype.

Most interestingly, the quantitative data show differences in the level of telomerase
activity; with the order of activity (highest first) in Line 10, 7, 2 and lowest in Line 1. The
difference in telomerase activity between donors gives an idea of TERT making it into
the telomerase complex versus TERT being sequestered elsewhere (Blackburn 2005).
However, there may be other factors contributing to this. As observed previously with

the unsuccessful lines, the cell lines are heterogenous, it may be at an earlier point in
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culture the un-transduced cells dominated the TERT+ cells and we are observing the
effects. This is more reflective in the TL analysis of the immortalised cells during the
entirety of culture. Compared to Line 2, 7 and 10, the growth kinetics of Line 1 is oblique,
although the cells surpassed 100PDs, the TL stabilised at a low level, at which point the
growth rate of the cells was reduced. This coincided with a loss of TERT expression at
mRNA level in the iHUVEC, again reflecting how inadvertently the Line 1 cell population
may have become clonal. Lines 2, 7 and 10 TL look promising for the generation of
isogenic lines, the iIHUVEC were stabilised at a high level and the growth rate of the cells

were maintained.

As differences during the immortalisation process were observed between the donors,
it was necessary to further analyse the site of pro-viral TERT integration in the genome
of the iIHUVEC as this would provide further insight on whether the line is of a mixed cell
population or whether the lines are clonal. Upon infection with pro-viral TERT, all the
iHUVEC lines exhibited a single copy of the lentiviral provirus, which adjusted for any
small differences in MOI used when transducing the target cells. Although it was
expected to see multiple integration sites within in each line, (which would indicate a
mixed population) very few were actually observed. Multiple pro-viral TERT integration
events were detected in Line 2 at 3 sites; one at Chr10g23.31 within the intron of PTEN,
at Chr8q24.3 within an intron of C8orf33 and at Chr20q11.22 within an intron of NCOAS6.
As evidence of pro-viral TERT integration into PTEN, a gene involved in cell angiogenesis,
hyperproliferation and impair vascular remodelling (Suzuki et al., 2007) and NCOAS6, a
multifunctional gene involved in transcription, cell survival, growth and development
(Mahajan & Samuels 2008) is observed, disruption of either of these genes could be
deleterious to the cell. There was insufficient time to take this line further as it would
first be necessary to verify whether it was multiple insertions into the same cell or the
effects of a mixed population. It would also need to confirmed whether the viral
integration influences expression and/or splicing of PTEN, C8orf33 or NCOA6 compared
to un-transduced Line 2 HUVEC.
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Two of the Lines (7 and 10) contained a single integration, this was within MOB4 (at
Chr2g33) in Line 7 and an intergenic region (at Chr5g34) in Line 10, suggesting in the
lines a single clone has become dominant within the population over time. One of the
consequences of viral integration in the host cell is insertional mutagenesis which effects
the host genome integrity and may cause subsequent cell death or cell proliferation
depending on the function of the gene disrupted (Cuiffi et al, 2016). In Line 7,
endogenous expression levels of MOB4 in both un-transduced and the iHUVEC remained
unchanged upon integration of the TERT provirus, therefore, taking this line forward, we
can be reassured any phenotypes observed are not due to an effect of TERT integration
on MOB4. To avoid random integration of the TERT provirus into the host genome, the
use of a safe harbour locus AAVS1 would be beneficial for this model. The AAVS1 located
on the human chromosome 19 (locus PPP1R12C) are transcriptionally active regions
with an open chromatin configuration (DeKelver et al., 2010). Therefore, transgene

insertion within this locus has no or minimal effect on global or local gene expression

The generation of the isogenic lines of long and short TL utilises the Cre-Lox system
(Salmon et al., 2000). Initial attempts at excising TERT using a transient Cre failed,
therefore a viral Cre was delivered to the cells via an established lentiviral approach
(Salmon et al., 2000, Cudre-Mauroux et al., 2003; Lim et al., 2010). A test Cre infection
was performed with Line 7, this was followed by an anti-viral Acycloguanosine therapy.
Acycloguanosine treatment ensured any remaining non-excised cells within the mixed
population were eliminated (Salmon et al., 2000). No cellular toxicity was observed upon
the addition of viral Cre, TERT removal was verified and telomerase activity was
completely abolished in the excised line. Subtle telomere length shortening was
observed and the excised line reached replicative senescence. The timing of this process
is critical, as it is paramount prior to the second excision the first excised line is still viable
and had not undergone sufficient TL attrition to reach replicative senescence. According
to the data from this experiment, a gap of ~20days was considered optimal for the

creation of the experimental lines of long and short TL as discussed in the next chapter.
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CHAPTER 4

CHALLENGING ISOGENIC CELL LINES OF SHORT AND LONG
TELOMERE LENGTHS WITH PRO-ATHEROGENIC STRESS TO
ASSESS ENDOTHELIAL DYSFUNCTION

4.1 Introduction

To understand how telomere length may influence coronary artery disease risk it is
important to establish the biological mechanism by which telomere length may
influence atherogenesis. The hypothesis is TL may influence the earliest stage of this

process, endothelial dysfunction (ED).

Endothelial cell activation is induced by local systemic proinflammatory cytokines,
including TNF-q, this triggers the plethora of molecular mechanisms associated with ED.
eNOS downregulation leads to a reduction in the bioavailability of nitric oxide (NO),
which is associated with changes in expression of the cell adhesion molecules vascular
cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and/or
E-selectin (Tiefenbacher et al., 2001; Carreau et al., 2011). The upregulation of these cell
adhesion molecules has been shown to support the pro-inflammatory status of the EC
and subsequently affects monocyte adhesion to the endothelium (Galkina et al., 2007;

Cejkova et al., 2016).

Studies to date have focused on investigating endothelial dysfunction in the presence of
severe telomere dysfunction (telomere uncapping due to loss of TRF2). These vascular
cells exhibit a pro-inflammatory state (increase in ICAM-1 adhesion molecule
expression, reduction in eNOS activity) and have shown phenotypic changes associated
with senescence (van Steensel & Smogorzewska 1998; Minamno et al., 2002; Karlseder
et al., 1999). Together with the evidence that in-vivo senescent EC exist in human
atherosclerotic lesions (Minamino et al., 2002), these studies have postulated that

functional changes resulting in senescent endothelial cells in-vivo may play an important
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role in the pathophysiology of disease. However, severe telomere dysfunction does not
reflect a more gradual telomere length loss over time or the small inter-individual

differences in TL associated with disease risk.

The research question is whether endothelial cells with short TL, with or without
activation using a pro-inflammatory stimulus, exhibited higher levels of endothelial
dysfunction compared to cells with a long TL. If so, is this effect driven through the

induction of cellular senescence.

To explore the proatherogenic potential of endothelial cells with subtle changes in long
and short telomere lengths, it is first necessary to isolate the effects of telomere length
from other confounding factors. Chapter 3 discussed the generation of Lox-TERT primary
human endothelial cell lines and the successful isolation of an isogenic lines showing
progressive TL shortening. This chapter explores the creation of isogenic cell lines with
short and long telomere lengths in primary HUVEC and investigates whether such
differences in telomere length (in HUVEC lines maintained for the same length of time
in culture) are attributed to changes in endothelial cell function in response to

proatherogenic stimuli.

4.2 Methods

4.2.1 Creation of isogenic lines

The initial establishment of the model to create isogenic EC lines of varying telomere
lengths is discussed in the previous chapter (3.3.7 Ability to generate isogenic lines of
varying telomere lengths from immortalised HUVEC). Following the success of the
model, a subculture of Line 7 iHUVEC were isolated at 102-106 PDs and transduced
(using an MOI of 100) with lentiviral Cre according to the protocol outlined in methods
2.2.6. The excised line (Ex 1) was subjected to a 7-day course of Acycloguanosine
(10pg/ml) treatment. A second excision (Ex 2) was performed on the iHUVEC at a later
time point after ~20 days at 119-121 PDs. This second excision line was subjected to a
7-day course of Acycloguanosine (10ug/ml). The following methods were performed to

validate the isogenic lines.
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Validation of TERT removal
Removal of TERT was confirmed by assessing TERT mRNA expression (as described in
2.2.6 Real-time quantitative PCR) and telomerase activity by TRAP assay (2.2.6

Telomerase Repeat Amplification Protocol).

MOB4 gene expression
MOB4 gene expression was quantified on both the short and long isogenic using real-
time gPCR according to the methods described in (methods 2.2.6, Real-time

quantitative PCR)

CD309 (VEGFR-2), CD144 (VE-Cadherin) and CD31 (PECAM-1) protein expression
analysis by flow cytometry

FACS analysis was performed to detect the surface expression of endothelial specific
proteins CD309 (VEGFR-2), CD31 (PECAM-1) and CD114 (VE-Cadherin) on the Ex1 and
Ex2 isogenic lines at 141-147 PDs. A detailed method section is provided in (methods
2.2.9).

4.2.2 Functional experiments

Challenging the isogenic lines with proatherogenic stimuli to assess endothelial function.

For the functional experiments, subcultures of Ex1 and Ex2 lines taken between 141-147
PDs were either stimulated with human recombinant TNF-a (10ng/ml) for 24 hours or
remained untreated (basal). 10ng/ml| TNF-a treatment for 24 hours was shown optimum
in the preliminary concentration and time-course treatment studies. Post TNF-a
treatment the following EC functional assays were performed; ICAM-1, E-SELECTIN and
eNOS gene expression was quantified by real-time gPCR, ICAM-1 protein expression
analysis was quantified by flow cytometry (according to the methods described in
(methods 2.2.9), cell adhesion assay of THP-1 blood monocyte binding to HUVEC
(methods 2.2.8). The senescent status of the Ex1 and Ex2 lines was verified between
144-151PDs using a B-galactosidase in situ assay for cellular senescence (Dimri et al.,

1995).
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4.3 Results

4.3.1 Experimental HUVEC isogenic lines with long and short telomeres
As shown in the previous chapter, Line 7 iHUVEC showed TL attrition upon TERT removal
by viral Cre addition. Experiments to investigate the physiological effects of TL on ED

were initiated using this line.

In order to show a consistent and reliable result, this procedure was performed on three
separate occasions to produce three experimental sets of isogenic long and short TL
lines. Notably, the excisions were consistent between experiments; the first excision
(Ex1) was performed between 102-106 PDs and the second excision (Ex2) at 119-121
PDs. The excised cells were cultivated for the same length of time within each
experiment and approximately had the same length of time between experiments,
which equated to between 141-147 PDs. Figure 4.1 confirms complete TERT removal
post excision (Figure 4.1 A) and telomerase activity in both of the excised sublines

(Figure 4.1 B) showing the complete removal of TERT at both RNA and protein level.

For the functional experiments, subcultures of the Ex1 and Ex2 lines were purposely
selected so that both isogenic lines had been subjected to the same length of time in
culture. This was to eliminate any additional confounding factors associated with the
prolonged culturing conditions. Prior to investigating any functional effect of the
isogenic lines, it was necessary to determine the actual telomere lengths of the lines.
The telomere lengths were measured for the excised lines and the average TL for the
Ex1 isogenic line was shorter than that for the Ex2 isogenic line (T/S 2.39+0.37 vs
4.01+0.31). The TL for parental Line 7 HUVEC determined at the initial culturing period
of the Line (at 4 PDs) was T/S 3.76. Therefore it can be assured, compared to the parental
cells, the Ex1 excised line has a shorter TL and the Ex2 line has a longer TL. This confirms
the experimental isogenic lines are different in their TL prior to the functional analysis
experiments. For the remainder of this chapter the lines will be termed as short TL

(previously Ex1) and long TL (previously Ex2) respectively.
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MOB4 expression in isogenic lines with long and short telomeres

Previous data was shown for this donor where pro-viral TERT integrates at a single
integration site at Chr2g33, within an intron of MOB4 (section 3.3.6, Figure 3.18),
further analysis showed levels of MOB4 remained unchanged upon the integration of
TERT in iHUVEC compared to parental (un-transduced cells) (section 3.3.6, Figure 3.19).
Therefore the use of viral Cre, hence a second integration event, also has no effect on
MOB4 expression in either of the short and long TL line relative to iHUVEC (Figure 4.2).
This means any phenotypes observed during the functional experiments are not due to

an effect of Cre integration.

Phenotypic profiling of isogenic lines with long and short telomeres

In the previous chapter it was shown HUVEC immortalised using lentiviral TERT,
maintain an endothelial cell phenotype at both RNA and protein level (Figure 3.20 A and
B). Integrating viruses can carry the risk of insertional mutagenesis and subsequent
malignant transformation (Mikkers et al., 2003). Therefore prior to carrying out the
functional experiments, it was necessary to verify whether the integration of the second
virus (Cre) potentially affects the endothelial cell phenotype. The protein expression of
the endothelial cell surface markers, CD309 (VEGFR-2) and CD114 (VE-Cadherin) on both
short and long isogenic lines were comparable to parental HUVEC (Figure 4.3). The
protein expression of CD31 (PECAM-1) was 2.7 fold higher in the short TL line (35.5) and
3.0 fold higher (39.6) in the long TL line compared to parental HUVEC (13.2). At this
stage, it was important to detect whether or not the isogenic lines of different TL show
CD31 expression. Had there been more time, further work is required to investigate the

observed differences between the level of CD31 in the Cre excised lines versus parental.

The findings observed show the isogenic lines show a true endothelial cell phenotype
and have not undergone any cellular transformations during the process of reversible
immortalisation. Once the endothelial cell phenotypic profiling of the isogenic lines was
confirmed, the next stage was to examine the functional effect of the HUVEC isogenic

lines with short and long TL.
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Figure 4.1. Creation of experimental isogenic lines with short and long telomere lengths. A. TERT expression was detected by RT-qPCR and products
from cDNA amplification were run on a 1.5% agarose gel. Complete TERT removal is shown in the Ex1 (Day 10 post Cre excision) and Ex2 (Day 8 post Cre
excision) isogenic lines. B. Telomerase activity in Line 7 parental HUVEC, iHUVEC, Ex1 isogenic line (Day 15 post Cre excision) and Ex2 isogenic line (Day
13 post Cre excision). iHUVEC is included as a positive control. No detectable telomerase activity is seen for either excised line. The negative control
(lysis buffer only, LB) is clear of bands. The 35bp internal control (IC) is amplified by the TS primer and is present for every lane to monitor PCR inhibition
and serves as a control for amplification efficiency for each reaction.
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Figure 4.2 MOB4 gene expression in IHUVEC and short and long TL lines. MOB4
expression was quantified in Line 7 iHUVEC, short and long TL cells using RT-qPCR.
Quantification for samples is relative to housekeeper 36B4. For the comparative
guantification analysis, levels of MOB4 in the short and long TL lines were
calibrated to iHUVEC. No differences in expression levels of MOB4 were observed
between the iHUVEC, short and long TL lines. MeanzSD; iHUVEC 1.0£0.03, Short TL
line 0.9940.42, Long TL line 0.9210.19).
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Figure 4.3. Phenotypic profiling of isogenic lines compared to parental HUVEC. Flow cytometric detection of endothelial cell surface markers CD31
(PECAM-1), CD309 (VEGFR-2) and CD144 (VE-Cadherin) in parental HUVEC, Ex1 (long) isogenic line and Ex2 (short) isogenic line (both lines are between
141-147 PDs). Human isotope Ig G-APC or Ig G-FITC controls were included for each run to check the background level of non-specific antibody. The Mean
Fluorescence Intensity (MFI) of the logarithmic histoplots (showing a normal population (Appendix S$5) was calculated using the median (this was done
independently for CD309, CD31 and CD114). Comparable levels of CD31, CD309 and CD144 protein expression is observed in the parental (untransduced)
HUVEC and long and short TL lines.
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4.3.2 Increased ICAM-1 and E-SELECTIN gene expression at basal level in the short TL
clone

To test our initial hypothesis of whether upon proatherogenic stimulation differences in
endothelial function are observed in isogenic lines with short and long TL, cells were
challenged with TNF-a (10ng/ml). Treatment with TNF-a was for 24 hours to evoke
endothelial cell activation, this was compared to untreated cells in order to assess basal
expression levels. The concentration of TNF-a (10ng/ml) and time of treatment (24
hours) was chosen as this elicited a maximum response in the gene expression of ED
markers during the preliminary experiments. Several genes have been reported to be
induced in endothelial dysfunction including ICAM-1, E-SELECTIN and eNOS (Minamino
et al., 2002, Kahn et al., 2017). mRNA expression of these endothelial dysfunctional

markers were quantified by real-time quantitative PCR, as shown in Figure 4.4.

No notable differences were observed in eNOS expression at basal and upon treatment
(Figure 4.4 C and F). During type Il activation of EC, the suppression of eNOS expression
by TNF-a is time-dependent (hours). During this inflammatory response, a reduction in
eNOS promoter activity has been observed after 8 hours of TNF-a exposure (Anderson
et al., 2004). This may explain why no changes were observed between the short and
long TL lines, the 24h treatment window may be prolonged to see an effect in response

to TNF-a treatment (which for eNOS may be acute during inflammation).

Interestingly, findings show the expression of ICAM-1 was higher at basal in cells of the
short TL isogenic line compared to cells of the long TL line (Figure 4.4 A). There was also
increased expression of the cell adhesion molecule E-SELECTIN at basal in the short LT
cells (Figure 4.4 B). As expected, upon treatment with TNF-a, there is an increase in the
expression of ICAM-1 (short TL basal 1.0 versus TNF-a 11.89%+4.17, long TL basal
0.60%0.20 versus TNF-a 10.38%+4.43) and E-SELECTIN (short TL basal 1.0 versus TNF-a
81.36168.91, long TL basal 0.73%+0.28 versus TNF-a 59.93+30.53) and decreased
expression of eNOS (short TL basal 1.0 versus TNF-a 0.80+0.06, long TL basal 1.07+0.21
versus TNF-a 0.8740.19), confirming both the short and long isogenic EC lines are

dysfunctional upon pro-atherogenic stimulation.
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Despite the differences observed in the expression of ICAM-1 and E-SELECTIN between
the short and long TL lines at a basal, upon TNF-a treatment this effect is diminished

(Figure 4.4 D and E).

4.3.3 Increased ICAM-1 gene expression in response to TNF-a stimulation

To investigate whether the effects of ICAM-1 and E-SELECTIN expression in the short and
long TL isogenic lines are driven by the differences observed at baseline or whether
differences observed are independent of this, the fold increase (upon TNF-a stimulation)
of each of the endothelial dysfunctional markers in both lines were compared. The fold
increase varied between experiments; ICAM-1 short versus long 10.6 v 18.7 (experiment
1), 8.2 v 13.5 (experiment 2), 16.8 v 22.8 (experiment 3), and E-SELECTIN short versus
long 55.0 v 104.0 (experiment 1), 21.0 v 53.2 (experiment 2) and 170.0 v 80.4
(experiment 3). To take experimental differences into account, the fold change was
standardised to that of the TNF-a treated short TL for each experiment (Figure 4.5). For
this analysis, no differences were observed in the E-SELECTIN and eNOS between short

and long TL lines (Figure 4.5 B and C).

As previously shown, ICAM-1 expression is higher at basal in the short TL line compared
to the long TL line (Figure 4.4 A). This would suggest in the long TL line, there would be
greater response to TNF-a stimulation (in terms of fold change) compared to the short
TL cells in order to reach the maximum response (elicited by the short TL line at basal).
As expected, there is a higher upregulation in the long TL line was observed upon TNF-

o treatment (Figure 4.5 A).

4.3.4 lIsogenic lines with short telomere length show increased protein expression of
ICAM-1 at the cell surface.

As a difference in ICAM-1 gene expression between the isogenic lines was observed at a
basal level, it was next explored whether this was observed at a post-transcriptional
level by quantifying ICAM-1 protein expression. ICAM-1 encodes a cell surface
glycoprotein expressed on EC and is recognised by monocytes for the migration of

monocytes across the endothelium (Meerschaert et al., 1995; Vlassarav et al., 1995),
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therefore, a flow cytometry assay was used to detect ICAM-1 protein expression at the
cell surface. Quantification of the flow cytometric analysis confirmed an increased in
basal ICAM-1 protein expression in the shorter TL clone (0.31 fold increase/ 31.1%

change (Figure 4.6 A) which mirrored the gene expression findings.

As observed with the ICAM-1 mRNA analysis, the next question was whether the
response to TNF-a stimulation is different in the short and long TL lines. To do this the
fold change upon TNF-a treatment was calculated, due to experimental differences the
values were standardised to the short TL clone for each experiment. The cells start with
different basal levels but show no difference in the level of expression after TNF-a
stimulation (Figure 4.6 B). Previous studies confirm ICAM-1 expression peaks by 18-24h
and remains high as long as there is active TNF-a present (Pober et al., 1986; Hagi-Pauvli
et al., 2009). It may be postulated the ICAM-1 expression in both the short and long TL
lines at basal lies close to the maximum threshold therefore although TNF-a stimulation

evokes a response, it is not sufficient enough to show a difference between the lines.

Taken together these findings confirm the short TL clone at basal is pro-inflammatory
with increased ICAM-1 expression consistent at both gene and protein level. This implies
EC with a shorter TL have higher levels of pre-existing ICAM-1, which suggests these cells
exist in a pro-inflammatory state. ICAM-1 is one of the key cell adhesion molecules
involved in endothelial dysfunction during atherogenesis (Chi 2007). This pro-
inflammatory mediator plays a role in monocyte cell recruitment to the endothelium
(Lusis 2000), therefore the next question is whether this difference in ICAM-1 expression

observed at basal translates to a functional finding in EC function.
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Figure 4.4 Gene expression of endothelial dysfunction markers in untreated and TNF-a stimulated cells. Isogenic lines of short and long telomere lengths (TL) were
either untreated (basal) (A-C) or treated with TNF-a (10ng/ml) for 24hrs (D-F). mRNA expression of endothelial dysfunctional markers ICAM-1, E-SELECTIN and eNOS were
quantified by RT-gPCR. For relative quantification test samples were calibrated to short TL basal. Each test sample was normalised to a 36B4 housekeeper gene. To take
experimental differences into account, the fold change was standardised to that of the basal short TL for each independent experiment. Values are representative of
three independent experiments (n=9 in total). MeantSD, A. ICAM-1 Basal short TL 1.0 versus long TL 0.60+0.20 P=0.0003. D. /CAM-1 TNF-a short TL 11.89+4.17 versus
long TL 10.38+4.43. B. E-SELECTIN Basal short TL 1.0 versus long TL 0.7310.28 P=0.02. E. E-SELECTIN TNF-a short TL 81.36+68.91 versus long TL 59.93+30.53. C. eNOS
Basal short TL 1.0 versus 1.07+0.21. F. eNOS TNF-a short TL 0.80+0.06 versus long TL 0.87+0.19. For statistical analysis a paired T-test was performed. Basal differences
in ICAM-1 and E-SELECTIN were observed between the short and long isogenic lines, with higher expression of the genes in the shorter TL clone.
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Figure 4.5. Upregulation of endothelial dysfunction marker gene expression in response to TNF-a. Isogenic lines of short and long telomere lengths treated
with TNF-a (10ng/ml) for 24hrs. mRNA expression of endothelial dysfunctional markers A. ICAM-1, B. E-SELECTIN and C. eNOS upregulation. For relative
guantification test samples were calibrated to short TL (treated with TNF-a). The data is standardised to short TL levels for each experiment. Meant SD A.
ICAM-1 short TL 1.0 versus long TL 1.59+0.21. B. E-SELECTIN short TL versus long TL 1.63+1.06. C. eNOS short TL 1.0 versus long TL 1.12+0.11. For the statistical
analysis a paired T-test was performed. A higher upregulation in ICAM-1 in the long TL line was observed upon TNF-a exposure. No differences in the level of
E-SELECTIN and eNOS were observed.
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Figure 4.6 ICAM-1 protein expression in the isogenic lines with and without TNF-a
stimulation. ICAM-1 expression quantified (by flow cytometric analysis) at A. basal and B.
after TNF-a treatment (24 hours at 10ng/ml) in both the short and long TL. The Mean
Intensity fluorescent (MIF) was calculated and normalised to an IgG isotope control to
adjust for background fluorescence. Values are representative of three independent
experiments (n=9 in total). All data are relative to the basal short TL. MeanSD A. ICAM-1
Basal short TL 1.0 versus long TL 0.73+0.19 (P=0.03). B. ICAM-1 TNF-a short TL 6.30+4.31
versus long TL 5.14+2.5. For statistical analysis a paired T-test was performed. At basal,
cells with short TL shows an increased expression of ICAM-1 compared to cells with a long
TL. As expected, treatment with TNF-a stimulated the expression of ICAM-1 in both of the
lines. No differences were observed upon treatment between each of the lines.
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4.3.5 HUVEC-monocyte adhesion in the short TL clone is higher at a basal and further

increases upon TNF-a stimulation

Endothelial cell activation and dysfunction influences monocyte recruitment and
transmigration; accumulating evidence shows the upregulation of ICAM-1 is critical for
monocyte adhesion to the endothelium during this inflammatory response
(Meerschaert et al., 1995; Lui et al., 2017). Therefore THP-1 blood monocyte cell
adhesion to the short and long TL HUVEC lines was investigated. To further explore the
proinflammatory response in the isogenic lines, cells were stimulated with TNF-a

(10ng/ml) for 24hours prior to the addition of the THP-1 monocytes.

As shown in Figure 4.7, without TNF-a stimulation minimal monocyte binding to
confluent HUVEC of the short TL and long isogenic lines was observed. Binding was
substantially increased in HUVEC (of both isogenic lines) treated with TNF-a (Figure 4.7.
A). Therefore, both short and long isogenic lines are capable of binding monocytes in-
vitro and this increases upon TNF-a stimulation as expected. Comparison of monocyte
cell adhesion between the short and long TL lines revealed a significant reduction in
monocyte binding in the long TL lines compared to the short TL lines, both at baseline
(0.26 fold or 26.4% Figure 4.7. B) and after TNF-a stimulation (0.65 fold or 34.5%, Figure
4.7. B). Previous data shown shows ICAM-1 expression at both gene and protein level is
higher in cells with short TL compared to cells with long TL (section 4.3.3 and 4.3.4).
These findings confirm the differences observed in ICAM-1 expression do translate to a

functional difference in monocyte adhesion at a basal level.

EC activation and dysfunction influences the monocyte adhesion cascade, ICAM-1 is
implicated in this process. ICAM-1 binds to Mac-1 (Macrophage-1 antigen) members of
the B2 integrin family expressed on monocytes to facilitate monocyte recruitment and
subsequent transmigration through the endothelium (Cejkova et al., 2016). Short TL
cells treated with TNF-a show a greater fold increase in monocyte binding compared to
cells with long TL and this is more substantial than the difference observed between the

short and long TL cells at basal (Figure 4.7 A and B).
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When investigating the effect on TNF-a stimulation of these lines, it was previously
shown (Figure 4.6) ICAM-1 levels are the same in both short and long TL cells when
treated with TNF-a. However, at a functional level, i.e. monocyte adhesion to the cells,
there is a difference between the lines, where increased monocyte-EC binding occurs in
the short TL line at both basal and upon treatment (Figure 4.7 A and B). In addition to
ICAM-1, the cell adhesion molecules VCAM-1, PECAM and E-SELECTIN contributes to
monocyte activation and recruitment from adventitial vessels and the arterial lumen in
atherosclerosis (Davies et al., 1993), which progresses to the monocyte adhesion
cascade. This is important as it suggests the increased adhesion of monocytes to cells
with short TL are due to additional factors of the cell adhesion cascade not measured in

this work, this is further discussed later in the chapter.
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Figure 4.7 Increased HUVEC-THP-1 monocyte cell adhesion at basal in
the shorter TL clone, adhesion is further increased upon TNF-a
(10ng/ml) stimulation after 24hours. A. Brightfield images taken at 10x
magnification showing HUVEC-THP-1 cell adhesion at basal (control)
and after TNF-a treatment (10ng/ml for 24 hours) in both the short and
long TL lines. Cell adhesion was quantified using a fluorometric assay.
THP-1 cells were loaded with a calcineurin-AM dye and monocytes
adhered to HUVEC was measured by fluorimetry using an excitation
wavelength of 490nm and emission wavelength of 510nm.
Fluorescence unit values are representative of three independent
experiments (n=9 samples in total). All samples were normalised to
short TL basal. Mean1SD Basal short TL 1.0 versus Basal long TL
0.74+0.14 (P=0.0002), TNF-a treated short TL 2.64+0.38 versus TNF-a
treated long TL 1.73+0.80 (P=0.03) (Paired T-test).



4.3.6 Higher levels of endothelial dysfunction in cells with short TL is not associated
with senescence.

Senescence associated secretory phenotype (SAPS) has been shown to confer
characteristic changes in gene expression including the upregulation of adhesion
molecules ICAM-1, E-SELECTIN associated with inflammation (Coppé et al, 2008).
Telomere dysfunction, which induces senescence has been associated with endothelial
dysfunction (Minamino et al., 2002). As there is a functional difference in cells with
shorter TL, the next question is whether this was an effect being driven by differences

in senescence between the short and long lines.

To assess senescence, cells with short and long TL (both subcultures had the same length
of time in culture) were stained at basal and post 24 hour TNF-a treatment. The % of

positive B-galactosidase cells were quantified in each of the experimental lines.

Minimal senescence was observed in the short and long TL lines at basal; no differences
are observed between the two lines (Figure 4.8 A and B). The cell population within the
isogenic lines are heterogenous consisting of both excised and non-excised (TERT+). At
the time the excisions were performed, the TERT+ iHUVEC has surpassed 100PDs, due
to the prolonged culturing period the senescent cells detected in this experiment at
basal could be due to stress-induced senescence of the non-excised cells. We had
anticipated some senescence as this was detected in our Line 7 iHUVEC as shown in

Chapter 3 (section 3.3.6 Figure 3.14).

Treatment with TNF-a showed no further increase in senescence in either of the lines.
These findings suggest senescence is not driving the pro-inflammatory phenotype of the
short TL clone and endothelial dysfunction and subsequent monocyte adhesion occurs

prior to the onset of replicative senescence.
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Figure 4.8 Minimal senescence detected in the short and long TL lines both at basal and
upon TNF-a treatment at the time the functional experiments were performed. A.
Senescence associated B-Galactosidase activity was quantified at day 218 for the short TL
clone and day 212 for the long TL clone cells at basal (untreated) and after treatment with
TNF-a (10ng/ml) for 24 hours. B. Brightfield images were taken of cells with short TL and Long
TL at basal and post TNF-a treatment. Images shown at 100x magnification. Fluorescence unit
values are representative of three independent experiments (n=9 samples in total). All
samples were normalised to short TL basal. MeanSD Basal short TL 7.23+2.78 versus Basal
long TL 5.7843.72, TNF-a short TL 5.12+1.83 versus TNF-a long TL 5.60+2.85).
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4.4 Conclusion

To understand how telomere length may influence coronary artery disease risk (with
particular focus on atherogenesis), it is important to establish how telomere length may
influence endothelial dysfunction. We hypothesised that TL may influence the earliest
stage of atherogenesis, endothelial dysfunction (ED) and shorter TL drives this process.
This chapter explores the creation of isogenic cell lines with short and long telomere
lengths in HUVEC and investigates whether such differences in telomere length are

attributed to changes in endothelial cell function in response to proatherogenic stimuli.

Experimental HUVEC isogenic lines with long and short telomeres was successfully
generated according to the model developed in Chapter 3, using an established Cre-Lox
genome editing technique (Salmon et al., 2000). Using a self-excising viral Cre, two
excisions approx. ~20 days apart (early Ex1 and late Ex2), were performed on
subcultures to produce “short” and “long” TL lines, this procedure was repeated on two

further separate occasions to produce three independent experiments.

Upon the addition of viral Cre, both excised lines confirmed the complete removal of
the TERT transgene and the total abolishment of telomerase activity. The previous
chapter (section 3.3.6) showed pro-viral TERT integrated at a single integration point in
Line 7, this lies within an intron (at Chr2g33) of the MOB4 gene, levels of MOB4
remained unchanged upon the integration of TERT. This model utilised a viral Cre for the
generation of isogenic lines and therefore involves a second integration event which
carries an additional risk of insertional mutagenesis (Cuiffi et al., 2016) within this
actively transcribing gene. No differences in MOB4 expression was observed upon
further Cre viral integration. Therefore, it can be assured any differences observed with
this line are not due to an effect of Cre integration. The Line 7 immortalised HUVEC
maintain protein expression of the EC surface markers CD309, CD31 and CD144 (section
3.3.6). We show the isogenic lines maintain this endothelial cell phenotype during the
process of reversible immortalisation. This is consistent with other another study

(Noguchi et al., 2002), that has utilised the Cre-Lox system to remove TERT from HUVEC
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which emphases the viability of using HUVEC in this model without compromising cell

phenotype.

During phenotyping, both the short and long isogenic lines showed a marked increase
(of >2 fold) in the expression of CD31 (PECAM-1). This is a multi-functional molecule
involved in vascular inflammation and transendothelial cell migration (Woodfin et al.,
2009), therefore the increased expression in lines with a shorter TL compared to
parental is an interesting finding and warrants further investigation. There was
insufficient time within the scope of this project to investigate differences between the

level of CD31 (PECAM-1) in the Cre excised lines versus parental.

TL analysis revealed the average TL for the Ex1 clone was shorter than for the Ex2 sub
clone (T/S Ex1 2.3940.37 vs Ex2 4.01+0.31), confirming subtle differences the TL of the
short and long isogenic lines. This is a different approach to the Minamino study (2002)
which induced catastrophic differences in TL (through expression of a dominant

negative TRF-2 knockdown) to assess ED.

The functional analysis of the short and long isogenic lines in response to pro-
inflammatory TNF-a stimulation, unexpectedly showed higher basal differences of the
endothelial dysfunctional markers, ICAM-1 and E-SELECTIN in the shorter TL line. No
further differences in these genes were observed upon stimulation with TNF-a which
confirms the effects are driven by the differences observed at baseline. Due to this effect
of higher ICAM-1 expression at basal levels in the short TL clone, our findings show upon
TNF-a there is a higher level of upregulation in the long TL clone in order to reach the
same expression level as the short TL clone upon stimulation in response to EC activation
(Pober & Sessa 2007, Paffen& DeMaat 2006). As a result of this process, a higher
upregulation in ICAM-1 expression the long TL line was observed upon TNF-a exposure.
During acute inflammation, type Il activation of endothelial cells mediated by TNF-a is a
slow response (hours compared to minutes for Type | activation) that depends on pro-
inflammatory gene expression changes (Pober 2007). No differences were observed in

eNOS expression at basal and upon treatment, reduction in the eNOS promoter activity
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is time-dependent and has been observed after 8 hours of TNF-a exposure (Anderson et
al., 2004). The TNF-a treatments were 24hours, it is therefore possible to have missed

the pro-inflammatory response for eNOS which may be acute during inflammation.

Following the gene expression analysis, further experiments on the isogenic lines
revealed ICAM-1 was higher (31%) at a protein level, in the short TL clone. As with the
ICAM-1 gene expression findings, long and short lines showed no difference in ICAM-1
gene or protein expression following TNF-a treatment. Consistent findings in the up-
regulation of ICAM-1, (at both an RNA and protein level) in basal levels of the shorter TL,
prompted the exploration of investigation the functional effect between the isogenic

lines.

ICAM-1 is an important mediator in monocyte cell recruitment to the endothelium
during the initial stages of atherogenesis (Lusis 2000). Endothelial cell activation and
dysfunction is known to drive this process (Lui et al., 2017). As expected , the functional
analysis of the short and long isogenic lines showed in response to TNF-a, increased THP-
1 blood monocyte cell adhesion, compared to basal in both the short and long TLHUVEC.
Prior to TNF-a treatment (at basal), a significant reduction in monocyte binding was
observed in the long TL lines compared to the short TL lines. This shows the differences
observed in ICAM-1 expression (at both gene/protein expression level) at basal
contributes in part to a functional difference in monocyte adhesion. Futher
experimental work to validate the role of ICAM-1 in this process is discussed in the
following chapter (section 5.3).

As expected, both the protein and gene expression levels of ICAM-1 increased upon TNF-
a stimulation, however no differences were observed in ICAM-1 between cells with
short and long TL. Interestingly, an increase in the number of monocyte binding to cells
with short TL were observed at basal and upon TNF-a treatment. Although differences
were observed in ICAM-1 gene/protein expression between the two lines, we are seeing
an enhanced functional effect in monocyte binding most likely due to additional factors.
Differences in the level of E-SELECTIN were observed, which was marginally higher in
the short TL clone. Due to time constraints this was not followed through to protein level
but E-SELECTIN may play a role in driving this process. There are other factors, not
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measured in this study, which may contribute to monocytic cell adhesion process. A key
cell adhesion molecule, VCAM-1 (expressed on EC) binds to the ligand integrin a4f1
(VLA-4) expressed on monocytes, this is important for the adhesion of circulating
monocytes to the vascular endothelium (Cejkova et al., 2016). In addition, TNF-a
stimulation of HUVEC, induces the expression of chemokines including CXCL2, CXCLS6,
colony stimulating factor 1 and fractalkine (Viemann et al., 2006) and other cell adhesion
molecules such as VCAM-1, E-SELECTIN and P-SELECTIN (Lorenzon et al., 1998; Hang et
al., 1993) which orchestrate the adhesion cascade to greatly enhance cell adhesion.
Therefore future work, would involve quantifying protein levels of additional cell
adhesion molecules VCAM-1, E-SELECTIN and P-SELECTIN to assess whether these are

additional players implicated in driving ED in the shorter TL line.

One other study has shown catastrophic telomere loss (via the removal of TRF-2)
induced EC as shown by increased /ICAM-1 and decreased eNOS is driven by senescence
(Minamino et al., 2002). Using our experimental model, it was assessed whether
differences in ICAM-1 observed at basal were driven by senescence and found this is not
the case, showing that differences in ICAM-1 at both gene/protein level are most likely
attributed to TL. Minimal senescence was observed in the short and long TL lines at
basal; no differences are observed between the two lines. The detection of senescence
in both the long and short lines at basal is observed as the Line 7 isogenic cells are of a
mixed population in nature, therefore any senescent HUVEC are due any existing
unexcised cells within the population. This is not a cause for concern as validation of
TERT removal was confirmed prior to the functional experiments. These findings suggest
senescence is not driving the pro-inflammatory phenotype of the short TL clone and
endothelial dysfunction and subsequent monocyte adhesion occurs prior to the onset
of replicative senescence.

Although preliminary this work suggests TL may influence CAD risk through increased
recruitment of monocytes to the endothelium. Further work is needed to investigate
whether this functional effect is seen in other donors (to assess whether this is a
genotype specific effect) and / or lines of the same donor with different integration sites

(to show this is not affected by integration site of the TERT provirus).
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CHAPTER 5

DISCUSSION

5.1 Summary of key findings

The aim of this project was to establish a model system to enable us to manipulate TL
without the presence of confounding factors and to test the effects of more subtle
changes in TL, reflective of the inter-individual differences seen within the population.
The model could then be used to test possible biological mechanisms by which shorter

TL leads to increased CAD risk.

The model could potentially be applied to various different cardiovascular cell types (e.g.
VSMC, EC) to allow us to assess the potential role of TL during atherogenesis. VSMCs
undergo telomere dependent senescence, the markers of senescence SA B-gal and
cyclin-dependent kinase inhibitors p16 and p21 are detected in advanced
atherosclerotic plagues (Minamino et al., 2003; Matthews et al., 2006). However, VSMC
are a difficult cell type for this model as the cells undergo a reversible phenotypic
switching from a quiescent contractile phenotype to a proliferative synthetic state
during the atherosclerotic process (Bennett et al, 2016; Chang et al., 2014).
Furthermore, it would be challenging to target VSMC dysfunction as this cell type is
involved in different stages of the atherosclerotic disease process (e.g. during
atherogenesis and also plaque instability during advanced atherosclerosis), which would

add a level of complexity to the in-vitro model system.

To explore the role of TL dynamics during the earliest stage of atherosclerosis,
endothelial dysfunction, endothelial cells were used. Although primary Human Coronary
Artery Endothelial cells may seem like the obvious cell type, Human Umbilical Vein
Endothelial cells were specifically chosen. EC derived from umbilical cord are a relevant
ECtype (Onat et al., 2011), most importantly, it can be assured the population doublings

of the cells are kept to a minimum prior to utilising the cells in this model.
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The initial stage of this procedure was to produce immortalised lines via a lentiviral
transfer method (Salmon et al., 2000) that contained a removable copy of the TERT
transgene. The use of classical retroviral vectors is another technique used to transfer
exogenous TERT to primary cells (Counter et al. 1998). This is a low efficiency process,
and alongside TERT, growth promoter or cell cycle inducers are used in combination
including the SV40 T-antigen (O’Hare et al., 2001; Wen et al., 2006; Chang et al., 2005;
Shao et al., 2004), human papilloma virus E6 and E7oncogenes (Kiyono et al., 1998) or
Bim-1 (Jacobs et al., 1998). This approach was not favoured, as many of the studies
reported malignant cellular transformation. The findings from this study are consistent
with other studies where immortalisation of primary cells was achieved using human

TERT alone (Yang et al., 1999; Ouellette et al., 2000; Vaziri et al.,1998).

Cellular immortalisation is achieved when cells have exceeded growth past 100 PDs in
culture (Yang et al., 1999). Therefore, it was necessary to culture the TERT+ cells for an
extended period of time. During the first attempt to immortalise HUVEC using TERT, the
TERT transduced cells showed successful integration of the provirus at a copy number
of 1.0 per cell followed by substantial TERT upregulation. Although the TERT+ line had
outlived the parental cells, this line did not reach 100 PDs. Telomere length shortening
was observed in the parental and unexpectedly in the TERT+ line. Despite this the TERT+
cell population continued to grow. Stress inflicted upon prolonged culturing conditions
is a contributing factor to the premature growth arrest of cells, and is telomere-
independent (Kiyono et al.,, 1998; Dickson et al., 2000). The most logical explanation
behind these findings, is the parental cells are undergoing stress-induced rather than
replicative senescence and TERT is having a protective effect on the cells. Premature
growth arrest is associated with the upregulation of a cyclin-dependent kinase inhibitor,
p16'™NK*A and is known to be caused by stress inflicted by prolonged culturing conditions
(Ramirez et al., 2001; 2003; Herbert et al., 2002). On the other hand, over-expression of
the cell cycle regulator, CDK4 sequesters p16'NK%A to allow free CDK4 to bind to cyclin D
to enable cell cycle progression. Although there was insufficent time to verify this,
premature senescence can confirmed in the parental (untransduced) cells grown in 20%

oxygen by quantifying expression levels of p16'N***/CDK4; where levels of

p16'NK4A gre expected to be higher.
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Standard culturing conditions are considered hyperoxic to the cell and may inflict
cellular stress (Jagannathan et al., 2016). The protective role of TERT has been previously
reported, under conditions of oxidative stress such as mild hyperoxia, TERT is known to
be relocated to the mitochondria (Haendeler et al., 2009; Haendeler et al., 2004; Santos
et al., 2004) where it protects the mitochondrial genome from reactive oxygen species
(Ahmed et al., 2008; Haendeler et al., 2009). This could be verified in the TERT+ cells
grown in 20% oxygen, by looking at levels of mitochondrial protective markers, such as

catalase, superoxide dismutase in comparison to ROS levels.

The nuclear localisation is dependent on residues 965-981 of the human TERT
polypeptide which constitutes a nucleolar-targeting signal essential for this process (Lin
et al., 2008). Due to this dual-canonical function of TERT, it seemed plausible that TERT
may be protective, allowing the cells to outlive the parental cells, but immortalisation
has not been achieved as this process is TL independent. A well established marker of
DNA damage is the phosphorylation of Histone H2A variant, H2AX (y-H2AX), where
telomere associated y-H2AX foci exist under conditions of stress induced senescence in
the presence of short telomeres (Hewitt et al., 2012). To confirm the protective role of
telomerase (in TERT+ cells grown in 20% oxygen), the levels of y-H2AX foci should be
determined. As telomerase protects the mitochondrial genome from reactive oxygen
species (Ahmed et al., 2008), levels of DNA damage y-H2AX are expected to be low even

in the presence of the short telomeres in the TERT+ cells grown under 5% oxygen.

Physiologically relevant lower oxygen levels have been used in studies and cells show a
20-50% increase in PDs (Betts et al., 2008). Furthermore, one study has shown that over
expression of TERT in endothelial cells does not prevent telomere loss in standard
culture conditions however TL is maintained when grown under 5% O; (Napier et al.,
2010). Therefore, this was method was adopted in this study and cells were revived
from the earliest passage and regrown under 5% oxygen (20% CO; at 37°C). The cell
culture dynamics diverged with this approach, as expected, un-transduced control cells
entered growth arrest after 49 days in culture whereas the TERT+ cells continued to

show an increased and stable growth rate. Most importantly, the growth kinetics of the
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TERT+ cells corresponded with an observed TL lengthening followed by stabilisation

throughout subsequent culture.

In total 9 HUVEC donors were originally infected with lentiviral TERT, 4 of which
successfully immortalised and 5 failed. The unsuccessful lines are further discussed in
the next section, in the context of ‘Limitations of the in-vitro experimental model
system’. Successful TERT expression at both gene and protein level was detectable in all
4 immortalised lines, telomere lengths were stabilised, and the cells retained EC
phenotypic and morphological characteristics. The immortalised lines showed unique
differences in telomerase activity and the level of TL stabilisation. Comparison of the
lines show Line 10 immortalised with a high level of stabilisation and showed the highest
relative telomerase activity whereas Line 1 immortalised with a low level of stabilisation
and showed the lowest relative telomerase activity. However, further analysis with Line
1 iIHUVEC revealed TERT expression was significantly lost during the culture period of
251 days. Prior to the stabilisation at a low TL, after ~40 PDs there is a period where the
TL dynamics in Line 1 iHUVEC are sporadic, which may explain the altered T/S kinetics of
this line. Fragile telomeres develop aberrant structures due to replication defects in
telomeric repeats that can be detected on metaphase chromosomes, this process has
been shown to contribute to telomere shortening (Boccardi et al., 2018). Therefore, to
further investigate Line 1 iHUVEC, the cells can be karotyped to check the telomere in
individual chromosome arms using Q-FISH (Perner et al., 2003). Visualisation of the
metaphase spread of chromosomes, will give an idea of whether there are chromosome
fusions/chromosomal aberrations which will explain the altered T/S kinetics of this Line.
This may be a donor specific effect, an effect of the insertion site(s) of the TERT provirus
(which will be discussed later in this section) or a random occurrence. This experimental
model utilises a heterogenous population of cells, therefore it is possible at an earlier
point in culture for clonal selection to have randomly occurred where the un-transduced
cells dominated the cell population giving rise to a clonal line (Kay 1965; Martin et al.,
1993). Future work with this line would involve re-growing the cells from a point where
| a linear growth rate was observed where the average TL was maintained by telomerase
at a high level. This would be to assess the TL dynamics and see if the lines stabilised low
again or whether it would be possible for the cells to stabilise at a higher TL.
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Multiple TERT pro-viral integration events were detected in Line 2, one within an intron
of the tumour suppressor protein PTEN and downstream of an intronic non-coding
transcript (LOC107987150). Mutations in PTEN have been shown to promote
angiogenesis, hyperproliferation and impair vascular remodelling (Suzuki et al., 2007),
therefore disruption of this gene upon TERT integration could adversely affect our
model. A second site was observed at Chr8g24.3 within an intron of an uncharacterised
gene C8orf33. A third integration was identified at Chr20q11.22, within an intron of
nuclear receptor coactivator 6 (NCOA6), a multifunctional gene involved in transcription,
cell survival, growth and development (Mahajan & Samuels 2008). There was
insufficient time to take this line further as additional validation work is required to

check whether multiple integrations within the same cell or a population of three clones.

Further verification to assess whether the viral integration influences expression and/or
splicing of PTEN, C80rf33 or NCOAG6 is necessary. It is important to note, the assay used
measure copy number is on a diploid genome (using a mixed population of HUVEC)
therefore this is not an unequivocal measure and does not reflect a true copy
number/cell but rather an average measurement. The copy number data for Line 2 (~0.8
copies of TERT provirus/cell) would suggest a mixed population. Therefore, attempts
could be made to obtain clonal lines for each of the three integration sites and proceed

with the lines where endogenous gene expression is not altered.

Pro-viral TERT integrated at a single integration point in Line 7, this lies within an intron
(at Chr2qg33) of MOB4. MOB4, negatively regulates apoptotic signalling, over-expression
of the protein form is observed in Glioblastoma Multiform, therefore the protein may
be involved in promoting tumour growth (Tang et al., 2014). We show TERT integration
within this gene does not alter the level of endogenous MOB4 expression, therefore it
can be assured any phenotypes observed are not due to an effect of TERT integration
on MOB4.

Once the experimental model system was established, isogenic lines of short and long
telomere lengths were successfully created from one of the immortalised donors using
an established Cre-Lox genome editing technique (Salmon et al., 2000). In our model, a

self-excising viral Cre effectively removed the TERT transgene which led to total
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abolishment of telomerase activity. Successful TERT excision was observed for both Line
7 and Line 10, these donors showed TL stabilisation at a high level (comparable to the
TL of the lines in early culture stages). However, due to time constraints only Line 7 was

taken into a full experimental model.

Two excisions, approx. ~20 days apart, were performed on subcultures to produce
“short” and “long” TL isogenic lines. The "20 days’ timing of the second excision for the
generation of the long TL clone is critical. The model confirms this window is optimum;
the first excised line is still viable and has not have undergone sufficient TL attrition to
reach replicative senescence / growth arrest whilst still achieving an acceptable

difference in TL between the two lines.

This procedure was repeated on two further separate occasions to produce three
independent experiments. To assess whether there are functional differences between
the short and long TL lines, the gene expression of the cell adhesion molecules, ICAM-1,
E-SELECTIN and eNOS, ICAM-1 protein expression and endothelial cell-monocyte binding
were measured both at baseline and in response to pro-inflammatory TNF-a
stimulation. Unexpectedly marginally higher basal differences were observed in the
endothelial dysfunctional markers, ICAM-1 and E-SELECTIN in the shorter TL line. Due to
the higher expression of ICAM-1 at basal in cells with short TL (compared to cells with
long TL), ICAM-1 increase in cells with long TL line upon stimulation with TNF-a. This
suggests the basal level of ICAM-1 in the short TL line may lie close to the maximum
level, therefore this finding may be due to a greater response to TNF-a treatment

observed in the long TL line due to the lower basal level.

Further experiments on the isogenic lines revealed ICAM-1 protein level at the
endothelial cell surface, was higher (31%) in the short TL clone. Endothelial dysfunction
was further confirmed through the monocyte EC adhesion assay, the shorter TL line
showed an increase in monocytic adhesion both at basal levels and upon stimulation

with TNF-a. Although preliminary this work suggests TL at a ‘basal’ cellular level may
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influence CAD risk through increased recruitment of monocytes to the endothelium.
Further work is needed to investigate whether this effect is seen in other donors to rule

out any genotype specific effects.

TL as a marker for biological age in premature ageing diseases including Dyskeratosis
Congenita and Aplastic Anemia (AA) has been discussed (section 1.2.3 and 1.2.4). Such
diseases have obvious mutations in telomere binding proteins including TERT/TERC
which induces catastrophic telomere length loss and replicative senescence (Beier et al.,
2012; Vulliamy et al., 2008). In AA cell types such as haemopoietic cells of the bone
marrow that naturally have a high turnover rate. On the other hand, CAD, is an age
associated disease, the telomere length shortening dynamics are that of subtle changes
and the effect of this may occur over a longer period of time (as symptoms of CAD do
not manifest straightaway). There is only one previous study that has investigated
telomere length at the earliest stage of atherogenesis, ED (Minamino et al., 2002).
However catastrophic telomere loss, via the removal of TRF-2 induced ED as shown by
increased ICAM-1 and decreased eNOS. The authors concluded this inflammatory
process was driven by senescence however no other functional studies were performed
(Minamino et al., 2002). Aberrant chromosomal fusions and large metaphase spreads
are a prominent feature of cells with catastrophic TRF2 knockdown (Rai et al., 2016)
which does not reflect subtle changes in TL observed at an inter-individual level within
the human population (Madrid et al,, 2016). This study therefore assessed whether
differences in ICAM-1, due to subtle changes in TL, were driven by senescence and found
this is not the case, showing that differences in ICAM-1 at both gene/protein level was

most likely attributed to TL.

In addition to higher levels of ED, at a functional level, monocyte binding in the shorter
TL line was increased. It is confirmed the functional effect of monocyte EC adhesion is
not driven by senescence and therefore may be occurring as an effect of shorter TL.
Yanaka et al., (2011) observed an increase in a number of adhesion molecules (ICAM-1,
E-SELECTIN, CCL2, ITGB3, ITGAV and ITGB1) promoting monocytic adhesion and this
process was significantly promoted by ageing. These observations are in line with our

findings based on the hypothesis that TL is a marker of ageing. To our knowledge no
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other studies have reports basal endothelial dysfunction associated with subtle
telomere length differences which is more reflective of the inter-individual differences

observed in the human population.

5.2 Limitations of the in-vitro experimental model system
Despite the initial success, 5 further single HUVEC donors failed to immortalise, this
shows a challenge in our experimental model system; creating further lines was not

guaranteed and limitations exist to this approach.

Two of these lines failed to outlive the parental cells despite high TERT expression (114
fold and 39-fold relative to a telomerase positive K562 lymphoblastoid cell line)
observed ~10days post lentiviral TERT infection. As addressed in the previous section,
one possible explanation is that inadvertently line may have grown from a mixed
population to clonal and we are observing the effect of this. To address this issue,
attempts were made (at the time of TERT transduction when TERT was substantially
expressed) to try and grow the EC to clonal TERT+ line. This approach has failed; EC are
a very difficult cell type to maintain in culture at low confluency/single cell due to

contact inhibition (Noseda et al., 2004).

There are other explanations accountable for the failure of cells to immortalise. One of
the donors that failed to immortalise (Line 4) showed a pro-viral copy number of 2.0 and
a significant loss of TERT expression over time. Viral integration and cellular genotoxicity
is related to the number of vector copies integrated per cell and high pro-viral copy
number has been associated with gene silencing of the integrated cassette (Lui et al.,
2008). This may explain the low level of TERT transgene upon initial infection (compared

to the other infected lines) and the subsequent loss of TERT during culture.

This model does not ambiguously control for the random integration of provirus TERT,
this has been shown to be an implication in both the successful and unsuccessful donors.

Lentiviruses integration is site specific, and integration takes place in gene-dense regions
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throughout the transcription units, with 60-70% within transcriptionally active loci
(Ciuffi et al., 2016), therefore the chances of insertional mutagenesis is high. In Line 7
iHUVEC, TERT integrated within an intron (of Chr2g33) of MOB4 an actively transcribing
gene, although expression levels of this gene were unaffected compared to parental.
However, using this model system, it cannot be controlled where TERT is integrated in
other lines. If this is within cis regulatory elements such as enhancers, insulators or
repressors this will be detrimental to the cell. Enhancer are short motifs that contain
binding sites for transcription factors; which activate the target genes without regard to
orientation (Bulger & Groudine 2011). Repressors suppress gene expression and/or
confine it within specific chromatin boundaries (chromatin insulators) (Maeda & Karch
2011; Yang & Corces 2011). Inevitably, proviral integration within such elements e.g. a
repressor, will suppress the expression of nearby genes as well as regulating
transcription rates of the transgene itself, which may indeed be the case for Line 4
(where TERT expression was lost over time). The safe harbour locus, Rosa26 in mouse
(Zambrowicz et al.,, 1997) or AAVS1 in human located on chromosome 19 (locus
PPP1R12C) (DeKelver et al., 2010) are transcriptionally active regions with an open
chromatin configuration. The use of AAVS1 would be an alternative approach in this
model as transgene insertion within this locus has no or minimal effect on global or local

gene expression and can therefore resolve the problem of transgene silencing.

Two of the donors, Line 3 and 6 failed to immortalise despite a substantial upregulation
in TERT observed early in the culture period. Line 6 showed progressive TL shortening in
the TERT+ line; although TERT expression was not checked continuously during the
culturing time where TL shortening is observed, there is a possibility TERT may have
been inhibited by posttranscriptional regulators. MicroRNA (miRNAs) are small
noncoding RNAs that bind to the 3’ UTR of target mRNAs. Subsequent translational
suppression or degradation of the RNA-DNA duplex mediated by the RNA-induced
silencing complex (RISC) causes a reduction in protein expression (Eulalio et al., 2012).
Endogenous miR-128 inhibits telomerase activity by directly binding to the coding
sequence of TERT mRNA (Guzman et al., 2018). To specify the function of miR-128 in the
TERT transduced lines, miR-128 can be transfected Line 6 at a point where it is certain
TERT expression is high (this was observed day 8 post LV-TERT transduction). The
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expression of miR-128 can be under control of the a-myosin heavy chain (a-MHC)
promoter, which has shown to overexpress miR-128 (Huang et al., 2018). As TERT is
the rate limiting catalytic component of telomerase (Kim et al., 1995), this will part
explain how telomerase is unable to function to meet the needs of TL length
maintenance. To verify miR-128 activity, miR-128 can be knocked down using a
specific miR-128 inhibitor. To validate miR-128 knockdown, TERT in the LV-TERT
transduced HUVEC should remain high, consequently TL should be
stabilised/increased. miR-128 is an interesting miRNA in the cardiovascular field, most
recently it is shown to be a critical regulator of cardiomyocytes (CM) proliferation and
cardiac function. Deletion of miR-128 promotes cell cycle re-entry of adult CMs,
thereby reducing the levels of fibrosis, and attenuating cardiac dysfunction in

response to M| (Huang et al., 2018).

In the TERT+ lines clonal lines are emerging from the mixed population, this is evident
in Line 7 and 10 where pro-viral TERT lies within a single integration point, suggesting
that a single clone has become dominant within the population over time. As discussed
earlier in this chapter (section 5.1), at the very initial stages of this work, Line 7 failed to
immortalise under standard (20% oxygen culturing conditions). This was amidst the
speculation that the line failed to immortalise as TERT has been shown to be protective
under mild hyperoxia, allowing the cells to outlive the parental cells and this process is
TL independent. The Line 7 TERT+ line was subsequently revived at the earliest point in
culture and regrown under 5% oxygen. The time from which the cells were transduced
with TERT (under standard oxygen) to the point at which the cells were frozen is ~17days
which for Line 7, equates to ~14PDs. During this time we cannot absolutely rule out that
the TERT+ line was a mixed cell population, it is possible a different (untransduced) clone
became dominant. The integration site analysis of this line was performed only after the
cells had undergone immortalisation (largely because this was not anticipated) at which
a clonal line may have already been established. We have discussed how other HUVEC
lines failed to immortalise even at 5% oxygen, counter-intuitively these cells may not be
any different to the Line 7 TERT+ cells cultured at atmospheric oxygen and in our model
oxygen levels in the cell may have no effect on the function of TERT. Reasons to address

this are discussed further in this chapter.
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We have used an additional viral transduction to add Cre, inevitably this introduces
further integration sites. As clonal succession following TERT transduction has been
observed, the same process may occur following Cre transduction. Inadvertently lines
may be clonal where the integration does have an effect and these dominant clones
differ between the first and second excision lines. Integration site will be difficult to
assess for Cre as it is self-excising. A better approach therefore would be to optimise
the method of transient Cre delivery, to avoid further integration. If this is not possible
then an alternative could be to use a SIN (self-inactivating) lentivector derivative. The
LTR region of 2" generation transgene lentivectors contains the cis-element TATA box
and binding site for transcriptional factors Sp1 (Specificity protein 1) and NF-kB) (Naldini
et al., 1996). In a SIN (self-inactivating) vector the 5’-LTR U3 region has been replaced
with a CMV promoter and a deletion in the U3 region of the 3’-LTR (Miyoshi et al., 1998),
this reduces the effects of random integration of the pro-virus to activate adjacent
cellular genes.

However, despite these potential issues our data from short and long TL lines were
obtained from three independent experiments and the functional data looks
encouraging, which showed consistent effects between experiments. Therefore, it is
unlikely that clonal succession following Cre excision is responsible for the observed
functional effects. To show the observed effects are due to TL, the model will need
replication in other lines / donors to show this is not affected by integration site or

donor/genotype specific effects are required.
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5.3 Future Work

This project successfully established a model system to generate isogenic HUVEC with
short and long TL using one donor, the model showed a difference in endothelial
function, particularly in monocyte binding during early atherogenesis. Following this,

there is scope for future work.

Line 10 iHUVEC TERT integrated at a single event within an intergenic region. This line
showed the highest relative telomerase activity and high level of TL stabilisation,
therefore this line looks promising for the generation of isogenic lines of short and long
TL. To show the observed effects are due to TL, the model will need replication in other
lines/donors to show this is not affected by integration site or donor/genotype specific

effects are required.

Cell adhesion mediated by ICAM-1 is an important mediator in monocyte cell
recruitment to the endothelium which is critical for the trans-endothelial migration of
leukocytes during the atherogenic process (Lusis 2000; Zuckerman et al., 1998). This
process is driven by endothelial cell dysfunction (Albrecht et al., 2004; Lui et al., 2017).
Functional analysis of the short and long isogenic lines showed a significant reduction in
monocyte binding in cells with long TL compared to cells with short TL at both basal and
in response to TNF-a stimulation. This shows the differences observed in ICAM-1
expression (at both gene/protein expression level) at basal contributes in part to a
functional difference in monocyte adhesion. To further validate the role of ICAM-1 in
the monocyte adhesion process, the specificity of this adhesion molecule can be
explored. ICAM-1 binds to the B2 family of integrins including CD11¢/CD18 (p150,95)
(expressed on monocytes), this interaction is via the Ig domains 3/4 (Frick et al., 2005).
Residue E?>*DEGTQRL of domain 3 is a critical primary binding site for the aX I-domain
of the aXB2 integrin CD11¢/CD18 (p150,95) (Choi et al., 2010). HUVEC was short and
long TL can be pre-treated with a neutralising ICAM-1 antibody against the E2*DEGTQRL
residue of domain 3. Compared to non-antibody incubated controls one would expect,
in the presence of the antibody binding of ICAM-1 to Mac-1 will be abolished therefore,

the TNF-a induced HUVEC will fail to induce monocyte adhesion.
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As expected, both the long and short TL cells show increased ICAM-1 protein expression
in response to TNF-a, however differences were not observed between the short and
long TL lines. A functional difference in monocyte binding was seen between the
isogenic lines; with increased monocyte binding to cells with short LT both at basal and
in response to TNF-a.. This exemplifies how the observed functional effect are not solely
due to ICAM-1 (as upon in response to TNF-a no differences in ICAM-1 were observed,
and additional molecules are driving this process. In addition to ICAM-1, the expression
of the cell adhesion molecules VCAM-1, PECAM and E-SELECTIN contributes to
monocyte activation and recruitment from adventitial vessels and the arterial lumen in
atherosclerosis (Davies et al., 1993), which progresses to the monocyte adhesion
cascade. Capture, the initiation stage of the adhesion cascade, is mediated mainly L-
selectin and P-selectin (Cejkova et al., 2016). Therefore, in association with the EC-
monocyte adhesion data future work with the isogenic lines of short and long TL would
involve looking at the protein expression of these cell adhesion molecules on the surface

of the cells by flow cytometry.

In this study, to assess the functional effect of HUVEC with short and long TL, cells were
treated with the pro-inflammatory cytokine, TNF-a, to evoke EC activation (Pober et al.,
1986; Albrecht et al., 2004). Additional pro-inflammatory stimuli such as interleukin-1f3
(IL-1B) can be tested on the model system. TNF-a and IL-1f3 are both released from
activated leukocytes to mediate type Il EC activation (Pober et al., 1986). Pro-
inflammatory responses induced by TNF-oo and IL-1B cytokines initiate the
transcription of specific genes within the nucleus (by NF-xB and AP1) and are
translated into adhesion molecules (ICAM-1, VCAM-1, E-SELECTIN) and chemokines
(CC-chemokine ligand 2 (CCL2)) that bind leukocytes (Pober et al., 2007, Maké et al.,
2010). Future work will involve treating HUVEC lines with short and long TL with IL-1f3
to initially assess the expression of the ED markers at a gene/protein level (Pober et

al., 1986).

This model of generating isogenic lines with different TL has been successfully
established using one donor (Line 7) where a functional difference is observed in EC-

monocyte adhesion which is dependent on TL. Therefore, there is scope to implement
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further in-vitro assays to explore the functional effect of the short and long TL lines. EC
proliferation and migration occurs during early atherogenesis (Ross 1999). The
proliferation of EC and the adhesion of monocytes increase at branch orifices in
atherosclerosis prone regions (Azuma et al., 2003). EC proliferation in cells with short
and long TL can be measured by incorporation of BrdU (5-bromo-2'-deoxyuridine) into
DNA, this method allows living cells to be counted. To measure EC migration, a wound
‘stratch’ assay can be performed. Isogenic cells of short and long TL are plated
(independently) in the centre of the chamber well, once the EC reach 70-80%
confluency, a physical ‘scratch’ is produced perpendicular to the well axis. The distance
the cells have migrated within that region can be counted after a certain number of
hours (e.g. 4h or 8h) and the percentage of the closed area compared with the initial

wound area is then quantified.

Angiogenesis (formation of new blood vessels from pre-existing vasculature) is a
pathobiological process that occurs during atherogenesis and involves endothelial cell
proliferation, migration, tube and lumen formation (Herrmann et al., 2006). Differences
in TL may effect the angiogenic potential of EC, therefore for future work an
angiogenesis assay can be performed using the lines. Cells can be plated and treated
with the pro-angiogenic stimuli VEGF. The formation of vascular structures can be
monitored over a period of time (e.g. 4 hours). For quantification, photographs can be
taken with an optical inverted microscope and an automated analysis of quantification
(incorporating total master segment lengths and NB master junction parameters) can
be performed using an Imagel software (Luna et al., 2015).

Atherogenesis is a slow progressive process characterised by multifocal structural
alterations of EC within the vascular wall. Dysregulation of EC apoptosis is implicated in
this process, where increased EC turnover and apoptosis is observed in atherosclerosis-
prone regions of the vasculature. A recent review by Paone & colleagues (2019) covers
a more prominent role of EC apoptosis in the progression of atherosclerosis through EC
derived membrane-bound extracellular vesicles (Paone et al., 2019). Future work can
address the level of EC apoptosis in the isogenic lines using a Terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labelling (TUNEL) assay. This assay examines
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apoptosis via DNA fragmentation where DNA strand breaks are detected by
enzymatically labeling the free 3'-OH termini with modified nucleotides (Gavrieli et al.,
1992). TUNEL-positive EC can be quantified in both the short and long lines as a measure

of apoptosis.

The Telomere Position Effect (TPE) is the spreading of telomeric heterochromatin within
telomeres to silence nearby genes as a function of length and has been shown to be
implicated in age-related diseases (e.g. facioscapulohumeral muscular dystrophy) (Baur
et al., 2001; Mondoux & Zakian 2006). TPE has an effect on gene expression locally
(Salmon et al., 2013). This effect is progressive with decreasing TL and occurs long before
terminal telomere shortening would induce replicative senescence. Evidence also
suggests that TL may be affecting the gene expression changes further afield than those
genes proximal to the telomere (Robin et al., 2014; Kim et al., 2016;). As isogenic lines
of short and long TL with Line 7 have been established, more global gene expression
changes could be measured. A custom gene expression array can be performed to look
at genes expressed at the sub-telomeric region or adjacent regions in isogenic short and
long TL lines. A Hi-C chromosome capture can be applied to enrich for specific genomic
regions, followed by high-throughput sequencing microarray. Differentially expressed
genes can then be confirmed using digital droplet PCR within the telomeric region. This
approach may unveil novel information about which genes and cellular pathways may

be regulated that are solely attributed to changes in TL.

This project successfully established a model system to generate isogenic HUVEC with
short and long TL and findings showed a difference in endothelial function, particularly
during the monocyte adhesion process during early atherogenesis. This can further be
explored by other avenues. A previous study shows that statin treatment specifically
benefits individuals with shorter TL (Brouilette et al., 2007) but not via the modulation
of lipids. Furthermore, statin treatment on endothelial cells reduce protein levels of E-
SELECTIN and ICAM-1 and the inflammatory marker C-reactive peptide, therefore there
is evidence that statins may influence EC function; by reducing the adhesion of

inflammatory cells (Altun et al., 2014). Using the established model and findings from
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this work, future work can investigate how statin may influence the cellular response to

TNF-ain a TL dependent manner.

In this work, the differences observed in pro-viral integration events, level of telomerase
activity and TL stabilisation (with similar CN and TERT expression levels) in the
immortalised donors is important, as gene therapy using lentivectors is emerging
(Cesani et al., 2015). However, if EC from individuals respond to this level of
immortalisation differently, this is an important avenue for further research. Currently
our model does not unambiguously control for this. Future work to address this will
focus on looking at the effect of insertion site versus donor specific effects. We can
generate lines from the same donor with different insertion sites, Line 2 would be an
ideal candidate due to the presence of multiple integrative events in this donor. If we
observe consistent effects this is unlikely due to the multiple insertions of pro-viral TERT.
To investigate donor specific effects, the same integration would need to be imposed.
This would require modification to the method to allow for site directed insertion, it is
possible to manipulate lentiviral target site selection using a molecular tethering strategy.
The stable transfer of foreign DNA into host genomes can be achieved using a non-viral
Sleeping Beauty (SB) transposable element, which can integrate into targeted sites of
the mammalian host cell chromosomes using a well-defined transposition mechanism
without disrupting non-specific actively transcribing genes (lvics et al., 1997; Yant et al.,
2005; 2007). Another method to investigate donor specific effects, would be to develop

a model in which the endogenous gene can be manipulated.

TL specific effects can also be investigated, this would require a combination of different
insertions in multiple donors and then to see the effect this has on the functional
experiments. In broader terms it may be interesting to further investigate what leads
the TL to stabilise high in some lines and low in others as this could have implications in
cancer therapy. TERT silencing has been looked into as a therapeutic intervention
(Rahme et al., 2018; Reyes-Uribe et al., 2018). Our findings show removal of TERT in a
line that has stabilised with short TL leads to imminent cell death, whereas the long TL
lines continue to grow, therefore targeting TERT would be less effective in a cancer cell

where TL has stabilised at longer lengths.
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In terms of a therapeutic perspective, telomerase treatment may be suitable for some
individuals but not others. A recent review by Martinez & Blasco (2018) unveiled an
insight into the development of therapeutic strategies based on telomerase activation
in the context of cardiovascular diseases (CVD). Telomere maintenance by telomerase
is important in cardiac regeneration, therapeutic strategies are aimed at lengthening
telomeres and restoring the proliferative potential of adult mammalian cardiomyocytes
(CM).Telomerase activation in the adult mouse heart by AAV9-Tert gene therapy has
been shown to confer cardioprotection and significantly reduce mortality associated
with heart failure after acute Ml (Bar et al., 2014). In this proof of concept study, an
increase in CM TL and a lower abundance of cells with short telomeres (compared to
control hearts), suggest that TL recovery in the myocardium decreases the associated
risk of heart failure. Upon telomerase reactivation, high levels of the proliferation
marker phospohistone H3 was observed in CM, however when normalised to the
number of CM required for regeneration of the infarct scar, the level of CM proliferation
was insufficient for cardiac regeneration. Compared to this project, the AAV9-Tert gene
therapy model addressed a later disease stage of the atherosclerosis process.
Furthermore different cardiac cell types possess variable turnover rates; EC have a high
turnover (>15% per year) whereas CM a low turnover that gradually decreases
throughout life (<1% per year) (Martinez & Blasco 2018) which reflects differences in TL
dynamics.

The safety of utilising TERT therapeutically has its limitations and strategies for
telomerase activation have raised safety concerns. As mentioned previously,
constitutive reactivation of endogenous telomerase is a key aspect to tumorigenesis
(Artandi et al., 2002; Gonzalez-Suarez et al., 2001; Canela et al., 2004). Although, it has
been shown AAV9-mediated TERT over expression in the context of an oncogenic K-RAS
induced lung cancer mouse model does not accelerate tumorigenesis (Mufioz-Lorente
et al., 2018). This strengthens the feasibility of utilising in-vitro models to reactivate
telomerase and subsequent genome editing (such as Cre-Lox system) to manipulate TL.
Nonetheless, there is still a real need for further investigation to address safe strategies
for transient and controllable telomerase reactivation from a therapeutic perspective

using transferable gene expression in-vitro model systems.
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Appendix

$1.1-10 The plasmid maps for all the plasmid vectors used experimentally in this project are shown.
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2. pLOX-TERT-iresTK
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3. pLOX-GFP-iresTK
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4. pCMVR8.74
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6. pCMV-VSV-G
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8. pMD2.G
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9. p0G231
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$1 (9) Plasmid map and gel image of restriction digest of pOG231 using Sall and Spe I. The plasmid
pOG231 could not be verified using the fragment size yielded by the diagnostic digest, expected
band size 4.5kb abd 233bp. New bacterial cultures were grown from isolated single colonies. After
plasmid purification and quantification, the double digest was repeated on the original p0G231
plasmid and the new pOG231 plasmid DNA. The same incorrect bands were yielded in both digests.
Due to discrepancy in the diagnostic digest results after bacterial culture and plasmid purification,
this plasmid was replaced by pCre-pac for subsequent experiments.
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10. pCre-Pac
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S1 (10). pCre-pac plasmid map and restriction digest The uncut DNA plasmid (pCre-pac (-)) with no
restriction enzyme added is observed as supercoiled DNA and runs slower down the gel (a smear is
therefore observed). The plasmid DNA cut using the restriction endonuclease BamHI (pCre-pac (+))
yields two digest fragments at 5.0kb and 1.2kb*. * The size of fragment 2 has been confirmed by
another scientist in our lab whom had also carried out this pCre-pac restriction digest using BamH]I
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Pro-viral TERT cDNA

tACATTTCTR CTTARCTAGG CATCAGAGTA ATCRATAGTT CTTCCTATCAR 50
LDAAGRARTAR TCTGARCAMD BACCTRARACHK GGCGTATCTC AMTCATTACAR 100
CAGTAGATAT CAGCACRATG TGACAGATGT TRAATCCGTAR TAGCCAGTGG 150
ATCATGAAGT GAGTTCTAGC CCATGTRATT GCCCAATTAT GARARATGAT 200
GCTTATCATE AGAARTCCTA RAATAGCACT GCAGTAACAR CTTCACRARCR 250
AGCRAACTCAL AATGRARATAG CAARATGRAC AGTGARCTAR

Genomic chr2 (reverse strand):

aasaaagagc aaaacaaaaa actgctactg cctatagtct taccttgaca 157540864
aaaactasat aaggagaaaa acaacatgaa tatttaaaag ctcaaaagta 197540814
ACATTTCTAC TTabACTAGE CATCAGAGTA ATCAATAGTT CTTCCTATCA 1597540764
ARAGRAATAR TCTGAACAAR AACCTRAAACA GGCGTATCTC RAATCATTACA 157540714
CAGTAGATAT CAGCACARATG TGACAGATGT TAATCCGTAR TAGCCAGTGE 157540664
ATCATGAAGT GAGTTCTAGC CCATGTAATT GCCCAATTAT GARRAATGAT 157540614
GCTTATCATR AGAAATCCTA ARATAGCACT GCAGTAACAR CTTCACARCA 157540564
AGCRRCTCAR RATGARRATAG CAARATGAAC AGTGAACTAL aaaccctaaa 1957540514
aacttgtocta acattgtoctt gagagagatt taggctataa taatttt|att. 197540464
agttactcta tttcataaat cctcacctct tttggagttt

UCSC Genome Browser on Human Dec. 2013 (GRCh38/hg38) Assembly

move| <<<| << ] <] > | > | >>> |zoomin| 1.5x | 3x | 10x | base |zoomout| 1.5x | 3x | 10x | 100x

chr2:197,539,219-197,542,118 2,900 bp. | chr2:197,540,624-197.540,813 |Cae]
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Figure S2 Integration site analysis of pro-viral TERT in Line 7 iHUVEC. A) USCS Genome Browser
analysis BLAT reveals alignment of pro-viral TERT sequence to lead transcript MOB4. B) Pro-viral
TERT cDNA sequence alone and pro-viral TERT sequence integrated at Chr2g33 within the MOB4
genomic sequence (Altschul et al., 1990; Kent et al., 2002).
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* On rare occasions, the 3' end of the
GenomeWalker Adaptor is extended,
creating a template with the full adaptor
sequence on both ends
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Even when the adaptor is extended, very little full-length amplification occurs.

Figure S3 PCR suppression effects during DNA walking (Integration Site Analysis). In rare cases,
the 3’ end of the adaptor sequence gets extended, due to incomplete oligonucleotide
synthesis/adaptor ligation. As a result, for targets longer then ~6kb, full-length adaptor sequences
are present on both ends that serve as a template for end-to-end amplification. In suppression
PCR as the adapter primer is shorter then the adapter sequence, no primer binding leads to the
formation of panhandle DNA structures which are unable to be extended. During PCR, the
intramolecular annealing event of this stable panhandle DNA structure is favoured (block arrow)
over the adaptor primer to the adaptor sequence. Without suppression PCR, such rare events
would lead to unacceptable backgrounds as a result of conventional PCR amplification. Taken from
Siebert et al., 1995.
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Figure S4 flow cytometric detection (histoplots) of endothelial cell surface markers CD31, CD309 and CD144 (in Line 1, 2, 7 and 10) early passage parental HUVEC
(<10 days in culture) and iIHUVEC. Human isotope Ig G-APC or Ig G-APC controls was included for each run to check the background level of non-specific antibody.
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Figure S5 flow cytometric detection (histoplots) of endothelial cell surface markers CD31, CD309 and CD144 in parental HUVEC, immortalised

HUVEC (iHUVEC) (<10 days in culture) and short and long TL lines Human isotope Ig G-APC or Ig G-APC controls was included for each run to
check the background level of non-specific antibody.
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