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SUMMARY

Cancer cells gain replicative immortality through the upregulation of telomere maintenance
mechanisms, and 10-15% of tumours activate the alternative lengthening of telomeres (ALT).
The ATRX gene has been strongly linked to ALT and is often mutated in cancers that
upregulate this pathway. The aim of this project was to establish the effect the loss of the

ATRX gene and telomere dysfunction have on the initiation of the ALT phenotype.

The ATRX gene was knocked out in two human cell types: epithelial cancer cells and primary
fibroblasts. Upon loss of ATRX and the induction of telomere stress, cells successfully escaped
a telomere-driven crisis in both models. In the fibroblast cultures, clones exclusively
immortalised by the upregulation and maintenance of ALT. The loss of ATRX led to telomere
length heterogeneity pre-crisis, providing evidence that it plays a role in the maintenance of
telomere chromatin. In contrast, in epithelial cells, upon the loss of telomerase and the
induction of a telomere-driven crisis, ALT-like elongation was observed at 5 chromosome
ends in 4.7% of escapees for which the insertion length appeared to be chromosome and
allele specific. A further 18% of clones that died during crisis, displayed initiation of an ALT-
like process, providing evidence that epithelial cells can transiently switch to ALT, but
ultimately require telomerase activity for long-term survival. Finally, telomeres from ALT
clones were sequenced and showed an increase in non-canonical variant repeats suggesting

the use of telomeric DNA as template for elongation.

In conclusion, the loss of ATRX combined with telomere stress during crisis, is sufficient to
initiate the ALT mechanism, and this study provides an insight into the transition from normal
cells to malignancy upon the activation of the ALT mechanism, thus providing a tractable

model to gain a better understanding of the ALT pathway.
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Chapter 1

Introduction

1.1 Telomere Biology

1.1.1 Telomere structure

The ends of chromosomes were first described in 1930 by Hermann Muller who gave them
their distinctive name of telomeres originating from the Greek; ‘telo’ meaning end; and
‘mere’ meaning part. He uncovered the property that they were resistant to ionising
radiation and must therefore play a role in the protection of the natural ends of
chromosomes (Muller 1938). It was not until 1978, that Elizabeth Blackburn discovered the
repetitive nature of the telomeric sequence, present at the end of the ribosomal DNA in
Tetrahymena, and that this was conserved in eukaryotes (Blackburn and Gall 1978). We now
know that the telomere sequence is G-rich and varies depending on the specie: TTAGGG in
mammalians; TTGGGG in Tetrahymena; TTTAGGG in plants (Blackburn and Gall 1978;
Richards and Ausubel 1988; Meyne et al. 1989). Human telomeres are formed of degenerate
variant repeats within the first 1 kilobase (kb) of the telomere sequence, with the most
common being: TTGGGG, TCAGGG, CTAGGG and GTAGGG. A series of TTAGGG repeats is
then found at the distal end and this sequence pattern varies between chromosomes

allowing for the dissociation of alleles (Allshire et al. 1989; Baird et al. 1995).

Telomere repeats are also found at non-telomeric loci within chromosome arms or close to
centromeres, and, these interstitial telomere sequences (ITSs) are thought to originate from
fusion events which occurred during evolution (Meyne et al. 1990; Bolzan 2017; Baird 2018).
Telomeres represent fragile sites within our genome and therefore, ITSs are thought to
increase genomic instability as they present breakage sites within chromosome arms

(Slijepcevic et al. 1996; Sfeir et al. 2009; Aksenova et al. 2013).

1.1.2 Telomere length

Variation in telomere length is observed between species with laboratory mice telomeres

reaching up to 150 kb whilst human telomeres average between 5 and 15 kb and yeast cells
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display telomeres of just 300 base pairs (bps) (Kipling and Cooke 1990; Louis and Borts 1995).
It is also clear that telomere length determined at birth varies between individuals from the
same species and is a genetically heritable trait (Slagboom et al. 1994; Okuda et al. 2002; Aviv
et al. 2011). Humans have a longer lifespan than mice despite having shorter telomeres thus
signifying that starting telomere length is not predictive of lifespan. Indeed, larger organisms
undergo more cellular division and are therefore more prone to mutations and have thus
evolved to have stringent tumour suppressive mechanisms, such as replicative senescence
discussed in section 1.2.1, to limit large-scale genomic instability associated with critically
short telomeres (Seluanov et al. 2008; Gomes et al. 2011). In addition, a single stranded
overhang is present at the end of telomeres, not included in the overall telomere length, and
varies in size, from as short as 24 nucleotides to over 400 nucleotides with the average
measured around 100 nucleotides (Makarov et al. 1997; Cimino-Reale et al. 2001). The

function of this structural property will be discussed in section 1.1.4.1.

1.1.3 Telomere-associated proteins

Numerous proteins reside at telomeres with some exclusively functioning at those sites, such
as the Shelterin complex and telomerase, whilst others play a role at telomeres but also
relocate to other parts of the genome when required, such as DNA damage sensing and

repair proteins.

1.1.3.1 The Shelterin complex

The Shelterin complex is formed of six proteins which reside at telomeres (POT1, TPP1, TRF1,
TRF2, RAP1 and TIN2) (de Lange 2005). TRF1 was the first subunit to be found through its
ability to bind the double stranded DNA (dsDNA) alongside TRF2, its paralog (Zhong et al.
1992; Bilaud et al. 1997). Both proteins have two DNA Myb binding domains that recognise
TTAGGG repeats exclusively and anchor the complex to the telomeric DNA, as well as protect
the natural ends of chromosomes from the repair machinery (Broccoli et al. 1997; Court et
al. 2005). Next, RAP1, binds TRF2 whilst TIN2 forms a bridge between TRF1 and TRF2 and also
binds to TPP1 which stabilises the complex (O'Connor et al. 2006; Rai et al. 2016). Finally,
POT1 binds the single stranded DNA (ssDNA) overhang present at the 3’ end of the telomere
(Baumann and Cech 2001). TIN2, TPP1 and POT1 have also been found to directly recruit
telomerase to induce telomere lengthening and increase telomerase processivity

(telomerase action will be discussed in section 1.1.3.2) (Frank et al. 2015; Pike et al. 2019).
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There are numerous Shelterin complexes across the entire telomere length and their role as

a whole will be detailed in section 1.1.4.1.

1.1.3.2 Telomerase

Telomerase was first described in 1985 in Tetrahymena for its property to extend telomeres
(Greider and Blackburn 1985). Telomerase is a reverse transcriptase enzyme that adds
canonical telomeric repeats de novo to the distal end of chromosomes to compensate for
telomere loss during replication (detailed in section 1.1.4.2) (Morin 1989). It is formed of two
subunits: an RNA template encoded by the hTERC gene, located on chromosome 3, and the
catalytic subunit encoded by the hTERT gene, located on chromosome 5 (Feng et al. 1995;
Cong et al. 1999). hTERC is continually transcribed and can be detected in all cells whilst
hTERT is only expressed when required (Avilion et al. 1996; Cong et al. 2002). The hTERC
MRNA sequence is complimentary to the TTAGGG repeats present at the distal ends of
telomeres. This RNA binds to the active site of hTERT, which in turn binds to the 3’ single
stranded overhang, and serves as a template to synthesise a new DNA sequence (Cong et al.
2002). Telomerase is recruited to telomeres through TPP1/TIN2/POT1 interaction which

promotes enzymatic activity (Nandakumar and Cech 2013; Pike et al. 2019).

Telomerase activity is detected during early development followed by a decrease in levels
and the absence of detection in human somatic cells. Telomerase is however active in the
germ line and in most stem cells, such as hematopoietic cells, during adulthood allowing
indefinite cellular division (Broccoli et al. 1995; Morrison et al. 1996; Wright et al. 1996).
Upon maturation of stem cells, telomerase levels drop to become undetectable, although
low levels are detected in cells with a high turnover rate such as basal skin cells (Harle-Bachor
and Boukamp 1996). In contrast, telomerase is active in mice somatic cells and the silencing
of telomerase has been proven to correlate with body mass, thus, the absence of the enzyme

in larger organisms is suggestive of a tumour suppressive mechanism (Seluanov et al. 2007).

1.1.3.3 DNA damage sensing

Numerous proteins, termed DNA damage sensors, are involved in the recognition of DNA
damage sites. One complex involved in the recognition of double stranded breaks (DSBs) is
the MRE11-RAD50-NBS1 (MRN) complex. By definition, DSBs require both strands to be cut
making these lesions lethal if unrepaired. The MRN complex recognises damage sites and
activates transducers, such as ATM or ATR, which in turn phosphorylate cell cycle checkpoint

proteins arresting the cell cycle, as well as the histone H2AX which signals for and recruits
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appropriate downstream repair proteins (Uziel et al. 2003; Lamarche et al. 2010; Duursma et
al. 2013). Interestingly, this complex also interacts with telomere-associated proteins, such
as TRF2, therefore implying it plays an additional role in telomere maintenance and
protection (Zhu et al. 2000). It has also been shown that the MRN complex may be involved
in the recruitment of telomerase in immortal cells and loss of this complex resulted in a
shortened G-rich overhang, required for telomerase anchoring and extension (Chai et al.

2006).

1.1.3.4 DNA repair

Many proteins involved in various DNA repair pathways are present at telomeres, notably
key proteins involved in the repair of DSBs. Indeed, the two primary pathways utilised for the
repair of such lesions are non-homologous end joining (NHEJ) alongside homologous
recombination (HR). Ku is a subunit of the DNA-PK complex, involved in NHEJ-mediated
repair, which binds to dsDNA to provide an anchoring point for other proteins involved in this
pathway to ensure the successful repair of a DSB (Davis and Chen 2013). Interestingly, it also
plays a major role in the protection of telomeres and has been found to interact with TRF1
and TRF2 to prevent NHEJ action to inhibit aberrant end-to-end fusions, contrary to the role
it plays in repair (Hsu et al. 2000; Ribes-Zamora et al. 2013). The other mechanism used in
the repair of DSBs is HR, and RAD51 is responsible for binding to the resected ssDNA and
subsequent strand invasion into the homologous template DNA (Sung and Robberson 1995).
By this means, RAD51 is also required at telomeres after replication to promote the invasion
of the single stranded overhang present at telomeres into the dsDNA to enable the
protection of telomeres (Verdun and Karlseder 2006), a role that is discussed in section

1.1.4.1.

1.1.4 Telomere function
1.1.4.1 Protection of natural chromosome ends

The Shelterin complex plays a key role in the protection of linear eukaryotic DNA. POT1,
which binds to the ssDNA, alongside TRF2, which modulates the DNA to form a loop, enable
the single stranded overhang to fold back on itself, termed telomeric or t-loop, and enables
the ssDNA to insert itself into dsDNA forming a DNA triplex, also called displacement or d-
loop (figure 1.1 A) (Griffith et al. 1999; Stansel et al. 2001). This mechanism prevents the

natural ends of chromosomes from being detected by the DNA repair machinery, and
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therefore mistaken for DSBs, and subsequently repaired through NHEJ or HR which in turn
causes chromosomal rearrangements (Greider 1991). TRF2 is the main preventer of fusion
events as it directly inhibits ATM migration to the damage site which subsequently prevents
the downstream phosphorylation of H2AX and recruitment of repair proteins (van Steensel
et al. 1998; Okamoto et al. 2013). This is confirmed by the fact that loss of TRF2 results in a
high incidence of end-to-end fusions within 48 hours (Celli and de Lange 2005). This unique

loop formation therefore protects the structural integrity of the genome.

1.1.4.2 Protection of protein coding DNA
1.1.4.2.1 The end-replication problem

DNA replication occurs during the S phase of the cell cycle and is the process by which DNA
is duplicated in a semi-conservative fashion, by using the existing DNA as template for
synthesis, prior to cell division to ensure DNA content is separated equally between daughter
cells (Meselson and Stahl 1958). It occurs in the 3’ to 5’ orientation, therefore, the leading
strand is synthesised in the same direction of the unwinding, whilst the lagging strand
synthesis occurs in a discontinuous manor (figure 1.1 B). Firstly, RNA primers are added to
both strands to allow the anchoring of DNA polymerase and the initiation of DNA synthesis.
On the lagging strand, RNA primers are added as the DNA unwinds and DNA polymerase
synthesises the DNA between primers forming Okazaki fragments, which are 100-200
nucleotides in length (Smith and Whitehouse 2012). Upon removal of these primers, DNA
ligase fills in the gaps, but is unable to do so at the distal end of the chromosome. It is not
clear where the most distal RNA primer is on the lagging strand and this therefore means a
loss of 10-20 nucleotides (length of an RNA primer) up to 200 nucleotides (length of an
Okazaki fragment) is incurred during this process whilst the leading strand is synthesised in
full, also known as the end-replication problem (Ogawa and Okazaki 1980; Dai et al. 2009;

Chow et al. 2012). This results in a gradual loss of telomeric sequence after every cell cycle.

1.1.4.2.2 Telomere erosion

Although only the lagging strand incurs a loss of nucleotides as a result of the end-replication
problem, both strands shorten between each replication round by 50-200 nucleotides
(Harley et al. 1990; Muraki et al. 2012). Leading and lagging strands appear to be processed
differently with the removal of the final RNA primer on the lagging strand, which has been
shown to be 70-100 nucleotides away from the end of the DNA, occurring soon after

replication whilst a degradation at the 5’ end on the leading strand appears later by EXO1
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and APOLLO nuclease activity (Chow et al. 2012; Wu et al. 2012). The generation of a single
strand 3’ overhang, characteristic of the telomere structure, plays a fundamental role in the
protection of telomeres to form the t-loop configuration as well as provide an anchoring
point for telomerase and subsequent telomere extension by action of the enzyme (Lingner
and Cech 1996; Makarov et al. 1997; Wright et al. 1997; Wu et al. 2010) (figure 1.1 C).
Evidence that cell types divide at different rates and telomere erosion is dependent on the
turnover has been established. In example, cardiac muscle cells undergo no to very little
telomere erosion whilst cells originating from hematopoietic stem cells, such as T-cells and
lymphocytes, undergo rapid telomere attrition, especially during childhood consistent with a
high turnover rate at that time (Rufer et al. 1999; Bergmann et al. 2015; Sharifi-Sanjani et al.
2017).
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1.1.5 Chromatin structure

1.1.5.1 Chromatin assembly

During interphase, the DNA is compacted into chromosomes encapsulated within the
nucleus. The DNA is tightly bound to a nucleosome which is formed of 8 histones: (H2A/H2B)>
and (H3/H4), thus enabling the coiling of 145-147 bps (Luger et al. 1997). Histone variants
exist for all histones apart from H4 in humans (Henikoff and Smith 2015). Notably, histone
H3 is known to have five variants in humans: two canonical variants H3.1 and H3.2, for which
expression is recorded at the start of S phase to ensure sufficient production of H3 histone
for replication; and three replacement variants H3.3, CENP-A and H3.1t, which are expressed
throughout the cell cycle (Hake and Allis 2006; Loyola and Almouzni 2007). Histone H3.3
varies by 5 and 4 amino acids from H3.1 and H3.2 respectively however, despite having
similar sequences, these changes are thought to account for the difference in the role they

each play (Goldberg et al. 2010). The role of histone H3.3 will be discussed in section 1.4.3.

Histones undergo post-translational modifications ranging from acetylation and
phosphorylation to methylation which enables the interaction with numerous proteins such
as histone chaperones and chromatin remodelers (Allfrey et al. 1964; Bannister and
Kouzarides 2011). Indeed, histones can be incorporated at particular regions of the genome,
as well as at specific times in the cell cycle, to ensure chromatin stability and condensation,
such as H3.3 is incorporation at telomeres following tri-methylation of lysine 9, or to provide
access to a gene for expression, such as incorporation of histone H3.3 within promoters of
transcribed genes (Chow et al. 2005; Goldberg et al. 2010; Lewis et al. 2010). Meanwhile,
H2AX phosphorylation triggers the DSB repair machinery thus showing the extensive role

histone modifications play in cellular processes (Rogakou et al. 1998).

1.1.5.2 Telomere transcription

Despite the telomere sequence not encoding for proteins and constituting repetitive DNA,
this area of the genome is not silent. Indeed, telomeres have been shown to be actively
transcribed from the sub-telomere DNA, containing CpG islands serving as promoters for
transcription, to the telomere repeat array into telomeric repeat containing RNA (TERRA) by
RNA polymerase Il, using the C-rich strand as a template (Azzalin et al. 2007; Schoeftner and
Blasco 2008; Nergadze et al. 2009). By this means, only a subset of telomeres are known to
be transcribed, including 5p, 9p, 17p or 21q amongst others (Nergadze et al. 2009). TERRAs

localise at all telomeres post-transcriptionally, but not exclusively, and are thought to play
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an important role in the protection of telomeres from the repair machinery, as depletion of
TERRA induces telomere dysfunction (Azzalin et al. 2007; Lopez de Silanes et al. 2014; Chu et
al. 2017). Similarly, an increase in TERRA levels is also associated with dysfunctional
telomeres and diseases such as cancer inducing rapid telomere shortening and therefore, a
tight control of TERRA is required for appropriate function (Maicher et al. 2012a; Maicher et
al. 2012b).

TERRASs can bind DNA to form DNA-RNA hybrids termed R-loops at the time of transcription,
when DNA is unwound and accessible, which results in a DNA-RNA duplex and an ssDNA
strand prone to DNA-damaging agents; their exact role remains unclear (Thomas et al. 1976;
Balk et al. 2013). Interestingly, these secondary structures appear to be more stable than the
native dsDNA, although, an increase in these R-loops disrupts homeostasis and is associated
with high levels of genomic instability and therefore diseases such as cancer (Roberts and
Crothers 1992; Richard and Manley 2017). Indeed, R-loops are thought to affect DNA
replication as they form a barrier for polymerase resulting in replication fork stalling and
collapse (Gan et al. 2011). In addition, they can also inhibit gene expression by
downregulating methylation of CpG islands found upstream of a subset of genes and acting
as promotors (Ginno et al. 2012). These structures can however be enzymatically resolved,

notably with RNase H1 (Parajuli et al. 2017).
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1.2 Telomere-associated ageing and diseases

1.2.1 Senescence

Replicative senescence is an irreversible process by which cells stop dividing whilst remaining
active and influencing the microenvironment (van Deursen 2014). Senescence can be
triggered by numerous processes which cause stress such as damage induced by reactive
oxygen species (ROS) or telomere dysfunction (von Zglinicki 2002; Deng et al. 2008). Primary
somatic cells that undergo cellular division have a finite replicative lifespan and after 60
population doublings (PDs) on average, also known as the Hayflick limit, they stop dividing
(Hayflick and Moorhead 1961). Upon loss of telomeric chromatin as a result of replication,
senescence is initiated by the accumulation of short telomeres which in turn trigger a TP53
dependent G1/S cell cycle arrest, due to telomeres being too short to fulfil their protective
role, resulting in the loss of the t-loop formation and the exposure of the natural ends of
chromosomes to the DNA damage response, resulting in a cell-cycle checkpoint response
(Shay et al. 1991; von Zglinicki et al. 2005). In addition, phenotypic changes are observed in
senescent cells as the chromatin structure alters and gene expression patterns adapt to
release pro-inflammatory cytokines, chemokines, growth factors, etc, also known as the
senescence-associated secretory phenotype (SASP), which influences the surrounding
environment (Acosta et al. 2013; Sun et al. 2018). Therefore, senescent cells accumulate over
time in tissues and senescence can be triggered in neighbouring cells by the release of these
pro-inflammatory particles (Nelson et al. 2012). This in turn revealed the use of acute
senescence for tissue repair or development for instance. The phenotype is thought to be
transient in these cases to enable cellular processes to take place and limit fibrosis in the case
of repair (Krizhanovsky et al. 2008; Jun and Lau 2010; Rajagopalan and Long 2012).
Senescence is therefore a stringent tumour suppressive mechanism, preventing cells with
dysfunctional telomeres from dividing further thus inhibiting genomic rearrangements, and
is an evolutionary trait of organisms which have longer lifespans which present the potential

of accumulating more mutations over time (Sager 1991; Deng et al. 2008).

1.2.2 Telomere erosion and diseases

In normal individuals, telomere lengths at birth are similar in all tissues however the rate of
telomere erosion has shown conflicting results (Youngren et al. 1998). It would be expected

that cells that undergo limited proliferation, such as muscle cells, would have a slower rate
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of telomere attrition than fast dividing cells, such as hematopoietic cells. However, Daniali et
al showed a similar rate of erosion across both cell types over the course of a lifetime despite
longer telomeres in muscle cells versus leukocytes (Daniali et al. 2013). They suggested that
leukocytes undergo rapid telomere erosion early in life, followed by a stabilisation whilst
muscle cells undergo a similar rate of erosion throughout the lifespan of the individual, thus
also accounting for the differences in telomere length between the cell types (Daniali et al.
2013). In addition, telomeres measured under the threshold of 5 kb were seen to be
predictive of imminent death and coincided with older individuals, 80 years of age and above

in most cases (Steenstrup et al. 2017).

An extensive breadth of studies reports the impact of the environment on telomere biology
and especially on the rate of erosion (Romano et al. 2013; Dugdale and Richardson 2018).
The effects of smoking, obesity, and prolonged exposure to stress amongst others have been
evaluated and all appear to impact telomere length and the rate of telomere attrition,
showing an increased rate of telomere loss (von Zglinicki 2002; Song et al. 2010).
Interestingly, exposure to these environmental factors in-utero, notably the mother’s level
of stress, has a greater effect on telomere length, as cells divide more rapidly during
development, and can impact the rate of telomere attrition throughout the individuals
lifetime (Entringer et al. 2011). As mentioned previously, the telomere length at birth varies
amongst individuals, however, the starting telomere length rather than the rate of telomere
erosion has been suggested to be predictive of developing conditions such as cardiovascular
diseases (Toupance et al. 2017; Benetos et al. 2018; Benetos et al. 2019). The reason for this
observation remains unclear but may be linked to causal events such as a higher rate of
insulin seen in patients with cardiovascular disease, although this remains to be fully tested
(Zzhan et al. 2017). In contrast, despite observing shorter telomeres in patients with
osteoarthritis, this is thought to be a consequence of accelerated telomere attrition, due to
exposure to stress, and results in an increase in senescent cells contributing to the disease
phenotype (Martin and Buckwalter 2001; Kuszel et al. 2015). Senescence is a tightly
controlled phenomenon and aberrant rates of telomere erosion result in the accumulation
of senescent cells and premature ageing (Childs et al. 2015). This is a common observation in

genomic instability syndromes.
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1.2.3 Genomic instability syndromes

Genomic instability syndromes include a wide range of diseases, with various symptoms and
causes, but all exhibit forms of chromosomal instability. In example, Ataxia telangiectasia
(AT) is a syndrome caused by a mutation in the ataxia telangiectasia mutated (ATM) gene
which encodes the ATM protein, a DNA damage transducer, involved in DNA damage sensing
and phosphorylation of the histone H2AX for recruitment of downstream repair (Savic et al.
2009; Rothblum-Oviatt et al. 2016). Patients are sensitive to ionising radiation and this
therefore results in the accumulation of DNA damage and genomic instability (Painter and
Young 1980). Some patients also have immunological abnormalities and together with the
increased genomic instability, patients are more susceptible to developing cancers, especially
lymphoma and leukaemia (Nowak-Wegrzyn et al. 2004; Reiman et al. 2011; Suarez et al.

2015).

There are many other syndromes that are regrouped in this category including two
syndromes which are caused by mutations in RecQ helicases causing replication and DNA
repair defects: Bloom syndrome, caused by a mutation in the BLM protein, and Werner
syndrome, caused by a mutation in the WRN protein (Burla et al. 2018). The WRN protein
has been shown to unwind areas of the genome that are difficult to replicate, such as
telomeres, and ensures appropriate lagging strand synthesis (Crabbe et al. 2004). The BLM
protein interacts with the Shelterin component TRF1 and appears to play a role in telomere
maintenance and, also minimises the rate of crossovers associated with HR during the repair
of DNA lesions (Karow et al. 2000; Barefield and Karlseder 2012). Loss of BLM or WRN results
in telomere dysfunction through end-to-end fusions and high rates of recombination, notably
sister-chromatid exchanges (SCE), and an accelerated rate of telomere erosion which in turn
leads to premature ageing (Chaganti et al. 1974; Faragher et al. 1993; Wyllie et al. 2000; Bohr
2002). Patients with Werner syndrome present a higher risk of developing sarcomas whilst
Bloom syndrome patients are susceptible to any malignancy due to the accumulation of

genomic instability in the absence of these proteins (Oshima 2000; Callen and Surralles 2004).

1.2.4 Crisis and cancer

If telomeres continue to shorten as a function of cell division, beyond senescence, due to cell
cycle checkpoint proteins, such as TP53 or Rb, being mutated, short telomeres begin to

become dysfunctional. This therefore leads to end-to-end fusions, including sister-chromatid
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and inter-chromosomal fusions, dicentric chromosomes and overall large-scale chromosomal
rearrangements as telomeres are now recognised as DSBs (Counter et al. 1992; Capper et al.
2007). Cells continue to divide despite extensive damage resulting in rearranged karyotypes
due to tearing of chromosomes during mitosis. This phase is known as crisis, during which
most cells will die due to extensive lethal mutations however, a rare proportion of cells will
survive leading to clonal malignant growth (figure 1.2) (von Morgen and Maciejowski 2018).
Cells achieve replicative immortality by maintaining telomere length by one of two known
mechanisms: 85-90% of cancers upregulate the enzyme telomerase whilst the remaining 10-

15% with activate the alternative lengthening of telomeres (ALT) (Heaphy et al. 2011b).

\ \
Senescence Death

Normal cellular division Crisis Immortalisation
»

Figure 1.2: Schematic representation of telomere erosion as a function of cellular division.
Telomere erosion triggers replicative senescence or crisis resulting in cell death or immortalisation
through maintenance of telomere length in cancer. Figure generated using BioRender.

As previously mentioned, telomerase is present in the germline and stem cells but not in
somatic cells outside of development. The mechanism of telomerase-mediated telomere
elongation is well understood and its upregulation in cancer has been well characterised.
hTERT expression is driven by multiple changes such as an amplification of the hTERT gene
or, mutations within the hTERT promoter thus allowing transcription factors to bind and drive
expression of the gene (Zhang et al. 2000; Huang et al. 2013). A five-fold increase in hTERC
levels has been observed in some cancer cells, and appears to depend on the successful
upregulation of hTERT combined with an increase in the rate of transcription of the hTERC
gene (Yi et al. 1999). In contrast, the ALT mechanism is still poorly understood, and the

initiation and maintenance have yet to be fully elucidated.
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1.3 Alternative lengthening of telomeres

The ALT mechanism was first described in 1995 by Tracy Bryan who uncovered the unique
property of telomere elongation and therefore replicative immortality in cells that lack
telomerase activity (Bryan et al. 1995). The mechanism of telomere elongation in the context
of ALT varies greatly from telomerase upregulation which adds telomeric repeats de novo.
ALT telomeres undergo rapid extension through homology directed repair (HDR), notably
break-induced replication (BIR) (Dilley et al. 2016; Roumelioti et al. 2016). The initiation and
maintenance of this mechanism remain largely unknown, although, various hallmarks
associated with ALT and which contribute to the phenotype have been uncovered in the last
25 years. These include extrachromosomal DNA present in the cytoplasm of cells termed C-
circles, or ALT-associated PML bodies (APBs) which provide essential proteins required for
HDR-mediated elongation of telomeres, alongside numerous other pathways discussed
below which contribute to the ALT phenotype and show variability amongst cancer subtypes

(Yeager et al. 1999; Henson et al. 2009; Sommer and Royle 2020).

1.3.1 Mechanism of telomere length maintenance

1.3.1.1 Normal HDR repair

HDR is a faithful repair pathway primarily used to resolve DSBs alongside the NHEJ pathway.
HDR is also involved in the resolution of replication fork stalling or collapse (Costes and
Lambert 2012; Wilhelm et al. 2016). There are four main types of HDR: single strand
annealing (SSA), double strand break repair (DSBR), synthesis-dependent strand annealing
(SDSA) and break-induced replication (BIR) (Heyer et al. 2010). In the event of the repair of a
DSB through HDR, DSBR and SDSA are primarily used and begin with EXO1l-mediated
resection of DNA in the 5’ to 3’ direction, either side of the break, to generate single stranded
overhangs to which RPA binds, to protect the exposed fragile ssDNA and to recruit
downstream proteins (Ruff et al. 2016). RPA is then displaced from ssDNA by various proteins
such as RAD52 and BRCA2 to enable the binding of RAD51, a step that is essential in strand
invasion of the homologous template (Sung and Robberson 1995; Sugiyama and
Kowalczykowski 2002; Jensen et al. 2010). In the case of SDSA, one strand invades the
homologous template, temporarily forming a d-loop, and allowing for the synthesis of the
DNA using the template homologous strand. The d-loop is then resolved through the

dissociation of the newly synthesised strand and the gaps are filled through ligation action
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(figure 1.3) (Nassif et al. 1994). In contrast, DSBR is a complex pathway during which the four
DNA strands are joined to form a double Holliday junction, resulting in complex exchanges of
DNA and inducing heterogeneity within the sequence upon resolution of the structure (figure
1.3) (Holliday 2007; Wyatt and West 2014). Crossovers are however rare in somatic cells, and

occur more frequently during meiosis to ensure genetic diversity (Lam and Keeney 2014).

In the case of single strand annealing (SSA), which occurs when a DSB arises between
homologous repeat sequences, DNA is similarly resected in the 5 to 3’ direction and the
repeat sequences are annealed through RAD52 action, followed by a removal of the single
stranded overhangs by ERCC1 (figure 1.3) (Van Dyck et al. 2001; Motycka et al. 2004). SSA is
therefore associated with deletions at the site of repair (Stark et al. 2004). Finally, BIR is
primarily used to repair replication stress and usually involves a one ended break, such as
the natural ends of chromosomes. This pathway will be discussed in more detail in section
1.3.1.2 and figure 1.4 as it is thought to be the mechanism used to elongate telomeres in

the context of ALT upregulation for survival in cancer.
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Figure 1.3: Repair of DSBs through HDR.
DSBs can be repaired through SDSA, DSBR and SSA resulting in accurate resolution of breaks with varying outcome of heterogeneity in DNA sequences
dependent on the pathway utilised. Adapted from Heyer et al. 2010.
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1.3.1.2 BIR-mediated telomere elongation in ALT positive cells

The exact mechanism of elongation and maintenance of telomeres in the context of ALT is
still unclear, however, HDR has been strongly linked to the ALT mechanism. For instance,
evidence that tags inserted within the telomere sequence were exchanged between sister
chromatids as well as between chromosomes was established (figure 1.4 A and B) (Dunham
et al. 2000). It is also thought that the length heterogeneity as well as complex mutations
within the proximal region to the sub-telomeres observed in ALT cells results from inter-
chromosomal exchanges (Varley et al. 2002; Liu et al. 2018). The WRN protein appears to
play a role in the ALT mechanism as it further promotes inter-allelic recombination, perhaps
due to its ability to unwind complex structures such as t-loops and G quadruplexes (G4) at
telomeres (Mendez-Bermudez et al. 2012). In addition, numerous HDR-related proteins such
as RAD51 and RAD52 were isolated in APBs, markers of ALT activity, thus further suggesting

the involvement of recombination in ALT positive cells (Yeager et al. 1999).

BIR has emerged as the leading HDR pathway in the context of ALT for maintenance of
telomere length as it involves a one-ended repair (Figure 1.4 B) (Dilley et al. 2016; Roumelioti
et al. 2016). The first step of BIR involves the resection of DNA to form single stranded
overhangs, similar to other HDR pathways. From there, two BIR pathways have been
identified: RAD51-dependent and -independent (Sakofsky and Malkova 2017). When RAD51
is involved, it binds to the single stranded overhang and invades the homologous dsDNA to
initiate synthesis (Davis and Symington 2004). The RAD51-independent pathway relies on
RAD52 for annealing of ssDNA in a similar fashion to SSA (Malkova et al. 1996). ALT cells
appear to use both mechanisms, however, the initial elongation event is thought to arise
from using C-circle DNA, a hallmark of ALT activation, as template for RAD51-independent
BIR, allowing for the annealing of the ssDNA to the telomere and proceeding to a rolling-
circle amplification (RCA) for elongation (figure 1.4 C) (McEachern and Blackburn 1996;
Tomaska et al. 2009). C-circles are thought to arise following replication fork collapse
resolution or RCA of telomeres and is further discussed in section 1.3.5.4 (Zhang et al. 2019b).
Linear telomeric DNA found in APBs, another hallmark of ALT, was also speculated to being
used as a template for elongation, although short in length thus not suggestive of rapid and
significant elongation observed in ALT cells (Yeager et al. 1999; Henson et al. 2002). This is
then followed by RAD51-dependent BIR between telomeres for continual telomere

elongation (Natarajan and McEachern 2002; Zhang et al. 2019a).

17



Chapter 1: Introduction

O~
=
N, —

A S S 7N

Figure 1.4: Putative HDR-mediated telomere elongation in the context of ALT.
A) Unequal sister-chromatid exchange. B) Break-induced replication with strand invasion of the short telomere into the long telomere for extension with two
possible outcomes. C) Rolling circle amplification using partially single stranded C-circle as template for telomere elongation. Adapted from Durant 2012; Sakofsky

and Malkova 2017.
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1.3.2 Use of ALT in various organisms

The initiation and maintenance of the ALT mechanism remains largely unclear although this
phenomenon has been seen to occur in various organisms, spontaneously or artificially

induced, and provide strong models for a better understanding of this mechanism.

1.3.2.1 Yeast

In S. cerevisiae two telomerase-independent types of survivors emerged spontaneously from
cultures (Lundblad and Blackburn 1993; Teng and Zakian 1999). To study this phenomenon,
the est1 gene, which encodes for telomerase in yeast, was knocked out and initially no
difference in viability was observed. Telomeres eroded until reaching senescence at which
point an increase in cell death was observed whilst a subset of cells bypassed senescence
(Lundblad and Szostak 1989; Lundblad and Blackburn 1993). Yeast telomeres have distinctive
X and Y elements, which resemble sub-telomere sequences, interspersed with telomere
repeat tracts (Chan and Tye 1983; Shampay et al. 1984). Type | survivors show an
amplification of the X and/or Y elements and depend on RAD52 and RAD51. In contrast, type
Il survivors show an increase in telomere repeats and present ALT-like features and depend
on RAD52 and RAD50 (Teng and Zakian 1999; Teng et al. 2000; Chen et al. 2001). In type I
survivors, telomeres were shown to erode until the sudden appearance of long telomeres
containing a high proportion of telomeric repeats thus suggesting the use of telomeres as
templates for elongation, and also evidence that only short telomeres are elongated for
survival (Teng et al. 2000). In addition, they are dependent on HDR-related proteins, thus
further confirming the use of recombination for elongation in these cells consistent with ALT
upregulation (Chen et al. 2001). It is however important to note that this spontaneous
phenomenon is rare (less than 10%), as it has been shown that these organisms adapt to low-
levels of telomerase expression by the loss of a copy of chromosome VIl whilst still conferring
replicative immortality and only a complete loss of telomerase results in the ALT phenotype

(Teng et al. 2000; Millet et al. 2015).

1.3.2.2 C. elegans

To investigate the activation process associated with ALT, the telomerase coding gene, trt-1,
was knocked out in C. elegans populations to induce telomere erosion and chromosomal
instability once telomeres reached a critically short length (Lackner et al. 2012). A small
percentage of nematodes survived beyond 200 generations, called survivors, and appeared

to have adapted to the loss of telomerase and to the alterations occurred during ALT
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upregulation. They showed evidence of the presence of hallmarks of ALT, discussed in section
1.3.5, such as C-circles and heterogeneous telomere lengths as well as chromosomal end-to-
end fusions which presumably resulted from a crisis phase these cells had undergone
(Cheung et al. 2004; Cheng et al. 2012). Deletion of the C. elegans equivalent of the human
Shelterin component POT1 protein (CeOB1 and 2) showed an increase in telomere elongation
and heterogeneity, resembling an ALT phenotype. Double knockout of POT1 and trt-1
facilitates the survival therefore suggesting a potential role of POT-1 in the ALT mechanism

(Raices et al. 2008; Lackner and Karlseder 2013).

1.3.2.3 Mammals

Until recent years, ALT did not appear to be upregulated in normal human cells, unlike
telomerase which is active in the germline and stem cells, and was solely associated with
cancer. It has now been shown that ALT can be upregulated transiently to compensate for
damage incurred at telomeres by chronic oxidative stress or radiation (Berardinelli et al.
2010; Coluzzi et al. 2017; De Vitis et al. 2019). In addition, ALT activity was observed in normal
mouse somatic cells, but not in the germline, thus suggestive of a background of ALT activity
(Neumann et al. 2013). Therefore, it cannot be excluded that low levels of ALT activity, below
detection thresholds, may occur in normal human cells and that both telomerase and ALT
are activated but below the detection level. In this situation, upon induction of a telomere
crisis, one mechanism may outcompete the other to provide replicative immortality. It is
however important to note that normal and telomerase positive cells have been shown to
repress the ALT mechanism and it has been suggested that ALT may occur due to a repression
of telomerase activity (Perrem et al. 1999). Indeed, as shown in other organisms above,
survival in the absence of telomerase in S. cerevisiae and C. elegans showed an upregulation
of ALT, however even low levels of telomerase were enough to inhibit ALT in yeast (Millet et
al. 2015). In addition, telomerase activity is regarded an evolutionary trait in higher order
eukaryotes thus providing a novel mechanisms for survival and could therefore explain the

higher propensity to activate telomerase for survival in human cancers (de Lange 2004).

1.3.3 Prevalence in human cancers

Heaphy et al conducted a large study identifying the telomere maintenance mechanism
(TMM) used in over 6,100 tumour samples from over 150 cancer subtypes combining a range

of sarcomas, carcinomas and lymphomas (Heaphy et al. 2011b). From this study, carcinoma
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samples from a broad variety of tissues throughout the body including breast, lung, skin, CNS,
bladder, were evaluated to confirm telomerase upregulation, or ALT activation, for survival.
Only 0.9% (41) were positive for ALT whilst the rest upregulated telomerase indicating that
epithelial cells preferentially upregulate telomerase for survival. Epithelial cells originate
from various stem cells, which show telomerase activity during development (Wright et al.
1996). Telomerase is then silenced upon maturation and differentiation of cells perhaps pre-
disposing these cells to re-activating telomerase for survival (Broccoli et al. 1995).
Nonetheless, a subtype of breast cancer, ductal carcinoma, showed a small percentage of
ALT positivity (3/71; 4%) and coincided with a HER-2 overexpression which was associated

with a poorer prognosis (Subhawong et al. 2009).

In contrast, the percentage of ALT positivity in sarcomas is greatly increased implying that
cells of mesenchymal origin preferentially upregulate the ALT mechanism for survival
(Heaphy et al. 2011b; Xiao et al. 2013). The reason for this is unclear, although, mesenchymal
stem cells (MSCs) use little to no telomerase during development, unlike other stem cells,
and could therefore be pre-disposed to upregulating ALT (Parsch et al. 2004). Combining
several studies which address the ALT status of various sarcoma subtypes revealed an overall
40% positivity of ALT in leiomyosarcomas, liposarcomas, osteosarcomas and malignant
fibrous histiocytomas (MFH) (table 1.1). A variation among subtypes of sarcomas is also
observed with the highest rate of 56% overall in leiomyosarcomas down to 24% in
liposarcomas. Although all studies determined ALT positivity by APB signal through
fluorescent in situ hybridisation (FISH) combined with telomere length, a variation in
thresholds used may explain the differences between studies. Furthermore, evidence of
liposarcomas without APBs nor telomerase, but with other ALT-associated changes, such as
recombination mediated mutations, have been identified whilst another study showed no
distinct TMM used in 50% of liposarcoma samples tested for telomerase and ALT. Therefore,
further confirmation of ALT status testing for another hallmark using a more robust protocol,
such as the C-circle assay, should be considered (Henson et al. 2005; Costa et al. 2006;
Jeyapalan et al. 2008). In addition, some studies have highlighted the co-existence of ALT and
telomerase in a subset of sarcomas although it is unclear whether these co-exist within the
same population of cells, or if it is a result of two cell populations co-existing with separate
TMMs and if this is maintained on the long-term (Costa et al. 2006; Matsuo et al. 2009).
Nonetheless, these studies have enabled the research community to narrow down the
spectrum of cells that upregulate ALT which is important for the development of diagnostic,

therapeutic and prognostic markers.
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Type
CARCINOMAS
Breast ductal carcinoma

Total
All
LYMPHOMAS
All
SARCOMAS
Leiomyosarcoma

Total
Liposarcoma

Total
Osteosarcoma

Total
Malignant fibrous
histiocytoma

Total
All from above
OTHER
Astrocytoma

Total
Glioblastoma

Total

Primary pancreatic
neuroendocrine tumour
Total

All from above

Number of
ALT+

3/71
5/251
8/322
41/4756

0/104

31/59
8/13
51/92
33/54
123/218
36/139
9/38
3/9
23/111
71/297
27/58
12/14
39/72
17/22
14/43
31/65
264/652

53/214
38/115
17/50
108/379
35/202
19/77
54/279
98/321
59/269
157/590
319/1248

% of
ALT+

4%
2%
2.5%
0.9%

0%

53%
62%
55%
61%
56%
26%
24%
33%
21%
24%
47%
86%
54%
77%
33%
48%
40%

25%
33%
34%
28%
17%
25%
19%
31%
22%
27%
26%
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Study

(Subhawong et al. 2009)
(Heaphy et al. 2011b)
(Heaphy et al. 2011b)
(Heaphy et al. 2011b)
Heaphy et al. 2011b)
Henson et al. 2005)

Liau et al. 2015b)
Yang et al. 2015)

—_ e~~~

(Costa et al. 2006)
(Heaphy et al. 2011b)
(Henson et al. 2005)
(Lee et al. 2015a)

(Henson et al. 2005)
(Chen et al. 2014)

(Henson et al. 2005)
(Matsuo et al. 2009)

(Abedalthagafi et al. 2013)
(Heaphy et al. 2011b)
(Henson et al. 2005)

(Heaphy et al. 2011b)
(Hakin-Smith et al. 2003)

(Singhi et al. 2017)
(Kim et al. 2017)

Table 1.1: Prevalence of the ALT mechanism for survival in carcinomas, lymphomas, sarcomas and

other tumours.

1.3.4 Therapy and prognosis

No current diagnostic test or treatment protocols are used to target ALT specifically in

cancers as the mechanism of initiation and maintenance remain largely unclear. Thus far, the
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best line of treatment for ALT-positive tumours is surgery followed by post-operative
radiotherapy and/or chemotherapy. ALT positive tumours present more complex karyotypes
and poorer differentiation than ALT negative samples thus indicating a poorer prognosis for
patients with tumours utilising ALT for survival (Liau et al. 2015a; Ren et al. 2018). A meta-
analysis of several studies, which included primarily liposarcomas and leiomyosarcomas, was
carried out to further assess the prognosis in ALT positive versus ALT negative patients. It
showed that the risk of death was doubled in ALT positive patients, whilst independent
studies showed similar outcomes in other soft tissue sarcomas (STS) (Matsuo et al. 2010; Liau
et al. 2015b; Lawlor et al. 2019). In contrast, ALT positivity improved the overall survival in
glioblastoma with approximately 66% of patients still alive after 1 year versus 28% after the
same period for telomerase positive patients (Hakin-Smith et al. 2003; McDonald et al. 2010).
Interestingly, ALT positivity in osteosarcoma does not affect prognosis and in fact, the lack of
known TMM upregulation shows better survival in these patients (Ulaner et al. 2003). It is

however not clear why such a stark difference is observed between cancer subtypes.

1.3.5 Hallmarks of ALT

The ALT pathway is associated with numerous hallmarks that have been found in the last 25
years and enable the differentiation from telomerase positive tumours. It is however not yet
understood when these alterations occur and if a sequential order is required for successful

survival through the ALT mechanism (Bryan et al. 1995; Henson et al. 2002).

1.3.5.1 Lack of telomerase

ALT was initially discovered in cancers that lacked telomerase activity despite their telomeres
undergoing extension for survival (Bryan et al. 1995). Upon assessment of telomerase
components, levels of hTERT mRNA were undetectable due to a hypermethylation of the
gene promoter, whilst hTERC was found to be both wild-type (WT) or absent and exogenous
expression of hTERT showed restoration of telomerase expression when WT hTERC was
present (Kilian et al. 1997; Wen et al. 1998; Dessain et al. 2000). This suggests that telomerase
activity is hindered in ALT positive cells by repressed hTERT expression although the reason

for this is unknown (Henson et al. 2002; Lafferty-Whyte et al. 2009).
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1.3.5.2 Telomere length heterogeneity

ALT cells present extremely heterogeneous telomere lengths ranging from 3 kb to 50 kb, in
contrast to telomere lengths measured below 8 kb in normal or telomerase positive cells
(Bryan et al. 1995; Henson et al. 2002; Baird et al. 2004). Work in yeast showed the erosion
of telomeres followed by a sudden increase in length suggesting only short telomeres
undergo ALT-like elongation (Teng et al. 2000). It is however not clear whether there is a
consistent length to which telomeres need to erode to before being elongated or if indeed

telomeres are extended to a specific length.

1.3.5.3 APBs

ALT-associated promyelocytic leukaemia bodies (APBs) are structures which contain the PML
protein alongside telomeric DNA and telomere associated proteins such as TRF1 and TRF2,
key components of the Shelterin complex, or RAD51 and RADS52, involved in the HDR
pathway (Yeager et al. 1999; Wu et al. 2000; Wu et al. 2003). APBs are detected through FISH
probing for telomere repeat DNA (TTAGGG) and the PML protein (Yeager et al. 1999). This is
the most common method used in the literature to evaluate the ALT status in tumour
samples as the majority of ALT positive cancers are positive for APBs. In addition, APBs are
readily detected during late S/G2 and M phases of the cell cycle (Grobelny et al. 2000). Their
role in ALT is unclear although they are thought to localise at telomeres and provide HDR-
related proteins as well as telomere DNA to be used as template to these sites for elongation
thus suggesting their involvement in telomere maintenance (Draskovic et al. 2009). Indeed,
RAD51, RAD52 and RPA are commonly found in APBs and are required in BIR-mediated repair
and elongation (Yeager et al. 1999). They also appear to be a requirement for ALT
maintenance as repression of the ALT mechanism is associated with a loss of APB signal and

formation (Perrem et al. 1999; Jiang et al. 2007).

1.3.5.4 Circular extrachromosomal terminal repeats

C-circles are partially single stranded circular extrachromosomal terminal repeat (ECTRs)
DNA present in the cytoplasm of ALT positive cells. As the name suggests, these are C-rich
sequences which can be amplified through RCA and radioactive labelling and subsequently
quantified according to intensity (Henson et al. 2009). The quantity of C-circles is thought to
be directly correlated with levels of ALT activity and once more, these structures disappear
rapidly upon ALT repression suggesting their involvement in ALT maintenance (Henson et al.

2009). The reason for the accumulation of these ECTRs is unclear or the role they play in ALT
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upregulation and maintenance however, it is thought that these are used as templates for
the initial elongation of telomeres through RCA, which has the potential for generating very
long molecules and could account for the sudden increase in overall telomere length seen in
ALT cells (McEachern and Blackburn 1996; Henson et al. 2009; Tomaska et al. 2009).
Emerging evidence suggests that C-circles arise from replication fork collapse resolution
through BIR in a RAD52-independent way (Zhang et al. 2019a; Zhang et al. 2019b). Indeed,
ALT cells have been shown to undergo increased replication stress and C-circles appear
following S phase suggesting that they arise from replication fork collapse resolution, which
is also thought to limit genomic instability in these cells (Wang et al. 2019; Zhang et al.
2019b).

In addition, T-circles are predominantly double stranded circular telomeric DNA, thus
differing from C-circles, and are commonly found in ALT cells, but are not specific to the
mechanism. They are thought to arise from the t-loop excision at the distal end of the
chromosome, releasing the circular t-loop resulting in a blunt ended chromosome which is
highly recombinogenic and may also play a significant role in the ALT phenotype by

promoting HDR at telomeres (Henson et al. 2002).

1.3.5.5 Loss of ATRX/DAXX/H3.3 complex components

The loss of ATRX is the most documented genetic mutation in relation to the ALT mechanism,
however, mutations in DAXX and H3.3 have also been reported indicating that the lack of
incorporation of histone H3.3 at telomeres and pericentromeric regions is important in the
initiation and/or maintenance of ALT (Heaphy et al. 2011a; Bower et al. 2012; Clynes et al.
2013; Li et al. 2019). Most studies examine the loss of ATRX as a hallmark of ALT and the
impact the loss of ATRX has on cells will be more extensively discussed in sections 1.4 and

1.5.

1.3.5.6 Genomic instability

The ALT mechanism is associated with a background level of instability. Indeed, ALT tumours
are associated with complex karyotypes which arise from crisis however, ALT cells do not
stabilise and telomeres remain dysfunctional during malignant proliferation, notably due to
an increased level of replication stress (Lovejoy et al. 2012; Li et al. 2019). In addition,
telomere elongation through the ALT mechanism affects other parts of the genome, notably
at minisatellite MS32 present interstitially in chromosome 1 (Jeyapalan et al. 2005). This

region is commonly unstable in ALT cells and the rate of instability appears to correlate with
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levels of APB signal, indicating a quantifiable measure of ALT activity. It is important to note
that not all minisatellites across the genome are affected and it is not clear why some regions
are subject to instability as the location of the minisatellite does not appear to affect the rate
of instability (Jeyapalan et al. 2005). In addition, the BLM protein appears to stabilise MS32
instability in ALT cells and plays an important role in controlling levels of instability to ensure

cell viability (Mendez-Bermudez et al. 2012).

1.3.5.7 Other

Many pathways have been associated with the ALT mechanism in recent years but are not
systematically affected in all ALT specimens and are therefore not specific to ALT, but

contribute to the phenotype nonetheless.

1.3.5.7.1 cGAS-STING pathway

The cGAS-STING pathway is involved in the detection of extrachromosomal DNA in the
cytoplasm of cells, endogenous and exogenous, which in turn initiates the expression of
interferon-B thus resulting in cell death (Chen et al. 2016). Firstly, cGAS recognises the
pathogenic DNA and triggers the pathway through the production of cGAMP which in turn
activates the STING protein. STING is anchored to the endoplasmic reticulum, and when
activated, it triggers the phosphorylation of IRF3 which migrates to the nucleus to induce
interferon-B expression (Chen et al. 2016). More recently, this pathway was found to be
mutated in ALT positive cells with the striking complete loss of the STING protein despite an
unmutated genetic sequence (Chen et al. 2017). This in turn allows for the accumulation of
C-circles in the cytoplasm of ALT cells without the initiation of this pathway. This event may

therefore be required early in the process of ALT initiation and maintenance.

1.3.5.7.2 Loss of TP53

The loss of TP53 in cancer has been well documented and occurs at a high rate in cancers
generally (Hollstein et al. 1991). The loss of TP53 has been suggested to be required early in
the process of ALT initiation and in accordance with this hypothesis, ALT appears to occur
more readily in Li-Fraumeni syndrome (LFS) tumours (Bryan et al. 1997; Henson et al. 2002).
Indeed, patients with LFS, have a dominant mutation in the TP53 gene, which encodes the
TP53 protein, pre-disposing them to developing rare forms of cancers such as osteosarcoma
and STSs, which often upregulate ALT for survival (Mirabello et al. 2015; Kratz et al. 2017).
Loss of TP53 has also been associated with an increased rate of HDR further supporting the

potential requirement for TP53 loss early in the process of ALT initiation (Bertrand et al. 1997,
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Saintigny and Lopez 2002). The status of TP53 is not readily assessed in the context of ALT

and this hypothesis still remains to be verified on a larger scale.

1.3.5.7.3 Increased levels of TERRA

Chromatin is less condensed in ALT cells than in normal and telomerase positive cells due to
the inability to incorporate histone H3.3 upon loss of ATRX (Episkopou et al. 2014; Pickett
and Reddel 2015). This in turn exposes telomeres to transcription activity, as incorporation
of H3.3 at telomeres silences expression of these regions, and therefore, levels of TERRA are
increased in ALT positive cells (Goldberg et al. 2010; Episkopou et al. 2014). TERRA and ATRX
compete for binding sites on telomeres therefore a loss of ATRX favours TERRA localisation
at telomeres (Chu et al. 2017). In addition, TERRAs have been found to accumulate at short
telomeres in ALT cells forming R-loops which in turn initiate HDR-mediated repair and
elongation alongside an increase in RNAseH1 protein involved in the resolution of R-loops
(Arora et al. 2014; Graf et al. 2017). The FANCM complex, involved in numerous key cellular
processes such as replication and DNA repair, has also been shown to resolve replication
stress in ALT positive cells by disrupting R-loops, and its loss results in increased DNA damage
response and repair pathways to resolve replication stress alongside a stark increase in C-
circle formation due to an increase in replication fork collapse, further suggesting that C-

circle formation originates from this event (Xue et al. 2015; Pan et al. 2017).

1.3.5.7.4 C-rich overhang

The presence of long G-rich overhang at the ends of telomeres is required for the formation
of the t-loop; protector of the natural ends of chromosomes (Griffith et al. 1999). However,
the presence of long C-rich overhangs is rare and has recently been shown to be increased in
ALT positive cells and seen as a consequence of HDR-mediated telomere maintenance
(Oganesian and Karlseder 2011). These overhangs appear to be generated following a sudden
telomere truncation thus promoting HDR-mediated repair, perhaps through t-loop excision
subsequently generating T-circles (Oganesian and Karlseder 2013). More recently, these
structures have been shown to result from replication fork collapse resolution and therefore
to be a consequence of ALT upregulation and an adaptation to stress as well as prevention

of genomic instability in the context of ALT (Zhang et al. 2019b).
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1.4 Alpha-thalassemia mental retardation syndrome X-linked (ATRX)

1.4.1 ATRX gene and protein structure

The ATRX gene is located on the g arm of chromosome X and is composed of 35 exons which
span approximately 300 kb and encodes a 282 kiloDalton (kDa) protein (Picketts et al. 1996;
Villard et al. 1997). The ATRX protein is a member of the Switch2/sucrose non-fermentable2
(SWI2/SNF2) family and has the distinctive feature of having an ATRX-DNMT3-DNMTL (ADD)
domain, which enables DNA methyltransferase activity, alongside an C-terminal containing
seven helicase domains conferring its helicase/ATPase activity, distinctive of the SNF2 family
of proteins, which enables energy dependent histone-DNA contact (Picketts et al. 1998;
Iwase et al. 2011; Mitson et al. 2011). In addition, it has direct binding sites for the death
domain associated protein (DAXX), the heterochromatin protein 1a (HP1a), the enhancer of
zeste homolog 2 (EZH2) and Methyl CpG binding domain 2 (MeCP2) protein interactions
(figure 1.5) (Lewis et al. 2010; Berube 2011; Wang et al. 2017). ATRX also binds histone
variants H3.3, within its ADD domain, and macroH2A (mH2A), important for recruitment,
incorporation and inhibition of specific histones at repetitive heterochromatin (figure 1.5)

(Ratnakumar et al. 2012).

H3.3 mH2A
1 EE——— 2,492
i
- e
- e
f MeCP2
HP1 DAXX

EZH2

Figure 1.5: Schematic representation of the ATRX protein.

Starting from the N-terminal to the C-terminal: in orange the ADD domain; in green the helicase
domain; in red the binding sites for direct interaction with proteins; and in purple the binding domains
for interactions with histones. Adapted from Cardoso et al. 1998; Nan et al. 2007; Ramamoorthy and
Smith 2015; Wang et al. 2017.

1.4.2 ATRX syndrome

The ATRX syndrome was first described in 1981 suggesting a new type of X-linked mental
retardation associated with a-thalassemia rather than a coincidence of the occurrence of two
separate diseases within an individual (Weatherall et al. 1981). It was later confirmed that
patients suffering from this disease had an intact a-globin gene and that the mRNA was
reduced significantly, indicating that the a-thalassemia was a clinical observation of the ATRX
disease (Wilkie et al. 1990). A further study isolated the ATRX gene as being commonly

mutated in 26 cases, however, very little was known about the role of this protein in normal
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cellular mechanisms (Gibbons et al. 1995). The symptoms of the ATRX syndrome are an
indicator of the normal role of ATRX and are as follows: mental retardation resulting in lack
of speech and mobility in most cases; characteristic facial anomalies such as small ears and
inability to feed; gonadal anomalies resulting in ambiguous genitalia; and a type of a-
thalassemia (Wilkie et al. 1990; Gibbons 2006). Due to the overlap in symptoms between
varying X-linked syndromes, the ATRX syndrome is often mis-diagnosed, however, it is solely
caused by a mutation in the ATRX gene, and over 100 mutations have been identified in the

ADD and helicase domains resulting in varying severity of symptoms (Gibbons et al. 2008).

Due to the chromosomal location of the ATRX gene on the X chromosome, this syndrome
mostly affects males although females can be carriers whilst exhibiting no symptoms due to
skewed X chromosome inactivation (Gibbons et al. 1992). The ATRX syndrome is a very rare
genetic disease and the incidence rate has not been determined although 168 cases were
reported in 2006 (Gibbons 2006). There is no cure and patients are carefully monitored
regularly. Due to very low numbers of patients with this syndrome and the low survival
beyond 20 years of age, it is hard to address the question of predisposition to cancer although
the risk would be expected to be increased, like the aforementioned genomic instability
syndromes which all predispose patients to cancer. Recent studies have nonetheless
published data on cases of ATRX patients developing osteosarcoma exclusively (Ji et al. 2017;
Smolle et al. 2017; Masliah-Planchon et al. 2018). It is interesting to note that these case
studies always reported the occurrence of osteosarcoma but not other types of sarcomas

that commonly upregulate ALT for survival such as leiomyosarcoma.

1.4.3 ATRX role

ATRX has been associated with numerous cellular processes, primarily as a chromatin
remodeler by incorporation of histone variant H3.3 at repetitive heterochromatin which
plays a role in heterochromatin stability, DNA replication and regulation of gene expression.

The roles of ATRX are described below and summarised in figure 1.6.

1.4.3.1 Genomic stability

The ADD domain of ATRX recognises and binds the H3 family of histones, notably when they
are tri-methylated at lysine 9 (H3K9me3) and/or unmethylated at lysine 4 (H3K4me0), at

repetitive heterochromatin regions of the genome (Dhayalan et al. 2011; Iwase et al. 2011).
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Alternatively, ATRX can be recruited by HP1a, a direct interactor of ATRX, which recognises
H3K9me3 and binds to it whilst it can also induce the tri-methylation process to recruit ATRX
(Kourmouli et al. 2005). ATRX then recruits and directly binds the DAXX helical bundle (DHB)
domain of DAXX, a H3.3 specific chaperone, and together they incorporate histone H3.3 at
GC-rich repetitive regions of the DNA such as telomeres and centromeres (Drane et al. 2010;
Lewis et al. 2010). ATRX and DAXX, amongst many other proteins, have been found to reside
in PML nuclear bodies (PML NBs), which are bound to the nuclear matrix, and suggest a role
of these PML NBs in the regulation of H3.3 incorporation (Xue et al. 2003; Tang et al. 2004a).
Overall, this procures stability to these regions and condenses the heterochromatin further
to prevent the transcription of telomeres into TERRAs (Chu et al. 2017). Loss of ATRX results
in telomere dysfunction and an altered chromatin state, which results in a higher incidence
of repair of chromosome ends through the HDR pathway alongside an increased rate of
TERRA generation (Episkopou et al. 2014; Graf et al. 2017). Histone H3.3 can also be
incorporated by the histone chaperone HIRA, with help from other proteins such as RPA, in
other parts of the genome, including actively transcribed genes, and this mechanism is

therefore unaffected by the loss of ATRX (Chow et al. 2005; Zhang et al. 2017).

Although ALT is associated with HDR-mediated repair and loss of ATRX results in a higher
incidence of repair through HDR, the deposition of the H3.3 histone by the DAXX/ATRX
complex also appears to play a role in SCEs. Indeed, ATRX intervention in this process occurs
following RAD51 action in HDR repair and loss of it reduces levels of SCEs (Juhasz et al. 2018).
Overall, SCEs occur more frequently at telomeres than in other parts of the genome,
suggestive of a higher level of DNA damage at those sites, and ALT cells have shown increased
rates of such events (Dunham et al. 2000; Londono-Vallejo et al. 2004; Rudd et al. 2007; Graf

et al. 2017). ATRX may therefore play a role in interstitial SCEs but not telomere SCEs.

1.4.3.2 Prevention of replication stress

G quadruplexes are secondary structures that form within G-rich sequences, such as
telomeres and centromeres, and present a barrier to normal cellular processes such as
replication or transcription (Rizzo et al. 2009; Rhodes and Lipps 2015). ATRX plays a key role
in preventing rather than resolving replication fork stalling or collapse resulting from G4s.
ATRX has been found to localise to G-rich regions of the genome and is thought to
incorporate histone H3.3 in complex with DAXX to resolve these secondary structures so as
to remove the replication barrier (Law et al. 2010; Clynes et al. 2013; Clynes et al. 2015). Loss

of ATRX results in a higher incidence of G4 structures and consequently incomplete
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replication through replication fork collapse and an increase in HDR-mediated repair of

replication stress (Costes and Lambert 2012; Clynes et al. 2014; Wang et al. 2019).

Another type of secondary structure which poses a barrier to DNA replication is the R-loop
which is a DNA-RNA hybrid formed when TERRA binds to telomeric DNA. ATRX has been
shown to migrate to actively transcribed telomeres to suppress the formation of R-loops
(Nguyen et al. 2017). The exact mechanism is unclear, however, R-loops have been shown to
facilitate the formation of G4 structures thus potentially recruiting ATRX to resolve these by
incorporation of H3.3 (Duquette et al. 2004; Nguyen et al. 2017). In addition, ATRX also
competes with TERRA to bind to DNA thus further inhibiting the formation of R-loops (Chu et
al. 2017).

1.4.3.3 Regulation of gene expression
1.4.3.3.1 Negative gene expression regulation

ATRX can repress gene expression such as by interaction with the PRC2 complex and more
precisely with the EZH2 protein (Cardoso et al. 1998). The PRC2 complex is involved in
chromosome X inactivation, which works by tri-methylating histone H3 at lysine 27
(H3K27me3) thus resulting in repressed chromatin. ATRX recruits the complex through
interaction with EZH2 and facilitates the loading of the complex onto the chromosome being
silenced, although the exact interaction is not clearly understood (Sarma et al. 2014). Loss of
ATRX results in mis-localisation of the PRC2 complex. In addition, the role of ATRX in sexual
differentiation is unclear although it has been hypothesised that it is involved through its
interaction with EZH2 and subsequently, loss of ATRX results in ambiguous genitalia observed

in ATRX patients (Tang et al. 2004b).

1.4.3.3.2 Activates gene expression up stream of G-rich sequences

ATRX plays a role in regulating gene expression, such as the gene coding for the a-globin
protein. Indeed, this gene is located downstream to a G-rich region and as previously
mentioned, these regions are prone to forming G4 structures and the resolution of these
involves the binding of ATRX and subsequently the incorporation of the histone H3.3. This in
turn can drive gene expression of genes located nearby (Law et al. 2010). It is also thought
that ATRX can inhibit histone m2HA deposition close to the a-globin gene to favour the H3.3
deposition, as these have been shown to be mutually exclusive (Ratnakumar et al. 2012). The
loss of ATRX results in an increase in G4 structures leading to a reduction in a-globin

expression resulting in a-thalassemia observed in ATRX patients. ATRX appears to function in
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this manner in a variety of genes in mouse models such as Nign4, Dhrsx or Csf2ra all involved
in brain function further supporting the impact ATRX has on gene expression and providing
further explanation for the mental disabilities observed in ATRX patients (Levy et al. 2008;

Levy et al. 2015).

1.4.3.4 Structural integrity of chromatin during division

Cohesion of sister chromatids occurs after S phase and is resolved prior to mitosis for
appropriate segregation of chromosomes during mitosis. This mechanism facilitates SCEs for
the repair of DSBs through the HDR pathway following replication (Sjogren and Nasmyth
2001). Tankyrase-1 is the main protein involved in resolving cohesion at telomeres, through
its interaction with TRF1, and its action can be inhibited by direct binding of histone variant
macroH2A1.1 (mH2A1.1) (Smith et al. 1998; Dynek and Smith 2004). ATRX acts by binding to
mH2A1.1 preventing it from binding to tankyrase-1 (Ratnakumar et al. 2012). Telomere
cohesion is often reported in ALT positive cells as the loss of ATRX means mH2A1 inhibits
Tankyrase-1 action thus resulting in unresolved cohesion and inducing delayed and
prolonged mitosis, although cells ultimately progress through the cell cycle eventually
(Ritchie et al. 2008; Ramamoorthy and Smith 2015). In accordance with this, ALT cells also
show an increase in mH2A1 deposition following replication stress to favour HDR-mediated

repair (Kim et al. 2019).

1.4.3.5 Brain development

ATRX has a MeCP2 binding site within its helicase domain which enables direct interaction
between the two proteins. MeCP2 is expressed in all tissues but at higher levels in the brain
where it plays a major role in neuronal maturation (Kishi and Macklis 2004). It detects and
binds to methylated CpG islands, an action that appears to be essential for brain
development and function, as it enables the activation of transcription of specific genes,
interestingly, including the ATRX gene (Marano et al. 2019). Together, ATRX and MeCP2
accumulate at chromocentres, which are nuclear structures containing pericentric
heterochromatin (PCH), to ensure stability (Nan et al. 2007; Marano et al. 2019). These
structures are instrumental in neuronal differentiation through the clustering of these
chromocentres via MeCP2 and ATRX action (Bertulat et al. 2012). These structures are
thought to localise within inactive regions of the genome, notably at the nuclear periphery,
to ensure silencing of genes in those regions (Wijchers et al. 2015). Interestingly, loss of ATRX
did not affect PCH organisation in mature neurons but rather in undifferentiated stem cells,

thus indicating a key role in brain cell maturation (Marano et al. 2019). Overexpression of
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ATRX also led to neuronal defects and was associated with a high level of embryonic deaths,
suggesting that a tight control of ATRX is required for appropriate brain function (Berube et

al. 2002).
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1.5 ATRX and ALT

1.5.1 Proportion of ALT cancers with an ATRX mutation

The status of ATRX has often been reported in studies evaluating the prevalence of ALT in
cancers as it is often mutated (64% overall table 1.2). In contrast, the DAXX status is not
always indicated as it occurs at a lower frequency, such as 4% in liposarcomas versus 78%
loss of ATRX (Lee et al. 2015a). Interestingly, primary pancreatic neuroendocrine tumours
(PanNETSs), have an equal proportion of ATRX and DAXX mutations and appear to be mutually
exclusive in the majority of cases, indicating the possibility of a more important role of DAXX
in PanNET ALT upregulation and progression (Heaphy et al. 2011a; Kim et al. 2017; Singhi et
al. 2017). Furthermore, the more common loss of ATRX in cancer could be due to its wider
range of function and the role it plays in a DAXX-independent way, such as chromosome

cohesion ensuring appropriate segregation prior to cell division (Ritchie et al. 2008).

Type ALT+ ATRX- ALT+ ATRX- DAXX- Study
51 27/51 53% 0/51 (Liau et al.
Leiomyosarcoma 2015b)
33 24/33 73% - (Yang et al.
2015)
Total 84 51/84 61%
Liposarcoma 23 18/23 78% 1/23 (4%) (Lee et al.
2015a)
Osteosarcoma 12 7/12 58% - (Chen et al.
2014)
All sarcomas 119 76/119 64%
OTHER
Astrocytoma 53 29/53 55% - (Abedalthagafi
et al. 2013)
98 39/98 40% 30/98 (Singhi et al.
Primary pancreatic 2017)
neuroendocrine 59 23/59 39% 28/59 (Kim et al. 2017)
41 9/41 22% 10/41 (Heaphy et al.
2011a)
Total 198 71/198 36% 68/198
(34%)
ALL
370 176/370 48%

Table 1.2: Proportion of ATRX and DAXX loss in ALT positive cancer subtypes.
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1.5.2 Role of ATRX in cancer

ATRX is more commonly mutated in ALT positive cancers than DAXX, most probably due to
the role it plays across multiple cellular processes in a DAXX-independent way. ATRX appears
to be lost early in the process of ALT upregulation and results in the observation of hallmarks
associated with ALT, such as APB formation and C-circle generation. The loss alone of ATRX
can initiate the mechanism of ALT but cannot maintain it thus implying the involvement of
other processes in this pathway (Brosnan-Cashman et al. 2018). In addition, the loss of ATRX
induces the ALT mechanism indirectly as within cells lacking ATRX activity, the chromatin
structure at telomeres is altered due to a lack of H3.3 incorporation which in turn induces
replication stress and HDR-mediated repair which drives the ALT phenotype (Episkopou et al.
2014; Graf et al. 2017). When ATRX is lost in the context of cancer, the prognosis varies
according to the cancer. Indeed, the loss of ATRX is associated with a poorer prognosis in
sarcomas (P value of 0.04 upon comparison of survival with or without an ATRX mutation in
leiomyosarcoma) but not in astrocytic tumours (P value of 0.02 upon comparison of time
until treatment failure), although the reason for this remains unknown (Wiestler et al. 2013;

Yang et al. 2015; Ren et al. 2018).

1.5.3 Current limitations

1.5.3.1 Diagnostic and prognostic test

There are currently no diagnostic tests available to detect the ALT status of tumour
specimens, unlike the TRAP assay to assess the presence of telomerase (Wright et al. 1995).
The ability to detect hallmarks in circulating blood would be appealing as it would be less
invasive than a biopsy as well as allow for the detection in cancers hard to reach such as
glioblastoma or PanNets. It has been reported that C-circles are readily detected in the
plasma of patients with ALT positive cancers thus providing a tool to be introduced at the
diagnosis level (Henson et al. 2009). C-circles have shown to be more consistently
upregulated in ALT cancers than APBs thus providing a more robust assay for determining
ALT status (Henson et al. 2005; Pompili et al. 2017). In addition, with the development of
novel drugs targeting telomerase, a test to detect ALT activity would be necessary to separate
patients and could be used further in the future once a treatment for ALT tumours is
developed. Furthermore, as previously mentioned, the upregulation of ALT combined with

the loss of ATRX is associated with a poorer prognosis in STS thus enabling a further
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classification of samples to provide the best line of treatment (Ren et al. 2018). This can be
similarly applied to astrocytic tumours which show an inverse correlation with ALT
upregulation and ATRX loss and the status of ATRX has been readily reported in patients with

ALT positive astrocytic tumours (Wiestler et al. 2013; Grandin et al. 2019).

1.5.3.2 Therapeutic avenue

There are no ALT specific treatments as of yet, but multiple avenues represent an attractive
target for ALT positive cancers. As described above, HDR is required for elongation of
telomeres and subsequently for long-term survival. We know that both the RAD51-
dependent and independent BIR pathways are used so perhaps targeting these and
rendering the cancerous cells HDR-deficient would induce cell death, upon accumulation of
damage associated with heterogeneous telomere lengths and replication stress, although no
clinical data has been published regarding the use of DDR inhibitors in ALT cancers. In
addition, G4 structures have been shown to accumulate in ALT cells that lack ATRX and
stabilisation of G4 structures has shown promising results in the laboratory. Compounds
targeting these structures have entered phase | of clinical trials as they prevent the resolution
of G4s and therefore increase replication stress resulting in cell death (Rizzo et al. 2009;
Asamitsu et al. 2019). More recently, Trabectedin has shown exciting results as it interferes
with numerous cellular processes such as transcription and replication by direct interaction
with DNA thus preventing the binding of other proteins (D'Incalci and Galmarini 2010).
Treatment of various ALT positive cancer cell lines with Trabectedin, such as U20S and SAOS2
which are two common ALT positive cell lines used in the literature, showed an increased
sensitivity to the drug in cells with higher levels of C-circles (Pompili et al. 2017). This once
more confirms that ALT activity correlates with C-circle intensity and the further need for
stratification of patients according to C-circle intensity. Due to differences in response to the
drug according to C-circle intensity, and potentially other hallmarks of ALT, it does suggest a
varying degree of ALT activity which needs to be explored. Trabectedin has been used in
various phases of clinical trials and has shown promising results in STS (Gordon et al. 2016).
Finally, conflicting results regarding the sensitivity to ATR targeting have been published. ATR
is involved in DSB repair by phosphorylating appropriate proteins for subsequent recruitment
of repair proteins. Initially, ALT cells were shown to be highly sensitive to ATR inhibitors and
resulted in cell death (Flynn et al. 2015). Another study showed no consistent increase in
sensitivity but rather a cell line specific response thus making it difficult to generalise the
overall reaction of ALT positive cells to this treatment method and debating the reaction of

each sample to this specific drug (Deeg et al. 2016). This suggests a complex mechanism with
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variability in hallmarks between cell types and even cell lines which needs to be understood

further in order to develop a targeted and efficient therapeutic tool.

1.5.3.4 Understanding the upregulation and maintenance of ALT

As mentioned previously, the loss of ATRX is common but not systematic in the ALT
mechanism and ATRX and DAXX mutations make up 70% of known mutations in relation to
ALT upregulation (table 1.2). Despite these constituting the majority, a substantial
percentage of tumour samples have an intact ATRX and DAXX whilst being ALT positive
implying the involvement of other genes and pathways in the process. Therefore, the study
of cellular transition from normal to malignant through the upregulation of ALT is key to
gaining insight into the activation and the maintenance of this mechanism, in order to
develop robust diagnostic, prognostic and potentially therapeutic tools. Furthermore,
despite uncovering the hallmarks of ALT, such as the generation of C-circles and APBs, it is
not yet fully understood how or why these arise and if they are required for initiation and/or
maintenance of ALT. Furthermore, only putative HDR-mediated recombination events have
been hypothesised and the mechanism of action of ALT still needs to be addressed fully.
Understanding the sequence of events required for ALT upregulation would be significant for
staging tumours as well as for understanding the main drivers of the ALT mechanism. This in
turn would enable the development of novel therapies to target ALT positive tumours

specifically.
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1.6 Aims of the project

The main aim of this thesis was to investigate how the loss of ATRX combined with telomere
stress, through the initiation of a telomere-driven crisis, affects different cell models in their
ability to escape crisis and how this may impact genomic evolution. The individual aims were

as follows:

e Assess the ability of primary human fibroblasts and telomerase positive epithelial
cancer cells to escape a telomere-driven crisis in the absence of ATRX at both the
single cell and polyclonal population levels

e Establish the telomere maintenance mechanism used to achieve replicative
immortality in each escaping clone

e Investigate the involvement of other pathways in ALT initiation and maintenance,
such as the cGAS-STING pathway

e Examine the effects the loss of ATRX has on the overall genome and if the initiation
of ALT is associated with different rates of changes to the genome compared to
clones upregulating telomerase

e Using Single Telomere Length Analysis (STELA) to establish the occurrence of
elongation in the context of ALT upregulation and maintenance

e Address if telomeres become elongated once they reach a specific length threshold,
or if it affects all telomeres irrespective of length

e Establish if telomeres are elongated to specific lengths

e Sequence ALT telomeres to understand and characterise the elongation events
associated with ALT maintenance for survival as well as inferring mechanistic

information
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Chapter 2

Materials and methods

2.1 Materials

2.1.1 Equipment

The equipment used was sourced from various manufacturers: centrifuges (Microcentaur
and centaur 2/Pico 21 and Fresco 21) from MSE/Heraeus Thermo Fisher Scientific; hot blocks
from Grant, Jencons PLS and Techne; water baths from Grant; hybridisation ovens (Hybaid
shake and stack/Maxi 14) from Thermo Fisher Scientific/Quanta Biotech; transilluminators
from Flowgen and labtech; tissue culture cabinets (Herasafe ks) from Thermo Fisher
Scientific; Incubator (Heracell 150) from Heraeus; microscope (Primovert) from Zeiss; roller
mixer from Stuart Scientific; rocker (35) from Labnet; rotator (Bibby) from Stuart Scientific;
shakers (R100/miniorbital shaker) from Lukcham/Stuart Scientific; aspirators (Sam12) from
MGE; vortex form Thermo Fisher Scientific; power packs for gel electrophoresis from Bio-
Rad; cooling pumps from KNF lab and Grant; gel electrophoresis tanks from CBS, MultiSUB
Choice and Bio-Rad.

2.1.2 Plastic ware

The laboratory materials used were sourced from various manufacturers: tissue culture
flasks, dishes and plates from Falcon and Greiner; cryovials (simport) from Elkay; 1 ml-25 ml
stripettes from Fisher; PCR strips from Thermo Fisher Scientific and VWR; falcon tubes from
Sarstedt; 0.5-2 ml tubes from StarLab, Sarstedt, Ambion and Alpha Laboratories; pipette tips

from Gilson.

2.1.3 Chemicals

Commonly used chemicals were sourced from various manufacturers: PBS, NaOH, SDS
(solid), NaCl (solid), Tris base, HCI, Acetic acid, EtOH, Boric acid, Methanol and Glycine from
Thermo Fisher Scientific; EDTA, Tris HCI, SDS (solution), SSC, NaCl (solution), BSA (solid) and

Tween 20 from Sigma.

41



Chapter 2: Materials and methods

2.2 Methods

2.2.1 Tissue culture
2.2.1.1 Cell growth and media
All cells were grown at 37 degrees Celsius (°C) in 5% CO..

The HCT116*™ cell line was provided by Professor Eric Hendrickson (University of
Minnesota, Minneapolis) and cultured in Gibco McCoys 5A medium (Thermo Fisher
Scientific) complemented with 10% v/v foetal calf serum (FCS) (Thermo Fisher Scientific), 1%
Penicillin and Streptomycin (stock 10,000 U/ml and 10 mg/ml respectively; Sigma), 1% L-
Glutamine (stock 200 mM; Sigma), 1% G418 (stock 400 pg/ml; Thermo Fisher Scientific). The
DN-hTERT clones were cultured in the same medium with added 1% puromycin (stock 250

ug/ml; Calbiochem)

The HCA2 WT cells were provided by Professor James Smith (Texas medical centre, Houston)
and were cultured in Gibco Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher
Scientific) complemented with 10% v/v FCS (Thermo Fisher Scientific), 1% Penicillin and
Streptomycin (stock 10,000 U/ml and 10 mg/ml respectively; Sigma), and 1% L-Glutamine
(stock 200 mM; Sigma). The HCA2MPV 87 cel| line and clones were cultured in the same

medium with added 1% G418 (stock 400 pg/ml; Thermo Fisher Scientific).

The U20S cell line was provided by Professor Richard Gibbons (Weatherall Institute of
Molecular Medicine, Oxford) and was cultured in Gibco DMEM (Thermo Fisher Scientific)
complemented with 20% v/v FCS (Thermo Fisher Scientific), 1% Penicillin and Streptomycin
(stock 10,000 U/ml and 10 mg/ml respectively; Sigma) and 1% L-Glutamine (stock 200 mM;

Sigma).

2.2.1.2 Trypsinisation

Cells were passaged when flasks were 80-90% confluent, every 7 days on average. The
medium was aspirated off and 1 x trypsin (Thermo Fisher Scientific) was added to wash off
any remaining medium (300 pl for 24-well plates; 600 pl for 6-well plates; 1 ml for T25 flasks;
and 2 ml for T75 flasks). The trypsin was aspirated, and the same amount was once more
added to inhibit cell adhesion to the plastic. Cells were returned to the incubator for 5
minutes. Once cells were detached, fresh medium (1.5 ml for 24-wells; 2.4 ml for 6-wells; 4

ml for T25 flasks; and 8 ml for T75 flasks) was added to the cells to inhibit trypsin action.
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2.2.1.3 Counting cells

Following trypsinisation of cells, an aliquot was taken to count the number of cells in the
sample through fluorescence image cytometry on the NC-3000 (Chemometec) (50 ul for large
volumes: T25 and T75 flasks; and 20 ul from small volumes: 6-well plates). No cell count was
done on samples taken from a 24-well plate due to the small sample size, instead, 1 ml was
passaged to a 6-well plate and 800 ul were used for DNA extraction. 2.63 ul and 1.05 pl of
Solution 13 (30 pg/ml Acridine Orange, Sigma; 100 pug/ml DAPI, Sigma) was added to 50 pl
and 20 ul samples respectively and 10 ul were transferred to an NC-slide A8 (Chemometec)
and inserted into the cell counter. Upon cell counting, 1 x 10° — 4 x 10° cells were plated in a
new flask depending on the cell type; 5 x 10° — 1 x 10° cells were used for DNA extraction;
and 4 x 10° -5 x 10° cells were stored in liquid nitrogen if possible. In addition, 5 x 10° -5 x

10° cells were used for Western or TRAP protein extraction when needed.

2.2.1.4 Cell freezing and thawing

To freeze samples, cells (4 x 10°> — 5 x 10°) were centrifuged at 1,000 rpm for 5 minutes and
excess medium was aspirated to a final volume of 0.5 ml. 0.5 ml of freezing mix (80% FCS;
20% DMSO, Sigma) was then added and the total volume (1 ml) was transferred to a cryovial
and put in a Mr. Frosty containing isopropyl alcohol and stored at -80 °C for a minimum of 8

hours. Samples were then transferred to liquid nitrogen (-196 °C) for long-term storage.

To use frozen samples, cells were thawed in a 37 °C water bath after which 10 ml of
appropriate growth medium was added drop-wise to remove the DMSO. Cells were
centrifuged at 1,000 rpm for 5 minutes and excess medium was removed and cells were

plated in appropriate plastic ware.

2.2.1.5 Retroviral transfection

Retroviral transfections were used to transfect HCT116"™ cells with the dominant
negative-hTERT (DN-hTERT) cassette to abrogate telomerase activity. Recombinant
retroviruses containing a pBABE-puro vector (Addgene) with a DN-hTERT encoding gene and
a puromycin selection gene were grown using WCRIP cells, gifted by Richard Mulligan
(Whitehead Institute, Cambridge). HCT116*™*/ cells (5 x 10°) were treated with polybrene
(8 pg/ml; Sigma) for 1 hour at 37 °C prior to transfection. Cells were then incubated with the
DN-hTERT containing retroviruses and 48 hours after transfection, cells were plated at
limited dilutions (1:10; 1:100; 1:250; 1:500; 1:1000) in order to pick single cell clones. In

addition, a subset of cells were incubated with pBABE-puro vector without the DN-hTERT but
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with the puromycin selection gene to assess retroviral integration effects on cells. Cells that
had successfully integrated the vector were selected for using puromycin 72 hours after
addition of the retrovirus to the cells (2.5 pg/ml; Calbiochem) and medium containing

puromycin was subsequently used for culturing of these cells.

2.2.1.6 Nucleofection and cell sorting

Nucleofections were used to knock out ATRX using CRISPR/Cas9 technology in HCA2 cells.
The ATRX target sequence, 5'- GTTTCTGTCGGTCGCCTCAA -3’, was used as the guide RNA to
target exon 9 of the ATRX gene and ligated into a pSpCas9(BB)-2A-GFP plasmid (Addgene
plasmid #48138) using Bbs1 restriction enzyme cut sites (see figure 3.4; chapter 3). Following
a cell count, 1 x 10° cells (HCA2"PV €7 and HCA2 WT) were centrifuged at 700 rpm for 10
minutes. Cells were then nucleofected with 2.5 ng/ul of CRISPR plasmid using the SE
nucleofector kit (V4XC-1024), as per the user’s manual, and program CA-137 on the Amaxa
nucleofector (Lonza). Cells were kept 10 minutes at room temperature, following which, 400
pl of warm Gibco Roswell Park Memorial Institute 1640 medium (RPMI; Thermo Fisher
Scientific) were added and cells were placed at 37 °C for a further 10 minutes. Cells were then

transferred to a T25 flask with fresh appropriate medium.

24 hours after nucleofection, cells were trypsinised and washed twice in warm 1 x PBS and
transferred to sterile FACS tubes in order to sort cells by flow cytometry according to GFP
signal. For each experiment, a negative control, consisting of cells not targeted with the
CRISPR, were first used to define the selection gates to remove any cells with background
GFP signal. Cells were then sorted and only strong GFP intensity cells were collected using
the ARIA 1l FACS sorter (Becton Dickinson) and cells were collected in sterile 15 ml falcons
containing fresh appropriate medium. Cells were then plated at limited dilutions (1:100;

1:250; 1:500) for single cell clone picking.

2.2.1.7 Cell cloning

Single cell clones were isolated 2-3 weeks after transfection (HCT116 cells) or cell sorting
(HCA2 cells). Cloning rings were placed around single cell clones and cells were washed twice
with 100 pl of 1 x trypsin and incubated 5 minutes at 37 °C. Cells were then transferred to a
24-well plate containing 1 ml of fresh warm appropriate medium. When wells were confluent
(approximately 5 x 10* — 1 x 10° cells), a sample was taken for DNA extraction (800 ul) and
remaining cells were passaged to a 6-well plate (1 ml). When wells were confluent (1 x 10° —

1 x 10°), samples were taken for cell counts and DNA extraction and cells were passaged to a
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T25 flask. HCT116*™*/- cells were subsequently kept and passaged in T25 flasks. HCA2"PV E6E7

and HCA2 WT were passaged to a T75 and subsequently kept and passaged in T75 flasks.

2.2.2 DNA extraction

2.2.2.1 Phenol/chloroform

For samples with more than 10° cells, DNA was extracted using the phenol:chloroform
method as previously described (Sambrock et al. 1989). Cells were incubated for
approximately 16 hours at 45 °C with 300 pl of lysis buffer (100 mM NaCl; 10 mM Tris HCI pH
8; 5 mM EDTA pH 8; and 0.5% SDS); 3 pl 10 mg/ml RNAse (Sigma); and 3 ul 20 mg/ml
Proteinase K (Sigma). All subsequent work was undertaken in a fume cabinet (Monair Plus
from Astec). 300 pl of phenol:chloroform (Sigma) were then added and samples were placed
on a rotator for 25 minutes. Samples were centrifuged at 13,000 rpm for 5 minutes and the
aqueous phase was transferred to a new tube containing 300 pl of phenol:chloroform.
Samples were rotated for a further 20 minutes and centrifuged at 13,000 rpm for 5 minutes.
The aqueous phase was transferred to a fresh tube and the DNA was ethanol precipitated by
adding 30 pl of 3 M sodium acetate pH 5.2 (Sigma) and 900 ul of absolute ethanol (96-100%).
Samples were placed at -20 °C overnight and centrifuged at 13,000 rpm for 5 minutes and
excess ethanol was removed. Pellets were then washed in 70% ethanol and stored on ice for
10 minutes. Samples were once more centrifuged at 13,000 rpm for 5 minutes, excess
ethanol was removed and DNA was left to air dry for approximately one hour. All samples

were re-suspended in 50 ul 10 mM Tris HCI pH 8 and placed at -20 °C for long-term storage.

2.2.2.2 QlAamp DNA Micro Kit (Qiagen)

For samples with less than 10° cells, DNA was extracted using the Qiagen kit as per the user’s
manual: Protocol for isolation of genomic DNA from small volumes of blood. 1 pl of carrier
RNA was added to each sample. For samples with 5 x 10° cells and below, DNA was eluted in
35 pl of 10 mM Tris HCI pH 8. For samples with 10* to 10° cells, DNA was eluted in 50 pl of 10
mM Tris HCI pH 8.

2.2.2.3 DNA quantification

Following extraction, samples were incubated at 37 °C on a hot block for 30-60 minutes to
ensure complete solubilisation. DNA was then quantified on a QuantiFluor-ST fluorometer

(Promega) using Hoechst 33258 dye. The fluorometer was calibrated using 500 ng (10 pl) of
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calf thymus DNA (100 pg/ml; Bio-Rad) with 2 ml of 1 x TEN buffer (ddH,O; 10 x TEN stock
buffer: 100 mM Tris, 10 mM EDTA and 2 M NaCl, pH 7.4; and 0.1 pl/ml Hoechst dye (Bio-
Rad)). DNA samples were quantified by adding 2 ml of 1 x TEN buffer with Hoechst to 2 pl of

DNA. Each sample was run in triplicate from which an average was calculated.

2.2.3 Protein extraction

2.2.3.1 Extraction for Western

Cell pellets containing 5 x 10° to 5 x 10° cells were washed twice in 1 x PBS for protein
extraction for Western blot analysis. Pellets were incubated for 5 minutes on ice with 2.5 x
their cell volume in lysis buffer (150 nM NaCl; 50 mM Tris; 5 mM EDTA; 1% NP40 dissolved in
water pH 8.0 (Fluka)); 30 pl/ml PMSF (100 mM; Sigma); 1:100 Protease Inhibitor Cocktail 1l
(Calbiochem); 1:100 Phosphatase Inhibitor Cocktail 1l (Calbiochem)). Samples were then
centrifuged at 20,000 g at 4 °C for 30 minutes. The supernatant containing the protein was
aliquoted into fresh tubes and stored at -80 °C until required and 5 pl were diluted in 45 pl
ddH,0 (1:10) for protein quantification.

2.2.3.2 Extraction for telomerase quantification

Cell pellets containing 5 x 10° to 5 x 10° cells were washed twice in 1 x PBS for protein
extraction for telomerase quantification (TRAP assay). Cell pellets were re-suspended in 200
pl CHAPS lysis buffer (Millipore) and stored on ice for 30 minutes. Samples were then
centrifuged at 12,000 g at 4 °C for 20 minutes. The supernatant was aliquoted and stored at

-80 °C until required and 40 ul were used for protein quantification.

2.2.3.3 Protein quantification

Following extraction (for both TRAP and Western), protein was quantified on the Cytation 3
imaging reader (Biotek) using a 96-well plate. All samples were run in duplicates and 10 pl of
each sample were incubated with 300 ul Coomassie Plus (Thermo Fisher Scientific) for 10
minutes at room temperature. The standards used to obtain the standard curve were varying
dilutions of BSA (2 mg/ml stock, Thermo Fisher Scientific). For TRAP protein quantification
the following dilutions were used: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 (all mg/ml); for Western
protein quantification the following dilutions were used: 0.1, 0.2, 0.3, 0.4 (all mg/ml). The
absorbance at the wavelength of 595 nm was measured and sample concentrations were

calculated using the standard curve on Excel.
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All primers listed below were synthesised by Eurofins Genomics and are in the 5 to 3’

orientation. STELA and fusion primers were designed by examining the sub-telomere

sequence of various chromosome ends to ensure that primers were 20-24 nucleotides long

with appropriate GC content and a minimum of a 1 bp difference with other sub-telomeres

to ensure single telomere amplification. These were designed by Prof. Duncan Baird and Dr

Kevin Norris (Baird et al. 2003; Britt-Compton et al. 2006; Norris et al. 2019). Screening and

sequencing primers were designed by Dr Rhiannon Robinson. TRAP (method 2) primers were

taken from the following reference: Mender and Shay 2015.

Application Name Sequence Annealing DNA quantity
temperature per reaction

STELA 2p2 GAGCTGCGTTTTGCTGAGCAC 65° -
5p5 GGAGCAGCATTCTCTTCACCACAG 59° 1.25ng
79K1 GGGCACTGCCTCGCTTTGA 65° 1.25ng
892 CCCTGGAAAGGACATAAATTCG 65° 2.5ng
9p2 CACATTCCTCATGTGCTTACG 61° 2.5ng
11q13B CAGACCTTGGAGGCACGGCCTTCG 66° -
12gK1 TCAGCACAGACGCGGGCGGTT 65° -
16prevl CACTTATTAGTTCCAGTCTCTG 56° -
17pseqlrev | GAATCCACGGATTGCTTTGTGTAC 59° 250 pg
17p6 GGCTGAACTATAGCCTCTGC 59° 250 pg
18qrev4M CACAGGGATGGTTAGGTATCTC 59° 250 pg
XpYpC CAGGGACCGGGACAAATAGAC 65° 250 pg
XpYpE2 TTGTCTCAGGGTCCTAGTG 65° 250 pg
Teltail TGCTCCGTGCATCTGGCATC 59-65°
Telorette 2 TGCTCCGTGCATCTGGCATCTAACCCT 59-65°

Fusion 17p6 GGCTGAACTATAGCCTCTGC 62° 25ng
21q1 CTTGGTGTCGAGAGAGGTAG 62° 25ng
XpYpM ACCAGGTTTTCCAGTGTGTT 62° 25ng

Screening Ax9ScrnF AGTGGAACTGAACAAGAAGTGG 63.6° 20 ng
Ax9ScrnR GAAGGCACAGTTGATAAAGACACG 63.6° 20 ng

Sequencing | Ax9SeqF CCTGTTTCCCTTTCTAATTCCC N/A

TRAP Cy5-TS ATTCCGTCGAGCAGAGTT N/A

(method 2) | ACX GCGCGGCTTACCCTTACCCTTACCCTAACC | N/A
NT ATCGCTTCTCGGCCTTTT N/A

Table 2.1: Oligonucleotides used according to application.
‘- signifies that despite optimisation and an increase in DNA concentration, no adequate

amplification was obtained.
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2.2.4.2 STELA

Following DNA extraction, a working stock of DNA diluted to 10 ng/ul was made for
subsequent use. DNA was diluted to varying dilutions in Tris-HCI (10 mM pH 8) and 250 nM
of telorette 2 (specified in table 2.1) according to the telomere specific primer used. For each
sample, 4-6 reactions of 10 ul each were amplified. A PCR master mix was added to the DNA
and was composed of: Taq 1 x buffer (10 x stock: 75 mM Tris HCI pH 8.8; 20 mM (NH4)SOy;
and 0.01% Tween20; Thermo Fisher Scientific); 2 mM MgCI2 (Thermo Fisher Scientific); 1.2
mM dNTPs (Promega); 0.5 uM teltail; 0.5 uM telomere specific primer; 1 U Tag/PWO (10:1)
(Thermo Fisher Scientific/Roche); and ddH,0 to make up 10 pl per reaction. The reactions
were cycled using a Tetrad thermal cycler (Bio-Rad) at the following conditions: 94 °C for 20
seconds; 59 °C—65 °C for 30 seconds (temperature dependent on telomere specific primer);

and 68 °C for 8 minutes for 22 cycles.

2.2.4.3 Fusion

Following DNA extraction, a working stock of 25 ng/ul DNA was made for subsequent use.
For each sample, 5-6 reactions of 10 ul each were amplified. For each reaction, 25 ng of DNA
were incubated with Taq 1 x buffer (10 x stock: 75 mM Tris HCI pH 8.8; 20 mM (NH4)SO,; and
0.01% Tween20; Thermo Fisher Scientific); 1.2 mM MgCl, (Thermo Fisher Scientific); 1.2 mM
dNTPs (Promega); 0.5 uM telomere specific primers (XpYpM; 17p6; and 21q1); 1 U Tag/PWO
(10:1) (Thermo Fisher Scientific/Roche); and ddH,O to make up 10 pl per reaction. The
reactions were cycled using a Tetrad thermal cycler (Bio-Rad) at the following conditions: 94

°C for 20 seconds; 62 °C for 30 seconds; and 68 °C for 8 minutes and repeated for 25 cycles.

2.2.4.4 Screening

To assess if ATRX was successfully knocked out in CRISPR/Cas9 targeted HCA2 cells, a
screening PCR was carried out. Following DNA extraction, 20 ng of DNA were incubated with
Taqg 1 x buffer (10 x stock: 75 mM Tris HCI pH 8.8; 20 mM (NH4)SO4; and 0.01% Tween?20;
Thermo Fisher Scientific); 2 mM MgCl, (Thermo Fisher Scientific); 1.2 mM dNTPs (Promega);
0.5 uM Ax9ScrnF primer; 0.5 uM Ax9ScrnR primer; 1 U Tag/PWO (10:1) (Thermo Fisher
Scientific/Roche); and ddH,0 to make up 15 pl per reaction. The reactions were cycled using
a Tetrad thermal cycler (Bio-Rad) at the following conditions: 94 °C for 20 seconds; 63.6 °C

for 30 seconds; and 72 °C for 1 minute for 32 cycles.

Following PCR amplification, PCR amplicons were cleaned-up using the Monarch PCR & DNA

clean-up kit (NEB) according to the user’s manual and samples were eluted in 25 pl of 10 mM
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Tris HCl pH 8. 8.6 pl of amplified DNA were then incubated with x 10 CutSmart buffer (NEB)
and 4 U Smll restriction enzyme (NEB) at 55 °C for 1 hour using a Simpliamp thermal cycler

(Life technologies).

2.2.4.5 C-circle

Following DNA extraction, 20 ng DNA were incubated with 0.2 mg/ml BSA (NEB); 0.1% Tween
20 (Thermo Fisher Scientific); 1 mM dATP, dGTP and dTTP (Promega); 1 x $29 buffer (50 mM
Tris HCI; 10 mM MgCly; 10 mM (NH4)SO4; and 4 mM DTT; NEB); 7.5 U $29 polymerase (NEB);
and nuclease free water to make up 20 ul reactions. Reactions were incubated for 8 hours at
30 °C followed by 20 minutes at 65 °C using a Simpliamp thermal cycler (Life technologies) as
previously described (Henson et al. 2009). A minus polymerase control was included for each

sample using the same PCR programme and master mix without $29 polymerase.

2.2.4.6 TRAP

Following protein extraction, a working stock of 30 pl at 100 ng/ul was prepared for each

sample to be amplified by PCR.

2.2.4.6.1 TRAPeze XL telomerase detection kit (method 1)

200 ng of protein were incubated with 5 x TRAPeze XL reaction mix (Millipore); 1 x Titanium
Taq polymerase (Clontech); and ddH,O to make up 50 pl reactions. In addition, for all
samples, 10 pl were incubated at 100 °C for 15 minutes to inactivate telomerase and similarly,
200 ng of protein were incubated with the same master mix. The controls were as follows:
positive control provided by the kit at a dilution of 1:10; a minus telomerase control (2 pl of
CHAPS buffer instead of sample); and a minus Taq polymerase control. The standards used
to create the standard curve were varying dilutions (0.2; 0.04; 0.008; and 0.0016 amoles/pul)
of TSR8 provided with the kit. Reactions were cycled using a Tetrad thermal cycler (Bio-Rad)
at the following conditions: 30 °C for 30 minutes for 1 cycle; 94 °C for 30 seconds; 59 °C for
30 seconds; 72 °C for 1 minute for 36 cycles followed by 72 °C for 3 minutes and 55 °C for 25

minutes for 1 cycle.

2.2.4.6.2 TRAP assay by gel electrophoresis (method 2)

500 ng of protein were incubated with 1 x TRAP buffer (2 x stock: 40 mM Tris HCl pH 8; 3 mM
MgCl,; 126 mM KCl; 0.01% Tween 20; 2 mM EGTA; 0.2 mg/ml BSA; 0.1 mM dNTPs); 0.36 uM
TS primer; 1 pl primer mix (stock 0.10 uM ACX primer; 0.19 uM NT primer; and 0.0025 pM
TSNT internal control 5-AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3'); 0.4 x
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Titanium Taq polymerase (Clontech); and ddH,0 to make up 50 pl. Reactions were cycled
using a Tetrad thermal cycler (Bio-Rad) at the following conditions: 25 °C for 40 minutes; and
95 °C for 5 minutes for 1 cycle; 95 °C for 30 seconds; 52 °C for 30 seconds; and 72 °C for 45

seconds for 29 cycles followed by 72 °C for 10 minutes for 1 cycle.

2.2.5 Gel electrophoresis

2.2.5.1 STELA and fusion

2 ul of 6 x Ficoll gel loading solution (5% bromophenol blue; 5% xylene; and 15% Ficoll) were
added to each reaction. For both STELA and fusions, DNA amplicons were resolved on a 40
cm 0.5% low density agarose (Roche) gel made with 1 x Tris-acetate EDTA (TAE) (3 L of dH,0
and 20 ml of 60 x TAE stock: 40 mM Tris base; 20 mM acetic acid; 1 mM EDTA) and ethidium

bromide (1 pg/ml; Thermo Fisher Scientific).

Up to 40 STELA reactions could be loaded at one time and up to 120 fusion reactions could
be loaded per gel. Gels were run in 1 x TAE at 4 °C for approximately 16 hours at 110 V for

STELA and 40 V for fusions. Alternatively, fusions were also run for 3 hours at 200 V.

2.2.5.2 Screening

2 ul of 6 x Ficoll gel loading solution (5% bromophenol blue; 5% xylene; and 15% Ficoll) were
added to each reaction. Purified PCR amplicons (Sml1 treated and untreated) were resolved
on a 0.7% low density agarose (Thermo Fisher Scientific) gel made with 1 x TAE and 1 pg/ml
ethidium bromide (Thermo Fisher Scientific). Up to 20 reactions could be loaded at one time.

Gels were runin 1 x TAE for 1-2 hours at 110 V.

2.2.5.3 Western

5 pl of 3 x loading buffer (0.15 M Tris-HCI; 31% glycerol; 3.2% SDS; 3% 2-mercaptoethanol;
and 0.06% bromophenol blue) were added to 5-10 pg of protein to make a total of 15 ul per
sample. Samples were incubated at 100 °C for 5 minutes after which they were loaded onto
Mini-PROTEAN IIl TGX precast gels (7.5%; 10%; or gradient 4-15% gels) (Bio-Rad). Gels were
run in 1 x running buffer (400 ml dH,0 and 100 ml of 5 x running buffer stock: 0.12 M Tris;
1.25 M glycine; 17 mM SDS; at pH 8.3) for 1-2 hours at 100 V.

50



Chapter 2: Materials and methods

2.2.5.4 TRAP (method 2)

10 pl of 6 x Ficoll gel loading solution (5% bromophenol blue; 5% xylene; and 15% Ficoll) were
added to each reaction. TRAP PCR products were resolved on acrylamide gels (12.5%
acrylamide 19:1; 0.06% APS; 0.125% TEMED; and 0.6 x Tris-borate-EDTA (TBE)). Gels were
run in 1 x TBE (400 ml of dH,0 and 100 ml of 5 x TBE stock: 0.45 M Tris base; 0.45 M boric
acid; and 10 mM EDTA pH 8) for 1-2 hours at 100 V.

2.2.6 Blotting

2.2.6.1 Southern

STELA and fusion PCR products were detected by Southern Hybridisation. The bands were
visualised using a transilluminator to cut the gel according to the DNA molecular weight
ladders. Gels were then washed 2 x 6 minutes in depurination buffer (0.25 M HCI) followed
by a 15 minutes wash in denaturation buffer (1.5 M NaCl; 0.5 M NaOH). DNA amplicons were
transferred to a positively charged membrane (Hybond-XL GE healthcare) under basic
conditions for 4-6 hours. The membrane was then pre-hybridised in Church buffer (0.5 M

sodium phosphate dibasic, 7% SDS, 1% BSA, 1 mM EDTA) for 30-60 minutes at 56 °C.

2.2.6.2 Slot

The C-circle PCR reactions were blotted using the Bio-Dot SF apparatus (Bio-Rad) which
functions by causing a vacuum to aspirate the samples through wells and allowing the DNA
to bind to the positively charged membrane (Hybond-XL GE healthcare). Samples were first
diluted to 150 ul with nuclease free water, 0.4 M NaOH and 10 mM EDTA and incubated at
100 °C on a hot block for 5 minutes to denature the DNA. Samples were then added to
individual wells and the vacuum was applied. 500 pl of 0.4 M NaOH were then added to each
well to create basic conditions for appropriate transfer of DNA to the membrane. Upon
application of the vacuum, the manifold was dismantled, and the membrane was soaked in

2 x SSC and pre-hybridised in Church buffer for 1 hour at 56 °C.

2.2.6.3 Western

Protein was transferred to a PVDF membrane (Immobolin-P Millipore) following gel
electrophoresis. The pre-cut PVDF membrane was firstly immersed in methanol for 3 seconds

followed by ddH,O for 2 minutes. Protein was then transferred onto the membrane in
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transfer buffer (25 mM Tris; 0.19 M glycine; 20% methanol; 0.01% SDS; at pH 8.1-8.4) for 4-

6 hours at 100 V at 4 °C or alternatively overnight at 30 V.

2.2.7 Hybridisation
2.2.7.1 Radiolabelling DNA probes

Radiolabelled DNA probes were synthesised with different kits and according to the user’s
manual. Firstly, 45 ul of TE buffer and 1 ul of 25 ng/ul DNA (telomere DNA for STELA and C-
circle assay and chromosome specific DNA for fusions) were incubated at 96 °C for 5 minutes
to denature the DNA followed by 5 minutes on ice. The content was then added to an
Amersham Rediprime Il Random Prime Labelling Bead (GE Healthcare) to which 4 pl of
[33P]dCTP (3,000 Ci/mmol; PerkinElmer) were added and incubated at 37 °C for a minimum
of 20 minutes. 50 ul of ddH,0 and 1 pl of radiolabelled ladder (1 kb and 2.5 kb DNA) were

finally added prior to use.

Alternatively, the megaprime labelling kit (Amersham GE healthcare) was used for which 43
ul of TE buffer, 1 ul of 25 ng/ul DNA (telomere DNA for STELA and C-circle assay and
chromosome specific DNA for fusions), 1 pul of ladder DNA (1 kb and 2.5 kb DNA) and 5ul of
primer (provided with the kit) were incubated at 96 °C for 5 minutes to denature the DNA
followed by 5 minutes on ice. 10 pl of labelling buffer (provided with the kit), 2 ul of Klenow
enzyme and 2-4ul of [*?P]dCTP (800 Ci/mmol; PerkinElmer) were added and incubated at 37

°C for a minimum of 1 hour. 36 pl of ddH,0 were finally added prior to use.

2.2.7.2 Hybridisation

The radiolabelled probe was denatured at 96 °C for 5 minutes after which 25 pl were added
to each bottle containing one blot. Blots were hybridised overnight at 56 °C in a rotating

hybridisation oven or alternatively for 4-6 hours at 56 °C.

2.2.7.3 Washes

Following hybridisation, blots were washed with 0.1% SDS and 0.1 x SSC wash buffer for 3
short washes followed by 2 x 15 minutes washes. STELA and C-circle blots were then dried at

56 °C and fusion blots were wrapped in cling film for optimal subsequent re-probing.
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2.2.7.4 Stripping

Fusion and STELA blots were incubated with 0.2% SDS at boiling temperature for a minimum
of 2 hours to strip radiolabelled probe previously applied to the blots. Blots were exposed to
a phosphor screen (Amersham) and scanned on a Typhoon FLA 9500 imager (GE healthcare)
to monitor for any residual signal. Stripping step was repeated until no signal was detected

on the blots after which these could be re-probed with another radiolabelled probe.

2.2.8 Visualisation

2.2.8.1 STELA, fusions and C-circles

Following hybridisation with appropriate probe, STELA, fusion and C-circle blots were
exposed to a phosphor screen (Amersham) for 10-24 hours and imaged using a Typhoon FLA
9500 imager (GE Healthcare) using the Phosphor filter (635 nm laser wavelength; 200 micron
pixel size). Fusion blots were then stripped and re-probed sequentially to assess

XpYpM:17p6:21q1 fusion events.

2.2.8.2 UV

Following gel electrophoresis of standard DNA, gels (used for ATRX screening) were visualised
on a Labnet UV transilluminator for which the exposure time could be increased and photos

could be saved for analysis.

2.2.8.3 Western blots

Following protein transfer, membranes were rinsed in wash buffer (1% Tween 20; and 1 x
PBS). Membranes were then incubated with blocking buffer (STING antibody blocking buffer:
25 mM Tris pH 7.4; 0.15 M NaCl; 0.1% Tween 20; and 5% milk. Blocking buffer for ATRX and
Vinculin: 0.2% Tween 20; 5% milk; and 1 x PBS) for 1 hour at room temperature on a rocker.
Following blocking, membranes were incubated with primary antibody solution (detailed in
table 2.2) in a 15 ml falcon on a roller at 4 °C overnight, or alternatively at room temperature
for 1-2 hours. Membranes were then washed 5 x 5 minutes in wash buffer (1% Tween 20 and
1 x PBS) and incubated with secondary antibody solution (detailed in table 2.2) in a 15 ml
falcon on a roller at room temperature for 1 hour. Membranes were finally washed 5 x 5min
in wash buffer and protein was visualised with the ECL Plus kit (Thermo Fisher Scientific) for

which 50 pul of solution A was added to 2 ml of solution B and poured over the membrane
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and incubated for 5 minutes at room temperature. Membranes were then wrapped in Saran
wrap and exposed to chemiluminescence film (Amersham) for varying amounts of time. The
films were then developed on an SRX-101A Medical Film processor (Konica Minolta Medical
and Graphic Inc.) in a dark room. The molecular weights of proteins were determined with

the Precision Plus Protein Standards (Bio-Rad) run on each gel alongside the samples of

interest.
Primary antibody Secondary antibody Antibody solution
concentration concentration
Monoclonal mouse anti- Anti-mouse HRP 25 mM Tris pH 7.4; 0.15 M NaCl;
STING (1:2,500) (1:2,000) 0.1% Tween 20; and 5% milk
R&D systems Biotechne
Polyclonal rabbit anti- Anti-rabbit HRP 1% BSA; 0.2% Tween 20; 5%
ATRX (1:1,000) (1:1,000) milk; and 1 x PBS
Santa Cruz Biotechnology
Monoclonal mouse anti- Anti-mouse HRP 1% BSA; 0.2% Tween 20; 5%
Vinculin (1:10,000) (1:10,000) milk; and 1 x PBS
Santa Cruz Biotechnology

Table 2.2: Summary of the primary and secondary antibody concentrations and solutions used for
immunoprobing of Western blot membranes.

To strip any signal for re-probing, membranes were washed in ddH,0 for 5 minutes, 0.2 M
NaOH for 5 minutes and ddH,0 for 5 minutes. Membranes could then be re-probed with

another antibody following the method detailed above.

2.2.8.4 TRAP (method 1)

Following a PCR, 150 pul of Trapeze buffer (10 mM Tris-HCl pH 7.4; 0.15 M NaCl; 2 mM MgCl,)
were added to each PCR reaction in a 96-well plate. The excitation and emission state
wavelengths for Fluorescein (485 nm and 535 nm respectively) and Sulforhodamine (585 nm
and 620 nm respectively) were measured on a Cytation3 imaging reader (BioTek). All
subsequent calculations were done in Excel to calculate the total product generated,

indicator of telomerase activity, according to the user’s manual.

2.2.8.5 TRAP (method 2)

Following gel electrophoresis, gels were incubated in 1:10,000 SYBR-gold for 10 minutes on
a rocker at room temperature. Gels were then scanned using the typhoon FLA 9500 scanner

using the SYBR-Gold filter (473 nm laser wavelength; 200 micron pixel size).
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2.2.9 Sequencing

2.2.9.1 PacBio

To generate PCR amplicons to be sequenced using the single-molecular real-time (SMRT)
PacBio sequencing platform, specific chromosome ends were amplified using STELA. A
minimum of 500 ng of DNA were required for PacBio sequencing therefore, 1,600 reactions
were generated for each sample. The starting concentration of all samples used, alongside
the chromosome ends that were amplified are detailed in table 2.3. The master mix used was
the same as described in 2.2.4.2 apart from all primers used for each sample were added to
the same master mix adjusting the volume of ddH,0 accordingly to limit the amount of input
genomic DNA for optimal sequencing. The reactions were cycled using a Tetrad thermal

cycler (Bio-Rad) at the following conditions: 94 °C for 20 seconds; 63 °C for 30 seconds; and

68 °C for 8 minutes for 24 cycles.

Sample (Characteristic) DNA concentration Chromosome specific
per reaction primers

HCT116*™*/ parental (control) 250 pg 7qK1; 17pseqlrev; XpYpC

HCT116ATRX/-DN-NTERT ¢|one 2 250 pg 7qK1; 17pseqlrev; XpYpC

(following ALT-like elongation)

HCA2MPVESE? parental (control) 375 pg 17p6; XpYpE2

HCA2HPVECETATRX/- clone 21 375 pg 17p6; XpYpE2

(following ALT upregulation)

U20S (ALT-positive control) 625 pg 17pseqlrev; XpYpE2

Table 2.3: Summary of samples sent for PacBio sequencing and the DNA concentration used
alongside the amplified telomeres.

Following PCR amplification, sample reactions were pooled together and concentrated down
using an 1SS110 Speedvac system (Thermo Fisher Scientific) to evaporate excess water using
a vacuum. All samples were then purified using AMPure XP beads (Beckman Coulter)
according to the user’s manual. Firstly, 1.8 x the sample volume of beads was added to each
sample and mixed thoroughly. After 10 minutes at room temperature, the tubes were placed
on a magnet to separate the beads from the liquid. Excess liquid was removed and the beads
were washed 2 x 90 seconds in 70% ethanol. The beads were left to air-dry 10-15 minutes
and re-suspended in 50 pl nuclease free water. After 5-10 minutes, tubes were placed on the

magnet once more and the remaining liquid containing the cleaned DNA was retrieved.
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Samples were then processed for PacBio library preparations by Mrs Joanne Morgan (NGS

coordinator; Cardiff University).

2.2.9.2 Whole genome sequencing

27 DNA samples (combination of ALT positive and telomerase positive clones) were sent for
whole genome sequencing using the BGISEQ-500 platform, providing paired end (2 x 100 bps)
sequencing with a 15 x coverage. A minimum of 20 ul at a concentration of 1 pug per sample
were sent. The QC, library preparation, sequencing and data filtering were carried out by BGI.

Sequence mapping and analysis were carried out by Dr. Kez Cleal.

2.2.9.3 Screening ATRX clones

Following gel purification of CRISPR/Cas9 targeted HCA2 clones, mutant clones were
sequence verified through Sanger sequencing (Eurofins genomics). 2 ul of Ax9seqF primer
(10 uM; table 2.1) were added to 15 pl at a minimum concentration of 10 ng/ul per samples
of interest and sent to Eurofins Genomics for sequencing. Sequenced reads were then

verified for mutations at the CRISPR target site using BLAST.

2.2.10 Analysis

2.2.10.1 STELA quantification

The molecular weight of DNA fragments generated with STELA were quantified on
ImageQuantTL (GE Healthcare) using the 1D gel analysis tab. Molecular weight was
determined by comparison to the DNA ladder run on each gel and the length in base pairs
was exported to Excel upon which the sub-telomeric DNA length between the 5’ end of the
sub-telomeric PCR primer and the start of the telomere repeat array was subtracted from
each telomeric molecule to obtain the length of the double-stranded telomere repeat
containing DNA. The mean telomere length for each sample was then calculated. Statistical

analyses were carried out in GraphPad Prism 5.

2.2.10.2 Fusion quantification

The number of unique bands were counted following radioactive labelling of specific probes.

When an inter-allelic event was observed, the fusion event was counted once and attributed
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to the first probe that detected the event, i.e.: a fusion between 17p and 21q would be

counted as a 17p fusion event as sequentially the 17p probe is used before the 21q probe.

2.2.10.3 C-circle quantification

C-circle bands were quantified on ImageQuantTL (GE Healthcare) using the array analysis tab.
The intensity of the signal of each band was measured and the background (minus
polymerase) signal was subtracted from each sample. All samples were then normalised to
the parental cell line. Where replicates were available, error bars using the standard

deviation were used to show technical variation. All calculations were done in Excel.

2.2.10.4 Western blot quantification

Western blot protein expression was quantified on ImageQuantTL (GE Healthcare) using the
array analysis tab. The intensity of the signal of each band was measured and a ratio of
protein of interest (STING or ATRX) to Vinculin expression was calculated for each sample.
This value was then normalised to the parental value to assess the fold change in protein
expression. Where replicates were available, error bars using the standard deviation were

used to show technical variation. All calculations were done in Excel.

2.2.10.5 Statistical tests

T-tests, Mann-Whitney U tests, ANOVA tests, Kruskal-Wallis tests and Fisher’s exact tests
were all carried out in GraphPad Prism 5. The Fligner test for homogeneity of variances and
common language effect size (CLES) tests were carried out in Python, the method was
scripted by Dr Kez Cleal and the values were inputted by myself alongside the running of the

tests.

2.2.10.6 Figure generation

All figures were generated with Adobe Illustrator and all graphs were generated with
GraphPad Prism 5. Photos and schematic representations were inserted or created on

PowerPoint. All figures were inserted into the text as JPEG files.
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Chapter 3

Investigating the role of ATRX in primary human fibroblasts and

the escape from crisis

3.1 Abstract

Cells of mesenchymal origin preferentially upregulate the ALT mechanism for survival in
cancer progression. Here, the role that the loss of ATRX plays in the initiation of ALT was

analysed in primary human fibroblasts.

Following the abrogation of TP53 and Rb function upon transfection with HPV E6E7 viral
oncoproteins to initiate a telomere-driven crisis, HCA2 foreskin fibroblasts were nucleofected
with a CRISPR vector to knockout ATRX. A total of 9 clones were successfully targeted and
monitored for an escape from crisis. Of these clones, 3 clones failed to escape crisis and 6
clones immortalised by upregulating ALT as seen with a strong C-circle intensity, lack of
telomerase activity and increased telomere length heterogeneity. The 6 clones that escaped
crisis also displayed a complete loss of the ATRX protein, in contrast to the 3 clones that failed
to escape crisis that exhibited residual ATRX protein expression despite having a mutated
genetic sequence. To further explore the effects of the loss of ATRX, WT fibroblasts with
functional TP53 and Rb cell cycle checkpoint proteins, were similarly targeted with the
CRISPR vector to establish if the loss of ATRX alone is sufficient to initiate crisis and
subsequently ALT. This experiment failed to generate ATRX knock out clones although, the
mixed population showed signs of crisis through the presence of telomere fusions and

precipitate, only seen during crisis.

In conclusion, the complete loss of ATRX, combined with telomere stress during crisis, via the
abrogation of TP53, was sufficient to initiate ALT and this was maintained in the long-term to

immortalise primary fibroblasts.

59



Chapter 3: Investigating the role of ATRX in primary human fibroblasts and the escape from crisis

3.2 Introduction

Telomeres erode as a function of cell division and short telomeres elicit a TP53-mediated cell
cycle arrest which triggers replicative senescence (Olovnikov 1973; Shay et al. 1991; von
Zglinicki et al. 2005). Mutations can render the cell cycle checkpoint proteins dysfunctional,
allowing cells to continue dividing despite their critically short telomeres no longer being able
to protect the natural ends of chromosomes. These cells then enter a phase termed crisis
during which telomere fusions occur that drive extensive genomic rearrangements resulting
in instability and cell death (Counter et al. 1992; Capper et al. 2007). During crisis, the
majority of cells will undergo apoptosis as a result of lethal mutations however, in some rare
cases, cells will escape and gain replicative immortality leading to clonal malignant growth
(Cong et al. 2002; von Morgen and Maciejowski 2018). Cancer cells become immortal by
maintaining their telomere lengths by using one of two mechanisms: 85-90% of cancers
upregulate the enzyme telomerase, whilst the remaining 10-15%, activate the ALT pathway

(Heaphy et al. 2011b).

Little is known and understood about the initiation and maintenance of the ALT mechanism
despite it being activated in 56% of sarcomas (summarised in table 1.2) (Heaphy et al. 2011b).
Sarcomas are a rare form of malignancy affecting the connective tissue and account for the
majority of ALT positive tumours recorded (Heaphy et al. 2011b). Most ALT positive cancers
arise in cells of mesenchymal origin. MSCs differentiate to become connective tissue such as
adipocytes in adipose tissue, osteocytes in the bone and chondrocytes in the cartilage
(Dominici et al. 2006). MSCs require little to no telomerase activity during development or
differentiation in adult life thus suggesting a pre-disposition for ALT upregulation in these
cells (Parsch et al. 2004). A common hallmark observed in ALT positive cells is the loss of the
ATRX protein involved in numerous cellular processes with its primary role being the
incorporation of histone H3.3, alongside DAXX, in repetitive heterochromatin such as
telomeres and centromeres to stabilise these structures as well as resolve secondary DNA
structures (Lewis et al. 2010; Heaphy et al. 2011a; Bower et al. 2012; Clynes et al. 2013; Li et
al. 2019). The loss of ATRX is variable depending on the cancer subtype although the majority
of ALT positive sarcomas are null for ATRX expression (64%, table 1.2). In contrast, PanNETs,
have an equal proportion of ATRX and DAXX mutations which appear to be mutually exclusive

in the majority of cases (Kim et al. 2017; Singhi et al. 2017).

In vitro, the loss of ATRX in normal cells does not affect the phenotype as seen in hybrid

cultures formed of normal and ALT positive cells which undergo telomere erosion as opposed
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to elongation thus suggesting a repression of ALT in normal cells (Perrem et al. 1999).
Similarly, when telomerase positive cells are co-cultured with ALT positive cells, the ALT
phenotype disappears indicating that telomerase represses the ALT mechanism (Perrem et
al. 1999). In addition, loss of ATRX alone in telomerase positive cells does not affect the
telomere length, further suggesting maintenance of telomere length through telomerase.
However, the appearance of APBs and C-circles can be observed thus suggesting these are
required early in the process of ALT upregulation and initiation but other underlying
mechanisms are required for long-term survival with ALT (Napier et al. 2015; Brosnan-
Cashman et al. 2018). In contrast, lack of ATRX appears to facilitate escape from crisis by
activation of the ALT mechanism in fibroblast cell lines therefore providing an interesting
target to gain a better understanding in the mechanism of ALT initiation and survival (Napier

et al. 2015).

Therefore, knocking out ATRX whilst inducing a telomere-driven crisis, by abrogation of TP53
and Rb, in primary human fibroblast will provide an interesting model for understanding the
transition from normal to malignant cell growth, and potentially generate clones that

upregulate ALT for survival to understand the mechanism of initiation.
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3.3 Aims

The overall hypothesis for this chapter is as follows: the loss of ATRX combined with telomere
stress is sufficient to induce replicative immortality by upregulating and maintaining the ALT
mechanism in primary human fibroblasts. Throughout this chapter, primary human HCA2

fibroblasts were used for all experiments taken from a male donor.

The aims of this chapter are to:

e Establish if the loss of ATRX combined with telomere stress results in replicative
immortality in primary fibroblasts in which TP53 function has been abrogated

e Assess if the loss alone of ATRX is sufficient to initiate a telomere-driven crisis in WT
cells, with functional TP53, and subsequently initiating the ALT mechanism

e Analyse escaping clones, through C-circle and TRAP assays, and confirm the TMM
used for replicative immortality

e Compare telomere dynamics between escaping clones and controls to reveal any
characteristics related to ALT

e Compare fusion profiles between escapees and control clones and relate to the
STELA profiles to establish any differences in the frequency and spectrum of fusion
events

e Evaluate the involvement of other mechanisms, including the cGAS-STING pathway,

in the upregulation and maintenance of ALT
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3.4 Results

3.4.1 Analysis of HCA2 WT and HCA2HPVE6E7 parental cell lines

The role of ATRX in suppressing the ability of primary human fibroblast to escape a telomere-
driven crisis was examined using HCA2 primary human foreskin fibroblasts. These cells do
not express telomerase and are subject to telomeric end-replication losses during each cell
cycle and therefore, exhibit a finite telomere-dependent replicative lifespan (Wyllie et al.
2000). WT cells were takeninto culture at PD 27 (approximately half their replicative lifespan)
and were expected to divide until short telomeres triggered a TP53/Rb cell cycle arrest which
in turn, elicits replicative senescence after approximately 30 PD (60 PD overall) (figure 3.1 A:
green curve. NB t0 = 27 PD). Senescent cells were defined as large, flat, mono-nucleated cells

that showed no increase in cell number for a period of two weeks.

Alongside these cells, a proportion of WT cells were transfected with HPV E6E7 viral
oncoproteins by Mrs Julia Grimstead, at PD 30.5, to abrogate TP53 and Rb function to enable
cells to bypass the senescent point and induce a telomere-driven crisis. This enabled cells to
undergo an additional 33 PDs compared to the WT cells (90 PD overall) at which point, cells
entered a telomere-driven crisis as defined by a halt in expansion resulting from an equal cell
death to cell growth rate (figure 3.1 A: blue curve. NB t0 = 30.5 PD). Crisis cells were defined

as uneven, large, multi-nucleated cells surrounded by cell debris and precipitate.
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Figure 3.1: HCA2 cells have a limited replicative lifespan.

A) Growth curve, generated by Mrs Julia Grimstead, of the HCA2 WT parental cell line in green and the
HCA2M"PVESET parental cell line in blue. The green and blue arrows represent the WT (PD 3, 30 overall)
and HPV E6E7 (PD 0, 30 overall) time-points respectively, used for STELA. Population doubling (PD) is
depicted on the Y-axis B) Scatter plot representing the telomere length distributions determined with
STELA at the 17p and XpYp chromosome ends in the HCA2 WT (green) and HCA2"PVESE7 (blue) parental
cell lines (at PD point indicated by arrows on (A); SD error bars).
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Telomere length profiles were determined with STELA at the 17p and XpYp chromosome
ends at PD 30 overall in both parental cell lines (PD 3 for WT cells and PD O for HPV E6E7 cells
pointed by the green and blue arrows respectively figure 3.1 A) to assess telomere dynamics.
Despite analysing samples at the same PD point overall, the mean telomere lengths varied
greatly between the parental cell lines (6 kb and 3.5 kb for XpYp and 4.7 kb and 3.4 kb for
17p for the WT and HPV E6E7 respectively) and were statistically significantly different (P
value = 0.0033 and 0.0013 for 17p and XpYp respectively, following Mann-Whitney test: table
3.1). The telomeres in the HPV E6E7 expressing cells were shorter overall with the shortest
telomeres reaching 600 bps as opposed to 2.1 kb in WT cells at the XpYp chromosome end,
presumably due to the abrogation of TP53 and Rb enabling telomeres to shorten beyond the
length at which senescence would normally be triggered. Despite observing different means
between the two cell lines, the telomere distributions were similar with the presence of
bimodal distributions consistent with two alleles at XpYp and one modal population at the
17p chromosome end consistent with a potential overlap of two similar allelic telomere
length distributions (figure 3.1 B). In addition, standard deviations (SD) were comparable
between the two cell lines and there was no statistical difference resulting from the Fligner
test for homogeneity of variances when comparing chromosome ends between cell lines (P

value = 0.418 and 0.103 for 17p and XpYp respectively: table 3.1).

17p XpYp
Mann-Whitney U test 0.0033 0.0013
Fligner test for homogeneity of variance 0.418 0.103

Table 3.1: Statistical differences between the telomere lengths in the WT and HPV E6E7 parental cell
lines at the 17p and XpYp chromosome ends.

Table showing the p-values resulting from Mann-Whitney tests and Fligner tests for homogeneity of
variances when comparing the telomere lengths in the WT and HPV E6E7 parental cell lines at the 17p
and XpYp chromosome ends. Statistical differences are highlighted in red (P < 0.05).

3.4.2 HCA2 WT and HPV E6E7 control clones
3.4.2.1 HCA2 WT control clones characteristics

As experimental controls, HCA2 WT cells were plated at PD 31 at limited dilutions and 5 single
cell clones were picked after 10 PDs (mean range: 6.5-13.5 PDs). All clones stopped dividing
and entered senescence after approximately 23 PDs (mean range: 16.32 — 30.51 PDs) (figure
3.2 A). Telomeres at the XpYp and 17p chromosome ends eroded as a function of cell division

until the shortest telomeres triggered replicative senescence consistent with previous
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findings , notably with the XpYp lower allele reaching 1.62 kb in clone 5 (figure 3.2 B) (Baird
et al. 2003). The mean telomere lengths for all single cell clones were determined at the last
available sampling point (mean of 23 PDs following isolation of single cell clones) and were
consistently shorter at the 17p chromosome end (mean of 3.02 kb) than the originating
parental culture (4.74 kb) at PD 0, consistent with telomere erosion prior to the onset of
senescence (figure 3.2 C; NB: Parental cell line sampling point at t=0 on graph A). In addition,
a statistical difference was observed upon comparison of combined telomere lengths of
control clones with the parental telomere lengths (P value <0.0001 following Mann-Whitney
test). Despite the presence of long telomeres at the XpYp chromosome end, shorter telomere
lengths (mean of 5.80 kb) compared to the parental (6.00 kb) were recorded in clones 1, 3, 4
and 5, although not statistically different (p value = 0.11 following Mann-Whitney test),

consistent once more with telomere erosion and the triggering of replicative senescence.

Single molecule telomere fusion analysis of the unique XpYp and 17p telomeres, together
with a family of telomeres with homology to the 21g chromosome end was undertaken to
determine the base line frequency events in the HCA2 WT control clones (Letsolo et al. 2010).
Consistent with previous data in young and senescent fibroblast populations, no telomere

fusion events were detected in these cells (figure 3.2 D) (Capper et al. 2007).
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Figure 3.2: HCA2 WT control clones undergo replicative senescence.

A) Growth curves of the 5 single cell control clones with the PD depicted on the Y axis. In red, clone 5
for which the STELA profiles at the XpYp and 17p chromosome ends are shown in B) with the mean
telomere lengths across the bottom also represented as a dotted line on the blot. In green the longer
mean allelic telomere length and in red the shorter mean allelic telomere length. PDs stated across
the top of the blot. C) Scatter plots representing the telomeres measured using STELA at the XpYp and
17p chromosome ends of the 5 single cell clones at the last sampling point and the WT parental cell
line at PD 30 overall in green. D) XpYpM:17p6:21q1 fusion profiles for clones 1, 3, 4 and 5.
Hybridisation probes are detailed on the left.
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3.4.2.2 HCA2HPVEGE? control clones characteristics

As experimental controls, HCA2"PV E6E7 ce|ls were plated at PD 43 at limited dilutions and 6
single cell clones were isolated after 10 PDs (mean range: 8-12.5 PDs). Cells continued to
divide for approximately 30 PDs (mean range: 15.04-41.7 PDs) until the onset of crisis
followed by extensive cell death (figure 3.3 A). These cultures were passaged until all cells
died (up to 230 days). Consistent with the telomere length profiles observed in the parental
HCA2MPVESE? cells, the XpYp telomeres of the clonal populations were long in all clones (mean
of 4.92 kb), whilst the 17p telomeres were short (mean of 2.04 kb); as observed in clone 4
(figure 3.3 B). The mean telomere lengths for all single cell clones were determined at the
last available sampling point (mean of 27 PDs after isolation of single cell clones) and were
consistently shorter at the 17p chromosome end than the originating parental culture (3.40
kb) consistent with telomere erosion (figure 3.3 C; NB: Parental cell line sampling point 13
PDs prior to t=0 on graph A). A statistical difference was observed upon comparison of
combined telomere lengths of control clones with the parental telomere lengths (P value
<0.0001 following Mann-Whitney test). The lower allele at the XpYp chromosome end is
overall shorter than in the parental further showing telomere erosion, despite no statistical
difference (p value = 0.084 following Mann-Whitney test). These data indicate that the
isolation of single cell clones is skewed towards clones with longer telomeres potentially due
to the clones with short telomeres entering crisis early; before the point at which single cell

clones were picked.

Single-molecule telomere fusion analysis was undertaken at PD points both prior to, and
during, crisis. Fusions involving the XpYp telomere were uncommon across all clones
analysed, whilst 17p fusions were more common (19 events overall at the latest sampling
point), which coincided with the short 17p telomeres observed on the STELA blots and was
consistent with previous observations (Capper et al. 2007; Letsolo et al. 2010) (figure 3.3 C

and D).
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Figure 3.3: HCA2"PVESE7 control clones undergo crisis with short telomeres and fusions.

A) Growth curves of the 6 single cell control clones picked with the PD depicted on the Y-axis. In red
clone 4 for which STELA profiles at the XpYp and 17p chromosome ends are shown in B) with the mean
telomere lengths detailed across the bottom also represented as dotted lines on the blot. PDs stated
across the top of the blot. C) Scatter plots representing the telomeres measured with STELA at the
XpYp and 17p chromosome ends of the 6 single cells clones at the last sampling point during crisis with
the HPV E6E7 parental telomere lengths at 13 PD prior to tO in blue. D) XpYpM:17p6:21q1 fusion
profiles of clones 1, 4, 5 and 6. Hybridisation probes are detailed on the left.
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3.4.3 HCA2HPV E6E7 ATRX-/- clones

3.4.3.1 Screening for mutant clones

In order to test whether primary fibroblasts could upregulate the ALT mechanism for survival
in the absence of ATRX, HCA2"PVESE7 cells were nucleofected at PD 44.5 with an ATRX targeted
CRISPR/Cas9 construct, provided by Prof. Eric Hendrickson (University of Minnesota, USA),
containing a GFP tag for selection of transfected cells (figure 3.4 A) (Napier et al. 2015). These
cells were then sorted by flow cytometry according to GFP intensity 24 hours after
nucleofection (figure 3.4 B). To minimise background signal and reduce false positives, the
selection gates were stringently applied to collect the strongest GFP intensity cells. This setup
was consequently used in subsequent ATRX targeted knock out experiments using GFP to
ensure consistency. A high percentage of cells were strongly positive for GFP and 118,000
cells were recovered from the cell sorting. Cells were then plated at limited dilutions (1:100,
1:250 and 1:500) in order to isolate single cell clones, consequently 52 clones were picked at

a mean of 8.9 PDs after cell sorting (mean range: 6-12.5 PDs).
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Figure 3.4: Schematic representation of the pSpCas9(BB)-2A-GFP vector containing the CRISPR
targeting ATRX.

A) A 20 nucleotide guide sequence, designed to target exon 9 of the human ATRX gene, was ligated
into the vector using Bbs1 restriction cut sites. B) Sorting of CRISPR targeted cells using GFP signal with
P3 GFP negative cells (discarded) and P4 GFP positive cells (collected cells).

The ATRX gene is located on the X chromosome and due to HCA2 cells originating from a
male donor, only one allele was required to be targeted and the CRISPR vector was designed
to target exon 9 (figure 3.5 A and B). All clones were then screened to assess which had a
successfully mutated ATRX gene. To do this, a 1 kb sequence from the ATRX gene, which
included the CRISPR target site that contained a Smll restriction enzyme cut site, was
amplified by PCR (figure 3.5 C and 3.6 A). 8 pl of the PCR product were digested with Sml1
restriction enzyme and the results were as follows: a single undigested 1 kb band signified a
potential mutation at the cut site that removed the Sml1 restriction site; 2 bands measured
at approximately 0.3 kb and 0.7 kb indicated an intact uncut ATRX gene (figure 3.6 A).
Amplicons of putative mutant clones were verified by Sanger sequencing, using the AX9SeqF

primer (Materials and Methods 2.4.1 Oligonucleotides and figure 3.5 C).
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AGTTTCATTACTTTTAGAGGAATCTGATCTTCGAAGATCCCCACGTGTAAAGACTACACCCTTGAGGCGA
CCGACAGAAACTAACCCTGTAACATCTAATTCAGATGAAGAATGTAATGAAACAGTTAAGGAGAAACAAA Screening primers
AACTATCAGTTCCAGTGAGAAAAAAGGATAAGCGTAATTCTTCTGACAGTGCTATAGATAATCCTAAGCCT  CRISPR
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Figure 3.5: Schematic representation of the ATRX gene and CRISPR target site.

A) Representation of the X chromosome highlighting the position of the ATRX gene on the q arm
(g21.1). B) Representation of the ATRX gene with the 35 exons represented as blue boxes with exon 9
being the largest containing the CRISPR target site. C) The 1 kb targeted sequence of the ATRX gene
amplified by PCR with the PCR primers in green, the sequencing primer in blue, the CRISPR target site
in red and the Sml1 cut site highlighted in yellow.

Of the 52 clones picked, 12 (1, 2, 10, 11, 18, 21, 27, 28, 37, 42, 44 and 49) showed a mutation
at the Sml1 cut site and were sequence verified (figure 3.6). Following sequencing, 3 (10, 11
and 42) had an intact cut site and therefore an intact ATRX gene (for example, clone 10 figure
3.6 B), however, these were nonetheless cultured as controls to assess any off-target effects
of CRISPR targeted technology on the ability of these cells to escape from crisis. The
remaining 9 clones (1, 2, 18, 21, 27, 28, 37, 44 and 49) all showed mutations at the cut site
indicating a high success rate of ATRX targeting (9/52 clones, 17%). This rate could be
increased by applying more stringent GFP selection gates as the number of positive cells
(118,000) was diluted in order to pick single cell clones and therefore many cells were
dismissed during this process. The mutations detected ranged from a 2 base pair deletion
(clone 18 figure 3.6 B) to a 16 base pair deletion including the entire cut site (clone 2 figure
3.6 B), as well as insertions and substitutions of single base pairs, always within the Sml1 cut
site. These 12 clones were therefore continually passaged in culture to crisis and monitored

for changes in cell morphology, telomere dynamics and fusion spectrum.
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AGTTCCACAAGATAAAGATGGCTATAAAAGTTGTGGTCTGAACCCCAAGTTAGAGAAAT
GTGGACTTGGACAGGAAAACAGTGATAATGAGCATTTGGTTGAAAATGAAGTTTCATTA
CTTTTAGAGGAATCTGATCTTCGAAGATCCCCACGTGTAAAGACTACACCCTTGAGGCG
ACCGACAGAAACTAACCCTGTAA

Clone 18

AGTTCCACAAGATAAAGATGGCTATAAAAGTTGTGGTCTGAACCCCAAGTTAGAGAAAT
GTGGACTTGGACAGGAAAACAGTGATAATGAGCATTTGGTTGAAAATGAAGTTTCATTA
CTTTTAGAGGAATCTGATCTTCGAAGATCCCCACGTGTAAAGACTACACCCTT- -GGCG
ACCGACAGAAACTAACCCTGTAA

Figure 3.6: CRISPR/Cas9 mediated mutation of ATRX in 17% of clones.

A) Gel electrophoresis of 1 kb ATRX amplicon including Sml1 CRISPR target site pre (top) and post
(bottom) Sml1 digestion with green arrows showing mutants, blue arrow showing false positive
mutants and red arrows showing examples of WT unmutated clones. B) Examples of Sanger
sequencing data from sequence verified clones with the Sml1 cut site highlighted in yellow and
hyphens indicating deletions within the sequence when compared to the WT ATRX sequence.

3.4.3.2 Clonal growth and ATRX protein expression

All clones were continuously cultured for a range of time (125 days to 250 days) to monitor
changes in growth and to assess whether the loss of ATRX enabled these cells to escape crisis.
Clones 10, 11 and 42, that displayed an intact ATRX gene, died after the onset of crisis. In
addition, clones 1, 2 and 44 died following a prolonged crisis phase (figure 3.7 A). In contrast,
clones 18, 21, 27, 28, 37 and 49 all transited through crisis and escaped. These all remained
in crisis for varying amounts of time: a slow-down in growth was observed in clone 21

followed by a halt in cell division for 45 days as the cells were transiting through crisis (green
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curve figure 3.7 B); whilst clone 37 remained in crisis for 100 days before resuming normal

cellular growth (red curve figure 3.7 B).

Prior to crisis, clones that died had a similar growth rate as that observed in the HPV E6E7
control clones (mean of 0.41 and 0.46 PD/day respectively). In contrast, escaping clones
underwent a more rapid growth rate prior to crisis (mean of 0.59 PD/day). Upon escape from
crisis, these returned to a slower rate of cell growth (0.31 PD/day on average) and were
continued in culture for up to 18 PDs post-crisis, until there were no crisis cells that were

apparent, and cells were passaged every 7 days (figure 3.7 B).

Western blot analysis was undertaken to evaluate the status of the ATRX protein (figure 3.7
C). Clones 10, 11 and 42 (which had no mutation in the ATRX gene) had comparable or
reduced levels of ATRX expression compared to the parental HCA2HPV E687 cells (figure 3.7 D).
In addition, clones 1, 2 and 44, which had a mutated ATRX gene but did not escape, all
displayed residual ATRX expression (figure 3.7 C and D). In stark contrast, all clones that
successfully escaped crisis had no detectable ATRX protein expression. This implies that low
levels of residual ATRX activity is sufficient to prevent cells from escaping crisis and achieving
replicative immortality through the upregulation of ALT in these fibroblasts and, suggests
that the initiation of ALT requires the complete loss of ATRX early in the process of initiation.
From this point, mention of ATRX will be referring to the protein in this chapter unless stated

otherwise.

73



Chapter 3: Investigating the role of ATRX in primary human fibroblasts and the escape from crisis

o No Escape & Escapees
60- 60- 27 28
21
45 451 49
44 1
E 30 11 2 2 E 30 37
10
154 15
0 T T T g 1 c T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Days in culture Days in culture
C D 2.0
% NO ESCAPE ESCAPE 15
§ 1 2 1011424418 212728 3749
I ... ¢
ATRX - 250 kDa
—150 kDa 0.5

0.0
Parental 1 2 10 11 42 44

Figure 3.7: Complete ablation of ATRX results in cells escaping crisis.

Growth curves of the clones that failed to escape crisis (A) and successfully escaped crisis (B). PDs
depicted on the Y-axis. C) Western blot showing levels of ATRX expression in the parental and 12
clones, vinculin expression was used as loading control. D) Western blot quantification of ATRX
expression (ATRX : Vinculin ratio) relative to the parental, expressed in arbitrary unit (AU). Standard
deviation used as error bars.

3.4.3.3 Confirming ALT positivity

The C-circle assay was developed to detect partially single stranded C-rich circular DNA
present in the cytoplasm of cells called C-circles which are known as one of the quantifiable
hallmarks of ALT (Henson et al. 2009). To establish the TMM used to escape crisis and achieve
replicative immortality in these cells, all clones were subjected to the C-circle assay (figure
3.8 A). The HPV E6E7 control clones showed a comparable intensity to the HCA2HPY E6E7
parental (figure 3.8 A and B) and were therefore considered negative for C-circles; the signal
recorded was subsequently used as a baseline for the background signal. On this basis, the
clones that did not escape crisis (1, 2, 10, 11, 42 and 44) were negative for C-circles (figure
3.8 A and B). In contrast, the escaping clones 18, 21, 27, 28 and 49 displayed no signal prior
to crisis but this was followed by a gradual increase in C-circles as cells transited through
crisis. Due to limited DNA available for clone 37, only a post-crisis sample was tested showing
comparable intensity to other escaping clones (figure 3.8 A and B). This data confirms C-circle
activity in 100% of clones that escaped crisis, consistent with the activation of the ALT

mechanism in the absence of ATRX during a telomere-driven crisis.
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Telomerase activity was assessed using the Telomerase Repeated Amplification Protocol
(TRAP) assay to further establish whether escaping clones were capable of maintaining
telomere length using the ALT mechanism, or whether a switch to telomerase and/or a co-
existence of both mechanisms occurred. Pre- and post- crisis samples from clones that
escaped crisis were tested for telomerase activity. Consistent with the parental HCA2HPV E6E7
cells, all clones were negative for telomerase activity (figure 3.8 C). The absence of
telomerase together with the presence of C-circles indicated that these clones extended their

replicative capacity by utilising the ALT mechanism for telomere length maintenance.
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Figure 3.8: C-circles and absence of telomerase activity in clones that escape a telomere-driven crisis
in the absence of ATRX is consistent with ALT.

A) ‘4’ and ‘- polymerase slot blot results of C-circle assay for HPV E6E7 control clones (1, 4, 5 and 6);
clones that failed to escape crisis (1, 2, 10, 11, 42 and 44); and successfully escaped crisis (18, 21, 27,
28, 37 and 49). B) C-circle quantification with intensity of bands expressed in arbitrary unit (AU); HPV
E6E7 controls in green, no escape clones in red, escape clones in grey and experimental controls in
white (HCA2"PV ESE7 parental cell line and U20S ALT-positive control). SD used as error bars where
possible. C) TRAP assay result before and after crisis (where possible) for clones that successfully
immortalised with ‘- representing before crisis and ‘+’ representing after crisis. PDs across the bottom.
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3.4.3.4 Telomere dynamics are affected by the loss of ATRX

To assess any changes and differences in telomere dynamics between escaping clones and
clones that died, telomere length profiles were generated using STELA at the 17p and XpYp
chromosome ends across multiple PD points. Clone 1, used as an example of a clone that did
not escape crisis, showed a steady period of growth, 32 PDs, until the initiation of crisis (figure
3.9 A). Telomeres eroded as a function of cell division, as expected, and homogeneous
distributions were observed at the chromosome ends studied consistent with the
homogenous telomere length distributions observed in HPV E6E7 control clones (figure 3.9
B and figure 3.3 B and C). In contrast, clones that escaped crisis, for example clones 21 and
37 (figure 3.9 C), showed 2 different growth profiles with clone 21 entering crisis at
approximately 27 PDs and transiting rapidly through crisis (approximately 45 days), whilst
clone 37 entered crisis early (PD 17) and remained so for 100 days (figure 3.9 C). Nonetheless,
telomere dynamics of these clones were similar, with both clones displaying heterogeneous
telomere length distributions prior to the onset of crisis, in complete contrast to that
observed in clones that failed to escape crisis, for example clone 1 (figure 3.9 B and D).
Increased telomere length heterogeneity was also apparent post-crisis (figure 3.9 D). These
heterogeneous telomere length profiles are consistent with that observed in cells that have
activated the ALT mechanism. These data indicate that the loss of ATRX affects telomere

length distribution before the full onset of crisis.
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Figure 3.9: Loss of ATRX affects telomere length distributions before and after crisis.

A) Growth curve of clone 1 that did not escape crisis with PDs depicted on Y-axis. The green arrows
represent time-points sampled for STELA at the 17p and XpYp chromosome ends showed in (B) with
the mean telomere lengths across the bottom and represented as dotted lines on the blot. PDs across
the top. C) Growth curves of clones 21 and 37 that successfully escaped crisis with the red rectangle
highlighting the period of crisis and the green arrows representing the time-points used in the STELA
profile at the 17p and XpYp chromosome ends showed in (D) with the SD and the mean telomere
lengths across the bottom also represented as dotted lines on the blot. PDs across the top.
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3.4.3.4.1 Increased heterogeneity before crisis in the absence of
ATRX

To further address differences in heterogeneity between the controls, the clones that did not
escape and the escaping clones, the telomere length distributions obtained from the first
available time-point for all clones (18 PDs on average) were displayed as scatter plots with
the standard deviation for both the 17p and XpYp chromosome ends. A single distribution
was observed at the 17p chromosome end across all clones consistent with either the
presence of a single 17p allele, or an overlap of two alleles in HCA2 cells. The controls and no
escape clones all showed homogeneous telomere length distributions at 17p (mean SD =
0.623), whilst the escaping clones displayed a greater telomere length heterogeneity, with
clone 28 presenting the biggest deviation from the mean (mean SD = 1.48; figure 3.10 A-C
left). The standard deviations were grouped and plotted (figure 3.10 D left) and subjected to
an unpaired t-test which showed statistically significant differences when comparing the
escapees to the controls and the no escape clones (p = 0.0019 and 0.021 respectively).
Furthermore, there was no statistical difference between the controls and the clones that
failed to escape crisis (p = 0.58; figure 3.10 D left). This therefore suggests that the loss of
ATRX leads to an increased heterogeneity prior to crisis, but only in the cells that were

subsequently able to escape crisis.

In contrast, at the XpYp chromosome end, bimodal telomere length distributions were
observed, and were consistent with allelic telomere length differentials, as previously
observed (Baird et al. 2003). These bimodal distributions were only observed in the controls
and the clones that failed to escape. In contrast, bimodal telomere length distributions were
not apparent in the HCA2"PVESE7 ATRX/- c|ones that were capable of escaping crisis (figure 3.10
A-C right). The standard deviations for each group were plotted (figure 3.10 D right) and
unpaired t-tests were carried out to compare each group, however it was clear that the
presence of allelic telomere length distributions increased the heterogeneity of the control
clones such that at the XpYp telomere, the controls appeared to be more heterogeneous

(statistically different: p value = 0.041) than the HCA2"PV E6E7 ATRX/- ¢|ones.
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Figure 3.10: Heterogeneity before crisis in clones lacking functional ATRX.
Scatter plots of the telomere lengths determined using STELA at the 17p (left panel) and XpYp (right
panel) telomeres in the HPV E6E7 controls (A), no escape clones (B) and escaping clones (C), with the
SD as error bars. D) Scatter plot of the SDs for the controls, no escape clones and escaping clones for
the 17p (left) and XpYp (right) chromosome ends with the P-value stated following an unpaired t-test;

statistical differences are highlighted in red (P < 0.05).
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3.4.3.4.2 Telomere length heterogeneity increases during the
escape from crisis.

To further examine whether there was an increase in telomere length heterogeneity in the
escaping clones, the 17p and XpYp telomere length profiles were displayed as scatter plots
for each clone pre- and post- crisis (figure 3.11 A and B). At the 17p chromosome end, the
telomere length heterogeneity consistently increased after crisis, whilst at the XpYp
chromosome end, in most cases, this was maintained. Pre- and post-crisis samples for each
clone were subjected to the Fligner test for homogeneity of variances and the p-values are
stated above each clone in figure 3.11. At the 17p chromosome end, a statistically significant
difference was observed for clones 21, 37 and 49. Meanwhile, clones 18, 27 and 28 showed
no statistically significant differences in heterogeneity however, telomere lengths in these
clones were already heterogeneous before crisis in comparison to clones 37 and 49 (figure
3.11 A). Furthermore, a statistically significant difference was observed upon comparing
combined pre- and post- crisis standard deviations using an unpaired t-test, thereby further

underlining more heterogeneous 17p telomere lengths after crisis (p = 0.017; figure 3.11 C).

In contrast, at the XpYp chromosome end, all clones but 21 and 28 showed no statistically
significant differences in telomere length heterogeneity pre- and post-crisis. Clone 28
showed a decrease in heterogeneity (figure 3.11 B). Furthermore, no statistical difference
was noted when comparing combined pre- and post- standard deviations (p value = 0.76,
following unpaired t-test) (figure 3.11 C). In addition, there was a statistical difference upon
comparison of 17p and XpYp SDs post-crisis (p value = 0.048, following unpaired t-test). These
data imply that the 17p telomere may be subjected to larger elongation events compared to
XpYp telomeres and could explain the slower increase in heterogeneity at the XpYp

chromosome end.
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Figure 3.11: An increase in 17p telomere length heterogeneity after crisis in escaping clones.
Scatter plots of the telomere lengths determined using STELA at the 17p (A) and XpYp (B) chromosome
ends for the escaping clones pre- (black) and post- crisis (blue) and the U20S ALT positive cancer cell
line (green) with the SD as error bars. The p-values stated above samples resulting from Fligner’s test
for homogeneity of variances; statistical differences are highlighted in red (P < 0.05). C) Scatter plot of
the standard deviations before and after crisis at the 17p (left) and XpYp (right) chromosome ends
with the U20S SD as an indication. P-values stated resulting from unpaired t-test; statistical differences
are highlighted in red (P < 0.05).
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The telomere length heterogeneity at both chromosome ends was compared to the ALT
positive cancer cell line U20S in all clones. Using the Fligner test for homogeneity of
variances, overall, no difference was noted when combining all escaping clones against the
U20S at the 17p telomere, further highlighting the more heterogeneous telomere length
profile at this chromosome end (P value = 0.097; table 3.2). Consistent with the previous
observations, a strong statistical difference was observed at the XpYp chromosome end (P
value = 1.1x107%; table 3.2). All clones were then individually compared to the U20S after
crisis and once more, at the 17p chromosome end, half the clones showed no statistical
differences, whilst the remaining three showed p-values greater than 0.01. In addition, all
clones were statistically different to the U20S at the XpYp chromosome end and in most

cases the p-value was lower than 0.001.

U20s
17p Xpyp

Clone 18 0.038 4.4x10°
Clone 21 0.13 0.00022
Clone 27 0.019 1.7x10°®
Clone 28 0.24 8.6x10°
Clone 37 0.43 0.00019
Clone 49 0.030 0.0028
All 0.097 1.1x10°

Table 3.2: Heterogeneity at the 17p chromosome end consistent with U20S ALT positive cell line.
Table presenting the P-values following a Fligner test for homogeneity of variances between individual
clones (left) and the U20S (top) at the 17p and XpYp chromosome ends alongside the overall
difference when combining all escaping clones post-crisis and comparing to the U20S (termed all).
Statistical differences are highlighted in red (P < 0.05).

3.4.3.5 Increased fusion events in ALT clones

Telomere fusion events are readily detected in fibroblast clones undergoing crisis (Capper et
al. 2007; Letsolo et al. 2010). To examine whether the absence of ATRX impacted telomere
fusions in HCA2MPV ESE7 fibroblast cells, fusion profiles were generated for both the escapees
and the clones that failed to escape. All clones were tested for XpYp:17p:21q fusions at
multiple time-points in sequential order by the process of stripping and re-probing the same
fusion blot (figure 3.12 A). Furthermore, fusions that involved inter-allelic events were
counted once, therefore identical bands that appear with two probes were counted once and
attributed to the first probe that detected these. A series of fusions that appeared at the

same length across multiple reactions were discounted as only unique events were counted.
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Fusions involving the XpYp telomere were sparse in both the controls and clones that failed
to escape, presumably due to the initial XpYp telomere length being comparatively long
(figures 3.3 B-D; 3.9 B; 3.10 A and B; and 3.12 A). In contrast, fusions involving the XpYp
telomere appear at the first sampling point in escaping clones, presumably due to their
heterogeneous telomere length distributions with the shortest telomeres reaching just 700
bps (figure 3.9 D, 3.10 Cand 3.12). In addition, 17p fusion events were observed in all clones,
consistent with short telomeres observed in the control and no escape clones as well as
heterogeneous telomere lengths in the escapees (figure 3.3 B-D; figure 3.9 B and D; 3.10 A-
C; and 3.12 A). The length at which telomeres begin to fuse at the 17p chromosome end,
approximately 1 kb, is consistent across all clones therefore suggesting that the loss of ATRX

does not alter the length at which telomeres begin to fuse.

Fusion events were monitored in all escapees across time in culture. Clone 21, used as an
example of an escapee (figure 3.12 A), showed a gradual increase in telomere fusions at all
telomeres studied as the clone transited through crisis. This was followed by a gradual
decrease as cells immortalised and escaped through initiation of the ALT mechanism. This
pattern was consistently observed across all escapees and was consistent with observations
made in the U20S cell line for which no fusions were detected at all chromosome ends
analysed (figure 3.12 A and B). This suggests that the fusions observed in the escaping clones
are associated with telomere stress, rather than ALT, and the progressive decrease in fusion
events is consistent with ALT upregulation and the maintenance of telomere length for

survival.
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Figure 3.12: Fusion profiles reveal an increase of end-to-end fusions in escapees during crisis.

A) Example of fusion profiles for clone 1 (no escape) and clone 21 (escape) across multiple PD points
(detailed across the top) and U20S as an ALT positive control. Blots were serially probed and stripped
with the number of fusions stated below the blots, only unique events were counted and events
appearing with two probes were counted once. Hybridisation probes are detailed on the left. B)
Graphs showing the number of XpYp (purple), 17p (white), 21q (grey) and total (black) fusion events
as escapees are transiting through crisis and immortalising. (Number of diploid genome equivalents
analysed = 2x10%).
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It appeared that fusions occurred earlier and at higher frequency in the absence of ATRX. To
compare the frequencies and fusion spectrums between all three groups, fusions were
counted at the same point in the replicative lifespans across all clones (approximately 5 PDs
prior to the slow-down in growth; figure 3.13: orange arrows representing the sample
analysed for each clones). The proportion of fusions was measured by calculating the
percentage of XpYp, 17p and 21q fusion events out of the total number of fusion events
recorded for each group (controls, no escape and escape). Overall, the controls and the
clones that failed to escape crisis showed similar fusion proportions (figure 3.14 A) and
consistently showed no statistically significant differences when comparing the three
chromosome ends studied upon submission to a Fisher’s exact test (P values = 0.56, 1 and 1
for XpYp, 17p and 21q fusion proportions respectively). In contrast, escapees showed an even
distribution of XpYp, 17p and 21q fusions (figure 3.14 A) and a statistically significant
difference was observed in the proportion of 17p fusion events compared to the controls and
no escape clones (p value = 0.011 and 0.0001 respectively following Fisher’s exact test).
Furthermore, there was a higher incidence of XpYp fusions in the escapees consistent with a
more heterogeneous telomere length distribution and the presence of very short telomeres
as opposed to the no escape clones (figure 3.9 B and D; 3.10 B and C; 3.12 B; and 3.14 A,
table 3.3). In addition, there was an increase in fusions overall and in the mean frequency of
fusions per escaping clones (10.8 versus 6.7 for the no escape and 3.3 for the controls; figure

3.14B).

To further assess the nature (inter- or intra- chromosomal) of the fusion events observed, a
PCR was repeated with single XpYp and 17p primers. No fusions were observed at the XpYp
chromosome end, therefore, statistical analysis was carried out at the 17p chromosome end.
The results showed an even proportion of intra-chromosomal fusions relative to the total
number of fusions per group (figure 3.14 C; table 3.3) and the loss of ATRX therefore does
not affect the rate of intra-chromosomal fusions but rather inter-chromosomal fusions as

seen with the overall increase in fusion events in the escaping clones (figure 3.14 B).
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Controls vs Escape
All fusions Control vs no escape
No escape vs escape

Intra- Controls vs Escape
chromosomal Control vs no escape
fusions No escape vs escape

XpYp
0.16
0.56
0.0014

17p
0.011
1
0.0001
0.65
0.39
0.78

21q
0.32

0.10

Table 3.3: Higher rate of inter- but not intra-chromosomal fusions in escaping clones.
Table presenting the p-values resulting from Fisher’s exact tests comparing the 3 groups against each
other at each telomere end studied looking at all fusions and intra-chromosomal fusions only.
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Figure 3.13: Growth curves of all clones analysed for fusion analysis.
A) HPV E6E7 control clones; B) no escape clones; C) and escapees with the orange arrows indicating the time-point used to compare fusion events across all

clones and the green arrows the samples used for STELA analysis. PDs depicted on the Y-axis.
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Figure 3.14: Altered proportion of fusion events in ALT clones.
A) Graph showing the proportion of specific telomere fusions for the controls, no escape and

escaping clones (%). B) Graph showing the overall number of fusions per group (black) and the mean
number of fusions per clone in each group (blue). C) Graph showing the proportion of 17p intra-
chromosomal fusions (orange) and 17p inter-chromosomal fusions (white) for each group (%).

3.4.3.6 Impaired cGAS-STING pathway

The DNA sensing cGAS-STING pathway functions by recognising DNA in the cytoplasm of cells
through cGAS binding which in turn releases the STING protein from the endoplasmic
reticulum and promotes the phosphorylation of IRF3. IRF3 then migrates to the nucleus
where it upregulates interferon-f expression which upregulates the innate immune response
(Chen et al. 2016). Recently, the cGAS-STING pathway has been shown to be impaired in ALT
positive cancer cell lines, such as U20S, thus showing an impaired DNA sensing mechanism
(Chen et al. 2017). This in turn enables the accumulation of C-circles in the cytoplasm of ALT-

positive cells without inducing an immune response.

To assess whether the cGAS-STING pathway was impaired in escaping clones compared to
clones that failed to immortalise, STING protein levels were determined by Western blot
(figure 3.15 A). The clones that failed to escape crisis lacked C-circles and died, and thus STING
levels were expected to be comparable to that observed in the parental cells. Expression

levels varied between clones with a decrease in clones 1 and 2, an increase in clone 44 and
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comparable expression in clone 11 to the parental. Furthermore, clones 10 and 42 showed
no expression of the STING protein (figure 3.15 B). In comparison, the escaping clones 21, 28,
37 and 49 showed very little to no signal before and after crisis escape. Clone 18 appeared
to have normal levels before crisis which disappear following escape suggesting an effect on
STING activity in this clone. Clone 27 showed an increased protein expression before crisis
which became comparable to the parental after crisis. The STING protein appeared to be
consistently downregulated in the escaping clones (apart from clone 27) however, a similar
observation was made in the clones that failed to escape (figure 3.15 B). The loss of the STING
protein may be required for long-term survival with ALT to prevent the accumulation of C-
circles from triggering the cGAS-STING pathway which in turn elicits a cell cycle arrest.
Overall, there was no clear pattern of STING expression with respect to whether the clones
escaped crisis or not, thus in this cell model, the loss of the STING protein is not a
characteristic specific to the ALT mechanism in the absence of ATRX but may nonetheless

facilitate cellular growth despite strong C-circle intensity.
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Figure 3.15: Decreased STING protein expression in ALT positive clones.

A) Western blot result showing levels of STING protein expression in the parental, clones that did not
escape (1, 2,10, 11, 42, 44) and clones that escaped (18,21, 27, 28, 37 and 49), vinculin expression was
used as loading control. B) Western blot quantification of STING expression (STING : Vinculin ratio)
relative to the parental expressed in arbitrary unit (AU). The ‘-* representing before crisis and ‘+’ after
crisis. Standard deviation used as error bars where possible.
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3.4.4 ATRX knock out in WT cells

3.4.4.1 HCA2ATR%/- WT single cell clones

It was clear that the complete absence of ATRX coupled with the onset of a telomere-driven
crisis was sufficient to initiate the ALT process in cells that were abrogated for TP53 and Rb
function. In contrast to the HCA2"P VESE7ATRX/- cals WT cells have an intact TP53/Rb cell cycle
checkpoint and thus the hypothesis that the onset of replicative senescence coupled with
the loss of ATRX may lead these cells to gain replicative immortality by upregulating the ALT
mechanism for survival was tested. HCA2 WT cells were nucleofected at PD 31 with the
CRISPR vector in an attempt to knock out ATRX. Following nucleofection, an 80% survival rate
of cells was observed which is an indicator of a low nucleofection efficiency. Cells were then
sorted by flow cytometry according to GFP signal using the same settings as the previous
experiment (figure 3.4 B) and the results are presented in figure 3.16 A. Low efficiency of the
nucleofection (1.7%) was confirmed with most cells (98.3%) being GFP negative and only
2,000 cells being collected for single cell cloning. Nonetheless, 23 single cell clones were
isolated approximately 8.8 PDs after cell sorting (mean range: 5-11 PDs) and 15 were
screened for an ATRX mutation, whilst 8 senesced before a sample was taken. No clone
exhibited a mutation in the ATRX gene and 5 clones were cultured to monitor any changes
despite having a WT ATRX. The 5 clones (highlighted in red figure 3.16 B) were kept in culture
for 120 days and a senescent phenotype was observed across all clones and no changes were

visible until the cultures were intentionally terminated.
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Figure 3.16: Low nucleofection efficiency and an absence of ATRX mutation in HCA2 WT cells
resulted in all clones entering senescence.

A) Cell sorting result with P3 = GFP negative (discarded) and P4 = GFP positive (cells being collected).
B) Growth curves of 9 clones that were targeted with the CRISPR and in red clones that were kept in
culture long-term (n=5). PDs depicted on Y-axis.
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3.4.4.2 HCA2A™*/- WT mixed population

It was considered that if the ATRX knockout could facilitate the induction of ALT and the
escape from replicative senescence, then cells displaying an ATRX mutation may be selected
for during the onset of senescence. Thus, following single cell cloning, the remaining cells
that had been subjected to the ATRX CRISPR transfection and cell sorting, were pooled and
transferred to a flask and kept in culture to investigate the behaviour of the polyclonal mixed
population (MP) during senescence. In addition, a subset of cells taken from the MP were
nucleofected at two later time-points, closer to senescence, to assess if a second ATRX-
targeted CRISPR could yield HCA2 WT cells with an ATRX mutation. Firstly, the MP was
nucleofected at PD 17 (MPN3, green arrow figure 3.17 A; growth curve 3.17 B) and secondly
at PD 22 (MPNS5, blue arrow figure 3.17 A; growth curve 3.17 B). Following nucleofection,
cells were sorted once more by flow cytometry according to GFP signal and again, the
nucleofection efficiency was low and very few cells were collected (figure 3.17 C and D). All
three populations were kept in culture and screening for mutations revealed no evidence of
an ATRX modification (data not shown). These cells were therefore expected to undergo
approximately 30 PDs before senescing. These cultures all achieved a similar number of PDs
before entering senescence as the WT parental control (figure 3.17 B). Similar telomere
length distributions were observed throughout and this revealed an erosion of the telomeres
with no evidence of the short telomere length distributions observed in crisis (figure 3.17 E
and F). Moreover, the C-circle assay was negative for the three MP cultures confirming the

lack of ALT initiation (figure 3.17 G).
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Figure 3.17: HCA2 WT mixed population cultures show no evidence of ATRX mutation and enter
replicative senescence.

A) Growth curve of the expected curve (red) and the mixed population (black) for which ATRX KO was
done at day 0 and with the 2 arrows indicating a second ATRX KO by CRISPR with the green arrow
(PD17) and blue arrow (PD22). PDs depicted on Y-axis. B) Growth curves of the MPs with the original
MP in black, the MP nucleofected at PD17 (MPN3) in green and the MP nucleofected at PD22 (MPN5)
in blue; PDs depicted on Y-axis. Cell sorter results for MPN3 (C) and MPN5 (D) with P4 = GFP positive
(cells being collected). STELA profiles at the XpYp (E) and 17p (F) chromosome ends for the MP, MPN3
and MPNS5, with the average telomere length across the bottom also represented as a dotted line on
the blots and PD across the top. G) ‘+’ and ‘- polymerase slot blot results of C-circle assay for MP,
MPN3 and MPN4.
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Despite no evidence of an ATRX mutation and a clear induction of replicative senescence,
these cells displayed some different behaviours compared to the WT controls and the WT
ATRX clones. They displayed a mixed population of cells with the majority of these presenting
with the typical long and spindle-like morphology characteristic of young proliferating
fibroblasts, as opposed to flat and large senescent cells (figure 3.18 A, comparative C) (Mocali
et al. 2005; Maes et al. 2009). The presence of a precipitate, only observed in cells undergoing
a telomere-driven crisis in our laboratory, was also observed in all three cultures suggesting
the onset of crisis despite cells having intact cell cycle regulators such as TP53 and Rb (figure
3.18 B, comparative D). Fusion analysis was rendered difficult due to low amounts of DNA
available, nonetheless, rare fusion events were detected suggesting once more the induction
of a telomere crisis (red arrows figure 3.18 E). These cells did however stop growing showing

no signs of ALT upregulation or replicative immortality.
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Figure 3.18: MP display characteristics of both senescence and crisis.

A) Picture at x10 magnification of the MP for which senescent cells were observed (green arrow) as
well as long dividing cells (red arrow). B) Picture at x10 magnification of the MP showing heavy
precipitate characteristic of crisis. C) Picture at x10 magnification of senescent HCA2 cells. D) Picture
at x10 magpnification of crisis HCA2 cells. E) XpYpM:17p6:21q1 fusion profiles of all MPs with fusions
indicated by red arrows Hybridisation probes are detailed on the left. (Number of diploid genome

equivalents analysed = 2x10%).
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3.5 Discussion

3.5.1 Loss of ATRX and telomere stress is sufficient to upregulate and
maintain ALT in fibroblast cells

The successful escape from a telomere-driven crisis is rare in fibroblasts and the data
presented above, showed the immortalisation, following loss of ATRX, of primary human
fibroblasts through the initiation of the ALT mechanism. This was confirmed by the presence
of C-circles, in all clones for which ATRX was genetically lost, resulting in complete ablation
of ATRX protein expression. Furthermore, upon long-term culture of escaping clones, all
proliferated rapidly in the absence of telomerase, indicating a maintenance of the ALT

mechanism for survival.

In contrast, WT cells, with functional TP53, showed a normal senescent phenotype despite
the ATRX gene being similarly targeted. The nucleofection efficiency rate was dramatically
reduced in the WT cells compared to the cells containing HPV EGE7 viral oncoprotein. A
proportion of cells in these populations did however show some manifestations of crisis,
including the presence of precipitate and telomere fusions, however, cells were unable to
immortalise, presumably due to the ATRX protein remaining functional. TP53 has been found
to be commonly mutated in cancers overall and has often been reported to be mutated,
alongside ATRX, in ALT cancers suggesting that it may be required for ALT upregulation
providing a further explanation for the successful escape from crisis in the HPV E6E7 clones
(Hollstein et al. 1991; Voon et al. 2018; Oppel et al. 2019). This in turn also suggests that the
loss of TP53 facilitates the successful targeting of ATRX by CRISPR/Cas9.

Furthermore, CRISPR targeted technology works by inducing strand breaks which in turn get
repaired by host repair machinery inducing a mutation at the cut site. These have been
associated with a high level of off-target effects, that limit the use of this technology in the
clinic (Fu et al. 2013). These effects could explain the induction of crisis in the MP cultures
despite ATRX remaining functional and ultimately leading to cell death rather than
immortalisation. Repeating the knockout of ATRX earlier in the lifespan of these cells and
establishing clonal populations with defined ATRX mutation will allow testing the role of ATRX
in the induction of replicative senescence. In addition, due to the low efficiency of
nucleofection in these cells, an alternative method to knock out or knock down ATRX could
be considered. In example, the use of shRNA targeting by viral integration of the RNAI into
the host genome resulting in its transcription, translation and export to the cytoplasm where

it will bind to the RNA-induced silencing complex (RISC) which in turn will degrade the
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complimentary ATRX coding mRNA has been successfully used in other studies (Moore et al.
2010; Napier et al. 2015). If cells reach crisis as a result, a nucleofection can be repeated to

ensure a complete knock out of ATRX.

3.5.2 Residual ATRX expression inhibits the ALT mechanism

The data presented showed that despite generating clones with a mutated ATRX gene, these
still produced a functional ATRX protein, although at a reduced level compared to the
parental cell line. These clones were also unable to successfully immortalise compared to
clones that had a complete loss of protein expression suggesting that ATRX is a strong
inhibitor of the ALT mechanism. This agrees with other studies and supports the hypothesis
that re-expressing ATRX in ALT clones would inhibit the mechanism of ALT leading to cell
death (Clynes et al. 2015; Napier et al. 2015). In accordance with this, the HPV E6E7 control
clones, which had a WT ATRX, simply underwent cell death due to a telomere-driven crisis in

100% of cases.

In addition, neither cells that had mutated or functional ATRX upregulated telomerase for
survival, despite going through a telomere-driven crisis, which further supports the fact that
fibroblasts preferentially upregulate ALT in most cases for survival and suggestive of a tight
repression of telomerase activity in these cells (Lafferty-Whyte et al. 2009; Heaphy et al.
2011b). Furthermore, ALT positive cancers, mainly sarcomas originating from mesenchymal
stem cells, have a mutated ATRX in the majority of cases (over 60%). A smaller subset
undergo a DAXX mutation in conjunction or as a standalone mutation when ATRX is normal,
mainly pancreatic neuroendocrine tumours (PanNETs), which have an even frequency of
ATRX and DAXX mutations which are usually mutually exclusive (Heaphy et al. 2011a; Kim et
al. 2017; Singhi et al. 2017). ATRX and DAXX work by chaperoning and depositing histone
H3.3 at telomeres and loss of either protein results in instability due to an altered chromatin
architecture, as well as an increase in replication stress due to the accumulation of secondary
structures resulting in replication fork stalling and collapse (Episkopou et al. 2014; Wang et
al. 2019). The loss of ATRX observed in ALT positive cancers therefore suggests that the lack
of incorporation of histone H3.3 mediated by ATRX and DAXX is key in ALT upregulation
(Heaphy et al. 2011a). In contrast, epithelial cancer cells rarely upregulate ALT (0.9%) and
ATRX and DAXX statuses in carcinomas are not readily found in the literature (Heaphy et al.
2011b). Furthermore, the loss alone of ATRX in telomerase positive cells does not initiate ALT

(Napier et al. 2015). This data shows that a substantially decreased level of ATRX expression
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is enough to repress ALT implying that a low re-expression of the protein would be enough
to inhibit this mechanism and therefore result in cell death (Haase et al. 2018; Yost et al.
2019). This is an interesting avenue for therapy as no switch to telomerase was observed
implying that cells would be successfully targeted leading to cell death. It further suggests
that expression of telomerase, more precisely the hTERT subunit, is tightly controlled in cells
of mesenchymal origin hindering the upregulation of the enzyme for survival, despite cells
undergoing a telomere-driven crisis and contributes to the maintenance of the ALT

mechanism (Henson et al. 2002; Lafferty-Whyte et al. 2009).

3.5.3 Loss of ATRX affects cells before the onset of crisis

The loss of ATRX affects telomeres before the onset of crisis as seen with the increased
heterogeneity at the first sampling points in the escapees compared to the controls. Despite
these cells bypassing senescence, the first sample analysed for each clone corresponds to the
PD point at which cells would normally senesce. This implies the presence of short telomeres
triggering a cell cycle arrest and therefore suggests the presence of dysfunctional telomeres
that may initiate the ALT mechanism generating the heterogeneity observed. To investigate
whether the loss of ATRX or the approach to crisis are responsible for this heterogeneity, an
earlier isolation of single cell clones would address this by providing more samples to analyse
before telomeres become critically short. In addition, TP53 and Rb could be downregulated
in a younger fibroblast population, enabling the knockout of ATRX to be carried out shortly

after and therefore providing more sampling points before senescence and crisis.

In addition, as previously mentioned, ATRX is a chromatin remodeler which incorporates
histone H3.3 at repetitive regions of the DNA and loss of it results in an altered chromatin
structure especially at telomeres (Maze et al. 2013; Episkopou et al. 2014). Indeed, H3.3
incorporation at telomeres condenses and silences telomeric DNA thus preventing telomere
transcription into TERRA. Therefore, the loss of ATRX leads to a more relaxed chromatin
architecture thus exposing the ends of chromosomes to the DNA-damage response (DDR) as
well as to transcription proteins (Goldberg et al. 2010). In addition, loss of ATRX results in
replication fork stalling and collapse due to the accumulation of secondary structures, such
as G4s and R loops, therefore rendering these telomeres more sensitive to replication stress.
HDR-mediated DNA repair is commonly used to repair replication fork collapse which could
explain the increased heterogeneity as telomeres are repaired through HDR (Costes and

Lambert 2012; Clynes et al. 2014). This could also be evidence that telomere elongation in
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the context of ALT, mediated through HDR, begins before crisis, as soon as telomeres become

dysfunctional upon loss of ATRX (Wang et al. 2019).

3.5.4 Increased rate of fusion events in clones that escape crisis

As previously mentioned, escaping clones showed an increased rate of telomere fusions and
this may arise due to more heterogeneous telomere length distributions with the presence
of numerous short dysfunctional telomeres. The rate of fusions decreased after crisis despite
telomeres remaining critically short and coinciding with the length at which fusions were
previously seen. However, the lack of fusion events post-crisis was consistent with findings
in the U20S ALT positive cancer cell line, for which no fusion events were detected at all
chromosome ends studied, despite the telomere length heterogeneity and the presence of
telomeres within the length ranges at which fusions have been detected. These observations
indicate that the initiation of the ALT phenotype is accompanied by a downregulation of

NHEJ-mediated telomeric repair post-crisis (Koschmann et al. 2016).

The lack of fusion events in the context of ALT is surprising as ALT positive cell lines have been
reported to be unstable throughout cancer progression and are associated with complex
karyotypes, dysfunctional telomeres and microsatellite instability, compared to telomerase
positive cells which stabilise telomeres after escape from crisis (Jeyapalan et al. 2005; Lovejoy
et al. 2012; Jones et al. 2014; Li et al. 2019). Moreover, the presence of heterogeneous
telomere length distributions, including short telomeres within the length range at which
fusions occur, within ALT positive cells, such as HCA2HPY E687 ATRX-/ ascapees and U20S cells,
would be expected to be subjected to telomere fusion events. Nonetheless, ALT cells, that
have undergone ATRX loss, silence NHEJ to favour HDR-mediated repair, which is consistent
with the findings reported here, and suggest that in the absence of ATRX, short dysfunctional
telomeres are recognised as DSBs and repaired through HDR exclusively rather than NHEJ
thus preventing end-to-end fusions, although the mechanism of silencing is unclear
(Koschmann et al. 2016). In accordance with this, in the absence of ATRX, the transcription
of telomeres into TERRA is increased with TERRA migrating to short telomeres to induce HDR-
mediated repair and elongation (Arora et al. 2014; Graf et al. 2017). This suggests that
although the initial lack of ATRX does not appear to alter the fusion rate, perhaps the
initiation of ALT, through the upregulation of C-circles and the successful escape from crisis,

is the inhibitor of NHEJ to favour HDR as the use of the latter has been extensively reported
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in relation to ALT in the literature (Dunham et al. 2000; Henson et al. 2002; Ait Saada et al.

2018; Zhang et al. 2019a).

The loss of ATRX in the context of ALT results in a decreased compaction of telomeric
chromatin due to a reduced incorporation of histone variant H3.3 rendering telomeres more
prone to transcription (Goldberg et al. 2010; Episkopou et al. 2014). Despite this, telomeres
did not become dysfunctional at a different telomere length than the controls, as fusion
events occurred when telomeres reached 1 kb and lower in all clones, despite telomeric
chromatin being potentially more exposed to the DDR in ALT cells. This implies that the loss
of ATRX is not directly responsible for the increased rate of fusion events in the escapees, but
rather the resulting telomere length heterogeneity with a larger proportion short telomeres

in the clones lacking ATRX.

3.5.5 Heterogeneity within escapees

Telomere length heterogeneity was observed in the escapees before and after crisis. There
was also an increased heterogeneity amongst the escaping clones, with each clone
presenting a different range of telomere lengths. Heterogeneity within telomere length in
ALT positive cell lines has been reported previously and this data further supports this as a
hallmark of ALT (Bryan et al. 1995). In addition, an increase in heterogeneity was observed
when telomere lengths of all escaping clones post-crisis were combined, thus mimicking a
polyclonal population, and compared to the ALT-positive cell line, U20S, which showed no
statistical difference at the 17p chromosome end. On this basis, a HCA2"PV E€7 mixed
population could have complimented the above experiment through the study of telomere

dynamics and to assess if the MP escaped crisis more readily than single cell clones.

The difference in heterogeneity between the chromosome ends studied revealed a
difference in elongation as a result of ALT upregulation. It has been suggested that only short
telomeres undergo telomere extension through ALT, however, the heterogeneity of the
telomere length distributions before and after crisis and the lack of distinct allelic populations
made it impossible to track the elongation events, and assess whether short telomeres are
continually being elongated or whether telomere extension is a widespread phenomenon
affecting all telomeres irrespective of telomere length (Teng et al. 2000). However, the 17p
telomeres were more heterogeneous than the XpYp telomeres, suggesting the possibility

that this chromosome end is subject to more extensive telomeric elongation events
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compared to the XpYp telomere, and that the mechanism underlying ALT may be
chromosome specific. These observations may also be consistent with the concept that a
specific template is inserted in cis at each chromosome end during elongation of short
telomeres and that inter-chromosomal exchanges are favoured for heterogeneity (Liu et al.

2018).

Heterogeneity in STING protein expression was also observed among all clones studied.
Indeed, most escaping clones showed a downregulation or a loss of STING expression,
however, one clone presented a similar intensity before and after crisis questioning the role
of the cGAS-STING pathway in the ALT mechanism. Furthermore, STING appeared to be
downregulated in clones that had residual ATRX activity and were not comparable to the
parental protein expression further underlining inconsistencies in the involvement of this
pathway in ALT. The involvement of the cGAS-STING pathway in the context of ALT has only
been studied by one group and showed low residual activity in transformed fibroblast cells,
similar to the cells presented above, and complete loss of STING in ALT positive cancer cell
lines such as U20S (Chen et al. 2017). This however does suggest that a downregulation of
the pathway is enough to maintain the ALT mechanism although it is unclear why ALT
negative clones have a downregulated STING expression. Further work investigating the
upstream proteins of STING such as cGAS or the genetic sequence of the STING gene may
clarify this issue. In addition, the level of cell death was not monitored post-crisis and the
difference in levels of STING between clones could be indicative of multiple sub-populations
within one clone, with some exhibiting intact STING and subsequent pathway and cell death.
Analysis of the STING pathway may be informative upon longer time in culture, as U20S cells
for instance have undergone numerous PDs and is a well-established ALT-positive line, in
comparison to these clones which have only undergone up to 18 PDs since crisis and

upregulation of ALT.

3.5.6 Conclusions

In conclusion, the loss of ATRX combined with a telomere-driven crisis was sufficient to
initiate and maintain ALT in human fibroblast cells in culture. Targeting ATRX in WT cells was
unsuccessful and therefore establishing whether the loss of ATRX alone coupled with
replicative telomere erosion was sufficient to initiate ALT was not achieved. However, the
loss of ATRX affects cells before the onset of crisis in cells with abrogated TP53 and Rb

function, implying that the loss alone would initiate a heterogeneity within telomere lengths,
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which in turn may initiate crisis due to the accumulation of short dysfunctional telomeres.
This also shows the importance of the ATRX protein in telomere stability and loss of this
protein appears to occur early in the initiation of ALT. Finally, the heterogeneity in telomere
length observed in escaping clones was consistent with an increased rate of fusion events as
crisis was initiated, followed by a decrease in fusions by the last sampling points, consistent
with observations in ALT positive cell lines. This suggests that fusion events detected are
associated with crisis rather than the ALT mechanism and that ALT cells stabilise upon escape

from crisis.
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Chapter 4

Establishing the effects of the loss of ATRX on epithelial cancer
cells and their ability to escape crisis

4.1 Abstract

Cancer cells gain replicative immortality through the upregulation of TMMs. The majority of
tumour types (80-85%) utilise the telomerase mechanism that synthesises telomere repeats
de novo. A further 10-15% of tumours activate the ALT mechanism. The ATRX gene has been
strongly linked to the mechanism of ALT, as it is often mutated in cancers that upregulate

this pathway.

The role that ATRX and telomere dysfunction play in the initiation of the ALT phenotype was
examined. HCT116*™/ cells were transfected with a DN-hTERT to abrogate telomerase
activity and induce a telomere-driven crisis. A total of 149 single cell clones were isolated of
which 33 escaped crisis and immortalised. Of those escapees, 4 immortalised using the ALT
mechanism, with the remaining 29 upregulating telomerase. With ALT escapees,
chromosome specific elongation of short telomeres ranging from 0.9 kb at XpYp to 6 kb at
17p was observed. ALT activity was further confirmed by the presence of C-circles, however,
it was not maintained; the telomeric alleles that had been lengthened were subject to end-
replication losses and gradual telomere erosion and, ultimately, telomerase activity was re-
established in these clones. Furthermore, ALT positivity was observed in clones that died,
through the C-circle assay, implying that ALT activity did not always lead to immortality,

suggesting other underlying events involved in this pathway.

In conclusion, the genetic loss of ATRX combined with telomeric stress is sufficient to initiate
the ALT mechanism temporarily in epithelial telomerase positive cancer cells, but this alone,
is not sufficient to maintain telomere length and establish replicative immortality in the long-

term.

104



Chapter 4: Establishing the effects of the loss of ATRX on epithelial cancer cells and their ability to escape crisis

4.2 Introduction

As previously described, cancer cells undergo a crisis phase prior to immortalisation through
the activation of telomerase or the upregulation of the ALT mechanism. Epithelial cancer cells
predominantly obtain replicative immortality by preferentially upregulating or reactivating
telomerase activity. However a small percentage of carcinomas utilise the ALT mechanism,
including hepatocellular carcinoma (7%), squamous cell carcinoma (2%) and a small subset
of breast ductal carcinoma (Subhawong et al. 2009; Heaphy et al. 2011b). In contrast, there
is no evidence of ALT upregulation in adenocarcinomas from multiple organs such as colon,
lung, prostate, pancreas and cervix (Heaphy et al. 2011b). The function of telomerase has
been well characterised, as this enzyme is active in stem cells and in the germline. The
mechanism by which telomerase is upregulated in cancer cells has also been well established
and can occur in multiple ways such as an amplification of the catalytic subunit of telomerase,
hTERT, locus or activation through mutations of the hTERT promoter region that provide
more binding sites for proteins including transcription factors which in turn initiate
transcription of the gene, commonly observed in melanoma (Zhang et al. 2000; Huang et al.

2013).

In contrast, the mechanisms underlying the ALT pathway are less well understood and there
is limited evidence of its activity in normal human cells (Berardinelli et al. 2010; Coluzzi et al.
2017; De Vitis et al. 2019). Mutations in the ATRX/DAXX/H3.3 complex have however been
commonly associated with this mechanism (Heaphy et al. 2011a; Schwartzentruber et al.
2012). The ATRX protein binds to the DAXX protein which in turn binds to the histone H3.3
and ATRX chaperones the complex to repetitive regions in the genome, which include
telomeres, to incorporate the H3.3 histone (Maze et al. 2013). This is considered to prevent
the formation of G-quadruplex and R-loop structures and therefore limits replication fork

stalling and collapsing at these fragile sites (Rhodes and Lipps 2015).

The incidence of ATRX mutations is most common in cells that upregulate ALT, and ATRX is
therefore a strong candidate gene to investigate to obtain a better understanding of the
mechanism by which ALT is induced in these cells (Lovejoy et al. 2012). Establishing how
epithelial cells undergo a telomere-driven crisis and escape is important for understanding
the cellular transition into malignant growth. Telomerase has been the focus of several novel
targeted therapies as this could target 85% of cancers and telomerase is not expressed in
normal somatic tissue (Kim et al. 1994). These include a wide range of approaches for which

some have reached clinical trials such as suicide gene therapy through the delivery of
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recombinant adenoviruses programmed to divide in cells expressing the catalytic subunit of
telomerase only and therefore inducing apoptosis of the malignant cells (Song et al. 2003;
Nemunaitis et al. 2010). Another approach is the binding of short oligonucleotides to the RNA
binding site in the catalytic subunit of telomerase therefore preventing telomerase from
extending telomeres. This in turn induces an erosion of the telomeres leading to cell death

(Marian et al. 2010; Roth et al. 2010).

However, establishing whether epithelial cells can switch to the ALT mechanism following
telomerase downregulation is important in the context of telomerase-targeted therapeutics.
Furthermore, there are currently no ALT-targeted therapies and therefore gaining insight in
ALT upregulation and maintenance could enable the development of diagnostic and
prognostic tools, as well as, therapeutic targets for cancers that upregulate ALT (Pompili et

al. 2017).
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4.3 Aims

The hypothesis for this chapter is that the absence of ATRX activity combined with telomere
stress is required to initiate the ALT mechanism. To address this, HCT116"™/ cells, which
are colorectal epithelial carcinoma cells that have upregulated telomerase to maintain their
telomere length and gain replicative immortality, were used in all experiments. The focus of
this chapter is to examine whether the induction of a telomere-driven crisis, by abrogating
telomerase activity, in cells that lacked functional ATRX would affect the ability of cells to
escape crisis and immortalise. Furthermore, specific chromosome ends were studied to track

telomere length changes as ALT is initiated.
The aims for this chapter were to:

e Assess the effects of the ATRX knock out in single cell clones taken through a
telomere-driven crisis following telomerase abrogation

e Establish what telomere maintenance mechanism was upregulated in clones that
successfully escaped crisis

e Investigate telomere dynamics in ALT surviving clones to determine if ALT occurs at
multiple chromosome ends and if it is chromosome specific

e Evaluate if clones that had previously escaped crisis by upregulating ALT can repeat
this phenomenon if taken through another telomere-driven crisis

e Confirm if ALT can be maintained in surviving clones

e Consider the involvement of other mechanisms in the upregulation and maintenance

of ALT such as the cGAS-STING pathway
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4.4 Results

4.4.1 Analysis of HCT116”™*/- parental cell line and puromycin clones

HCT116 cells are colorectal carcinoma cancer cells from a male donor. These cells have active
telomerase to maintain their telomere length. The ATRX gene was knocked out by exon
replacement with rAAV by the Hendrickson laboratory (University of Minnesota) as
previously described (Napier et al. 2015). The HCT116*™*/ parental cell line used for these
experiments was tested for the ATRX protein by Western blot and showed no residual ATRX
activity compared to the HCT116 WT cell line (figure 4.1 A). Cells were kept in culture for 26

days to study the growth dynamics: cells grew at a rate of 0.83 PD a day (figure 4.1 B).

To test whether a viral integration impacted the growth of cells, HCT116*™*/ cells were
transfected with a puromycin selection plasmid as controls. 9 single cell clones were picked
and kept in culture for 56 days. These clones were unaffected by the viral integration as they
maintained 0.82 PD per day similar to that observed in the parental cell line and they

maintained telomerase activity as expected (figure 4.1 B and C).

The STELA profiles at the 17p and XpYp chromosome ends showed similar heterogeneity in
telomere length to the parental cell line, but more heterogeneous distributions than
observed in clonal populations in the absence of telomerase (Baird et al. 2003). These
observations are consistent with the activity of telomerase couple with telomere end-
replication losses generating telomere length heterogeneity in clonal populations (figure 4.1
D and E). There was no statistical difference between each puro clone 4 time-points (P value
= 0.21 and 0.48 for 17p and XpYp respectively following Kruskal-Wallis test) providing
evidence of a maintenance of the telomeres as opposed to an erosion, consistent with
telomerase activity and further confirms that the viral integration had no effect on the

growth of these clones.
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Figure 4.1: Characteristics of the HCT116*™*/" parental and puromycin control clones.

A) Western blot showing ATRX protein expression of the HCT116 WT and HCT116A™/ parental cell
lines and Vinculin protein expression as loading control. B) Growth curves of the HCT116A™%/ parental
cell line in red and HCT116A™/-puro clones in blue (n=9). PDs depicted on the Y-axis. C) Telomerase
activity quantified by the TRAP assay showing the total product generated (TPG) in four of the puro
clones at two time-points. D-E) Scatter plots of the length distributions at the 17p and XpYp telomeres
with SD as error bars. The HCT116*™%/ parental cell line is highlighted in red and puro clone 4 at four
different time-points (PD across the bottom) in blue. P value resulting from a Kruskal-Wallis test.
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4.4.2 Induction of telomere stress in HCT116A™*/- cells

4.4.2.1 Effects of the DN-hTERT on cells

Prior work (undertaken by Mrs Julia Grimstead) had shown that upon transfection with a DN-
hTERT to abrogate telomerase activity, HCT116"™*/ cells entered a telomere-driven crisis
after a set period of normal cell growth (mean of 46 days and 26 PDs). Following transfection,
cells were plated at limited dilutions (1:10; 1:100; 1:250; 1:500; 1:1,250) following addition

of the DN-hTERT and 43 single cell clones were picked.

The DN-hTERT experiment was repeated three more times and a further 106 clones were
obtained bringing the total to 149 single cell clones. From those, 38 went into crisis before
any sample could be taken for cell counting and DNA extraction and are therefore not
represented on the growth curves (figure 4.2). As the experiments were repeated, earlier
samples were obtained between PD 16 and 19 to minimise the lack of representation of

clones that underwent an early crisis.

The single cell clones entered a telomere-driven crisis, similar to that observed in HCT116 WT
clones (Jones et al. 2014). Crisis occurred after a mean of 30 days of normal cell growth from
the point of single cell cloning, representing a mean of 21 PDs. Crisis was determined by
changes in morphology; from small dividing cells to large, multi-nucleated cells; and a

slowdown in growth (figure 4.2).
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Figure 4.2: Growth curves of the 149 clones picked across four separate transfections.

The four infections are represented by the four separate panels. In green the ALT escapees (n=4); in
blue the telomerase escapees (n=29); in red the clones that were C-circle positive and died (n=20); and
in black the clones that were negative for C-circles and died (n=57). Additionally, there were 38 clones
for which there were no samples and are therefore not represented on the graphs. PDs depicted on
the Y-axis.

Expression of the DN-hTERT altered the telomere dynamics of the clones (figure 4.3),
consistent with previous work (Jones et al. 2014). Prior to crisis, homogeneous bi-modal
distributions were observed at the 17p chromosome end, representing bi-allelic telomere
length distributions observed in single cell clones lacking telomerase activity (figure 4.3 A)
(Jones et al. 2014). Some did however show overlapping allelic distributions exhibited
through a heterogeneous distribution (clone 89 figure 4.3 A). This was followed by gradual
telomere shortening, with a mean rate of erosion of 60 bps/PD between the first and the last
samples before crisis across available clones (n=27). At the XpYp telomere, a single
distribution was observed, consistent with the presence of a single detectable allele at this
chromosome-end, and a mean rate of telomere erosion of 80 bps/PD was observed prior to
the onset of crisis (n clones studied = 47) (figure 4.3 B). Overall, all clones underwent

telomere erosion and a statistical difference was observed when comparing the mean
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telomere lengths of all available clones at the first time-point with the last sampling point
before crisis (p value of 0.03 and 0.0002 for 17p and XpYp chromosome ends respectively,

following Mann-Whitney test) (figure 4.3 C).

Clones with long telomeres at the first sampling point underwent more PDs before crisis than
those with short telomeres consistent with crisis being initiated by the accumulation of short
telomeres resulting in a halt in cellular growth (Jones et al. 2014). Overall, long telomeres
eroded more than short telomeres, as seen with clone 115 undergoing an erosion of 103
bps/PD at the XpYp chromosome end over 8 PDs, with a starting telomere length of 2.89 kb;
and clone 117 only undergoing an erosion of 54 bps/PD over 9 PDs, with a starting telomere
length of 1.31 kb (figure 4.3 B). In contrast, at the 17p chromosome end, allelic erosion was
observed with some clones undergoing an equal erosion rate, clone 115 in example, whilst
others showed differential allelic erosion, such as clone 117 with the longer allele eroding by
82 bps/PD and the shorter allele by 61 bps/PD. This can once more be associated with the
starting telomere length as the long allele in clone 117 was 3.39 kb (mean) whilst the shorter
allele was 1.46 kb (mean) further suggesting that long telomeres undergo more telomere

attrition than short telomeres prior to crisis.
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4.4.2.2 Impact on survival rate

Previous observations have shown that all wild-type HCT116 clones expressing DN-hTERT,
successfully escaped a telomere crisis following the re-activation of telomerase activity
(Jones et al. 2014). In contrast, the absence of ATRX compromised the ability of the
HCT116A™*/- DN-hTERT clones to escape crisis, with the majority (116 clones; 78%) of clones
dying following the onset of crisis: of the 149 single cell clones picked, only 33 escaped crisis
representing a 22% survival rate. Thus, the loss of ATRX affects the ability of cells to transit

through a telomere-driven crisis and regain replicative immortality.

4.4.3 Analysis of escaping clones

4.4.3.1 Elongation at the XpYp and 17p chromosome ends

To investigate telomere dynamics of the clones that successfully escaped crisis, STELA
profiles were generated at the 17p and XpYp chromosome ends for 29 escaping clones (figure
4.4 A and B). For 21 clones, pre- and post-crisis samples were available and analysed and 17
showed a statistically significant increase in telomere length heterogeneity at the XpYp
chromosome end (p value = 0.03) when comparing before and after crisis standard deviations
following an unpaired t-test (clones 92 and 111 figure 4.4 A and C). In contrast, no statistical
difference was noted at the 17p chromosome end (p value = 0.7 following unpaired t-test)
although the bi-allelic distributions observed before crisis were lost following
immortalisation further consistent with an increase in heterogeneity in telomere length

distributions (clones 92 and 111 figure 4.4 B and C).

In contrast, four clones (2, 3, 4 and 147) exhibited a telomere elongation to 1.98, 2.02, 1.66
and 1.69 kb respectively with a mean insertion of 1.06 kb (0.90, 1.21, 1.05 and 1.07 kb
respectively) at the XpYp chromosome end with the entire distribution undergoing
elongation (figure 4.4 A). At the 17p chromosome end, a bi-allelic distribution was observed,
and the mean allelic telomere length was calculated alongside the overall mean telomere
length (figure 4.4 B). The lower allele reached the critically short length of approximately 1
kb and appeared to undergo elongation to 6.99, 6.75 and 6.30 kb in clones 2, 3 and 4
respectively. Due to the lack of distinction between the two alleles in clones 2 and 3 prior to
crisis and elongation, the overall telomere length was subtracted to the elongated allele
mean length to establish the insertion length: an insertion of 5.64, 5.59 and 5.06 kb for clones

2, 3 and 4 respectively (mean of 5.43 kb). In addition, the longer allele prior to crisis simply
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eroded as a function of cell division. In contrast, clone 147 exhibited an erosion of 17p
telomeres with no elongation despite the observations at the XpYp telomeres. The
elongation of short telomeres enabling further cellular division and survival in these clones

does however suggest an ALT-like phenotype.

For the remaining 8 escapees, samples prior to the onset of crisis were not available due to
the clones entering crisis early, nonetheless, the post-crisis STELA profiles exhibited a
heterogeneous telomere length distribution similar to post-crisis samples of other escapees,
and no statistical difference was noted when comparing post-crisis standard deviations (p

value = 0.8 at both XpYp and 17p following an unpaired t-test) (figure 4.4 C).
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Figure 4.4: Telomere dynamics in escaping clones.
STELA profiles at the A) 17p and B) XpYp chromosome ends in 5 escaping clones. Clones 92 and 111 as
examples of a change from homogeneous to heterogeneous telomere length distributions and clones
2, 3, 4 and 147 showing an ALT-like elongation. Across the bottom the overall mean telomere length
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blot. PDs stated at the top. C) Scatter plot of the standard deviations before (black circles) and after
crisis (black triangle) and after crisis only for which no pre-crisis sample was available (red triangles)
for the XpYp and 17p chromosome ends. Statistical differences are highlighted in red (P < 0.05).
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4.4.3.2 Confirmation of ALT activity

To assess ALT activity in escapees, all surviving clones were subjected to the C-circle assay
pre- and post-crisis. Clones 2, 3, 4 and 147, which exhibited telomere elongation at XpYp
telomeres, were negative for C-circles before crisis however, a strong signal was detected at
the time of elongation which confirmed ALT activity. Clones 2, 3 and 4 showed a gradual
increase in C-circles after crisis with a maximal intensity, comparable to the positive control
(U20S), at PD 41, 43 and 31 respectively suggesting the formation of C-circles is gradual
(figure 4.5 A). All results were normalised to the HCT116*™*/ parental cell line to establish

positivity (figure 4.5 B).
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Figure 4.5: C-circle positivity in ALT-like clones.

A) ‘+’ and ‘- polymerase slot blot results of C-circle assay for clones 2, 3, 4 and 147, which underwent
ALT-like elongation. B) Quantification of C-circle intensity normalised to the HCT116*™%/ parental and
expressed in arbitrary unit (AU). SD as error bars where possible.
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A further 3 clones (32, 48 and 131) were positive for C-circles (figure 4.6 A and B) despite the
absence of an elongation event at the XpYp chromosome end (figure 4.6 C). For clones 32
and 131, a gradual increase in C-circles was observed as cells escaped crisis followed by a
decrease by the last time-point suggesting C-circles were no longer being generated as
telomerase was re-activated (figure 4.6 D). In contrast, clone 48 entered crisis before a
sample was taken and the telomere dynamics before crisis were therefore unknown,
however, this clone was strongly positive for C-circles post-crisis and this signal was

maintained despite telomerase being active at PD 26 (figure 4.6 D).

The remaining 26 escapees were negative for C-circles and therefore ALT.
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Figure 4.6: ALT-positive escaping clones with no ALT-like elongation.

A) ‘+’ and ‘- polymerase slot blot results of C-circle assay for clones 32, 48 and 131. B) Quantification
of C-circle intensity normalised to the parental HCT116A™*/- expressed in arbitrary unit (AU). SD as
error bars where possible. C) STELA profiles of clones 32, 48 and 131 at the XpYp chromosome end, in
black the overall mean telomere length across the bottom, also represented as dotted lines on the
blot. PDs stated at the top. D) Telomerase quantification expressed in total product generated (TPG).
SD as error bars where possible.
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4.4.3.3 Co-existence of telomerase and ALT activity

Telomerase activity was determined using the TRAPeze XL telomerase detection kit in all
escapees. The 26 surviving clones that were negative for C-circles were strongly positive for
telomerase activity after crisis (data not shown). There was no detectable telomerase activity
in clones 2, 3 and 4 after crisis at the time of elongation, further suggesting ALT activity in
these clones. A gradual increase in telomerase activity was however observed from PD 53,
58 and 51 respectively suggesting the upregulation of telomerase is ultimately required for

long-term survival in these cells (figure 4.7 A-C).

Clones 2, 3 and 4 were kept in culture for 219 days for long-term analysis. These clones
remained positive for C-circles at the last sampling point (PD 103, 114 and 103 respectively)
despite telomerase being strongly re-activated by PD 83 (mean) thus suggesting a co-
existence of both TMMs. In addition, clone 48 was strongly positive for C-circles as well as
telomerase activity post-crisis. To establish if C-circle intensity was maintained in the long-
term in the presence of telomerase activity, this clone was kept in culture for 228 days (figure
4.7 D). The results showed a maximal intensity of C-circles at PD 21 followed by a gradual
decrease. Conversely, telomerase activity increased to reach maximal intensity at PD 44 with
a return to levels comparable to the HCT116"™/ parental by the last sampling point (PD 129)
with a maintenance of the enzyme for survival. Unexpectedly, the intensity of C-circles
increased at PD 67 and the signal was maintained until the last sampling point at PD 129 at
which point cells were stored. These data show that both the telomerase and ALT mechanism
can co-exist on the long-term which implies that the presence of C-circles does not inhibit

telomerase activity, or vice versa.
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Figure 4.7: Co-existence of telomerase and ALT on the long-term in escaping clones.

Graphs showing a co-existence of telomerase and ALT through the levels of telomerase (left axis)
measured in total product generated (TPG) and C-circle intensity normalised to the HCT116A™*/-
parental (right axis) measured in arbitrary unit (AU) for HCT116AT™/- PN-"TERT ¢|ones 2 (A); 3 (B); 4 (C)
and 48 (D). SD as error bars where possible.

4.4.4 Elongation events at multiple chromosome ends in ALT-like
clones

4.4.4.1 Testing and optimisation

The elongation event observed at the 17p and XpYp chromosome ends provided evidence
that ALT affects multiple telomeres. To investigate this further, STELA profiles were
generated for an additional 9 chromosome ends (2p, 5p, 79, 8q, 9p, 11q, 12q, 16p, 18q) to
assess if ALT is chromosome specific in clones 2, 3 and 4. 12q and 18q showed no bands and
very few bands in the control and these were therefore dismissed. 2p, 11q and 16p showed
very few bands and were therefore also dismissed. For 5p, 7q, 8q and 9p, a PCR was repeated
with an increased initial DNA concentration to maximise the result and establish the

occurrence of an elongation event.
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4.4.4.2 5p

The heterogeneous telomere length distributions indicate the presence of two allelic
distributions at the 5p chromosome end, with similar mean telomere lengths. Telomeres
were elongated to mean lengths of 3.87, 3.76 and 3.11 kb in clones 2, 3 and 4 respectively
(an insertion of 1.89, 2.03 and 1.77 kb) (figure 4.8 and table 4.1).
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Figure 4.8: ALT-like elongation at the 5p chromosome end.

STELA blot showing S5p telomeres in the HCT116*™ parental; clones 2, 3 and 4; and in one
HCT116~A™/-pur clgne. In black the overall mean telomere length across the bottom also represented
as dotted lines on the blot. PDs stated at the top.
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4.4.437q

An initial DNA concentration of 250 pg per PCR reaction showed a mean of two bands per
lane for each clone. The DNA concentration was increased to 1.25 ng per PCR reaction to
increase the number of amplifiable molecules. This concentration was subsequently used for

this primer for further analyses.

Similar to the 5p STELA profiles, heterogeneous telomere length distributions were observed
at the 7q chromosome end, with no distinct allelic distribution again suggesting an overlap
of two alleles. The 7q telomeres were elongated to 3.52, 3.32 and 2.81 kb in clones 2, 3 and

4 respectively (an elongation of 1.1, 1 and 1.32) (figure 4.9 and table 4.1).
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Figure 4.9: ALT-like elongation at the 7q chromosome end.

STELA blot showing 7q telomeres in the HCT116 A™/- parental; clones 2, 3 and 4; and in one
HCT116*™/-puro clone. In black the mean telomere length across the bottom, also represented as
dotted lines on the blot. PDs stated at the top.
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4.4.4.4 8q

An initial DNA concentration of 250 pg per PCR reaction showed a mean of one band per two
lanes for each clone. The DNA concentration was increased to 2.5 ng per PCR reaction to
increase the number of amplifiable molecules. This concentration was subsequently used for

this primer for other analyses.

The mean telomere length at the 8q chromosome end in the parental cell line was 7.25 kb.
The mean telomere length in the three clones studied was 6.59 kb before crisis and 5.90 kb
after crisis (figure 4.10). Thus, the 8q telomeres underwent erosion, as opposed to

elongation, suggesting that the ALT mechanism only affects short telomeres.
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Figure 4.10: Erosion of long telomeres at the 8q chromosome end.

STELA blots showing 8q telomeres in the HCT116*™*/- parental; and in clones 2, 3 and 4 at two time-
points (before and after crisis). In black the mean telomere length across the bottom, also represented
as dotted lines on the blot, and the ATel showing the rate of erosion. PDs stated at the top.
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4.4.4.59p

An initial DNA concentration of 250 pg per PCR reaction showed a mean of one band per two
lanes for each clone. The DNA concentration was increased to 2.5 ng per PCR reaction to
increase the number of amplifiable molecules. This concentration was subsequently used for

this primer for other analyses.

The presence of short telomeres (below 0.7 kb) was observed in the parental cells, the
puromycin clone and the ALT-like clones and these were therefore not associated to the ALT
mechanism (highlighted in red box figure 4.11). As observed at the XpYp chromosome end,
a single distribution was apparent at the 9p chromosome end and the entire distribution was
elongated to 2.46, 2.21 and 1.43 kb in clones 2, 3 and 4 respectively (an insertion of 0.68,
0.68 and 0.59 kb) (figure 4.11 and table 4.1).
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Figure 4.11: ALT-like elongation at the 9p chromosome end.

STELA blots showing 9p telomeres in the HCT116*™*/- parental; clones 2, 3 and 4; and in one
HCT116*™/- puro clone. The mean telomere length across the bottom; also represented as dotted
lines on the blot. Short recurring telomeres in the red box. PDs stated at the top.

4.4.4.6 Chromosome specificity

All telomeres that underwent elongation did so at the same time: between PD 24 and 32;

which implies that ALT affects all short telomeres at multiple chromosome ends. To assess
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whether ALT-like elongation was chromosome specific, two values were compared for clones
2, 3 and 4 at the five chromosome ends that showed an elongation: the length at which the
entire population or a single allele (17p) was elongated to post-crisis, and the length of the

insertion summarised in table 4.1.

Clone 2 Clone 3 Clone 4
Elongation length (kb)  5p 3.87 3.76 3.11
7q 3.52 3.32 2.81
9p 2.46 2.21 1.43
17p (allele) | 6.99 6.75 6.30
XpYp 1.96 2.02 1.66
Insertion length (kb) 5p 1.89 2.03 1.77
79 1.1 1 1.32
9p 0.76 0.68 0.59
17p allele 5.64 5.59 5.06
XpYp 0.90 1.21 1.05

Table 4.1: Consistent chromosome specific elongation in ALT clones.

Table showing the elongation length (kb) to which the single distribution or if a bi-allelic distribution
was observed the single allele distribution was elongated to and the length of the insertion (kb) at
each chromosome end studied in HCT116 ATR/- DN-hTERT |5nag 2. 3 and 4.

To calculate the insertion length, the shortest mean telomere length measured (PD 20, 24
and 24 for clones 2, 3 and 4) was subtracted from the longest mean telomere length
measured (PD 30, 31 and 32 for clones 2, 3 and 4). Clones 2 and 3 were highly similar for both
variables whereas clone 4 showed differences regarding the elongation length. The insertion

length appeared to be consistent between each clone for specific chromosome ends.

4.4.5 ALT upregulation observed after taking same cells through
second crisis

4.4.5.1 Elongation events seen at multiple chromosome ends

As shown above, chromosome specific telomeric elongation events were detected in several
independent clones. In order to examine the reproducibility of these observations, the same
clones were allowed to transit crisis for a second time. To do this, clones 2, 3 and 4 were
taken back into culture from a freezing point prior to crisis (PD 23, 22 and 21 respectively) to

establish if ALT upregulation could be repeated in clones that had previously escaped crisis
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by means of ALT upregulation. These clones were renamed clones 2a, 3a and 4a. All clones
were kept in culture for a varying time to allow cells to reach approximately 40 PDs (92 days
for clone 2a, 77 days for clone 3a and 122 days for clone 4a) (figure 4.12 A). Clones remained

in crisis for varying lengths of time: 30, 22 and 39 days for clones 2a, 3a and 4a respectively.

The three clones did however successfully escape crisis and elongation events were observed
at all chromosome ends studied (5p, 74, 9p, 17p and XpYp; figure 4.12 B-F). The STELA profiles
were consistent with the previous observations despite mild variations due to samples being
collected at different time-points and clones being therefore studied at different PD points.

This provides further evidence that ALT elongation is chromosome specific.
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Figure 4.12: Characteristics of HCT116ATR%/-PN-hTERT |5 hag 23, 3a and 4a taken through a second crisis.
A) Growth curves of clones 2a, 3a and 4a with PDs depicted on Y-axis. STELA profiles at the B) XpYp;
C) 17p; D) 7q; E) 5p; and F) 9p chromosome ends. In black, the mean telomere length; in red, the mean
telomere lengths of the short allele before crisis that undergoes elongation; and in green the mean
telomere length of the long allele before crisis that erodes across the bottom, also represented as
dotted lines on the blot. Short recurring telomeres in the red box. PDs stated at the top.
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4.4.5.2 ALT positivity and telomerase activity

To further confirm ALT upregulation in clones 2a, 3a and 4a, all clones were submitted to the
C-circle assay. The formation of C-circles resembled that observed in clones 2, 3 and 4 with a
gradual increase in signal post-crisis with a maximal intensity at PD 33, 31 and 30 for clones
2a, 3a and 4a respectively (figure 4.13 A). Telomerase activity before crisis was null followed
by a sharp increase by the last sampling point further suggesting these cells require

telomerase upregulation to survive on the long-term (figure 4.13 B).
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Figure 4.13: Transient ALT upregulation in HCT116A™*/- DN-hTERT ¢|gnes 23, 3a and 4a.

A) ‘+’ and ‘-* polymerase slot blot results of C-circle assay for clones 2a, 3a and 4a. B) Graph showing
the quantification of the total product generated (TPG) indicative of telomerase activity on the left
axis and the C-circle quantification normalised to the HCT116*™%/ parental on the right axis expressed
in arbitrary unit (AU). SD as error bars where possible.
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4.4.5.3 Chromosome specificity

To further address the chromosome specificity of an ALT-like elongation, clones 2a (PD31),
3a (PD31) and 4a (PD30) were compared to clones 2 (PD30), 3 (PD31) and 4 (PD31)
respectively to establish if the length at which telomeres were elongated to alongside the
insertion length were consistent between clones that underwent an ALT-like elongation on
two separate occasions. Elongated telomere lengths were plotted for each chromosome end
for all clones (figure 4.14 A-C), and Mann-Whitney tests were carried out to assess any
statistical differences between clones (figure 4.14 and summarised in table 4.2). Clone 3
showed no statistical differences with clone 3a upon comparison of elongated telomere
lengths at all chromosome ends studied showing a consistent elongation event. Statistical
differences were noted at XpYp, 7q and 9p for clones 2 and 2a and XpYp, 17p and 9p for
clones 4 and 4a, whilst the remaining chromosome ends showed no differences in
elongation. In addition, 5p telomeres showed no differences across all clones. Alongside, the
insertion lengths were also plotted and clones 2, 3 and 4 were grouped and compared to
clones 2a, 3a and 4a and no statistical difference was consistently observed, further

supporting the hypothesis that ALT elongation is chromosome specific.
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Figure 4.14: Chromosome specific ALT elongation.

Scatter plots showing the elongated telomeres for (A) clone 2 (grey circles) and clone 2a (grey
triangles); (B) clone 3 (blue circle) and clone 3a (blue triangles); (C) clone 4 (green circles) and clone 4a
(green triangles); at XpYp, 17p, 79, 5p and 9p chromosome ends with the statistical difference resulting
from Mann-Whitney test stated above. D) Scatter plot of the insertion length at the XpYp, 17p, 7q, 5p
and 9p chromosome ends and the statistical difference stated above resulting from an unpaired t-test.
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XpYp 17p 7q 5p 9%
Elongated 2 Vs 2a 0.0011 0.25 0.0005 0.054 0.024
telomere 3vs3a 0.63 0.84 0.30 0.76 0.74
length 4 vs 4a 0.0001 0.0015 0.97 0.19 0.013
Insertion 2,3, 4vs 041 0.59 0.33 0.35 0.42

23, 33, 4a

Table 4.2: Chromosome specific ALT elongation.
Table stating the p values comparing 2 and 2a; 3 and 3a; 4 and 4a elongated telomere lengths

resulting from a Mann-Whitney test with p values < 0.05 in red. P value comparing 2, 3 and 4 with
2a, 3a and 4a insertion lengths resulting from an unpaired t-test.

4.4.6 Analysis of clones that did not survive
4.4.6.1 ALT-like elongation events in clones that did not survive

Clones 108 and 132 showed an elongation at the XpYp chromosome end to 1.88 and 1.52 kb
respectively (an insertion of 0.69 and 0.78 kb) (Figure 4.15 A). At the 17p chromosome end,
a bi-allelic distribution was observed at the first sampling point followed by the loss of an
allele by the second time-point. Two long telomeric molecules were measured at 3.88 and
5.89 kb in clone 108 at PD 22 suggesting the initiation of an elongation, however, these
disappeared by PD 25 (figure 4.15 B). These clones were positive for C-circles and negative
for telomerase further indicating the initiation of the ALT mechanism however, these clones
died despite observing ALT-like characteristics (figure 4.15 C and D). Signs of crisis such as the
presence of large multi-nucleated cells appeared early in the culture of these cells resulting
in a slow-down in growth. This was followed by a rapid cell growth following elongation of
the XpYp telomeres indicated by the green box on the growth curves (figure 4.15 E).
Furthermore, telomeres were elongated to a similar length across all clones (2, 2a, 3, 3a, 4,
4a, 108, 132 and 147) that underwent an ALT-like elongation at the XpYp chromosome end,
apart from clone 4a, for which the mean telomere length was shorter. Furthermore, a
statistical difference was observed between clone 4a and all other clones apart from 2a and
132 as a result of a Kruskal-Wallis test followed by a Dunn’s multiple comparison test

(summarised in table 4.3).
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Figure 4.15: ALT-like elongation and C-circles in clones that died.

STELA profiles at the XpYp (A) and 17p (B) chromosome ends. In black, the mean telomere length; in
red, the mean telomere lengths of the short allele before crisis that underwent elongation; and in
green, the mean telomere length of the long allele before crisis that eroded, also represented as
dotted lines on the blot. PDs stated across the top. C) ‘+’ and ‘-* polymerase slot blot results of C-circle
assay for clones 108 and 130. D) Graph showing the quantification of the total product generated
(TPG) indicative of telomerase activity on the left axis and the C-circle quantification normalised to the
HCT116*™/- parental on the right axis expressed in arbitrary unit (AU). SD as error bars where
possible. E) Growth curves of clones 108 and 132 with red arrows indicating periods of crisis and the
green box a period of growth. PDs depicted on Y-axis. F) Scatter plot of the XpYp telomere lengths of
all clones that exhibited ALT-like telomere elongation (circles) and the insertion length (squares). SD
as error bars.
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Table 4.3: Comparison of elongated telomere lengths at the XpYp chromosome end.
Table summarising the result of a Kruskal-Wallis test (all) followed by a Dunn’s multiple comparison
test comparing each pair of clones.

All remaining clones that died were therefore analysed through the C-circle assay to assess if

ALT initiation was a more wide-spread phenomenon.

4.4.6.2 Analysis of the remaining clones

The C-circle assay was used across all clones for which samples were available (n=76). The
intensity of the C-circle band is directly correlated to the amount of C-circles being generated
and is therefore used as a quantifiable measure of ALT activity (Henson et al. 2009). The
results showed a variation in intensity suggesting some clones had stronger ALT activity
(figure 4.16 A). The XpYp telomere length distributions were determined in clones that were
positive for C-circles (n=19) to establish the occurrence of an elongation event further
confirming ALT initiation (figure 4.16 B). No obvious elongation was noted, however, clones
exhibited different telomere length profiles. Indeed, a subset of clones (n=8), such as clone
130, showed a gradual increase in C-circle positivity which was accompanied by a period of
sustained cellular growth (total of 28 PDs) (figure 4.16 A and C). STELA profiles revealed a
starting mean telomere length of 1.49 kb in clone 130 suggesting the possibility of an

elongation prior to the first sampling point (figure 4.16 B).

In addition, a small number of clones (n=3) were strongly positive for C-circles despite dying
shortly after the first sampling point. For example, clone 52 only underwent 21 PDs before
crisis, nonetheless, this clone had long XpYp telomeres (mean 1.59 kb). In contrast, 8 clones,
such as clone 83, had short telomeres (mean 0.50 kb at last sampling point) and the C-circle

intensity was fainter than the other C-circle positive clones suggesting that elongation of

134



Chapter 4: Establishing the effects of the loss of ATRX on epithelial cancer cells and their ability to escape crisis

short telomeres is required for sustained cellular growth and appears to be one the first steps

in ALT initiation and directly correlates with C-circle intensity.
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Figure 4.16: Characteristics of HCT116A™R%-/-DN-hTERT p) T hositive clones that died.

A) ‘+’ and ‘- polymerase slot blot results of C-circle assay for clones 52, 83 and 130 and B) matching
STELA profiles at the XpYp chromosome end, with the mean telomere length stated across the bottom
also represented as dotted black lines on the blots. PDs stated at the top. C) Growth curves of clones
52, 83 and 130. PDs depicted on the Y-axis. D) Graph showing the quantification of the total product
generated (TPG) indicative of telomerase activity on the left axis and the C-circle quantification
normalised to the HCT116A™/- parental on the right axis expressed in arbitrary unit (AU). SD as error
bars where possible.
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4.4.7 HCT116ATRX-/- DN-hTERT pyived population

Once all single cell clones were picked, the remaining cells that had been subjected to the
DN-hTERT transfection, were harvested and passaged every 7 days to investigate the
behaviour of the polyclonal mixed population (MP) during crisis and escape. These cells did
not appear to go through crisis, as seen with the steady growth curve (figure 4.17 A) and the
morphology of the cells which remained small and healthy overall. Furthermore,
investigating the cell viability at each passage point showed no changes suggesting low levels
of cell death between each sampling point (figure 4.17 A). This is most likely due to the fact
that not all cells will be expressing the DN-hTERT which in turn dilutes cells that are entering

crisis.

Due to the polyclonal nature of this culture, the STELA profiles showed no distinct
homogeneous clonal populations. There was a mean erosion rate of 14 bps/PD and 11
bps/PD at the 17p and XpYp telomeres respectively between PDs 6 and 27, although not
statistically different (P value of 0.34 and 0.56 for 17p and XpYp respectively following
Kruskal-Wallis test). This was followed by a maintenance of the telomere length (figure 4.17
B and C) consistent with telomerase upregulation which was confirmed using the TRAP assay.

The MP was also negative for C-circles (figure 4.17 D).
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Figure 4.17: Characteristics of the HCT116ATR%/- DN-hTERT iy d population.

A) Graph showing the dynamics of the cells in culture with the growth curve in blue, PDs depicted on
left Y-axis, and the viability in green, percentage of viability depicted on right Y-axis, over the 90 days
of cell culturing. Scatter plot of the telomere lengths measured by STELA at the B) 17p chromosome
end and C) XpYp chromosome end over 5 sampling points. D) Graph showing the quantification of the
total product generated (TPG) indicative of telomerase activity on the left axis and the C-circle
quantification normalised to the HCT116*™/- parental on the right axis expressed in arbitrary unit
(AU). SD as error bars where possible.
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4.4.8 C-Gas STING pathway

As previously mentioned, the STING protein has been shown to be downregulated in ALT cell
lines (Chen et al. 2017). All HCT116ATR*/- DN-NTERT AL T clones were therefore tested for the
expression of the STING protein by Western blot. According to the above study, clones that
upregulated ALT and died were expected to have high levels of STING contributing to high
cell death, whilst clones that escaped crisis were expected to have low or absent STING

expression, thus allowing cells to proliferate despite the accumulation of C-circles.

The results are presented in figure 4.18 and four categories are represented: escapee and
ALT negative; no survival and ALT negative; no survival and ALT positive; escapee and ALT
positive. The HCT116 WT and HCT116™ parental cell lines showed similar STING
expression and were used as controls for normal STING activity. The escapees that were
negative for ALT had comparable STING activity to the controls as expected. The clones that
were ALT negative and died had a downregulated STING expression suggesting that cell death

was not mediated by the cGAS-STING pathway in these clones but instead due to crisis.

Variability was observed between no survival ALT positive clones. Indeed, clones that showed
a comparable (11, 37, 51, 105, 108 and 128) or increased (67, 84 and 132) intensity of STING
expression to the parental cells, consistent with the view that the accumulation of C-circles
in the cytoplasm resulted in the initiation of the cGAS-STING pathway. In contrast, clones 20,
52,74, 81 and 83 showed a downregulation of STING suggesting a dysfunctional DNA sensing
pathway. This was however was not associated with continued cellular division implying that
the loss of STING might be involved in the initiation of ALT and facilitate immortalisation and

that other underlying events are required to achieve replicative immortality using ALT.

In the escapees that were ALT positive, clones 2 and 3 showed a slight downregulation of
STING immediately before crisis (PD 20), perhaps suggesting that this step may be required
early in the process of ALT thus enabling cells to divide despite the generation of C-circles
observed by PD 30. The STING protein expression appeared to reach comparable levels to
the controls upon upregulation of telomerase, suggesting the pathway was impaired
temporarily. Furthering this hypothesis, clones 4, 48 and 131 showed comparable levels to
the controls and these samples were taken after telomerase being upregulated as previous

samples were unavailable.
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Figure 4.18: STING protein expression in HCT116ATRX/-DN-hTERT ¢|gnes,

A) Five panels representing the categories of clones tested: HCT116 WT and HCT116*™*/ parental cell
lines as controls; escapee and ALT negative; no survival and ALT negative; no survival and ALT positive;
escape and ALT positive. Vinculin used as loading control. B) Western blot quantification of STING
expression (STING : Vinculin ratio) relative to the parental expressed in arbitrary unit (AU). The ‘-
representing before crisis and ‘+" after crisis. The numbers represent the clone number.
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4.5 Discussion

4.5.1 The loss of ATRX combined with telomere stress affects cells’
ability to escape crisis

The knockout of the ATRX gene in telomerase positive epithelial cancer cells and normal cells
was not sufficient to initiate ALT activity, which provides evidence that the upregulation of
telomerase is independent from ALT activation and represses this mechanism (Perrem et al.
1999; Napier et al. 2015). In contrast, combining the loss of ATRX with a telomere-driven
crisis was enough to initiate ALT in escaping clones, as well as in clones that did not survive,
resulting in ALT positivity in 19% of clones. In addition, this data showed that the loss of ATRX
hindered the cells’ ability to escape crisis as only 22% of clones survived as opposed to 100%
of HCT116 WT clones which were taken through the same process and survived (Jones et al.
2014). Telomeres are difficult sites to replicate due to their repetitive sequence and the lack
of ATRX is associated with increased replication fork stalling and collapse due to the
formation of secondary structures, rendering replication in ALT positive cells more
challenging (Wang et al. 2019). Cells lacking ATRX are therefore more prone to DNA damage

and apoptosis which could explain the higher incidence of cell death in the HCT116*™*/ cells.

This further confirms the important role that ATRX plays at telomeres and the increased
sensitivity to damage associated with replication fork stalling and collapse in these regions,
explaining the use of HDR in ALT cells, a repair mechanism commonly used for resolving
replication stress. Replication stress is thought to be part of the ALT phenotype and tightly
controlled as replication fork resolution using BIR generates C-circles which contribute to the
ALT phenotype and appear early in the initiation of the mechanism as they are thought to
provide a template for telomere elongation (Zhang et al. 2019a; Zhang et al. 2019b). In
addition, an enrichment of SMARCALL1 is observed at ALT telomeres to resolve replication
barriers such as R-loops, limiting the amount of replication-associated damage to enable
appropriate repair (Cox et al. 2016). In accordance with this, a stabilisation of secondary
structures results in cell death due to an increase in unresolved barriers to replication,
therefore, ALT cells have a tight control over replication stress (Rizzo et al. 2009). In addition,
the presence of HDR related proteins present at telomeres and in APBs in ALT cells further
suggests the importance of HDR-mediated repair in these cells (Yeager et al. 1999; Henson

et al. 2002; Ait Saada et al. 2018).
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4.5.2 ALT affects multiple chromosome ends and is chromosome-
specific

The mechanisms of telomeric elongation in ALT cells remain unclear, however, evidence that
HDR-based pathways are used to elongate telomeres for survival in ALT positive cells has
been reported in the literature (Dunham et al. 2000; Teng et al. 2000; Nabetani and Ishikawa
2011). The data presented in this chapter provide evidence that ALT is chromosome specific
due to a consistent insertion length for each chromosome end across independent ALT
positive clones. The reason for this is unknown, nonetheless, one hypothesis could be related
to the location of the individual chromosomes in tightly packed chromatin in the nucleus.
Indeed, HDR occurs after S phase, when the chromatin is condensed, and an assumption
could be that chromosomes that are located close to each other could be used as templates,
suggesting inter-chromosomal recombination (Varley et al. 2002). Consistent with this
hypothesis, a study showed that telomeric sister chromatid exchanges result in sequence
heterogeneity but not in length heterogeneity, whereas inter-chromosomal exchanges affect
telomere length suggesting that for successful telomere elongation multiple pairs of

chromosomes need to be used as template (Liu et al. 2018).

The data also showed that ALT affects all short telomeres, in this case five separate
chromosome ends, and that following elongation, telomeres erode as a function of cell
division. As clones were unable to maintain ALT on the long-term in this model, it is not
possible to address whether telomeres continually erode and undergo sudden elongation
upon reaching a specific length as suggested in the literature (Murnane et al. 1994; Teng et
al. 2000). However, telomere erosion results in background levels of genomic instability and
dysfunctional telomeres throughout proliferation and a wide range of telomere lengths are
observed in ALT cell lines, as opposed to telomerase upregulation, which stabilises the
telomeres and minimises instability following crisis (Lovejoy et al. 2012; Jones et al. 2014; Li
et al. 2019). Dysfunctional telomeres can once more be associated with the loss of ATRX and
the impact this has on telomeric chromatin. Indeed, as previously mentioned, the lack of H3.3
incorporation through ATRX action results in a less condensed chromatin which exposes
telomeres to the DDR and provides an explanation for the background level of instability,

providing an explanation for the inability of a subset ALT positive clones (21) to survive.
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4.5.3 ALT is a reproducible event

Cells that previously escaped crisis using ALT were taken through a second crisis and
successfully escaped using the ALT mechanism once more. This shows the reproducibility of
this phenomenon and suggests ALT initiation occurs shortly after the addition of the DN-
hTERT. The downregulation of telomerase could have an immediate effect on cells that lack
ATRX and thus telomeric elongation events may occur prior to the first sample. Furthermore,
this hypothesis would also account for the clones that died despite being positive for ALT and
for which no elongation was observed. The successful ALT-mediated escape of clones 2a, 3a
and 4a could also be related to the location of the integration sites of the virus as the infection
was not repeated in these clones and these were therefore somewhat expected to

immortalise based on the observations made the first time the clones went through crisis.

Another aspect of reproducibility is proving that by repeating the infection three times, more
ALT escapees were obtained. Evidence of ALT in non-surviving clones also showed the large-
scale initiation of this mechanism despite it not being maintained. The initiation of ALT is
seen at a high incidence, 19% overall and 4.7% of clones that survived, despite the rate of
ALT positivity in epithelial cancer cells being low (0.9%) (Heaphy et al. 2011b). This could
imply that ALT occurs through silencing or downregulation of the telomerase pathway
although the reason for this is unclear (Atkinson et al. 2005). Indeed, in cells of mesenchymal
origin, which readily upregulate ALT for survival, low levels of telomerase are observed during
development and a repression of the catalytic subunit hTERT, preventing telomerase action,
is common in these cells therefore suggesting a preference for activation of ALT for survival

(Parsch et al. 2004; Lafferty-Whyte et al. 2009).

4.5.4 ALT cannot be maintained in epithelial cells

The HCT116A™ cells are epithelial and are positive for telomerase. Epithelial cells
preferentially upregulate telomerase to maintain their telomere lengths explaining the much
higher incidence of telomerase upregulation versus ALT overall (Heaphy et al. 2011b). Some
studies suggest it is due to the developmental origin of cells in which mesenchymal stem cells
require very little to no telomerase during development, as opposed to all other stem cells,
thus accounting for the high incidence of ALT in cells of mesenchymal origin (Henson et al.

2002; Parsch et al. 2004).
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The DN-hTERT downregulates telomerase by transporting the catalytic subunit hTERT into
the cytoplasm and degrading it (Nguyen et al. 2009). A small percentage of clones (4.7%)
were able to transiently upregulate ALT to enable further cellular division but ultimately, for
long-term replicative survival, these cells require a re-activation of telomerase. These cells
do not appear to have the ability to sustain ALT, but a knock out of the hTERT gene could
address this as cells would be forced to maintain ALT for survival (La et al. 2016). This is
however not a physiologically relevant method as telomerase is simply silenced in normal
tissue following development and would be less feasible for therapy (Cong et al. 2002).
Indeed, a decrease in hTERT expression, notably through increased expression of repressors
of telomerase such as E2F1, in ALT cells has been shown to be implicated in maintenance of
the ALT mechanism, as ALT cells do not activate the enzyme for survival or switch to this
TMM (Lafferty-Whyte et al. 2009). Furthermore, the HCT116 cells have an intact TP53 gene
and ALT cells often appear to have a mutation in that gene, thus potentially suggesting it may
facilitate upregulation and the maintenance of the ALT mechanism (Mirabello et al. 2015;

Kratz et al. 2017; Oppel et al. 2019).

In addition, amongst the clones that were positive for C-circles and died, those with short
telomeres appear to show less ALT activity than ones with long telomeres suggesting that
elongation is required for a maintenance of ALT, even on the short-term. It also shows that
C-circles begin to be generated early in the process of ALT initiation. This shows that these
cells have the ability to initiate the ALT mechanism but, as previously mentioned, they require
telomerase upregulation to survive on the long-term. This also suggests the implication of
other unknown underlying events involved in the upregulation and maintenance of ALT as
well as the elongation of short telomeres in this model. Furthermore, the STELA blots
presented are only indicative of the XpYp telomeres and do not reflect the telomere
dynamics at all other chromosome ends and a broader characterisation of telomere
dynamics may be informative, although the sensitivity of STELA enabled the study of

individual telomeres which showed a chromosome-specific elongation.

4.5.5 Co-existence of ALT and telomerase

The data collected show that when C-circles are at their maximal intensity when telomerase
is absent. A study has shown that re-expressing ATRX in ALT positive cells inhibits ALT and a
normal phenotype is restored (Clynes et al. 2015). Another study showed that low levels of

telomerase is enough to inhibit ALT and ensure survival exclusively through the action of
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telomerase in yeast (Millet et al. 2015). This data however shows a co-existence of ALT and
telomerase. Maximal intensity of C-circles and telomerase do not coincide, but a strong C-
circle positivity is observed by the last sampling points in some clones, even after a prolonged
period of telomerase activation. Over the long-term, these C-circles may disappear as a
function of cell division however, there is no evidence of dilution of the C-circles in this data
despite prolonged cell culture and a rapid cell growth following crisis. This could imply that
both telomerase and ALT are maintaining telomere length and competing for short telomeres
(Perrem et al. 2001; Pompili et al. 2017). Another hypothesis could be the presence of a
polyclonal population with some cells expressing telomerase whilst some proliferate by
telomere elongation using the ALT mechanism. One population could potentially outgrow
the other over a long period of time, as telomerase is thought to be a repressor of ALT
activity, but this therefore suggests the co-existence of two populations utilising different
TMMs rather than the co-existence of both mechanism within one cell (Perrem et al. 1999).
This does however underline the complexity and heterogeneity in ALT activity and the

stratification of patients according to TMM may not be as distinctive as anticipated.

4.5.6 Important consideration for therapy

Telomerase targeted therapies have gained a lot of interest recently as these could
potentially target 85-90% of cancers (Harley 2008). Many avenues are being investigated
such as downregulation of the catalytic subunit by binding to the active site preventing it
from binding to the hTERC template (Imetelstat) (Roth et al. 2010). This approach would work
in a similar way to the DN-hTERT used in these experiments in that the gene coding for hTERT
is intact and the protein is continually being transcribed and translated. This data however
shows evidence that a downregulation of telomerase can initiate ALT in 19% of cases and
enabled prolonged cellular division in 4.7% of cases. This is an important consideration and
a better understanding of the ALT mechanism is necessary to prevent the occurrence of a
switch in TMM. In addition, ALT positive cancers are more aggressive and associated with a
lot of instability throughout malignant proliferation which could further threaten these
therapies (Lovejoy et al. 2012). Prognosis is also worsened in patients that have ALT positive
cancer cells rather than telomerase (Matsuo et al. 2010; Lee et al. 2012). Furthermore, by

understanding ALT, a novel therapy for ALT positive cancers could also be developed.

Using an approach that targets telomeres and does not directly interfere with telomerase

activity could be a way of treating cells that have upregulated either TMM. One approach is
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to elicit the DDR through the accumulation of G-rich oligonucleotides which increase the rate
of y-H2AX and cell death (Tsolou et al. 2008). This combined with an ATRX mutation could
induce a high rate of apoptosis especially as ALT cells are more prone to damage. This could
be a better approach in the context of telomerase cells being able to transition to ALT as they
would be more susceptible to death. This does however highlight the need to understand the
mechanism of ALT better, and more precisely the exact mechanism to elongate short
telomeres as well as the template used, to develop a therapy to target tumours that utilise

this mechanism for survival and hinder the pathway.

4.5.7 The involvement of other pathways in the maintenance of ALT

ATRX inhibits ALT in normal and telomerase positive cells and its loss appears to be involved
in the initiation of ALT (Perrem et al. 1999; Brosnan-Cashman et al. 2018). However, cells that
were unable to survive despite being positive for C-circles provide evidence that other
underlying mechanisms are required for the maintenance of ALT. The involvement of another
pathway required for the maintenance of this mechanism rather than the initiation is yet to
be found as clones that died were able to initiate the generation of C-circles despite STING
being active. This also shows that C-circles are involved very early in the ALT mechanism
suggesting their potential role as DNA template for telomere elongation through RCA which
would account for the sudden increase in telomere length associated with elongation using

ALT (Teng et al. 2000).

In addition, the cGAS-STING pathway did not show a clear involvement in the ALT mechanism
in the HCT116 model and did not appear to be required for ALT upregulation, despite a
complete loss of the STING protein in ALT positive cancer cell lines alongside ALT-positive
transformed cell lines in a recently published study (Chen et al. 2017). The reason for this
discrepancy is unclear although the fact that these cells only transiently upregulate the ALT
mechanism followed by telomerase upregulation could be a reason for these observations.
This also suggests that the prolonged impairment of this pathway is required for maintenance
of the ALT mechanism as these cells were unable to maintain it, as seen with levels of STING

protein expression levels comparable to the parental cell line by the last sampling point.

Downregulation of ATRX as well as the DAXX and H3.3 proteins has been associated with ALT
and a mutation in either of these three proteins is enough to prevent the incorporation of

the H3.3 histones within telomeres and therefore cause alterations to the chromatin

145



Chapter 4: Establishing the effects of the loss of ATRX on epithelial cancer cells and their ability to escape crisis

structure (Lewis et al. 2010; Episkopou et al. 2014). ATRX is more commonly mutated and its
loss is consistently seen in the majority of ALT positive cells, presumably due to its wider
range of activity and the role it plays in a DAXX-independent way, such as in sister chromatid
cohesion (Ramamoorthy and Smith 2015). Some tumours do however retain WT ATRX
activity which suggests the involvement of another unknown pathway in the mechanism of

ALT.

4.5.8 Conclusions

In conclusion, the loss alone of ATRX does not affect telomerase positive cells. In contrast,
the combination of a telomere-driven crisis and the loss of ATRX reduces the rate at which
epithelial cells readily escape crisis when compared to WT cells. In addition, the initiation of
ALT was observed in 21% of escapees (4.7% overall) transiently and 18% in clones that died
(14% overall). The ALT mechanism was not maintained in any clone as seen with the
upregulation of telomerase for long-term survival in escapees and the death of all cells in
clones that were unable to re-activate telomerase. The mechanisms underlying ALT initiation
and maintenance remain largely unknown and the ability of cells to re-activate telomerase
in comparison to others is not clear. This does however show that epithelial cells with
inhibited telomerase are able to switch to ALT for survival, but implies the involvement of

other underlying mechanisms involved in the maintenance of the ALT mechanism.
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Chapter 5

Understanding the mechanisms that underline ALT and their

impact on the cancer genome

5.1 Abstract

The escape from a telomere-driven crisis following the re-establishment of telomerase
activity is associated with genomic rearrangements, however, the extent to which this occurs
in cells that upregulate ALT is not clear. To investigate the genomic impact of the
upregulation of ALT during crisis, whole genome sequencing (WGS) and single-molecular

real-time (SMRT) long-range sequencing of telomeres were undertaken.

Telomeres from ALT positive cells HCA2HPV ESE7ATRX/- clone 21 (chapter 3), HCT116ATR¥/- DN-TERT
clone 2 (chapter 4) and U20S were sequenced using the PacBio SMRT sequencing platform.
These were supplemented with the HCA2"?V €7 parental and HCT116*™*/ parental used as
matched normal ALT negative controls. The data was filtered and analysed for ALT-specific
features. Upon analysis, it was made obvious that an enrichment in TTCGGG variant repeat
was observed in the HCT116 model, whilst an overall increase in different variant repeats
was observed in the HCA2 and U20S models. These data indicated that this phenomenon is
cell specific and no increase in a particular telomere repeat variant was associated with ALT,
but rather overall increase in non-canonical repeats was observed. In addition, the WGS data
obtained from HCT116A™/-PN-"TERT ¢|ones pre- and post-crisis following a telomerase or ALT
upregulation, showed the surprising lack of structural variants (SV) in ALT clones, compared
to telomerase positive clones. This is suggestive of a more stable genome in ALT clones,

despite evidence of chromothripsis in one ALT positive clone.

In conclusion, in the early stages of ALT, the genome appears to be more stable compared to
telomerase positive cells, whilst the telomere sequence differs greatly between the parental
and their respective ALT clone thus indicating an increase in variant repeat content as a result

of ALT elongation.
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5.2 Introduction

Telomere crisis is associated with a high incidence of chromosome instability and
subsequently cell death. During this phase, critically short telomeres can no longer protect
the natural ends of chromosomes from the repair machinery resulting in aberrant end-to-
end fusions (Counter et al. 1992; Capper et al. 2007). This leads to mis-segregation and
tearing of chromosomes during cellular division thus resulting in aneuploidy and complex
karyotypes associated with some cancers (Bayani et al. 2007). By this means, DNA harbours
structural variants (SVs) and copy number variants (CNVs) that will sustain upon escape from
crisis and these include breakpoints, translocations, duplications, inversions and deletions.
Next-generation sequencing (NGS) of DNA allows for the distinction of these complex
rearrangements that arise from cells transiting through crisis (Guan and Sung 2016; Cleal et

al. 2019).

In some cases, (2-3%), a phenomenon termed chromothripsis can also arise during crisis
(Stephens et al. 2011). Chromothripsis is a catastrophic event during which chromosomes
suffer intense localised rearrangements, independently of NHEJ, resulting in highly
rearranged genomes that can involve multiple chromosomes (Cleal et al. 2019). ALT positive
cancer cells have been reported to be genetically unstable and this phenomenon occurs more
frequently in some commonly ALT positive cancers such as osteosarcoma, glioblastoma and
up to 100% of liposarcoma tumours tested showed signs of chromothripsis (Stephens et al.
2011; Cortes-Ciriano et al. 2018). More importantly, it often involves numerous
chromosomes resulting in more heterogeneity which is confirmed by the complexity of the
karyotypes observed in cancer and especially sarcomas (Guillou and Aurias 2010). The ALT
status was not reported in these studies, however, as NHEJ is silenced in the context of ALT
upregulation, the ALT mechanism could potentially increase the rate of chromothripsis,

although this has not been assessed as of yet (Koschmann et al. 2016).

In addition, studies have shown that ALT telomeres differ from telomeres elongated by
telomerase action upon analysis of the telomere repeat array, thus providing a new hallmark
for diagnosis of ALT positive cancer cells (Varley et al. 2002). An overall increase in most
variant repeats was observed upon comparison between ALT positive and negative cells
resulting in a clear difference between telomerase and ALT elongation (Lee et al. 2014). A cell
specific increase in certain variants was also apparent in PanNET and melanoma cells (Lee et
al. 2018). This alteration in variant repeats showed evidence of reduced binding of the

Shelterin complex, which exclusively binds to TTAGGG canonical repeats, allowing for novel
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protein interactions with the ends of chromosomes (Court et al. 2005; Conomos et al. 2012).
This in turn may play a role in the ALT phenotype through the increase of HDR-mediated
elongation of telomeres (Baumann and Cech 2001; Court et al. 2005). It has been suggested
that this variability in variant repeats and the presence of those throughout the telomere
length arises from recombination events between short and long telomeres. Indeed, it is a
well-established fact that human telomeres have acquired variant repeat patterns at the
start of the telomere, up to 1 kb, thus providing heterogeneity in repeat content (Allshire et

al. 1989; Baird et al. 1995; Baird et al. 2000).

Overall, the DNA sequence of ALT positive cancer cells appears to differ from normal and
telomerase positive cells, and sequencing of DNA from ALT cells could potentially reveal ALT-
specific characteristics and provide details on the mechanism of ALT elongation through the

study of individual telomeres.
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5.3 Aims

The overall hypothesis for this chapter is that the initiation of ALT induces alterations in the
telomere sequence and may have an impact on the overall cancer genome. To address this,
telomeres from three different cell types, comprising of ALT positive and controls, were
sequenced to examine the telomere sequence following ALT upregulation and survival. In
addition, WGS was carried out to further address the possible effects of the loss of ATRX
combined with telomere stress on the overall genome. The aims for this chapter are as

follows:

e Sequence telomeres using the PacBio platform to obtain full long telomere reads

e Characterise the elongation event in ALT telomeres

e Analyse the telomere sequences to establish if ALT occurs as a single event of if it
associated with multiple events

e Assess ifthereisacommon event across three different cell types or if ALT elongation
is cell specific

e Establish if ALT affects all alleles and specifically short telomeres

e Determine the length at which telomeres become elongated in ALT cells

e Establish any effects that loss of ATRX has on the genome as cells transit through
crisis and upregulate ALT or telomerase

e Assess if there are any differences in impact on the genome between clones that
upregulated ALT and died; upregulated ALT and survived; and upregulated

telomerase and survived
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5.4 Results

5.4.1 Sequencing of ALT positive telomeres

5.4.1.1 Choice of sequencing platform

The Sequel single-molecular real-time (SMRT) sequencing by Pacific Biosciences (PacBio) was
used to sequence specific telomeres. This sequencing platform allows for the generation of
long reads (over 20 kb with an average of 10-14 kb), with therefore, the potential to obtain
whole telomere sequences generated using STELA, between the sub-telomere primer and
the telorette primer at the chromosomal terminus in one read, as opposed to attempting to
assemble repetitive contigs generated from Sanger sequencing. SMRT sequencing generates
highly accurate reads (over 99%); presents less issues with GC rich regions such as telomeres;
and allows for single-molecule resolution which would enable the study of single events (Eid

et al. 2009).

Details of the library preparation are presented in figure 5.1 and consist of a DNA repair step
to generate blunt ends to enable the ligation of SMRTbell adapters to the ends of amplicons
which in turn allows the annealing of the primer and polymerase. The amplicons are then
loaded onto a SMRT cell 1M V3 LR containing 1,000,000 zero-mode waveguides (ZMW)
ensuring that a maximum of ZMWs only contain one molecule. This molecule is then
anchored to the bottom of the well initiating DNA polymerase synthesis of a new DNA strand
by incorporation fluorophore tagged dNTPs, which do not interfere with DNA polymerase
action, and allows for the detection of a fluorescent signal specific to each base pair. This
generates circular consensus sequencing reads (CCS) which consist of aligned subreads from

a single ZMW which form a highly accurate single read (Ardui et al. 2018).
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PCR amplicons 1) DNA repair 2) End repair

!

5) Primer annealing 4) Exonuclease treatment 3) Adapter ligation

6) Polymerase binding

L] (=]
B — »  7) Loading onto SMRT cell for QC and sequencing

@ —— g

Figure 5.1: Schematic representation of PacBio library preparation of PCR amplicons prior to
sequencing.

Double blue lines represent the PCR amplicons; orange semi-circles represent the SMRTbell adapters;
black rectangles represent the primer; and green circles represent the DNA polymerase.

5.4.1.2 Selection of clones to be sequenced

6°™/- parental cell

A total of five samples were selected to be sequenced. Firstly, the HCT11
line (figure 5.2 A) was chosen to obtain pre-crisis reads with a background of telomerase
elongation to be used as a control and compared to the second sample, HCT116ATR*/- DN-hTERT
clone 2 (figure 5.2 B), which underwent ALT-like elongation, to establish any ALT-like
characteristics in these cells. This clone was picked as it had undergone telomere elongation
at multiple chromosome ends and sufficient DNA was available for a large-scale amplification
of single telomeres. To limit the amount of input genomic DNA, 250 pg of DNA per PCR
reaction were used, therefore dismissing 9p and 5p chromosome ends, which require a
minimum of 2.5 and 1.25 ng of DNA per PCR reaction for telomere amplification using STELA.
Therefore, the 17p, XpYp and 79 telomeres were amplified in a multiplex PCR reaction to
further limit the input genomic DNA quantity, the output sequencing reads were to be

separated and mapped bioinformatically to the appropriate sub-telomere region upon

successful sequencing by Dr Kez Cleal.

In addition, the HCA2"PV E¢€7 parental fibroblast cell line (figure 5.2 C) was sequenced to
provide pre-crisis reads associated with normal fibroblasts to be used as a control and
compared to the fourth sample, HCA2HPVESE7ATRX/- c|one 21 (figure 5.2 D), which successfully
escaped crisis by upregulating ALT for survival. Clone 21 was picked as it showed the widest

range of telomere lengths post-crisis (0.6-10.4 kb and 0.6-10.3 kb at the 17p and XpYp
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chromosome ends respectively) compared to other ALT clones generated from the same
experiment. 375 pg of DNA were used per PCR reaction and the 17p and XpYp telomeres

were amplified in the same PCR.

Finally, the U20S osteosarcoma cell line (figure 5.2 E), which is ALT-positive, was chosen to
further address events associated with ALT and to assess the occurrence of ALT-
characteristics across multiple cell types or alternatively, evidence that ALT is cell specific.
625 pg of DNA were used per PCR reaction and the 17p and XpYp telomeres were amplified

in the same PCR.
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Figure 5.2: Samples picked for PacBio sequencing upon STELA analysis at multiple chromosome
ends.
STELA profiles at the 17p, XpYp and 7q chromosome ends for A) HCT116*™*/- parental cell line; B)

HCT116ATRX/-DN-hTERT ¢lone 2. STELA profiles at the 17p and XpYp chromosome ends for C) HCA2HPY E6E7
parental cell line; D) HCA2HPVESE7ATRX-/- clone 21; and E) U20S. With the longest and shortest telomeres
measured on each blot across the bottom labelled max and min expressed in kb.
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5.4.1.3 Optimisation of PCR

An initial STELA PCR was done to establish the optimal number of PCR cycles to generate a
sufficient number of molecules without saturating PCR reagents and inducing non-specific
bands. It was concluded that 24 cycles would subsequently be used as a smaller quantity of
telomeres were observed after 22 cycles and a non-specific band appeared at around 0.1 kb
after 26 cycles (figure 5.3 A). Furthermore, due to the amplification of multiple telomeres by
the inclusion of multiple primers in each PCR mix, for which different annealing temperatures
are normally required (i.e. 59 °C for 17p primers and 65 °C for XpYp and 7q primers), a
gradient PCR was performed for all samples to establish the optimal annealing temperature
to yield the maximum number of molecules (figure 5.3 B-F). All samples showed the optimal

results at 63 °C.
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Figure 5.3: Optimisation of the PCR for optimal yield.
A) STELA profile resulting from 22, 24 and 26 PCR cycles for HCT116ATR*/-PN-hTERT ¢|gne 2 with the red
box highlighting unspecific bands; STELA profiles following a gradient PCR for B) HCT116~™*/- parental
cell line; C) HCT116ATRX/-DN-TERT cgne 2: D) HCA2MPY ESE7 parental cell line; E) HCA2HPY ESE7ATRX/ clone 21;

and F) U20S cell line.
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5.4.1.4 Generation of sequencing reads

The PacBio sequencing protocol requires an initial DNA concentration, prior to library
preparation, of 500 ng minimum. To achieve this, 1,600 PCR reactions were amplified for
each sample. The quality control (QC) results prior to library preparation are presented in
figure 5.4 and consisted of 4-5 STELA reactions to ensure appropriate amplification of
telomeres (lanes 1); 0.03% of pooled PCR reactions total volume prior to SpeedVac volume
concentration (lanes 2); 0.03% of pooled volume post Speedvac volume concentration
diluted to 5ul to ensure no loss of DNA was incurred during volume concentration (lanes 3);
0.1% of total volume pre-AMPure purification (lanes 4); and finally 0.1% of total volume post-
AMPure purification diluted to 5 pl to ensure no loss of DNA was incurred during purification
step (lanes 5). Samples were then sent to be sequenced following appropriate library

preparation by Mrs Joanne Morgan (NGS coordinator, Cardiff University).

HCT116ATR*" HCA2HPV EeE7 U20S
Parental Clone 2PN-HTERT Parental Clone 21ATRX
hige | 1 ¢ Ao § 14 B {12345
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Figure 5.4: Quality control of samples sent for sequencing.
1: STELA reactions; 2: 0.03% volume of pooled PCR reactions (pre-Speedvac volume concentration

treatment); 3: 0.03% post-Speedvac volume diluted to 5 pl; 4: 0.1% pre-purification volume; 5: 0.1%
post-purification volume diluted to 5 pl.
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5.4.1.5 Processing the data

The data was processed and filtered by Dr Kez Cleal. Firstly, the raw reads were filtered to
retain only reads with a sub-telomere primer at one end and a telorette primer at the other
end (Appendix 1). This was done by aligning the reads using Edlib. Then, all sequences were
labelled using a hidden Markov Model (HMM) to highlight and dissociate telomere repeat
arrays, sub-telomere sequences and insertions (figure 5.5 A). Sequences were broken down
into 6 bp kmers and given scores upon comparison to the canonical telomere repeat TTAGGG
allowing an edit distance of 2 bps. The scores were as follows: 0 for background sequence
(sub-telomere and insertions); 1 for forward strand telomere repeats (CCCTAA); and 2 for
reverse strand telomere repeats (TTAGGG) (Examples in Appendix 2). Therefore, variant
repeats with a maximum of 2 bps substitutions compared to TTAGGG were classed as
telomere sequence. To clean the data further, subsequent filtering steps were added to the
pipeline which aimed at removing sequencing and PCR artefacts generated during the
process. By this means, the following classes of reads were removed from the analysis:
unexpected non sub-telomeric sequences amplified by low homology with primers; STELA
products that appeared to have undergone primer swapping; products that did not have a
detectable sub-telomere sequence; and concatemers of STELA products. All retained
sequences were then compiled into an Excel spreadsheet for manual curation and analysis.
The spreadsheet included the sub-telomere length, trimmed telomere length as well as the
insertion lengths and sequences amongst other features. A schematic representation of a

sequence is represented in figure 5.5 B.
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Figure 5.5: Schematic representation of a sequencing read used for analysis.

A) Probability of the Hidden Markov Model of obtaining background sequences (sub-telomere DNA;
interstitial insertions; end insertions; and telorette primer); forward oriented telomere; or reverse
oriented telomere. In green the probability of sub-telomere sequence; in blue the probability of
telomere sequence; and in red the probability of an insertion sequence within the telomere. B) The
sub-telomere length includes the telomere specific primer and the sub-telomeric DNA sequence. The
telomere length includes the repeat array and any interstitial insertions. End insertions are not
included in the telomere length similarly to the telorette primer sequence.

Sample Primers Reads primer Average Range from Range from
+ telorette length (kb) ' sequencing STELA (kb)
(kb)
HCT116A™*/- 17pseqlrev 85,609 1.75 0.019-86 0.4-9.6
Parental XpYpC 35,204 1.53 0.025-54 0.6-3.6
79K1 22,157 2.34 0.026-6.0 0.32-53
HCT116~™*/- 17pseqlrev = 33,003 1.26 0.017-6.2 1.4-85
DN-TERT Clone 2 XpYpC 10,889 1.27 0.029-54 1.4-25
79K1 16,295 1.11 0.018-5.1 ' 1.1-5.6
HCA2MPV E6E7 17p6 2,704 2.18 0.061-6.7 1.1-6.1
Parental XpYpE2 48,578 1.27 0.019-10.3  0.48-9.6
HCA2MPV E6E7 17p6 47,642 1.02 0.019-86 0.57-10.4
ATRX-/- Clone 21  XpYpE2 85,748 1.15 0.018-10.5 0.57-10.3
U20S 17pseqlrev 148,382 1.96 0.019-16.4 0.35-17.7
XpYpE2 28,412 1.91 0.019-15.1 0.46-16.7

Table 5.1: Summary of telomeres amplified for each sample.
The total number of reads and the range of telomere lengths following sequencing and on the
matching STELA blots.
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5.4.2 Separation of alleles

The telomere length data obtained in HCT116 cells escaping crisis in the absence of ATRX,
indicated that the shortest telomeric alleles were subjected to specific ALT lengthening
events. To examine the allelic composition of telomeres before and after crisis, the telomere
variant repeat patterns identified in the long read sequence data were used to discriminate
between telomeric alleles that have previously been shown to display extensive allelic
variation (Baird et al. 1995; Baird et al. 2000). To establish the occurrence of a variant content
pattern, common variant repeats were colour coded as follows: [IIAEl€(€; TCAGGG; TTCGGG;
GTAGGG; flGAGEE; TTGGGG; TAAGGG; CTAGGG; GGG, TGEGGE; AGAGGG. Each of those
variants, if identified in the sequences, have been replaced by a square (O0) to compress the
reads. Letters that have not been highlighted are single nucleotides. This legend will be used
throughout this chapter. For this analysis, only reads that had a matching primer and sub-

telomere sequence were used.

5.4.2.1 Method

To assess if ALT is allele specific or if it affects both alleles at multiple chromosome ends, the
alleles for each sample, apart from HCT116*™/- samples at the XpYp chromosome end for
which only one allele is present and amplified, were separated based on the variant repeat
sequences within the first 100 bps of the trimmed telomere sequence. The length of 100 bps
was decided for consistency across all samples and to increase the selection stringency
between alleles therefore obtaining a more accurate result. Each sequence was subsequently
given a cosine similarity score based on similarities in the nucleotide sequence, with 0 being
100% similar and 1 being 0% similar, allowing for the selection of a specific allele and this was
performed by Dr Kez Cleal. The separation of the alleles and subsequent analysis was
undertaken by myself, and the threshold of 0.10 was used to separate the alleles. This
threshold was picked to maximise the total number of reads usable and to account for natural
variation within these sequences. In example, in figure 5.6, the lowest (0.10) and highest
(0.01) scoring reads for HCT116"™*/* parental cell line at the 17p chromosome end allele 1
are presented and these showed a clear distinction from the allele 2 sequence (score of 0.50
and 0.35 respectively). Upon comparison, differences within the first 100 bps were observed
whilst the remaining sequence appeared largely similar. Examples of the highest scoring
sequences for each sample at each chromosome end studied are included in appendix 3, all

showing a different pattern of variant repeats within the first 100 bps. The U20S XpYp
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telomeres showed no obvious variant repeat pattern preventing the dissociation of two

alleles if present.

Score of 0.10 for allele 1 and 0.50 for allele 2

AAGGGTTBEEEIIAGBEET TGGGGTTGTGGTGGTTTGGGGTTGGGGTTAGGCHNGEEC CIEEEE FAEE

IGCTAGGGCTATGGGCTAGGGGCTAGAGT

Score of 0.01 for allele 1 and 0.35 for allele 2

AAGGGTAGEETTAGEE T TGGGGTTGGGGTTGGGGTTGGGGTNGEE TAGGE TTAGGE CTTAGEECTA

GGGCTAGGGCTAGGGCGAGAGITINGEE T T

Figure 5.6: Examples of reads obtained upon allele separation based on the variant repeat pattern
in the first 100 bps.

Both examples are taken from the HCT116A™*/- parental cell line at the 17p allele 1 chromosome end
and only the first 100 bps are displayed. At the top, the lowest scoring read with 0.10 and at the bottom
the highest scoring read with 0.01.

5.4.2.2 Allele lengths

Upon allele identification, the telomere lengths were plotted to establish any differences in
length and address the hypothesis that the shorter allele at the 17p chromosome end is
elongated in the HCT116 model and to highlight this phenomenon, if present, in the other
models (figure 5.7). Due to the PacBio platform preferentially sequencing short reads, the
proportion of long reads does not reflect the telomere length distributions observed with
STELA. Furthermore, the HCT116*™/- ALT clone was the first sample to be sequenced and
was underloaded due to a software malfunction further reducing the number of successful
long reads. Therefore, the mean telomere length obtained from the PacBio reads does not
match the mean determined using STELA. For example, the average telomere length of the
U20S at the XpYp chromosome end is 3.1 kb (median 2.8 kb) following PacBio sequencing
and 5.7 kb (median 4.7 kb) upon STELA. However, the range of telomere lengths is similar
between the two with 0.019-15.1 kb for PacBio and 0.46-16.7 kb for STELA thus still providing

a good breadth of reads and enough material to address the aims set out for this chapter.
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5.4.3 Increase in variant repeats in ALT clones

The occurrence of each variant was calculated for each sequence at each chromosome end
studied to highlight possible changes in telomere repeat content between the parental cell
lines and their respective ALT clone. To further assess if the changes observed were specific

to ALT, all ALT samples were compared to the U20S cell line used as an ALT positive control.

5.4.3.1 HCT116 cell line

Allelic variant content differed between alleles in the parental cell line. A set of common
variant repeats were counted and the overall proportion of each was plotted alongside the
fold change in each variant when comparing the ALT clone to the parental to identify events
associated with ALT elongation (figure 5.8). All alleles from different telomeres had a distinct
variant repeat pattern, notably towards the start of the telomere thus enabling the
separation of alleles, which was maintained between the parental and the ALT clone.
However, the incidence of TTCGGG repeats consistently increased at all chromosome ends
studied with up to a 550-fold increase at the XpYp chromosome end (figure 5.8 F). The
TTAGGG repeat content was also consistently reduced in the ALT clone signifying an increase
in non-canonical variant repeats when ALT is upregulated. Furthermore, the proportion of
other variants (any variant that is not stated below) increased at all chromosome ends further

confirming the overall increase in variant repeats that do not consist of TTAGGG.
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Figure 5.8: Telomere variant repeat proportions in HCT116A™*/" cells.

Total proportion of specific variant repeats combining all reads expressed in percentage for the
parental and the ALT clone at the 17p (A); 7q (C); and XpYp (E) chromosome ends. Matching graph
expressing the fold change in variant repeat proportion when comparing parental and ALT clone using
a log scale for 17p (B); 7q (D); and XpYp (F).

To further confirm these findings, the common language effect size (CLES) indicator was
applied (table 5.2). The CLES tests the probability of a random number from set B (proportion
of a given variant in a random read from the ALT clone) being larger than a random number
in set A (proportion of same variant in a random read from the parental) (McGraw and Wong
1992). A probability below 0.2 is thought to have no effect; between 0.2 and 0.49 a small
effect; between 0.5 and 0.79 a medium effect; and above 0.8 a large effect. A value of 0.5

means that there is a 50% chance of a random number of set B being larger than a random
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number in set A. The proportion of a given variant was normalised to the overall length of

each read to establish a proportion of each variant relative to the length of the telomere.

On this basis, the TTAGGG repeat content was not significantly reduced in the ALT clone
whilst the TTCGGG content presented a large effect size at all chromosome ends and
confirmed observations made in figure 5.8. Another variant repeat that appeared increased
in the ALT clone was TGCGGG (figure 5.8) however, a low, to no effect size was observed
following the CLES test and can be attributed to the fact that this variant frequency was low
in the parental and any increase would affect the fold change. In addition, when combining
the proportion of all variant repeats, excluding TTAGGG (termed ALL in table 5.2), the results
presented a large effect size at all chromosome ends further showing an increase in variant

repeats in the ALT clone.

17p 79 XpYp

ALLELE 1 ALLELE 2 ALLELE 1 ALLELE 2
TTAGGG 0.11 0.070 0.069 0.13 0.071
TCAGGG 0.40 0.32 0.34 0.33
TTCGGG 0.91 0.81 0.95 0.92 0.83
GTAGGG 0.73 0.71
TGAGGG 0.33 0.20 0.26 0.24
TTGGGG 0.098
TAAGGG 0.23 0.096 0.34 0.47 0.082
CTAGGG 0.23 0.22 0.43 0.25
TTTGGG 0.077 0.25 0.26 0.047
TTAAGGG 0.22 0.082 0.33 0.073
TGCGGG 0.11 0.10 0.16 0.22 0.079
AGAGGG 0.026 0.022 0.32 0.049 0.031
OTHER 0.82 0.88 0.83 0.83
ALL 0.89 0.93 0.93 0.87 0.93

Table 5.2: Results from CLES tests for the HCT116™*/-model.

Comparison of proportions of specific variants relative to the telomere length between the parental
and the ALT clone at the 17p, 7q and XpYp chromosome ends. In black values <0.20; in green, values
between 0.20 and 0.49; in orange, values between 0.50 and 0.79; and in red, values above 0.80.

5.4.3.2 HCA2 cell line

Similarly to the HCT116 cells, the variant repeat content for the parental and the ALT clone
were plotted to highlight any differences (figure 5.9). Unlike the HCT116 cells, no distinct
variant repeat proved to be more prevalent in the ALT clone across all chromosome ends and

alleles. Although, most variant repeats showed an increase at the 17p chromosome end

166



Chapter 5: Understanding the mechanisms that underline ALT and their impact on the cancer genome

whilst the XpYp chromosome end showed little change overall. This coincides with the STELA
profiles at these chromosome ends with a larger range of telomeres in the ALT clone at the
17p telomeres (0.6-10.4 kb versus 1.1-6.1 kb in the parental; figure 5.2 C and D) compared
to the XpYp telomeres (0.6-10.3 kb versus 0.5-9.6 kb in the parental) furthering the
hypothesis made in chapter 3 that the 17p telomeres undergo larger insertion events as a

result of ALT elongation.
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Figure 5.9: Telomere variant repeat proportions in HCA2HPV E687 cel|s,

Total proportion of specific variant repeats combining all reads expressed in percentage for the
parental and the ALT clone at the 17p (A); and XpYp (C) chromosome ends. Matching graph expressing
the fold change in variant repeat proportion when comparing parental and ALT clone using a log scale
for 17p (B); and XpYp (D).
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Upon CLES testing, the TTCGGG repeat content, that was shown to be expanded in HCT116
cells, showed a no, to low effect size suggesting that the increase observed in this variant in
the HCT116 model, maybe cell line specific. In addition, no specific variant repeat was
consistently increased in the HCA2 model, although TCAGGG was increased in all but XpYp
allele 1. Variant repeat content also appeared to be chromosome specific as seen with a
medium effect size at the 17p chromosome end for the TAAGGG variant repeat, which
showed no effect size at XpYp. Furthermore, the XpYp chromosome end showed little
differences to the parental concerning variant repeat proportion overall. When comparing
the overall variant repeat content, all telomeres showed an increased proportion, although
only 17p allele 2 showed a large effect size, thus further supporting the hypothesis that the

increase in non-canonical variant repeats is associated with the ALT mechanism.

17p XpYp

ALLELE 1 ALLELE 2 ALLELE 1 ALLELE 2
TTAGGG 0.12 0.39
TCAGGG 0.89 0.049
TTCGGG 0.043 0.39 0.044 0.037
GTAGGG 0.29 0.21
TGAGGG 0.079 0.060 0.11 0.42
TTGGGG 0.93 0.31 0.12
TAAGGG 0.15 0.10
CTAGGG 0.24 0.096 0.086 0.10
TTTGGG 0.11 0.077 0.11 0.020
TTAAGGG 0.12 0.13 0.097
TGCGGG 0.0063 0.0054 0.0066 0.0050
AGAGGG 0.013 0.18 0.39 0.48
OTHER
ALL 0.40 0.88 0.40

Table 5.3: Results from CLES tests for the HCA2"PV E587 cell model.

Comparison of the proportions of specific variants relative to the telomere length between the
parental and the ALT clone at the 17p and XpYp chromosome ends. In black values <0.20; in green,
values between 0.20 and 0.49; in orange, values between 0.50 and 0.79; and in red, values above 0.80.

5.4.3.3 Comparison to U20S

The telomere variant content of the U20S cell line was plotted to highlight the incidence of
specific variants (figure 5.10). Surprisingly, all chromosome ends studied showed a high
proportion of the canonical telomere repeat TTAGGG, especially at the XpYp chromosome

end with an overall occurrence of 96.8% (figure 5.10 B). Unlike the other models, especially
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the HCT116 cells, there does not appear to be an increased proportion of non-canonical
variant repeats; although allele 1 at the 17p chromosome end, appears to have a higher

rate of variants thus potentially suggesting that ALT may be allele specific.
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Figure 5.10: Telomere variant repeat proportion in U20S cells.

Total proportion of specific variant repeats combining all reads expressed in percentage for the U20S
cell line at the 17p (A); and XpYp (B) chromosome ends.

5.4.4 Characterisation of ALT elongation events

5.4.4.1 ALT events are dependent on the cell type

To distinguish patterns in elongation events within ALT telomeres, compared to the parental
cells, single telomeres were selected to highlight different variant repeat patterns. Variants
were colour-coded and condensed to highlight patterns of ALT-elongation (figure 5.11). The
increase in the TTCGGG variant repeat in the HCT116 model was highlighted at all
chromosome ends and alleles, thus suggesting that ALT affects all alleles irrespective of
telomere length. Different patterns of TTCGGG variant enrichment were observed with the
interspersion among TTAGGG repeats as well as large blocks constituting up to 82% of the

whole telomere sequence.

In contrast, the HCA2 cells appeared to have an increase in TTAGGG repeats as the main
elongation event. The reduction in TTCGGG repeats was further confirmed as a result of
telomere erosion beyond the point where the series of TTCGGG-rich regions appear in allele

1 at the 17p telomeres. Furthermore, the XpYp allele 1 showed an increase in TGAGGG
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repeats which are observed in the parental allele 2 but not in allele 1 thus perhaps suggesting
an inter-chromosomal exchange, further explaining the enrichment of the TTAGGG repeats

in allele 2 thus using allele 1 as a template.

The U20S telomeres further confirmed the high proportion of TTAGGG repeats which further
suggests that ALT is cell type dependent. Furthermore, the 17p chromosome end allele 1
showed a higher proportion of non-canonical variant repeats in figure 5.10. Upon analysis of
the telomere sequence, these variant repeats appeared at the start of the telomere and are
suggestive of natural allelic variability within the first 1 kb of the telomere repeat array,
rather than as a consequence of ALT elongation. These data indicate that the overall increase
in variant repeats observed in the HCA2"PV ¥€7 and especially HCT116*™*/ model can result
from ALT elongation however, the nature of the repeat sequences utilised appears to be cell

line specific.
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Figure 5.11: Telomere repeat content alteration in ALT cells.
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Telomere sequences of A) HCT116*™*/ cells (parental followed by ALT clone) at the XpYp, 17p alleles 1 and 2 and 7q alleles 1 and 2; B) HCA2"PVESE7 cells (parental
followed by ALT clone) at the XpYp alleles 1 and 2 and 17p alleles 1 and 2; and C) U20S cells at the XpYp and 17p alleles 1 and 2. Legend as follows: -
TCAGGG; - GTAGGG; - TTGGGG; TAAGGG; CTAGGG; - - AGAGGG. O represents a 6 nucleotide variant repeat and non-highlighted

sequences represent single nucleotides. The red line indicates the end of the first 100 bps used

for differentiation of alleles.
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5.4.4.2 ALT elongation is a result of multiple events

To attempt to understand the mechanism of elongation and establish the occurrence of a
pattern, a selection of reads were analysed to assess if all alleles undergo elongation and if
this is a result of a single or multiple events. The HCT116 17p and the HCA2 XpYp
chromosome ends are presented in figure 5.12 whilst other examples are presented in
appendix 4. It was previously hypothesised (chapter 4), that at the 17p chromosome end in
the HCT116 model, the shorter allele undergoes elongation to a mean of 6.68 kb, whilst the
longer allele prior to crisis simply erodes. This would suggest that if the enrichment in
TTCGGG repeats is distinctive of ALT elongation, only one allele would have that distinct
increase in this variant. However, the TTCGGG repeat patterns were observed at both alleles
therefore suggesting that all alleles undergo elongation irrespective of telomere length. In
the examples shown in figure 5.12, each telomeric sequence displayed a different extent of
telomere erosion and replacement with the TTCGGG repeat interspersion patterns, an
estimated length that the telomere has been reduced to is annotated in red (figure 5.12).
These data indicated that the length at which telomeres are subjected to TTCGGG repeat
replacement is variable. Moreover, as each telomeric sequence is distinct both in terms of
the repeat variant interspersion pattern and the insertion point, this indicates that ALT
elongation arises from multiple events and is therefore not clonal. In addition, telomeres
from allele 2 appeared to erode to shorter lengths than allele 1 (as short as 79 bps at allele 2
versus 104 bps at allele 1) which could imply that allele 2 was the shortest prior to crisis. Due
to an issue with loading of this sample at the time of sequencing, limited reads over 5 kb

were obtained therefore limiting the conclusions that can be drawn from this experiment.

Upon analysis of HCA2 XpYp telomeres, similar patterns of erosion and enrichment of specific
variant repeats, such as TGAGGG or TTAGGG, also support the concept that ALT elongation
is a result of multiple events (figure 5.12) and that telomeres erode to different lengths
before a change in variant pattern sequence is observed. In addition, the examples below
highlight the increase in TGAGGG at allele 1 and TTAGGG at allele 2 at the XpYp chromosome
end further supporting the hypothesis that ALT elongation could be a result of inter-

chromosomal HDR.

177



Chapter 5: Understanding the mechanisms that underline ALT and their impact on the cancer genome

HCT116A™X/-
17p allele 1
- Parental (reference)
AAGGGII:II:\I:II:ITTAGG DOOCTAGAGRTTGGGEBTAGGGEBGTTACGGG ATGG TTCAGGTTTATGGERTTCAGGRTTCTGGTTGGGTTTAGTG TAGGG
- AlLTclone
104 bps
A
i \
AAGGGIDDDDTTAGGCICICIDDDCTAGAGITTGGG—
=
2881bps
r 1
AAGGGEBOOOOTTAGG oooCTAGAGHTTGGGHBTAGGGEEGTTACGGG ATGG TTCAGGTTTATGGEBTTCAGGRTTCTGGTTGGGTTTAGTG O
G G GGGGTHOHGERGG G G CGGHTTCGCCGG
T
342 bps
A
I
AAGGGEBOOOOTTAGG booCTAGAGRTTGGGEBTAGGGRBGTTACGGG ATGG TTCAGGTTTATGG.TTCAGGITTCTGGTTGGGTTTAGTGIT—G-TCGG
G AGGG

992 bps
.AGGGID|:||:|DTTAGGC.CICID|:|DCTAGAGI'I'I'GGG.TAGGG.G'I'I'ACGGG-I'I'ATGG-TITI'CAGG'I'I'I'ATGG.'I'I'CAGGI'I'I’CTGGTTGGG'I'I'I'AGTGIT_TAGGGI
|

G G G

178



Chapter 5: Understanding the mechanisms that underline ALT and their impact on the cancer genome

17p allele 2
- Parental (reference)

AAGGGEGGAGDD’D_TAGGG-TT 666000700000000000 08 - 000000000 000000000000000 60600000000000000000000000000000000000000000000

TT

- ALT clone
268 bps

Il

i 1
[igde _ EBpfeeells B pide © gy & ER Qgledde.  © Loiglegde Chn Sool Chiiledeliiin B b
245} bps

[
AAGGG m[mla - - m
GO G Coofoo

GEOTAGGGETAGGGT

179



Chapter 5: Understanding the mechanisms that underline ALT and their impact on the cancer genome

HCAzHPV E6E7
XpYp allele 1
- Parental (reference)

oooofloooooo0o0TTG6G ooooooooooooooooilooflloooo TGOl - - DOO0ONONO00NNNO00NONO000N0000NN000000000000000

- ALTclone
(unaltered)

201 bps

A
I
R e

178 bps
A

I 1
e | GREE CERERRERE ylede e s plee el el oW oo oo
214 bps
A

I 1
e L e e S e e e e e e el o oS S e S S S S S e S e e e e = e e e el == == == = = = = = = = L
536 bps
A

r )
GAGGG Doo0of00o0000000TTGGG Doo0o0TTGGGooOOOOOEROOEECO0o0TTGGGEOEED 0og GAGGD-TTGGG-
AGGGETAGGG T

180



Chapter 5: Understanding the mechanisms that underline ALT and their impact on the cancer genome

XpYp allele 2

- Parental (reference)
(] = (€] = [ = (€] = [ [ [ ofGoooo0o00000000000 O

T

- ALTclone
(unaltered)

178 bps

|
GAGGGmNEDNTE GGl BGE 018 06 UIENONNENNNNEENNNNENNONENNNNANNONNACNNNEANNNNANNONEANNANNNNIACNCaAEOaACAEANNOaEanoaaa T

274 bps

|
r 1
R RS ereE R e TR P
G

Figure 5.12: ALT elongation results from multiple events.

Examples of ALT telomere sequences in the HCT116A™%/ parental and ALT clone at the 17p chromosome end at both alleles; and in the HCA2"PV €7 parental and
ALT clone at the XpYp chromosome end at both alleles. Estimated length to which telomeres eroded to prior to change in sequence as a result of ALT detailed for
each read by red line.
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5.4.5 Sub-telomere region alterations

The data presented above provided evidence that telomeres can erode to within 79 bps of
the beginning of telomere repeat array and that ALT appears to be the result of multiple
independent events (figure 5.12). It was therefore considered that telomere erosion may
continue into the telomere-adjacent DNA, and this may be lead to deletion events into the
sub-telomere DNA, followed by the synthesis of new telomere variant repeats associated

with crisis or perhaps ALT upregulation.

Sub-telomere regions that matched the primer used to generate the STELA profiles were
analysed. As previously mentioned, the start and end of the sub-telomere and telomere
sequences were determined by using the Hidden Markov Model. By this means, the start of
the telomere is subject to starting with variant repeats that are recognised by this model,
with a maximum error rate of 2 bps from the canonical repeat, and minor changes can alter
the start of the trimmed telomere region. Small insertions and deletions at the sub-telomere
were therefore anticipated for this reason. In addition, sequencing is associated with a small
error rate and therefore any sub-telomere regions within 10% or the expected sub-telomere
length were not considered to be significant. Most reads were within the expected length
(99.8 — 100%) (figure 5.13) however, any sub-telomere sequences with an insertion or
deletion over the length stated in table 5.4, were analysed for potential unique
recombination events alongside the telomere attached. These consistently mapped to the
appropriate sub-telomere sequence despite insertions and deletions suggestive of

sequencing errors associated with PacBio sequencing (appendix 5).

XpYp (bps) 17p (bps) 7q (bps)
HCT116 cells 35 30 40
HCA2 cells 41 300 N/A
U20S cells 41 30 N/A

Table 5.4: 10% of total sub-telomere length for each chromosome end studied.
The number of base pairs that represent 10% of the expected sub-telomere length are stated for

each chromosome end in each sample and used to account for natural error rate during the
sequencing process.
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Figure 5.13: Reads with sub-telomere DNA sequence matching the telomere specific primer have limited alteration to the sub-telomere sequence.
Graphs plotting the sub-telomere length in kb (y-axis) against the telomere length in kb (x-axis) of A) HCT116A™/" parental; B) HCT116AT®/- DN-hTERT A T: C) U20S;
D) HCA2MPVESE7 parental; and E) HCA2HPY ESE7ATRX-/- A T at the 17p (left), XpYp (middle) and 7q (right) chromosome ends.
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5.4.6 Insertions

To assess if specific DNA sequences were inserted into the telomere as a result of elongation
through ALT, insertions were isolated and analysed. Two types of insertions were observed:
interstitial insertions which occurred within the telomere repeat array and included in the
overall telomere length; and end insertions which occurred after the telomere repeat array
and before the telorette primer sequence and not included in the overall telomere length
(refer to figure 5.5). These insertions differ from the TTAGGG repeat by over of 2 bps thus,
variant repeats are not included in background sequence. The proportion of both interstitial
and end insertions appeared to be increased in ALT clones when comparing to the respective
parental cell lines (figure 5.14 A and B). In addition, the HCT116*™*/ parental had more
insertions than the HCA2"PV E¢E7 parental indicating an increased background of insertions
potentially originating from the crisis phase these cells have undergone before becoming
cancerous. The HCT116*™/- ALT clone presented the most insertions and was consistently
significantly different from the parental following a Fisher’s exact test, apart from end
insertions at the 7q allele 2 (table 5.6). A statistically significant difference was only seen at
the XpYp chromosome end in the HCA2 cell line, therefore, the increased rate of insertions
in the HCT116*™" ALT clone was not attributed to the ALT mechanism but rather as a

consequence of crisis.

Samples compared Telomere Fisher test result
Interstitial End
HCT116~™*/- parental vs 17pallelel <0.0001 <0.0001
ALT clone 17p allele 2 <0.0001 < 0.0001
XpYp <0.0001 <0.0001
79 allele 1 <0.0001 0.0069
7q allele 2 <0.0001 0.070
HCA2"PVESE? parental vs ALT  17p allele 1 0.97 0.92
clone 17p allele 2 0.98 0.99
XpYp allele 1 < 0.0001 < 0.0001
XpYp allele 2 0.0002 0.55

Table 5.5: Summary of the Fisher’s exact test results comparing the insertion rates between controls
and ALT clones.

Parentals (HCT116*™/- and HCA2"PVEE7) compared to their respective ALT clone (HCT116ATRX/- DN-TERT
clone 2 and HCA2HPY EEE7 ATRX-/- clone 21) at the chromosome ends studied. Statistical differences
highlighted in red (P < 0.05).
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Figure 5.14: Proportion of insertions within telomere sequences.

A) Proportion of reads with at least one interstitial insertion. B) Proportion of reads with at least one
end insertion. In blue the parentals (HCT116A™/ and HCA2"Y E6¢7). in green the ALT clones
(HCT116ATRX-/-DN-hTERT ¢|one 2 and HCA2HPY 687 ATRX/- clone 21); and in purple the U20S cell line.

Analysis of the insertion nucleotide sequence, for both the interstitial and end insertions,
presented G- or T-rich sequences that were therefore not mappable to specific loci in the
genome (figure 5.15). This was observed across all samples. In addition, the HCT116 cells
showed a background of sub-telomere insertions within the telomere repeat array, such as
17p sub-telomere sequence within XpYp telomeres, and these were therefore considered to
be associated with PCR-related recombination events as both the XpYp and 17p telomeres
were amplified together (figure 5.15). In addition, due to the occurrence of these repetitive
insertions across all samples irrespective of ALT initiation or cells undergoing crisis, these
were not associated with the ALT mechanism and could be an artefact originating from the

PacBio sequencing platform.
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Figure 5.15: Examples of interstitial and end insertions commonly found in all samples.
Insertions from the HCT116*™- parental and ALT clone at the XpYp chromosome end with guanine

in green, adenine in blue, thymine in yellow and cytosine in red.

5.4.7 Impact on the genome

Cells that undergo a telomere-driven crisis and escape are subject to chromosomal
rearrangements which drive cancer genome evolution. The impact of crisis in the context of
ALT is not readily studied in the literature. Therefore, to assess the impact the loss of ATRX
combined with a telomere-driven crisis have on the genome, a range of HCT116ATRX/- DN-nTERT
samples were sent for WGS. Samples were picked to represent three categories (ALT-
survived; ALT-died; and Telomerase positive). Where possible, pre- and post-crisis samples
were sequenced to assess if specific alterations occur when ALT is upregulated. These
samples are summarised in table 5.6 and were sequenced using the BGISEQ-500 platform

providing a paired-end reads with a 15x coverage. The HCT116 WT structural variants (SV)
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and copy number variants (CNV) were classed as background and subtracted from each

clone. The data were mapped and analysed by Dr Kez Cleal.

Category Sample In relation to crisis | Characteristics
ALT-survived Cl2 p2 Pre-
Cl2 p5 Post- ALT no telomerase
ClI3 p2 Pre-
CI3 p5 Post- ALT no telomerase
Cl4 p2 Pre-
Cl4 p5 Post- ALT no telomerase
Cl48 p5 Post- ALT + telomerase
Cl131 p2 Pre- ALT no telomerase
Cl131 p7 Post- Telomerase
Cl147 p2 Pre- ALT no telomerase
Cl147 p5 Post- Telomerase
ALT-died Cl37 p3 Pre- ALT no telomerase
Cl51 p2 Pre- ALT no telomerase
CI52 p4 Pre- ALT no telomerase
Cl81p p2 Pre- ALT no telomerase
Cl83 p2 Pre- ALT no telomerase
Cl100 p2 Pre- ALT no telomerase
Cl108 p2 Pre- ALT no telomerase
Cl130 p5 Pre- ALT no telomerase
Cl132 p3 Pre- ALT no telomerase
Cl148 p5 Pre- ALT no telomerase
Telomerase + Cl49 p2 Pre-
Cl49 p5 Post- Telomerase
CI50 p5 Post- Telomerase
CI53 p2 Pre-
CI53 p9 Post- Telomerase
Cl92 p4 Post- Telomerase
Cl103 p4 Post- Telomerase
Cl111 p6 Post- Telomerase
Cl112 p5 Post- Telomerase

Table 5.6: Summary of clones sent for WGS.
Details of the sampling point, relativity to crisis and the characteristic of each sample.
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5.4.7.1 Structural and copy number variants

Structural variants (SV) include breakpoints, translocations, duplications, inversions and
deletions and were called using TIDDIT and plotted for each clone (figure 5.16 A) by Dr Kez
Cleal. No SVs were noted prior to crisis in all clones irrespective of the survival outcome and
the mechanism upregulated for prolonged proliferation. Strikingly, SVs were only observed
when telomerase was upregulated, with a complete lack of SVs in ALT-died clones, pre-crisis
samples and ALT clones prior to the upregulation of telomerase (clone 2, 3 and 4 p5). This
suggests that escape from crisis by upregulating ALT does not immediately incur SVs, as
opposed to cells that upregulate telomerase. Furthering this observation, SVs were observed
in ALT-survived clones 48 p2; 131 p7 and 147 p5 but only at the point at which telomerase
was upregulated. A statistical difference was observed between the ALT-survived and
telomerase positive clones when compared to the ALT-died clones (P value of 0.045 and
0.0017 respectively following Mann-Whitney test) whilst no difference was noted between

the ALT-survived clones and telomerase positive clones (P value of 0.32).

Next, unique copy number variants (CNVs) were counted according to a previously described
method (Cleal et al. 2019). Copy number gains were commonly observed although only
statistically increased in the telomerase positive samples (p value = 0.029) whilst the overall
number of CNVs was increased in the ALT-survived category (figure 5.16 B and C). One
sample, (clone 147) appeared to be chromothriptic and remained in crisis for a long period
(100 days). This explains the high standard deviation error bar regarding the ALT-survived
category. No sign of chromothripsis was observed in other clones and this phenomenon was
not associated with ALT, although it cannot be excluded that ALT activity had an impact on
genome stability. Finally, a common amplification of chromosome 5, notably the p arm, was

observed in 10 clones whilst the rest of the genome remained stable (figure 5.16 D).
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Figure 5.16: Structural and copy number variants following WGS of HCT116ATR%/-DN-hTERT samples.

A) Structural variant counts for ALT-survived, ALT-died and telomerase positive clones with the P value
stated above as a result of a Mann-Whitney test. Statistical difference highlighted in red (P value
<0.05). Copy number variant counts showing loss and gains (B) and overall change (C). D) Heatmap of
locations of copy number changes in each clone with the chromosome number listed across the top
(even) and the bottom (uneven). With red signifying gains and blue signifying losses.
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5.4.7.2 Clonality of clones

Despite isolating single cell clones, the potential for polyclonal populations is present and the
clonality of all clones was therefore assessed for further analysis. Clonality was established
using the variant allele frequency (VAF) method combined with the copy number (CN)
method by Dr Kez Cleal, as previously described (Cleal et al. 2019). Firstly, the VAF method
takes into account unique single nucleotide polymorphisms (SNPs) and a VAF of 0.5 signifies
the presence of one heterozygous clone (two different alleles; figure 5.17 A and B) whilst a
VAF of 0.25 is indicative of a polyclonal population (four different alleles; figure 5.17 C).
However, if two clonal populations are not sufficiently diverse, this method will not highlight
any differences and a larger number of variants must be analysed through the CN method
which looks at all copy number changes. By this means, ideal peaks, indicative of a
monoclonal population, would have an allele frequency of 0.5 at CN 0 and, if any gains are
observed, a triploid state will be observed at CN+1 with two peaks at 0.33 and 0.66
frequencies (figure 5.17 B). The presence of another clone will alter these peaks (figure 5.17

D).

The status of each clone is presented in table 5.7 alongside the length of crisis to assess if
there is any correlation between the two. Clones that did not undergo a visible crisis phase,
such as clone 53 and 112, could be polyclonal and therefore show similarities with the MP
which proliferated and immortalised without a noticeable crisis phase. By this means, it was
confirmed that clone 53 was polyclonal. In addition, clone 48, which immortalised by
upregulating telomerase and without undergoing telomere elongation despite being positive
for C-circles, showed a co-existence of both ALT and telomerase on the long-term. This clone
was confirmed to be polyclonal and suggests the co-existence of two populations with
different telomere maintenance mechanisms rather than two mechanisms co-existing within
one population. Interestingly, clones 4 and 147 were monoclonal prior to crisis but became
polyclonal after crisis which could once more suggest the co-existence of two populations
using different TMMs. A remaining 3 clones (100, 108 and 111) proved to be polyclonal,
despite no indication on the STELA blots, whilst the remaining clones were confirmed to be

monoclonal.
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Figure 5.17: Clonality of samples determined by the VAF and CN method.

A) and B) examples of monoclonal populations with the green ‘X’ representing the peaks in each clone,
indicative of ideal peaks associated with a monoclonal population. C) and D) examples of polyclonal
populations with the red ‘X’ representing the peaks in each clone, indicative of distorted peaks
associated with polyclonal populations. The top graphs represent the VAF method and the bottom
graphs the CN method.
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Category
ALT-survived

ALT-died

Telomerase +

Sample
Cl2 p2
Cl2 p5
CI3 p2
CI3 p5
Cl4 p2
Cl4 p5
Cl48 p5
Cl131 p2
Cl131 p7
Cl147 p2
Cl147 p5
CI37 p3
CI51 p2
CI52 p4
Cl81p p2
Cl83 p2
Cl100 p2
Cl108 p2
CI130 p5
Cl132 p3
Cl148 p5
Cl49 p2
Cl49 p5
CI50 p5
CI53 p2
CI53 p9
Cl92 p4
Cl103 p4
Cl111 p6
Cl112 p5

Clonality status
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Monoclonal
Monoclonal
Monoclonal
Polyclonal
Monoclonal

Crisis duration
Short

Short

Short

Long
Short

Long

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Short

Long
Absent

Long
Short
Short
Absent

Table 5.7: Summary of clonality status of each clone and correlation with crisis duration.
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5.5 Discussion

5.5.1 Successful sequencing of telomere sequences

The data presented above show the successful sequencing of STELA products from the sub-
telomere DNA to the telorette primer, which marks the end of the telomere. A good breadth
of read lengths was obtained thus providing an interesting model for identifying unique
events. However, a major limitation was the overall preference for the sequencing of short
telomeres using the PacBio SMRT sequencing platform. A size selection step may be required
for future use as recommended by PacBio, to maximise the number of long reads obtained.
Although this method is associated with an error rate, similar to other sequencing platforms,
it importantly allows the analysis of full telomere reads rather than attempting to assemble
repetitive short contigs when using lllumina sequencing (Eid et al. 2009). Indeed, one current
method used to sequence telomeres consists of lllumina sequencing of TTAGGG repeats to
assess the error rate associated with false positive variant calling, followed by sequencing of
telomeres of interest taking into account the error rate upon assembly of the sequenced
telomeres (Lee et al. 2018). In addition, telomere variant repeat (TVR) PCR can be used to
assemble the telomere according to the sequence of hexamers enabling allele separation
between individuals (Baird et al. 1995). This technique was applied to ALT telomeres and
compared to telomerase positive cells pre- and post-crisis to highlight differences in telomere
sequence (Varley et al. 2002). ALT telomeres showed mutations at the start of the 16p/16q
telomeres consistent with recombination events between telomeres. However, these
techniques do not offer a complete accurate assembled long read which the PacBio SMRT
sequencing does. This platform has been used in recent years to sequence highly repetitive
GC-rich sequences, such as telomeres, with success but not in the context of ALT (Loomis et

al. 2013; Lee et al. 2015b).

Therefore, to further characterise ALT elongation, more clones would need to be sequenced
using SMRT sequencing for consistency and ideally, ALT telomeres would be sequenced
before and after crisis to compare the effects of crisis on specific cells, as well as the
upregulation of ALT which in turn may highlight a widespread ALT characteristic. One
limitation is the ability to generate sufficient material as the library preparation for PacBio
sequencing considerably reduces the material generated through the multiple steps
involved, thus potentially limiting the pre-crisis sample as it can be difficult to obtain
sufficient cells. Alternatively, the parental cell line could be used as a comparison as shown

in this chapter. A large-scale analysis of multiple samples by the addition of tags may be
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desirable to reduce cost and time. Indeed, tags, which consist of unique barcodes generated
for single samples to differentiate these bioinformatically, can be included at the time of the
PCR, which would require altering the primers used to amplify the DNA, but can also be
attached to the dimers used during the library preparation of the amplicons prior to
sequencing, post-PCR, although this requires considerable optimisation as it has been
associated with demultiplexing issues upon processing the data (Buschmann et al. 2014). In
addition, other novel sequencing platforms could be considered such as the MinlON by
Oxford technologies, as it similarly offers long sequencing reads, although this technique has
encountered limited success with repetitive DNA and extensive optimisation would need to

be carried out prior to use (Weirather et al. 2017).

5.5.2 ALT elongation is cell specific

Upon analysis of telomere variant repeats, a TTCGGG increase was seen in the HCT116 model
whilst no increase in a specific variant repeat, but rather an overall increase in non-canonical
variants, was observed in the HCA2 model but, interestingly, no specific increase in TTCGGG.
These observations imply that ALT elongation is cell specific. In accordance with this
hypothesis, Lee et al showed differences in variant repeats in two types of ALT positive cancer
cell lines upon comparison to ALT negative controls: cells originating from melanoma and
PanNETs (Lee et al. 2018). Both showed no statistical difference when comparing TTCGGG
variant content. However, they did observe an overall increase in non-canonical variant
repeats, similar to models studied here, with the exception of U20S. This therefore shows
that elongation of telomeres through the ALT mechanism is complex, and that variability is
observed according to the cell type, rendering it difficult to observe similarities between cells,
and further analysis will need to be undertaken before this information could be developed

into diagnostic, prognostic or therapeutic tools (Lee et al. 2014).

The consistent increase of specific variants at multiple chromosome ends in the same cells
indicates a common initial event that provides the template for the inserted sequences. The
C-circles present in ALT cells may represent one potential candidate for the templates utilised
for elongation of telomeres. This may arise through a rolling circle amplification, by which
the single stranded DNA from the C-circle anneals to a strand of a telomere that requires
elongation, followed by the synthesis of the sister strand (McEachern and Blackburn 1996;
Tomaska et al. 2009). This would account for the sudden increase in length observed in the

context of ALT (Teng et al. 2000). Therefore, sequencing these single stranded ECTRs could
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address this question. For example, it will be informative in the HCT116 model that displays
a stark increase in TTCGGG repeats if the C-circles presented with a high percentage of this
specific variant. A hypothesis to explain the increase in a specific variant could be that the
first C-circles generated, are then amplified exponentially to increase the amount of these
ECTRs in each cell to contribute to the ALT phenotype. It is not entirely clear how these C-
circles are generated but these could arise from a rolling circle amplification of a telomere
that may contain a series of specific variant repeats, such as TTCGGG in the HCT116 cells,
towards the start of the telomere, as we know that variant repeat variability is observed
within the first 1 kb of the telomeric sequence (Baird et al. 1995; Baird et al. 2000). Another
emerging hypothesis is that C-circles are by-products of BIR-mediated resolution of
replication fork collapse therefore suggesting that replication stress contributes to the ALT
phenotype (Zhang et al. 2019b). In addition, these C-circles appear early in the process of ALT
initiation, as seen in chapters 3 and 4, further suggesting their importance early in the ALT

mechanism.

Inter-chromosomal exchanges have been shown to contribute to telomere elongation by
which short telomeres use long molecules as templates for HDR-mediated increase in length
(Varley et al. 2002; Liu et al. 2018). Crisis is triggered by the accumulation of short telomeres
and another hypothesis to explain the increase in a specific variant can be related to the
telomeric sequence of the template telomere. Telomere dynamics vary at different
chromosome ends, as shown in chapter 4 with long telomere observed at chromosome 8
(close to 6 kb) in HCT116 cells whilst critically short telomeres were measured at the XpYp
telomeres (1 kb and below). Furthermore, telomere dynamics differ between cells, as seen
with different STELA profiles in both chapters 3 and 4 upon comparison of different single
cell clones. In addition, the specificity in insertion length has been hypothesised to be linked
to a preference of exchanges between specific telomeres, perhaps due to the chromosomal
location and compaction in the nucleus (Varley et al. 2002). Thus, the first telomere to trigger
crisis in a cell uses a specific long telomere in proximity which may have an enrichment of a
particular variant within the first kb of telomeric sequence. This in turn suggests that the
shortest telomeres in each cell that trigger crisis may differ between clones and therefore
the telomeric sequence will differ too, although, this would probably not account for the
overall sudden increase in length or the widespread of a specific variant but may occur early

and in combination with elongation using the C-circles as template.
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5.5.3 ALT elongation is a result of multiple events

The data presented shows evidence that elongation mediated by the ALT mechanism results
from multiple events as telomeres eroded to different lengths prior to undergoing
elongation. Indeed, it appears that there is no definite length to which telomeres need to
erode to prior to undergoing elongation, as seen with some telomeres being as short as 66
bps whilst others eroded to approximately 1 kb prior to elongation. It can however not be
discounted that there may be a lower length threshold below which telomeres need to erode
before they are subjected to elongation. Furthermore, no specific insert size was found in
common between reads although ALT clones showed an increase in a specific variant repeat

rendering it hard to estimate the length added after each elongation round.

In addition, it is not possible to predict whether telomeres are continually undergoing
extension or if they erode and suddenly get elongated as it has previously been suggested
(Teng et al. 2000). The heterogeneous telomere length distributions observed on HCA2 ALT
clones and the U20S ALT positive cancer cell line STELA blots could however be suggestive of
a continual elongation irrespective of telomere length (Bryan et al. 1995; Henson et al. 2002).
Additionally, in the HCT116 model, where homogeneous allelic distributions were observed
and only one allele appeared to undergo elongation at the 17p chromosome on the STELA
blots, it was anticipated that only one allele would show differences upon sequence analysis.
This was not the case as both alleles at that chromosome end showed a considerable increase
in TTCGGG suggesting that DNA is continually added to ALT telomeres, which further suggests

that telomeres are continually elongated.

One hypothesis to explain the elongation of both alleles irrespective of telomere length could
be related to the t-loop excision, described in section 1.3.5.4. The loss of ATRX results in
increased replication stress and a less condensed telomeric chromatin due to the lack of
incorporation of histone H3.3 (Episkopou et al. 2014). This in turn renders telomeres more
exposed and prone to replication fork collapse and elicits the DDR. A long-standing
hypothesis for the increase in HDR in ALT cells has been the excision of the t-loop formation,
present at the end of chromosomes to protect the natural ends from the DDR, which
generates blunt ended telomeres which become highly recombinogenic (Henson et al. 2002).
This in turn signals to the DDR as the ends of chromosomes are recognised as DSBs and as
ALT cells silence NHEJ-mediated repair, HDR is favoured for repair of the lesions and for

extension thus resulting in different patterns in elongation (Koschmann et al. 2016). The t-
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loop excision does not seem to occur at a specific length and may therefore be an indirect

consequence of the loss of ATRX through its effects on telomere architecture.

5.5.4 Insertions and alterations in sequences

The insertion events observed in this dataset do not appear to be a characteristic of ALT.
Indeed, prior to sequencing, one hypothesis to explain the chromosome specific elongation
events observed in HCT116 cells was that a specific template DNA sequence was inserted
into short telomeres to elongate these. If this piece of DNA was non-telomeric, this would
have been observed in the data. Instead, the reads showed almost exclusively telomere
repeats, with an increase in non-canonical variants in ALT cells, rendering it impossible to
establish the length of insertion. In addition, the non-telomeric insertions that were observed
appeared to be mostly G- and T-rich sequences, which were not mappable and suggestive of
a sequencing artefact. The SMRT sequencing platform is associated with insertions and
deletions of base pairs, although, the CCS reads used in this case usually reduce errors to
obtain a 99% accuracy. Additionally, polymerase base substitution errors may also account
for these differences, as SMRT sequencing uses real-time polymerase synthesis of the DNA
being sequenced (Eid et al. 2009; Carneiro et al. 2012; Hestand et al. 2016). Finally, the
occurrence of sub-telomere regions within the telomere would appear to be a result of rare
recombination events during PCR or library preparation, as multiple chromosome ends were
amplified in the same reactions, and both of these steps are involved with denaturation,

synthesis and ligation of DNA (Potapov and Ong 2017).

The sub-telomeric DNA sequence was rarely altered and was always within 90% from the
reference genome sequence, with minor insertions and deletions which can be associated
with the SMRT sequencing platform (Eid et al. 2009; Carneiro et al. 2012). There was no
evidence of erosion into the sub-telomere region combined with the generation of a new
telomere which would result from NHEJ-mediated fusion events, which agrees with the
hypothesis that ALT silences the NHEJ repair pathway (Koschmann et al. 2016). However,
only reads that had a sub-telomere DNA that matched the chromosome ends amplified
alongside a telorette sequence at the other end of the telomere were analysed. This means
that reads that had an altered sub-telomere region (over 90% from expected sequence),
were filtered out of the dataset, potentially dismissing real fusion events, although these are
expected to be a result of crisis rather than the ALT mechanism, as fusions events decrease

post-crisis in HCA2 cells and were absent in the U20S cell line (chapter 4).
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5.5.5 Loss of ATRX does not appear to alter the genome

The upregulation of ALT has been shown to increase instability in minisatellite MS32, located
on chromosome 1, through inter-chromosomal exchanges which induce mutations
(Jeyapalan et al. 2005). In addition, sarcomas are associated with a higher level of instability
and chromothripsis (Cortes-Ciriano et al. 2018). Here, WGS of ALT positive HCT116 clones
appeared to show more genome stability, than telomerase positive clones although,
chromothripsis was observed in one sample (6.25% of ALT clones). Although only 16 ALT
positive clones were sequenced, the rate of chromothripsis in this model is still higher than
in the overall proportion of cancer cells (2-3%), although below the proportion seen in
sarcomas (25%), thus suggesting the ALT mechanism may play a role in this. Undertaking
WGS in the HCA2 fibroblast clones, which showed ALT upregulation exclusively for survival,
would address this further as well as assess the impact the upregulation of ALT has on
surviving cells and establish if chromothripsis is more common in ALT positive cells (Stephens

et al. 2011).

Furthermore, although the overall genome was stable across all samples sequenced, a
common gain was observed at chromosome 5 in 10 samples, some of which eventually
upregulated telomerase for long-term survival. It is unclear why this was a common
alteration although, HCT116 cells are cancerous and have therefore undergone a crisis phase
and stabilised their genomes following escape from crisis (Green and Kaplan 2003). Single
cell clones that share this common gain may have therefore originated from the same sub-
population. Alternatively, the hTERT gene is located on the p arm of chromosome 5, close to
the telomere, and amplification of the gene locus could be an adaptive mechanism these
cells undergo to compensate for the downregulation of telomerase through DN-hTERT action
to re-establish telomerase activity (Zhang et al. 2000). This may have also been the way these
cells had upregulated telomerase initially and harboured this genomic change throughout
the experiment. Once more, sequencing of HCA2 clones would be informative as these clones

never upregulate telomerase for survival.
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5.5.6 Conclusions

The loss if ATRX does not appear to have an impact on the overall genome compared with
clones that upregulated telomerase for survival. In addition, differences in telomeric
sequence were observed upon comparison of telomeres that had undergone ALT-like
elongation and the parental controls. This was further shown to be cell specific as an increase
in specific variant repeats was observed in each cell type, however, all ALT cells underwent
an overall increase in non-canonical variant repeats. The elongation event is therefore
common to all ALT cells but the sequence of said elongation is cell dependent and can

perhaps be traced to the initial elongation event and dependent on the template used.
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Chapter 6

General discussion

6.1 Summary

The aim of this thesis was to assess the impact the loss of ATRX has on the ability of cells to
escape a telomere-driven crisis and how this influences genomic evolution, to ultimately gain

a better understanding in the ALT mechanism.

Chapter 3 investigated how the loss of ATRX affected primary human fibroblast (HCA2) cells
taken through a telomere-driven crisis. It was shown that loss of ATRX enabled cells to
immortalise by upregulation of the ALT mechanism exclusively, and residual ATRX activity
resulted in cell death. Telomeres were measured using STELA and showed a heterogeneous
telomere length distribution prior to crisis which was increased post-crisis, consistent with
an ALT upregulation. ALT positivity was confirmed by the presence of C-circles and the
complete lack of telomerase activity. This showed that the combination of a telomere-driven
crisis with the loss of ATRX is enough to activate and maintain ALT in primary human

fibroblasts.

Chapter 4 examined the effect the loss of ATRX had on telomerase positive epithelial cancer
cells (HCT116 cells). A telomere-driven crisis was initiated in these cells by downregulation of
telomerase to induce telomere erosion and subsequently crisis. The results showed that the
loss of ATRX hindered HCT116 cells” ability to escape crisis, whilst enabling the upregulation
of the ALT mechanism for prolonged cellular division in a subset of clones (19%). In contrast
to HCA2 cells, HCT116 cells showed homogeneous distributions prior to crisis, followed by a
precise elongation event maintaining homogeneous telomere length distributions,
suggestive of allele and chromosome specific elongation events. These clones also showed a
rapid amplification of C-circles that was followed by death or telomerase activation;
ultimately these clones were unable to maintain ALT activity. This did however show the
ability of these cells to transiently switch to the ALT mechanism for telomere length

maintenance for survival.

Chapter 5 aimed at analysing ALT telomere sequences alongside WGS to assess the impact
the loss of ATRX and subsequently the upregulation of ALT had on the genome. Firstly,

telomere sequences showed stark differences between ALT positive and normal or
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telomerase positive controls. All ALT clones showed an increase in non-canonical variant
repeats, with the HCT116 model showing a net increase in the TTCGGG variant across the
three chromosome ends studied: 7p, XpYp and 17p. This provided evidence that telomeres
from ALT cells differ greatly from telomeres being extended by telomerase and provided
insight into the complexity of ALT elongation. It appeared that ALT elongation is cell type
specific, and may even be clone specific, which adds to the variability of the ALT phenotype.
WGS was carried out in HCT116 cells only, under multiple conditions: pre- and post-crisis in
ALT-survived, ALT-died and telomerase positive clones. An overall increase in SVs was
observed in telomerase positive cells and a higher CNV count in ALT positive cells, with the
occurrence of chromothripsis in a unique ALT positive clone. Once more, ALT clones differed
from telomerase positive clones further indicating that the genetic sequence is altered in the
context of ALT and that may be of use to better understand the mechanism of ALT as well as

develop a new diagnostic, prognostic and therapeutic tool to target such cancers.
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6.2 Discussion

6.2.1 Loss of ATRX is sufficient to initiate the ALT mechanism

Firstly, in the HCA2 model, the complete loss of ATRX combined with telomere stress,
through the abrogation of TP53 and Rb, showed replicative immortality in 100% of clones
through the upregulation of the ALT mechanism, as seen with the lack of telomerase activity,
a stark increase in C-circle intensity post-crisis and very heterogeneous telomere length
distributions (Bryan et al. 1995; Henson et al. 2002). Mild residual ATRX activity was enough
to inhibit survival thus confirming that ATRX is an inhibitor of the ALT mechanism (Napier et
al. 2015). In addition, the loss alone of ATRX resulted in altered telomere length distributions

as an overall increase in heterogeneity was observed across all clones that survived.

ATRX normally incorporates histone H3.3, alongside DAXX, to silence repetitive chromatin
and therefore, the loss of ATRX affects telomere chromatin condensation and renders it more
prone to transcription, as seen with the increase in TERRA in ALT cells (Goldberg et al. 2010;
Episkopou et al. 2014). This therefore induces telomere dysfunction and ALT has been
proposed as a mechanism to compensate for this dysfunction in the absence of ATRX (Li et
al. 2019). However, due to an unsuccessful targeting of ATRX in HCA2 WT cells, it was difficult
to assess whether the loss alone of ATRX was responsible for the increase in telomere length
heterogeneity or, whether the closeness to crisis at the time of sampling was implicated in
these observations. However, the downregulation of ATRX, as seen in some clones which had
been targeted with the CRISPR, resulted in homogeneous telomere length distributions,
resembling the controls, thus indicating the involvement of ATRX in telomere dynamics.
Therefore, a disruption in the ATRX/DAXX/H3.3 complex may be one of the first steps in the
upregulation of ALT.

ATRX has also been associated with resolution of secondary structures such as G-
qguadruplexes and R-loops that, if left unresolved, may pose a barrier to replication (Clynes
et al. 2014; Nguyen et al. 2017). This further suggests that ATRX is lost early in the process of
ALT as these secondary structures result in replication fork collapse, and resolution of these
damage sites is carried out by HDR, and contributes to the ALT phenotype (Costes and
Lambert 2012). In addition, this may result in highly recombinogenic telomeres, as the
collapse of the replication fork exposes the ends of chromosomes to the repair machinery,
and may result in the telomere length heterogeneity seen in these clones, and in other ALT
positive cells, promoting HDR-mediated elongation of short telomeres. However, although

replication stress is increased in ALT cells, it is thought to be somewhat limited as numerous
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proteins compensate for the loss of ATRX (Min et al. 2017). Indeed, FANCM, for instance, is
enriched at ALT telomeres as it resolves R-loops at those regions of the genome. A reduction
of FANCM results in increased telomere dysfunction and a stark increase in C-circles,
suggestive of an increased ALT positivity and the possibility that C-circles may be generated
from resolution of replication stress (Pan et al. 2017; Pan et al. 2019; Zhang et al. 2019b). In
addition, SMARCAL1 is abundant at telomeres that utilise the ALT mechanism for survival as
it plays a major role in resolving replication stress at fragile sites such as telomeres. Loss of
this protein resulted in increased DNA damage at telomeres and appears to be essential for
survival of ALT cells (Cox et al. 2016). This implies that although replication stress is increased

in ALT cells, a tight regulation is observed to ensure survival of cells.

To complement this initial experiment in fibroblasts, a telomere-driven crisis was initiated in
telomerase positive epithelial cancer cells, by downregulating telomerase activity with a DN-
hTERT which induces telomere erosion, to further assess how the loss of ATRX affects cells
going through crisis. Unlike the HCA2 cells, ATRX loss hindered the cells’ ability to escape
crisis, as seen with a 22% survival rate, which was surprising as WT clones, with functional
ATRX, all successfully escaped crisis by re-activation of telomerase (Jones et al. 2014). In
addition, the ALT mechanism was upregulated transiently in 7 escaping clones, as telomerase
was eventually re-activated for long-term survival and these cells do not appear to be able
to maintain the ALT mechanism. In accordance with this, 21 clones were positive for C-circles
but did not survive. Additionally, the loss of ATRX did not induce heterogeneous telomere
length distributions, unlike the HCA2 cells, however, the rate of survival was greatly affected
in these cells which may suggest an increased rate of telomere dysfunction due to the loss of
ATRX and subsequently cell death, as the presence of C-circles was observed in some clones

that died shortly after.

The interesting observation from this experiment was that despite a reduced rate of
immortalisation, ALT was initiated in 19% of clones providing evidence that these cells can
transiently upregulate ALT for prolonged proliferation. The reason for the differences
observed between cell types is unclear, although, the developmental origin of these cells
could account for the preference for the specific upregulation of a TMM. Primary human
fibroblasts originating from MSCs show little telomerase activity during development, and
tumours of mesenchymal origin have a higher propensity to utilise ALT. In contrast, epithelial
cells show high levels of telomerase activity during development and a sustained activity in

stem cells until differentiation into mature cells and epithelial-derived tumours
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predominantly utilise telomerase (Wright et al. 1996; Zimmermann et al. 2003; Parsch et al.

2004).

Overall, the loss alone of ATRX in cells correlates with the appearance of ALT-associated
hallmarks such as APBs and C-circles (Brosnan-Cashman et al. 2018). This could suggest that
ALT is present at low levels in normal cells and the loss of its main repressor, ATRX, initiates
the mechanism (Napier et al. 2015). This also suggests that these hallmarks appear early in
the ALT mechanism but other events are required to fully establish this pathway for survival.
This is further suggested by the fact that HCT116 cells, that had successfully initiated the
generation of C-circles upon loss of ATRX and a telomere-driven crisis, ultimately died due to

the inability to activate other events required for long-term ALT maintenance.

6.2.2 Insertion length consistency across models suggestive of a
chromosome specific insertion

Intriguingly, telomere extension appeared to be chromosome specific in the HCT116 ALT
clones. Indeed, consistent insertion lengths were measured across multiple clones whilst a
significant difference was noticed between chromosome ends. Strikingly, the biggest
insertion length was observed at the 17p chromosome ends, with an average of 5.43 kb. This
led to the hypothesis that ALT elongation is chromosome specific and that a specific template
is used at different chromosome ends. In the HCA2 model, no distinct allelic distributions
were observed rendering it hard to assess the insertion length following elongation.
Nonetheless, a bigger standard deviation was calculated after crisis at the 17p chromosome
end, compared to the XpYp telomeres, indicating a wider range of telomere lengths thus
suggesting a bigger insertion at 17p telomeres in HCA2 cells and further indicative of

chromosome specific elongation.

Due to the inability to differentiate the long and short telomeres at the 17p chromosome end
in the HCT116 model upon telomere sequencing, it was not possible to verify if a specific
increase (5.43 kb) was observed. Furthermore, due to the increase in TTCGGG repeats and
most telomeres consisting exclusively of that variant at the distal end, it was difficult to see
a common insertion length and to establish if these variants were inserted at once or if it was
a result of multiple extension events. The increase in this specific variant was observed at all
alleles suggesting that ALT elongation affects all telomeres irrespective of telomere length.

This would account for the heterogeneity observed in ALT positive cancer cells and questions
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the hypothesis of erosion of telomeres followed by a sudden elongation event, although
there may be a threshold length below which telomere need to erode to prior to elongation,
as the 8qg telomeres did not undergo elongation in the HCT116 clones as these were

measured at around 6 kb (Teng et al. 2000).

If C-circles are used as templates for telomere elongation through rolling circle amplification,
it is unclear how precise insertions occur at different chromosome ends as this appears to be
a non-random event, nor why different chromosome ends undergo different elongation. The
commonly used methods for measuring telomere length in the literature are terminal
restriction fragment assays (TRFs), most recurring method for measuring ALT telomeres, and
guantitative fluorescent in situ hybridisation, amongst others, which look at the overall
population of telomeres (Bryan et al. 1995; Lai et al. 2018). Although these methods highlight
the heterogeneity in telomere length in the context of ALT, STELA enables the analysis of
single telomeres and offers a detailed analysis of telomere dynamics thus highlighting the
differences in elongation at the chromosome ends studied (Baird et al. 2003). Therefore,
perhaps further analysis of individual chromosome ends would provide more information
regarding the chromosome specificity of ALT elongation and, attempting this in other ALT
cells could address this aspect and would be a first step in attempting to understand the
elongation event further. This does however show the complexity of ALT elongation and
further characterisation of the mechanism used to elongate is required to attempt to
understand the nature of the elongation sequence. Indeed, it has recently been shown that
BIR is used for elongation in ALT cells but the template used for elongation remains
speculative (Zhang et al. 2019a). Therefore, establishing whether C-circles through rolling-
circle amplification and/or inter-chromosomal recombination occur is essential for a better

understanding of ALT.

6.2.3 Fusions in ALT cells are associated with crisis

In HCA2 cells, fusions appeared when cells approached crisis with a maximal intensity
recorded during deep crisis. The number of fusions then decreased as cells escaped crisis by
ALT upregulation indicating that these fusions were a result of genomic rearrangements
associated with crisis and not the ALT mechanism. This was confirmed by the complete lack
of fusion events in the ALT positive U20S cell line. In addition, ALT clones underwent more
fusion events during crisis than control clones thus suggestive that these cells were more

genetically unstable during that phase resulting in complex karyotypes (Guillou and Aurias
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2010). Although this was not tested here, sarcomas, which show a higher proportion of ALT
upregulation, exhibit complex karyotypes and cytogenetic changes consistent with higher
rates of rearrangements during crisis and an increased rate of chromothripsis (Cortes-Ciriano
et al. 2018). Although WGS was not undertaken in the HCA2 cells, results in HCT116 cells
revealed a 6% rate of chromothripsis in ALT clones and this may be indicative of a correlation
between ALT and chromothripsis, although this remains speculative and further WGS of
HCA2 clones would address this further. This does signify that ALT positive cells are able to
stabilise their genomes or limit rearrangements that occur from end-to-end fusions by
silencing of NHEJ upon escape from crisis, despite an increase in telomere dysfunction in
these cells (Koschmann et al. 2016; Li et al. 2019). Overall, these cells are transiently more
prone to DNA damage, as seen with the increase in fusion events, but regain stability upon
escape from crisis, as seen with the decrease in fusion events despite the presence of short
telomeres seen on the STELA blots. In addition, HCT116 ALT positive clones showed a lack of

SVs contrarily to telomerase positive cells further suggesting genome stability.

The analysis of sequenced telomeres did not highlight the presence of fusion events but
rather showed an increase in non-canonical variant repeats, especially in the HCT116 model
with the high proportion of TTCGGG repeats, notably at the distal end of the chromosomes
studied. This in turn prevents Shelterin binding as TRF1 and TRF2 exclusively bind TTAGGG
repeats, however, it enables other proteins to bind to these telomeres thus further altering
the chromatin structure (Court et al. 2005; Conomos et al. 2012). In contrast, in the HCA2
and U20S models, a higher increase in variants was seen but rarely at the distal end thus
implying that Shelterin binding would be less affected. Nonetheless, this may render the
chromatin available to cellular processes such as transcription and may signal to the DDR and
favour HDR-mediated repair. This may also play a role in t-loop excision to generate T- and
C-circles and induce a break to ensure elongation of the telomere through BIR (Henson et al.

2002).

6.2.4 Variability in ALT hallmarks

This thesis has highlighted the fact that variability in hallmarks is observed amongst different
cell types that are ALT positive. Indeed, in the HCA2 cell line, heterogeneity in telomere
length varied from one clone to the other, as seen with differences in standard deviations,
thus implying a different effect on telomere dynamics between clones. In the HCT116 model,

some cells displayed an elongation event whilst others only showed C-circle positivity.
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Variation in intensity of C-circles was also observed and a decrease in intensity was seen upon
co-existence of telomerase and ALT, suggestive that C-circle intensity directly correlates with
levels of ALT activity (Henson et al. 2009; Pompili et al. 2017; Grandin et al. 2019). In addition,
as previously mentioned, the cGAS-STING pathway has been recently shown to be
dysfunctional in ALT positive cells thus allowing for the accumulation of ECTRs in the
cytoplasm of cells (Chen et al. 2017). In both the HCA2 and HCT116 models, a downregulation
of the STING protein was often observed in ALT clones, although not systematic, suggesting
the involvement of other pathways to cope with the accumulation of C-circles. This once
more provides evidence that ALT has a very heterogeneous phenotype and varies between
clones. Moreover, the loss of TP53 facilitated the knock-out of ATRX and escape from crisis
in fibroblasts resulting in ALT upregulation. The presence of WT TP53 in the HCT116 cells, did
not appear to hinder the ability of cells to upregulate the ALT mechanism, however, these
cells were unable to maintain ALT and a loss of TP53 may play a role in maintenance of ALT,
although this remains to be fully tested (Bryan et al. 1997; Oppel et al. 2019). Finally,
differences in telomere sequence were observed in ALT positive cancers. Indeed, although
these all showed an increase in variant repeats, the increase in a particular variant was cell
specific. This challenges the development of a robust assay for detecting ALT in tumour

samples as well as limits the development of a new therapeutic tool.

6.2.5 Impact on research and clinical development

The increase in non-canonical variant repeats in the context of ALT suggests that the affinity
of Shelterin binding, which exclusively binds TTAGGG repeats, may be reduced, thus
potentially compromising the loop formation at the distal end (Court et al. 2005; Conomos
et al. 2012). This implies that ALT telomere architecture is compromised resulting in an
increase in telomere dysfunction and therefore prone to repair, notably through BIR which
induces telomere elongation in the process (Li et al. 2019). This once more exhibits the
heterogeneity encountered in ALT cells, as an increase in specific variants is observed in the
dataset above and in the literature, further providing evidence that ALT hallmarks vary
considerable between cell types and maybe between clonal populations of the same cell type
(Lee et al. 2014; Lee et al. 2018). This further accentuates the need to understand the

mechanism of elongation further to develop a robust testing for ALT positivity in cancer cells.

As mentioned above, what does appear to be consistent in ALT patients is the generation of

C-circles. The gradual increase in C-circles in the HCA2 models and the variability in intensity
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observed in the HCT116 cells shows evidence that levels of ALT activity can be determined
by C-circle intensity (Henson et al. 2009; Grandin et al. 2019). Upon co-existence of
telomerase and ALT, the levels of C-circle intensity dropped suggestive of a decrease in ALT
activity. Therefore, this may offer a robust assay for detecting ALT positivity as well as stratify
patients based on intensity. This in turn may be used as a prognostic marker as ALT positivity
is associated with varying effects on survival rates. For instance, ALT positive glioblastomas
show a better survival than ALT negative patients whilst most ALT positive STSs are associated

with a poor outcome (Hakin-Smith et al. 2003; Liau et al. 2015a).

Upon downregulation of telomerase in epithelial cancer cells, a switch to the ALT mechanism
was observed in 19% of clones. These cells showed the capacity to adapt to the
downregulation of telomerase by activation of ALT which may compromise the efficiency of
telomerase-targeted therapies currently being developed (Shay and Wright 2006; Hu et al.
2016). In contrast, fibroblast cells showed no telomerase upregulation in all clones studied
providing evidence that cells that had initially upregulated telomerase may switch to ALT but
not vice versa. In addition, some ALT positive cells were also positive for telomerase as cells
re-activated telomerase for long-term survival indicating the possibility of both TMMs co-
existing; although it is unclear if this would be maintained on the long-term as telomerase is
thought to repress ALT (Perrem et al. 1999; Matsuo et al. 2009). However, it appears that the
categorisation of cancers according to TMMs is not as simplistic as was once thought, as some
samples show no signs of either known TMMs, indicating the possibility of a new TMM, whilst
others show a transient co-existence which forms another barrier to targeting the process

used to maintain telomeres for therapy (Costa et al. 2006; De Vitis et al. 2018).

What has shown promising results in ALT positive cells is the targeting of replication stress.
Indeed, ALT cells undergo an increased rate of replication fork stalling and collapse due to
the loss of ATRX which results in the accumulation of secondary structures (Clynes et al.
2014). This is limited by resolution of replication stress by HDR and the dissolution of these
structures by other proteins such as FANCM (Costes and Lambert 2012; Ait Saada et al. 2018).
However, an increase in replication stress, by inhibition of FANCM action, results in increased
instability and cell death, thus implying the level of replication stress in ALT cells is finely
balanced and contributes to the phenotype (Pan et al. 2017; Pan et al. 2019). Stabilisation of
these G4 structures also induces cell death as the accumulation of unresolved secondary
structures leads to a high rate of replication fork collapse and therefore death (Rizzo et al.

2009; Wang et al. 2019). Therefore, targeting the process of replication in ALT cells appears
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to be the most promising avenue as of yet but a better understanding of the mechanism of

elongation in ALT is required and may uncover another approach to targeting ALT in cancer.
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6.3 Future directions

6.3.1 Knock out of ATRX

To further add to the dataset, the loss of ATRX should be tested in other primary human
fibroblasts such as WI-38 or IMR-90, which are cell lines that are well-known and used in the
literature. This experiment was also carried out in MRC-5 cells (unpublished data from our
lab) showing similar features to the HCA2 cells presented above. It could therefore be
predicted that other fibroblast cultures would behave in the same way. In addition, the MP
in the HCA2 model showed early signs of crisis implying that the CRISPR transfection had
affected the cells and a repetition of this experiment would be required. If cells escape, it
would be interesting to assess TP53 status and, if unmutated, would show that its loss is not
required but may facilitate the escape from crisis by upregulation of ALT. In addition,
telomere lengths were highly heterogeneous prior to crisis in the HCA2 cells upon loss of
ATRX. Undertaking the knockout of ATRX earlier in the lifespan of these cells would address
whether the loss of ATRX is the cause for this or, if it is the loss of ATRX alongside the
approach to crisis. If it is the loss of ATRX alone that causes these observations this would be
an important indicator of the role this protein plays in telomere architecture. In addition,
homogeneous distributions are observed in the HCT116 cells before and after crisis, despite
undergoing ALT-like elongation, showing a stark difference to the HCA2 cells, and this could
be indicative of a higher need for H3.3 incorporation in HCA2 cells and perhaps a

compensatory mechanism in epithelial cells for the loss of ATRX.

Due to the potential involvement of TP53 in the successful long-term initiation of ALT,
assessing the role of TP53 in the HCT116 model would be beneficial. Therefore, a repeat
experiment with a double ATRX and TP53 knock out in these cells may further address the
importance of TP53 in the ALT mechanism and establish whether cells would upregulate ALT
more frequently in this context and more importantly, if they are capable of maintaining ALT
on the long-term without switching to telomerase. This would also enlarge the dataset and
further refine the percentage of ALT upregulation in epithelial cancer cells as well as further
address the possible switch from telomerase to ALT when telomerase is downregulated, an

important phenomenon in light of telomerase targeted therapies.

In addition, attempting to knock out ATRX in other cells of mesenchymal origin, such as
osteoblasts, which show a high incidence of ALT upregulation and a high correlation of ALT
with loss of ATRX, would further mimic the upregulation of ALT in cancer and further enlarge

the dataset. Finally, studying cells from ATRX syndrome patients and taking these through
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crisis would also be interesting to establish the incidence of replicative immortality in this
context alongside the proportion of ALT positivity. Furthermore, analysis of telomere
dynamics in these patients would address whether the loss alone of ATRX is responsible for

the heterogeneity observed in the HCA2 cells.

6.3.2 Investigating HDR in ALT cells

As it has been mentioned extensively in the thesis, HDR plays an essential role in telomere
elongation and more precisely the BIR pathway. Knocking out proteins involved in this
mechanism, such as RAD51 and 52, in ALT positive cells, would provide more information on
the mechanism of elongation. As previously mentioned, a better understanding of the
mechanism of elongation is required for an overall better understanding of the ALT
mechanism. Analysis of telomere dynamics using STELA in cells lacking major HDR proteins,
such as RAD52 which appears essential, would provide insight in the elongation mechanism.
In addition, to address whether C-circles are used for rapid elongation of telomeres, the
prevention of the formation of these ECTRs, notably by the knock-out of BLM, would be
insightful (Zhang et al. 2019a). Introducing tags within telomeres would also be informative
as it may highlight common exchanges between pairs of chromosomes which may explain
the specific insertion length observed in the ALT clones and establish if inter-chromosomal
exchanges are responsible for telomere elongation and if this occurs between random

chromosomes or if it is a tightly regulated phenomenon.

6.3.3 Whole genome sequencing

In this dataset only the HCT116 clones were sequenced for whole genome assembly to assess
the effects of the loss of ATRX combined with telomere stress had on the overall genome. It
was further used to compare an ALT upregulation with a telomerase upregulation. To add to
this, WGS before and after crisis of HCA2 ALT-positive clones would be useful to establish if
the lack of SVs observed in the HCT116 model is related to ALT or if it is specific to the HCT116
model. It would also highlight potential chromothriptic samples and establish if there is a
higher incidence of this phenomenon in ALT positive clones compared to ALT negative clones
and whether the higher incidence of chromothripsis in sarcomas occurs due to ALT

upregulation. Furthermore, due to some ALT positive cancers retaining WT ATRX activity, the
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identification of other underlying mutations in the context of ALT would be interesting and
necessary for uncovering the involvement of other pathways that appear to be essential in

ALT maintenance especially.

6.3.4 Telomere sequencing

Further sequencing of telomeres of ALT clones pre- and post-crisis would further confirm
whether the events seen here, i.e. the increase in TTCGGG variant repeat in the HCT116 ALT
clones, are general across all clones of a same model, or if it is clone specific. In addition,
comparing the same clone before and after crisis would show a direct change in telomere
repeat content as a result of crisis and upregulation of ALT. To further address whether the
increase in a particular variant repeat is due to using C-circles as templates, sequencing of
amplified C-circles for each respective clone would address this question. It would also
address the hypothesis that the initial elongation events result from using C-circles as

templates.
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6.4 Conclusions

6.4.1 Project conclusions

The data presented in this thesis showed:

e Complete loss of the ATRX protein results in replicative immortality by upregulation
and maintenance of ALT in primary fibroblasts when TP53 is dysfunctional as seen by
the generation of C-circles, lack of telomerase and heterogeneous telomere lengths

e Loss of ATRX is enough to initiate but not maintain the ALT mechanism in a
proportion of telomerase positive epithelial cells upon downregulation of
telomerase activity as seen with the generation of C-circles, lack of telomerase and
telomere elongation

e Re-establishment of telomerase activity in epithelial cells for long-term survival
shows a preference to activate telomerase to achieve replicative immortality but the
transient ability adapt to telomerase inhibition by using ALT if required. This is an
important consideration for the development of telomerase targeted therapy, but
also suggests other underlying events involved in maintenance

e Telomere elongation through ALT appears to be chromosome specific and affects all
alleles irrespective of length, although telomeres may need to reach a certain
threshold prior to undergoing elongation

e ALT elongation is a result of multiple events as telomeres showed different rates of
erosion prior to undergoing an ALT-like elongation

e Telomere sequence analysis of ALT clones showed an overall increase in non-
canonical variant repeats with a specific variant increase dependent on cell type and
potentially on the first elongation event

e WGSshowed a more stable genome in ALT positive clones versus telomerase positive

clones although one ALT clone showed signs of chromothripsis

6.4.2 General conclusion

ATRX is a strong repressor of ALT activity and is often mutated in ALT positive cancers and its
mutation therefore appears to be important but not essential as some tumours retain ATRX
activity. The loss of ATRX is associated with heterogeneous telomere length distributions
involving ATRX in telomere function and architecture. Indeed, ATRX functions at telomeres

by incorporation of histone H3.3 which condenses the chromatin and silences it preventing
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transcription of telomeres into TERRA. The loss of ATRX is therefore associated with
decompressed chromatin rendering it more available for transcription and prone to R-loop
formations. This in turn results in increased replication stress and HDR-mediated repair
resulting in the increased rate of recombination associated with the ALT phenotype. C-circles
and APBs appear early in the process of ALT, following ATRX loss and induction of crisis, and
this is suggestive of their involvement in telomere elongation. This appears to be sufficient
to initiate the ALT mechanism, however, other events are required for maintenance.
Furthermore, the involvement of TP53 may facilitate the upregulation of the ALT mechanism
but may not be essential. A proposed mechanism for ALT elongation is presented in figure

6.1 and combines the data presented in this thesis with the literature.
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Figure 6.1: Proposed hypothesis for telomere elongation through ALT upregulation upon loss of ATRX.

The loss of ATRX leads to telomere dysfunction and induces a modified telomere architecture leading to exposed telomeres and t-loop excision which in turn
generates T- and maybe C-circles. Loss of ATRX also induces replicative stress due to an accumulation of secondary structures and the resolution of these also
results in the generation of C-circles. C-circles may be used as templates for telomere elongation through RCA as well as exposed telomeres which use other
telomeres as templates. Telomere architecture is then altered due to an increase in non-canonical variant repeats and leads to further telomere dysfunction.
Telomeres also erode and become dysfunctional.
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Appendix 1: Graphs showing the number of reads obtained through PacBio sequencing.

A) HCT116*™ parental; B) HCT116ATR*/- DN-NTERT A T clone; C) HCA2MPY E67 parental; D)
HCA2HPV EGE7ATRX-/- A T clone; and E) U20S. The left panel of each graph represents the reads
with the telorette primer present and across the bottom the telomere specific primer. The
right panel of each graph represents the reads with an absent telorette primer and across the
bottom the telomere specific primer. In orange the forward orientated reads; in green the
reverse orientated reads; and in blue the reads with an absent telomere specific primer.
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Number101113
TGCTCCGTGCATCTGGCATCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTGACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACC
CTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCAGGGACAGCCCGTTGCATGAGCCC
CTGGACTCTAACCCAGTTCCCTTCTGGAATTTAGGGGCCCTGGGACAGCCCTGTACATGAGCTCCTGGTCTGTAACACAGTTCCCCTGTGGGGATTTAGGGACTTGGGCCTTCTGTCTTTGGGATCTACTCTCTATGGGCCACACAGATATGTCTTCCAACTTCCCT
ACACAGGGGGGACTTCAAAGAGTGCCTTGAGCTGATCTGGTGATTGCTTTTTTGTACTGTTATTTATCTTATTCTTTTCATTGTGAGGTACTGATGCAAACACTTTGTACGAAAAGGTCTTTCTCATCTCGGGAGTCCCCGTCTATTTGTCCCGGTCCCTG
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Number33034
CAGGGACCGGGACAAATAGACGGGGACTCCCGAGATGAGAAAGACCTTTTCGTACAAAGTGTTTGCATCAGTACCTCACAATGAAAAGAATAAGATAAATAACAGTACAAAAAAGCAATCACCAGATCAGCTCAAGGCACTCTTTGAAGTCCCCCCTGTGTAGG
GAAGTTGGAAGACATATCTGTGTGGCCCATAGAGAGTAGATCCCAAAGACAGAAGGCCCAAGTCCCTAAATCCCCACAGGGGAACTGTGTTACAGACCAGGAGCTCATGTACAGGGCTGTCCCAGGGCCCCTAAATTCCAGAAGGGAACTGGGTTAGAGTCCA
GGGGCTCATGCAACGGGCTGTCCCTGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGGGTTAGG
GGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTGAGGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTT
AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGATGCCAGATGCACGGAGCA
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Number54925
CAGGACCGGACAATAGACGGGGACTCCCGAGATGAGAAAGACCTTTTCGTACAAAGTGTTTGCATCAGTACCTCACAATGAAAGAATAAGATAAATAACAGTACAAAAAAGCAATCACCAGATCAGCTCAAGGCACTCTTTGAAGTCCCCCCTGTGTAGGGAAG
TTGGAAGACATATCTGTGTGGCCCATAGAGAGTAGATCCCAAAGACAGAAGGCCCAAGTCCCTAAATCCCCACAGGGGAACTGTGTTACAGACCAGGAGCTCATGTACAGGGCTGTCCCAGGGCCCCTAAATTCCAGAAGGGAACTGGGTTAGAGTCCAGGGG
CTCATGCAACGGGCTGTCCCTGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGGAGGGGGAGGGGGAGGGTGAGGGGGAGGGGGAGGGGGAGGGGGAGGGG
GAGGGGGAGGGGGAGGGGGAGGGGGAGGGCGAGGGGGCAGGGGGAGGGGGAGGGGAGGGGGAGGGGGAGGGGGAGGGGGAGGGGAGGGGAGGGGGAGGGGGAGGGTGGAGGGTGAGGGGGAGGGGGAGGGGAGGGGGAGGGGGAGGGTGA
GGGGGTAGGGGGAGGGGGAGGGGTAGGGGGTAGGGGTAGGGGTAGGGGTAGGGGTAGGGTGAGGGGTGGTGAGGGGGAGGGGGAGGGGGAGGGTTAGCGGTTAGGGGGAGGGGTAGGGGTAGGGTGAGGGGAGGGTGTAGGGTTAGGGGTAGGG
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTAGGGTTAGGGTTAG
GGTTAGGGTAGGTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGATGCCCAGATGCACGGAGCA
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Number72878
TGCTCCGTGCATCTGGCATCTAACCCTAACAAATAAAGAAAAAGAAACAGAACCAACCGAACAAGAACAAGACAATACGAAAATAGAAAAAGAAACAAATAAGAACACGAAACTAAAGAAAAAGACAAAGAAAAAGAAAAAGAAAAAGAACCATACAAGAAC
AAGAAACAGAACACGAAAAAGAAAAAGAAAAAATAAAAAGAAAAAGAACATAAAAACTAAACAGAAAACTAACCATAACCCTAACCCTAACCCTAAACCCTAACCCTAACCCTAACCCTAAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAGA
CCCTAACCCTAACCCCTACCCCTACCCCCTAACCCTAACCCTAACCCTAACCCCTAACCCCTAACCCTACCCCTAACCCTAACCCTAACCCTAACCAGGGACAGCCCGTTGCATGAGCCCCTGGACTCTAACCCAGTTCCCTTCTGGAATTTAGGGGCCCTGGGACA
GCCCTGTACATGAGCTCCTGGTCTGTAACACAGTTCCCCTGTGGGGATTTAGGGACTTGGGCCTTCTGTCTTTGGGATCTACTCTCTATGGGCCACACAGATATGTCTTCCAACTTCCCTACACAGGGGGGACTTCAAAGAGTGCCTTGAGCTGATCTGGTGATTG
CTTTTTTGTACTGTTATTTATCTTATTCTTTTCATTGTGAGGTACTGATGCAAACACTTTGTACGAAAAGGTCTTTCTCATCTCGGGAGTCCCCGTCTATTTGTCCCGGTCCCTG
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Number146372
CAGGGACCGGGACAAATAGACGGGGACTCCCGAGATGAGAAAGACCTTTTCGTACAAAGTGTTTGCAGTCAGTACCTCACAATGAAAAGAATAAGATAAATAACAGTACAAAAAAGCAATCACCAGATCAGCTCAAGGCACTCTTTGAAGTCCCCCCTGTGTAG
GGAAGTTGGAAGACATATCTGTGTGGCCCATAGAGAGTAGATCCCCAAGACAGAAGGCCCAAGTCCCTAAATCCCCACAGGGGAACTGTTGTTACAGACCAGGAGCTCATGTACAGGGCTGTCCAGGGCCCTAAATTCCAGAAGGGAACTGGGTTAGAGTCCA
GGGGCTCATGCAACGGGCTGTCCCTGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTAGGGTTAGGGTTAGGGTTCGTGTTAGGGTTATGGTTAGGGTTCGGGTTAGGGTTAGGGTTTAGGGTTAGGGTTAGGGTTAGGGTAGGGTTAGGGTTAGGGTTAG
GGGTTCAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTCAGGGTTAGGGTTCGGGGTTAGGGTTCGGGTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTCGGGTCGGTTGTCGGGTTCGGGTTCGGGTTCGGGATTCGGGTTCGGGGTTCGGGTTCGGGTTA
GGGTTCGGTAGGTTCGGTTCGGGTCTAGGGTCAGGGTTAGGTTAGGGTTCGGGTTAGGGTTTAGGGTTCGGTATTAGGGTTCGGGTTCGGGTTCTTGGGTAGTCGGGTTCGGGTTCGGGTTCGGTTACGGGTTCGGGTTCGGGTTCGGGTTACGGGTTACGGG
TTCGGGTTCGGTTCGGGGGTTCGGGTTCGGGTTCAGGAGTGTCTGGTTCGGGTTCGGGTTCGGGGTATCGGGGTTCGGGTTTCAGGGTTAGGGTTCGGGTAGGGTTAGGGGTTCGGGTTAGGGGTTCGGGTTCGGTTCGGGTTCGGGTTCGGGTTAGGGTTC
GGGTGTCTAGGTTAGGGTTCGGGTTCGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTATCGGGTTCGGGTTCGGTTCGGGTTCGGGTTAGGGTTCGCGGTTAGGGTTCGAGTTCTGGGTTAGGGTTCGGGTTCGGGTTCGGGTTCGGTTCGGGTT
CGGGTTCGGTTCGGGTTAGGGTTAGGGTTAGGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGTTCGGGTTACGGGTTCGGGTTCGGTAGGTTCGGGTCGGTTCGGGTGTCGGTTCGGGTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTAGGGTT
CGGGTTCGGGTTTCGGGTTCTAGGTTCGGGTTAGGGGTTCGGGTTCGGGGTACGGGTTCAGAGGTAGGGTTAGGGTTCGGTTCGGGTCGGGTTCAGGGTTAGGGTTCGGGTTAGGTTCGGGTTAGGGTTAGGGTTCGTTCAGGGTTCGGGTTCGGGTTCGGG
TTAGGGTTCGGGTTCGGGTTAGGGTTAGGGTTAGGGTTCGGGTTCGGGGGTTCGGTTAGGGTTAGGGTTAGGGTTCGGGTTAGGGTTCCGGGTTAGGGTTCGGGTTCGGGTTCGGGTTAGGGTTCGGGTTCGGTTGTTCGGTTCGGGTTAGGGTTCGGGTTC
GGGTTAGGAGTTCGGGTTCGGGTTCGGGTCGGGTTCGGGTTTCGGGTTAGGGTTCGGGTTCGGTTCGGGTTCGGGTTCGGCGTTAGGGTTCGGGTTTCGGGTTAGGGTTTCGGGTTCTGGGTTAGGTTCGGGTTAGGGATTCGGGTCGGGTTGGGTTAGGGTT
CGGGTTGGTTCGGGTTCGGGTTCGGGTTCAGGGTTAGGGTTCAGGGTTAGGGTTAGGGTTCGGGTTCGGGTTCGGGTTCGGGTTAGGGTAGCGGTTCTGGTCGGGGTCTCGGGTTCGGTTCCGGGTTAGGGGGTTCGGGGTTCGGTCGGAGTCGGGTTCAGG
TTCGGGTTACGGGTTCGGGTTCGCGGTTAGGGGTTTCGGTGGTTAGGGTTCGGGTTAGGGGTAGGGAGTGTCGCGGGGGGTAGGAGGATTAAGGGGATTGGGTTAGGTGTTTATGCAGGTAGGCGAGCTGCGCTATGGTTTCGGGTTCGGGGTATAGGGGT
TATTGGGTTTCGGGTTATGTTAGGGTTAGAGATGCCAGATGCACGGAGCC
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Appendix 2: Examples of reads generated using the hidden Markov model with the original sequence above.
In green the telomere specific primer sequence; in dark blue the sub-telomere sequence; in light blue the telomere repeats, forward (1) and reverse orientation
(2); in orange end insertions; in red interstitial insertions; and in purple the telorette primer.
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HCT116"™/
XpYp telomere

TGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG T

17p telomere Allele 1

AAGGGTTBEEETTAGEGE T TGGGGTTGGGGTTGGGGTTGGGGTTAGGCTAGEE CFAGEE CFIAGEGCTAGGGCTAGGGCTAGGGCTAGAGTIRGEE TG

17p telomere Allele 2

GAAGGG TAGEEITAGGGITAGEG T GGGGTTGGGGTTGGGG IIAGEGIAGEE GG GG AGGEIAGGEIAGGGITAGGGIIAGEGITAGEE TAG

79 telomere Allele 1

CAGTG AGEGITAGEE  AGGE G IAGEE CAGGGTCAGGGTCAGGGTCAGGGTCAGGGIINBEETAGGGTTCGGGTTCGGGTTCGGGTTCGEGTTCG

79 telomere Allele 2

CAGTG AGEEITAGES - AGGHC ITAGGGIAGGGITAGGOITAGCGIIAGGGITAGGEEITABEEG 16GGGTTGGGC IABEECIABEEGTTGGG

HCAzHPV E6E7
XpYp telomere Allele 1

GAGGG IAGEGIAGEOITAGGGITAGGGITAGGOITAGGEIAGGGITAGGEITAGGEIAGGGITABEE 1GGGGTTGGGGTTGGGGTTGGGGTTAGG

XpYp telomere Allele 2

GAGGG AGEGIAGGEITAGGGITAGGGITAGEG ' IIAGGE™CAGGGIAGGECITAGEE CAGGGIAGEECIABEE T CAGGGTCAGGGTCAGGGTC

17p telomere Allele 1

Appendices

GAAGGGTAGEGTTAGEGTTAGGGTTAGGGTTAGGGITAGGE T TGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTAG
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17p telomere Allele 2

AAGGG TAGEEIIAGGGITAGGEITAGEE T6GGGTTGGGGTTGGGC AGEEIIAGEE GGG IIABEETGGGGAGGGITAGCEITAGEETAGG

u20s
XpYp telomere

GAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG

17p telomere Allele 1
AAGGGTNGEETTAGEETTGGGGTTGGGTTGGGGTTGGGGTTAGGCNGEE TIAGGE CIIAGEECTAGGGCTAGGGCTAGGGCTAGAGTTAGGGTTGG

17p telomere Allele 2

GAAGGGTAGEGTTAGEETTAGGETTAGEE T TGGGGTTGGGGTCGGGGNGBEITABEE TCGGGGTCAGGGTCAGGGTCAGGGTCAGGGTCAGGGTCAG

Appendix 3: Examples of the highest scoring reads for each allele at each chromosome end studied.
The parental samples to represent the HCT1164™/- and HCA2H*Y E7 cell lines and the U20S cell line. Legend as follows: [illMGaE; TCAGGG; TTCGGG; GTAGGG;
: TTGGGG; TAAGGG; CTAGGG; [iT666; TGCEGE; AGAGGG.
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HCT116"™/
XpYp
- Parental (Reference)

- AlLT clone
(unaltered)

7q allele 1
- Parental (reference)

AGTGHEBGHGHooonliTAGGG TGGG TAGGOEonooooBGEGEoooooTGGE
TaTg GG TO GAG GGG COooooooog

- ALT clone
(unaltered)
AGTGHEBGHEGHooonBTAGGcHEEEEEE T TG RENEEE TAGGGEooonoolGHGHonn00GTGGGERTTGGGTTGGGTTGGGTTGGGTTGGGTTGGGHRTTGGGHNTTGGGNGGONNTTGGGOOONOTTGGGOHEN
113 bps
A

r
AGTGlGIGIDDDDDITAGGG—DDDDDDDDTGGGGIG_G-G-G_G-GIG_GI

TGGGTTGGGTTGGGTTGGGTTGGGTTGGGHMTTGGGHOTTGGGOGOONTTGGGOONNNTTGGGO NS
T

TT
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434 bps

1

TAGGGHnoonnBGEGEno000GTGGGHRTTGGGTTGGGTTGGGTTGGGTTGGGTTGGGHERTTGGG uTrGGuuuulnTAGGGunnTTGGGqulT

GTTAGGEOTCGOOTGGGGOOOTTGGGOETHTHHGHRAEETTCGGTGHTORTHRTTAGG AGGTTAGGHEONNONOETTGGGHTTCG

711 bps

ﬁGTGIGIGHCCAGGGDDDDITAGGG-TTGGG-TAGGGID|:||:||:u:|DIGIGIDDDDDTGGG.'I'I’GGGTTGGG'I'I'GGG'I'I'GGGTTGGG'I'I'GGG.TTGGGIDTI’GGGDGDDDTTGGGDDDDDTI’GGGDDI

GG TTofiliTeAc GGG oooooooooT TAGG—_
TT

7q allele 2
- Parental (reference)

AGTG GIG GIGDD G GDDDIGDDDDDD GEGHEOG oooood) m] GEGEOOOOO GEIG G-DD-_DDDDDDCTAGGDDDD-
GGG AGGG] TTAGCGHEEGEG G G oooofGlooooo

ALT clone

(unaltered)

AGTGEEGHCHEEEEEEcooBGHcooolcoonnnTTeecHEnaHGE Gl CHNNNEEEEE - T TGGGooonT
66 bps

|
I
AGTGEEGHG

T
223 bps
A

[
AGTGHEGHG (6" [cale)- [¢]- [clalals - (claialaiatats - ='s/a/alc - €
(m]

T

OCTCGGGooooCTA
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HCAzHPV EGE7
17p allele 1

- Parental (reference)

AAGGG DooooooodTTGGG DOooo00od DOOTAAGGO
TT

- ALT clone

(unaltered)
DooooooooTTGGG

379 bps
|
I 1
L
100 bps
A
I 1
AAGGG TGGGooooooo 0000000000000000T 0000000000000 T TAGGO0000000000000000000 T0N000000GO0000D
BEEEG AGGTATGG
202 bps
]
f \
AAGGG-DDDDDDDDDTTGGGIDDDDDDDDD—
T
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17p allele 2
- Parental (reference)

AAGGG-DDD m Dooooo0TEoo000000TAGGGEDOO0OoOTCGGGGEGHEG] TAAGGD m] TGGG G-DDDDDDDD GEGEGHEGHEG TTO
TToTToTTo O TTG oTToTTo ToTToTTaTToTToTTg oTTg
TToTToTToTToTTa g TEET TAGG D AGGG
T

- ALTclone
(unaltered)

AAGGG-DDD.DID-DDDDDDDTIDDDDDDDTAGGGIDD|:||:||:||:|DTCGGGGIGIG_TAAGGD-TD-TTGGG-TD-TT
119 bps
A
AAGGGD0DE 1 05 0 HUBEODOERNDEANEYENNNTEAEOTEEEDEET T 1
143l bps

I
AAGGGODDH 00 G GODODOH - DONEGDONONADONONRDOOGOSOOCOOSAOCOCODATT

AAGGG CooBE0 TAGGG
TTAGAG AGGG DooooooTEO

Appendix 4: Examples of multiple elongation events in all samples at all chromosome ends studied.

The HCT116A™*/- parental and the HCT116ATR%/-DN-hTERT A) T clone at the XpYp and 7q chromosome ends; and HCA2HPY €7 parental and the HCA2HPY E6E7 ATRX-/- o) T
clone at the 17p chromosome end. In red the estimated length to which telomeres eroded to before undergoing extension upon comparison to the respective
parental sequences. Legend as follows: -; TCAGGG; TTCGGG; GTAGGG; -; TTGGGG; TAAGGG; CTAGGG; -; -; AGAGGG. O represents
a 6 nucleotide variant repeat and non-highlighted sequences represent single nucleotides.
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B
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&L 8F
&t a8
“_|||||||||||||||||||I|||||||I|I|I|||||||I|||||I|I|I|I|||||||I|||I|I|I|I|||||||||||I =
lel|Query_60203 100 150 200 250 300 350 407 lel|Query_2331 2,300 2,400 2.500 2,600 2,700 2,800 2,900 3,059
C

hcee  yj ERECE ERRRERRREEGde PERREREEERSE(CCC(Cce B GREEpiCCe B R pNEoy  BR gl . pteee . pye gpeee gy e g _j
GAGGGTHBEEEEEEE 8T TAGTGGETTGGGTATAGGGERTERG TEEATATAGGGETTETEEERTAGGTATAGGGTRRTTAGGTHEE BN GE TBTAGGCHEE G To R T - c B - B G AR Baas c HeE T TAGGETTAGG TTe T S NEEE  BEEE G EE TTA

D

GAAGGGIHEEE oo ol E - FEEEEEE - o000 TRonononoTAGGGEDnonnnnTce GGG Gl cNNENEETAAGG NSRS NN GGG NNEEEE CEEeEs o000 oo BN cEGHGEcE- BEEEEEET TAGAGGTToTToTTo O NEaE o8 T - SRS T T C NS T
GAAGGG-GIE\DD.DID_E\DDDDDDTIE\DDDDDDTAGGGIE\DE\DE\DE\TCGGGGIGIG_DD

T

Appendix 5: Examples of altered sub-telomeres (more than a 10% change from expected length) of reads for which the primer and the sub-telomere sequence
matched. A) Dot plot result comparing the expected sub-telomere sequence (X-axis) against the altered sub-telomere sequence (y-axis; 41 bps insertion) for the
HCA2HPY E6E7 ATRX-/- A| T clone at the XpYp allele 1. B) Dot plot result comparing the expected sub-telomere sequence (X-axis) against the altered sub-telomere
sequence (y-axis; 2,017 bps deletion) for the HCA2HPV E6E7ATRX-/- A| T c|one at the 17p allele 2. C) and D) the telomere to the sub-telomere regions analysed matching
A) and B) respectively with the expected telomere at the top and the telomere taken from the altered sub-telomere at the bottom. Dot plots generated on BLAST.
Legend as follows: [lMGIGE; TCAGGG; TTCGGG; GTAGGG; fBAGGE; TTGGGG; TAAGGG; CTAGGG; ffiie66; TGEGEE; AGAGGG. O represents a 6 nucleotide variant
repeat and non-highlighted sequences represent single nucleotides.
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