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Abstract

Telomere maintenance is the central process governing cellular immortality. The two
distinct pathways — 1) telomerase activity and 2) the alternative lengthening of telomeres (ALT) —
result in telomere elongation and allow cells to evade normal cellular ageing mechanisms. Both
telomere maintenance pathways can become activated through gene mutations, leading to

genetically unstable cells capable of unlimited proliferation.

Expression of the chromatin remodeling protein ATRX is lost in almost all ALT+ cancers,
suggesting a role for ATRX in ALT repression, however its exact role in telomere maintenance
remains unclear. This thesis provides novel evidence suggesting ATRX acts to resolve telomeric
G-quadruplexes (G4), thereby facilitating telomerase activity and indirectly repressing ALT.
Using RNA interference in human cancer cell lines and a novel DNA ELISA-based technique, the
data presented here establish that loss of ATRX expression results in increased G4 at the telomere.
This G4 enrichment correlates with a reduction in telomerase activity in vitro which is exacerbated
following treatment with the G4 stabilizing agent, Pyridostatin. Further, loss of the full-length
ATRX isoform alone does not directly correlate with the ALT phenotype in the selected cell panel.
However, a truncated ATRX isoform, ATRXt, was found to be expressed in all selected
telomerase+ cells and shown to maintain key functions of the full-length protein. Therefore,
alternative ATRX isoforms may act to facilitate telomerase activity through G4 resolution, even
in the absence of full-length protein. Taken together, these data provide novel evidence identifying
ATRX as an important factor facilitating telomerase-mediated telomere elongation through G4

resolution at the telomere.
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Preface

The data presented in this thesis are in partial fulfillment of my PhD in Biochemistry and
Molecular Biology and the University of Calgary, Canada. | certify that | conducted all
experiments myself (unless otherwise specified) and am proud and confident in the results | have
generated.

This thesis aims to shed light on how cancer cells maintain cellular immortality; a key
hallmark of cancer. As telomere maintenance represents a defining feature of malignancy,
expanding our knowledge of this field will provide new cancer-specific targets for therapy. By
expanding our knowledge of pathways and mechanisms common among all cancers, we can
identify druggable targets which may apply on a far broader scale than many existing therapies.

The results in this thesis provide novel evidence for the roles of ATRX and the G-
quadruplex in regulating telomerase activity in cancer, in addition to a novel method of G-
quadruplex detection in genomic DNA samples. | believe this data can be used to inform future
research into cancer cell immortality and solidify the roles of ATRX and G-quadruplexes in

telomere maintenance.
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Chapter 1: Introduction

Epigraph

‘I am very poorly today and very stupid and hate everybody and everything’

- Charles Darwin in a letter to Charles Lyell, October 1, 1861.

The knowledge that even the late, great, Charles Darwin had some rough days makes my scientific

failings feel far less dramatic.



Introduction

Telomere Maintenance and Cancer

Through decades of cancer research, one central goal has been to identify properties that
differentiate malignant from normal cells. If we can define these differences, it may be possible to
use the distinguishing properties to target cancer cells without causing harm to healthy tissue. A
number of cancer-specific properties were proposed in a 2000 Cell paper by Hanahan and
Weinberg - entitled ‘The Hallmarks of Cancer’- that discussed some of the characteristic features
of cancer cells, thereby enabling and maintaining their malignancy (1). In 2011, an update of these
hallmarks was published by the same authors, with a focus on ‘enabling and emerging’ hallmarks.
One of the persisting hallmarks present in both the original and updated articles, describes the
ability of cancer cells to evade normal cellular ageing processes and divide without limit. This
hallmark is termed ‘enabling replicative immortality’ and is an essential property of cancer cells
because without it, they would be incapable of sustained proliferation (2). The inevitable outcome
of this unchecked proliferation is an increasingly unstable genome due to the accumulation of
mutations throughout each cell division, which itself is defined as a hallmark of cancer (3). In order
for a cell to attain replicative immortality, it must successfully evade cellular ageing in the form
of progressive telomere shortening, otherwise known and the ‘end replication problem’(4).

The end replication problem is a phenomenon that occurs due to the strict directionality of
DNA polymerase. During replication, this enzyme requires a 3’-OH group to initiate synthesis of
a new DNA strand. The leading DNA strand is replicated from a single RNA primer without issue
because its orientation allows the polymerase to move along in a 3°-5’ direction, synthesizing a

new DNA strand in a 5°-3” direction. However, as the lagging strand of DNA has the reverse



orientation, the DNA polymerase requires multiple RNA primers to initiate synthesis. These RNA
primers bind at intervals along the lagging strand of DNA, providing the 3’-OH required for
synthesis initiation (5). This process generates many short fragments of newly synthesized DNA
called Okazaki fragments. The RNA primers are then removed from the original DNA strand,
allowing DNA polymerase fill in the ‘gaps’ using the 3’-OH from each Okazaki fragment to
initiate synthesis. These fragments are then ligated together to form a continuous strand of DNA.
However, at the end of the lagging strand, the terminal RNA primer, once detached, leaves a short
section of un-replicated DNA (6)(7). With each round of replication this loss of DNA leads to
progressive shortening of the telomeres, eventually resulting in a dysfunctional telomeric state
triggering a telomere-specific DNA damage response (8)(9).

The telomeric state — referring to the compaction and organisation of the telomere - is
primarily determined by the formation of a loop structure at the terminal telomere end (t-loop).
This structure caps the telomere and prevents it from being recognised as a double-strand break by
DNA damage response (DDR) factors (10)(11). The t-loop is formed when the 3’ G-overhang of
telomeric DNA loops back on itself and invades a double stranded section of telomeric DNA.
However, the 3* overhang generated through the end replication problem is insufficient to create
the t-loop and so further resection takes place to extend the 3° overhang on the lagging strand and
to generate a 3° overhang on the leading strand (12). Once formed, the t-loop is predominantly
stabilized by a group of 6 proteins collectively referred to as the shelterin complex (13)(10).
Telomeric state can therefore be disrupted by short telomere length as well as a lack of functional
shelterin proteins, leading to loss of the telomeric ‘cap’ (8). In both of these scenarios, the terminal
ends of the telomeres become exposed, triggering the telomeric DDR and leading to cellular

senescence or apoptosis (11)(14).



The progressive attrition of telomeric DNA caused by the end replication problem can be
described as an ageing clock, counting down until the cell is no longer able to safely replicate. In
cancer, cells can evade this ‘clock’, and continue to divide beyond what is safe and healthy for the
cell. Under most circumstances, dysfunctional telomeric state, loss of the t-loop and induction of
DDR caused by the end replication problem will trigger a cascade of signalling events leading to
senescence. This process is designed to stop unstable cells from continued proliferation, in turn
preventing malignant transformation. However, if a cell has acquired mutations in essential cell
cycle or senescence-associated proteins, it may be able to evade senescence and continue dividing.
Two key factors known to be involved in cellular ageing and senescence are p53 and Rb (15)(16).
These two tumour-suppressor proteins are essential to healthy cellular ageing and loss of either
can result in catastrophic changes in the cell that can lead to malignant transformation.

Loss of functional p53 or Rb may be just the first step to cellular immortality. For the cell
to continue to divide, a telomere maintenance mechanism (TMM) must be activated to counter the
end replication problem. Under normal circumstances, if a cell continues to divide even with
dysfunctional telomeres, it will be forced into apoptosis as the telomeric attrition extends into sub-
telomeric and coding regions of DNA (17)(18). However, if a TMM is activated, the telomeres
can be elongated just enough to allow continued replication. Telomere maintenance is something
shared between cancer cells and stem cells, however TMMs remain active throughout the lifespan
of a stem cell and are tightly regulated through histone methylation/acetylation to prevent cellular
immortality, whilst extending the number of healthy cell divisions (19)(20). This process is
essential to stem cells as it allows them to repopulate regions of high cell death and to maintain
healthy tissue function. However, unregulated TMM activity in already unstable cells can promote

continued proliferation of mutant genomes, triggering the start of malignancy (21).
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Two TMMs have been identified in cancer cells; Telomerase-mediated telomere
maintenance and the Alternative Lengthening of Telomeres (ALT) (22)(23)(24). Both mechanisms
facilitate cellular immortality utilizing two very distinct mechanisms and both are considered

potential targets for anti-cancer therapy.

Telomerase-mediated telomere maintenance

In stem cells and ~85-90% of cancers, telomeric attrition is resolved through the action of
the ribonucleoprotein complex enzyme, telomerase (25)(26). The core complex of telomerase is
composed of the essential Telomerase RNA component (TERC or TR) and telomerase reverse
transcriptase (TERT) (27). TERC has an intrinsic RNA template sequence complementary to the
telomeric sequence, allowing it to bind to the leading strand of telomeric DNA, providing a
template for the addition of telomeric repeats via TERT. This elongates the leading strand of DNA
enough for DNA polymerase to fully replicate the original length of the lagging strand, thereby
preventing telomeric attrition and allowing the cell to evade the cellular senescence (28).

Similarly, stem cells evade senescence through telomerase activity, although the manner
in which they do this is quite different from that of a cancer cell. Firstly, the activity of telomerase
in a stem cell is limited by tight regulation of the TERT protein as this directly correlates with
abundance and activity of the enzyme (29)(30). In cancer cells however, the production of TERT
is dysregulated and far higher than in stem cells, meaning more telomerase is produced (31).
Secondly, stem cells have active telomerase throughout their lifespan and therefore, their telomeres
are generally maintained at a longer length than those of cancer cells, which may only acquire
telomere maintenance following failure to undergo cellular senescence, despite an unstable

telomere state (19). There is much discussion in the field regarding the transformation of stem cells
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Figure 1: Clinical analysis of ATRX in Glioma using TCGA datasets. a) Kaplan-meier survival

graph for Glioma cases with mutations in the ATRX gene (red) versus ATRX WT (blue) shows a
significant survival benefit of ATRX mutations. b) Tabular results of telomere maintenance
analysis versus ATRX gene status in Glioma. All 115 ALT+ cases have mutations in ATRX while
all 155 telomerase+ cases have ATRX WT gene, suggesting mutual exclusivity between ATRX
expression and ALT activity. Additionally, 47 ATRX WT Gliomas did not have classifiable
telomere maintenance mechanism. All analysis was performed on TCGA datasets using
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in cancer. It seems plausible that increasing the activity of a pre-existing TMM might be simpler
than activating the entire process in a TMM deficient cell. As stem cells are the only cells in the
human body with naturally active telomerase activity, it stands to reason that mutations to these
cells may result in increased telomerase activity and increased proliferative capacity. However,
stem cells, like other healthy cells, express Rb and p53 which can trigger cellular senescence if the
cell becomes unstable, meaning mutations to these proteins must also be acquired for
transformation (11). In either circumstance, the development of cancer appears to be a multi-stage
process.

Mutations in cell cycle proteins allow replication past the senescence ‘checkpoint’, a stage
sometimes termed ‘pre-cancerous’, as cells that pass this point tend to have a high mutational
burden and genomic instability. These cells eventually reach a point at which almost all will
undergo apoptosis due to irreparable damage and high levels of stress (32). However, some cells
may progress to the second stage of transformation through activation of a TMM (33). Both
telomerase and ALT pathways allow the cell to elongate and maintain its telomeres enough to
continue proliferating, creating a highly unstable cell with unlimited replicative capacity (34). In
some cases, spontaneous activation of telomerase occurs through mutations in hotspot regions of
the TERT promoter (pTERT) (24)(35). These mutations are invariably C>T single nucleotide
polymorphisms at -124 and -146bp upstream of the transcription start site and result in increased
transcription of the TERT gene (36). It has subsequently been established that mutations at both
these sites generate consensus motifs for E twenty six (Ets) transcription factors to bind, thus
increasing transcription of the TERT gene, and subsequently telomerase activity, 2- to 4-fold (24).

While the activation of telomerase in specific cancers can be attributed to pTERT

mutations, the processes governing ALT activation and/or the choice of TMM remain largely
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undefined. One finding that has become clear through studying TMM in cancer is that the
distribution of TMM activity between cancers appears to be quite distinct. Whilst most cancers
adopt telomerase-mediated telomere maintenance, certain cancers, often of mesenchymal origin,
have a much higher prevalence of the ALT phenotype (37). This includes cancers such as
leiomyosarcoma, chondrosarcoma and pleiomorphic sarcoma, all of which predominantly possess
the ALT phenotype. Similarly, Glioma, a type of brain tumour arising from glial cells, also has an
unusually high prevalence of ALT and certain subtypes of this cancer have been suggested to have
mesenchymal features (38)(39)(40).

Glioma is divided into sub-classifications based upon histological grade and molecular
characteristics. Of the subtypes of Glioma, Astrocytoma and Glioblastoma by far have the highest
incidence of the ALT phenotype, which are closely linked to other genetic features, including
mutations in the Isocitrate Dehydrogenase 1 and 2 genes (IDH1/2). Astrocytoma is a grade II/III
Glioma defined by mutations in IDHI, Tumour Protein 53 (TP53) and Alpha Thalassemia Mental
Retardation X-linked (ATRX) genes. Similarly, a subtype of grade IV Glioblastoma defined by
mutations in these same genes has an unusually high prevalence of ALT; in these subtypes, ATRX
loss and IDH mutations correlate with improved survival rates (Figure 1a). Strikingly, another
subtype of Glioblastoma, defined by TP53 and telomerase reverse transcriptase (TERT) promoter
mutations, almost exclusively lacks ATRX and IDH mutations and are invariably telomerase
positive. Oligodendrogliomas, another grade II/IIl subtype of Glioma, are defined by loss of
chromosome 1p19q in addition to IDH gene mutations. However, this classification very rarely
has ATRX or TP53 mutations and is again exclusively telomerase positive (40)(41). The genetic

backgrounds of these cancers highlight a commonality in ALT positive tumours; mutations in the



ATRX gene (Figure 1b). These findings have prompted research into this gene in the context of

ALT, which has continued to provide tantalizing evidence of its role in telomere maintenance.

Alternative Lengthening of Telomeres

Telomerase-mediated telomere maintenance is the predominant pathway choice in most
cancer cells, however, in ~10-15% cancers the ALT pathway is utilized instead (26). Although
much is now known about the mechanisms of ALT, questions about its initial activation and the
key proteins involved remain. ALT is thought to utilize homologous recombination (HR)
machinery to elongate telomeres using the telomeric sequences of other chromosomes as a
template, and is entirely independent of telomerase activity (42)(43). As the telomeric sequence is
the same for all chromosomes in human cells, the ALT mechanism can use the telomere of any
chromosome as a template for elongation. Additionally, due to the repetitive nature of the
telomeric sequence, HR-mediated strand invasion can occur at any point in the template telomere.
This mechanism is thought to account for the telomere sister chromatid exchange (T-SCE) and
copy number alterations seen in ALT cells as a result of chromosomal fusions (44). The variability
in strand invasion and elongation also means ALT telomeres are heterogenous in length and, on
average, up to 2x longer than telomerase elongated telomeres, providing an ALT-specific feature
for detection of this pathway.

ALT and telomerase-mediated pathways of telomere elongation contain a number of
specific differences that can be used to distinguish the active pathway in any given cancer.
Primarily, the absence of telomerase activity is the central defining feature of ALT, but other key
differences have also been noted. As mentioned, ALT positive cancer cells have been shown to
possess longer and more heterogenous telomeres than telomerase positive cells (45). This feature

is useful for defining human ALT cells but is less effective when analyzing mouse telomeres. This
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is because mouse telomeres are in general more heterogeneous and longer than those of humans,
meaning all mouse telomeres, regardless of TMM, have ALT-like telomere lengths (20). The
presence of circular DNA structures termed C-circles, is perhaps the most intriguing feature of
ALT cells. C-circles were characterized by Henson et al in 2009 and are thought to occur through
rolling circle amplification (RCA) of telomeric DNA, generating small circular segments of DNA
that accumulate in the nucleus of ALT positive cells (46). Recent evidence suggests c-circles
develop following failure to rescue collapsed replication forks at the telomere, leading to c-circle
and c-overhang generation on leading and lagging strands respectively (47). This data supports
other research hinting at a link between c-circle formation and telomeric DDR (48). It appears that
the abundance of c-circles is highest during the S phase of the cell cycle and they are predominantly
formed from the lagging strand of DNA. This suggests c-circles are formed during telomeric
replication and may be associated with the end-replication problem, however further research is
needed to clarify the origin of this ALT feature (47).

Early research into ALT in cancer cells uncovered other features specific to ALT cells -
including the presence of Promyelocytic Leukaemia bodies (PML bodies) at the telomere - which
are currently used as a marker for ALT (49). The localization of PML to the telomeres is something
largely absent in somatic and telomerase+ cells, making it a useful identifying feature of ALT
activity (50). Formation of these ALT-associated PML bodies (APBs) was shown to be highly
specific and inducible in models of ALT, such as with the knockdown (KD) of the histone
chaperone protein ASF1. In one report, SiRNA induced KD of Anti-silencing factor la and 3
(ASF1a/p) lead to activation of the ALT pathway in previously telomerase positive cell lines (51).
The induction of ALT was accompanied by the repression of hTERT expression and telomerase

activity, showing for the first time that ALT can be induced by knockdown of a single gene. One
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caveat to this study however, is that mutations in ASF1 have not been reported in any ALT cancers
to date, suggesting that although ASF1 itself may not be responsible for the induction of ALT in
vivo, changes to histone deposition and chromatin state may be central to the activation of ALT
(52).

Fitting with this concept, mutations in the chromatin remodeling protein, ATRX are
heavily associated with ALT. ATRX is a member of the SWI/SNF family of chromatin remodelers
with roles in histone deposition and chromatin assembly at repeat regions of DNA. Its association
with cancer has become apparent more recently following evidence that loss of ATRX expression
occurs in ~80% ALT+ cancers, although the exact reason for this link remains unclear. It is thought
that under normal circumstances, ATRX represses the ALT mechanism so normal somatic cells
do not become immortalized via ALT (53). It is postulated that repression is then relieved upon
loss of ATRX, leading to activation of ALT during malignant transformation. However, a number
of studies show that loss of ATRX is insufficient to fully induce ALT in telomerase positive cells.
Despite this, ATRX loss is considered a predisposing factor, upon which mutations in other
proteins may be necessary to fully activate the ALT pathway (53) (54). These proteins and
pathways have remained elusive until now, but by focusing on the defining features of ALT
positive cells - such as changes to chromatin, protein expression and telomeric state - it may be

possible to elucidate to the protein(s) responsible.

Alpha Thalassemia Mental Retardation X-linked (ATRX)

Alpha Thalassemia Mental Retardation X-linked (ATRX) is a protein encoded by a gene
located on the X chromosome. It primarily functions to deposit histone variant 3.3 (H3.3) to repeat
regions of DNA, including telomeric and pericentromeric regions amongst other chromatin

remodeling roles. The ATRX protein is named as such after the syndrome it was initially
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discovered in. Alpha Thalassemia mental retardation X-linked (ATR-X) syndrome is an
intellectual disability syndrome with associated symptoms including craniofacial abnormalities,
genital anomalies and the characteristic alpha thalassemia (55). Interestingly, this syndrome almost
exclusively affects males due to skewing of X-inactivation in females to silence the mutated gene
(55)(56). The ATRX gene was found to be directly associated with the syndrome primarily through
mutations in the protein’s ATRX-DNMT3-DNMT3L (ADD) and helicase domains. The ADD
domain is essential to ATRX function as it facilitates binding to specific histone 3 (H3) markers
including; H3 lysine 4 and methylation of H3 lysine 9 (57). The regulation of chromatin structure
is dependent on the ability of ATRX to detect and interact with specific epigenetic histone markers
such as these. ATR-X syndrome mutations appeared to inhibit the ability of ATRX to promote
transcription of the a-globin gene which is essential in maintenance of haemoglobin levels in blood
cells (58)(59). Although it has been shown that mutations in the ATRX ADD and helicase domains
result in conformational changes to the protein, it remains unclear how these conformational
changes directly affect ATRX function (60). However, it is apparent that transcriptional regulation
of ATRX target genes is heavily affected by mutations in these domains, suggesting either DNA
binding or helicase functions are directly affected (59)(61).

Despite the fact that ATRX in relation to ATR-X syndrome was discovered in the mid
1990’s, it was not linked to cancer until 2011when Heaphy et al published an article in Science
showing loss of ATRX protein in multiple cancers was correlated with ALT activity (60)(62).
Further, mutations in ATRX have been observed in a number of cancers at varying degrees, with
malignant glioma, sarcoma and non-small cell lung cancer (NSCLC) representing those in which

ATRX is most frequently mutated (63).
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The link between ATRX mutation and glioma was further supported in a 2012 Nature
publication by Schwartzentruber et al, showing 44% paediatric glioblastoma (GB) cases had
mutations in one or more of ATRX, H3F3A or DAXX genes (H3F3A encodes the H3A subunit if
histone 3 and DAXX encodes an ATRX-interacting histone chaperone protein) (64)(65).
Subsequently, articles reporting a similar link between glioma and ATRX have been published -
particularly focusing on how the loss of ATRX in glioma is linked to a favourable prognosis -
leading to routine ATRX analysis being performed in the clinic when diagnosing glioma patients.
These findings prompted a great degree of interest in ATRX as a potential target for cancer therapy
and studies into its role in ALT positive cancers are ongoing.

As more studies have focused on ATRX in the context of cancer, multiple interacting
partners have been identified, building a comprehensive ATRX interactome (Figure 2). Initial
studies demonstrated that ATRX is part of a replication-independent chromatin remodeling
complex with Death associated protein 6 (DAXX). The ATRX/DAXX complex is primarily
responsible for deposition of histone variant 3.3 (H3.3) at repetitive regions of DNA, including
telomeres and peri-centromeres. The complex binds directly to H3.3 via DAXX and with ATRX
acting as a guide to target regions, allowing DAXX to deposit H3.3 at specific chromosomal
locations (66).

Initially, the regulation of a-globin gene expression in ATR-X syndrome represented the
first evidence that ATRX was directly involved in epigenetic regulation. However, other than H3.3
deposition, its role in gene regulation remains unclear (67). As evidence regarding alternative DNA
secondary structures — in addition to the canonical double helix - was established, a potential link
between ATRX and resolution of these structures became apparent. Studies demonstrated that both

a-globin genes and telomeric DNA were capable of forming a distinct DNA secondary structure
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Figure 2: ATRX interactome map. Direct ATRX interactions based upon existing literature. Lines

between proteins represent interactions and line colour represents the source of information.
Known interactions: Curated databases (teal), experimentally determined (pink); Predicted
interactions: gene neighbourhood (green), gene fusions (red), gene co-occurrence (blue); Other:
tex-tmining (yellow), co-expression (black), protein homology (light blue). The human ATRX

interactome map was generated using STRING software version 11.0 (available online).

14



known as a G-quadruplex (G4) which was associated with gene regulation (68)(69). Subsequently,
it was shown that ATRX localises to chromosomal regions enriched for G4, suggesting it may play
a role in resolving these structures (70)(71).

DNA G-quadruplexes form in G-rich genomic regions, including gene promoters and
telomeric DNA, and are considered to be important for transcriptional regulation (68). As active
genomic regions are often enriched for G4 DNA, it stands to reason that G4 may provide a level
of epigenetic regulation in the cell. What has been established is that, if not appropriately resolved,
G4 can act as barriers to fork progression in both replication and transcription. This suggests
certain factors are required to help break down G4 and promote smooth progression of
transcriptional and replication machinery through G4-rich regions (72). ATRX, in addition to other
helicases, has been shown to have some G4 resolution ability, suggesting it may be involved in
resolving G4 either directly or indirectly - which would explain its localisation to G4 DNA (73).

In addition to ATRX’s affinity for repetitive and G4 DNA, it has also been shown to
colocalize with PML bodies (74). These ‘clusters’ of PML protein form in most mammalian cell
types but localise specifically to the telomeres of ALT cells (in this context they are termed APBS).
The loss of functional ATRX as well as the accumulation of APBs in ALT-positive cancer cells
suggests ATRX might play a role in regulating PML cluster formation at ALT telomeres (75).
Further, it has been shown that factors involved in homologous recombination (HR) localize to
APBs in ALT-positive cells, suggesting these structures may act as hubs for HR-mediated telomere
elongation. This is further supported by interactions between ATRX and the MRN
(Mrell/Rad50/Nbs1) complex. MRN is an essential complex involved in the early stages of HR
and interaction with ATRX represses MRN localization to telomeres, thereby repressing ALT

activity (54)(76). Interestingly, ATRX targeting to PML bodies was shown to be reduced by
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mutations derived from ATR-X patients, tracing back to the ATRX ADD domain (77). Although
in ATR-X syndrome the ATRX ADD and helicase domains appear to be hotspots for mutation, in
adult glioma ATRX mutations are distributed throughout the gene and are not confined to any
specific domains (41). Despite what is known about ATRX and its links to TMM, the exact role
of ATRX in cellular immortalization and the ALT pathway remain unclear. The association
between ATRX mutants and paediatric GBM, in addition to the high frequency of ALT in adult
glioma, raises the possibility that ATRX may also be fundamentally involved in the development

of certain cancer types, including glioma.

Epigenetic gene regulation and chromatin remodeling

Traditionally, DNA is depicted in its primary form as a double-stranded molecule followed
by its canonical secondary double-helix structure. The DNA molecule is then wrapped tightly
around histone octamers to form the tertiary DNA structure of a nucleosome. This multi-layered
organisation has been considered for decades to be the primary mechanism by which genes are
regulated. However, developments in the field of epigenetics have introduced a new layer of
complexity to the process and identified additional key players in gene regulation.

In most regions, epigenetic regulation of genes is determined by chromatin state. This is a
dynamic process and reflects the activity of the genes, with euchromatin being associated with
active genes and heterochromatin associated with repressed gene regions. At the telomeres,
chromatin exists in a tightly compact, heterochromatin-like state as the telomeric sequence is non-
coding (78). The chromatin state itself can be regulated by chromatin remodeling enzymes which
can move, insert and eject histones as well as switch canonical histones for variants. This action
results in changes to nucleosome density and provides a more open or closed chromatin state,

thereby regulating access of transcriptional factors to discrete regions of DNA. Another method of
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epigenetic regulation occurs through histone modifications. These alterations bring about a change
in chromatin state by providing binding sites for chromatin-associated factors and modifying
histone charges to facilitate changes in chromatin organisation (79). Histone variants are another
essential factor in chromatin regulation as certain variants can replace canonical histones to alter
chromatin state and influence transcription of target genes. Histone 3 variant, H3.3, is mostly
associated with active chromatin, however has also been found at some repressed gene regions
including the telomere, suggesting it has dual roles (80). Similarly the H2A variant, H2AX, is
deposited at damaged DNA regions as the initializing step in many DDR pathways (81).

The substitution of canonical histones with their variant counterparts is dependent on
histone chaperones and chromatin remodeling proteins that perform differing roles depending on
the family from which they originate. The chromatin remodeler ATRX has key structural
features of the SWI/SNF family, including the C-terminal helicase domain and highly conserved
PHD domain. The SWI/SNF family of proteins are responsible for sliding and ejecting
nucleosomes along DNA to increase or decrease nucleosome density in a particular region (82).
Interestingly, ALT cells, which are predominantly ATRX negative, have been shown to display
reduced nucleosome density at telomeres compared to telomerase positive cells, suggesting there
may be dysregulation of telomeric chromatin in these cells (83). This concept is further supported
by increased levels of telomere dysfunction induced foci (TIFs) in ALT cells. These features occur
as a result of increased localisation of DDR proteins at telomeres, again providing evidence that

the telomeric state in these cells is altered (44).
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G-Quadruplexes

The discovery that certain G-rich regions of DNA can form alternative secondary structures
has changed the way we view DNA, creating the impression of a more fluid, transient molecule
capable of regulating cellular behaviours through altering its own 3-dimensional structure. In the
1960’s, Gellert et al. reported how a solution with high concentrations of guanine monophosphate
(GMP) form a viscous gel when cooled. Using x-ray diffraction, the authors observed helical
structures forming within the GMP gel, with 4 units per helical turn (84). This was the first
evidence of G4 forming in vitro. In the 1980’s, a number of articles developed this concept further,
providing biochemical evidence of DNA oligonucleotides folding into G4 structures in vitro, even
demonstrating their formation in the telomeric sequence (85)(86). Subsequent research has led to
the development of tools to detect G4 in vivo, such as anti-G4 antibodies, allowing more in depth
analysis of the role these structures play in the cell (87)(88).

G4 structures form in guanine (G)-rich DNA and RNA sequences - known as G4 motifs -
and typically contain 4 GGG repeats broken up by between 1 and 25 nucleotides, forming the
‘loops’ between guanine repeats (89). These motifs fold into planar assemblies called G-tetrads
that ‘stack’ onto one another, forming the complete G4 structure (90)(91). Further stability comes
from intracellular monovalent cations that sit at the centre of the G4 structure and counter the
negative charges from the O position in each guanine (Figure 3a) (92).

The variability in loop sequence length and orientation of guanine repeats within each
tetrad allows for many diverse organisations (93)(89)(94). For example: G4 can form within a
single strand of DNA (intramolecular); between 2 strands of DNA (intermolecular/bimolecular);
or between 4 strands of DNA (tetramolecular); and be parallel or anti-parallel in nature (Figure

11b) (90)(95). The latter designations are given when all 4 strands within the G4 face the same
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Figure 3: Development of oligonucleotide standards and controls. a) G-quadruplex structure

depicted from above, stabilized through K+ ions at the centre. Guanine molecules in green are
linked through Hoogsteen hydrogen bonding. b) Representation of a single G-tetrad within a single

DNA strand (intrastrand).
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direction or at least one strand is anti-parallel to the others, respectively (96). Even within these
subtypes of G4, there are additional orientations which affect their stability in addition to the
physiological concentration of monovalent cations (97). Additionally, despite G4 being able to
form spontaneously, they are unlikely to breakdown in a passive manner. This is because G4
structures are more stable than even double stranded DNA once formed, suggesting certain
protein(s) have an active role in G4 regulation (96). The diverse organisations of G4 as well as
their non-random distribution and stable nature, brings forth questions regarding the role of G4,
the mechanisms of G4 maintenance and the relevance of these structures in human disease (98).
Certain genomic regions including gene promoters, are hotspots for G4 formation,
suggesting a role in transcriptional regulation (68)(99). It has been shown that G4, if unresolved,
can act as barriers to transcriptional and replication machinery, triggering DNA damage responses
which could be extremely detrimental to the cell (100). Telomeric DNA is also enriched for G4,
however unlike gene promoters, these regions are consistently maintained as heterochromatin and
transcriptional regulation is minimal (101). Despite the telomere being invariably heterochromatic,
some transient changes in telomere structure do occur. During the S phase of the cell cycle, the
telomere is de-compacted, allowing replication machinery to access DNA ends (9). In stem cells
and most cancers, the telomerase enzyme utilises this opportunity to access the telomere,
elongating the sequence and extending the cells lifespan (102). However, evidence has shown that
telomerase-mediated telomere elongation can be inhibited by stable G4, suggesting telomeric G4
must be resolved for telomerase to function effectively (103). As telomerase activity is replication-
dependent, it could be that unresolved G4 in this region prevents the decompaction of chromatin,

thus inhibiting telomerase mediated telomere elongation (104)(105).
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In recent years, studies a have shown ATRX deficiency results in increased global G4
expression, replication stress, DDR at G4 regions, TIFs and copy number alterations; all
suggesting ATRX promotes genomic stability (106)(101)(100). However, it performed poorly in
G4 resolution assays in vitro, suggesting ATRX may have an indirect effect on G4 or an affinity
for specific G4 structures (107). Other helicases also possess G4 resolution ability. BLM and WRN
helicases - with the help of HERC2 — resolve G4 structures with great efficiency, superior to that
of ATRX (73). Similarly, the heterogenous nuclear ribonucleoprotein A1 (hnnRNPAL1) possesses
G4 binding and resolving functions, and has been associated with the telomere (108). However,
mutations in the genes encoding these proteins have not been associated with ALT, but they may
act to resolve G4 in tandem with ATRX or even in its absence.

Regardless of chromosomal location, is it clear that transient resolution of G4 is essential
to maintain normal cellular function. Thus, we could take advantage of the characteristic genomic

instability in cancer by stabilising G4 to promote DNA damage and cell death.

G-Quadruplex stabilizers as an anti-cancer therapy

The abundance of G4 within the genome has become apparent in recent years, with
prediction software highlighting over 700,000 possible G4-forming sequences in the human
genome (109). The actual number of experimentally confirmed G4-forming sequences is far fewer,
but still represents a surprisingly large portion of the genome (110). However, the distribution of
G4 appears non-random; specific G4 enrichment has been identified in telomeres and gene
promoters, with some promoters forming G4 more readily than others (95). Interestingly, many
well-known oncogenes form G4, creating a potential therapeutic target for cancer (98)(111). As

unresolved G4 lead to increased DDR, transcriptional dysfunction and replication fork stalling,
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stabilizing G4 may increase genomic instability in the already unstable cancer cells, inducing cell
death. Early on, small molecules targeting G4 DNA were developed as a way to both inhibit
telomerase activity and stabilize G4. One such agent, telomestatin, is a potent telomerase inhibitor
that interacts with telomeric G4 sequences and either assists in the formation of, or stabilizes pre-
formed G4 in a 1:2 ratio (G4 to telomestatin) (112). However, as with many of the earlier G4
ligands, selectivity, bioactivity and toxicity were a problem.

As our understanding of G4 progresses, new generations of G4 ligands are being produced
without the limitations of the earlier agents. These small molecule stabilizers are increasingly
being designed to bind specific G4 structures, providing a more direct approach for G4 targeting
(113). Quarfloxin (CX-3453), is a specific rDNA G4 ligand that stabilises ribosomal G4,
disrupting nucleolin binding and thus RNA polymerase | transcriptional activity and is currently
the only G4 ligand in phase Il clinical trials (114). Following successful phase | trials on solid
tumours and lymphomas, Quarfloxin is currently it is being assessed for treatment of
neuroendocrine carcinoma (115).

The benefit of these more targeted G4 ligands is that off-target effects are reduced due to
increased selectivity (which also permits targeting to specific G4 structures, such as the telomeric
repeats). For instance, if we can develop a G4 ligand that binds with a high affinity to telomeric
G4 structures and possesses the characteristics allowing it to cross the blood brain barrier, we can
target telomerase-mediated telomere maintenance in brain tumours through G4 stabilization,
telomerase inhibition and telomere dysfunction. Additionally, it has become evident that G4
stabilizers may be effective for inhibiting telomere maintenance in both telomerase and ALT
positive cancers, making the treatment more inclusive than many others. Wang et al. recently

published evidence supporting this concept, showing glioma cells treated with G4 ligands
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(Quarfloxin, Pyridostatin and CX-4561) resulted in increased DNA damage and cell death. These
treatments were not only effective alone, but acted synergistically with other DNA damaging
agents, providing further support for the use of G4 ligands in Glioma therapy (100). Interestingly,
the authors utilised an inducible ATRX knockdown model to demonstrate how loss of ATRX
causes increased sensitivity to G4 ligands. This suggests ATRX expression may act to counter
some of the effects of G4 stabilization, supporting the idea that ATRX acts to resolve G4, even in

the presence of G4 ligands (100).

Rationale summary

G-rich telomeric DNA has been shown to form G4 DNA both in vitro and in vivo. If
unresolved, telomeric G4 structures can prevent successful telomerase-mediated telomere
elongation, a finding shown to be exacerbated following stabilization using G4 ligands. Addition
of these ligands can result in increased DNA damage and sensitivity to DNA damaging agents,
especially in the absence of ATRX. In cancer, telomerase activity has a positive correlation with
expression of ATRX, suggesting the two may be linked. Further, upon ATRX loss in telomerase
positive cancer cells, global expression of G4 is increased, suggesting ATRX acts either directly
or indirectly to resolve G4. In total these findings support investigation into ATRX as a facilitator

of telomerase activity in cancer through telomeric G4 resolution.

Hypothesis

ATRX resolves telomeric G4 to facilitate telomerase-mediated telomere elongation in cancer cells,

promoting cellular immortality.
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Buffers and Reagents

10x TRAP buffer

TRAP loading dye

TBE buffer (10x)

TAE buffer (50x)

TBST

Tris-EDTA (TE)

Cell lysis buffer

CTA loading dye

CTA buffer A

CTA buffer B

CTA stop buffer

25x TNT buffer

Western running buffer

Western transfer buffer

10x stock; 200 mM Tris-HCL pH8.3, 150 mM MgClz, 630 mM
KCL, 0.5 % Tween-20, 10 mM EGTA pH8.0.

0.25 % bromophenol blue, 0.25 % xylene cyanol and 30 %
glycerol.

891.5 mM Tris base, 890 mM Boric acid and 0.01 M EDTA;
pH8.0.

2 M Tris base, 5.7 % Glacial acetic acid, 0.0001 M EDTA; pH8.0.
89.1 mM Tris base, 5 M NaCl, 0.1 % Tween —pH 7.5.

100 mM Tris-HCI; pH 7.4, 10 mM EDTA,; pH 8.0.

10mM Tris-HCI; pH 7.5, ImM EGTA, 1mM MgClz2, 150mM
NaCl, 1% NP-40 (v/v), 10% glycerol.

0.2 mM EDTA, 9.5ml ddH20, 0.05 % Xylene cyanol, 0.05 %
Bromophenol blue (made up to 10ml ddH20).

1 M NaCl, 0.5 mM EDTA, 10 mM Tris-HCI; pH7.6 (made up to
100ml dH-0).

10 mM Tris-HCI; pH 7.5.

0.1mg/ml RNAse A, 10 mM EDTA, 2 M NaCl.

500 mM Tris-HCI; pH 8.0, 1,5 mM MgClz, 2.5 mM each of ATP,
UTP, CTP and GTP, 4 mM MgAc, 250 mM DTT.

1 M Tris base, 7.6 M glycine, 1 % Sodium Dodecyl Sulfate (SDS)
made to pH 8.3.

20 % methanol, 38.6 mM Glycine, 48 mM Tris base.
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Western loading dye (4x)

Western blocking buffer

IF blocking buffer
FISH wash buffer #1

FISH wash buffer #2

FISH Hybridisation buffer

ELISA blocking buffer
ELISA wash buffer

Western Blot gel (8%0)

Agarose gel (1%)

TRAP gel

CTA gel (8%)

Denaturation solution
Neutralisation buffer
20x SSC
Hybridisation buffer

Stringent wash buffer |

0.2M Tris-HCI; pH 6.8, 0.08 % SDS, 40 % glycerol, 20 % B-
mercaptoethanol, 2 % bromophenol blue.

TBST with 10 % milk (w/v).

10 % Goat serum in PBS (v/v).

70% (v/v) formamide, 10mM Tris-HCI; pH 7.2.

0.1M Tris-HCI; pH 7.2, 0.15M NacCl, 0.05% Tween-20.

70 % deionized formamide (>99.5%), 0.5% Maleic acid, 10 mM
Tris-HCI; pH 7.2, 2 % PNA probe.

1x PBS with 3% milk (w/v).

1x PBS, 0.05% Tween.

2.3ml H20, 8 % bis-acrylamide (29:1), 4 mM Tris-HCI; pH8.8, 0.1
% Sodium Dodecyl Sulfate, 0.1% Ammonium persulfate, 0.0005
% TEMED.

1 % Agarose (w/v) in 1x TBE.

50 % 1x TBE, 10 % bis-acrylamide (29:1), 0.004 % Ammonium
Persulfate, 0.0005 % TEMED.

20g Urea, 1x TBE, 10 % bis-acrylamide, 0.05 % APS, 0.005 %
TEMED.

0.5 M NaOH, 1.5 M NaCl

0.5 M Tris-HCI, 3 M NaCl, pH 7.5

3 M NaCl, 0.3 M Sodium citrate, pH 7.0

5ul Telomeric probe, 5ml DIG Easy Hyb granules (Roche)

2x SSC, 0.1% SDS
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Stringent wash buffer 11

AR buffer

Antibodies

0.2x SSC, 0.1% SDS

Name/Catalog #

3ml 10x Rodent de-cloaker, dH20 27ml

Dilution

labelled

ATRX (C-terminal) ab97508 1:1000
ATRX (N-terminal) HPAO001906 1:1000
ATRX (C-terminal) H-300; sc-15408 1:1000
DAXX H-7; sc-0843 1:1000
PML PG-M3; sc-966 1:1000
TERT Y182; ab32020 1:1000
B-Actin AC15; ab6276 1:3000
G-Quadruplex Clone BG4; MABE917 1:1000
FLAG (OctA) H-5; sc-166355 1:200
Goat anti-mouse HRP- BioRad #1706516 1:3000
labelled

Goat anti-rabbit HRP- BioRad # 1706515 1:3000
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Methods

Cell Culture

All cell lines were cultured at 37°C and 5% CO2. HEK293, U20S and HeLa cells were
cultured in high glucose Dulbeccos Modified eagle Medium (DMEM) with 10% Fetal Bovine
Serum (FBS) and 1% Penicillin and Streptomycin. All human Brain Tumour Initiating Cells
(BTICs) were cultured in Neurocult medium supplemented with NS-A, Endothelial Growth Factor
(EGF) and Fibroblast Growth Factor (FGF). BT073 and BT053 were not supplemented with FGF

or EGF to regulate growth. All cells were passaged 1:4 every 5-7 days.

Generation of stable hTERT expressing cells

Retroviral plasmids pCL-10A1 (helper) and pBABE-Puro-hTERT were transfected into
HEK293T cells using XtremeGene 9 transfection reagent. Plasmid DNA at l1ug was added to
OptiMEM medium with 1ug helper plasmid in a 3:1 ratio with XtremeGene transfection reagent.
This solution was mixed and incubated at room temperature for 15 minutes. Each well of a 6-well
plate containing HEK293T cells at 70% confluence was incubated with this transfection solution
for 24 hours at 37°C. At 24 hours, the transfection was repeated and 8 hours after the second
transfection, media was replaced with fresh DMEM culture media. 24 hours following the second
transfection, media was removed from all wells and added to a 15ml tube. The cell media was
replaced, and cells were incubated for a further 24 hours. The stored media was then filtered
through a 0.45uM filter by syringe into a fresh tube to remove viral particles. This media was then
added to a 6-well plate containing U20S cells at 70% confluence in the presence of 8ug/ml
polybrene. U20S cells were incubated for 24hours in the virus-containing media. The viral media

was again removed, filtered and added to U20S cells 80 hours after the initial HEK293T
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transfection. Infected U20S cells could recover for 24 hours in DMEM culture media before being
put under selection in DMEM containing 0.5ug/ml and cultured as normal.
Generation of transient ATRX and ATRXt expressing cells

An ATRX overexpression plasmid was generated using the Gateway expression system.
An entry vector containing full length ATRX was provided as a gift from the Campos Lab at
SickKids Hospital, Toronto. Using LR clonase, the ATRX sequence was cloned out of the entry
vector and inserted into a MAC-tag-N destination vector. This destination vector was another gift
kindly provided by the Schriemer Lab at University of Calgary.
Generation of ATRX knockdown cells using shRNA

shRNA was designed manually based upon the sequences reported in Lovejoy et al, 2012
(PLoS Genetics) and generated by the DNA core facility at the University of Calgary. The
scramble sequence was designed using Stealth RNAI primer design (ThermoFisher Scientific) and
generated by the University of Calgary DNA core facility. All sequences were designed with
EcoRI and BamHI restriction sites at the terminal ends to allow for ligation into the selected
plasmid. shRNA sequences and complimentary DNA sequences were annealed to form dsDNA
which was run on a 1% agarose gel to ensure annealing was successful. The ds-shRNA sequences
were then cloned into a PB-CMV-GreenPuro-M1-MCS plasmid provided by the Senger Lab at the
University of Calgary. Plasmids were linearized prior to addition of shRNA using EcoRI and
BamHI restriction enzymes at 37°C for 1 hour and run on a 1% agarose gel to confirm linearization.
The linearized plasmid was then isolated from the gel using a scalpel and purified using QlAquick
PCR and Gel cleanup kit (Qiagen) following manufacturers instructions. Following this, a ligation
reaction was performed to ligate the ShRNA sequence into the linearized plasmid. The reaction

mixture was then run on a 1% agarose gel to confirm success. Following this, the successfully
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ligated plasmid was transformed into STABL3 bacteria as described previously. Bacterial colonies
were selected and propagated overnight at 37°C on a bacterial shaker. Plasmid DNA was isolated
from bacteria using the Geneaid plasmid midi-kit (Geneaid) following manufacturers instructions,
and concentration determined by NanoDrop 2000.

HelLa and HEK?293 cells were seeded at 500,000 cells per well in 6-well plates and allowed
to adhere overnight. Plasmid DNA was transfected into the cells using Lipofectamine 3000
following manufacturers instructions. 24 hours after the first transfection, a second transfection
was performed. Cells were then harvested at described timepoints between 24 — 72 hours following
final transfection. If cells were put under selection, media containing 0.1ug/ml Puromycin was
added to cells 24 hours after the second transfection and allowed to grow for 2 weeks before
Fluorescence Associated Cell Sorting (FACS) was performed for GFP expression. All transfected

cells were checked for ATRX expression via western blot to confirm knockdown.
Reverse Transcription - Polymerase Chain Reaction (RT-PCR) and Quantitative
Polymerase Chain Reaction (QPCR)

RNA was extracted using TRIzol reagent according to manufacturers instructions.
Following RNA extraction, concentration was determined via NanoDrop 2000. For cDNA
generation, a total of 1ug RNA was then added to a RT-PCR mastermix containing; 200ng/ul
random primers and 10mM each of dTTP, dCTP, dGTP and dATP to a final volume of 12ul.
Samples were then incubated at 65°C for 5 minutes, then chilled quickly on ice and spun down
briefly. Next, 4ul First Strand buffer and 2uL DTT was added to the RT-PCR mix which was

incubated at 25°C for 2 minutes. Following this, 1ul SuperScript Reverse Transcriptase Il was

added to each tube and all samples were incubated at; 25°C for 10 minutes, 42°C for 50 minutes
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and finally, 70°C for 15 minutes. All cDNA solutions were diluted to 100ul total with ddH20 and
stored at -20°C.

gPCR mastermixes were prepared containing; 2x SYBR green mastermix and 10mM of
each forward and reverse primer in a 20ul reaction. The mastermix was added to each well of a
96-well gPCR plate to which 5ul of cDNA from the RT-PCR reaction was added in triplicate wells.
Plates were spun down at 2000rpm for 2 minutes before loading onto the Applied Biosciences
QuantStudio Flex 6 gPCR machine. All gPCR experiments used the following thermal cycle; 95°C
for 2 minutes then 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds and 72°C for 30 seconds
followed by a standard melt curve. All experiments were performed in both biological and
technical replicates and analysed using AACt method to provide the fold change in RNA from a
control sample. Calculations are as follows:

target mRNA Ct mean-control mRNA Ct mean= ACt
sample ACt-control sample ACt= AACt

28AC€=Fo]d change in mRNA levels

C-Circle Assay (CC-assay)

DNA was extracted from cell pellets using Qiagen QiAmp DNA mini kit following
manufacturers instructions. For rolling circle amplification of c-circles, a PCR was performed
using 80ng sample DNA. DNA was added to a reaction mix containing; 0.2ug/ml BSA, 4uM DTT,
1mM each of dATP, dTTP, dGTP and dCTP, 0.1% Tween, 3.5U ®29 DNA polymerase and 1x
®29 DNA polymerase buffer to a final volume of 10ul. All samples were subjected to
amplification in duplicate tubes, one tube containing ®29 DNA Polymerase and one not

containing the polymerase. All samples were run through a PCR thermal cycle of; 30°C for 8 hours
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followed by 65°C for 20 minutes. Following amplification, 30ul Tris-EDTA buffer (pH7.6) was
added to each tube and samples were either frozen at -20°C or used immediately for gPCR.

gPCR assays were set up using telomeric forward and reverse primers and control primers for the
single-copy gene, 36B4. gPCR reactions were set up in the same manner as described in the gPCR
method section. The thermal cycle performed during gPCR was as follows; 95°C for 15 minutes
followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. The thermal cycle was
followed by a standard melt curve cycle. To calculate the fold change in c-circles in experimental

samples compared to control samples, the following calculations were used:

experimental telomeric Ct +36B4 telomeric Ct=ACt

experimental (pol+) ACt-experimental (pol-) ACt= AACt

2 (AACY—R,1d change

Telomere Length Assay

Telomere length was assayed using a qPCR-based method. DNA from cell pellets was
isolated using QiAmp DNA mini kit (Qiagen) following manufacturers instructions. Sample DNA
was diluted in ddH20 to a final concentration of 5ng/ul. Next, 20ng of DNA was added to a reaction
mix containing SYBR Green Master Mix and 0.1uM of both forward and reverse primers. The
primers used for telomere length were designed to target telomeric sequence (telomeric) and a
single copy gene control (36B4). The prepared reaction mix was then added onto a 96-well qPCR

plate and run through the following thermal cycle; 95°C for 10 minutes, then 40 cycles of 95°C
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for 15 seconds and 60°C for 60 seconds followed by a single melt curve. Telomere length was

calculated using the following equations:

mean telomeric Ct-mean 36B4 Ct= ACt
experimental ACt-control ACt=AACt

27 (AAC—Foq change

Telomere Restriction Fragment Analysis (TRF)

DNA was extracted using QIAmp DNA mini kit following manufacturers instructions.
TRF analysis was performed using the Telo TAGGG telomere length assay (Roche). DNA was
digested using Hinfl/Rsalrestriction enzymes in a reaction mix with digestion buffer (Roche) and
nuclease-free H20. Reactions were incubated at 37°C for 2 hours. To stop digestion, 5uL gel
electrophoresis buffer (Roche) was added. To separate digested DNA fragments, a 0.8% agarose
gel was run in 1x TAE with 1-2ug digested DNA added to each well alongside a DIG-labelled
ladder. The gel was run for 1.5-2 hours at 5V/cm. Southern blotting was then performed to transfer
the DNA onto a membrane using capillary transfer. The gel was submerged in 0.25M hydrochloric
acid (HCI) buffer for 5-10 minutes before washing twice in H20. The gel was then submerged in
denaturation solution for 2 X 15 minutes before rinsing twice in Hz20 then re-submerging in
neutralisation buffer for 2 X 15 minutes. The gel was then transferred to a nylon membrane
overnight by capillary action using 20x SSC buffer. The DNA was then fixed onto the membrane
via UV-crosslinking before washing in twice in 2x SSC buffer. Blots were pre-hybridized by
incubating with DIG Easy Hyb granules (Roche) for 45 minutes at 42°C with gentle agitation.

Hybridisation was then performed by adding Hybridisation buffer containing telomeric probe to
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the membrane and incubating for 3 hours at 42°C with gentle agitation. The membrane was then
washed 2x 5 minutes with stringent wash buffer 1 followed by 2 X 15 minutes in stringent wash
buffer 2. The membrane was then washed twice in wash buffer (Roche) before incubation in
blocking solution (Roche) for 30 minutes at room temperature. The anti-DIG-AP working solution
(Roche) was then added to the membrane and incubated for 30 minutes at room temperature. The
membrane was then washed 2 X 15 minutes in wash buffer followed by incubation in detection
buffer for 2-5 minutes at room temperature. Substrate solution (Roche) was added to the membrane
which was then placed into a hybridisation bag and incubated at room temperature for 5 minutes.
The membrane was finally imaged using BioRad Chemidoc imaging system to detect signal.
Polymerase Chain Reaction (PCR) and DNA gels

For hTR analysis by PCR, cDNA was generated as described in the RT-PCR method
section. A PCR mastermix containing; 10x AmpliTaq buffer, 10mM each of dATP, dCTP, dGTP
and dTTP, 25mM MgCl2, 10uM 46s primer, 10uM 148A primer and AmpliTaq Polymerase was
made up and aliquoted into labelled tubes. cDNA was then added to each corresponding tube and
all samples spun down briefly. Samples were then run through the following thermal cycle; 94°C
for 2 minutes, then 25 cycles of 94°C for 45 seconds, 68°C for 60 seconds and 72°C for 30 seconds
on a MasterCycler Gradient 5331 PCR machine. PCR products were then run on a 1% agarose gel
containing SafeView Classic DNA dye in TAE buffer for ~20-30 minutes at 75V. PCR gels were

imaged using a BioRad ChemiDoc imaging system.
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Western Blotting

Protein was isolated using NP-40 lysis buffer for 30 minutes on ice and spun down to
remove cell debris. Protein extracts were then quantified by Bradford assay using the NanoDrop
2000 system. For all experiments 40ug of protein was loaded onto the gel following centrifugation
at boiling in SDS loading dye for 5 minutes. Gels were run at 100V through stacking gel, then at
120V through running gel for a total of 1.5-2.5 hours depending on protein target. Transfer onto a
nitrocellulose membrane was performed at 100V for 1 hour in transfer buffer. Following transfer,
the membrane was incubated at room temperature in blocking buffer for 1 hour. Primary antibodies
were then added and incubated with the membrane at 4°C overnight. Following primary
incubation, the primary antibody was removed, and membranes washed in 1x TBST for 3 X 10
minutes. Secondary HRP-labelled antibodies were then incubated with the membrane at 1:3000
dilution in 1% blocking buffer for 1 hour at room temperature. Membranes were then washed again
in 1x TBST for 3 X 10 minutes before ECL reagents were added. Blots were exposed to ECL
reagents for 3 minutes before imaging via BioRad Chemidoc imaging system. All quantification

was performed using ImageLab software.

Immunofluorence (IF) and Fluorescence In Situ Hybridisation (FISH)

For IF assays, cells were seeded onto glass coverslips at 200,000 cells per well in a 12-
well plate and allowed to adhere for 24 hours. Coverslips were then washed 2x in PBS before
fixing in a 3% Paraformaldehyde (PFA), 2% sucrose solution for 20 minutes. Coverslips were then
washed 2x in PBS and permeabilized in 0.5% Triton X-100 for 3 minutes followed by two more
PBS washes. All coverslips were then incubated at room temperature in blocking buffer (10% goat
serum) for 30 minutes. Primary antibodies were then diluted in 2% BSA and added to the

coverslips. All coverslips were incubated at room temperature in a dark, humidity chamber for 1
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hour. Coverslips were then washed 3x fast in PBS followed by 3 X 5 minutes in PBS. Secondary
antibodies wee then added to the coverslips in 2% BSA and incubated in a dark humidity chamber
for 30 minutes. Coverslips were then washed 3x fast followed by 3 X 5 minutes in PBS. For IF
only, DAPI at 1:10,000 dilution in 2% BSA was added during the second 5-minute wash.

For IF-FISH, coverslips were re-fixed for 20 minutes in 3% PFA, 2% sucrose following the final
IF wash step. Coverslips were then washed twice in PBS before undergoing dehydration in
increasing concentrations of ethanol (70%, 80%, 90% and 100% Ethanol) for 5 minutes each.
Coverslips were then allowed to dry briefly in air before adding hybridisation solution containing
the telomeric Peptide Nucleic Acid (PNA) probe. Coverslips with hybridisation buffer were sealed
onto glass slides using rubber cement and denatured by heating at 85°C for 7 minutes on a heat
block. Coverslips were then incubated in a dark, humidity chamber overnight to allow
hybridisation. Rubber cement was removed, and coverslips were washed 2 X 15 minutes in
washing solution 1 followed by 3 X 5 minutes in washing solution 2. DAPI was added to washing
solution 2 during the second wash at 1:10,000 dilution. All coverslips were air-dried at room
temperature for 10 minutes before mounting onto glass slides using Fluoromount-G (Electron
Microscopy Sciences) mounting media. Images were acquired with an AxioObserver Inverted
microscope (Zeiss) using a 100x oil immersion 1.30 N.A. objective. The system is controlled by
ZEN 2 (blue edition) software. Z-stacks were acquired with 0.28 pm step size and 17 steps in total.
All images were flatfield and dark noise corrected using ImageJ software. Images were
deconvolved with Huygens Essential version 18.10 (Scientific Volume Imaging, The Netherlands,
http://svi.nl), using the Classic Maximum Likelihood Estimation (CMLE) algorithm, with SNR:40

and 50 iterations.
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Telomere Repeat Amplification Protocol (TRAP)

Protein was extracted using NP-40 lysis buffer as described in Western Blotting. All
protein samples were diluted in double distilled water (ddH20) to a concentration of lug/ml. An
aliquot of this protein dilution was then added into a separate Eppendorf tube and treated with
RNase at a final concentration of 0.2mg/ml to degrade any TERC in the sample. For extension,
1ul of either diluted protein or RNase-treated protein was then added to a mastermix containing
10x TRAP buffer, 2.5mM each of dATP, dTTP, dCTP and dGTP, 0.1ug Ts primer and 2U Taq
polymerase. This mastermix was incubated with 1ug of protein sample at room temperature for 30
minutes to allow telomerase extension. Following this, 0.1ug Cx primer and 0.5ul of [0-3?P]dGTP
(3000 Ci/mmol, 10mCi/ml) was added to the mastermix solution and spun down to collect all
liquid at the bottom of the tube. Extension reaction samples were then amplified via PCR using a
Robocycler Gradient 40 (Stratagene) machine for 25-30 cycles with a thermal cycle of; 95°C for
30 seconds, 50°C for 30 seconds and 72°C for 90 seconds. Following PCR amplification, 6x
loading dye was added to each mix to a final concentration of 1x. 9ul of each PCR reaction mix is
then loaded onto a non-denaturing, 12% polyacrylamide (29:1, 30% acrylamide-bisacrylamide)
gel and run at 1500V for 30 minutes in 0.5x TBE. The gel is then transferred onto Whatman filter
paper and dried at 80°C for 1 hour on a Model 583, vacuum-sealed gel dryer. Dried gels were
exposed to a phosphor-imager screen (Perkin Elmer, Super Resolution Film) for 1-2 hours at room
temperature before imaging on a phosphor-imager (Perkin Elmer, Cyclone Plus) or alternatively
exposed to high performance autoradiography film (Amersham Hyperfilm MP) overnight and
developed manually. Any quantifications for TRAP were done by densitometry analysis using

BioRad ImageLab software.
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Conventional Telomerase Assay (CTA)

The CTA was performed using in vitro transcribed hTERT generated using the Rabbit
Reticulocyte Lysate (RRL) system. For the RRL reaction to reconstitute human telomerase, the
RRL TNT T7 coupled Transcription-Translation system (Promega) was used. Reaction mixtures
to a total of 10ul were assembled containing; 5ul of RRL, 0.8ul TNT reaction buffer, 0.8ul TNT
amino acid mixture (minus leucine), 0.8ul TNT amino acid mixture (minus methionine), 0.2ul T7
RNA polymerase, 250ng FLAG-hTERT plasmid and 250ng hTR. This mixture was incubated at
30°C for 1.5-2 hours and immediately snap frozen in liquid nitrogen and stored at -80°C.

For the CTA reaction, a 40ul reaction mixture was set up containing; 24.5ul RRL reaction
product, 1x CTA buffer, ImM each of dATP and dTTP, 1.25uM dGTP, 1.5mM 5’ biotinylated
telomeric ssDNA primer and 6ul [a-*?P]JdGTP (3000 Ci/mmol, 10mCi/ml). This reaction mixture
was incubated at 30°C for 3.5 hours before adding 50ul of stop buffer and incubating at 37°C for
an additional 15 minutes. Streptavidin Magnasphere Paramagnetic Particles (Promega) were
equilibrated by washing three times in CTA buffer A (250ul buffer per 50ul beads) before being
added to the CTA reaction. The bead:CTA reaction was incubated at room temperature for 1 hour
and mixed by pipetting every 15 minutes to allow the beads to bind the biotinylated primer. The
beads were then separated from the reaction mix using a magnetic tube rack, then washed three
times in CTA buffer and then twice in CTA buffer B. The remaining beads were then resuspended
in 10ul CTA loading dye and boiled for 30 minutes before running on a Urea gel (8M) containing
8% polyacrylamide (19:1) for 1.5 hours at 1500V in 1x TBE. Gels were dried onto Whatman filter
paper for 1.5 hours at 80°C and exposed to phosphor-imager screen overnight before imaging on

the phosphor-imager (see TRAP method).

38



G-Quadruplex Enzyme-Linked ImmunoSorbant Assay (G4 ELISA)

DNA was isolated from cell pellets using the Qiagen Qi-AMP DNA mini kit according to
manufacturers instructions and quantified using NanoDrop 2000. For plate set-up, a white, clear
bottom 96-well plate was coated with 800ug/ml Protamine sulfate and incubated at 37°C
overnight. The plate was then washed three times in wash buffer and 1ug DNA was added to each
well (unless otherwise stated). The DNA coated plate was then incubated at 37°C overnight with
agitation to allow the DNA to dry onto the protamine layer. The DNA was then washed three times
in wash buffer followed by blocking buffer for 1 hour at room temperature. Blocking buffer was
removed and the plate washed three times in PBS, followed by adding 50ul primary antibody (a-
G4) per well which was incubated on the plate for 1 hour at 37°C. Primary antibody was removed
and the plate was washed 3x in wash buffer followed by adding 50uL secondary antibody (a-
FLAG) per well. The secondary antibody was incubated on the plate for 1 hour at 37°C, followed
by washing 3x in wash buffer. Finally, 50ul of the tertiary antibody (HRP-labelled goat anti-
mouse) was added to each well and incubated for 1 hour at 37°C. The plate was then thoroughly
washed 6x in wash buffer and 40ul ECL solution was added to each well. The plate was incubated
for 3 minutes in the dark before imaging using the BioRad Chemidoc imaging system.
Immunohistochemistry (IHC)

To generate tumours in mice for IHC staining, 100,000 cells from described BTIC lines
were injected into C57/BI6 mice subcutaneously by Haley Pederson of the Cairncross lab. These
mice were then maintained in the animal facility at the University of Calgary. Mice believed to
have developed tumours either due to significant weight loss and/or palpable tumour masses were

sacrificed and the brain was surgically removed for analysis. Brains were initially preserved in 3%
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PFA for <5 days, then transferred to 70% ethanol until sectioning was performed. Brain sections
were obtained by Dr Kimberly-Ann Goring of the Senger Lab using a microtome and adhered to
glass slides for staining.

Following this, tissue slices were de-paraffinized in Xylene for 2x 15 minutes followed by
rehydration in decreasing concentrations of ethanol; 100%, 100%, 95% and 75% for 2 minutes
each followed by distilled H20. Antigen retrieval was then performed by submerging the slides in
AR buffer in a coplin jar which was then placed inside a de-cloaker. The de-cloaker was set to heat
samples at 95°C for 45min then 121°C for 6 minutes before being cooled gradually at room
temperature.

Endogenous peroxidases were inactivated by washing slides in TBS 3 X 2 minutes
followed by a 5-minute incubation in peroxidase block. Samples were then washed again in TBS
for 3 X 2 minutes. Samples were then blocked in rodent block containing Triton X for 15 minutes
at room temperature. Primary antibody was added to slides at a 1:500 dilution in signal stain diluent
and incubated for 1 hour at room temperature in a humidity chamber. Samples were then washed
3x 2 minutes in TBS, followed by addition of a secondary polymer-HRP anti-rabbit reagent for 30
minutes at room temperature in a humidity chamber. Slides were then washed 3 X 2 minutes in
TBS before DAB reagent was added to each slide and incubated for 5 minutes. Samples were then
washed in distilled H20 for 2 minutes followed by counterstaining with haematoxylin for 5
minutes. Slides were then washed in lukewarm H20 for 1 minutes followed by 1 minute in TBST
and 1 minute in lukewarm H20 again. All slides were then dehydrated by dipping 15x in increasing
concentrations of ethanol; 70%, 95%, 100% and 100% followed by 2x in Xylene. One drop of
EcoMount mounting media was then used to mount a coverslip onto the slide for imaging. Imaging

was performed using a color microscope.
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In this chapter, TRF analysis was performed to determine telomere length by Nancy Adam of the
Beattie and Riabowol labs (University of Calgary).

All shRNA cloning was performed in collaboration between myself , Vanessa Huynh of the
Beattie Lab and Bo Young Ahn of the Senger lab (University of Calgary).
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Results

Characterisation of Telomere Maintenance Mechanisms (TMMs) in a panel of human
cancer cells.

The elongation and maintenance of telomeric DNA is a feature of all cancer cells, making
it an effective target for therapeutic intervention (1)(2). However, agents targeting these
mechanisms have proven less effective than hoped (116)(117)(118). With the development of each
new drug, we discover that much remains unknown about how telomere maintenance pathways
function and what key players are involved.

The Alternative Lengthening of Telomeres (ALT) mechanism is the less prevalent and less
well-understood pathway compared to that of telomerase (119)(120). Investigation of the ALT
pathway is dominated by identifying how the loss of chromatin remodelling protein, ATRX, is
involved in both pathway activation and maintenance. It has been shown that ATRX loss alone is
not sufficient to induce full activation of ALT in telomerase positive cell lines, yet expression of
the protein is lost in >80% ALT cancers (121). This may be due to additional factors involved in
ALT repression but one possibility to consider is rather than actively repressing ALT, this protein
may be facilitating telomerase activity, thereby indirectly repressing ALT activation.. It has been
shown that knocking down ATRX expression leads to a reduction in telomerase activity, coupled

with an increase in some ALT features (122). Therefore, 1 hypothesized that ATRX acts to

promote telomerase activity in a direct or indirect capacity. The mechanism by which this occurs

however, remains to be elucidated.
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Selecting a panel of immortalized human cell lines

When selecting a panel of cell lines to address the hypothesis, it was important to include
cell lines with telomerase activity and others with ALT activity, so comparisons could be made
between the two. It was essential to the project that differences in ATRX expression and activity
between the two phenotypes could be determined to establish the role of ATRX in telomere
maintenance. Following these criteria, human Brain Tumour Initiating cells (BTICs) isolated from
Glioblastoma tumours were considered ideal as ~15-20% of these cancers have ALT activity, a
higher proportion than many other cancers (37)(123). This is of particular importance as the
prognosis and classification of Glioblastomas considers TMM in addition to genetic characteristics
including IDH1 mutation, 1p19q loss and more recently, ATRX expression. Additionally, through
the Terry Fox Research Institute (TFRI) and Brain Tumour Biobank at the University of Calgary,
I had access to over 200 BTIC lines, many of which had been sequenced for mutations in both
ATRX and TERT as part of a broader sequencing protocol. (124)(65)(125). Therefore, |
determined that human Brain Tumour Initiating Cells derived from patient Glioblastoma samples
would be an excellent source of cell lines for the purposes of this study. Additionally, sequencing
data was available for a large proportion of BTICs stored at the University of Calgary through the
Terry Fox Research Institute (TFRI) database, courtesy of the Cairncross and Chan laboratories.
Due to the association between ATRX mutations and ALT, and TERT expression and telomerase
activity, sequencing data was used to initially identify cell lines that contained mutations in either
the ATRX gene or promoter region of the TERT gene for subsequent analysis. An initial panel of;
BT147, BT142, BT119, BT100, BT089, BT073, BT067 and BT053, was selected for analysis to

establish and characterise TMM in these cells (Table 1).
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Figure 4: All human BTICs have detectable levels of telomerase activity. a) Telomerase

Repeat Amplification protocol (TRAP) was used to determine telomerase activity in a panel of
human BTICs or b) control cell lines in the presence or absence (+/-) of RNase. ¢) hTERT mRNA
expression was determined through qPCR analysis and fold change was calculated relative to BJ
Parental. d) Representative western blot for hTERT in a panel of human BTICs (n=3 for all; g°PCR

meantSEM).
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In addition to the panel of human BTICs, Human Embryonic Kidney (HEK293),
Osteosarcoma (U20S), cervical cancer (HeLa) and a mutant strain of lung fibroblasts (WI138-
VA13) were also utilised as controls due to well-established telomerase positive (HelLa and

HEK?293) or ALT positive (U20S and WI138-VA13) phenotypes (42)(126).

All BTICs in selected panel are telomerase positive and ALT negative

| initially characterised the cells lines by testing for telomerase activity by Telomere Repeat
Amplification Protocol (TRAP) assay. The TRAP assay provides information regarding overall
activity of the telomerase enzyme, including repeat addition processivity - the ability for
telomerase to remain bound to a DNA sequence whilst continually adding repeats - in a protein
lysate sample (127). TRAP data shows that all Brain Tumour Initiating Cells (BTICs) have varying
levels of telomerase activity, alongside HEK293 and HeLa (Figure 4a and 4b). Conversely, WI38-
VA13 and U20S cell lines did not appear to have any detectable telomerase activity, confirming
their telomerase-negative status (Figure 4b). Corresponding with TRAP results, all BTICs express
hTERT mRNA and protein, as determined by gPCR and western blot respectively (Figure 4c and
4d).

To establish whether the telomerase positive cell lines were a pure population or mixed
with cells utilising the Alternative Lengthening of Telomeres (ALT) pathway, further assays were
used to assess ALT activity. WI38-VAL13 and U20S cell lines were used for all these assays as
positive controls for ALT, confirming assay efficacy and as a direct comparison for non-
characterised cell lines.

The C-Circle (CC) assay is used to determine the presence of extra chromosomal

telomeric repeats (ECTR) inside the nucleus, a feature specific to ALT positive cells. Although

45



a) b)

10 *kk *kk 1.5

8 *
o o _ **
o 9 1.0
c 6 c
2 2
o (S
D 4+ T
(s} O 0.5
'8 I8

2_

H S O QQ %Q /\'5 é\ (,55
D 07 Vv N A N QOS2
PG S EEEEE
C) @ @
21.1 21.1
8.6 8.6
7.4 7.4
6.1 6.1
5.1/5.0 5.1/5.0
42 4.2
35 35
2.7 27

293 — 4.9 kb, U20S >21 kb, BT147 — 3.9 kb, BT142 — 14.6 kb, BT119 — 4.2 kb,
BT100 — 8.6 kb, BT089 — 10kb, BT073 — 9.7 kb, BT067 — 7.5 kb, BT053 - 6.9 kb,

Figure 5: Characterisation of Telomere Maintenance Mechanism (TMM). a) A c-circle assay

was used to identify any potential ALT+ cell lines through detection of extra chromosomal
telomeric repeats (ECTR). Results were normalised to known ALT+ line, U20S. b) Telomere
length analysis via qPCR was used to identify heterogenous and long telomere populations specific
to ALT+ cells. ¢) Telomere Restriction Fragment analysis (TRF) of telomere lengths in human
BTICs (Completed by Nancy Adam). Statistics were performed by one-way ANOVA with Tukeys

multiple comparison test (n=3 for all; gPCR mean+SEM). P<0.01**, 0.001***,
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Table 1: Sequencing data for all BTICs was obtained through the Terry Fox Research Institute
database (TFRI) and was analysed specifically for any alterations in ATRX and TERT genes.
Results from preliminary experiments looking at TMM are summarized. Cell lines selected for
further analysis are highlighted in red. + represents increasing levels of activity. ‘Normal’ telomere

length refers to those considered ALT-.

Cell line ATRX gene | TERT gene | TRAP Telomere C-circles
status status activity Length

BT147 C250T normal

BT142 Q1747H WT ++ normal/long No
BT119 P1490S C250T + normal No
BT100 WT C228T + normal No
BTO89 WT C228T ++ normal No
BT073 - - ++4+ normal No
BTO67 WT C250T + normal No
BTO53 WT WT ++4+ normal No
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the origin of these structures is unclear, ALT+ cells express significantly more ECTR than
telomerase positive or somatic cells. Many different forms of ECTR exist in nature, each with
slightly different sequence confirmation. However, C-circles — defined as ECTR with the repeat
sequence, AATCCC, are present at ~50-200x more in ALT+ cells making them an excellent
feature to identify ALT+ cells. Following discovery of these structures, a qPCR-based technique
to detect C-circles was developed and is now widely use to identify ALT activity in large cell
populations (46). Results from the C-circle assay confirm the absence of C-circles in all cells
with telomerase activity (Figure 5a).

| further confirmed these results by a qPCR-based telomere length assay which
demonstrated that all telomerase positive cell lines tested have shorter and more homogenous
telomeres when compared to ALT positive cell lines (U20S and WI138-VA13) which have longer
and more heterogenous telomeres (Figure 5b) (128). A Telomere Restriction Fragment (TRF)
analysis was also performed as this is a more rigorous and widely accepted method of analysis for
telomere length (129)(130). The TRF method utilises a Southern blot-based approach and is
extremely well established in the field as a method of telomere length analysis, providing a strong
set of results when combined with the more modern, g°PCR method (131). The TRF in this thesis
was performed by Nancy Adam, another student in the Beattie Lab. TRF results for all cell lines
confirmed gPCR results and supported the TMM characterisations (Figure 5¢). A summary of the
results used for initial TMM characterisation can be seen in Table 1.

Another feature of the ALT phenotype is the localisation of the PML protein to the
telomere. In ALT+ cells, PML has been shown to encapsulate telomeric DNA and this is believed
to be the ‘hub’ of ALT mediated telomere extension (50). To detect PML localisation at the

telomere, standard immunofluorescence staining was performed in conjunction with Fluorescence
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Figure 6: ALT-associated PML bodies are significantly lower in all human BTICs compared

to ALT+ controls, confirming the AL T- status of selected BTICs. a) Representative images at

100x magnification show PML (red) co-localisation with telomeres stained using a telomeric PNA
probe (green). b) Further magnified images demonstrate (1) lack of co-localisation versus (2)
typical co-localisation and (3) multiple telomeres encapsulated in a single PML foci. c)
Quantification of imaging represented as the percentage of PML foci located at the telomere.
Statistics were performed by one-way ANOVA with Brown-Forsythe correction and Tukeys

multiple comparison test. (n=3+SEM; >30 cells/repeat). P=<0.05*, 0.0001****,
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In Situ Hybridisation (FISH) on the selected panel of cells. In ALT+ cell controls, telomeric DNA
was encapsulated in a ‘layer’ of PML protein at ~30-50% telomeres, a site considered the ‘hub’ of
ALT activity (Figure 6b.2 and 6b.3)(51)(126). In our cell panel, ALT associated PML bodies
(APBs) were present in between 12-18% of telomeres as compared with between 25-35% in ALT
positive cells and <10% in somatic cell controls (BJ Parental) (Figure 6a and 6c). This provides
mixed results as the numbers of APBs are higher than predicted for somatic cells but not high
enough to be considered ALT positive. This could be a feature of cancerous Glioma cells which
has not been described previously or could suggest there is a mixed population of telomerase and
ALT positive cells in these samples. The former is more likely due to the additional ALT feature
analysis we performed with clear cut results. Therefore, all BTICs are considered telomerase

positive and ALT negative for the purposes of this study.

Full-length ATRX protein expression does not correlate with ALT activity

The first step in establishing the role of ATRX in telomere maintenance is to determine the
expression of ATRX in telomerase positive versus ALT positive cell lines. This experiment
allowed me to determine if ATRX protein is lost in any telomerase positive BTIC lines, including
those with genetic ATRX mutations.

To do this, western blot analysis was performed using one N- terminal and two different
C-terminal antibodies. It has been reported in the literature that degradation products of ATRX can
be detected via western blot and that this can be avoided by using an N-terminal antibody which
binds to the first section of the protein sequence, thereby not recognising any C-terminal
degradation products (132). The western blot results showed that at the predicted size of 280kDa,

bands are present in all cell lines except for U20S, BT073 and BT053 (Figure 7a and 7b). This
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Figure 7: Multiple isoforms of ATRX are expressed in a panel of immortalised human cell

lines. a) Representative western blot using a C-terminal antibody against ATRX in a panel of
human cell lines. b) Representative western blot using an N-terminal antibody against ATRX. c)
Representative western blot of DAXX to confirm protein expression. d) Linear representation of
primer binding specific for ATRXt at intron 11. e) gPCR analysis of total ATRX mRNA using
primers targeting a region common to all ATRX isoforms. f) gPCR analysis of ATRXt using
primers targeting intron 11, specific to ATRXt (n=2; meantSEM). Statistics performed using one-

way ANOVA and Tukeys multiple comparison test. P<0.05*, 0.001*** (n=3 for westerns).
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presented an interesting finding as both BT073 and BT053 are confirmed to be telomerase positive,
with no detectable ALT features. However, lack of ATRX protein is also considered a strong
feature of the ALT phenotype, making these cells lines a complex classification (44)(125).
Additionally, multiple, lower molecular weight bands were consistently seen when probed with
for both N- and C-terminal antibodies (Figure 7a and 7b). In this experiment it was important to
use antibodies against different regions of ATRX as some C-terminal antibodies may pick up
degradation products, whereas the N-terminal antibody should not. Thus, results from both
antibodies suggest the presence of genuine ATRX isoforms as the same bands are detected using
both N and C-terminal antibodies (with the exception of a band at ~150kDa detected by only the
C-terminal antibody which was excluded as an isoform). One known isoform, ATRXt, is a
truncated isoform of ATRX shown to be expressed in many tissues of the body at up to 50% the
expression of the full-length protein (133). This truncated version of ATRX has a predicted band
size of ~180-200kDa, which we see prominently featured on our gels (Figure 7a and 7b). Is it not
clear however, whether the remaining bands seen on the western blot correspond to any know
isoforms of ATRX. Additionally, all cell lines were probed for DAXX, a known binding partner
of ATRX (Figure 7c). | probed for DAXX in addition to ATRX, as it has been reported that for
ATRX to function as a chromatin remodeler in the cell, DAXX must be present and loss of DAXX
expression is associated with induction of ALT in some cell types (64)(134)(135). Western blots
for DAXX showed expression inall BTIC lines, confirming that any detectable ALT activity likely
does not result from DAXX loss. It does not however, rule out the possibility of non-functional
proteins. Sequencing data confirmed the WT status of the DAXX gene in the cell panel, so any
functional issues with DAXX in these lines would likely be post-translational. Therefore, these in

vitro findings confirm the ALT+ status of U20S and WI38-VA13, the telomerase positive status
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of HEK293 and HelLa and demonstrate that although some of the BTICs present with mixed
expression of ATRX protein, I conclude that they should be considered telomerase positive.

To further confirm that the truncated isoform of ATRX, ATRXt, is present in the selected
panel of cell lines, qPCR was performed using primers targeting either the exon:exon junction
between exons 10 and 11, common to all isoforms, or primers targeting the first 183bp of intron
11, a region specific to ATRXt (Figure 7d). gPCR analysis was performed for both total ATRX
(all isoforms) and ATRXt specifically. ATRXt was present in all samples to varying degrees, with
BT100 and BT053 having the highest expression of this isoform, almost 40-fold higher than the
HEK?293 control (Figure 7e and 7f). This does not correlate directly with the total ATRX bands
seen via western blot or total ATRX mRNA levels. It does however, confirm that all BTI1Cs express
ATRXt mRNA and that this mRNA largely appears to be translated into protein.

As the expression of proteins has been shown to change when cells are cultured for
extended periods of time, | wanted to determine if ATRX protein expression was altered when cell
lines were allowed to grow in a physiological setting. As human BTICs are stem-like in nature,
they are able to form palpable tumours starting with as little as 100,000 cells. Therefore, I used the
selected panel of BTICs to determine if any differences in ATRX expression were seen in cell
culture versus in vivo. For this experiment, BTICs were injected subcutaneously into C57/BI6 mice
and allowed to form tumours. Tumour bearing mice were then sacrificed and their brain tissue
subjected to IHC analysis to detect ATRX expression throughout the tumour. In order for the IHC
analysis to be unbiased, both myself and a colleague (Gallo Lab) scored the samples based upon
existing guidelines whilst blinded to the cell line information (136). The existing guidelines for
ATRX scoring in IHC analysis are somewhat unclear, so for the purpose of this study we identified

3 groups of staining score; positive score means <90% cells stained for ATRX, negative score

55



BT147

P e |
‘:, % e o, ]

BTO053M
N= Normal brain

T= Tumour

Figure 8: Clinical ATRX determination via IHC is not specific for full-length ATRX and is likely

detecting alternative isoforms. Immunohistochemical analysis of ATRX in murine brain tissue

sections following subcutaneous injection of BTIC cells. Animals were sacrificed only when they
were showing symptoms of tumour burden. Staining was graded as positive or negative based

upon existing criteria used clinically for Glioma diagnosis (n=3).
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Table 2: Summary of ATRX expression documented through gPCR (gPCR), Western Blot (WB)

and Immunohistochemistry (IHC) for the selected panel of BTICs. + represents expression of

ATRX and — represents no expression pf ATRX for western blot analysis. For IHC analysis, +
represents a positive ATRX profile, Int. represents an intermediate ATRX profile and — represents

a negative profile for ATRX staining.

BT142 0.777 Strong +

BT119 0.540 Strong + + +
BT100 0.837 + + Int.
BT073 0.441 - - -
BTO053 0.007 - Strong + +
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means <10% cells stained for ATRX and intermediate score means between 10-90% cells stained
for ATRX (137). Interestingly, ATRX expression in many of the BTICs correlated best with the
ATRXt band seen in the previous western blot analysis (refer to figure 7a). For example, BT053
shows no full-length ATRX expression via western blot but had very strong expression of a band
corresponding to the 200kDa ATRXt isoform, which matched IHC results also showing very
strong ATRX expression within the tumour mass. Similarly, BT073 showed no expression of
ATRX or ATRXt bands via western blot and shows little to no expression of ATRX within the
tumour via IHC analysis (Figure 8 and Table 2). These data raise two key questions regarding
ATRX expression as a marker for ALT; does ATRX expression differ in cell culture versus in vivo
and do clinical antibodies detect alternative ATRX isoforms in tumour samples? Answering these
questions could be of vital importance to the clinic as expression of ATRX and therefore ALT, in

Glioma can significantly alter patient prognosis (Figure 1a and 1b) (125).

ATRX localisation with PML is maintained to some degree by the ATRXt isoform in absence of
full length ATRX

One question that remains is although ATRX may be detectable in many of these BTICs,
is it functional? To begin to answer this question, IF analysis was performed on the selected BTICs
with U20S and BJ fibroblasts acting as ALT positive and telomerase positive controls
respectively. By analysing the co-localization of ATRX with PML, it was possible to determine if
this role of ATRX was maintained in all BTICs or perhaps compromised in those lacking the full-
length protein (77)(138). Results show that >97% ATRX foci co-localised with PML in BJ
fibroblasts whilst in U20S, absence of ATRX expression was confirmed. Co-localization between
ATRX and PML in BTICs was an average of ~70%, over 20% less than the positive control (Figure

9a and 9b).
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Figure 9: Functional assessment of ATRX through immunofluorescence co-localisation with

known interacting partner, PML. a) Representative images at 100x magnification show PML

(green) and ATRX (red) co-localisation for the selected panel of human cell lines. U20S represents
a negative control due to absence of ATRX expression while BJ+hTERT represents an ATRX and
telomerase+ control. b) Quantification of ATRX and PML co-localisation shown as the percentage
of ATRX foci co-localised with PML foci, per nuclei averaged over 60-90 cells per condition.
Statistical analysis by one-way ANOVA with Brown-Forsythe correction. P<0.0001****, (n=3;

>30 cells per repeat)
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This confirmed their ALT- status, however provided a somewhat intermediate phenotype.
Interestingly, the two BTICs lacking full-length ATRX had the highest degree of co-localisation
at >80%. This data suggests that additional ATRX isoforms may be able to compensate for lack
of the full-length protein in some aspects of ATRX activity. This could explain why the two BTIC
lines lacking the full-length ATRX protein are not ALT positive, perhaps truncated isoforms are
able to maintain suppression of the ALT pathway and allow telomerase activity to prevail.

To further test the ability of ATRX and ATRXt to localise with PML, | generated U20S
cells expressing either full-length ATRX full length or ATRXt. For the ATRX expression vector,
the gateway system was used. An entry vector containing the full-length ATRX sequence was
kindly provided as a gift by the Campos Laboratory at SickKids Hospital (Figure 10a). This vector
is designed for one-step resection and ligation into a gateway destination vector as all gateway
vector contain the same attL and attR cut sites, allowing the ATRX construct to be cut out of the
entry vector and ligated into the MAC-N-tag destination vector in a single reaction utilising the
LR clonase enzyme (Figure 10b)(139). This generated a successful set of clones which were then
grown up and transfected into U20S cells. U20S was selected for this purpose as it has no
telomerase or ATRX expression, providing a ‘blank slate’ for expression of either ATRX or
ATRXt alone, without interference from endogenous protein. Western blot analysis confirmed
expression of ATRX in U20S following transfection (Figure 10c).

For ATRXt expression in U20S cells, the ATRX-gateway-entry vector was used to transfer
the full-length isoform into an eGFP-C2 plasmid (Figure 10a). PCR primers with restriction cut
sites were then designed to target the region of ATRX to be truncated, providing targeted cut sites
for restriction enzymes to truncate the sequence at the desired site. This produced the eGFP-C2-

ATRXt plasmid which was subsequently transformed into bacteria and transfected into U20S
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Figure 10: Generation of ATRX expressing U20S cells using the Gateway expression system. a)

Linear map of the ATRX-Gateway-Open entry vector and b) the MAC-tag-N destination vector

used for cloning (plasmid maps generated by Snapgene). The ATRX sequence is cut out of the

entry vector and inserted into the destination vector in a single reaction using LR clonase to

generate the MAC-N-ATRX plasmid. c) A western blot was performed following transfection with

the MAC-N-ATRX plasmid. Protein was lysed directly on plate in 20ul NP-40 and 10uL SDS LB

(for all conditions other than HEK293 and BJ Parental)(n=2).
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Figure 11: Generation of stable hTERT expressing U20S cells and transient ATRX and

ATRXt expressing U20S cells. a) Linear plasmid map of eGFP-C2 plasmid used for generation

of ATRXt cells. All cloning was performed by Fang (RDSC member). ATRXt was generated in a
reaction with primers designed with internal restriction sites to cut at the beginning of the ATRX
sequence and 183bp into exon 12 to result in the truncated ATRXt isoform. b) Representative

images show GFP signal in transfected U20ShTERT and U20SpBABE cells.
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Figure 12: Immunofluorescence analysis of ATRX and PML in U20Satrx cells. a)

Representative images at 100x magnification show ATRX (red) and PML (green) co-localisation
in U20SaTtrx and U20Satrxt cells. b) ATRX co-localization with PML in U20SaTtrx and
U20Satrxt cells is significantly higher than control U20S cells. However, U20Satrxt cells also
show a significant defect in colocalization compared to U20SaTrx cells. Results are shown as the
percentage of total ATRX co-localised with PML foci on average per cell. Statistical analysis by
Welch’s ANOVA with Brown-Forsythe correction. P=<0.001***, 0.0001**** (n=3; >30 cells per

repeat).
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cells. Western blot analysis was not able to be completed for this transfection as the maximum
transfection efficiency only reached 30%. However, as the plasmid expressed both GFP and the
ATRXt protein under the same promoter, GFP signal was used to establish expression of ATRXt
for IF analysis (Figure 10b).Immunofluorescence analysis of ATRX and PML co-localisation
following transfection of U20S with either ATRX or ATRXt showed full-length ATRX
maintained complete co-localisation with PML as expected, however, ATRXt showed a significant
defect in ability to co-localise with PML in these cells (Figure 12a and 12b). The co-localisation
between ATRXt and PML was on average ~40% of the full-length protein, which could suggest
that even functioning at 40% capacity, ATRX is still able to repress ALT and support telomerase-
mediated telomere maintenance (Figure 12b). In support of the association between ATRX and
telomerase activity, a moderate positive correlation was found between total ATRX protein
expression and overall telomerase activity (Figure 13a). This correlation was not seen at mRNA
levels however, further supporting that the mMRNA expression of ATRX is of less consequence to
telomerase activity than protein expression (Figure 13b). However, by simply using IF co-
localisation, it is not possible to establish if ATRXt maintains the helicase or DNA binding abilities
of the full-length ATRX protein.

ATRX has a number of established roles within the cells, however, in this study we focus
on one in particular. ATRX has been shown to breakdown a secondary DNA structure known as a
G-quadruplex. These structures form in G-rich DNA and can form a blockade to replication and
transcription machinery if unresolved. It is currently thought that G4 exist as a means of epigenetic
regulation for genes and research into these structures is becoming increasingly prominent. In
addition to genetic regulation, G4 are also found at the telomere, a region abundant in guanine

repeats. As it has been established that ATRX localises to telomeric DNA for chromatin
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Figure 13: ATRX protein expression correlates with telomerase activity. a) The correlation

between telomerase activity and ATRX protein expression shows a strong positive relationship.

b) The correlation between ATRX and TERT mRNA expression shows little to no relationship

(n=3).
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remodelling purposes and possesses G4 resolution abilities, it follows that ATRX may have a role
in telomeric G4 resolution. Therefore, | wanted to determine if ATRX loss could impact global
and telomeric G4 DNA. Unfortunately, techniques to measure G4 in genomic DNA are lacking,
and those that have been developed do not allow accurate quantification,

Part two of my results describes the development and optimisation of a novel method for
G4 detection in genomic DNA samples that can be quantified using oligonucleotide standards.
This method allows accurate and quantifiable detection of G4 in genomic DNA samples, thereby

providing a method to analyse the effect of ATRX loss on G4 structures in vitro.

Development of a novel G-Quadruplex detection method

To investigate the role of ATRX in G4 resolution, | needed to develop an assay which
accurately measures and quantifies G4 in gDNA samples. The breakdown of G4 by ATRX is a
key avenue of interest in this study as it will help determine whether this function is related to the
role of ATRX in facilitating telomerase mediated telomere maintenance. It has been well-
established that telomeres, with their G-rich, repetitive sequences are hotspots for G4 formation
(140)(93). Interestingly, it has also been shown that telomerase, although possessing some G4
resolution ability, cannot fully resolve stable G4 structures alone (141)(142). Thus, another G4-
resolving protein likely plays a role at the telomere to facilitate telomerase-mediated telomere
elongation. ATRX has been shown to localize to G4 enriched DNA and possess some G4

resolution abilities (71)(143)(122). Therefore, we hypothesize that ATRX is_an_essential

requlator of telomeric G4 structures and is required to resolve G4 both globally, and at the

telomere to facilitate telomerase-mediated telomere elongation.
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To determine if ATRX is involved with G4 resolution, we must be able to investigate G4
levels in cell population both specifically at the telomere and more globally. One current method
for global G4 analysis uses IF to detect any G4 DNA present in the nucleus, however this technique
comes with significant disadvantages (87)(144). Issues common to IF analysis are even more
pronounced when staining for G4; high foci count, background fluorescence and lack of
standardized analysis guidelines are all limitations which make optimization extremely important
yet time-consuming. Other methods have been established as an alternative to IF, however these
are only applicable to a more targeted analysis of specific G4 regions. Techniques such as
chromatin-immunoprecipitation  coupled with gPCR  (ChIP-gPCR) or Chromatin
Immunoprecipitation coupled with DNA sequencing (ChlP-Seq), have been successfully used to
identify G4-forming sequences and the protein which interact with them (69)(145). More recently,
a JPCR-based stop assay has been developed to detect G4 in specific DNA sequences. The results
of this assay show reduced Ct values following amplification of known G4-forming sequences in
the presence of G4 stabilizing compounds, providing another targeted assay for G4 (89). Each of
the described methods has its own advantages and drawbacks, however the inability to utilise these
methods to accurately measure global G4 in genomic DNA samples remains consistent. Due to
these constraints, we set out to develop a more reproducible and time-efficient assay for global G4
quantification in genomic DNA samples. However, if a new method is to be established for G4
quantification, it is essential to compare findings to the existing method. Therefore, IF for G4 was

performed on a refined panel of cell lines with either telomerase or ALT TMMs.

Immunofluorescence analysis of global and telomere-specific DNA G-quadruplexes
Through human genome sequencing, it has become clear certain regions of mammalian

chromosomes are more G-rich than others, creating hotspots for G4 formation. These
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chromosomal regions include repetitive DNA, such as telomeres and centromeres, as well as
regions involved in transcription, such as gene promoters (146)(98)(147). However, detecting
these structures in vivo has proven somewhat difficult. Recent advances have led to the
development of specific G4 antibodies, which can detect both DNA and RNA G4 structures in
human cells and are amenable to immunofluorescence-based assays (87)(88). One such antibody,
clone BG4, has been used extensively to visualise G4 in IF, providing an excellent starting point
for global G4 analysis in our panel of cells. Using this antibody, G4 were detected in a refined
panel of human cell lines; HEK293, U20S, HelLa, WI38-VA13 and BT073M (Figure 13a and
13c).

Unfortunately, this method of G4 detection was insufficient to accurately quantify G4 in
some of the cell lines due to high background and indistinguishable foci (Figure 14b). However,
IF analysis of G4 and TRF2 in combination did allow for quantification of telomeric G4 in HelLa,
U20S and WI38-VA13, demonstrating that the BG4 antibody appears to be targeting DNA G4
hotspots with an affinity supported by literature (Figure 15a and 15b) (87)(148). To further assess
the accuracy of G4-binding by the BG4 antibody, positive and negative controls were used. As it
is not possible for a cell line to be G4-deficient or overexpressing, we utilised both G4 stabilizing
and destabilizing agents to increase or decrease G4 signal. Using 1mM of the potent G4-stabilizer,
Pyridostatin (PDS), G4 signal in HelLa, U20S and WI38-VA13 was significantly increased,
confirming both the ability of PDS to stabilize G4 and BG4 binding affinity (Figure 16a and
16b)(111). Unfortunately, the negative control, 2mM Zinc Chloride (ZnCl2), had a detrimental
affect on cellular morphology, making IF imaging extremely difficult and accurate analysis

impossible (90).
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Figure 14: Comparison of G4 quantification using current G4 analysis via

immunofluorescence with G4 ELISA. a) Representative images at 100x magnification for

BT073M and HEK293 cells stained via IF. However, due to the nature of staining for G4, the
image quality was not consistently sufficient for accurate quantification. b) Representative
immunofluorescence images showing staining for G-quadruplexes using BG4 antibody in U20S,
WI38-VA13 and Hel a cells. ¢) Quantitation of raw integrated density values from each of the cell
lines measured. Statistical analysis by Welch ANOVA with Brown-Forsythe correction (n=3; >30

cells per repeat).
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Figure 15: G4 are found to localise at the telomeres, known G4 hotspots. a) Representative

immunofluorescence images at 100x magnification for W138-VA13, U20S and HeLa cells with
TRF2 (red) and G4 (green) staining showing clear co-localisation. b) Quantification of the number
of telomeres with G4 staining represented as a percentage of total telomeres per cell. Statistical
analysis by One-Way ANOVA with Brown-Forstythe correction and Welches multiple

comparison test P = <0.05*, 0.001***, 0.0001**** (n=2; >30 cells per repeat).
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Figure 16: Telomeric G4 following treatment with Pyridostatin. a) Representative

immunofluorescence images at 100x magnification for W138-VA13, U20S and HelLa cells stained
for TRF2 (red) and G4 (green) showing clear co-localisation following treatment with 1mM
Pyridostatin. b) Quantification of telomeres with G4 staining represented as a percentage of total
telomeres per cell. Statistical analysis by One-Way ANOVA with Brown-Forstythe correction and

Welches multiple comparison test. P = <0.05*, 0.0001**** (n=2; >30 cells per repeat).
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Upon analysis of the IF results, it became clear that there are significant disadvantages to
using this method for global G4 analysis, highlighting a key gap in the field. This confirmed the
need for more standardized and quantifiable techniques. Below, | describe the development and
optimization of a novel method for G4 detection using an ELISA-based assay, enabling rapid

quantification of G4 in genomic DNA.

G4 ELISA design and optimization

The design for the G4 ELISA was a modification of existing DNA ELISA protocols
(Figure 17) (149)(150). For DNA to adhere to a 96-well culture plate, the plate must be coated in
a cationic solution to allow the negatively charged DNA to bind and adhere to it. For this,
protamine sulfate (protamine) was chosen due to its basic nature, arising from its high
concentration of Arginine (151). Various concentrations of protamine were tested for optimal
DNA binding in a 96-well plate. Based on recommended DNA concentrations for ELISAs,
genomic DNA was tested at both 1 and 2.5ug per well and assessed for binding via Ethidium
Bromide staining under an Ultra-Violet light (Figure 18a). It was determined that 800ug/ml of
protamine for coating and 1ug DNA per well produced the best result and was therefore used for
all future experiments. Of note, performing the DNA adherence step in a humid environment did
not generate sufficient binding to the protamine-coated plate. However, when DNA was left to
adhere onto the plate in a non-humid, 37°C incubator, the amount of DNA bound to the plate was
much higher. This method of preparation is already recommended for some DNA ELISAs,

supporting its validity in this context (152).
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Table 3: Summary of control oligonucleotide sequences for the G4 standard (Telo 34mer) and

negative controls (Telo 18mer and AT-rich 34mer) with sequence, predicted G4 formation score

according to the QGRS mapper and the percentage GC content for each sequence.

Example GGGNNNGGGNNNGGGNNNGGG n/a 57%
sequence

Telo TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG 40% 47%
34mer

Telo TTAGGGTTAGGGTTAGGG 0% 50%
18mer

AT-rich ATATCTCAGCTTAATCGCAATTGTTCGATATCAA 0% 11%
34mer
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Development of oligonucleotide standards for G4 analysis

It has been well established that the telomeric sequence, TTAGGG, is highly prone to G4
formation, thereby providing an excellent template for the generation of G4 DNA in vitro
(140)(153)(154). However, the length of sequence will impact G4 formation depending on the
desired orientation and assembly of the G4 structure. According to the canonical G4 motif
sequence, we established that 3 telomeric repeats (TTAGGG)s will be insufficient for intra-strand
G4 formation, thereby providing a suitable negative control (12) (Table 3). This is due to the
assembly of G-tetrads requiring 4 guanine runs broken up by looping regions in order to form a
stable structure. Therefore, GGG + (TTAGGG)s would be the minimum length for G4 to form
within the telomeric sequence. Additionally, it has been reported that the telomeric 34mer
sequence, (TTAGGG)s + TTAG, forms stable intra-strand G4 in vitro (142), providing a suitable
positive control for G4 detection (Table 3). Initial optimizations were used to determine if
annealing was required for G4 detection in the telomeric 34mer (Telo-34mer) and 18mer (Telo-
18mer) oligonucleotides. Results showed that allowing the oligos to anneal produced a lower G4
signal compared to the non-annealed sequences (Figure 18b). This suggests that annealing is not
required for G4 formation to occur in the control sequences.

Next, different antibody dilutions were tested with the control sequences in the presence of
standard DNA buffer (TE) or G4 stabilization buffers (K+ or PDS). G4 signal in all conditions
was consistent at 1:100 antibody dilution, suggesting saturation at this concentration. At 1:500,
subtle differences in signal can be seen in Telo-18mer vs Telo-34mer, however at 1:1000, clear
difference in G4 signal can be seen between Telo-18mer and Telo-34mer, supporting the use of

1:1000 BG4 dilution for this assay (Figure 18c).
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6. Detection via ECL substrates
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3. Anti-Mouse HEP labelled
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( 4. AntiFLAG
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2. DNA with G4 structures
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Figure 17: Principle of the G4 ELISA method. 1) Plates are prepared with a protamine coat

followed by 2) coating wells with DNA of interest. 3) anti-G4 antibody is applied followed by 4)
anti-FLAG antibody (when using BG4 primary) and 5) HRP-labelled secondary antibody. 6) G4
are detected via addition of ECL substrate which is processed by bound HRP. Signal is measured
for each well and used to develop a standard curve for absolute quantification of G4 in gDNA

samples.
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To further confirm the efficacy of the positive and negative controls in the DNA ELISA, serial
dilutions of the Telo-18mer and Telo-34mer were tested for G4 signal. Serial dilutions of Telo-
34mer resulted in a dose-dependent increase in G4 signal between 0.3125 and 50nM DNA.
Conversely, we found that the telomeric 18mer oligonucleotide showed minimal signal at the
highest concentration (50nM) and no detectable signal <50nM of the oligonucleotide (Figure 18d).
To ensure that the signal seen in the telomeric 34mer was not length dependent and independent
of G-content, an AT-rich 34mer was also tested. This oligonucleotide contains no guanine stretches
and therefore should not be able to form a G4 quadruplex (Table 3). When tested, the AT-rich
34mer showed no detectable signal at any concentration between 3.125 and 50nM (Figure 18d).
This data confirms that the Telo-34mer is forming a structure detectable by a G4 specific antibody,
and that this structure is not detectable in the AT-rich 34mer and the G-rich 18mer at
concentrations <50nM. We did observe some signal in the 18mer at concentrations >50nM, likely
due to clustering of G-rich sequences in the well, resulting in bi-molecular and/or tetramolecular
G4 structures forming, and not the intramolecular G4 structures we are likely seeing in the 34mer
at lower concentrations. Therefore, | decided that standard curves starting at the highest
concentration of 50nM should be used for the assay to avoid intermolecular G4 forming in the

control sequences.
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protamine concentration to adhere DNA. Protamine was coated onto a 96-well plate at 500 and
1000 ug/ml. DNA at 1 and 5ug was then added and Ethidium Bromide was used to determine DNA
adherence. b) Oligonucleotides were tested for G4 signal following either overnight annealing or
no annealing. c) Different concentrations of BG4 antibody were used to determine the optimal
dilution. The antibody was added at 1:100, 1:500 and 1:1000 dilutions to 0.05uM of 34mer or
18mer treated with stabilising buffer containing Pyridostatin (PDS), Potassium (K+) at 150mm or

Tris-EDTA (TE). d) G4 signal was measured for a 10x dilution series of each standard to confirm

signal not due to oligo G-content or length alone.
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Quantification of G4 using Telo-34mer standards

To determine a suitable range of detection for this assay, we generated serial dilutions of
the Telo-34mer and tested for G4 signal using the G4 ELISA method. The Telo-34mer was tested
at 3 different serial dilutions; 2-fold (50-3.125nM), 5-fold (50-0.08nM) and 10-fold (100-
0.001nM). Results show all 34mer serial dilutions produced moderate to strong R? values (>0.8),
with the strongest R? being the 2-fold dilution (R? = 0.997) (Figure 19a). Based on the previous
data suggesting 50nM should be the maximum concentration value for this assay, the 2-fold
standard was with a range of 50-0.3125nM was subsequently used for all gDNA quantification
(Figure 19b).

Next, G4 content in our gDNA samples was determined using the 2-fold Telo-34mer
standard curve to calculate the total G4 in each well. This provided maximum G4 concentration
value in the 1pg sample, assuming 100 % of the Telo-34mer had formed stable G4. However, we
recognise that this is unlikely due to the complex nature of G4 in this in vitro setting. One potential
way to counter this error is by using G4 prediction software. These software programs, such as the
QGRS mapper, take into account the length of sequence and G-content of putative DNA sequences
to provide a G-score (155). This score relates to the probability of the input sequence forming
stable G4, when compared to a ‘perfect’ G4 forming sequence. The Telo-34mer produced a G-
score of 40 %, whereas the 18mer and AT-rich oligos both generated scores of 0 % (Table 4).
Using this probability, | was able to determine an approximate nanomolar concentration value for

G4 formation in our gDNA samples.

Development of a protocol for G4 ELISA image analysis
For the ELISA, images were taken using enhanced chemiluminescence reagents after 1-

minute exposure on a BioRad ChemiDoc Imaging system. It was essential that the wells were

81



clearly visible for analysis; therefore, multiple images were taken of each plate to avoid signal loss
at the edges of the wells. All images were subsequently analysed with ImageJ software following
conversion to binary using the same threshold for each plate. Integrated density was then measured
with reference to the original, non-binary image.

Averages over 3 plates were combined to give a final figure, which was plotted on a graph
with standard error. For standard curves, linear regression analysis was performed and R? values
calculated. Statistical analysis for ELISA results with gDNA were performed using two-way
ANOVA and Tukey’s post-hoc multiple comparison test (P<0.05*). For IF analysis one-way
ANOVA with Tukey’s multiple comparison test was used, as only one independent variable was

measured (P<0.05%). All statistics were performed using Graphpad Prism 8.1.2.

Absolute G4 quantification in human gDNA samples using the G4 DNA ELISA

Following optimization of the Telo-34mer standard curve, we wanted to validate and test
for G4 content with this method using human gDNA samples. Using 1ug gDNA from U20S,
WI38-VAL13, HeLa, HEK293 and BT073M cells, total G4 was determined. G4 in each cell line
was calculated using Logarithmic and reverse Logarithmic calculations to provide the total G4
content in nanomoles. The concentration of baseline G4 in each cell line was determined to be
between 4 and 13nM based on the standard curve, confirming G4 are detectable in a panel of
gDNA samples from different cell lines (Figure 19c). G4 concentration values were also measured
in the presence of 1uM PDS to confirm the signal was responding to increases in global G4
stabilization. The G4 ELISA successfully detected an increase in G4 signal following 24 hours of
PDS treatment, further confirming the assay’s validity (Figure 19¢). Conversely, G4 destabilizing

agents were also used to confirm the assay’s accuracy.
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Figure 19: Quantification of G4 in genomic DNA using oligonucleotide standards in a novel

DNA ELISA. a) To develop the correct range for the standard curve, the 34mer oligonucleotide
was subjected to G4 detection at 2, 5 and 10x dilution series. b) The 34mer, 2-fold dilution series
was determined to be the best standard for these experiments with an R2 of 0.9977 using a LOG
scale. c¢) Specificity of G4 detection was confirmed using divalent cation buffers; lithium chloride
(LiCI2) and Zinc Chloride (ZnCl2), to reduce stability and abundance of G4 in U20S and BT073M
cells. Both buffers significantly reduced G4 signal. d) ImM Pyridostatin (PDS) was added to
genomic DNA to stabilise G4. Treatment lead to increased G4 signal detection. Statistical analysis

by two-way ANOVA with mixed-effect analysis. P<0.05*, 0.01**, 0.001*** (n=5).
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Buffers containing certain divalent cations have been shown to disrupt G4 formation and reduce
global G4 expression (90). To further assess the efficacy of the G4 ELISA, cells were cultured in
2mM Zinc Chloride (ZnClz) for 4 hours prior to harvesting to allow intracellular disruption of G4
formation (90). Treatment with ZnCl2 lead to a consistent reduction in G4 signal for all cell lines.
supporting the role of zinc ions in disruption of G4 and confirming the detection of G4 in this assay
(Figure 19c¢). This data supports that the G4 ELISA is detecting G4 in gDNA samples and this
signal can be altered through addition of both G4 stabilizing and destabilizing agents.

Calculations used to generate G4 values are seen below:

Logx*=Log(x)standard curve
(y-¢)~m=Logx G4

21°¢xG4=G4 concentration (nM)

The novel G4 ELISA described in this chapter was designed to determine how ATRX loss
might affect global G4 in human DNA samples. However, during development and optimization
of this assay, it became clear how important this technique may be in the study of G4. One
limitation of the assay is that the BG4 antibody has been shown to bind to RNA G4 as well as
DNA G4 (156). However, due to the nature of assay preparation, it is extremely unlikely that any
RNA is stable enough to withstand the temperature changes and wash steps used prior to antibody
detection.

The importance of measuring G4 globally in genomic DNA samples is becoming
increasingly apparent with the use of G4 stabilizers as anti-cancer drugs (157)(158)(159). It has

been demonstrated that by stabilizing G4, cancer cells can be sensitised to radiation, leading to
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enhanced DNA damage and cell death (100)(160). In order for these drugs to be tested in vitro,
initial optimization of dose and efficacy should be performed on a broad scale. The G4 ELISA
developed in this chapter provides an excellent tool for broad analysis of global G4 following drug
treatment in a time and cost-effective manner. The potential for high-throughput screening using
this technique is another advantage. As this assay is performed in a 96-well plate format using a
standardized protocol, the transition to a larger scale output could be relatively simple, affording
a more straightforward screening strategy for new compounds.

Following the successful development and optimisation of the G4 ELISA, this method,
amongst others, was used to investigate the effect of ATRX loss on telomerase activity and G4
formation, to determine the role of ATRX in telomere maintenance. In combination with IF, the
results demonstrate how ATRX loss affects G4 expression both globally and specifically at the
telomere, helping to answer a key question in cancer research; How is ATRX involved in TMM
regulation in cancer?

Identifying the role of ATRX in telomerase-mediated telomere maintenance

ATRX is mostly associated with cancer through its roles in telomere maintenance;
primarily due to its regulation of ALT activity (161). It is widely accepted that loss of ATRX is a
defining feature of ALT, although the reason for this remains largely unclear as knockdown of
ATRX does not appear to induce the ALT phenotype (14)(62). Initial studies suggested that ATRX
acts to repress the ALT pathway, preventing cells from becoming immortalized using this

mechanism(41) (143)(122). However, | _hypothesize that ATRX has an_active role in G4

resolution at the telomere, thereby facilitating telomerase mediated telomere maintenance and

indirectly repressing ALT activation. This would explain some of the current data regarding how

the loss of ATRX affects immortalized cells, making it an avenue of scientific interest.
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Many studies have induced the loss of ATRX using RNAI techniques in aim of inducing
ALT activation in cells immortalized via telomerase activity. However, under these conditions the
prevailing pathway remains to be telomerase and complete induction of ALT has been
unsuccessful (162). Following ATRX knockdown, some studies have reported a moderate increase
in ALT features, including APBs and C-circles, however telomerase activity remains detectable.
This suggests that ATRX loss may indeed relieve repression of the ALT pathway but is insufficient
to induce a complete switch in mechanism (122)(163)(164). Interestingly, another chromatin
associated complex, Anti-Silencing Factor-1A and -1B (ASF-1A and ASF-1B), was shown to
induce a switch in pathway activity following knockdown in telomerase positive cells with long
telomeres. The ASF1A/B heterodimer acts as a histone chaperone during nucleosome assembly
and disassembly, removing and depositing histones H3 and H4 in both replication dependent and
independent manners (52). This function is somewhat similar to that of ATRX, in that ATRX along
with its binding partner DAXX deposits H3.3 at repeat regions of DNA in a replication
independent manner (165). This data suggests chromatin organisation may be linked with a switch
to the ALT phenotype, however no mutations in ASF-1 have been reported in ALT cancers,
making it extremely unlikely that this protein is directly involved. This does, however, represent
this first incidence of complete ALT induction following gene knockdown, prompting interest in
chromatin organisation in TMM regulation.

Although neither ASF-1A nor ASF1B have the helicase activity of ATRX, following
ASF1A depletion obstructs histone transfer at the replication fork is obstructed, leading to
deregulated histone assembly and disassembly (166). As this obstruction continues to impede fork
progression, replication fork stalling can occur, leading to free, partially replicated, single-strand

DNA. If this process occurs in certain regions, such as the telomere, single-stranded G-rich DNA
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may be able to form intra-strand G4, further inhibiting fork progression and the activity of
telomerase (167). Other proteins in addition to ATRX have been shown to possess G4 resolution
ability, however none of these have been tied to ALT+ cancers (73)(168). As the telomere is a
known hotspot for both G4 formation and fork stalling due to its G-rich and repetitive nature, it
seems plausible that both factors combined, provide enough resistance to force the cell into the
ALT pathway if unresolved (169)(170). Therefore, the loss of ATRX could, over time, promote
the switch from telomerase activity to ALT through lack of G4 resolution at the telomere, leading
to telomerase inhibition and telomere-state induced genomic instability (171). Therefore, | wanted
to investigate how the loss of ATRX effects global and telomeric G4 and how this in turn effects

telomerase activity under G4 neutral and stabilizing conditions.

Telomerase activity is inhibited by Pyridostatin

Pyridostatin is a small G4-binding molecule shown be effective in stabilizing G4 both in vivo and
in vitro, supposedly inhibiting cancer cell growth through telomere and telomerase dysfunction
(111). It appears to do this by sitting at the centre of the G4 and ‘locking in’ to stabilize the
structure. Using a Conventional Telomerase Assay (CTA) we tested the ability of telomerase to
elongate the telomeric sequence in vitro (172). For this, telomerase was produced via the Rabbit
Reticulocyte Lysate (RRL) in vitro translation system, using a plasmid containing the full nTERT
sequence in addition to recombinant hTR RNA. This system utilises rabbit reticulocytes to produce
protein from plasmid DNA, which in the presence of recombinant hTR, forms the basic functional
unit of the telomerase enzyme (173). To confirm hTERT was indeed being produced successfully
using this system, western blots were performed with RRL lysates containing either 250 or 1000ng

hTERT plasmid DNA. Results confirmed expression of hTERT with both 250 and 1000ng DNA,
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Table 4: Telomeric primer sequences for CTA analysis. Telomeric 12mers and 18mers are

unable to form inter-strand G4 due to insufficient length of sequence. Telomeric 24mer is the

shortest sequence predicted to be capable of forming G4.

Telo 18mer TTAGGGTTAGGGTTAGGG 50%

Telo 24mer TTAGGGTTAGGGTTAGGGTTAGGG 50%
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Figure 20: In-vitro analysis of Telomerase activity with G4 stabilizing and de-stabilizing

compounds. a) Rabbit Reticulocyte Lysate (RRL) reactions with pCI-hTERT plasmid and
recombinant hTR protein were tested for efficiency at producing hTERT protein via western
blot. b) Representative image of Conventional Telomerase Assay (CTA) with Telomeric primers
24 nucleotides in length (Bio-24mer) in the presence or absence of Pyridostatin, a potent G4

stabilizer. Statistical analysis performed by One-way ANOVA with Tukeys multiple comparison

test (n=3).
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demonstrating that hnTERT protein was being successfully produced in this system (Figure 20a).
Following generation of telomerase in vitro, the ability of telomerase to elongate telomeric
sequences was assessed with either a telomeric 18mer or 24mer in the presence or absence of PDS.
The telomeric 18mer, similar to that in the G4 ELISA assay, is too short to form stable intra-strand
G4, thereby acting as a suitable negative control (99). The telomeric 24mer, however, contains a
sequence capable of intra-strand G4 formation which should be stabilised by PDS, therefore
inhibiting telomerase activity (Table 4). CTA analysis showed that telomerase activity was similar
for both 18 and 24mer primers at baseline, but with addition of PDS, telomerase activity was
markedly reduced (Figure 20b and 20c). This confirms that PDS inhibits telomerase activity and
suggests that telomerase is unable to effectively resolve stable G4 structures in the telomeric
sequence.

To further analyse the role of telomerase in G4 DNA resolution, we utilised the Telomere
Repeat Amplification Protocol (TRAP) assay to detect telomerase activity in human protein lysate
samples from cells in the presence or absence of PDS. This assay differs from the CTA as it
involves a PCR amplification step and utilises endogenous telomerase protein extracted from
human cells. The CTA has one key advantage over the TRAP as it doesn’t require PCR
amplification. For the purpose of this study, it was essential to demonstrate the effect of G4
stability on telomerase in a PCR-free setting as it could be argued that the addition of PDS would
interfere with the activity of Taq in the PCR reaction. These effects would likely produce a similar
result in a TRAP but are eliminated in the PCR-free CTA. However, for us to test telomerase
activity in ATRX knockdown cells, the TRAP is the only suitable assay, since it is difficult to

detect endogenous telomerase activity without PCR amplification of the extension products (127).

90



Ts primer TsG4 primer

| |

Figure 21: The potent G4-stabilizer, Pyridostatin, inhibits endogenous telomerase activity in

a dose dependent manner. a) Protein from BJ+hTERT cells were treated with increasing doses

of Pyridostatin (PDS) and tested for telomerase activity via a TRAP assay. Telomerase activity
was notably inhibited at even the lowest concentration of PDS (250uM). Normal telomeric
substrate (ts) primer was used in addition to a published TsG4 primer designed to form G4

structures.
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Using two telomeric substrate primers, Ts and TsG4, telomerase activity was measured at
various PDS doses (174). In both primer conditions, telomerase activity was significantly inhibited
at 1000 and 500uM PDS, confirming the results seen in the CTA (Figure 21). At the lowest
concentration of PDS (250uM), telomerase activity appeared to be restored in presence of TsG4
primer but remains largely inhibited in the presence of Ts primer. This suggests the Ts primer is
forming G4 structures more readily than the TsG4 primer. For this reason, the Ts primer was used
for all further TRAP assays. These data confirm that G4-forming telomeric sequences can be
stabilised in vitro by PDS treatment and that PDS inhibits telomerase activity in a dose-dependent

manner.

Generation of ATRX knockout HEK293 and HelLa cells by sShRNA

As | have demonstrated PDS successfully inhibits telomerase activity, | wanted to next
determine the effects of ATRX loss on G4 expression and telomerase activity. If ATRX does act
to resolve G4 at the telomere, knockdown using shRNA should result in increased G4 expression
at the telomere as well as globally. Further, | wanted to establish if loss of ATRX was synergistic
with PDS treatment, sensitizing cells to lower concentrations of the G4 stabilizing drug. To
determine the effect of ATRX loss on G4 and telomerase activity, ATRX knockdown cells were
generated using the PiggyBac expression system to transfect sShRNA into both HEK293 and HelLa
cell lines. These two cell lines were chosen as they both utilise telomerase mediated telomere
maintenance and both express ATRX (see figures 4 and 7). This provides the ideal background to
test the effect of ATRX loss on endogenous telomerase activity. Additionally, HeLa have proven
to consistently produce relatively clean staining for G4 in IF analysis, providing a suitable cell line
to analyse G4 expression at the telomere. sShRNA targeted to ATRX and scramble shRNA controls

were designed based on published sequences which demonstrated successful knockdown of ATRX
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in HeLa cells (Table 5) (163). Our sequences were produced by the DNA Laboratory core facility
at the University of Calgary and cloned into a PB-CMV-GreenPuro-H1-MCS (Piggybac) vector
gifted to our lab by the Senger Lab at the University of Calgary (Figure 22b). All cloning was
performed in a collaboration between me, Bo Young-Ahn of the Senger Lab and Beattie lab
undergraduate student, Vanessa Huynh. shRNA sequences were designed to contain EcoRI and
BamHI cut sites at either end to facilitate ligation into the Piggybac plasmid following linearization
of the plasmid using those same enzymes. Following ligation of the shRNA sequences into the
plasmid, EcoRIl and BamHI were again used to linearize the ligated plasmid to determine if the
shRNA had been successfully cloned into the vector. Results from gel electrophoresis of linearized
products showed successful ligation of all sequences into the plasmid (Figure 22a). However, to
fully confirm successful addition of the shRNA sequences to the vector, Sangar sequencing was
performed using primers which covered the entire ShRNA sequence region, including flanking
regions. These results show successful insertion of the sShRNA and scramble sequences (Figure
22¢).

Following successful cloning with shATRX sequences into the PiggyBac vector, HeLa and
HEK293 cells were transfected using the lipid-based transfection reagent, Lipofectamine 3000.
The Piggybac system works using a transposase which, once transfected successfully into a host
cell alongside the Piggybac vector, cuts out a section of the vector containing the desired sequence
and inserts it randomly into the host genome. This generates stable expression of the shRNA,
thereby providing long term knockdown of the target protein (175). In this study, the sShRNA
sequence was under an H1 promoter with both GFP and puromycin resistance genes under a
separate CMV promoter. This allowed visualisation of transfected cells via GFP as well as

selection via puromycin to produce a stable cell line populated by only those cells transfected with
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Table 5: Design of shRNA sequences to target ATRX. The below sequences were designed to
knockdown ATRX following insertion into a piggybac vector and successful transformation in
TOP10 E. coli. Following transformation, surviving clones were sequenced to confirm the

presence of ShRNA before transfection into mammalian cells.

ShATRX #1 CGACAGAAACTAACCCTGTAA
ShATRX #2 CCGGTGGTGAACATAAGAAAT
Scramble GCCAGATCCGTAAACCATAAA
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Figure 22: Generation of ShATRX and scramble controls vectors for ATRX knockdown. a)

Plasmid preps were digested in fastdigest buffer with no enzyme (uncut) EcoRI/BamHI alone or
in combination for 1 hour at 37 degrees. Linearized plasmids were then run on a DNA gel for
imaging. b) Plasmid map for PiggyBac PB-CMV-GreenPuro-H1-MCS construct used in ShRNA
cloning and transfections. c) Representative chromatograms following Sanger sequencing confirm

the successful incorporation of ShRNA sequences into the Piggybac vector.
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Figure 23: Generation of stable ATRX knockdown in HEK293 and HelL a cells. a) Representative

images (10x magnification) following transfection of HEK293 cells with PM-CMV-GreenPuro-
H1-MCS plasmid containing either ShATRX or Scramble sequences. b) Representative graphs
showing GFP distribution among HEK293 cell populations following transfection with the PB-
CMV-GreenPuro-H1-MCS vector containing shATRX or scramble sequences. Cells were FACS
sorted based upon GFP signal intensity after 2 weeks in puromycin-supplemented selection media.
Populations with the highest GFP signal were isolated and grown up for experiments. c) Following
transfection, western blots were performed to detect ATRX expression in both HEK293 and HelLa

cells (n=5).
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the plasmid. Initially, cells were transfected with; ShATRX #1, ShATRX#2, shATRX #1 and #2
combined or scramble control and imaged for GFP expression (Figure 23a). The aim of using 2
sequences in combination is to reduce the potential off-target effects of each individually whilst
maintaining a robust knockdown (176). Transfected HEK293 and HelLa cells were put under
puromycin selection for 2 weeks before further sorting by Fluorescence Associated Cell Sorting
(FACYS) to select the population of cells with highest GFP expression (Figure 23b). Although the
GFP and shRNA sequences are under different promoters in these cells, expression of GFP is still
somewhat indicative of shRNA expression as they are present in the same genomic region.
Therefore, if the ShRNA is silenced, GFP is likely to be affected also.

Following selection and FACS sorting, western blot analysis for ATRX expression was
performed to detect successful knockdown. Unfortunately, the expression of ATRX in HEK293
remained unchanged following shRNA transfection. In Hela cells, a knockdown was seen but this
was not significantly different from the scramble control, suggesting potential effects of the
scramble in culture (Figure 23c). Occasionally, scramble sequences can have detrimental effects
on cell lines as they accumulate in the cell with no defined role or function. This can cause toxicity
and can in some cases, also affect protein expression (177). Unfortunately, for the purposes of this
study, repeated attempts at generating stable cell lines with ATRX knockdown proved
unsuccessful. Therefore, we decided to attempt transient knockdown in HelLa due to the partial
response seen in the long-term cultures. Using the same Piggybac vector without the transposase,
HelLa cells were transfected using Lipofectamine 3000. At 48 hours post-transfection, cells were
imaged for GFP expression and any transfection with an estimated efficiency over 50% was
harvested for western blot analysis (Figure 24a). At 48 hours, knockdown of ATRX using shRNA

#1 was seen (Figure 24b). This knockdown was reproducible and maintained a consistent reduction
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Figure 24: Generation of transient ATRX knockdown in Hela cells. a) Representative images

(10x magnification) of HeLa cells 48 hours post-transfection with PB-CMV-GreenPuro-H1-MCS
plasmid containing either sShATRX or Scramble sequences. c) Cells were harvested at 60 hours
post-transfection and western blots were performed to detect ATRX expression. d) Quantification

of western blot results. Statistical analysis by students T-test. P<0.05* (n=3).
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Figure 25: Immunofluorescence analysis confirms lack of ATRX protein expression following

shRNA knockdown. a) Representative images showing immunofluorescence staining for ATRX

in HeLa cells following transfection with PB-CMV-GreenPuro-H1-MCS at 100x magnification.
b) Foci count analysis shows a clear and significant reduction in ATRX protein in ShATRX cells
vs scramble controls. Only GFP+ cells were included in the analysis. Statistical analysis by

students T-test. P<0.0001**** (n=3; >30 cells per repeat).
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in ATRX expression by ~75-80% in multiple transient transfections (Figure 24b and 24c). This
method provided us with the ATRX deficient cells needed to test the effect of ATRX loss on G4
and telomerase activity.

ATRX loss leads to increased G4 at the telomere in HeLa cells

Following successful knockdown of ATRX in HelLa cells, IF for ATRX was performed. This
experiment was designed to act as an additional control to ensure the GFP+ cell population has
reduced ATRX expression. This allows us to perform single cell analysis of G4 at the telomere,
without the need for complex staining methodology required for multiple primary antibodies of
the same species. HeLa cells transfected with either ShATRX #1 or scramble control sequences
were stained and imaged at 488nm and 568nm. Data collected from triplicate experiments shows
a significantly reduced number ATRX foci in sShATRX cells compared with scramble controls
(Figure 25a and 25b). As only GFP+ cells were included in analysis, this data confirms a
significant reduction in ATRX in this population. Following this, only GFP+ cells were used for
G4 and TRF2 staining. As knockdown in this population, I could be confident | was targeting cells
with successful ATRX knockdown or scramble transfection.

IF analysis of G4 and TRF2 was performed to determine if G4 expression at the telomere
was affected by ATRX loss specifically. As the shelterin protein, TRF2 clusters at the telomere,
distinct TRF2 foci can be used to identify the location of telomeres in the cell (78)(10). As our
Peptide Nucleic Acid (PNA) probe, which binds directly to telomeric DNA, is labelled with
AlexaFluor-488 it cannot be used for GFP+ cells. However, as TRF2 acts as an excellent marker
for the telomere and our primary TRF2 antibody is not fluorescently labelled, we can use any
fluorescent marker to probe for it. Therefore, TRF2 foci were used as telomeric markers in this

assay and co-localisation with G4 foci was deemed to represent telomeric G4.

101



DAPI merge

Hela scramble

HeLa shATRX

b)

50—
40+
L]
30— 22,
H
L]
L]
N %
L1
[+
. 88
.

10_ e

Percentage of telomeres with G4 foci

Figure 26: G4 at the telomere is not significantly affected by ATRX knockdown. a)

Representative immunofluorescence images at 100x magnification show staining for TRF2 and
G4 in HelLascramole and HeLashaTrx cells. b) Quantification of the percentage of telomeres (TRF2
foci) colocalised with G4 foci. Quantification was performed on <30 cells per condition. Statistical

analysis was performed by Welchs T-test (n=3; <30 cells per repeat).
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Results of TRF2 and G4 co-localisation show a significant increase in telomeric G4
following ATRX knockdown, suggesting the loss of ATRX effects G4 expression at the telomere
directly (Figure 26a and 26b). This loss of ATRX expression in telomerase positive cells may
therefore be directly influencing telomeric G4 and telomerase activity. The next step was to
analyse global G4 expression following ATRX knockdown using the G4 ELISA.

Hela cells transfected with either sShATRX #1 or scramble control sequences were harvested at 48
hours and DNA isolated for the G4 ELISA. Data from triplicate repeats shows a marked increase
in global G4 levels following ATRX knockdown, however this is not deemed statistically
significant according to one-way ANOVA (Figure 27a). This data does follow the same trend as
telomeric G4, however remains only a trend. The reason for lack of significance may be due to
some compensatory mechanisms which are more effective globally than specifically at the
telomere. As it has been previously shown that ATRX localises to telomeric DNA and can resolve
telomeric G4, it follows that ATRX may act more specifically at the telomere, thereby producing
a more significant effect in this region compared to globally. Activity of other helicases shown to
breakdown G4, such as BLM or WRN, could counter ATRX loss enough to limit G4 accumulation
in the global setting (178)(73). Despite the statistical significance for the G4 ELISA lacking, it is
of interest to note the expression of global G4 following ATRX knockdown increases from
~0.008nM to ~0.0015nM, almost doubling from baseline. Scientifically speaking, changes like
this warrant further investigation as something as minor as inter-plate variations could skew data
to appear insignificant due to high standard deviations. Further investigation into this aspect of

ATRX expression represents a definite area of interest for the future of this project.
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Figure 27: Impact of ATRX expression on telomerase activity. a) G4 ELISA results show that

ATRX knockdown leads to an increase in global G4 signal (n=3; mean+SEM). b) TRAP analysis
shows telomerase activity is inhibited by G4 stabilisation following Pyridostatin treatment and that
this inhibition is enhanced upon ATRX knockdown (n=3). ¢) Actin immunoblot was used for

internal control for protein loading (n=3)
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Telomerase activity is impaired by ATRX loss in HeLa cells

Finally, to determine how expression of ATRX effects telomerase activity, TRAP assays
were performed using protein lysate samples from HeLa cells, 48 hours after transfections with
ShATRX #1 or scramble control. All lysates were also treated with 250uM PDS to stabilize G4 in
the Ts primer sequence. Results from TRAP analysis show inhibition of telomerase activity
following PDS treatment, reducing total activity to ~25% of the untreated sample. However, in
HeLa cells with ATRX knockdown, this inhibition is markedly amplified, with telomerase activity
almost undetectable following PDS treatment (Figure 27b and 27c¢). This effect was consistent and
repeatable across triplicate biological and technical samples, suggesting that ATRX loss in the
presence of stable G4 significantly impairs the ability of telomerase to elongate the telomeric
sequence. This novel observation provides the first evidence for ATRX as a direct regulator of
telomerase activity in cancer. It highlights a previously unestablished role for ATRX in telomeric
G4 resolution, thereby enabling telomerase access to telomeres and facilitating telomerase activity.
This function could be direct or indirect, meaning that ATRX may be directly responsible for the
G4 resolution, or responsible for recruitment of G4 resolving helicases to the telomere. In either
case, it appears an essential factor in the regulation of telomeric G4.

The data described in this chapter help establish how the loss of ATRX in telomerase
positive cancer cells may contribute to increased global and telomeric G4 expression which in turn,
can compromise telomerase-mediated telomere maintenance. It also highlights ATRX as a
potential target for anti-cancer drugs as cells can be sensitized to G4 stabilizers. The treatment of
cancer with G4 stabilizers has already been shown to induce DNA damage in the absence of
ATRX, and now, the evidence shown in this thesis provides an explanation as to why this is

happening (100). The novelty of identifying a direct association between ATRX and telomerase
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activity is clear and helps to fill a significant gap in understanding in cancer cell immortality.
Taken together, the data in this thesis identifies a clear role of ATRX in G4 resolution and confirms
the ability of G4 to inhibit telomerase activity in telomerase positive cancer cells, providing

excellent support for both ATRX and G4 as targets for cancer therapy.
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Chapter 4: Discussion, limitations and future directions
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Discussion

Understanding cellular immortality continues to be of great importance in developing
agents to target cancer cells, in addition to the study of premature ageing disorders. Much has been
done to expand our knowledge of the role of telomerase in telomere maintenance, a property that
remains the dominant mechanism of immortality for many cancers (21). However, some aspects
of ALT activity in addition to the key players in pathway choice, remain unclear. This thesis
identifies a novel role for ATRX, a key regulator of chromatin state at repeat regions of DNA, in
telomerase-mediated telomere maintenance, providing evidence for ATRX as a key regulator of
telomeric G4. This data sheds light on the role of ATRX in telomere maintenance and helps resolve
the longstanding question, why is ATRX lost in ALT?

Many studies have focused on the impact of ATRX loss on ALT activity, by way of
inducing features of the ALT phenotype and reduction in telomerase activity (71)(164)(121).
However, | took an alternate approach in this thesis, working to understand the role of ATRX in
telomerase positive cancers and how its loss may result in telomere dysfunction. It has been
reported that loss of ATRX alone is insufficient to induce complete ALT activation, however it
does appear to induce a decrease in telomerase activity and increase global levels of G4 (122)(179).
Using this evidence, | postulated that ATRX acts to resolve telomeric G4 in telomerase positive
cells, thereby facilitating cellular immortality by telomerase-mediated telomere elongation.

In the first phase of this study | established a suitable panel of cell lines to test my
hypothesis by characterising TMM and ATRX expression profiles. Despite selecting a panel of
human BTICs with genetic mutations in ATRX, none of the chosen cell lines tested ALT+. Much
to my surprise, neither ATRX mutations nor lack of expression of full-length ATRX appeared to

correlate with ALT activity, contradicting the literature (180). This is not the first report
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demonstrating a discrepancy in the ATRX loss/ALT activity dynamic. In 2019, Chami et al
published an article describing the high incidence of ATRX mutations being missed using clinical
IHC analysis (181). This report mirrors my own results using murine models, where BTICs with
ATRX mutations stained positive for ATRX using IHC and clinical antibodies. This could have a
significant impact on patient diagnosis as ATRX mutant glioma has a significantly better survival
rate compared with its telomerase+ counterpart (depicted in figure 1). ATRX loss has been
consistently linked to the ALT phenotype in Glioma, with lack of ATRX expression being
indicative of ALT activity (106)(125). However, the data generated in this study contradict that
notion, suggesting that the inability to detect full-length ATRX is insufficient evidence to conclude
ALT activity in adult glioma. It is possible that the mutant ATRX genes are being transcribed and
translated only to produce a dysfunctional protein and the functional analysis of ATRX in this
study is not robust enough to establish this. However, | would expect that if ATRX is so heavily
involved in telomere maintenance, a severe loss of function would produce an observable
phenotype, likely with persistent G4, reduced telomerase activity and telomere dysfunction as seen
in the literature. However, it seemed possible that alternative isoforms of ATRX may be
compensating in some way for the lack of full-length expression in some of the BTIC panel.
Analysis of the ATRX isoform ATRXt, determined this variant of the protein was expressed in all
telomerase positive cell lines, BTICs included (133). This suggested that ATRXt, a known and
semi-functional isoform of ATRX, could be acting in place of the full-length protein. However,
the exact functions maintained by ATRXt are unknown (133). Of interest, when | combined the
expression of ATRXt with the expression of full-length ATRX using densitometry, the correlation
between ATRX expression and ALT becomes much clearer. In this instance, total ATRX

expression (ATRX full-length and ATRXt) was significantly higher in all telomerase+ BTICs
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compared with ALT+ controls, which expressed little to no ATRX of any isoform. This highlights
the importance of alternative ATRX isoforms when considering telomere maintenance as it may
be that expression of a handful of alternative ATRX isoforms, yet to be fully characterized, is
sufficient to repress ALT. Therefore, using ATRX IHC or mutational analysis alone will likely
miss a portion of telomerase+ cancers, mis-labeling them as ALT+. A positive correlation was also
found between total ATRX expression and telomerase activity (using densitometry), suggesting
that as the levels of ATRX increase, telomerase activity increases. This again supports a role for
ATRX in facilitating telomerase activity, albeit in a non-causal manner.

Further, overexpression of ATRXt in an ATRX null background showed that ATRXt
maintained partial affinity for PML in U20S cells. The association between ATRX and PML is
thought to be essential in repressing the ALT pathway, as PML bodies localize to the telomeres of
ALT cells and are considered the ‘hub’ of ALT activity (121)(74). Thus, by maintaining ~40% of
the co-localization with PML, ATRXt may be able to compensate for lack of full-length ATRX
and uphold ALT repression by preventing the movement of PML to the telomere. Taken together
this data provides evidence for ATRXt as a functionally relevant isoform of ATRX, which may
compensate in part for lack of the full-length protein expression, repressing the ALT phenotype
and promoting telomerase activity.

Due to the reported link between ATRX and telomerase activity as well as the known
association between ATRX and G4, | wanted to determine if changes in ATRX expression altered
either global or telomeric G4 in the selected cells and how this would, in turn, effect telomerase
activity. The G-quadruplex has been established as a cellular mechanism for gene regulation and
expression, and is becoming increasingly important in many areas of research (95)(145). Currently,

despite the great deal of interest in the role of G4 in the cell, the availability of assays to reliably
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detect and measure G4 DNA remains a major barrier to research. Other than the widely used IF
assays, there are limited quantitative detection methods to measure global changes in DNA G4
(87). Based on my experience using IF for global G4 quantification, it became clear how variable
and inconsistent the results can be and how time-consuming analysis methods are. The novel DNA
G4 ELISA detection assay described in this thesis provides an accurate and reproducible method
of global G4 detection within genomic DNA. It also permits quantitation of total G4 within a
sample of synthetic or genomic DNA, allowing accurate comparison between samples using a
standard curve. The R? values for the telomeric standard curve also demonstrate the consistency
of the method and intra-plate error rates in gDNA samples were consistently low. Additionally,
the moderate inter-plate variations are specific to gDNA samples and not seen in the standard
curves, suggesting a biological cause unrelated to assay design. It should also be noted that the
error rate in IF analysis was consistently over 10% higher than in the ELISA when comparing
integrated density analysis, further demonstrating the superiority of this assay for total G4 analysis.

The ability to quantify and measure G4 DNA is significant in many fields as the role of G4
becomes clearer. It has been established that G4 DNA can result in replication fork stalling and
eventual collapse if unresolved (111)(182). This can pose many issues for the cell as it prolongs
replication, causes DNA damage around the site of collapse and can trigger cell cycle arrest
(100)(183). In addition to this, unresolved G4 can also block the progression of transcription
machinery, thereby affecting gene expression and again triggering DNA damage responses
(95)(98). Certain enzymes with helicase activity are able to resolve G4 and allow the smooth
progression of replication and transcription machinery through patches of G-rich DNA (178)(73).
However, in larger G-rich regions such as the telomere, the repetitive nature of the G-rich DNA

makes it a hotspot for G4 formation and genomic instability (184). Therefore, stabilizing G4
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through treatment with small molecules has potential as an anti-cancer therapy. It has been shown
that telomerase, although capable of partial G4 resolution, is unable to elongate telomeric DNA
containing stable G4 (142)(185). This is of particular importance in cancer and ageing, as
manipulating G4 stability at the telomere could impact the cellular lifespan. By exogenously
stabilising G4 in the telomeres of cancer cells, telomerase would be unable to successfully maintain
telomere length, possibly leading to accelerated cell death as the cells age. It has been recently
reported that G4 stabilisation promotes cellular DNA damage making cells susceptible to other
DNA damaging agents (179). It could be that some of this damage occurs at the telomere, possibly
triggering cell cycle checkpoints and subsequent arrest (100). Currently, there are no targeted G4
ligands that could be used specifically at the telomere, however as these agents continue to be
developed, it may be possible to generate a ligand which binds telomeric G4 with a higher affinity
than other DNA G4, using the specific orientation and sequence of the telomeric G4 for a more
direct approach.

The importance of DNA G4 will continue to be established in many areas of research as
we build tools to study these structures. The development of the G4 ELISA addresses the need for
an accurate and reproducible method of G4 detection, which is vital when studying subtle
differences in global genomic G4. Further, although the ELISA has been designed specifically to
detect DNA G4, it could easily be adapted for quantification of RNA G4 or to study specific
sequences for the presence of G4. Additionally, many ELISA assays have been modified for high-
throughput screening. By modifying this assay for high-throughput analysis, multiple compounds
could be screened with high efficiency, providing a modifiable tool for DNA structure analysis in

an accurate, reliable and time-effective manner.
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Utilising the G4 ELISA in combination with IF, I was able to determine how ATRX
expression impacted the prevalence of both global and telomeric G4 in telomerase positive cancer
cells. ATRX knockdown using shRNA constructs led to a mild increase in global G4 and
significant increase in telomeric G4 expression. This supports a role for ATRX specifically in
telomeric G4 resolution. It may be that ATRX has additional roles in G4 resolution at other regions
of the cell enriched for repetitive DNA, such as pericentromeres, which is masked by the activity
of other helicases compensating for a loss of ATRX (178). Certain helicases such as BLM, WRN
and RTEL1 have been reported to possess moderate to high G4 resolving abilities, suggesting
ATRX may be one of many acting to maintain genomic stability via this process (73).

Following treatment with the G4 stabilizer PDS, a dose-dependent reduction in telomerase
activity was observed, a response even more pronounced upon loss of ATRX. This suggests ATRX
actively functions to facilitate telomeric G4 breakdown and to support telomerase activity in cancer
cells. This novel finding supports the role of ATRX in G4 resolution despite its poor performances
in resolving G4 in vitro (107). | postulate that ATRX acts as a recruitment protein, detecting
unresolved G4 and promoting the localisation of other helicases wit more robust G4 resolving
abilities. The most logical candidate for this role would be RTEL1 as it is known to localise to the
telomere and possess strong G4 resolving functions (168). This could explain, in part, why the
expression of ATRXt is sufficient to repress ALT and promote telomerase-mediated telomere
elongation in cells lacking full-length ATRX. As ATRXt is truncated 183bp into intron 11, it does
not possess the c-terminal helicase domains of the full-length protein (133). Perhaps this isoform,
amongst others, acts to guide other telomeric helicases to G4 sites to resolve G4, thereby allowing
telomerase to access the telomere and maintain cellular immortality. This appears to be a fairly

straightforward hypothesis to test with regard to telomerase activity in the presence of ATRXt
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versus full-length ATRX, however significant issues with exogenously expressing ATRX create a
barrier to experimentally confirming this theory. | attempted to express both ATRX and ATRXt
in a number of immortalized cell lines in an effort to determine whether ATRX and ATRXt had a
direct role in resolving G4, however, at best | could achieve 30% transfection efficiency using
lipid-based reagents. Following advice from experts in the field, | deemed lipofection to be best
most likely to work as electroporation results in extremely high levels of cell death with little to
no successfully transfected cells. It may be possible to us CRISPR to insert the ATRX or ATRX
genes however, due to their size (the ATRX gene is 281339bp), this may also prove difficult and
due to time limitations, fell outside the realm of possibility for this project.

The data presented in this thesis help to fill a significant gap in knowledge with regard to
the role of G4 and ATRX in cellular immortality. The data show that expression of ATRX is
essential to regulate G4 at the telomere, acting to facilitate the resolution of G4, thereby providing
telomerase access to telomeres, promoting telomerase-mediated telomere elongation. This concept
fits with recent evidence showing ATRX loss induces sensitivity of cancer cells to G4 stabilizing
agents, leading to increased DDR and cell death (179)(160). Additionally, the data highlight a key
point for the diagnosis and treatment of glioma patients, providing evidence to suggest ATRX
expression and/or mutations are insufficient to determine ALT activity. This alone provides novel
evidence supporting the revision of existing clinical procedures in glioma patient diagnosis and
treatment. The data provided here also support the role of telomeric G4 in regulating telomerase
activity, confirming these structures as a suitable target for anti-cancer therapy. Interestingly, the
data also suggest ATRX may be a novel anti-cancer target as loss of this protein appears to
sensitize cells to G4 treatment, which was reported by the Huse lab to confer synthetic lethality
(179).
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Further, through my assessment of G4 in this study, | was able to develop and test a novel
G4 detection method that is capable to measuring small changes in global G4 expression in human
gDNA. This assay is easily standardizable and could prove to be a beneficial tool for quantifying
G4 in a variety of ways. The assay in this instance was developed for detection of global G4 but
is highly adaptable to other nucleic acid sequences and as anti-G4 antibodies become more
specific, the method itself will become more accurate. Additionally, an assay of this kind lends
itself to high-throughput screening and would be an excellent tool to test efficacy of G4 ligands on
a large scale against multiple G4 sequences.

Together, the results presented in this thesis provide novel data for the role of ATRX in
G4 resolution at the telomere and in the promotion of telomerase activity. It also provides
evidence suggesting the alternative ATRX isoform, ATRXt, retains some WT activity and may
be capable of repressing ALT in the absence of the full-length protein. Additionally, expression
of full-length ATRX alone is not correlational with ALT activity and suggests care should be
taken when utilising ATRX as an ALT marker both at the bench and more clinically. As many
uncharacterised isoforms of the protein may exist, we do not yet know how expression of these
might affect TMM, and focusing on the full-length protein alone could be misleading. Finally,
this thesis provides a tried and tested method of G4 detection in human gDNA samples which
allows for quantification of global G4 in a time- and cost-effective manner. These findings
represent a significant contribution to the fields of cancer research, cellular immortality and
ageing and help to fill a substantial gap in knowledge, providing evidence which has both

biological and clinical relevance for many cancer types.
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Limitations and future directions

This study has provided a wealth of information regarding the role of G4 and ATRX in
cellular immortality, but avenues of interest remain and should be looked into in the future. First,
I think analysis of a larger panel of cell lines for ATRX expression and ALT activity would be
extremely helpful. For this, IHC analysis in combination with ATRX western blots and gPCR
would help reinforce the data shown in this study regarding the correlation between ATRX and
ALT. Generation of an ATRXt specific antibody would also be a significant step forward in
identifying the relevance of this isoform in cancer. By furthering this analysis, we could obtain a
better understanding of the how ATRX and ATRXt expression is distributed in cancer and whether
loss or one, both or either is specifically associated with ALT activity. This information would
also help to inform clinical diagnosis and prognosis of patients with glioma.

Another future direction for this research would be to generate stable ATRX and ATRXt
overexpressing cells. This would provide a vital resource for analysing the role of ATRXt as well
as other ATRX functions in G4 resolution, providing evidence to either support or reject ATRXt
as a functionally relevant isoform in TMM. Due to technical issues in this study, | was unable to
generate stable ATRX and ATRXt overexpressing lines. As the full-length ATRX sequence is over
7000 nucleotides and the plasmids each being between 5-7000 nucleotides, getting the cells to
take-up and retain the plasmid proved difficult. Multiple reagents and time points were used to
increase efficiency; however, 30% was the maximum transfection efficiency | could reach. This
was acceptable for certain IF experiments as | could screen for ATRX/ATRXt positive cells, but
analysis of a whole cell populations was not possible with such a mixed population.

Similarly, IF analysis for G4 was more complex than expected as G4 foci are highly

abundant and very small, meaning analysis took much optimisation. Using image J, | was able to
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set specific thresholds which helped to measure G4, but due to the proximity of G4 foci to each
other, total foci count was impossible at this resolution. Therefore, integrated density was used as
this accounts for the total area of G4 signal as well as the intensity of each foci, producing a total
value for each nucleus. This protocol was followed throughout my study but is not standardized in
the field, meaning comparison with results from other published articles could be inaccurate.

With the development of the G4 ELISA in this thesis, quantification of global G4 was
simplified in wake of difficulties with the IF procedure. However, one limitation of this method is
that despite its utility in DNA G4 detection both in specific synthetic sequences and, more globally,
in genomic DNA, it cannot be used to detect specific G4 sequences in genomic DNA samples. For
instance, we cannot use this assay to compare telomeric G4 formation between cell lines, only
global G4. However, if sequences are suspected of forming G4 and need to be tested in a fast and
cost-effective manner, the G4 ELISA assay is ideal. Using the G4 ELISA in this context, future
studies could assess the impact of ATRX and ATRXt expression on global G4 in the presence of
G4 ligands. These experiments would provide evidence for the role of ATRXt in global G4
resolution and determine if certain G4 ligands are more or less effective against certain genetic
backgrounds. For instance, does pyridostatin trigger a significant increase in G4 in the absence of
ATRXt and not in the absence of full-length ATRX? Questions such as these could be answered
using the method described here. Again, due to issues with transfection efficiency, | was unable to
obtain a population of cells with ATRX expression to perform this study, but if stable
ATRX/ATRXt overexpressing cells were generated, this would be overcome.

Finally, and perhaps most critically, future studies could use stable ATRX and ATRXt over
and under-expressing cell lines to screen for sensitivities to certain therapeutic combinations. As

has been published, ATRX deficient glioma cells are more sensitive to DNA damage following
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G4 ligand treatment. To further this, U20S cells expressing ATRX or ATRXt could be subjected
to G4 ligand treatment followed by irradiation and/or other DNA damaging agents to determine if
the expression of these proteins has any impact on the efficacy of these treatments. Based on
published data and the results from this thesis, | would expect ATRX and ATRXt to provide some
level of resistance to G4 ligand treatment in the presence and absence of DNA damaging agents
as they can resolve telomeric G4, reducing baseline and ligand induced DDR in this region. This
data would further define the suitability of ATRX as a therapeutic target and perhaps help identify

the best approach to cause synthetic lethality.
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Figure 28: Model figure for proposed role of ATRX in telomerase-mediated telomere

elongation. Under normal circumstances, telomerase activity at the telomere is blocked by G4.
ATRX acts to resolve these structures either directly or indirectly, allowing telomerase to bind to
telomere ends and elongate the DNA sequences. Upon ATRX loss, telomeric G4 persist,
inhibiting telomerase activity and preventing telomere elongation. In cancer cells, this can lead to

replicative and transcriptional stress and DNA damage.
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