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ABSTRACT 

 

A key requisite for indefinite growth of cancer cells is the ability to continuously 

elongate telomeres to circumvent the onset of senescence or apoptosis, this is known 

as a telomere maintenance mechanism. Most cancers use an enzyme called 

telomerase, however, in approximately 10 – 15% of cancers this is achieved through 

the Alternative Lengthening of Telomeres (ALT) mechanism, a Break Induced 

Replication (BIR) mediated mechanism of telomere copying. ATRX has emerged as 

the key tumour suppressor in ALT cancers but its loss is insufficient to drive induction 

of the pathway. Here, we report that depletion of ATRX and/or DAXX in the presence 

of various genotoxic agents is sufficient to induce ALT. We have additionally showed 

that these effects occur most strongly when telomere clustering is both exaggerated 

and prevalent. Moreover, co-deletion of ATRX and SETD2, commonly mutated in high 

grade gliomas (HGGs), elicits induction of ALT.  Mechanistically, SETD2 restricts the 

accumulation of telomeric R-loops, which, in the absence of ATRX, leads to fork 

collapse and the loss of telomere sister chromatid cohesion. Cumulatively this 

provides a substrate for out of register BIR and telomere lengthening.  
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CHAPTER 1.0: INTRODUCTION 

 

Due to the inherent inability of DNA polymerases to fully replicate the distal ends of 

linear chromosomes, chromosomal DNA is progressively shortened with each round 

of cell division. To circumvent potentially detrimental effects to genome stability and 

loss of genetic information, humans, like many other species, have developed 

specialised nucleoprotein structures, called telomeres, shown in figure 1. Telomeres 

are comprised of many kilobases (kb) of a tandem repeat sequence, TTAGGG, 

culminating in a 3’ protrusion of single stranded G-rich DNA of 50 – 400 nucleotides. 

Telomeric sequence is bound by a specialised protein complex, denoted Shelterin, 

which comprises the proteins TRF1, TRF2, POT1, TIN1, TPP1 and RAP1 (de Lange, 

2018). Telomeres range from 3 to 12 kb in humans and progressively shorten by about 

200 base pairs per cell division due to the end-replication problem, this is due to the 

lack of replication occurring at the 5’ end primer. Once telomeres reach a critical 

length, termed the ‘Hayflick limit’, they elicit DNA damage checkpoint activation, 

leading to cellular senescence or telomere-induced apoptosis. 

 

A key hallmark of cancer cells is their ability to circumvent telomere shortening via a 

telomere length maintenance mechanism (TMM). In the majority of cancers, this is 

achieved through the upregulation of telomerase, a specialised ribonucleoprotein that 

acts to progressively add telomeric repeats to the end of chromosomes. More recently 

it has emerged that approximately 15% of cancers maintain telomere length through 

a telomerase independent TMM, known as the Alternative Lengthening of Telomeres 

(ALT) pathway. No in depth studies have been done to determine the prevalence of 

both telomerase activity and ALT in the same tumour. The ALT pathway is particularly 
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prevalent in cancers of mesenchymal origin, including several cancers of the central 

nervous system (CNS), with rates as high as 63% (Heaphy et al., 2011). ALT in human 

cancer cells is generally considered to be a form of aberrant telomere recombination 

and conservative DNA synthesis known as Break Induced Replication (BIR), occurring 

during both the G2 and Mitosis phases of the cell cycle. A three-protein axis has been 

implicated in facilitating ALT-mediated telomere synthesis; POLD3, PCNA and RAD52 

(Dilley et al., 2016; Min et al., 2017; Roumelioti et al., 2016). A second Rad52 

independent pathway has also recently been reported, suggesting that ALT is in fact 

a bifurcated pathway, with similarities to telomerase independent telomere 

maintenance pathways originally described in budding yeast (Cho et al., 2014; Zhang 

et al., 2019a).  

 

Further work in human cells has suggested that replication stress arising at telomeres 

can potentiate the ALT pathway (Min et al., 2017). Indeed, owing to their repetitive 

nature, telomeres are thought to be inherently difficult sequences to replicate and 

telomeres have been shown to phenotypically resemble common fragile sites due to 

the overt fragility they exhibit under conditions of replication stress (Sfeir et al., 2009). 

This is likely in large part due to the propensity of the G-rich repetitive telomeric 

sequence to adopt non-canonical DNA secondary structures, including the G-

quadruplex (G4) conformation and R-loops; three-stranded nucleic acid structures 

consisting of an RNA:DNA hybrid and a displaced piece of single stranded DNA 

(Aguilera and García-Muse, 2012). In line with this notion, abrogation of FANCM 

activity, which has known roles in R-loop resolution and fork stabilisation (Lu et al., 

2019a; Pan et al., 2019; Silva et al., 2019), or depletion of RNase H, which can 

degrade DNA:RNA hybrids, have both recently been shown to potentiate markers of 
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the ALT pathway (Arora et al., 2014; Lu et al., 2019b; Pan et al., 2017a, 2017b; Silva 

et al., 2019). 

 

A near unifying feature of ALT positive cancer cells is loss of the alpha 

thalassemia/mental retardation syndrome X-linked chromatin remodeller (ATRX) 

and/or its interaction partner DAXX (death domain-associated protein) (Heaphy et al., 

2011; Lovejoy et al., 2012; Schwartzentruber et al., 2012a). Indeed, previous work by 

the lab and others has demonstrated that ectopic expression of ATRX leads to a 

DAXX-dependent suppression of the ALT pathway (Clynes et al., 2015a; Napier et al., 

2015). Of note, depletion or knockout (KO) of ATRX in telomerase positive or primary 

cell lines is generally insufficient to induce markers of the ALT pathway (Clynes et al., 

2014; Eid et al., 2015; Lovejoy et al., 2012; Napier et al., 2015), with the notable 

exception of a minority of glioma cell lines (Brosnan-Cashman et al., 2018). A likely 

explanation for these observations is that other genetic or epigenetic events are 

required for the induction of ALT in human cancer in concert with ATRX loss. To date, 

what these events are remains contentious. 

 

ATRX is a chromatin remodelling factor of the Snf2 family (reviewed in (Clynes et al., 

2013) which, together with the histone chaperone DAXX, facilitates the incorporation 

of the histone variant H3.3 into defined genomic sites, including telomeric chromatin, 

in a replication independent chromatin assembly pathway (Drané et al., 2010; 

Goldberg et al., 2010; Wong et al., 2010). In the last decade, a number of studies have 

implicated ATRX in a plethora of roles related to the maintenance of genome stability. 

One major role of ATRX appears to be the regulation of non-canonical DNA secondary 

structures, with ATRX null cells displaying increases in both G4 and R-loop structures 
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(Nguyen et al., 2017a; Wang et al., 2018). ATRX also has multiple reported roles in 

DNA replication; including the prevention of replication fork stalling, potentiation of fork 

restart and the prevention of excessive nucleolytic degradation of stalled forks (Clynes 

et al., 2014; Huh et al., 2012, 2016; Leung et al., 2013a; Watson et al., 2013). 

Additionally, evidence exists for a role of ATRX in facilitating DNA double strand break 

(DSB) repair, with roles reported in both the major DSB repair pathways, homologous 

recombination (HR) (Juhász et al., 2018; Raghunandan et al., 2020) and non-

homologous end joining (NHEJ) (Koschmann et al., 2016). Which of these role(s) are 

required for ATRX to prevent either the induction or maintenance of the ALT pathway 

is to date unclear. 

 

Two of the major methods to detect the presence of an ALT phenotype look at the 

quantity of C-circles and ALT associated PML Nuclear Bodies (APB’s). C-circles are 

partially single stranded, circular molecules of C-rich telomeric DNA, the assay to 

detect these utilises the unique properties of phi29 DNA polymerase to selectively 

amplify C-circles. APB’s are the co-localisation between PML nuclear bodies and 

telomeres and are thought to be the site of ALT recombination, they can be detected 

by immunofluorescence and telomere FISH. 

 

Here, I show on an overarching role for ATRX in the suppression of the ALT pathway. 

Firstly, I demonstrate that ATRX/DAXX is required to prevent ALT in the presence of 

a variety of genotoxic agents that are known to result in replication fork stalling and 

reversal. Induction of the ALT phenotype is associated with increases in telomeric 

DNA damage and single stranded DNA, in addition to a loss of sister chromatid 

telomere cohesion. Based on this I propose that the induction of ALT in cancer cells 
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requires two independent events; one involving a mutation (or mutations) in a factor 

(or factors) that leads to the generation of replicative stress at telomeres, which, if in 

concert with ATRX loss, leads to both fork collapse and the loss of telomere sister 

chromatid cohesion. This cumulatively results in out of register BIR and telomere 

lengthening. I demonstrate one such factor to be the histone methyltransferase 

SETD2, which is frequently mutated concomitantly with ATRX in high grade gliomas 

(HGGs), by showing that loss of SETD2 elicits induction of the ALT pathway, 

specifically in the absence of ATRX, via the generation of telomeric R-loops. 
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Figure 1. Replication stress at telomeres, one ended double stranded break formation 

from R-loops and G-quadruplexes, the structure of a G-quadruplex, and the resulting 

ALT associated homologous recombination. 
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CHAPTER 2:0: MATERIALS AND METHODS 

 

Cell lines and cell culture conditions 

 

All cell lines were obtained from ATCC with the exception of HeLa LT which was a 

kind gift from Roderick O’Sullivan. All cells were cultured in standard Dulbecco’s 

Modified Eagle’s Medium (DMEM) media supplemented with 10% foetal calf serum, 

1% L-glutamine and 1% PenStrep (Gibco). U-2 OSATRX cells were cultured in the 

presence of 0.4 µg/mL puromycin and 175 µg/mL neomycin. Ectopic ATRX expression 

was driven through the addition of 0.4 µg/mL doxycycline.  

 

CRISPR-Cas9 KO 

 

CRISPR-Cas9 KO of ATRX was performed using a modified pSpCas9(bb)-2A-GFP 

tagged Cas9 vector containing sgRNAs targeting exon 16 of ATRX (sgRNA sequence 

- TOP: 5’ caccGTCCAATAACAACCA^AGT 3’, BOTTOM: 5’ 

aaacACT^TGGTTGTTATTGGAC 3’) with an expected cut site at lysine 1536. Cells 

were sorted on a BD FACSAria Fusion cell sorter 24 hours after transfection into single 

wells and grown into clones. KO was determined by western blotting. DAXX KOs were 

performed using a commercially available DAXX Cas9 plasmid (Santa Cruz, sc-

400686-KO-2) and were FACs sorted based on GFP expression. SETD2 Cas9 KO 

was performed as described in (Pfister et al., 2015). Transfected cells were selected 

using 0.4 µg/mL puromycin and then sorted into single wells to obtain clones. 

Combinatorial KOs were made through sequential KO of genes. 

 

Treatment of Cells with Genotoxic Agents 

 

Cells were treated with these genotoxic agents at the following doses for 48 hours 

prior to downstream analysis with the ALT assays used in this study: PDS at 5 µM, 

CPT at 50 nM, APH at 0.2 µM and ETO at 0.5 µM. 
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siRNA Knockdown 

 

Mus81 siRNA experiments were performed using the commercially available ON-

TARGETplus Mus81 siRNA SmartPool (Dharmacon, L-016143-01-0005). Cells were 

reverse transfected when seeding cells to wells or coverslips using Lipofectamine 

RNAiMAX, to a final concentration of 5 pmol following the manufacturer’s instructions. 

48 hours after transfection well were forward transfected again to ensure consistent 

knockdown. For Mus81 experiments, 72 hours after transfection cells were treated 

with 5 µM PDS and incubated for a further 24 hours before harvesting. 

 

ImmunoFISH 

 

ImmunoFISH experiments were performed with cells seeded onto 13mm #00 

thickness coverslips. Briefly, cells were pre-permeabilised with 0.5% Triton-X100 for 

1 minute on ice then fixed in 4% paraformaldehyde for 20 minutes. Fixed coverslips 

were washed in PBS then permeabilised on ice for 6 minutes with 0.5% Triton-X100. 

Coverslips were blocked in blocking buffer (2% BSA, 0.1% Tween-20 in PBS) for 1 

hour and then incubated with the appropriate primary antibody in blocking buffer. 

Following primary antibody staining, coverslips were washed in PBST (0.5% Tween-

20 in PBS) and stained with an appropriate Alexa fluorophore-conjugated secondary 

antibody. Following further washing, coverslips were post-fixed with 4% PFA for 20 

minutes and then a Cy3-[CCCTTA]5 probe was hybridised onto the coverslip in 

hybridisation buffer (25% formamide, 2xSSC, 200 ng/µL Salmon sperm, 5x Denhardts 

solution, 50 mM phosphase buffer, 1mM EDTA in water) overnight at 37°C in a 

humidified chamber. In instances where denatured telomere signals were required, 

coverslips were incubated in 3.5 N HCl for 13 minutes, then immediately washed with 

ice cold PBS prior to hybridisation with telomere probes. For analysis of single 

stranded telomeric DNA the denaturation step was omitted. Coverslips were then 

washed in 2x SSC before being mounted in VectaShield containing DAPI. Coverslips 

were then visualised using a DeltaVision widefield microscope. Quantitation was 

performed using CellProfiler, first all foci in each channel are detected, then any foci 

overlapping in the respective channels are recorded, additionally foci intensity is also 

measured. 
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C-circle Assay 

 

DNA was extracted from approximately 1x106 cells using the QIAGEN Core B kit. 

Extracted DNA was resuspended in 20 mM Tris-HCl. DNA was quantified and then 30 

ng of genomic DNA was amplified in a PCR reaction containing φ29 polymerase, 1% 

Tween-20, 200 µg/mL BSA and dTTP, dGTP, and dATP, but lacking dCTP for 8 hours 

at 30°C followed by 20 minutes at 65°C. PCR reactions were run with and without φ29 

polymerase to ensure the signal was specific for rolling-circle amplification products. 

Amplified samples were then blotted onto Zeta-Probe membrane (Bio-Rad) using a 

slot blotter.  

 

Following fixing of DNA to the membrane with a UVA Stratalinker 2400, membranes 

were soaked in PerfectHyb Plus (Sigma Aldrich) for 20 minutes at room temperature. 

A 3’ Digitonin (DIG) tagged [CCCATT]5 oligonucleotide was then diluted in PerfectHyb 

to a final concentration of 40 nM in 20mL hybridisation buffer, and was allowed to 

hybridise with the membrane in a rolling incubator for 2 hours at 37°C. Following 

hybridisation, membranes were briefly washed twice with wash buffer (0.1M Maleic 

acid, 3M NaCl; 0.1% Tween 20 adjusted to pH 7.5), before blocking for 30 minutes 

and probing with a DIG antibody for 30 minutes. Finally, membranes were vigorously 

washed 3 times with wash buffer before placing into a cassette with CDP-Star solution. 

Blots were then developed onto Amersham Hyperfilm ECL film. Quantitation was 

performed using ImageJ. 

 

Terminal Restriction Fragment (TRF) assay 

 

Terminal restriction fragment assays were performed by first extracting genomic DNA 

as described above with the QIAGEN Core B kit. Extracted DNA was quantified and 

at least 2 µg of genomic DNA was digested overnight at 37°C with HinfI and RsaI 

restriction endonucleases. Following digestion, samples were run on 0.8% agarose 

gels in 1x TAE at 60 V overnight. Gels were denatured using 1M NaOH and then 

neutralised and blotted onto Zeta-Probe membrane by upward capillary transfer. Blots 

were then probed with a DIG-tagged telomere probe as described above. The blots 

were analysed and quantified using TeloMetric software [(Grant et al., 2001) 
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Monochrome multiplex qPCR (mm-qPCR) 

 

MM-qPCR was carried out as described in (Cawthon, 2009) with some alterations. 

Genomic DNA samples were diluted to 5 ng/μL. Primer sets are listed in key resources 

table. Five concentrations of reference genomic DNA purified from HeLa LT were 

prepared by 3-fold serial dilution (from 150 ng to 1.85 ng) to generate standard curves 

for relative quantitation of T/S ratios. For each sample, 20 ng of genomic DNA was 

mixed with 0.75× PowerUp SYBR Green Master Mix (Thermo Scientific), the primers 

(300 nM), and water to a final volume of 20 μL per well and analysed using a Thermo 

Fisher QuantStudio 3 qPCR machine with the following cycle conditions: denaturation 

for 15 min at 95 °C, followed by two cycles of 15 s at 94 °C/15 s at 49 °C and 32 cycles 

of 15 s at 94 °C/10 s at 62 °C/15 s at 74 °C with signal acquisition and 10 s at 84 °C/15 

s at 88 °C with signal acquisition. Samples were run in triplicate, and analysis was 

repeated six times using independent runs.  

 

Cohesion FISH 

 

Cohesion FISH was performed using commercially available FISH probe set from 

Cytocell designed to detect DLEU7 deletion (Cytocell, LPH-043-S) following the 

manufacturers protocol. Coverslips were then visualised using a DeltaVision widefield 

microscope. 

 

S9.6 DNA-RNA Immunoprecipitation (DRIP) 

 

R-loop DRIP experiments were performed using the S9.6 antibody as described in 

(Nguyen et al., 2017a). Eluted DNA was analysed by slot blotting and probing using a 

DIG-tagged telomere probe as described above.  

 

CellTiterGlo Assay 

 

HeLa-LT cells were seeded on opaque 96-well plate at 100-500 cells in 100 μl of 

culture media per well. After 6-24 hours, an equal volume of the drug-containing media 

was added at the desired final concentrations. HU and APH treatment was performed 

for 72 hours and PDS treatment was performed for 7 days. The cell proliferation was 
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assessed using CellTiter-Glo 2.0 Reagent (ProMega) according to the manufacturer’s 

instructions. Briefly, the plate and the reagent were equilibrated at room temperature 

for 5 minutes, the media was removed from the plate, and 100 μl of the diluted reagent 

(1:5 in PBS) was added to each well. After 10 minutes, the plate was read via the 

ProMega GloMax Luminometer to assess the quantity of metabolically active cells. 

The IC50 values were derived by fitting the dose-response data into the curves via 

GraphPad Prism v8.0. 

 

Triptolide Treatment and Cell Cycle Analysis by PI Staining 

 

ATRX/SETD2 double KO cells were treated with increasing doses of the transcription 

inhibitor triptolide (25 nM, 50 nM and 100 nM) for 24 hours. gDNA was then extracted 

and the C-circle assay was performed as described above. To ensure cells were still 

progressing through the cell cycle, PI staining was utilised. Briefly, cells were 

harvested, washed in 1x PBS and fixed in 70% ethanol on ice for 30 minutes. Cells 

were washed again in PBS, treated with 100 µg/ml RNase A and then incubated with 

50 µg/ml propidium iodide solution for 10 minutes at room temperature. Samples were 

then analysed by flow cytometry to estimate the percentage of cells in G1, S and G2 

phases of the cell cycle. 

 

RNase H Overexpression 

 

Lentivirus-based constructs for overexpression of wildtype RNase H and the 

catalytically dead D210N mutant in HeLa cells were generated using InFusion cloning 

to insert the NLS-RNaseH-V5 sequences from plasmids ppCAG_RNaseH1_WT 

(Addgene #111906) and ppCAG_RNaseH1_D210N (Addgene #111904) into the 

pLeGO-C2 backbone (Addgene #27339). The ATRX/SETD2 double KO cells were 

transduced with the lentivirus and left for 14 days before DNA was harvested and C-

circle analysis was carried out as described above. Efficient overexpression was 

assessed by Western blot. 
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Quantification and statistical analysis 

 

Each experiment was repeated at least twice, with representative results shown. 

Statistical analysis was done using GraphPad Prism 9 (GraphPad Software Inc.). 

Unpaired t tests were used to compare two groups. One-way ANOVA was used to 

compare more than two groups. Sample sizes and p-values are shown in the figure 

legends. In all cases ns indicates p > 0.05. 
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CHAPTER 3.0: RESULTS 

 

3.1: Loss of ATRX does not confer activation of the ALT pathway in telomerase 

positive cell lines 

 

Figure 2A 

 

 

Figure 2B 
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Figure 2C 

 

Figure 2D 
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Figure 2E 

 

Figure 2F 
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Figure 2G 

 

 

Figure 2H 
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Figure 2I 

 

 

Figure 2. Loss of ATRX alone is insufficient to trigger the ALT pathway. A) Immunoblot 

confirming CRISPR-Cas9 mediated KO of ATRX in two independent clones of HeLa 

LT (performed by Siobhan Cunniffe). B-C) C-circle blot and quantification showing that 

deletion of ATRX in the HeLa LT cell line is insufficient to trigger the accumulation of 

C-circles, n=3. – Phi 29 is a negative control performed without the addition of the 

phi29 polymerase. U-2 OS is included as an ALT-positive positive control. D-E) 

ImmunoFISH detection of APBs both in the presence and absence of ATRX, showing 

no induction of APB formation upon ATRX loss, >200 nuclei analysed across 3 

biological replicates. F) Terminal Restriction Fragment (TRF) analysis of telomere 

length showing no overt changes in telomere length or heterogeneity upon ATRX 

deletion (performed by Tomas Goncalves). G-I) Cell proliferation curves in HeLa wild 

type and two ATRX KO clones with addition of pyridostatin, aphidicolin and 
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hydroxyurea respectively across 3 biological replicates (performed by Sangwoo Kim). 

In all panels, ns signifies p > 0.05, determined by one-way ANOVA. 

 

Prior to these experiments, reports show that depletion or knock out of ATRX in 

telomerase positive or primary cell lines is unable to induce markers of the ALT 

pathway (Clynes et al., 2014; Eid et al., 2015; Lovejoy et al., 2012; Napier et al., 2015), 

with the notable exception of some of the glioma cell lines in one study (Brosnan-

Cashman et al., 2018). One can therefore assume that the loss of ATRX, while 

generally a requisite for ALT pathway induction and/or maintenance, must occur in 

concert with other genomic events within cancer cells that cumulatively lead to 

telomere lengthening via ALT. This was considered a good place to start for further 

exploration.  

 

The HeLa long telomere cell line (referred to as HeLa LT throughout) is a subclone of 

HeLa with long telomeres (~20 kb) which has previously shown to be amenable to 

ALT induction through depletion of ASF1 (O’Sullivan et al., 2014a). Consistent with 

previous reports, two independent ATRX CRISPR-Cas9 KO HeLa LT clones (Figure 

2A) conferred sensitivity to a variety of genotoxic agents known to induce replicative 

stress, including the G4 stabilising ligand pyridostatin (PDS), aphidicolin (APH) and 

hydroxyurea (HU) (Figures 2G-I). Despite these conferred synthetic lethal interactions, 

neither of the KO clones elicited an increase in cardinal ALT markers, including C-

circles (Figures 2B and 2C), ALT-associated PML nuclear bodies (APBs) (Figures 2D 

and 2E) or telomere length heterogeneity (Figure 2F).  
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3.2: Treatment with the G-quadruplex stabilising ligand PDS confers activation 

of the ALT pathway in the absence of ATRX 

 

Figure 3A 

 

 

Figure 3B 
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Figure 3C 

 

 

Figure 3D 
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Figure 3E 

 

 

Figure 3F 
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Figure 3G 

 

 

Figure 3H 
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Figure 3. Treatment with PDS in combination with ATRX loss triggers ALT markers. 

A-B) C-circle blot and quantification showing C-circle accumulation specifically in 

ATRX KO clones following 48 hrs treatment with 5µM PDS, n=3. ****p < 0.0001 

determined by one-way ANOVA (performed with Tomas Goncalves). C-D) 

Representative images and quantification of APB induction in HeLa LT ATRX KO 

clones upon 48 hrs treatment with 5µM PDS, >200 nuclei analysed across 3 biological 

replicates. **p < 0.001, ****p < 0.0001, determined by one-way ANOVA. E) TRF 

analysis showing treatment with 5µM PDS for 48 hrs increased telomere length 

heterogeneity specifically upon depletion of ATRX. Telomere heterogeneity was 

measured using Telometric software, n=2. *p < 0.05, determined by one-way ANOVA 

(performed by Tomas Goncalves). F-G) Quantitation and representative images of 

ATRX and telomere colocalization upon 48 hrs treatment with 5µM PDS, >200 nuclei 

analysed across 3 biological replicates. ****p < 0.0001, determined by one-way 

ANOVA (performed by Thomas Kent). H) Telomere intensity indicating telomere 

clustering and synthesis upon 48 hrs treatment with 5µM PDS, >200 nuclei analysed 

across 3 biological replicates. ****p < 0.0001, determined by one-way ANOVA.  

 

A key feature of telomeres is their propensity to adopt non-canonical DNA secondary 

structures, including the G4 conformation, which has been implicated in both 

transcriptional dysregulation and DNA damage (Spiegel et al., 2020). ATRX binds 

widely at sites in the genome predicted to form G4 structures, including telomeres 

(Law et al., 2010; Wong et al., 2010) and ATRX loss confers sensitivity to various G4 

stabilising ligands, including PDS (Figure 2G), suggesting that ATRX protects G4 sites 

from genome instability (Wang et al., 2018; Watson et al., 2013). In accordance with 

this, addition of PDS led to an increase in ATRX recruitment to telomeres (Figures 3F 
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and 3G), suggestive of a putative role for ATRX in protecting telomeric DNA upon the 

stabilisation of G4s. To explore this possibility further, I treated the two HeLa LT KO 

clones with PDS and assessed for markers of activation of the ALT pathway. Strikingly, 

treatment with PDS elicited an increase in many of these cardinal markers, including 

C-circles (Figures 3A and 3B) and the formation of APBs (Figures 3C and 3D) to levels 

comparable to the archetypical ALT cell line U-2 OS, whereas no notable increase 

was observed in the ATRX wildtype cells. Addition of PDS also elicited a decrease in 

total telomere number and an increase in telomere intensity, consistent with increased 

telomere clustering and telomere synthesis (Figures 3H). ALT positive cell lines 

characteristically exhibit long and heterogeneous telomere lengths (Bryan et al., 

1995). Consistent with a bona fide induction of the ALT pathway, treatment with PDS 

led to a characteristic lengthening and spread of telomere lengths in the ATRX KO 

clones but not in the ATRX wildtype cells (Figure 3E). 
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3.3: Treatment with the G-quadruplex stabilising ligand PDS confers induction 

of the replicative stress marker RPA ssTel 

 

Figure 4A 

 

 

Figure 4B 
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Figure 4C 

 

 

Figure 4D 
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Figure 4E 
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Figure 4F 

 

 

Figure 4. Treatment with PDS in combination with ATRX loss triggers RPA ssTel. A-

B) Representative images and quantification of RPA ssTel in HeLa LT ATRX KO upon 

treatment with 48 hrs 5µM PDS, >150 nuclei analysed across 3 biological replicates. 

**p < 0.001, ****p < 0.0001, determined by one-way ANOVA (performed by Thomas 

Kent). C-D) Representative images and quantification of RPA ssTel across a panel of 

cell lines. >150 nuclei analysed across 3 biological replicates. ****p < 0.0001, 

determined by one-way ANOVA (performed by Thomas Kent). E) RNase A and RNase 

H treatment on U-2 OS to show lack of RNA involvement in the above panel results 

(performed by Thomas Kent). F) mm-qPCR analysis shows the PDS specific increase 

in the telomere repeat number normalised to the single copy gene HBB *p < 0.05, ***p 

< 0.001, determined by one-way ANOVA (performed by Tomas Goncalves). 
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ALT has been suggested to be coincident with telomeric replicative stress, with an 

accumulation of RPA2 at telomeres upon ALT induction (O’Sullivan et al., 2014a) and 

an increase in single stranded telomeric DNA (ssTel), as detected by non-denaturing 

telomeric FISH (Loe et al., 2020). Consistent with these findings, an ALT specific co-

localisation between RPA and ssTel is clearly detectable across a panel of cell lines 

(Figures 4C and 4D). This signal was refractory to RNase A and RNase H treatment, 

confirming that the ssTel signal was detecting telomeric DNA and not TERRA RNA 

(Figure 4E). Inducible expression of ATRX in ALT positive U-2 OS cells, using the 

previously characterised U-2 OSATRX cell line (Clynes et al., 2015b) led to a complete 

abrogation of RPA ssTel foci, once again confirming RPA/ssTel as a bona-fide ALT 

marker and suggesting that the signal is a consequence of ATRX loss in ALT cancer 

cells (Figure 4D). I next asked whether treatment of the Hela LT ATRX KO clones with 

PDS also induced formation of this novel ALT marker. As expected, addition of PDS 

significantly increased detectable RPA ssTel foci in both independent ATRX KO 

clones, with no detectable increase in wildtype ATRX HeLa LT cells (Figures 4A and 

4B). I also used monochrome multiplex qPCR (mm-qPCR) analysis to show that the 

T/S ratio – the telomere repeat number normalised to the single copy gene HBB 

(encoding beta-globin) – significantly increased after PDS treatment in both ATRX KO 

clones but not in the wildtype cells (Figure 4F), again highly suggestive of a bona fide 

induction of the ALT pathway and associated telomere synthesis in these cells.  
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3.4: Induction of ALT in the absence of ATRX upon PDS treatment is dependent 

on the Mus81 endonuclease  

 

Figure 5A 

 

 

Figure 5B 
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Figure 5C 

 

 

Figure 5D 
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Figure 5E 
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Figure 5F 

 

 

Figure 5. PDS induced ALT markers require replication fork collapse. A-B) 

Representative figure and quantification of pATM induction at telomeres upon PDS 

treatment. >150 nuclei analysed across 3 biological replicates. **p < 0.001, ***p < 

0.0001, ****p < 0.0001, determined by one-way ANOVA. C) Immunoblot showing 

siRNA mediated knockdown of Mus81 in ATRX WT and ATRX KO cells. D) C-circle 

quantification showing induction of C-circles upon ATRX loss and PDS treatment is 

dependent on Mus81, n=3. *p < 0.05, **p < 0.001, determined by one-way ANOVA. 
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E-F) Representative images and quantification from ImmunoFISH data showing the 

induction of RPA ssTel foci upon ATRX loss and PDS treatment is dependent on 

Mus81, >150 nuclei analysed across 3 biological replicates. ****p < 0.0001, 

determined by one-way ANOVA. All work in this figure was performed by Thomas 

Kent. 

 

It has been hypothesised that ALT emanates from the formation of a DSB within the 

telomere sequence, likely attributable to the stalling, reversal, and subsequent 

collapse of replication forks. Consistent with an induction of an ALT like process and 

fork collapse events, loss of ATRX was associated with a significant increase in 

telomere-associated ATM, autophosphorylated at serine 1981 (pATM S1981), a 

marker of ATM activation at DNA DSBs (Bakkenist and Kastan, 2003) (Figures 5A and 

5B). The cleavage of stalled forks to generate a DSB is dependent on the activity of 

the structure-selective endonuclease MUS81-EME2 (Pepe and West, 2014) and, in 

agreement with a central role for replication fork collapse in the initiation of ALT, 

MUS81 activity is a requisite for telomere maintenance in ALT cells (Pepe and West, 

2014; Zeng et al., 2009). Of note, EME1 and EME2 were not investigated here. I next 

sought to explore whether the destabilisation and collapse of replication forks was a 

feature of ALT induction upon the addition of PDS to the ATRX KO cells. Consistent 

with this requirement, knockdown of Mus81 completely abrogated the increase in C-

circles observed in the ATRX KO cells upon PDS treatment (Figures 5C and 5D). 

Likewise, the depletion of Mus81 was also associated with an attenuation of RPA 

ssTel foci in the ATRX KO cells (Figures 5E and 5F). Of note, the knockdown of 

MUS81 did not lead to cell death. Taken together, I conclude that the generation of 

ALT upon ATRX loss and PDS treatment is likely attributable to an increased 
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destabilisation and Mus81-dependent processing of replication forks in the absence 

of ATRX, which in turn generates the DSB substrate for subsequent BIR-mediated 

lengthening of telomeres. 
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3.5: Genotoxic agents that cause replicative stress induce markers of ALT in 

ATRX deficient cells 

 

Figure 6A 
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Figure 6B 
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Figure 6C 
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Figure 6D 
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Figure 6E 
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Figure 6F 

 

 

Figure 6. A variety of genotoxic agents induce markers of ALT in ATRX deficient cells. 

ALT markers for HeLa LT ATRX KO cells treated with low dose CPT, ETO and APH. 

A) C-circle blot and quantification, n=3. *p < 0.05, **p < 0.001, ***p < 0.0001, ****p < 

0.0001, determined by one-way ANOVA (performed with Tomas Gonclaves and 

Tomas Kent). B) Representative ImmunoFISH to detect APBs following treatment of 

ATRX KO cells with CPT, APH and ETO, >200 nuclei analysed across 3 biological 

replicates.  C) Quantification of APBs in treated HeLa LT cells. ****p < 0.0001, 

determined by one-way ANOVA. D) Representative RPA ssTel immunoFISH images 

in HeLa LT ATRX KO cells treated with the same panel of genotoxic agents. E) 
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Quantification of RPA ssTel foci, >150 nuclei analysed across 3 biological replicates. 

*p < 0.05, **p < 0.001, ****p < 0.0001, determined by one-way ANOVA. F) TRF 

analysis showing treatment with 50nM CPT for 48 hrs increased telomere length 

heterogeneity specifically upon depletion of ATRX (performed with Thomas Kent).  

 

Recent work has shown that replication fork uncoupling and reversal is a global 

response to a plethora of genotoxic agents that can cause adducts or lesions on DNA 

(Zellweger et al., 2015). Given the reported roles for ATRX in promoting replication 

fork processivity and stability (Clynes et al., 2014; Huh et al., 2016; Leung et al., 

2013b), I considered the possibility that the addition of a panel of genotoxic agents at 

sublethal doses, which on their own are reported to induce fork remodelling but not 

collapse, could also specifically elicit ALT in the absence of ATRX. Perturbations in 

fork processivity and reversal have been extensively reported as a frequent event 

upon addition of the Topoisomerase I inhibitor camptothecin (CPT) (Ray Chaudhuri et 

al., 2012). In agreement with the conjecture that ATRX is required to protect telomeres 

under conditions of replicative stress, addition of a low dose of CPT induced the 

formation of C-circles to levels almost equivalent to those found in the ALT positive U-

2 OS cell line (Figure 6A). Likewise, addition of CPT led to an increase in APBs 

(Figures 6B and 6C) and RPA ssTel foci (Figures 6D and 6E) as well as a significant 

increase in telomere length heterogeneity (Figure 6F), specifically in the ATRX KO 

clones, consistent with a bona fide induction of the ALT pathway. Interfacial inhibition 

of Topoisomerase II, through addition of etoposide (ETO), elicited a similar response, 

with preferential increases in C-circles (Figure 6A), APBs (Figures 6B and 6C) and 

RPA ssTel foci (Figures 6D and 6E) in ATRX deficient cells, albeit to a slightly lesser 

extent than that observed with CPT. Treatment with low doses of the DNA polymerase 
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inhibitor APH, which has previously been shown to generate replicative stress at 

common fragile sites (Sfeir et al., 2009) , elicited only a minimal increase C-circles 

which failed to reach significance (Figure 6A) and no detectable increase in APBs 

(Figures 6B and 6C) in the ATRX null cells, but surprisingly did lead to a notable 

increase in RPA ssTel foci (Figures 6D and 6E). Taken together, this data suggests 

that it is the formation of a lesion or structure on telomeric DNA, and not replication 

stress per se, that facilitates induction of the ALT pathway in the absence of ATRX. 
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3.6: Genotoxic agents that cause replicative stress induce markers of ALT in 

shorter telomere ATRX deficient cells 

 

Figure 7A 

 

 

Figure 7B 
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Figure 7C 

 

 

Figure 7D 
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Figure 7E 

 

 

Figure 7. A variety of genotoxic agents induce markers of ALT in shorter telomere 

ATRX deficient cells. A) western blot to show shRNA knock down of ATRX. B-C) C 

circle analysis to show a CPT dose dependent, ATRX loss specific increase in C 

circles ATRX. J-K) RPA ssTel increases upon shRNA mediated knock down of ATRX. 

>200 nuclei analysed across 3 biological replicates. *p < 0.5, ****p < 0.0001, 

determined by one-way ANOVA ATRX. All work in this figure was performed by Tomas 

Goncalves. 
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To assess whether induction of ALT was specific to the HeLa LT cell line upon loss of 

ATRX, we sought to deplete ATRX via shRNA in a non-LT HeLa cell line with standard 

length telomeres (HeLa ST) (Figure 7A). Consistent with the previous observations in 

the HeLa LT cell line, addition of camptothecin (CPT), specifically in ATRX depleted 

cells, led to a robust augmentation of C-circles (Figures 7B and 7C), albeit to a lesser 

extent than that observed in the HeLa LT ATRX KO clones. Likewise, we found that 

addition of PDS led to induction of another of the ALT hallmarks, the RPA ssTel foci, 

again only in the ATRX depleted cells (Figures 7D and 7E). Taken together, I conclude 

that the observed induction of ALT is not specific to the HeLa LT cell line, however, 

the presence of long telomeres does appear to exacerbate the response. 
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3.7: ATRX and DAXX function epistatically in the suppression of ALT 

 

Figure 8A 

 

 

Figure 8B 
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Figure 8C 
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Figure 8D 

 

 

 



 53 

Figure 8E 

 

 

Figure 8F 
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Figure 8G 

 

 

Figure 8. ATRX and DAXX act epistatically in the suppression of induced ALT. A) 

Immunoblot of CRISPR-Cas9 mediated DAXX knockouts in HeLa LT ATRX WT and 

HeLa LT ATRXΔ1 cell lines. B-C) C-circle blot and quantification in DAXX KO clones 

following treatment with PDS and CPT, n=3. *p < 0.05, **p < 0.001, ***p < 0.0001, 

****p < 0.0001, determined by one-way ANOVA (performed with Thomas Kent and 

Siobhan Cunniffe).  D-E) RPA ssTel representative images and quantification in DAXX 

KO clones following PDS treatment, >200 nuclei analysed across 3 biological 

replicates. p < 0.0001, ****p < 0.0001, determined by one-way ANOVA (performed by 

Thomas Kent). F-G) Quantification of APBs following PDS or CPT treatment in 

ATRX/DAXX KO clones, >200 nuclei analysed across 3 biological replicates. **p < 

0.001, ***p < 0.0001, ****p < 0.0001, determined by one-way ANOVA. 
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A minority of ALT cancers are characterised by a loss of the histone chaperone protein 

DAXX which, together with ATRX, forms a complex that can facilitate incorporation of 

the histone variant H3.3 into ribosomal (Udugama et al., 2018), pericentromeric 

(Drané et al., 2010) and telomeric (Goldberg et al., 2010; Wong et al., 2010) chromatin. 

It has been previously reported that the suppression of the ALT pathway through 

ectopic expression of ATRX is lost upon depletion of DAXX (Clynes et al., 2015a), 

suggesting that ATRX and DAXX likely work in concert in the suppression of ALT. To 

further explore the relationship between ATRX and DAXX in the suppression of the 

ALT pathway, CRISPR-Cas9 mediated DAXX KO clones in the HeLa LT cell line, both 

in the context of WT ATRX and ATRX KO, were generated (Figure 8A). Consistent 

with the notion that ATRX/DAXX function as a complex in the suppression of the ALT 

pathway, the loss of DAXX facilitated the accumulation of C-circles (Figures 8B and 

8C), RPA ssTel foci (Figures 8D and 8E) and APBs (Figures 8F and 8G) upon 

treatment with both PDS and CPT. Importantly, the co-depletion of both ATRX and 

DAXX failed to confer any cumulative increase in these cardinal ALT markers (Figures 

8B-G), strongly suggesting that both ATRX and DAXX are functioning within the same 

pathway in the suppression of telomeric replicative stress and the ALT pathway. 
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3.8: SETD2 loss in combination with ATRX loss triggers markers of the ALT 

pathway 

 

Figure 9A 

 

 

Figure 9B 
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Figure 9C 
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Figure 9D 

 

 

Figure 9E 
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Figure 9F 

 

 

Figure 9. SETD2 loss in combination with ATRX loss triggers markers of the ALT 

pathway. A) Immunoblot showing loss of H3 K36me3 upon CRISPR-Cas9 mediated 

deletion of SETD2. B-C) C-circle blot and quantification showing accumulation of C-

circles specifically upon co-deletion of both ATRX and SETD2 in HeLa LT cells, n=3. 

**p < 0.001, ***p < 0.0001, determined by one-way ANOVA. D) APB analysis showing 

accumulation of APBs specifically upon co-depletion of ATRX and SETD2, >100 nuclei 

analysed across 3 biological replicates. **p < 0.001, determined by one-way ANOVA. 

E) Quantification of RPA ssTel positive telomeres upon co-depletion of ATRX and 

SETD2, >150 nuclei analysed across 2 biological replicates. ****p < 0.0001, 

determined by one-way ANOVA (performed by Thomas Kent). F) Immunoblot showing 

combined loss of ATRX and SETD2 leads to DNA damage (performed by Tomas 

Goncalves).  
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It is likely that induction of ALT in cancer cells in fact requires two independent events, 

involving mutations or factors that generate a telomeric structure or lesion, which, if in 

concert with ATRX loss, leads to fork collapse. This thereby provides the substrate 

and means for BIR and subsequent telomere lengthening. Recurrent mutations in 

genes that disrupt the post-translational modification of histone H3 at H3 K36, 

including mutations in H3.3 G34R/V or the histone methyl transferase SETD2, are also 

frequently found in paediatric HGGs and are highly co-incident with mutations in ATRX 

(Fontebasso et al., 2013). Of note, mutations in SETD2 have recently been linked to 

the generation of replicative stress (Kanu et al., 2015). To explore the possibility that 

loss of ATRX, in the context of SETD2 loss, is sufficient to drive the ALT pathway, I 

generated SETD2 KO clones both in the context of wildtype ATRX and ATRX loss. 

Loss of SETD2 activity in the resulting clones was confirmed by a global loss of histone 

H3 K36me3 (Figure 9A). Loss of SETD2 alone was insufficient to elicit markers of ALT, 

however strikingly, the combination of both ATRX and SETD2 loss induced an 

accumulation of C-circles (Figures 9B and 9C), APBs (Figure 9D) and RPA ssTel foci 

(Figure 9E) akin to those observed in U-2 OS cells. The loss of SETD2 was associated 

with increases in DNA damage markers, including pATM, which were further 

exacerbated upon the combined KO of both SETD2 and ATRX (Figure 9F).  
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3.9: Effect of triptolide on ATRX/SETD2 double knock outs 

 

Figure 10A 

 

 

Figure 10B 
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Figure 10C 

 

Figure 10D 
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Figure 10E 

 

Figure 10F 
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Figure 10G 

 

 

Figure 10. Triptolide and the cell cycle, effect on C-circles. A) C-circle assay 

quantification in ATRX/SETD knockout cells treated with triptolide at indicated 

concentrations, n=2. *p < 0.05, **p < 0.001, ***p < 0.0001, determined by one-way 

ANOVA. B) dose dependent reduction of the transcription inhibitor triptolide on 

ATRX/SETD2 combined loss induced C circle generation. C-G) change in cell cycle 

distribution after triptolide of the ATRX SETD2 double knock out. All work in this figure 

was performed by Thomas Kent and Tomas Goncalves. 
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Strikingly, the accumulation of C-circles in ATRX/SETD2 double knock outs was 

dramatically reduced upon treatment with the transcription inhibitor triptolide in a dose 

dependent manner (Figures 10A and 10B). Treatment with triptolide elicited a minor 

effect on cell cycle distribution, with a slight increase in the percentage of cells in G1, 

however, in contrast to the dose dependency observed with the loss of C-circles, 

treatment with all 3 doses of triptolide elicited an identical change to the cell cycle 

distribution (Figures 10C-G). Taken together, it is therefore unlikely that the reduction 

in C-circles is an indirect consequence of changes to the cell cycle. It is Important to 

note however, that triptolide has a range of targets within a cell, and experiments to 

determine any mentioned effects have not been performed. 
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3.10: Potential for R-loops to induce ALT in ATRX/SETD2 double knock outs 

 

Figure 11A 

 

 

Figure 11B 
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Figure 11C 

 

 

Figure 11D 
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Figure 11E 

 

 

Figure 11. Using RNase H to investigate effect of R-loops on ATRX/SETD2 double 

knock out induced ALT. A) S9.6 DRIP slot blot and quantification showing increased 

levels of R loops at telomeres upon SETD2 loss, n=3. **p < 0.001, determined by 

unpaired Student’s t test. B) Immunoblot showing overexpression of RNase H WT and 

the catalytically dead D210N mutant in the HeLa LT ATRX/SETD2Δ1 14 days after 

lentiviral transduction. C) S9.6 DRIP slot blot and quantification showing loss of 

telomeric R-loops upon ectopic expression of RNase H WT but not the D210N mutant, 

n=2. D-E) C-circle blot and quantification of ATRX/SETD2Δ1 cells overexpressing 

RNase H WT or the D210N mutant 14 days following transfection, n=3. **p < 0.001, 

determined by unpaired Student’s t test. All work in this figure was performed by 

Thomas Kent and Tomas Goncalves. 
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Given this dependence on transcription and previous findings that the ALT pathway is 

potentiated through the formation of telomeric R-loops (Arora et al., 2014; Lu et al., 

2019b; Pan et al., 2017a, 2017b; Silva et al., 2019), I asked whether the depletion of 

SETD2 was associated with an increase in telomeric R-loops. Immunoprecipitation 

using an antibody which can recognise RNA-DNA hybrids (S9.6) showed a marked 

accumulation of telomeric signal upon loss of SETD2 (Figure 11A). The results from 

Smolka et al. (2021) do however show that this signal may not be R-loops and so the 

R-loop related results shown here could be pervasive artifacts. When cells were pre-

treated with RNase H prior to immunoprecipitation, the signal was decreased, 

suggesting that the signal could be specific to the DNA-RNA hybrids (Figure 11A). I 

next sought to determine whether the possible accumulation of telomeric R-loops 

observed upon SETD2 loss was responsible for facilitating the accumulation of ALT 

markers in the combined ATRX SETD2 KO cells. To this end, I overexpressed the 

RNA-DNA endonuclease RNase H1 in HeLa LT SETD2 KO cells (Figure 11B) which 

led to a marked decrease in telomeric S9.6 signal (Figure 11C). Moreover, 

overexpression of RNase H1 in the ATRX SETD2 KO cells resulted in a reduction of 

C-circles that was not observed upon overexpression of a catalytically dead mutant of 

RNase H1 (D210N) (Figure 11D-E). Taken together, this data could support a model 

whereby loss of SETD2 leads to the accumulation of telomeric R-loops which triggers 

the ALT pathway, specifically in the absence of ATRX. 
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3.11: ATRX is required for telomere sister chromatid cohesion 

 

Figure 12A 

                                   

 

 

Figure 12B 
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Figure 12C 

 

 

Figure 12. Loss of ATRX induces loss of telomere sister chromatid cohesion. A) FISH 

of 156 kb region of chromosome 13 covering the D3S319-del genetic marker (red) and 

13qter subtelomeric probe (green). Loss of sister chromatid cohesion is observed as 

a doublet, >50 nuclei analysed across 2 biological replicates. B) Quantification of 

doublet formation using the 13qter subtelomeric probe. *p < 0.05, ****p < 0.00001, 

determined by one-way ANOVA. C) Proposed model for suppression of the ALT 

pathway by the chromatin remodelling factor ATRX. All work in this figure was 

performed by David Clynes. 
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The repair of telomeric DNA DSBs by BIR is not exclusive to cancer cells dependent 

on the ALT pathway (Dilley et al., 2016; Yang et al., 2020) and the use of a sister 

telomere as an in-register template will not result in a net elongation of telomeres. Prior 

reports have suggested that loss of ATRX leads to a diminution of telomere cohesion 

(Eid et al., 2015; Lovejoy et al., 2020), suggesting that ATRX may have an additional 

major role in the suppression of the ALT pathway, by ensuring the correct register of 

telomeric BIR. To this end, I sought to determine whether loss of ATRX in the HeLa 

LT cell line elicited a loss of telomeric cohesion using a FISH probe specific to the 

subtelomeric q arm of chromosome 13 (and an internal control probe mapping to 

13q14). A loss of telomere cohesion was then scored in interphase cells as the 

appearance of a doublet as opposed to a single focus, with doublets indicative of a 

separation of sister telomeres. Strikingly, loss of ATRX resulted in a significant 

increase in the proportion of doublets, consistent with a premature loss of telomere 

sister chromatid cohesion in the absence of ATRX (Figures 12A and 12B). No 

significant changes were observed when using a FISH probe targeting an internal 

region of chromosome 13, suggesting that defective sister chromatid cohesion in the 

absence of ATRX was confined to telomeres (Figures 12A and 12B).  
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CHAPTER 4.0: DISCUSSION 

 

Loss of ATRX or its functional interaction partner DAXX are hallmarks of the vast 

majority of ALT cancer cells but, despite ectopic expression of ATRX being sufficient 

to suppress the pathway in ALT cells (Clynes et al., 2015a; Napier et al., 2015), the 

loss of ATRX is generally insufficient to induce markers of the ALT pathway (Clynes 

et al., 2014; Eid et al., 2015; Lovejoy et al., 2012; Napier et al., 2015). Of note, recent 

work has shown that CRISPR-Cas9 mediated depletion of ATRX induces canonical 

markers of ALT in two specific glioma cell lines (U-251 and UW479) and a prostate 

cancer cell line (LAPC-4) (Brosnan-Cashman et al., 2018; Graham et al., 2019). Given 

that this induction was specific to these cell lines, it is likely that additional genetic or 

epigenetic events occur alongside ATRX loss to facilitate induction of ALT in human 

cancer. Consistent with this prediction, I show here that the loss of ATRX in HeLa cells 

failed to induce the canonical markers of ALT. It has been suggested that the presence 

of telomeric replicative stress drives the ALT pathway, with the stalling and collapse 

of replication forks at telomeres leading to the generation of a one ended DSB which 

is subsequently repaired by BIR in G2 or mitosis (MiDAS) (Min et al., 2017; Zhang et 

al., 2019b). Loss of ATRX has previously been linked to the generation of replicative 

stress (Clynes et al., 2014; Huh et al., 2012, 2016; Leung et al., 2013b; Watson et al., 

2013), however, given that loss of ATRX is generally insufficient to induce ALT, I 

reasoned that the parallel induction of telomeric replicative stress, which would 

normally be tolerated through the activity of ATRX/DAXX, could trigger the ALT 

pathway only when in concert with ATRX loss. In concordance with this notion, I show 

here that the treatment of ATRX deplete cells with genotoxic agents known to induce 

structures/lesions on DNA triggers multiple canonical markers of an active ALT 
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pathway, specifically in the absence of ATRX and/or DAXX. Genotoxic agents that 

were found to induce ALT included the G4 stabilising ligand PDS, and the 

topoisomerase inhibitors ETO and CPT, both of which are frequently used in cancer 

therapy. Despite their different mechanisms, treatment with relatively mild doses of 

these drugs has been linked to fork slowing and reversal in the absence of 

chromosomal breakage (Zellweger et al., 2015), implying that under these conditions 

fork collapse is facilitated only upon ATRX and/or DAXX loss. In line with this, 

telomeric S1981 phosphorylated ATM was dramatically enriched at telomeres upon 

PDS treatment in ATRX null cells and the generation of ALT markers was dependent 

on the MUS81 endonuclease, suggesting that forks are cleaved and collapsed in the 

absence of ATRX upon PDS treatment. Importantly, I found that low dose APH 

treatment did not elicit the same response, implying that it is not replicative stress per 

se that elicits ALT in the absence of ATRX and/or DAXX, but more likely the presence 

of a ‘lesion’ or ‘secondary structure’ on telomeric DNA. Indeed, G4 structures have 

been proposed to form a barrier to the replisome, although in the case of telomeres 

the G4 structure would form on the lagging strand, which presumably constitutes less 

of a hindrance to the fork. In line with this, it has been reported that a block in lagging 

strand replication does not result in fork arrest in vitro, but rather is bypassed via re-

priming by Pol/Primase allowing the fork to progress (Taylor and Yeeles, 2018). One 

potential explanation for the findings is that the stabilisation of G4 structures via PDS 

treatment has also been shown to result in a further potential barrier to replication fork 

processivity in the form of R-loops, with both PDS-mediated DNA damage and 

micronuclei formation abrogated upon the overexpression of RNase H1 (de Magis et 

al., 2019). Consistent with an important role for R-loops in facilitating ALT, 

overexpression of RNase H1 in ALT cells has been shown to abrogate ALT markers, 
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whereas the loss of RNase H1 or FANCM (a factor also linked to the prevention of R-

loop formation), have the opposite effect (Arora et al., 2014; Lu et al., 2019a; Pan et 

al., 2019; Silva et al., 2019).  

 

Recent work has also suggested that PDS induced cytotoxicity is dependent on TOP2 

(Olivieri et al., 2020), inferring that the formation of G4 and/or R-loop structures leads 

to trapping of topoisomerases which, in turn, may block replication fork progression 

(Tammaro et al., 2013). I show here that, analogous to PDS, treatment with the TOP2 

poison ETO elicited markers of ALT specifically in ATRX depleted cells. I note the 

largest induction of ALT markers manifested following treatment with the TOP1 

inhibitor CPT. Interestingly, poisoning of TOP1 by camptothecins also effectively leads 

to the formation of R-loops (Marinello et al., 2013; Sordet et al., 2009). I show here 

that the induction of C-circles in ATRX null cells upon CPT treatment is most 

pronounced in the HeLa LT cell line, which harbthes very long telomeres of ~20 kb in 

length. This is consistent with previous findings that the induction of ALT was most 

robust in this cell line upon co-depletion of ASF1a and ASF1b (O’Sullivan et al., 

2014b). The most likely explanation for this is that longer telomeres inherently provide 

more opportunity for aberrant structures and/or genotoxic lesions to form. Indeed, 

each telomeric repeat has been shown to represent a potential TOP1 cleavage site 

(Kang et al., 2004). 

 

The combined depletion of ATRX and the histone H3 K36me3 methyltransferase 

SETD2 triggers a dramatic induction of ALT pathway markers, akin to that observed 

upon CPT treatment. Mutations in SETD2 have been identified in ~15% of paediatric 

HGGs and are highly coincident with ATRX loss (Fontebasso et al., 2013). Here, I 
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show that depletion of SETD2 possibly leads to an enrichment of R-loops at telomeres, 

which in turn facilitates the ALT pathway in the absence of ATRX. This raises the 

interesting question as to how SETD2 normally modulates the formation of telomeric 

R-loops. Histone H3 K36me3 is known to recruit a variety of chromatin associated 

proteins, many with defined roles in reshaping chromatin accessibility following 

transcription, including MRG15 (a component of the Rpd3S/Sin3S histone 

deacetylase complex) (Kumar et al., 2012), SPT16 (a component of the FACT 

complex) (Carvalho et al., 2013) and PHF1/19 (a component of the polycomb 

repressive complex 2 (PRC2)) (Ballaré et al., 2012; Cai et al., 2013). One possibility 

therefore is that a more open telomeric chromatin structure upon SETD2 loss is more 

permissive to the formation of R-loop and/or G-loop structures. In line with this 

hypothesis, loss of FACT has previously been linked to increases in R-loop formation 

(Herrera-Moyano et al., 2014). Histone H3 K36me3 has also been shown to recruit 

the DNA methyltransferase DNMT3b, loss of which has been shown to induce 

hypomethylation at sub-telomeres and the accumulation of telomeric R-loops in 

patients with ICF (Immunodeficiency, Centromeric instability and Facial anomalies) 

syndrome (Sagie et al., 2017). Taken together, the data I present here suggests that 

it is the combination of increased telomeric R-loops upon SETD2 disruption, in concert 

with ATRX loss, that triggers the ALT pathway in this cohort of paediatric HGG. 

 

Mutations in histone H3.3 at glycine 34 to arginine or valine (G34R/V) are also highly 

co-incident with ATRX loss in HGG and tend to be mutually exclusive with SETD2 

mutations (Fontebasso et al., 2013; Schwartzentruber et al., 2012b). Indeed, these 

mutations are thought to impede the ability of SETD2 to methylate the H3 tail, 

suggesting that in all likelihood the mechanism of ALT induction in tumors with this 
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mutational signature phenocopies that of a SETD2 mutant, with the accumulation of 

telomeric R-loops. H3.3 G34R/V has, however, only been shown to obstruct SETD2 

activity in cis (Lewis et al., 2013; Weinberg et al., 2017) and this conjecture is therefore 

dependent on the mutant histone being incorporated into telomeric chromatin. In 

support of this possibility, recent work has shown that in the absence ATRX/DAXX, 

the histone H3.3 chaperone HIRA is enriched at ALT telomeres as an adaptive 

response to allow the deposition of histone H3.3 at telomeres (Hoang et al., 2020). A 

second mutation in histone H3.3 at lysine 27 to methionine (K27M) is also highly 

coincident with ATRX loss and inhibits the catalytic activity of PRC2 (Fontebasso et 

al., 2013; Lewis et al., 2013; Schwartzentruber et al., 2012b). It will therefore be of 

interest to ascertain whether the inhibition of PRC2 also elicits ALT markers when 

combined with ATRX/DAXX loss and, if so, whether loss of PRC2 function leads to 

the accumulation of aberrant secondary structures on telomeric DNA. 

 

ATRX has previously been implicated with multiple roles at the replication fork which 

could explain the data I present here, including roles in both the protection of stalled 

forks from nucleolytic degradation (Huh et al., 2016) and the restart of stalled 

replication forks (Leung et al., 2013a; Raghunandan et al., 2020). Of note, ATRX has 

been proposed to interact with factors known to modulate both fork restart and 

protection. ATRX has been shown to interact and cooperate with FANCD2 to recruit 

CtIP to stalled replication forks and promote MRE11 dependent fork restart. ATRX 

itself has also been shown to interact with components of the MRN complex, raising 

the intriguing possibility that ATRX constitutes a component of a fork restart complex 

(Clynes et al., 2014; Leung et al., 2013a; Raghunandan et al., 2020). Understanding 

how these interactions are regulated will likely give important insights as to how ATRX 
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facilitates progressive DNA replication through genotoxic lesions and/or aberrant DNA 

secondary structures.   

 

A second implication of the data presented here is that ATRX/DAXX may have a direct 

role in the clearing or resolution of structures or genotoxic lesions on telomeric DNA. 

Of note, ATRX possesses a translocase activity (Xue et al., 2003) which could 

potentially resolve R-loops via branch migration. Indeed, loss of ATRX has been 

shown to lead to an increase in telomeric R-loops at a highly transcribed ectopic 

telomeric repeat (Nguyen et al., 2017b), consistent with a role for ATRX in clearing R-

loops once they have been triggered. R-loops have also been suggested to be excised 

by the nucleotide excision repair (NER) nucleases XPG and XPF, resulting in the 

formation of a single strand break, which could then ultimately trigger fork collapse in 

S-phase (Sollier et al., 2014). Interestingly, histone H3.3 deficient chicken DT40 cells 

have recently been shown to exhibit a likely defect in NER (Frey et al., 2014), raising 

the interesting possibility that ATRX/DAXX may be the histone H3.3 chaperone 

facilitating the completion of this process. In line with this notion, the nicking of 

telomeric DNA to form single stand breaks using the CRISPR-Cas9 system has been 

shown to induce the formation of C-circles in ATRX proficient cells (Zhang et al., 

2019c).  

 

Finally, the KO of ATRX in HeLa LT cells is associated with a marked loss of telomere 

sister chromatid cohesion, consistent with a recent report in mouse cells, published 

during the preparation of this manuscript (Lovejoy et al., 2020). How ATRX normally 

maintains telomere cohesion remains an interesting question, nonetheless this 

observation likely accounts for the net gain in telomere length observed as a result of 
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the BIR-like pathway in ALT cancer cells by facilitating the use of an out of register 

telomere template. Taken together, work presented here suggests that ATRX has a 

multi-faceted role in the suppression of the ALT pathway, accounting for its role as a 

near universal tumour suppressor in these cancers. Firstly, ATRX protects replication 

forks from collapse in the presence of telomeric lesions including R-loop structures. 

Secondly, ATRX maintains cohesion between sister telomeres, ensuring the faithful 

use of BIR without aberrant increases in telomere length. Finally, I provide evidence 

that the induction of ALT requires two independent cellular events; the loss of 

ATRX/DAXX in conjunction with the loss of another factor or factors that lead to the 

formation of lesions or structures at telomeres. An interesting avenue to further 

investigate is the contribution of protein trapping to this phenomenon. 
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