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Abstract 

Telomeres are nucleoprotein structures at the ends of linear chromosomes. Telomeres have a 

unique structure which distinguishes chromosome termini from DNA damage sites. Telomeres 

are essential for the maintenance of genomic integrity. Shelterin complexes are the most 

abundant proteins associated with telomeric DNA. They prevent intact telomeres from being 

recognized as double-stranded DNA breaks, thus preventing the inappropriate activation of 

DNA damage signaling. The shelterin protein complex consists of 6 subunits: TRF1, TRF2, TPP1, 

POT1, Rap1 and TIN2. In addition to shelterin, a very large number of additional proteins have 

been detected at telomeres. The function of many of these is less well characterized. Despite 

the heterochromatin features present at telomeric and subtelomeric regions, telomeres are 

transcribed into the long non-coding telomeric repeat containing RNA TERRA.  

Telomeric DNA is particularly susceptible to oxidative damage due to the repression of some 

DNA repair pathways at intact telomeres, triple-G-containing 5’-TTAGGG-3’ repeats, which are 

highly prone to oxidation, and 3’ overhangs, which cannot be repaired by the base excision 

repair pathway due to the lack of a complementary strand. Reactive oxygen species (ROS) 

trigger telomeric DNA strand breaks and nucleotide oxidation, causing telomerase inhibition, 

telomere shortening and cellular senescence. Several DNA repair factors and antioxidant 

enzymes have been reported to protect telomeres from oxidative damage. However, it is not 

well understood how telomeres counteract ROS and how telomeric oxidative lesions are 

repaired. In my thesis, I aimed at elucidating the molecular mechanisms underlying telomere 

protection against oxidative damage by studying the changes in telomeric chromatin 

composition and structure upon oxidative stress induction.  

Using menadione, which damages mitochondria and mimics endogenous oxidative stress, we 

successfully induced damage at telomeres indicated by the accumulation of single-stranded 

telomeric DNA breaks. We observed elevated levels of telomeric RNA:DNA hybrids (R-loops) 

upon menadione treatment, coinciding with upregulation of TERRA transcription. The 

elevation in telomeric R-loop levels was not only mediated by increased telomeric 

transcription but also due to an increase in TERRA recruitment to damaged telomeres. In 

addition, we discovered by 2D gel electrophoresis and Electron Microscopy the accumulation 

of internal loop structures at damaged telomeres. Interestingly, our findings show that the 

telomeric protein TRF1 dissociates from telomeres upon oxidative damage possibly to render 

the damaged telomeres accessible to damage signaling and repair. Several mechanisms for 

TRF1 dissociation can be envisaged. Oxidative lesions in telomeric DNA may reduce the 

binding affinity of TRF1. In addition, as TRF1 protein cannot bind R-loops, the increase in R-

loop levels at damaged telomeres may prevent TRF1 from binding. Also, upregulated TERRA 

levels may sequester nucleoplasmic TRF1 protein, thereby reducing the concentration of 

telomere-binding competent TRF1.  

We also examined the changes in the whole telomeric chromatin upon oxidative stress 

induction implementing a two-step quantitative telomeric chromatin isolation protocol (QTIP) 
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combined with Mass Spectrometry analysis. We detected the recruitment of DNA repair 

proteins, antioxidant enzymes, chromatin remodelers and post-translational modification 

(PTM) enzymes. Overall, our results uncover that oxidative damage induces drastic 

remodeling of the telomeric chromatin composition to orchestrate protection, repair and DNA 

damage signaling pathways. 

Keywords: telomeres, oxidative stress, TRF1, TERRA, R-loop, i-loop, QTIP, DNA damage
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Résumé 

Les télomères forment une structure nucléoprotéine située à la fin des chromosomes. Les 

télomères ont une structure unique qui distingue la fin des chromosomes d’un dommage à 

l’ADN. Les télomères sont essentiels pour la maintenance de l’intégrité génomique. Les 

complexes shelterins sont les protéines les plus abondantes associées à l’ADN télomérique.  

Ils empêchent les télomères d’être reconnus comme des cassures doubles brins d’ADN, et ainsi 

empêche l’activation inappropriée de la voie de signalisation des dommages à l’ADN. Le 

complexe shelterin est composé de 6 protéines : TRF1, TRF2, TPP1, POT1, Rap1 et TIN2. En 

plus de la shelterin, un grand nombre d’autres protéines ont été détectées aux télomères. La 

fonction de la plupart de ces protéines reste encore méconnue. Malgré le statut 

hétérochromatinique présent aux régions télomériques et subtélomériques, les télomères 

sont transcrits en ARN longs non-codant, TERRA. 

L’ADN télomérique est particulièrement sensible aux dommages causés par un stress oxydatif 

en raison de : la répression de certaines voies de réparation de l’ADN aux télomères intacts, 

de la présence de 3 guanines consécutives dans la séquence répétées télomérique (5’-

TTAGGG-3’) sensibles à l’oxydation et d’une extrémité 3’ sortantes qui ne peux pas être prises 

en charge par une voie de réparation basée sur l’excision (BER) dû au manque du brin 

complémentaire. Les dérivés réactifs de l’oxygène (ROS) entraine des cassures double brin au 

niveau de l’ADN télomérique et l’oxydation de nucléotide, causant : l’inhibition de la 

télomérase, le raccourcissement des télomères et la senescence cellulaire. Plusieurs facteurs 

et enzymes antioxydantes ont été identifié comme important pour protéger les télomères du 

dommage oxydatif. Cependant, la compréhension de comment les télomères contrecarrent 

les ROS et comment les lésions oxydatives sont réparées, reste très méconnue. Dans le cadre 

de ma thèse, j’ai cherché à élucider le mécanisme moléculaire sous-jacent à la protection des 

télomères contre le dommage oxydatif en étudiant les changements dans la composition et 

la structure de la chromatine télomérique après induction d’un stress oxydatif.   

En utilisant le ménadione, qui endommage les mitochondries et qui mimique le stress oxydatif 

endogène, nous avons réussi à induire un dommage aux télomères indiqué par l’accumulation 

de cassures simple brin aux télomères. Nous avons observé un niveau élevé d’hybride 

d’ARN/ADN (R-loops) aux télomères après traitement avec le ménadione qui coïncide avec 

une régulation positive de la transcription de TERRA. L’élévation des R-loops aux télomères 

n’est pas seulement dû à une augmentation de la transcription télomérique mais aussi à une 

augmentation du recrutement de TERRA aux télomères endommagés. De plus, nous avons 

découvert par électrophorèse à 2-dimension et microscopie électronique l’accumulation de 

structure en boucle interne (i-loop) aux télomères endommagés. De façon intéressante, nos 

travaux montrent que la protéine TRF1 après stress oxydatif, se dissocie des télomères 

probablement dans le but de rendre les télomères endommagés accessible à la réponse aux 

dommages à l’ADN et à la réparation. Plusieurs mécanismes de dissociation de TRF1 des 

télomères peuvent être envisagés. Les lésions oxydatives au niveau de l’ADN télomériques 

peuvent affecter l’association de TRF1 aux télomères. De plus, puisque la protéine TRF1 ne 



Résumé 

 7 

peut pas se lier aux R-loops, l’augmentation du niveau de R-loops aux télomères endommagés 

peut empêcher la liaison de TRF1. Aussi, la régulation positive du niveau de TERRA peut 

séquestrer la protéine TRF1 nucléoplasmique, et ainsi réduire la concentration de la protéine 

TRF1 capable de se lier aux télomères.  

Nous avons aussi examiné les changements dans l’entièreté de la chromatine télomérique 

après induction d’un stress oxydatif en utilisant un protocole qui permet d’isoler la chromatine 

télomérique appelé aussi QTIP (quantitative telomeric chromatin isolation protocol) combiné 

avec l’analyse par spectrométrie de masse. Nous avons détecté le recrutement de protéines 

de réparation de l’ADN, des enzymes antioxydantes, des protéines impliquées dans la 

réorganisation de la chromatine et des enzymes de modifications post-traductionnelles. 

Globalement, nos résultats ont permis de mettre en évidence une importante réorganisation 

de la composition de la chromatine télomérique lors d’un dommage oxydatif afin de 

permettre la protection, la réparation et d’éviter d’activer la signalisation des dommages à 

l’ADN.  

Mots clefs : Télomères, stress oxydatif, TRF1, TERRA, R-loop, i-loop, QTIP, Dommage à l’ADN
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Chapter 1. Introduction  

1.1. Telomere structure, function and maintenance 

Telomeres are nucleoprotein structures at the end of chromosomes in eukaryotes, functioning 

in protection of genomic integrity. The term “telomeres” was coined by Muller in 1938, 

derived from Greek “end part” (“telos” = end and “méros” = part). The interest in telomeres 

started with the fundamental observation by Muller and McClintock that chromosome ends 

are physiologically distinctive from breaks induced by X-ray irradiation (Barbara, 1941, 1939; 

Muller, 1938). 

The discovery of DNA double helix structure by Watson and Crick in 1953 suggested a DNA 

replication mechanism, which was then further characterized by Meselson and Stahl to 

propose the semi-conservative DNA replication mechanism which ensures the proper 

segregation of the genetic material into two identical daughter cells (Meselson and Stahl, 

1958; Watson and Crick, 1953). However, further studies about DNA replication machinery 

and DNA polymerase activity reveal that DNA could not be replicated fully at the end of 

chromosomes, leading to loss of genetic material with each cycle of replication, which is 

recognized as the end replication problem. This provides an explanation for Hayflick’s 

observation of limited replication potential of somatic cells in culture, which is now known as 

Hayflick limit or replicative senescence (Hayflick, 1965). However, certain cell types, including 

stem cells and tumor cells, bypass this limitation by using telomere maintenance mechanisms.  

Since the late 1970s, it has been discovered that eukaryotic chromosome ends consist of 

repetitive DNA sequence, and the number of repeats varies significantly depending on species 

(de Lange et al., 1990; Hastie et al., 1990; Moyzis et al., 1988). This repetitive nature of 

telomeric DNA allows it to act as a buffer which can be sacrificed during DNA replication and 

cell division. In human cells, telomeres are composed of 2 to 15 kb of (TTAGGG)n terminating 

into a 3’ single-stranded overhang of 50 – 300 nt, in which the G-rich strand is longer than the 

C-rich strand (Henderson & Blackburn, 1989; Klobutcher et al., 1981; Makarov et al., 1997). 

This single-stranded overhang can loop back and invade the double-stranded region, 

displacing the G-rich strand to form a structure named t-loop (Figure 1). T-loop formation is 

facilitated by TRF2 protein – a component of the most abundant telomeric protein complex 

named shelterin, which is the central solution for the end protection problem. This will be 

discussed in more detail in the following section. 

Subtelomeres are chromosome-arm-specific sequences locating immediately upstream of the 

repetitive telomeric tract. They comprise telomeric-like repeats and segmentally duplicated 

tracts (Riethman et al., 2005). A subset of human subtelomeres contains promoters from 

which the telomeric long non-coding RNAs (TERRA) are transcribed (Azzalin et al., 2007) 

(Figure 1).  
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1.1.1. Telomere-specific shelterin protein complex (Figure 1) 

Shelterin protein complexes are the most abundant telomere-specific proteins, consisting of 

six subunits (de Lange, 2005). TRF1 (telomeric repeat binding factor 1) and TRF2 (telomeric 

repeat binding factor 2) proteins bind double-stranded DNA (dsDNA) region of telomeres as 

homodimers through Myb domain (Bilaud et al., 1997; Broccoli et al., 1997; Chong et al., 1995; 

König et al., 1998; Zhong et al., 1992). Rap1 protein (repressor-activator protein 1) binds 

constitutively TRF2 (Li et al., 2000). TIN2 protein (TRF1-interacting nuclear protein 2) links 

TRF1 and TRF2 proteins (Houghtaling et al., 2004; Kim et al., 1999; Liu et al., 2004a), and also 

associates with TPP1 protein (also known as ACD, adrenocortical dysplasia protein homolog) 

(Houghtaling et al., 2004; Liu et al., 2004b; Ye et al., 2004). TPP1 in turn recruits the single-

stranded DNA (ssDNA) binding protein POT1 (protection of telomeres 1), which binds the 

telomeric G-rich overhang through OB (oligonucleotide binding) folds (Baumann and Cech, 

2001; Liu et al., 2004b; Ye et al., 2004). The shelterin protein complexes protect intact 

telomeres from being recognized as dsDNA breaks, thus preventing the inappropriate 

activation of DNA damage signaling.  

 

  
Figure 1: The nucleoprotein composition of telomeres (adapted from Fernandes et al., 2021). 

Human telomeres consist of tandem 5’-TTAGGG-3’ repetitive double-stranded DNA, followed 

by a 3’ single-stranded overhang which can loop back and invade the double-stranded region, 

base-pairing with the C-rich strand to form a telomeric D-loop (termed t-loop). Telomeres are 

bound by a large number of proteins, among which the most abundant ones are shelterin 

protein complexes. They contain six protein components: the dsDNA-binding proteins TRF1 

and TRF2, the ssDNA-binding protein POT1, TPP1 and TIN2 connecting POT1 to TRF1 and 

TRF2, and Rap1 which binds TRF2 protein. The telomeric 5’-TTAGGG-3’ repeats are preceded 

by subtelomeric sequences. Some of them contain transcription start sites (TSS) from which 

the long non-coding RNA TERRA is transcribed. TERRA can bind to telomeres through direct 

base-pairing, forming R-loop structures, leaving a displaced G-rich DNA strand.  
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1.1.2. Chromosome end protection mechanism 

Due to the resemblance of chromosome ends to double-stranded DNA breaks (DSBs), 

unprotected telomeres can trigger DNA damage responses (DDR) through the activation of 

ATM and ATR kinases, classical and alternative non-homologous end joining (c-NHEJ and alt-

NHEJ) and homologous recombination (HR) [reviewed in (de Lange, 2018)]. 

TRF2 protein is known to suppress ATM and NHEJ activation at chromosome ends. TRF2 

depletion leads to ATM activation at telomeres and chromatin end fusion. As TRF2 mediates 

t-loop formation (Doksani et al., 2013), the suppressive effect of TRF2 on DDR activation is 

possibly via sequestration of the 3’ overhang by t-loops. This shelterin protein blocks the 

dismantlement of t-loops throughout the cell cycle except S-phase during which RTEL1 

helicase unwinds t-loops for DNA replication (Sarek et al., 2019, 2015; Vannier et al., 2012). 

Unfolded t-loops can be substrates of ATM and NHEJ signaling independently or collectively, 

depending on the level of TRF2 protein remaining at telomeres, structural states of telomeres 

and cell cycle (Cesare et al., 2009; Hayashi et al., 2012; Orthwein et al., 2014; Van Ly et al., 

2018). T-loop structures conceal chromosome ends from being recognized as DSBs by the 

MRN complex (Mre11-NBS1-RAD50) – the first sensor of DSBs. It recruits and activates ATM 

kinase (ataxia-telangiectasia mutated) (Lee and Paull, 2005), which in turn phosphorylates 

downstream proteins such as H2AX, CHK2 and 53BP1 (Banin et al., 1998, 1998; Burma et al., 

2001; Chapman et al., 2013; Matsuoka et al., 2007, 2000). TRF2 depletion results in the 

accumulation of phosphorylated H2AX (γH2AX) and 53BP1 at telomeres, forming so-called 

telomere dysfunction-induced foci (TIFs) which can be visualized by immunofluorescence 

staining (Takai et al., 2003). Apart from ATM signaling pathway, TRF2 also counteracts the 

activation of c-NHEJ via preventing the oligomerization of Ku70/80 and the accumulation of 

53BP1 at telomeres (Okamoto et al., 2013; Ribes-Zamora et al., 2013). In TRF2-deficienct cells, 

telomeres become substrates of c-NHEJ pathway resulting in chromosome end-to-end fusions 

(Celli and de Lange, 2005; van Steensel et al., 1998). It leads to genomic instability due to mis-

segregation during mitosis (Barbara, 1941). 

The shelterin protein POT1 blocks the binding of RPA (replication protein A) to the telomeric 

single-stranded 3’ overhang, thereby preventing the activation of ATR signaling (Baumann and 

Cech, 2001; Liu et al., 2004b; Ye et al., 2004). Although POT1 protein is less abundant, it can 

effectively exclude RPA probably because of its shelterin-mediated enrichment at telomeres. 

Upon POT1a depletion in MEFs (Mouse Embryonic Fibroblasts), RPA binds to single-stranded 

telomeric DNA, leading to the recruitment and activation of ATR, followed by the 

phosphorylation of its downstream proteins such as Chk1, eventually leading to cell cycle 

arrest (Denchi and de Lange, 2007). In addition to ATR signaling suppression, POT1 protein 

also plays a role in inhibiting homology-directed repair (HDR) at telomeres (Glousker et al., 

2020; Wu et al., 2006). The binding of classical recombination factors such as RAD51 to single-

stranded telomeric DNA in POT1-deficient cells possibly triggers HDR at telomeres (Glousker 

et al., 2020). 
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Single-stranded DNA from damaged or stalled replication forks or other telomeric structures 

such as R-loops can also be the substrates for ATR signaling activation. Depletion of the 

shelterin subunit TRF1 leads to replication stress at telomeres, resulting in the activation of 

ATR signaling (Sfeir et al., 2009). It suggests the role of TRF1 protein in promoting efficient 

telomere replication, thereby preventing ATR activation. 

Concisely, the shelterin protein complex provides the main solution for the end protection 

problem by sequestering the DSB-resembling chromosome ends, thereby suppressing 

inappropriate activation of DDR pathways. Critically short telomeres that fail to recruit enough 

shelterin proteins trigger the de-repression of DDR, leading to cell cycle arrest. 
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1.1.3. Telomere replication 

1.1.3.1. The end-replication problem and telomere shortening 

Telomeres shorten with each cell division due to incomplete replication of chromosome ends. 

This is because DNA polymerase activity requires free 3’-OH ends, and thus, they can only 

synthesize new DNA strands from 5’ to 3’ direction. It is initiated with the synthesis of short 

RNA primers by primase enzyme to provide 3’-OH ends, followed by DNA strand extension by 

DNA polymerase α and δ [reviewed in (MacNeill, 2012; Prakash and Borgstahl, 2012)]. On 

telomeric G-rich strands oriented 5’ to 3’, DNA synthesis can only happen discontinuously with 

the generation of many short DNA fragments named Okazaki. The primers are then removed 

and filled by DNA polymerases using 3’-OH ends from the neighboring fragments [reviewed in 

(MacNeill, 2012)]. However, due to the unavailability of a 3’-OH group, after removal of the 

distal-most primer, a short 3’ overhang is formed. Meanwhile in the case of telomeric C-rich 

strands oriented 3’ to 5’, DNA synthesis happens in a continuous manner, catalyzed by DNA 

polymerase ε to generate a blunt end, which is processed in the later stage to form a 3’ 

overhang (Soudet et al., 2014; Wu et al., 2012). 

Apollo nuclease is recruited to the newly generated blunt end by TRF2 to form a short 3’ 

overhang, which is then bound by POT1 shelterin subunit to inhibit further Apollo nuclease 

activity (Wu et al., 2012). POT1 protein also binds the 3’ overhang generated by lagging strand 

synthesis for the same purpose. It is followed by extensive 5’ resection by exonuclease 1 at 

both ends to generate transient long 3’ overhangs, which are then filled by CST complex (CTC1-

STN1-TEN1) and DNA polymerase α-primase, leaving both lagging and leading ends with 3’ 

overhangs (Dai et al., 2010; Wu et al., 2012). The chromatid resulted from lagging strand 

synthesis keeps the original length, while the other one is shortened. 

The progressive shortening of telomeres provides a mechanism to limit cell proliferation. At 

critically short telomeres, DNA damage signalling is activated, leading to p53 activation and 

permanent cell cycle arrest termed replicative senescence (Kaul et al., 2012). If both p53 and 

Rb (retinoblastoma) proteins are suppressed, cells bypass senescence and continue dividing, 

causing further telomere shortening, which eventually initiates a terminal response termed 

replicative crisis. Such cells exhibit telomere fusion, genome instability, autophagy 

hyperactivation and subsequently cell death [reviewed in (Arnoult and Karlseder, 2015)] 

(Nassour et al., 2019). Stem cells and cancer cells activate telomere maintenance mechanisms 

depending on the telomerase enzyme or alternative lengthening of telomeres pathway to 

escape the proliferation limit (Bryan et al., 1995; Bryan and Cech, 1999).  
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1.1.3.2. Replication stress at telomeres 

The telomeric repetitive sequence and its ability to form special structures are obstacles for 

DNA replication machinery. The 5’-TTAGGG-3’ repeats and its GC-rich nature pose a risk for 

replisome slippage (de Lange et al., 1990). In addition, as lagging strand synthesis is 

discontinuous, the parental G-rich strand is partially single-stranded during replication which 

may allow formation of G-quadruplexes (G4) structures, which can impede the progression of 

the replication fork (Granotier et al., 2005; Lerner and Sale, 2019). Another interfering factor 

is the transcription at telomeres leading to the generation of long non-coding telomeric 

repeat-containing RNA (TERRA). Collision of transcription machinery and replisome during 

DNA strand unwinding and machinery progression can interrupt DNA replication [reviewed in 

(Bermejo et al., 2012)]. Also, nascent TERRA and R-loops – the structure formed when TERRA 

hybridizes with the telomeric C-rich strand leading to G-rich strand displacement, need to be 

removed (Arora et al., 2014; Balk et al., 2013; Luke et al., 2008; Petti et al., 2019). TERRA 

overexpression leading to increased level of telomeric R-loops causes telomere fragility 

indicating replication stress at telomeres (Feretzaki et al., 2020). At the displaced G-rich 

strand, G4 structures can be formed, generating additional obstacles for telomeric DNA 

replication (Duquette et al., 2004). T-loop structures at chromosome ends also need to be 

dismantled by RTEL1 to facilitate the access of the replication machinery to telomeres during 

S phase. T-loops that fail to be unwound are excised by a structure-specific nuclease SLX4, 

leading to telomere shortening (Sarek et al., 2015; Vannier et al., 2012). Besides, shelterin 

protein levels at replicating telomeres must be fine-tuned because despite the fact that their 

tight binding to telomeres might affect replication fork progression, they are involved in 

promoting telomeric DNA replication (Ohki and Ishikawa, 2004; Sfeir et al., 2009). 

Furthermore, telomeric replication is mainly unidirectional, thus once the fork is collapsed, 

there is no convergent fork coming from the other side to rescue. 

Several factors have been shown to enable replication fork progression, mostly via removing 

obstacles such as R-loops, G4s, t-loops and relieving topological stress. The shelterin protein 

TRF1 recruits BLM helicase to unwind G4 structures (Sfeir et al., 2009; Zimmermann et al., 

2014), and counteracts R-loop formation facilitated by TRF2 protein (Lee et al., 2018). TRF1 

also recruits TFIIH complex, which suppresses telomere fragility and replication defects (Yang 

et al., 2022). Furthermore, it was proposed that TRF1 works together with fork protection 

protein TIMELESS to stabilize telomeric replisome (Leman et al., 2012). In addition, TRF1 

mediates the binding of DNA topoisomerase II α to telomeres to remove topological stress 

during the progression of replication fork (Stagno d´Alcontres et al., 2014). Also, TRF2-bound 

RTEL1 protein resolves t-loop and G4 structures at telomeres (Vannier et al., 2013, 2012). 

Recently, comprehensive proteomic study of the telomeric replisome identified many factors 

that specifically facilitate telomere replication (Lin et al., 2021).  
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1.1.4. Telomere maintenance 

Telomere shortening following each cell cycle ultimately generates critically short telomeres 

with insufficient shelterin protein binding, leading to the activation of ATM and ATR signalling 

pathways and consequently, cellular replicative senescence or autophagic cell death 

(Maciejowski & de Lange, 2017; Nassour et al., 2019; Yu et al., 1990). To circumvent this 

problem, proliferating cells such as stem cells, germline cells and cancer cells elongate 

telomeres via either telomerase enzyme activation or in the case of cancer cells, the 

alternative lengthening of telomeres (ALT). 

Telomerase was first detected in the model organism Tetrahymena thermophila, and was 

characterized as a reverse transcriptase with an RNA moiety that serves as a template for DNA 

repeat synthesis (Greider and Blackburn, 1989, 1987, 1985). The catalytic core TERT was 

subsequently identified in Euplotes, S. cerevsiae, S. pombe and humans (Lingner et al., 1997; 

Nakamura et al., 1997). In humans, the telomerase RNA subunit (hTR) specifies 5’-TTAGGG-3’ 

repeats. Telomerase is primarily recruited to telomeres via the TEL (TPP1 glutamate- and 

leucine-rich) patch of TPP1 (Abreu et al., 2010; Nandakumar et al., 2012). In the majority of 

human tissues, telomerase is suppressed by epigenetic silencing of hTR and hTERT 

transcription [reviewed in (Cong et al., 2002)]. This enforces telomere shortening and 

replicative senescence after a certain number of cell cycles, thereby setting cellular 

proliferative limit and preventing carcinogenesis. 85% to 90% of cancers bypass this by re-

activating telomerase expression and activity mainly via mutations in hTERT promoter, which 

allow the de-repression of hTERT transcription (Borah et al., 2015; Horn et al., 2013; Huang et 

al., 2013; Killela et al., 2013; Shay and Bacchetti, 1997; Weinhold et al., 2014). 

The ALT is a homology-directed recombination-based pathway used for telomere 

maintenance in 10 – 15% cancer types, especially in aggressive tumors with mesenchymal cell 

origin (Bryan et al., 1995; Dunham et al., 2000; Heaphy et al., 2011b; Henson et al., 2005). In 

ALT cells, recombination intermediates can be either processed by BLM-TOP3A-RMI protein 

complexes leading to telomere extension without any crossover events, or dissolved by SLX4-

SLX1-ERCC4 protein complexes in which there is no telomere extension and telomeric DNA 

exchange might happen (Svendsen et al., 2009; Wu & Hickson, 2003). This results in 

distinctively heterogenous telomere length and sister chromatid exchange at telomeres, 

which are two hallmarks of ALT-positive cells (Bryan et al., 1995; Londoño-Vallejo et al., 2004). 

Another ALT-specific molecular intermediate is C-circles – the single-stranded C-rich extra-

chromosomal telomeric repeats formed as a by-product of recombination (Henson et al., 

2009). ALT pathway occurs at ALT-associated PML (promyelocytic leukaemia) bodies (APB), in 

which telomeres are clustered and processed (Yeager et al., 1999; Zhang et al., 2019).  

Although the precise molecular mechanism of ALT is unclear, it has been proposed that 

alteration of chromatin organization might underly ALT activation. Mutations in genes 

encoding ATRX (α-thalassemia/mental retardation X-linked) and its partner DAXX (death-

domain-associated protein) are frequently identified in ALT-positive tumor cells (Heaphy et al., 
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2011a; Schwartzentruber et al., 2012). Loss of ATRX and DAXX alters H3.3 histone deposition, 

which might affect telomeric heterochromatin conformation and promote telomere 

recombination (Lewis et al., 2010). ATRX also plays a role in replication progression and 

telomere cohesion, suggesting an explanation for the function of ATRX deficiency in ALT 

activity (Pickett and Reddel, 2015). Although mutations of these factors are associated with 

increased genomic instability and telomere length, they are insufficient to activate ALT 

(Lovejoy et al., 2012). Other factors that function in ALT regulation is histone chaperons ASF1a 

and ASF1b. The co-depletion of these factors induces ALT phenotypes including telomeric 

recombination, telomere length heterogeneity, accumulation of extrachromosomal TTAGGG 

repeats and the formation of APB (O’Sullivan et al., 2014). In addition, the long-noncoding 

RNA TERRA also plays a key role in triggering and/or sustaining ALT activity. The CpG islands 

within subtelomeric TERRA promoters are less methylated in ALT cells, resulting in an increase 

in TERRA transcription (Arora et al., 2014; Episkopou et al., 2014). In the absence of 

telomerase, TERRA has been shown to promote telomere maintenance based on 

recombination, thereby delaying replicative senescence and protecting genomic stability 

(details discussed below).  
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1.2. TERRA and R-loops 

1.2.1. The telomeric repeat-containing long non-coding RNA TERRA 

1.2.1.1. Transcription of TERRA 

Heterochromatic features have been reported at subtelomeric and telomeric regions 

including DNA methylation, hypoacetylation of histone H3 and H4, trimethylation of histone 

H4 lysine 20 (H4K20me3), trimethylation of histone H3 lysine 9 and 27 (H3K9me3 and 

H3K27me3) and the binding of HP1α (heterochromatin protein 1) (Blasco, 2007; Tardat and 

Déjardin, 2018). Consistently, the telomere position effect has been described in yeast, 

drosophila and human, in which the expression of reporter genes was reversibly suppressed 

upon being placed near telomeric repeats (Baur et al., 2001; Gottschling et al., 1990; Hazelrigg 

et al., 1984). Thus, telomeres were believed to have no transcription until the discovery of the 

long non-coding telomeric repeat containing RNA (TERRA) (Azzalin et al., 2007). 

TERRA transcription is catalyzed by RNA polymerase II enzyme, starting from promoters within 

the subtelomeric regions and progressing into the telomeric repetitive regions using C-rich 

strand as the template (Azzalin et al., 2007; Feretzaki et al., 2019; Nergadze et al., 2009; Porro 

et al., 2014a; Schoeftner and Blasco, 2008). Thus, TERRA contains chromosome-specific 

subtelomeric sequence followed by 5’-UUAGGG-3’ repeats (Feretzaki et al., 2019; Porro et al., 

2010). There are no transcription termination sites. The variable length of subtelomeric tract 

being transcribed into TERRA and the variable number of 5’-UUAGGG-3’ repeats result in the 

heterogeneity of TERRA length ranging from 100 to 10000 bases with an average length of 

1000 bases (Azzalin et al., 2007; Porro et al., 2010; Statello et al., 2021). Analysis of TERRA 

subtelomeric region reveals no post-transcriptional splicing events (Porro et al., 2014a). 

Similar to mRNAs transcribed by RNA polymerase II, TERRA molecules are 5’-capped with 7-

methylguanosine functioning in protecting RNA molecules from 5’-3’ exonucleases (Porro et 

al., 2010; Shatkin, 1976). Less than 10% of TERRA are polyadenylated (poly(A)), making them 

more stable than the non-poly(A) one (Porro et al., 2010). The half-life of the former is around 

8 hours, whereas the latter has 3-hour half-life (Porro et al., 2010). A recent study suggests 

that TERRA polyadenylation preferably happens at TERRA transcribed from specific telomeres 

(Savoca et al., 2023). Also, while polyadenylation is the main factor determining the stability 

of poly(A)-positive TERRA, RNA-binding protein RALY stabilizes poly(A)-negative TERRA 

(Savoca et al., 2023). In terms of localization, at least 90% of TERRA molecules localize in the 

nucleus, either being in nucleoplasm or telomere-bound (Porro et al., 2010). The majority of 

telomere-bound TERRA is poly(A)-negative, while poly(A)-positive TERRA stays mainly in the 

nucleoplasm (Porro et al., 2010). N6-methyladenosine (m6A) – another TERRA post-

transcriptional modification positioning in their subtelomeric region, has been characterized 

recently (Chen et al., 2022). It is catalyzed by METTL3 methyltransferase and protected by 

YTHDC1 reader, contributing to TERRA stability (Chen et al., 2022).  

TERRA transcription is regulated by many transcription factors including CTCF and cohesin 

subunit RAD21, which bind telomeres and maintain TERRA transcription (Deng et al., 2012; 
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Feretzaki et al., 2019), as well as epigenetic modifications. A subset of human subtelomeric 

regions contain CpG islands within TERRA promoters, which are methylated de novo by DNA 

methyltransferase DNMT1 and DNMT3B during development, thereby inhibiting the 

expression of a fraction of TERRA (Feretzaki et al., 2019; Nergadze et al., 2009; Porro et al., 

2014a; Yehezkel et al., 2008). Heterochromatin-establishing and binding factors such as H3K9 

methyltransferase SUV39H1 and HP1α also suppress TERRA transcription (Arnoult et al., 

2012). Longer telomeres contain higher density of H3K9me3 and HP1α protein, and thus, have 

less TERRA transcription (Arnoult et al., 2012). Besides, depletion of TRF2 shelterin subunit 

results in elevated level of TERRA, suggesting the suppressive role of TRF2 in TERRA 

transcription (Nassour et al., 2023; Porro et al., 2014a). TERRA in TRF2-depleted cells binds 

and recruits SUV39H1 to telomeres leading to H3K9 methylation, thereby maintaining 

telomere chromatin compaction and sustaining telomere fusion (Arnoult et al., 2012).  

Cellular level of TERRA is subjected to cell cycle regulation. RT-qPCR analysis of different TERRA 

species in synchronized Hela cells reveals that TERRA level peaks in early G1 phase. As cells 

progress through G1, S and G2, TERRA level gradually decreases and reaches the lowest point 

in late S/G2 phase. It is then followed by a progressive increase until the cells return to G1 

phase (Porro et al., 2010). Whether this is regulated transcriptionally or post-transcriptionally 

is unclear.  
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1.2.1.2. Functions of TERRA 

TERRA plays an important role in telomere maintenance in both ALT cells (this will be 

discussed in the next section) and in telomerase-positive cells where TERRA contributes to 

regulation of telomerase activity. In vitro experiments show that TERRA can inhibit telomerase 

via direct interaction with the catalytic component hTERT and complementary base-pairing 

with the RNA component hTR (Redon et al., 2010). Telomere extension by telomerase mainly 

happens during late S-phase when TERRA level is lowest (Porro et al., 2010; Tomlinson et al., 

2006). In addition, the balance in the levels of TERRA and hnRNPA1 protein (heterogenous 

nuclear ribonucleoprotein A1) might facilitate telomerase access to telomeres. hnRNPA1 is a 

TERRA-binding protein which is also detected at telomeres and can inhibit telomerase activity 

in vitro (Redon et al., 2013). It is possible that when TERRA level exceeds hnRNPA1 binding 

capacity, TERRA binds telomerase and represses its activity (Redon et al., 2013). However, 

during S phase when hnRNPA1 level is in equilibrium with TERRA levels, telomerase is released 

from TERRA binding, being able to bind and catalyse telomere extension (Redon et al., 2013).  

The variable balance between TERRA and hnRNPA1 levels during cell cycle and the RPA-

displacing activity of hnRNPA1 have been proposed to regulate an RPA-to-POT1 switch after S 

phase (Flynn et al., 2011). RPA is a non-sequence specific ssDNA binding protein functioning 

in DNA replication and ATR signalling activation (Zou and Elledge, 2003). RPA binds telomeric 

single-stranded DNA during S phase to facilitate telomere maintenance. In late S phase when 

hnRNPA1 is released due to the downregulation of TERRA, RPA is stripped out from telomeres 

by hnRNPA1. The increase in TERRA level afterwards leads to re-association of TERRA and 

hnRNPA1, which liberates the G-rich telomeric overhang for POT1 binding (Flynn et al., 2011). 

The role of POT1 in counteracting telomerase activity has been shown in vitro and in vivo 

(Kelleher et al., 2005; Loayza and de Lange, 2003). Thus, fine-tuning POT1 association with 

telomeres during cell cycle might be an indirect way of TERRA to repress telomerase activity. 
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1.2.2. R-loops 

1.2.2.1. R-loop formation and the impact of R-loops on genomic integrity 

R-loops are three-stranded structures consisting of an invading RNA base-pairing with its 

complementary strand to form a DNA-RNA hybrid, and a displaced single-stranded DNA. 

These structures can range from 100 bp to more than 2 kb long [reviewed in (García-Muse 

and Aguilera, 2019)]. They have been detected throughout the genome, preferably in 

genomic region with high GC content and GC skew in which the displaced DNA strand can 

presumably form G4 structures and stabilize the DNA-RNA hybrid (Duquette et al., 2004; 

Miglietta et al., 2020). R-loops were thought to mainly form in cis during transcription due to 

the complementarity between RNA and their template DNA strand (Crossley et al., 2019; 

Lafuente-Barquero et al., 2020; Reaban et al., 1994; Yu et al., 2003). However, studies in 

yeasts and plants shows that RNA molecules can invade genomic loci distant from their 

transcription sites, leading to R-loop formation in trans (Ariel et al., 2020; Wahba et al., 2013). 

Apart from being the by-product of transcription, R-loops serve as important intermediates of 

specific cellular processes such as replication of mitochondrial DNA and Ig class switching in B 

cells (Xu and Clayton, 1996; Yu et al., 2003). Besides, R-loops have been demonstrated to be 

involved in regulation of gene expression [reviewed in (García-Muse and Aguilera, 2019)]. R-

loops formed at CpG islands can inhibit DNA methylation, thereby promoting transcription. In 

addition, localization of R-loops at promoters can either favour or impede the binding of 

transcription activators or repressors, contributing to transcription activation or silencing. 

When being enriched at G-rich termination elements, R-loops facilitate RNA polymerase 

pausing, leading to efficient transcription termination. Apart from interfering with the process 

of transcription, studies have indicated a connection between R-loops, DNA breaks and DNA 

damage response. 

R-loops can be the source of DNA damage and genomic instability by being obstacles to 

transcription elongation and the DNA replication machinery (Domínguez-Sánchez et al., 2011; 

Gan et al., 2011; Huertas and Aguilera, 2003; Wellinger et al., 2006). Also, the displaced single-

stranded DNA is susceptible to mutagenesis. On the other hand, it has been demonstrated 

using many R-loop detection methods in different models that DNA damage, especially DSBs 

induced by various DNA damaging agents including radiation, targeted oxidative stress and 

nucleases, causes R-loop accumulation in cis [reviewed in (Marnef and Legube, 2021)]. There 

are several hypotheses on how R-loops are formed. One model hypothesizes that DSBs initiate 

de novo transcription leading to R-loop generation. In vitro data suggests that DNA ends can 

recruit RNA polymerase II (RNAPII) in an MRN complex-dependent manner (Michelini et al., 

2017; Sharma et al., 2021). Also, RNAPII and the pre-initiation complex are recruited to DSBs 

in vivo (Pessina et al., 2019). In addition, super-resolution and live-cell imaging shows 

colocalization of RNAPII and nascent transcripts with DSB sites (Vítor et al., 2019). However, 

this model conflicts with the transcriptional suppression known to be induced by DSBs. Also, 

studies have shown that damage-induced R-loops mostly form in cis to DSBs at loci priorly 

occupied by RNAPII [reviewed in (Marnef and Legube, 2021)]. Another hypothesis is that DSBs 
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can cause transcriptional repression, which promotes R-loop formation at the same loci. It has 

been demonstrated that when the transition from initiation to elongation and progression 

within genes of RNAPII is impaired, R-loops are generated (Jonkers and Lis, 2015; Sanz et al., 

2016). DRIP-seq (DNA-RNA IP combined with sequencing) data shows that R-loops are formed 

in cis to DSBs induced at loci occupied by RNAPII priorly, but not at intergenic loci (Cohen et 

al., 2018; Edwards et al., 2020). Also, R-loops accumulate at DNA breaks induced by oxidative 

stress only within transcribed loci (Teng et al., 2018). In addition to two well-studied models, 

it has been suggested that chromatin conformation changes around DSBs allow pre-existing 

RNA to re-anneal to the template DNA (Chedin and Benham, 2020; Salas-Armenteros et al., 

2017). Besides, resection generating ssDNA during DNA damage repair can facilitate the 

binding of RNA to form R-loops (D’Alessandro et al., 2018). R-loops can form in cis or in trans 

by RNA transcribed from remote homologous loci, for example TERRA forming R-loops in trans 

at telomeres (Feretzaki et al., 2020). Although studies about DNA breaks inducing R-loop 

formation are mainly conducted with DSBs, R-loop generation can also be promoted by SSBs 

in vitro (Roy et al., 2010).  

R-loops not only induce DNA damage, but also interfere with the DNA damage response. R-

loops have been demonstrated to affect resection at DNA double strand breaks, to generate 

a long 3’ ssDNA tail which can invade the homologous DNA strand during HR (Sun et al., 1991; 

White and Haber, 1990). R-loops might act as an obstacle to the canonical resection as they 

prevent the activities of EXO1 exonuclease and BLM helicase in vitro – the two enzymes 

required for resection (Daley et al., 2020). In addition, depletion of R-loop removal factor 

RNaseH coincides with a decrease in resection, while RNaseH overexpression consistently 

promotes resection (Ohle et al., 2016). However, in certain contexts in which canonical R-loop 

removal pathways are inefficient, or at genomic loci that are prone to stable R-loop formation, 

the excessive accumulation of DSB-induced R-loops promotes non-canonical and extensive 

resection via the endonuclease activity of XPG and XPF enzymes [reviewed in (Marnef and 

Legube, 2021)]. Beside resection, conflicting evidence has shown that R-loops also contribute 

to the regulation of RAD51 nucleofilament reassembly. Most reports suggest the negative 

effect of R-loops as many R-loop removal factors are required for correct RAD51 focus 

formation (Cohen et al., 2018; Dang and Morales, 2020; Jang et al., 2020; Li et al., 2016; Marin-

Vicente et al., 2015; Ohle et al., 2016; Yu et al., 2020). However, a few other studies highlight 

the opposite since depletion of factors involved in DSB-induced R-loop formation and 

stabilization reduces RAD51 focus formation (Lu et al., 2018; Zhang et al., 2020). Another way 

for R-loops to exert influence on the DNA damage response is via their RNA moiety, which can 

serve as a template or primer for DNA polymerases (Itoh and Tomizawa, 1980; Keskin et al., 

2014; Meers et al., 2020, 2016; Stuckey et al., 2015). Furthermore, R-loops can act as a 

recruitment platform recognized by many DNA damage repair factors. One example is the R-

loop-induced recruitment of CSB and RAD52 proteins to DSBs induced by reactive oxygen 

species at ALT telomeres, which in turn recruit POLD3 to promote BIR (break-induced 

replication) (Tan et al., 2020). Altogether, it suggests the complicated interplay among R-loop 

formation, DNA breaks and DNA damage response regulation. 
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1.2.2.2. R-loops at telomeres 

Telomeric R-loops form when TERRA invades and base-pairs with the C-rich telomeric strand 

leading to the displacement of the G-rich strand. TERRA and R-loops play an essential role in 

telomere maintenance, especially in ALT cancer cells. Compared to telomerase-positive cells, 

ALT cells contain less compacted chromatin and elevated telomeric transcription, resulting in 

higher levels of TERRA and R-loops (Arora et al., 2014; Episkopou et al., 2014). This is probably 

required to generate a fine-tuned level of replication stress needed to trigger recombination-

dependent telomere elongation (Arora et al., 2014; Flynn et al., 2011; Lu and Pickett, 2022; 

Silva et al., 2019). Also, loss of chromatin remodeler ATRX, which happens very often in ALT 

cells, compromises the cell cycle regulation of TERRA level, thereby sustaining TERRA and 

telomeric R-loop levels throughout S-phase and G2, contributing to elevated replication stress 

in ALT cells (Flynn et al., 2011). Manipulation of TERRA transcription or stability in ALT cells 

affects R-loop balance, leading to the impairment of ALT activity. TERRA depletion using RNA-

targeting Cas9 system causes decreases in ALT phenotypes including PML bodies and telomere 

clustering leading to reduced telomere lengthening (Guh et al., 2022). Similar observations 

have been reported using TALEs (Transcription Activator-Like Effectors) fused with 

transcription repressors targeting subtelomeric regions. TERRA transcription from certain 

chromosomes is inhibited, thereby constraining R-loop formation. This decreases replication 

stress and DNA damage markers, and impairs ALT activity and telomere maintenance (Silva et 

al., 2021). Consistently, the expression of TALEs fused with transcription activators results in 

increases in TERRA level, DNA damage signaling at telomeres and ALT phenotypes. 

Interestingly, TERRA overexpression, despite leading to an elevation in telomere synthesis 

(detected via EdU incorporation at telomeres), causes an increase in telomere-free ends (Silva 

et al., 2022). These studies indicate that TERRA and R-loops have to be precisely kept at 

certain levels to maintain telomere elongation in ALT cells. 

Due to the important role of R-loops in recombination-dependent telomere maintenance, R-

loop levels at telomeres are tightly regulated in ALT cells. One of the factors that regulates 

TERRA level in ALT cells is RNaseH1 – a member of the RNaseH ribonuclease enzyme family 

that degrades the RNA component of R-loops (Cerritelli and Crouch, 2009). RNaseH1 enzyme 

is detected at telomeres in ALT cancer cells. Overexpression or depletion of RNaseH1 leads to 

dysregulation of telomeric R-loops, interfering with telomere maintenance. RNaseH1-

deficient cells show high replicative stress at telomeres, increased telomeric leading strand 

fragility and C-circles, and rapid telomere loss (Arora et al., 2014; Olson et al., 2006). 

Overexpression of RNaseH1 also leads to telomere loss, probably because R-loop levels are 

insufficient to sustain homology-directed recombination required for telomere elongation 

(Arora et al., 2014). FANCM (Fanconi anemia-associated ATPase/translocase) has also been 

shown to control TERRA and R-loop levels at telomeres in ALT cells (Hodson et al., 2022; Silva 

et al., 2019). FANCM is a branchpoint translocase which binds R-loop sites and rewinds the 

DNA, thereby indirectly removing the RNA (Hodson et al., 2022). FANCM deficiency results in 

accumulation of R-loops, increases in DNA damage signalling and ALT activity, and 
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subsequently a decrease in ALT cell viability (Silva et al., 2019). Similarly, depletion of NONO 

or SFPQ proteins, which function in RNA biogenesis, increases R-loop levels, telomere fragility 

and some ALT features, which is partially rescued by RNaseH1 overexpression (Petti et al., 

2019).  

The level of telomeric R-loops is also kept under control by several factors in telomerase-

positive cells, thereby maintaining telomere stability. TRF2 protein has been demonstrated by 

in vitro studies to bind TERRA and promote its invasion into telomeric dsDNA leading to R-

loop formation, which is counteracted by TRF1 protein (Lee et al., 2018). Depletion of TRF1 

leads to an increase in telomeric R-loops in a TRF2-dependent manner, which subsequently 

causes telomere loss (Lee et al., 2018). POT1 deletion in human cells also increases R-loop 

level, which correlates with the rise of several ALT features including C-circle accumulation, 

formation of APBs, activation of telomeric recombination and telomere elongation (Glousker 

et al., 2020). Another factor that may contribute to R-loop regulation is UPF1 protein – an 

ATP-driven 5’-3’ helicase involved in nonsense-mediated mRNA decay pathway. Loss of UPF1 

promotes TERRA association with telomeres, causing DNA damage signaling activation and 

incomplete leading strand replication at telomeres (Azzalin et al., 2007; Chawla et al., 2011).  

The relationship between TERRA expression, R-loop level and telomere length is clinically 

demonstrated by analyzing primary cells from patients suffering from the rare autosomal 

recessive syndrome ICF (Immunodeficiency, centromere instability and facial anomalies) 

(Ehrlich et al., 2006). ICF patient cells contain elevated TERRA transcription correlating with 

very short telomere length (Yehezkel et al., 2008). The most common mutations in ICF patients 

are found in the gene encoding the de novo DNA methyltransferase enzyme DNMT3B, 

presumably resulting in hypomethylation of subtelomeres, explaining the upregulation of 

TERRA (Ehrlich et al., 2006; Yehezkel et al., 2008). However, DNMT3B depletion is not 

sufficient to increase TERRA transcription, TERRA is upregulated only upon its co-depletion 

with DNMT1 – another DNA methyltransferase enzyme (Nergadze et al., 2009). Studies in ICF 

patient samples show that the cell cycle regulation of TERRA is lost, resulting in elevated 

TERRA and R-loop levels throughout the cell cycle, leading to DNA damage signalling activation 

at telomeres (Sagie et al., 2017). It has been proposed that R-loops affect the progression of 

the replication machinery at telomeres, causing the short telomere phenotype and premature 

replicative senescence symptoms of ICF patients.  
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1.3. Oxidative stress 

Oxidative stress is a consequence of the imbalance between the cellular levels of reactive 

oxygen species (ROS) and antioxidant defenses, contributing to the initiation and progression 

of numerous human diseases including age-related diseases and cancer. Intrinsic ROS is 

primarily generated during inflammatory responses to pathogen invasion, and also products 

of oxidative phosphorylation at mitochondria. Thus, for most of the diseases, elevated ROS 

levels come from ROS leakage caused by chronic inflammation and mitochondrial dysfunction, 

thereby disrupting the cellular redox balance. In addition, a wide range of environmental 

exposures such as UV light, chemicals, ionizing radiation and heavy metals can induce ROS 

(Bouvard et al., 2009; Lonkar and Dedon, 2011). Once being triggered, oxidative stress exerts 

detrimental effects on various cellular components including DNA, signified by increased 

levels of oxidized bases and single-stranded breaks (SSBs) generated via direct backbone 

cleavage (Bandyopadhyay et al., 1999; Barzilai and Yamamoto, 2004). 

Oxidative lesions are primarily repaired by the base-excision repair (BER) pathway (Figure 2). 

The first step in BER consists of removal of the damaged base by DNA glycosylases resulting in 

abasic sites, which are cleaved by APE1 endonuclease to generate 3’-OH and 5’-sugar 

phosphate (5’-dRP) termini if the glycosylases are monofunctional (Srivastava et al., 1998). 

DNA polymerase β (Pol β) then 

removes the 5’-dRP using its lyase 

activity. If the glycosylases are 

bifunctional, they catalyse both 

oxidized base removal and DNA 

backbone cleavage, leaving either a 

blocking unsaturated aldehyde or 

phosphate group at the 3’ end of the 

break (Srivastava et al., 1998). The 

former is removed by APE1 to create a 

3’-OH substrate for Pol β, while PNKP 

(polynucleotide kinase 3’ phosphatase) 

cleaves the later. In short patch BER, Pol 

β inserts the missing base, and the nick 

is sealed by DNA ligase III (Krokan and 

Bjoras, 2013; Wallace, 2014). If the 5’-dRP is modified and resistant to Pol β processing, long-

patch BER is initiated, during which a polymerase (β, ε or δ) inserts several nucleotides to 

create a displaced DNA flap that is subsequently cleaved by FEN I and the resultant nick is 

ligated by DNA ligase I (Krokan and Bjoras, 2013; Wallace, 2014). In addition to these core 

components, there are a number of other proteins being employed to accelerate BER 

including PARP1 (poly(ADP)-ribose polymerase 1) and scaffold protein XRCC1 (Caldecott et al., 

1994; Dantzer et al., 1999; Ronson et al., 2018; Schreiber et al., 2002). PARP1 is a DNA break 

sensor which is activated by and associated with damage sites resulting in the post-

Figure 2: Scheme of the base-excision repair 

(BER) pathway 
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translational modification of itself and other proteins with ADP-ribose polymerization (de 

Murcia and de Murcia, 1994; Hanzlikova et al., 2018). One of its targets is XRCC1, which acts 

as a scaffold protein for BER proteins including Pol β and PNKP (El-Khamisy et al., 2003). Failure 

of oxidative lesion and SSB repair can potentially generate DSBs, which are repaired by either 

NHEJ or HR depending on the cell cycle stage and chromatin conformation (Ceccaldi et al., 

2016). Apart from DNA repair pathways, DNA oxidative damage can be prevented by cellular 

antioxidant enzymes includes catalase, glutathione peroxidases and peroxiredoxins (Perkins 

et al., 2015).  

The G-rich nature of TTAGGG repeats renders telomeres prone to oxidative damage, 

presumably because guanine has lower redox potential than other natural bases, and thus is 

more liable to be oxidized to generate 8-oxoguanine (8-oxoG) (Henle et al., 1999; Oikawa et 

al., 2001, Luo et al., 2001). Besides, similar to other genomic loci, ROS can directly cleave the 

telomeric DNA backbone, together with DNA processing during oxidative lesion repair, leading 

to SSB accumulation. When cells are exposed to oxidants, the levels of oxidized bases and SSBs 

at telomeres are higher than in genomic bulk DNA and microsatellite repeats (Petersen et al., 

1998; Wang et al., 2010).  

Numerous studies have reported an association between oxidative stress, an increased 

telomere shortening rate and cellular replicative senescence. Recent population studies 

demonstrate the correlation between oxidative stress and shorter telomere length measured 

in white blood cells (Reichert and Stier, 2017). Also, mild oxidative stress induced by culturing 

cells in 20% oxygen or exposure to low concentration of H2O2 accelerates telomere shortening 

(Coluzzi et al., 2014; Forsyth et al., 2003; Richter and Zglinicki, 2007; Wang et al., 2010). One 

possible explanation for the negative effect of ROS on telomere length is that 8-oxoG can 

interfere with telomerase activity. Although 8-oxodGTP is a telomerase substrate, once 

incorporated into telomere ends, it becomes a chain terminator (Aeby et al., 2016). 

Furthermore, 8-oxoG present at telomeric sequences also inhibits telomerase activity 

depending on their positions, proven by studies showing that the oligonucleotide 5’-TTA-8-

oxoG-3’ cannot be extended by telomerase, while the 5’-TTAGG-8-oxoG-3’ substrate can be 

elongated (Aeby et al., 2016). Apart from 8-oxoG, other oxidative lesions such as hydantoin, 

thymine glycol and 5-hydroxycytosine can also impede telomere replication (Henderson et al., 

2003; McNulty et al., 1998). Besides, SSBs and oxidative lesions can lead to replication fork 

collapse and DNA truncation, contributing to telomere loss and cellular senescence. Another 

way of oxidative stress to promote cellular senescence is via the accumulation of the oxidative 

lesion 8-oxoG, which can induce DDR, telomere fragility and dysfunction by itself, and 

consequently cellular senescence in the absence of telomere shortening (Barnes et al., 2022). 

It has been shown in vitro that TRF1 and TRF2 binding to telomeric DNA oligonucleotides is 

disrupted by the presence of 8-oxoG lesions and other BER intermediates such as abasic sites 

or single nucleotide gaps within telomeric repeats (Opresko et al., 2005). Besides, oxidative 

damage can cause changes in telomeric sequence, which might also disrupt shelterin protein 

binding. This is because DNA polymerases preferentially incorporate A opposite 8-oxoG 
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instead of C, thereby causing mismatch mutations and changes in telomeric sequences (Beard 

et al., 2010; David et al., 2007). Consistently, GTAGGG and TGAGGG repeats resulting from 

the mis-incorporation of 8-oxoG opposite A in 3’-AATCCC-5’ repeats are reported to be the 

most common telomeric repeat variants (Lee et al., 2013). Taken together, oxidative stress 

promotes oxidized base and SSB generation, thereby interfering with the replication fork, 

telomerase activity and shelterin protein binding to telomeres, leading to telomere shortening 

and dysfunction, and eventually cell senescence, apoptosis or malignant transformation. 

Several BER factors have been reported to function at telomeres. 8-oxoG opposite to C is 

recognized and removed by OGG1 glycosylase, which is shown to accumulate at telomeres 

when oxidative damage is induced (Fouquerel et al., 2019). Ogg1 knockout in mouse 

embryonic fibroblasts induces telomere shortening when the cells are cultured at 20% oxygen, 

(Wang et al., 2010). Another DNA glycosylase involved in the BER pathway at telomeres is 

NEIL3, which has DNA glycosylase activity toward several oxidized derivatives of thymine and 

guanine but not 8-oxoG (Krokan and Bjoras, 2013; Wallace, 2014). Interestingly, in vitro NEIL3 

can act on the telomeric G4 structure and single-stranded DNA, although the mechanism of 

how NEIL3 deals with the absence of a templating base remains unclear (Zhou et al., 2013). 

Besides, biochemical studies have demonstrated that Pol β physically interacts with TRF2, and 

TRF2 stimulates Pol β strand extension and displacement in vitro (Fotiadou et al., 2004), 

together supporting the hypothesis that BER pathway functions at telomeres. 

Apart from BER, there are other mechanisms protecting telomeres from oxidative DNA 

damage. Several nucleotide excision repair (NER) proteins have been shown to contribute to 

oxidative damage repair at telomere. XPB- and XPD-deficient cells have elevated telomere loss 

following H2O2 treatment (Gopalakrishnan et al., 2010). Furthermore, the mismatch repair 

(MMR) pathway might alleviate oxidative lesions as loss of MMR protein MSH2 and MLH1 

results in increases in both basal and H2O2-induced 8-oxoG levels (Colussi et al., 2002). 

Antioxidant enzymes also protect telomeres against oxidative damage. PRDX1 is an 

antioxidant enzyme reducing H2O2 to H2O, thereby alleviating cellular ROS burden (Perkins et 

al., 2015). The association of PRDX1 with telomeres under oxidative stress condition has been 

reported (Aeby et al., 2016). MTH1 enzyme is involved in free oxidized dNTP hydrolysis to 

prevent their incorporation into the genome by DNA polymerases (Rudd et al., 2016). MTH1-

deficient cells display telomere shortening due to telomerase inhibition when cultured in 

hyperoxia, and the situation is exacerbated by the co-depletion of MTH1 and PRDX1 (Ahmed 

and Lingner, 2018). Altogether, this suggests that MTH1 and PRDX1 enzymes cooperatively 

protect telomeres against oxidative stress. Another protein – NEK7 kinase, also contributes to 

maintain telomere integrity upon oxidative damage via TRF1 stabilization (Tan et al., 2017).  
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1.4. The quantitative telomeric chromatin isolation protocol (QTIP) 

Telomere function relies on its constituents including telomeric proteins, telomeric DNA and 

the long non-coding RNA TERRA, which varies during aging, tumorigenesis and in telomere 

syndromes. In terms of the protein component, in addition to shelterin protein complex, an 

increasingly large number of less abundant proteins have been identified. However, it is still a 

challenge to thoroughly characterize telomeric proteome. Our lab has developed a 

Quantitative Telomeric chromatin Isolation Protocol (QTIP), which allows us to study the 

telomeric protein composition in a comprehensive manner and answer fundamental 

questions regarding telomere biology and function (Grolimund et al., 2013; Majerská et al., 

2017). The protocol involves purification of crosslinked telomeric chromatin by 

immunoprecipitation using antibodies against TRF1 and TRF2 – the two abundant shelterin 

subunits (Grolimund et al., 2013; Majerská et al., 2017). To optimize the purity of the purified 

telomeric chromatin, QTIP can be performed with an additional purification step using anti-

FLAG antibody in cells containing endogenously FLAG-tagged TRF1 and TRF2 proteins, which 

we refer as 2-step QTIP (Glousker et al., 2020). QTIP can be combined with other methods 

such as iPOND (isolation of Proteins On Nascent DNA) to specifically purify telomeric 

chromatin during replication (Dungrawala and Cortez, 2015; Lin et al., 2021). 

The purified telomeric chromatin is then analyzed by Mass Spectrometry (MS) in either label-

free manner or with labelling, which allows us to combine and compare different samples at 

one run. Samples containing telomeric chromatin at different states are distinguished by 

either SILAC (Stable Isotope Labeling by/with Amino acids in Cell culture) or TMT (Tandem 

Mass Tag) labelling. With SILAC, cells are cultured in medium containing either light isotopes 

(Arg (R0) and Lys (K0)) or heavy isotopes ([13C6 15N4]Arg (R10) and [13C6 15N2]Lys (K8)) (Ong and 

Mann, 2006). On the other hand, TMT labelling is based on isobaric mass tags which have 

identical overall mass but vary in the distribution of heavy isotopes around their structures 

(Hogrebe et al., 2018; O’Connell et al., 2018; Rauniyar and Yates, 2014). TMT tags are 

composed of a mass reporter for the differentiation of different tags, linked to a mass balancer 

for the normalization of the total mass, and an amine-reactive group (Rauniyar and Yates, 

2014). SILAC labelling allows us to compare two different samples, while TMT labelling can be 

used to differentiate a larger set of samples. 

By using QTIP, our lab identified novel telomeric factors such as SMCHD1, which is required 

for the activation of NHEJ at unprotected telomeres (Grolimund et al., 2013; Tang et al., 2014). 

SMCHD1 depletion led to defect in ATM signaling pathway, thereby preventing telomere 

fusion in TRF2-depleted cells (Vančevska et al., 2020). THOC protein complex was also 

identified as telomere-binding factors by QTIP, functioning in R-loop regulation at telomeres 

(Fernandes and Lingner, 2023; Grolimund et al., 2013). To assess POT1 function, our 2-step 

QTIP was performed in POT1-deleted cells and we unravelled the role of POT1 in the 

repression of telomeric homologous recombination, thereby preventing telomere instability 

(Glousker et al., 2020). In addition, by combining QTIP and iPOND, our lab revealed the 
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dynamic of telomeric proteome during replication with histone H1 being enriched and POT1 

being depleted from the replication fork (Lin et al., 2021).   
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1.5. Aim of the thesis 

Telomeres are interesting loci to study DNA damage induced by oxidative stress. Their 5’-

TTAGGG-3’ repetitive sequence is highly susceptible to oxidation, making telomeres a hotspot 

for oxidative damage. Furthermore, the distinct structures at telomeres including G4, R-loops 

and 3’ single-stranded overhangs can potentially interfere with DDR processes. Also, the 

suppressive effects of shelterin proteins on DDR factors potentially pose obstacles to the 

repair of damaged telomeric DNA. Thus, we wanted to comprehensively identify and study 

the molecular changes in telomeric chromatin composition upon oxidative stress induction in 

order to gain a better understanding about how telomeres are protected from oxidative 

damage and how they are repaired. 

We first examined the nucleic acid composition. Our results show an accumulation of SSBs 

induced by oxidative stress, upregulation of TERRA transcription and R-loop formation. Also, 

we observed the generation of internal loops at damaged telomeres. In terms of the protein 

composition, we demonstrate dissociation of TRF1 protein from damaged telomeres. In 

addition, we employed two-step QTIP combined with Mass Spectrometry (MS) to 

quantitatively determine the changes in the telomeric proteome upon oxidative stress 

induction. The MS data showed the enrichment of DDR factors, antioxidant enzymes, 

chromatin remodelers and protein post translational modifiers at damaged telomeres. 

Overall, our data show that oxidative stress leads to drastic alterations of telomeric chromatin 

composition to facilitate DNA damage repair at telomeres.
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Chapter 2. Changes in telomeric chromatin composition upon oxidative stress 

2.1. Changes in nucleic acid composition 

2.1.1. Accumulation of DNA single-stranded breaks (SSBs) 

To study the molecular mechanisms of how telomeres respond to oxidative damage, we 

induced cellular oxidative stress by treating HEK293E cells with 0.1 mg/ml menadione for 2 

hours, which increases mitochondrial membrane permeability leading to elevated levels of 

intrinsic reactive oxygen species (ROS) (Loor et al., 2010). Genomic DNA was then isolated and 

digested with frequent cutter restriction enzymes which do not have recognition sites within 

the 5’-TTAGGG-3’ telomeric repeats. The digested DNA was analyzed using alkaline denaturing 

gels which separate the two DNA strands, thereby allowing us to detect DNA backbone 

cleavage events. The gels were then hybridized with radiolabeled DNA probes specific for the 

telomeric G-rich or C-rich strand. Upon oxidative stress induction, we observed a shift in the 

signal intensity curve of the menadione-treated sample compared to the untreated one, 

indicating an accumulation of short single-stranded DNA fragments caused by ROS-induced 

SSB generation in both strands (Figures 3A and 3B). We then measured the SSB levels at 

telomeres based on the decrease in telomeric DNA fragment length, revealing that DNA 

damage occurred at similar levels between two telomeric strands (Figure 3C). We also 

examined double-stranded breaks (DSB) at telomeres upon menadione treatment. For this, 

the same digested DNA was separated using native gel electrophoresis, which was then 

hybridized with a telomere-specific probe. The signal intensity profiles of two samples 

overlapped (Figure 3D), indicating that there was no detectable accumulation of telomeric 

DNA DSB caused by oxidative stress. 

To confirm that the SSB accumulation was due to oxidative stress induced by elevated ROS 

levels, we treated the cells with 5mM of the glutathione precursor N-acetyl-L-cysteine (NAC), 

which scavenges ROS (Dekhuijzen, 2004), for half an hour before adding menadione. NAC 

abolished the shift which we previously observed in the signal intensity curve of the 

menadione-treated sample (Figures 3A and 3B). Correspondingly, there was almost no 

difference in the average telomeric DNA fragment length between the menadione-treated 

and untreated cells (Figure 3C). This indicates that the accumulation of SSBs at telomeres upon 

menadione treatment was caused by oxidative stress, which could be prevented by the 

antioxidant NAC. 

  



Chapter 2.          Changes in telomeric chromatin composition upon oxidative stress 

 31 

 

 

  
Figure 3:  Accumulation of DNA single-stranded breaks (SSBs) at telomeres upon 

menadione treatment. (A, B) Alkaline gel electrophoresis to detect telomeric SSB 

accumulation at G-rich (A) and C-rich (B) strands upon menadione treatment, with or 

without prior treatment with NAC. The signal intensity curves were also shown here. (C) 

The percentage decrease in telomeric fragment length of the menadione-treated sample 

compared to the untreated one, which represents DNA damage level. Quantification was 

done using the alkaline gels in (A) and (B). (*) p < 0.05, ns – not significant. Data represents 

mean ± SD. n = 3. (D) Native gel electrophoresis to detect DSBs after menadione treatment. 

The signal intensity curves were also shown here. 
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2.1.2. Increases in telomeric TERRA and R-loop levels 

Since it has been shown genome-wide that DNA damage promotes R-loop formation 

(reviewed in (Marnef and Legube, 2021), (Roy et al., 2010)), we decided to assess the presence 

of R-loops at telomeres upon oxidative stress induction. We performed DNA:RNA 

immunoprecipitation (DRIP) in which the structure-specific antibody S9.6 was employed to 

precipitate R-loops from total nucleic acid (Boguslawski et al., 1986). Precipitated nucleic acid 

was blotted onto a membrane, followed by hybridization with a C-rich telomere-specific 

probe. As a control for specificity, isolated nucleic acid was treated in vitro with RNaseH prior 

to immunoprecipitation. RNaseH specifically hydrolyses the RNA component of R-loops. 

Abolishment of the signal to background level upon RNaseH treatment confirmed the 

specificity of this assay for telomeric R-loop detection. We discovered that oxidative damage 

led to an increase in R-loop level at telomeres (Figure 4A and 4B). To measure R-loops located 

at particular telomeres, we used the same nucleic acid precipitated by DRIP as a sample for 

qPCR using subtelomere-specific primers binding to sequences in close proximity to the 

telomeric 5’-TTAGGG-3’ repeats. Telomeric R-loop level increased at all tested chromosome 

ends upon menadione treatment (Figure 4C). The increase in R-loop formation could happen 

in cis during TERRA transcription, or in trans due to TERRA invasion post-transcriptionally, or 

both.  

We next examined the levels of TERRA transcribed from different chromosomes with RT-qPCR 

using primers specific for subtelomeric sequences. GAPDH was used as a reference gene for 

normalization. We observed that upon oxidative stress induction by menadione, there was an 

upregulation in TERRA expression from a subset of chromosome ends but not all (Figure 4D), 

in contrast to R-loops which increased at all tested telomeres (Figure 4C). This suggested that 

the elevation in R-loop level was not solely in cis due to the upregulation in TERRA 

transcription but that TERRA was recruited in trans to oxidatively damaged telomeres. To 

substantiate this finding, we blocked transcription by treating the cells with 5 μg/ml 

actinomycin D for half an hour prior to menadione, and studied R-loop level. Successful 

inhibition of transcription would decrease R-loop level directly via the downregulation of co-

transcriptional R-loop formation, or indirectly via the reduction of RNA level. Actinomycin D 

treatment alone reduced R-loop levels (Figures 4E and 4F), indicating that transcription was 

effectively suppressed. Interestingly, menadione treatment led to elevated R-loop formation 

at telomeres regardless of actinomycin D (Figures 4E and 4F), confirming the in-trans 

recruitment of TERRA to damaged telomeres upon oxidative stress induction. 

Finally, to assess the dynamics of R-loop formation induced by ROS, we treated the cells with 

menadione and conducted DRIP at different time points. As shown in Figures 4G and 4H, we 

observed an increase in R-loop level after half an hour, reaching a plateau after 2 hours of 

menadione treatment. Overall, our data indicates that oxidative stress upregulates TERRA 

transcription at a subset of chromosome ends, leading to an elevation in the level of R-loops. 

In addition, TERRA was recruited to oxidatively damaged telomeres, resulting in an increase 

in R-loop formation also in trans. 
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Figure 4: Upregulation of TERRA transcription and TERRA recruitment to damaged 

telomeres upon oxidative stress. (A) DRIP-dot blot assay for total DNA:RNA hybrid detection 

at telomeres upon 2 hours of menadione treatment using S9.6 antibody. In vitro digestion 

with RNaseH prior to IP served as a control for antibody specificity. Immunoprecipitated 

and input samples were blotted onto a membrane followed by hybridization with a 

telomere-specific probe for telomeric DNA detection. (B) Quantification of telomeric DNA 

signal in (A) as fold change over untreated sample. (C) DRIP-qPCR to detect DNA:RNA 

hybrids at specific chromosome ends upon 2 hours of menadione treatment. qPCR was 

performed using primers binding to chromosome-specific subtelomeric sequences. Data 

was shown as fold change over untreated sample. (D) RT-qPCR to detect TERRA transcribed 

from specific chromosome ends upon treating the cells with menadione for 2 hours. qPCR 

was performed using primers binding to chromosome-specific subtelomeric sequences. 

Data was shown as fold change over untreated sample. (E) DRIP-dot blot assay for total 

DNA:RNA hybrid detection at telomeres upon 30 minutes of actinomycin D followed by 2 

hours of menadione treatment. (F) Quantification of telomeric DNA signal in (E) as fold 

change over untreated sample. (G) DRIP-dot blot assay for total DNA:RNA hybrid detection 

at telomeres over a time course of menadione treatment. (H) Quantification of telomeric 

DNA signal in (G) as fold change over untreated sample. 

(*) p < 0.05, ns – not significant. Data represents mean ± SD. n = 3 
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2.1.3. Accumulation of internal loop (i-loop) structures at telomeres 
(In collaboration with Ylli Doksani lab, IFOM ETS – The AIRC Institute of Molecular Oncology, Milan, Italy) 

Internal loops (i-loops) are structures generated at telomeres when the internal regions of 

telomeric DNA cross (Mazzucco et al., 2020). I-loops range from 0.2 to 25 kb, with a median 

size of 1.6 kb (Mazzucco et al., 2020). Damaged telomeres containing nicks and single-

stranded gaps induced by DNase I treatment tend to form i-loops (Mazzucco et al., 2020). It is 

presumably because single-stranded DNA gaps can undergo base-pairing if they are on 

opposite strands, while if the gaps are on the same strand, they can promote an exchange of 

the complementary strand (Figure 5A) (Mazzucco et al., 2020). As oxidative stress induced by 

menadione led to the accumulation of SSBs at telomeres (Figure 3), we suspected the 

presence of i-loop structures under the same treatment condition. We first examined the 

enrichment of unusual telomeric DNA structures by 2-dimensional (2D) gel electrophoresis. 

The first dimension was performed at low voltage in a low-percentage agarose gel to separate 

DNA according to their sizes. The second dimension was run at high voltage in a high-

percentage agarose gel supplemented with Ethidium Bromide, the mobility of DNA molecules 

was largely influenced by their structure and thus, allowing us to distinguish between linear 

and non-linear DNA. Genomic DNA was isolated and digested with frequent cutters which do 

not have recognition sites within telomeric sequences. The digested DNA was then analysed 

in a 2D gel, which was blotted onto a membrane and hybridized with a telomere-specific 

probe. While telomeric DNA from the untreated sample migrated linearly with almost no arc 

visible, damaged telomeric DNA isolated from the menadione-treated sample showed a 

strong accumulation of a slow-migrating arc (arrows in Figure 5B). It has been visualized by 

Electron Microscopy (EM) that the arc, although still contains substantial amounts of linear 

structures, is rich in i-loops, t-loops, circles, and at lower frequencies X-shaped and Y-shaped 

structures (Mazzucco et al., 2020).  

Having established that oxidative damage induced the enrichment of the slow-migrating arc 

shown in the 2D gel, which contains unusual DNA structures at telomeres, we aimed to 

investigate if this was associated with the accumulation of telomeric i-loops. We enriched 

telomeric DNA from total genomic DNA using a two-step procedure (Mazzucco et al., 2022). 

Genomic DNA was digested with frequent cutter restriction enzymes which do not have 

recognition sites within the telomeric TTAGGG repeats. The digested DNA was then separated 

by sucrose gradient for the first step, or agarose gel for the second step, and the high 

molecular weight fraction containing intact telomeric DNA was collected (Mazzucco et al., 

2022). The enrichment efficiency was assessed by dot blot assay based on telomeric DNA 

signal per ng of DNA being blotted (Mazzucco et al., 2022). The two-step procedure resulted 

in more than 1000-fold enrichment of telomeric DNA (Figures 5C and 5D). The enriched 

sample was then analyzed by EM for the presence of i-loops. The cells were treated with 

psoralen followed by exposure to 356-nm UV in vivo, which causes inter-strand crosslinks to 

preserve DNA secondary structures. In two independent replicates, menadione treatment 

resulted in a twofold increase in i-loops with around 10% of analyzed telomeric DNA molecules 
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containing the structures (Figure 5E and 5F). Consistent with previously published data, 

menadione-induced i-loops mostly occurred in proximity of single-stranded damage (Figure 

5F). Overall, our data showed that i-loop formation was induced at telomeres following 

oxidative damage. These structures can be excised to generate extrachromosomal telomeric 

circles, which could potentially leads to telomere erosion (Mazzucco et al., 2020).  
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Figure 5: Accumulation of internal loop (i-loop) structures at telomeres upon oxidative 

stress. (A) Hypothetical models for i-loop structures induced by ssDNA gaps on telomeric 

strands (Adapted from Mazzucco et al., 2020). (B) 2D gel showing the accumulation of a 

slow-migrating arc (arrows) containing unusual DNA structures following menadione 

treatment (C) Dot blot showing the enrichment of telomeric repeats. The indicated 

amounts of DNA from each round of enrichment were blotted onto a membrane, which 

was then hybridized with a telomere-specific probe. (D) Quantification of the telomeric 

DNA signal per ng relative to the not-enriched DNA. (E) Examples of telomeric DNA 

molecules with i-loops observed in the menadione-treated samples. Telomere-enriched 

DNA from (C) was analysed by EM. (F) Percentages of molecules containing i-loops is 

reported based on the EM analysis in (E). 

Data represents mean ± SD. n = 2. EM analysis was done by Dr. Giulia Mazzucco - IFOM 
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2.2. Changes in protein composition 

2.2.1. Dissociation of TRF1 proteins from damaged telomeres 

Since it had been shown in vitro that oxidative lesions can disrupt the binding of TRF1 and 

TRF2 proteins to telomeric DNA oligonucleotide substrates (Opresko et al., 2005), we assessed 

in cells the levels of TRF1 protein at telomeres upon menadione treatment via chromatin 

immunoprecipitation (ChIP). Precipitated telomeric DNA was measured by dot blot 

hybridization with a telomere-specific probe. The telomeric DNA signal obtained from the 

menadione-treated cells was significantly lower than that from the untreated cells, indicating 

that there was less TRF1 protein binding to oxidatively damaged telomeres (Figures 6A and 

6B). Pretreating the cells with the antioxidant NAC prior to menadione rescued the 

phenotype, confirming that the reduced binding occurred in an oxidative-stress-dependent 

manner (Figures 6A and 6B). To substantiate our observation, we isolated chromatin fractions 

and measured TRF1 protein levels. We observed that there was markedly less TRF1 protein 

binding to chromatin under oxidative stress condition (Figure 6C). Meanwhile, the TRF1 signal 

in the whole cell lysate was comparable between the two samples (Figure 6C), indicating that 

the reduction in telomeric TRF1 protein was not due to a decrease in the total TRF1 protein 

level, but more likely because of changes in TRF1 localization. We then conducted subcellular 

fractionation and examined TRF1 protein levels across different fractions. Histone H3, HSP90 

and SP1 proteins were used as specific markers for chromatin-bound, cytoplasmic and 

nucleoplasmic fractions respectively. hnRNPA1 protein was present both at chromatin and in 

nucleoplasm. Under untreated condition, TRF1 mainly localized in nucleoplasm (N) and at 

chromatin (Ch), while upon oxidative stress induction, TRF1 translocated into a pellet extract 

fraction (PE), which was the insoluble fraction remaining after chromatin-bound proteins were 

extracted, and normally contains cytoskeletal proteins (Figure 6D). We speculate that upon 

oxidative stress, TRF1 translocated into stress granules or that TRF1 aggregated and therefore 

became less soluble. In addition, we studied the kinetics of TRF1 dissociation from telomeres 

in a time course of menadione treatment. ChIP data showed that TRF1 was evicted from 

telomeres only after half an hour and the signal continued to diminish during the two hours 

treatment (Figures 6E and 6F). To corroborate these findings, we employed live-cell imaging. 

We used Hela cells containing endogenously Halo-tagged TRF1 generated by our lab. The cells 

were incubated with a cell-permeable fluorescent ligand which could form covalent bonds 

with the Halo tag. Images were captured after half-an-hour, one- and two-hours of treatment 

with menadione. The TRF1 signal at telomeres was strongly reduced over time under 

menadione treatment, whereas it remained relatively constant in the untreated sample. 

Therefore, this experiment confirms that TRF1 dissociates from telomeres upon menadione 

treatment. 
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  Figure 6: TRF1 dissociation from oxidatively damaged telomeres. (A) TRF1 protein 

dissociated from telomeres upon menadione treatment in a ROS-dependent manner. ChIP 

using antibody against TRF1 protein following 2 hours of menadione treatment with or 

without treating the cells with NAC priorly was performed. Immunoprecipitated DNA was 

blotted onto a membrane which was then hybridized with a telomere-specific probe. (B) 

Quantification of telomeric DNA signal in (A) as fold change over untreated sample. (C) Total 

(WCL) and chromatin-bound (Ch) levels of TRF1 by Western Blot using an antibody against 

FLAG tag. Since the cells contain endogenously FLAG-tagged TRF1 and TRF2, the upper band 

in the blot corresponds to TRF2 protein. Histone H3 served as the loading control. (D) TRF1 

protein levels in different subcellular fractions (WCL: Whole Cell Lysate, Cy: Cytoplasm, M: 

Membrane, N: Nucleoplasm, Ch: Chromatin-bound, PE: Pellet Extract). Histone H3, 

hnRNPA1, HSP90 and SP1 proteins served as specific markers for subcellular fractions. (E) 

TRF1 protein level at telomeres over a time course of menadione treatment measured by 

TRF1 ChIP-dot blot. (F) Quantification of telomeric DNA signal in (E) as fold change over 

untreated sample. (G) Live-cell imaging of Halo-tagged TRF1 over 2 hours of menadione 

treatment. The nuclei were outlined with dashed lines. White squares show 5X zoom-in.  

(*) p < 0.05, ns – not significant. Data represents mean ± SD. n = 3 
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We then embarked on investigating the molecular mechanisms underlying TRF1 dissociation 

from damaged telomeres. Since post-translational modifications (PTM) can change protein-

to-DNA binding capacity, and also stimulate protein translocation, we decided to examine 

potential TRF1 PTMs, which could change protein molecular weight (MW) and lead to mobility 

shift. We immunoprecipitated TRF1 protein, which was then fractionated the by PAGE to 

analyze TRF1 protein distribution in an MW-dependent manner. We used HEK293E cells 

containing endogenously FLAG-tagged TRF1, and conducted FLAG immunoprecipitation (IP) 

as it provided higher purity than IP using antibodies directed against TRF1. Western blot was 

also conducted using anti-FLAG antibody. As we only detected TRF1 signal in the whole cell 

lysate (WCL), nucleoplasm, chromatin-bound and pellet extract fractions (Figure 6D), we used 

them as the input for IP. Western blot showed smeary signal at high MW position specifically 

in the WCL and pellet extract IP samples from menadione-treated cells (Figure 7A), suggesting 

that menadione treatment might induce TRF1 protein modifications possibly leading to their 

translocation from nucleoplasm and chromatin into pellet extract fraction.  

We then used the same IP samples for western blot using antibodies against ubiquitin and 

small ubiquitin-like modifier (SUMO) proteins. We observed global increases in the total level 

of ubiquitination and SUMOylation in response to oxidative stress, as the ubiquitin and SUMO 

western blot signals were higher in the WCL and pellet extract input samples from menadione-

treated cells compared to the untreated one (Figures 7B and 7C). It is probably because during 

oxidative stress, many proteins become misfolded and damaged, making them targets for 

ubiquitin conjugation and proteasome-mediated degradation. However, there was no 

ubiquitin and SUMO signal being detected in the IP samples (Figures 7B and 7C), indicating 

that TRF1 protein was not a substrate for ubiquitination and SUMOylation under oxidative 

stress condition.  
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Figure 7: TRF1 dissociation from telomeres following oxidative stress induction is not due 

to TRF1 ubiquitination nor SUMOylation. (A) FLAG-tagged TRF1 immunoprecipitation upon 

menadione treatment using antibody against FLAG. IgG was used as a negative control. 

10% of Input and 20% of IP samples were used for Western Blot with antibody against 

FLAG. (B) The same samples as in (A) were used for Western Blot with antibody against 

Ubiquitin. (C) The same samples as in (A) were used for Western Blot with antibody against 

SUMO 
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Another PTM that potentially leads to a smeary pattern at high MW positions is poly(ADP-

ribose) (PAR) polymerization (PARylation). It has been shown that the PARylation of TRF1 by 

tankyrase (TNKS) – a telomeric PAR polymerase, releases TRF1 from telomeres, leading to the 

ubiquitination and subsequent degradation of unbound TRF1 (Smith et al., 1998; Smith and 

de Lange, 2000). Also, TNKS is recruited to telomeric damage sites, and the impairment of 

TNKS recruitment or function sensitizes cells to telomeric DNA damage (Yang et al., 2017). 

Thus, we decided to inhibit TNKS using a potent TNKS inhibitor (TNKSi) (Haikarainen et al., 

2013), and examined its effect on DNA damage and TRF1 protein level at telomeres upon 

menadione treatment. As TNKS self-regulates its cellular protein levels via auto-PARylation 

causing its degradation (Yeh et al., 2006), successful inhibition of TNKS PARylation activity 

resulted in an increase in total TNKS protein level (Figure 8A). We then checked DNA damage 

at telomeres mediated by menadione with or without TNKSi. We observed that the same level 

of SSBs was generated in both conditions (Figures 8B and 8C). Also, TRF1 dissociated similarly 

from oxidatively damaged telomeres regardless of TNKS inhibition (Figures 8D and 8E). This 

indicates that TNKS does not play a role in regulation of telomeric DDR and TRF1 binding to 

telomeres under oxidative stress condition. 

We then assessed the role of another PAR polymerase PARP1, which recognizes DNA breaks 

and orchestrates DDR activity via stimulating the PARylation and activation of PARP1 itself and 

other proteins (de Murcia and de Murcia, 1994; Hanzlikova et al., 2018). We inhibited PARP1 

using a well-established PARP1 inhibitor talazoparib. As expected, there was a marked 

decrease in total PAR level, confirming the potency of talazoparib (Figure 8E). Also, we 

validated the role of PARP1 in protecting telomeres from oxidative damage, as PARP1 

inhibition exacerbated ROS-induced SSB accumulation (Figures 8F and 8G). However, upon 

menadione treatment, TRF1 protein was released from telomeres to the same extent in spite 

of talazoparib, indicating that PARP1 does not control TRF1 dissociation from damaged 

telomeres (Figures 8H and 8I). 
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Figure 8: TRF1 dissociation from telomeres following oxidative stress induction is not due 

to TRF1 PARylation. (A) Western Blot of TNKS expression following TNKSi treatment. 

Vinculin served as the loading control. (B) Alkaline gel electrophoresis to detect telomeric 

SSBs upon menadione treatment with or without TNKSi. The signal intensity curves were 

also shown here. (C) The percentage decrease in telomeric fragment length of the 

menadione-treated sample compared to the untreated one, which represents the levels of 

DNA damage. Quantification was done using the alkaline gel in (B). (D) TRF1 protein level 

at telomeres following menadione treatment with or without TNKSi. ChIP was done using 

antibody against TRF1 protein. Immunoprecipitated DNA was blotted onto a membrane 

which was then hybridized with a telomere-specific probe. (E) Quantification of telomeric 

DNA signal in (D) as fold change over untreated sample. (F) Western Blot of total PAR level 

following talazoparib treatment. Tubulin served as the loading control. (G) Alkaline gel 

electrophoresis to detect telomeric SSBs upon menadione treatment with or without 

talazoparib. The signal intensity curves are also shown here. (H) The percentage decrease 

in telomeric fragment length of the menadione-treated sample compared to the untreated 

one, which represents the levels of DNA damage. Quantification was done using the 

alkaline gel in (G). (I) TRF1 protein level at telomeres following menadione treatment with 

or without talazoparib. ChIP was done using antibody against TRF1 protein. 

Immunoprecipitated DNA was blotted onto a membrane which was then hybridized with a 

telomere-specific probe. (J) Quantification of telomeric DNA signal in (I) as fold change over 

untreated sample. 

(*) p < 0.05, ns – not significant. Data represents mean ± SD. n = 3 
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2.2.2. Substantial changes in the whole telomeric proteome induced by 

oxidative stress 
(In collaboration with the Proteomics Core Facility, EPFL and the Protein Analysis Facility, University of Lausanne, 

Lausanne, Switzerland) 

Due to changes that we observed in the telomeric nucleic acid composition and the 

dissociation of TRF1 protein from telomeres upon oxidative stress, we expected that oxidative 

stress would trigger substantial changes in the whole telomeric proteome composition. To 

determine in a comprehensive manner the changes of the telomeric proteome under 

oxidative stress, we employed two-step QTIP (Glousker et al., 2020) to isolate telomeric 

chromatin in the presence or absence of menadione, which was then analyzed by Mass 

Spectrometry (MS) (Figure 9A). Since QTIP experiments require large number of cells, we used 

HEK293E cells that are grown in suspension and that expressed endogenously FLAG-tagged 

TRF1 and TRF2 proteins (Lin et al., 2021). To ascertain that menadione inflicts damage as 

effectively in large-scale culture, we first assessed the level of telomeric SSBs induced by 

menadione in QTIP samples using alkaline denaturing gel electrophoresis. As expected, we 

observed a shift in the signal intensity curve of the menadione-treated sample compared to 

the untreated one, indicating an accumulation of SSBs (Figure 9B). Quantitative estimation 

showed that menadione induced similar levels of SSBs at telomeres between large and small-

scale cell culture (Figure 9C). Then, the crosslinked and sonicated telomeric chromatin was 

purified by anti-FLAG sepharose beads targeting the FLAG epitopes of TRF1 and TRF2 proteins. 

Immunoprecipitated chromatin was eluted with excessive amount of FLAG peptides, and then 

re-precipitated using antibodies against TRF1 and TRF2 proteins (Glousker et al., 2020) (Figure 

9A). To evaluate the enrichment and recovery of telomeric chromatin, we performed dot blot 

hybridization with probes specific for telomeric DNA or Alu element, which represents non-

telomeric DNA (Figure 9D). With two purification steps, telomeric DNA was enriched over Alu 

more than 2000 folds for both untreated and menadione-treated samples (Figure 9E). This 

purification factor indicates that the telomeric chromatin was of high purity. In terms of 

recovery, we achieved around 5% recovery of telomeric DNA for the untreated sample, while 

it was around 2% recovery for the menadione-treated one. The difference is due to the 

dissociation of TRF1 protein from damaged telomeres described above (Figure 9E), which 

requires normalization during data analysis.  
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Figure 9: Precipitation of telomeric chromatin with high purity using the two-step QTIP. (A) 

Scheme of the two-step QTIP. (B) Alkaline gel electrophoresis to compare the level of SSB 

accumulation induced by menadione treatment in small-scale versus large-scale cell 

culture. The signal intensity curves are also shown here. (C) The percentage decrease in 

telomeric fragment length of the menadione-treated sample compared to the untreated 

one, which represents the levels of DNA damage. Quantification was done using the alkaline 

gel in (B). (D) Precipitated DNA by two-step QTIP was blotted onto a membrane, which was 

hybridized with a telomere-specific probe to measure the efficiency, or an Alu element-

specific probe to measure the specificity of telomere chromatin enrichment. (E) 

Quantification of DNA signal in (D) with the numbers indicating the fold enrichment of 

precipitated telomeric DNA over Alu repeat DNA.  

(*) p < 0.05, ns – not significant. Data represent mean ± SD. n = 3 
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We performed four biological replicates, with non-specific IgG pulldown being included as a 

negative control. By applying TMT isobaric labelling in which peptides from each sample were 

tagged with a unique reporter ion, we managed to mix and run replicates together, thereby 

minimizing the variation among different MS runs. After digestion, labeling and pooling, 

peptides in each mix were fractionated according to their isoelectric points to maximize 

separation and increase the depth of protein identification. Comparison between the QTIP 

sample and IgG negative control confirmed that the two-step approach produced telomeric 

chromatin with very high purity. Indeed, we detected more than 2000 proteins specifically 

enriched in the QTIP sample compared to the IgG control. We consistently identified in the 

QTIP sample peptides corresponding to shelterin proteins, while none of them was present in 

the IgG control (Figure 10A). In addition, we identified many proteins that have been reported 

to be telomere-associated, including telomere end processing enzymes Apollo, Mre11 and 

RAD50, components of the THO complex, SMCHD1, SAMHD1 and the scarce t-loop unwinding 

helicase RTEL1 (Fernandes and Lingner, 2023; Grolimund et al., 2013; Majerska et al., 2018) 

(Figure 10A). When comparing between untreated and menadione-treated samples, due to 

the difference in the levels of telomeric chromatin recovery, we normalized all protein 

intensities to TRF1 and TRF2 so that after normalization, the TRF1 and TRF2 intensities 

between the untreated and treated samples became equal within each replicate (Figure 10B). 

Normalized MS data showed that other shelterin proteins POT1, TPP1 and Rap1 seemed 

unchanged, while TIN2 decreased slightly at telomeres upon oxidative stress. POT1 and TPP1 

ChIP data validated this finding (Figures 10C and 10D). The normalized MS data also indicated 

that upon oxidative stress induction, more than 1600 proteins were significantly enriched at 

damaged telomeres, including DDR factors, antioxidant enzymes, chromatin remodelers and 

post translational modification enzymes (Figure 10B, this will be discussed in more detail in 

the next figure). However, we believe that these enrichments need to be experimentally 

validated. It is because a certain number of proteins could be precipitated as efficiently in both 

untreated and menadione-treated samples despite the difference in telomeric chromatin 

recovery. Thus, the normalization to TRF1 and TRF2 intensities would lead to overestimation 

of the signal of the proteins of interest in the menadione-treated sample.  
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Figure 9: Two-step QTIP to discover remodeling of the telomeric proteome upon oxidative 

stress. (A) Scatter plot representing immunoprecipitation specificity (TRF1-2 IP/IgG). 

Shelterin proteins were colored in red while other telomeric proteins that had been 

previously reported were colored in blue. (B) Scatter plot showing the comparison in the 

protein intensities between the untreated and menadione-treated samples. The Mass 

Spectrometry data was normalized to TRF1/2 signal. Shelterin proteins were colored in 

red while proteins highly enriched in the menadione-treated sample were colored in blue. 

(C) TPP1 and POT1 ChIP-dot blot following menadione treatment. (D) Quantification of 

telomeric DNA in (C). 

(*) p < 0.05, ns – not significant. Data represents mean ± SD. n = 3 
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We identified proteins functioning in major DDR pathways including base excision repair 

(BER), nucleotide excision repair (NER), mismatch repair (MMR), non-homologous end joining 

and homologous recombination repair pathways (Figure 11A). Since SSBs and probably 

oxidized nucleotides accumulated at telomeres upon oxidative stress (Figure 3), the activation 

and thus recruitment of factors functioning in single-stranded DDR pathways to damaged 

telomeres is inevitable. Furthermore, the enrichment of DSB repair factors was also observed. 

In addition, histone modification enzymes were also recruited to telomeres under oxidative 

stress (Figure 11B) probably through the activation of DDR pathways or in a telomere-specific 

manner via TERRA for example, as is the case for KDM1A/LSD1 (Porro et al., 2014b). This 

possibly leads to chromatin architectural alteration, thereby facilitating the recruitment of 

DNA repair proteins to damage sites. Histone modifiers such as KDM1A might also affect other 

enzyme activities (Porro et al., 2014b). Moreover, as expected, there were many antioxidant 

enzymes present at telomeres upon menadione treatment including PRDX1 (Peroxiredoxin 1) 

(Figure 11C), which has been shown to be associated with and have protective function 

against oxidative damage at telomeres before (Aeby et al., 2016; Ahmed & Lingner, 2018; 

Ahmed & Lingner, 2020). The recruitment of antioxidant enzymes may remove ROS in the 

microenvironment around telomeres, thereby alleviating potential protein and DNA damage. 

In addition, several heat shock proteins (HSP) were also detected at damaged telomeres 

(Figure 11C), probably to refold telomeric proteins, thereby maintaining telomeric function 

and integrity. We also noticed the enrichment of a large number of post-translational 

modification enzymes including kinases, ubiquitin ligases and SUMO ligases (Figure 11D). They 

might participate in regulating other protein activities via phosphorylation for example, or 

stability via ubiquitination and SUMOylation. Interestingly, some of them have been reported 

to modify TRF1 protein, which proposes a mechanism of how TRF1 dissociates from damaged 

telomeres.  
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Figure 11: The enrichment of DDR factors (A), chromatin remodelers (B), antioxidant 

enzymes and HSPs (C) and post translational modification enzymes (D) upon oxidative 

stress induction. 
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Chapter 3. Discussion 

Telomeric DNA is particularly susceptible to oxidative damage due to the repression of DNA 

damage repair pathways at intact telomeres, triple-G-containing 5’-TTAGGG-3’ repetitive 

sequences, which are highly prone to oxidation, and 3’ overhangs, which cannot be repaired 

by the base excision repair (BER) pathway due to the lack of complementary strands. In the t-

loop structures, the 3’ overhangs are base-paired. However, the displaced G-rich strand would 

be single-stranded and thus, not in an appropriate configuration for BER pathway. Here, we 

induced oxidative stress by menadione treatment which disrupts mitochondrial integrity and 

triggers elevation of intrinsic ROS level (Loor et al., 2010). This might mimic aging process 

during which defective mitochondrial function generates ROS [reviewed in (López-Otín et al., 

2013)]. Oxidative stress leads to the accumulation of SSBs equally at both the G- and C-rich 

telomeric DNA strands (Figures 3A, 3B and 3C). SSBs can be generated due to the processing 

of oxidized nucleotides during DDR, or because of direct backbone cleavage by ROS. 

Importantly, addition of the antioxidant NAC before menadione treatment suppressed 

telomeric damage (Figures 3A, 3B and 3C) demonstrating that menadione elicited its effects 

via ROS. In addition, DSBs can accumulate due to replication stress induced by oxidative 

lesions, or if two SSBs lying in opposite strands are sufficiently close such that the force 

generated by hydrogen bonds is inadequate to keep two strands together. Thus, we also 

examined DSBs present at telomeres. However, in contrast to SSBs, we did not detect a marked 

increase in DSBs upon menadione treatment (Figure 3D). This can be due to the low frequency 

of stochastic events in which SSBs are at close proximity in opposite DNA strands, and to the 

fact that SSBs converted into DSBs during replication only occurs in dividing cells, which merely 

take up 20% - 30% of the cell population. Furthermore, DSB break repair at telomeres may 

have been very fast, thus preventing its detection. 

Many studies have reported the crosstalk between R-loop formation, DNA damage and 

cellular oxidative stress. In the review by Marnef & Legube (2021), many mechanisms of how 

DSBs induce R-loop formation are proposed. Also, in vitro data show that nicks in non-

template strand favor R-loop formation (Roy et al., 2010). In addition, under hydroxyurea (HU) 

treatment, R-loop level increases in S/G2-phase cells genome-wide, which can be rescued by 

NAC treatment or PRDX2 depletion, confirming that it is ROS-dependent (Andrs et al., 2023). 

Here we show that R-loop level at telomeres increase under oxidative stress and it is due to 

the upregulation in both TERRA transcription and TERRA recruitment in trans to damaged 

telomeres (Figure 4). The molecular mechanism behind TERRA recruitment can be due to 

changes in chromosome conformation that facilitate TERRA invasion and binding. Presumably, 

several proteins govern this process. The RAD51 protein is a prime candidate as it has been 

demonstrated to promote TERRA-mediated R-loop formation post-transcriptionally (Feretzaki 

et al., 2020). In addition, R-loops at telomeres may trigger the formation of G-quadruplex (G4) 

structures in the displaced G-rich DNA strand.  G-quadruplexes in turn may stabilize TERRA R-

loops in a positive-feedback mechanism upon ROS induction (Tan et al., 2020). At damaged 

telomeres, R-loops might facilitate HR activity functioning in DSB repair, probably via providing 
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a recruitment platform for DNA recombination proteins. It has been shown in ALT-positive 

U2OS cells that ROS-induced R-loops promote the binding of CSB and RAD52 proteins to 

telomeres, which in turns recruit RAD51 and POLD3 proteins to trigger transcription-coupled 

homologous recombination and break-induced replication (Tan et al., 2020; Teng et al., 2018). 

Although DSB accumulation under our treatment condition is probably at a low level (Figure 

3D), they need to be repaired promptly to prevent detrimental consequences such as 

telomere loss. R-loops might play an essential role in this process. Despite its contribution to 

DNA repair, high levels of unresolved R-loop and G4 structures might worsen the DNA damage 

situation, and thus, they should be properly dissolved in a timely manner by BLM helicase for 

example (Tan et al., 2020). 

We also examined the levels of lncRNA TERRA transcribed from nine different chromosome 

ends under oxidative stress condition. Six of them showed marked increases (1q, 9p, 10q, 13q, 

XqYq and XpYp) while three of them were unchanged (15q, 16p and 17p) (Figure 4D). This 

could be due to the variation in TERRA transcriptional regulation among different 

chromosomes, leading to the upregulation of TERRA transcription at one subset of telomeres 

but not the other. TERRA transcription is governed by chromosome-specific subtelomeric 

sequences, which contain TERRA promoters with CpG islands and binding motifs for 

transcription factors (Azzalin et al., 2007; Feretzaki et al., 2019). Studies have shown that not 

all subtelomeric sequences have CpG islands, and CG content varies within the ones that have 

CpG islands (Feretzaki et al., 2019). When comparing our data with the published study, we 

found that there was no correlation between the presence of CpG islands and the 

upregulation of TERRA transcription. Furthermore, bioinformatic analysis of the sequence 

upstream of TERRA transcription start sites reveals that different chromosome ends have 

different prevalence of binding motifs recognized by transcriptional regulatory factors 

(Feretzaki et al., 2019). However, there is no enrichment of any particular binding motif in the 

upregulated TERRA promoters. Apart from upregulated transcription, elevated TERRA levels 

can be explained by an increase in TERRA stability. A recent study identified that METTL3 

methyltransferase installs N6-Methyladenosine (m6A) modification at TERRA subtelomeric 

sequences, which stabilizes TERRA (Chen et al., 2022). The TERRA m6A is recognized and 

protected by YTHDC1 proteins (Chen et al., 2022). Our QTIP data shows that both METTL3 and 

YTHDC1 proteins are enriched at oxidatively damaged telomeres, indicating that there could 

be an upregulation in TERRA methylation, leading to increased TERRA stabilization and thus, 

TERRA level. However, since TERRA m6A modification has not been shown to be chromosome-

specific, it does not explain why the increases in TERRA level only happen at certain telomeres. 

Another factor determining TERRA stability is polyadenylation, which was recently shown to 

be telomere-specific (Savoca et al., 2023). Oxidative stress might change the polyadenylation 

pattern of certain TERRA species, leading to increased TERRA stability and TERRA levels.  

In terms of telomeric protein composition, we observed the dissociation of TRF1 from 

telomeres upon oxidative damage induction (Figure 6), supported by a previous study showing 

that oxidative lesions can disrupt the binding of TRF1 and TRF2 proteins to telomeric DNA 
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oligonucleotide substrates in vitro (Opresko et al., 2005). We discovered that TRF2 protein 

was also released from damaged telomeres under our treatment condition, but to a lesser 

extent than TRF1 (data not shown). However, a study from Barnes et al. suggests that there is 

no loss of TRF1 and TRF2 at telomeres upon local oxidative damage induction at telomeres 

(Barnes et al., 2022). The study used a system of FAPs (fluorogen-activating peptides) fused 

with TRF1 protein (FAP-TRF1), which binds specifically to telomeres. FAPs have high affinity to 

MG2I, which generates singlet oxygen upon FAP binding and excitation by far-red light. Thus, 

by confining the presence of FAPs and MG2I at telomeres, they managed to induce oxidative 

stress locally (Barnes et al., 2022; Fouquerel et al., 2019). The fact that they did not observe 

TRF1 and TRF2 dissociation from damaged telomeres could be because they used a different 

oxidative damage inducing system to produce short half-life ROS and the induction only lasted 

for 5 minutes. This is probably insufficient to inflict effects on TRF1 and TRF2 binding to 

telomeres. In addition, while menadione mediates the accumulation of SSBs at telomeres 

(Figure 3), the FAP-TRF1 system induces mostly 8oxoG lesions with almost no SSBs (Fouquerel 

et al., 2019). The difference in oxidative lesions being induced by two systems could explain 

the discrepancy in our observations. We also examined the telomeric levels of other shelterin 

protein components TPP1 and POT1 by ChIP, and observed that there was no significant 

change following menadione treatment (Figures 9H and 9I). Although it has been shown that 

double knockout of TRF1 and TRF2 removes other shelterin components and generates 

shelterin-free telomeres (Sfeir and de Lange, 2012), in our case, there are around 50% of TRF1 

and TRF2 proteins remaining at damaged telomeres (Figure 6B), which could be sufficient to 

maintain the binding of other shelterin proteins. Another possibility is that due to technical 

limitation of ChIP experiment, the potential alterations in telomeric levels of TPP1 and POT1 

proteins cannot be detected.  

There are many possible molecular mechanisms behind TRF1 dissociation from damaged 

telomeres. In vitro studies have shown that TRF1 protein cannot bind to DNA:RNA hybrid 

substrates (Lee et al., 2018). Thus, the increase in R-loop level at telomeres under oxidative 

stress (Figure 4) potentially prevents TRF1 binding to damaged telomeres. In addition, TRF1 

protein physically associates with TERRA sequence both in vitro and in vivo (Deng et al., 2009; 

Lee et al., 2018; Scheibe et al., 2013). We observed increases in TERRA transcribed from 

certain chromosome ends following menadione treatment (Figure 4), which can associate 

with free TRF1 protein and make them unavailable for telomere binding. Furthermore, TRF1 

dissociation from damaged telomeres can be induced by post-translational modifications. It 

has been reported that TRF1 phosphorylation by CDK1 prevents TRF1 from associating with 

telomeric DNA (McKerlie and Zhu, 2011). We observed an enrichment of CDK1 at telomeres 

in response to oxidative stress by QTIP (Figure 10D), which might result in TRF1 

phosphorylation and TRF1 release from telomeres. Another kinase Nek7 is recruited to 

oxidatively damaged telomeres leading to TRF1 phosphorylation, which inhibits the 

interaction of TRF1 with the E3 ligase subunit Fbx4, thereby maintaining TRF1 stability (Tan et 

al., 2017). Consistently, we also observed the recruitment of Nek7 to telomeres following 

menadione treatment (Figure 10D). Although having not been tested, TRF1 phosphorylation 
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by Nek7 might affect the telomere-binding affinity of TRF1 protein. Finally, TRF1 protein might 

be oxidatively damaged and thus, can no longer bind telomeric DNA sequence. The effect of 

TRF1 dissociation on DDR at telomeres following oxidative stress induction is unclear. 

However, considering the suppressive effect of shelterin protein complexes on DDR activation 

[reviewed in (de Lange, 2005)], the loss of shelterin protein components at damaged 

telomeres might change telomeric chromatin conformation to be more accessible for DDR 

factors.  

Having discovered many significant changes in telomeric chromatin following menadione 

treatment, we proceeded to study the whole telomeric proteome in response to oxidative 

stress in a comprehensive manner. We implemented here the two-step QTIP to obtain 

telomeric chromatin with high purity, which was then analyzed by Mass Spectrometry with 

TMT labelling to quantitatively compare the telomeric proteome changes under oxidative 

damage. In all four replicates, we consistently identified shelterin proteins and other 

telomere-associated proteins such as THO protein complex, SMCHD1, SAMHD1 and RTEL1 

(Grolimund et al., 2013). When comparing between telomeric chromatin from untreated and 

menadione-treated cells, we identified more than 1600 proteins significantly enriched at 

damaged telomeres, including DDR factors functioning in all major repair pathways, 

antioxidant enzymes, chromatin remodelers and post-translational modification enzymes 

(Figure 11). SSBs and oxidized nucleotides accumulated at telomeres following menadione 

treatment, explaining the recruitment of single-stranded DNA repair factors. Previous studies 

have demonstrated the presence of BER factors PARP1 and XRCC1 proteins at telomeres upon 

oxidative stress induction, consistent with our QTIP data (Fouquerel et al., 2019). 

Furthermore, we identified several nucleotide excision repair (NER) factors being recruited to 

telomeres following menadione treatment. NER has also been shown to function in oxidative 

damage repair at telomeres (Gopalakrishnan et al., 2010). In addition, mismatch repair (MMR) 

factor MSH2 was recruited to damaged telomere, which might contribute to the resolution of 

oxidative lesions as it has been shown that depletion of MSH2 and MLH1 leads to increases in 

both basal and H2O2-induced 8-oxoG levels (Colussi et al., 2002). Apart from single-stranded 

DDR factors, we also had DSB repair factors being recruited to telomeres following oxidative 

stress induction, suggesting the presence of DSBs at telomeres, although it was insufficient to 

be detected by native gel electrophoresis (Figure 3). Although being at a low level, DSBs need 

to be repaired promptly to prevent detrimental consequences such as telomere loss. In 

addition, the accumulation of HR factors might reflect the presence of ssDNA gaps that we 

observed via EM analysis (Figure 5E).  

We identified many histone modification enzymes recruited to telomeres under oxidative 

stress (Figures 11B and 11D). Previous studies have demonstrated the importance of histone 

post-translational modifications in regulating recruitment of DDR factors to facilitate repair 

response. One example is the ubiquitination of H2A and H2AX by RNF168, which promotes 

the binding of 53BP1 to DSB sites to activate the NHEJ pathway (Mattiroli et al., 2012). In 

addition, histone modifications might modulate chromatin conformation and accessibility for 
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DDR factors. Also, remodelling enzymes might affect activity of other proteins as in the case 

of KDM1A which can stimulate MRE11 nuclease activity in vitro (Porro et al., 2014b). We also 

noticed the enrichment of antioxidant enzymes including PRDX1 (Figure 11C), which is 

recruited to telomeres following oxidative stress induction and protects telomeres from 

oxidative damage (Aeby et al., 2016; Ahmed & Lingner, 2018; Ahmed & Lingner, 2020). The 

presence of antioxidant enzymes would reduce ROS in the microenvironment around 

telomeres, thereby preventing protein and DNA damage from occurring. Furthermore, heat 

shock proteins (HSP) were also at telomeres upon oxidative stress (Figure 11C), presumably 

to refold damaged telomeric proteins, thereby maintaining telomeric function and integrity. 

Another group of proteins being enriched at damaged telomeres is protein post-translational 

modification enzymes including kinases, ubiquitin ligases and SUMO ligases (Figure 11D). They 

might regulate other protein activity via phosphorylation, or stability via ubiquitination and 

SUMOylation. Overall, telomeric proteome analysis under oxidative stress provides a 

comprehensive snapshot of proteins that reflect the pathways and mechanisms engaged 

during telomere processing and repair. 

Our findings provide novel insights into the mechanism of telomere protection against 

oxidative stress, which can be translated into clinical applications. Cancer cells are more 

susceptible to oxidative stress than non-cancer cells [reviewed in (Sabharwal and Schumacker, 

2014)], providing great potential to specifically target cancer using ROS-inducing 

interventions. It has been reported that the accumulation of oxidative damage at telomeres 

is associated with the activation of DNA damage signalling, telomerase activity inhibition and 

accelerated telomere shortening, resulting in premature cellular senescence (Aeby et al., 

2016; Barnes et al., 2022; Fouquerel et al., 2019). Thus, by understanding the molecular 

mechanisms that safeguard telomeric DNA from oxidative damage, we can amplify the level 

of DNA lesions at telomeres, thereby triggering senescence or autophagy in cancer cells. In 

addition, oxidative stress is elevated during aging due to endogenous metabolism and 

inflammation, as well as exogenous environmental sources (Gan et al., 2018; Osterod et al., 

2001). Knowledge of how oxidative damage alters telomeres and how they are processed is 

important to protect telomeres from oxidative stress, and thus, promote healthy aging.  

While our study provides valuable information about the impact of oxidative stress on 

telomeres, it has certain limitations. One of them is that we employed menadione as a unique 

tool to induce oxidative DNA damage at telomeres in an unspecific manner. As menadione 

treatment caused mitochondria damage, it served our purpose of mimicking the physiological 

condition in which defective mitochondria release excessive ROS, resulting in cellular oxidative 

stress. However, we need to distinguish the effect of oxidative stress on telomeres from 

oxidative stress – independent consequences induced by mitochondrial dysfunction for 

example. For this, we can use antioxidants such as NAC to prevent oxidative stress and 

examine the rescue effect on interested phenotypes. Furthermore, we might induce oxidative 

stress using other methods such as H2O2 treatment to confirm if similar phenotypes can be 

observed. In addition, as oxidative stress broadly affects many aspects of cell physiology, this 
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method poses difficulties to disentangle between the direct and indirect effects of ROS on 

telomeric chromatin composition and structure. We believe that both direct and indirect 

impacts are of biological relevance and of interest for further study. However, if there is a need 

to differentiate them, we can employ the system developed by the Opresko lab to generate 

oxidative damage at telomeres in a more targeted manner (Fouquerel et al., 2019). Another 

limitation is that TRF1 dissociation from damaged telomeres caused lower telomeric 

chromatin purification efficiency of the menadione-treated sample. This can be compensated 

by protein intensity normalization during data processing. Also, since there is no detectable 

change in telomere length upon menadione treatment, PiCH (proteomics of isolated 

chromatin segments) protocol in which telomere-specific oligonucleotides are used to pull 

down telomeric chromatin could be an appropriate alternative (Déjardin and Kingston, 2009).  
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Chapter 4. Conclusion and Future Perspectives 

Overall, we observe the accumulation of SSBs at telomeres upon oxidative stress induction. 

Also, telomeric R-loop level increases in response to oxidative stress due to the upregulation 

of TERRA transcription and TERRA recruitment to damaged telomeres. We also discover the 

generation of internal loops at telomeric damage sites, probably due to the presence of single-

stranded DNA gaps, which can undergo base-pairing if they are on opposite strands, while if 

the gaps are on the same strand, they can promote an exchange of the complementary strand 

(Mazzucco et al., 2020). Furthermore, TRF1 protein dissociates from damaged telomeres. 

There are several hypothetical mechanisms behind the dissociation. As TRF1 protein cannot 

bind to DNA:RNA hybrids, the increase in telomeric R-loop in response to oxidative stress 

might prevent TRF1 from binding to telomeres. In addition, upregulated TERRA level might 

sequester free TRF1 protein, thereby reducing the level of telomere-bound TRF1. Lastly, 

oxidative lesions in telomeric DNA and TRF1 protein might reduce their binding affinity. We 

also look at changes in the whole telomeric chromatin upon oxidative stress induction by QTIP 

combined with Mass Spectrometry analysis, and discover the enrichment of DDR factors 

functioning in major repair pathways, antioxidant enzymes, heat-shock proteins, chromatin 

remodelers and post-translational modification enzymes at damaged telomeres. They might 

work collaboratively to promote DDR at telomeres and protect telomeres from oxidative 

damage. 

Our findings open many questions for future study. We would like to first understand the roles 

of R-loops at damaged telomeres. We can modulate R-loop level by RNaseH1 overexpression 

or knockdown and study the effect on DNA damage accumulation and repair at telomeres 

upon oxidative stress induction. Also, since RAD51 promotes TERRA R-loops in trans post-

transcriptionally, we would like to study the putative involvement of RAD51 in TERRA 

recruitment to telomeres that were damaged by ROS by depleting RAD51 with siRNAs and 

measuring R-loop levels following menadione treatment. In addition, the molecular 

mechanisms behind TRF1 dissociation from damaged telomeres are unclear. This could be due 

to TRF1 post-translational modifications induced by oxidative stress, which can be discovered 

by Mass Spectrometry analysis of immunoprecipitated TRF1. Also, the effect of DNA:RNA 

hybrids on the binding of TRF1 to telomeres can be examined in vitro by Electrophoretic 

Mobility Shift Assay (EMSA), and in vivo by modulating R-loop level and examining TRF1 

protein level at damaged telomeres. Furthermore, the hypothesis that TERRA might sequester 

free TRF1 protein, thereby reducing the level of telomere-bound TRF1, can be verified by 

measuring the binding of TRF1 and TERRA molecules upon menadione treatment by TRF1 RNA 

IP. Once we unravel the mechanism of TRF1 dissociation from damaged telomeres, we can 

rescue the phenotype and study the effect on DDR at telomeres. Lastly, it is important to 

understand the roles of antioxidant enzymes, chromatin remodelers and repair factors 

recruited to telomeres under oxidative stress. This can be done by depleting the factors and 

studying the effect on DNA damage accumulation and repair at telomeres.
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Materials and Methods 

Supplementary table 1. Antibodies 

Application Antibody target Supplier: catalog number Dilution/Amount 

Western Blot 

FLAG Sigma: A8592 1:2000 

Histone H3 Abcam: ab1791 1:10000 

hnRNPA1 Santa Cruz: sc-32301 1:1000 

HSP90 Abcam: ab13492 1:1000 

SP1 Sigma: 17-601 1:1000 

SUMO Abcam: ab3742 1:1000 

Ubiquitin Enzo Life Science: BML-PW8810 1:1000 

PAR 
Enzo Life Sciences: ALX-804-220-

R100 
 

Tankyrase Abcam: ab227469 1:3000 

Vinculin Abcam: ab129002 1:10000 

PARP1 Abcam: ab194586 1:2000 

Mouse IgG (H+L) 

HRP-conjugated 
Promega: W4021 1:10,000 

Rabbit IgG (H+L) 

HRP-conjugated 
Promega: W4011 1:10,000 

DRIP DNA:RNA hybrid Kerafast: ENH001 
0.1 μg/μg nucleic 

acid 

ChIP 

TRF1 

Home-made 

Appropriate 

amount according 

to titration 

TRF2 

TPP1 

POT1 

QTIP 

FLAG Millipore: A2220 (beads) Appropriate 

amount according 

to titration 
TRF1/TRF2 

Home-made sepharose beads 

crosslinked to antibodies 

IP FLAG Millipore: A2220 (beads) 10 μl/100 μg protein 
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Supplementary Table 2. Primers for DRIP-qPCR 

Target loci Oligonucleotide Sequences (5’-3’) 

1q Fwd TAGTGTGGAAAGCGGGAAAC 

1q Rev TGCAGTTGAACCCTGCAATA 

9p Fwd GAGATTCTCCCAAGGCAAGG 

9p Rev ACATGAGGAATGTGGGTGTTAT 

10q Fwd GCATTCCTAATGCACACATGAC 

10q Rev TACCCGAACCTGAACCCTAA 

13q Fwd GCACTTGAACCCTGCAATACAG 

13q Rev CCTGCGCACCGAGATTCT 

XqYq Fwd AGCGTCGGAACGCAAAT 

XqYq Rev TGGGTATCATGTGTGCATTAGG 

XpYp Fwd CCACAACCCCACCAGAAAGA 

XpYp Rev GCGCGTCCGGAGTTTG 

15q Fwd TGCAACCGGGAAAGATTTTATT 

15q Rev GCGTGGCTTTGGGACAACT 

16p Fwd GCCTGGCTTTGGGACAACT 

16p Rev TGCAACCGGGAAAGATTTTATT 

17p Fwd CTTATCCACTTCTGTCCCAAGG 

17p Rev CCCAAAGTACACAAAGCAATCC 
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Supplementary Table 3. Primers for RT-qPCR 

Target loci Oligonucleotide Sequences (5’-3’) 

1q Fwd TAGTGTGGAAAGCGGGAAAC 

1q Rev TGCAGTTGAACCCTGCAATA 

9p Fwd TCCCTATAATCCGCCACTACT 

9p Rev ACATTGCAGGGTCCTCTTG 

10q Fwd GCCTTGCCTTGGGAGAATCT 

10q Rev AAAGCGGGAAACGAAAAGC 

13q Fwd GCACTTGAACCCTGCAATACAG 

13q Rev CCTGCGCACCGAGATTCT 

XqYq Fwd TCCTAATGCACACATGATACCC 

XqYq Rev CCCTAAGCACATGAGGAATGT 

XpYp Fwd GAGTGAAAGAACGAAGCTTCC 

XpYp Rev CCCTCTGAAAGTGGACCTAT 

15q Fwd TGCAACCGGGAAAGATTTTATT 

15q Rev GCGTGGCTTTGGGACAACT 

16p Fwd GCCTGGCTTTGGGACAACT 

16p Rev TGCAACCGGGAAAGATTTTATT 

17p Fwd GGGACAGAAGTGGATAAGCTGATC 

17p Rev GATCCCACTGTTTTTATTACTGTTCCT 
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Cell culture 

Suspension HEK293E cells were cultured in EX-CELL 293 Serum-Free Medium (Merck) 

supplemented with 4 mM GlutaMAX. Hela cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco) supplemented with 100 U/ml of penicillin/streptomycin and 

10% fetal bovine serum (FBS). Cells were maintained in a controlled humidified atmosphere 

with 5% (v/v) CO2, at 37°C, with constant agitation in the cases of suspension HEK293E cells. 

The generation of HEK293E cells containing endogenously FLAG-tagged TRF1 and TRF2 were 

previously described (citation). Hela cells containing endogenously Halo-tagged TRF1 protein 

was generated by Dr. Eftychia Kyriacou – a postdoc in our laboratory. 

Oxidative stress induction 

Cells were treated with 0.1 mg/ml menadione for 2 hours with or without prior treatment 

with one of the following drugs: 5 nM N-Acetyl Cysteine (NAC) (Sigma-Aldrich) for 30 mins, 10 

μM TNKS inhibitor (ChemBridge Corporation, Ref No: 6661308) for 16 hrs or 1 μM Talazoparib 

for 16 hrs. In the time course experiments, cells were treated with 0.1 mg/ml menadione for 

30 mins, 1 hr or 2 hrs. After the treatment, cells were washed with cold 1X PBS three times 

before proceeding to any experiment.  

DNA isolation 

Each pellet containing 3 x 106 cells was lysed with 1 ml of TENS buffer (10 mM Tris-HCl pH 7.5, 

10 mM EDTA, 100 mM NaCl, 1% SDS) supplemented with 100 μg/ml Proteinase K overnight at 

37oC. The lysate was added onto a 15-ml MaXtract High Density tube (Qiagen), followed by 1 

volume of Phenol-Chloroform-Isoamyl (25:24:1) (Biosolve) (PCI) pre-warmed to room 

temperature. The tube was mixed on a wheel for 10 mins, and then centrifuged for 5 mins at 

1500g. Then, 1 volume of PCI was added, and the tube was again mixed in a wheel for 10 mins 

and centrifuged for 5 mins at 1500g. The top layer was transferred to a new 15-ml tube, DNA 

was precipitated with 2 volumes of Isopropanol and 1/10 volume of Sodium Acetate (3M, pH 

5.3). The DNA was collected by cold centrifugation at 10000g for 30 mins, and then washed 

twice with 70% Ethanol. After letting the DNA dry for a few minutes, the DNA was dissolved 

in 200 μl of 10 mM Tris-HCl pH 7.5 overnight in cold room. The next day, the DNA was treated 

with 100ng/μl RNAse A (Millipore) for 30 min at 37oC, followed by 100ng/μl proteinase K 

treatment for 1 hr at 50oC. The DNA was then cleaned with PCI as described above, and 

dissolved in 100 μl of 10 mM Tris-HCl pH 7.5 overnight in cold room. DNA concentration and 

purity was measured by NanoDrop Spectrophotometer (Thermo Fisher Scientific). The DNA 

was then used for alkaline, native or 2-dimension (2D) gel electrophoresis. 

Gel electrophoresis 

6 μg of genomic DNA was digested with HinfI and RsaI (10 U each) (NEB) in a 50-μl reaction 

containing 1X CutSmart buffer (NEB) overnight at 37oC. For single-stranded break analysis, 2 

μg of digested DNA was separated by gel electrophoresis in 0.8% alkaline sepharose gel 

containing 50 mM NaOH and 1 mM EDTA at 2 V/cm for 16 h. The gel was then neutralized with 
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neutralization buffer (0.5 M Tris-HCl at pH 7.5, 1.5 M NaCl) for 1 hr and dried on for 2.5 hrs at 

55oC in a gel drier. For double-stranded breaks analysis, we used native gel electrophoresis in 

which 2 μg of digested DNA was separated in 0.8% sepharose gel made in 1X TBE and dried as 

described above. The dried gel was treated with first with denaturation buffer (0.5 M NaOH, 

1.5 M NaCl) for 1 hr, followed by 1 hr of neutralization buffer. In both cases of alkaline and 

native gels, the gel was pre-hybridized with Church buffer (0.5 M NaHPO4, 1 mM EDTA, pH 8.0, 

1% (w/v) BSA, 7% SDS) for at least 1 h, followed by overnight incubation with telomere-specific 

probes at 50°C. After hybridization, the gel was washed once with 4X SSC, twice with 4X SSC 

+ 0.1% SDS, twice with 2X SSC + 0.1% SDS and then once with 4X SSC for at least 30 mins each 

at 50°C, and then exposed to a phosphor screen overnight. The screen was then scanned using 

a Typhoon phosphorimager (GE). Average telomeric DNA fragment length was estimated 

based on densitometry using AIDA software. The quantification of DNA damage (both SSBs 

and DSBs) was represented by the percentage decrease in telomere length of treated samples 

compared to untreated samples. 

2-dimension (2D) gel electrophoresis 

20 μg of genomic DNA was digested with MboI and AluI (50 U each) (NEB) in a 200-μl reaction 

containing 1X CutSmart buffer (NEB) overnight at 37oC, and then precipitated with 1 volume 

of Isopropanol and 1/10 volume of sodium acetate (3M, pH 5.3). The digested DNA was then 

collected by cold centrifugation at 16000g for 30 mins, and then washed twice with 70% 

Ethanol. After letting the DNA dry for a few minutes, the DNA was dissolved in 20 μl of TE 

buffer (1 mM EDTA pH 8.0, 10 mM Tris pH 8.0) over the day at 37oC with gentle shaking. The 

first dimension was run in 0.4% agarose gel made in 0.5X TBE without ethidium bromide (EtBr) 

for 16 hrs at 1V/cm. The gel was then stained with 0.3 μg/ml EtBr in 0.5X TBE and the gel lane 

was excised above 1kb for the second dimension, which was run in 0.7% agarose gel made in 

0.5X TBE supplemented with 0.3 μg/ml ethidium bromide for 12 hrs at 4V/ml in cold room. 

The gel was then used for Southern Blotting. If necessary, psoralen crosslinking was reversed 

by exposing the gel to 254-nm UV for 10 mins in a Stratagene UV Crosslinker. 

For Southern Blotting, the gel was first incubated with HCl 0.25N with gentle shaking for 30 

mins twice for depurination, followed by denaturing solution (0.5M NaOH, 1.5M NaCl) for 30 

mins twice, and then neutralizing solution (0.5M Tris-HCl pH 7.5, 3M NaCl). The DNA was then 

transferred by capillarity overnight in SSC 20X onto a Hybond-XL membrane (Amersham). DNA 

was then crosslinked to the membrane with a Stratagene UV Crosslinker using 254-nm UV 

light. The membrane was pre-hybridized with Church buffer (see compositions above) for at 

least 1 h, followed by an overnight incubation with a telomere-specific probe at 65°C. After 

hybridization, the membrane was washed three times with wash buffer (40 mM sodium 

phosphate buffer pH 7.2, 1 mM EDTA pH 8, 1% SDS) for at least 30 mins per wash at 65°C, and 

then exposed to a phosphor screen. The screen was then scanned using a Typhoon 

phosphorimager (GE). 
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Chromatin Immunoprecipitation (ChIP) 

10 x 106 cells were crosslinked with 1 ml of 1% methanol-dree formaldehyde (Thermo Fisher 

Scientific) diluted in 1X PBS for 15 mins at room temperature on a rotating wheel. 

Formaldehyde was quenched by adding Tris pH 8.0 to the final concentration of 200 mM, 

followed by 10 mins incubation on a wheel at room temperature. Cells were then collected by 

centrifugation and washed with ice-cold PBS three times. The sample could be stored -80oC 

or used immediately for ChIP. 

Cells were lysed with 1 ml of lysis buffer (1% SDS, 50 mM Tris-HCl pH 8, 10 mM EDTA pH 8) 

supplemented with protease inhibitor cocktail (cOmplete, Roche) for 10 mins at room 

temperature, and then centrifuged at 3220g for 5 mins to collect chromatin sample, which 

was then wash with LB3 buffer (10 mM Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 

0.1% Na-Deoxycholate, 0.25% sodium lauroyl sarkosinate) supplemented with protease 

inhibitor cocktail once and resuspended in 1 ml of LB3 buffer. The chromatin sample was then 

transferred to sonication vials with AFA fiber (Covaris) and fragmented using a Focused-

Ultrasonicator (E220, Covaris) (10% duty factor, 140 W power, 200 cycles per burst, for 20 min) 

to achieve fragments between 200 – 500 bp. Sonicated chromatin was centrifuged at 21000g 

for 15 mins and the supernatant was collected. An amount equal to 20 μg of DNA (measured 

by NanoDrop Spectrophotometer) was used for one immunoprecipitation (IP) with an 

appropriate amount (decided based on titration) of indicated antibodies (TRF1, TRF2, POT1 

and TPP1 antibodies was raised in-house, IgG control was from Santa Cruz) and 20 μl of protein 

G sepharose beads. The mixture was topped up to 1ml per IP with IP buffer (50 mM Tris-HCl 

pH 8.0, 600 mM NaCl, 10 mM EDTA pH 8.0, 0.75% Triton X-100) supplemented with protease 

inhibitor cocktail, and then rotated in cold room on a wheel overnight. An amount equal to 2 

μg of DNA from each sample was kept as Input.  

The beads were collected by cold centrifugation at 400g for 2 mins the next day, and washed 

in cold room for 5 mins per wash once with Wash 1 buffer (0.1% SDS, 1% Triton, 2 mM EDTA 

pH 8.0, 20 mM Tris pH 8.0, 300 mM NaCl), once with Wash 2 buffer (0.1 % SDS, 1% Triton, 2 

mM EDTA pH 8.0, 20 mM Tris pH 8.0, 500 mM NaCl), once with Wash 3 buffer (250 mM LiCl, 

1% NP-40, 1% Na-deoxycholate, 1 mM EDTA pH 8.0, 10 mM Tris pH 8.0) and once with TE 

buffer. Input samples and the beads were resuspended in reverse-crosslink buffer (0.1% SDS, 

0.1 M sodium bicarbonate, 0.5 mM EDTA pH 8.0, 20 mM Tris pH 8.0) supplemented with 10 

μg/ml DNase-free Rnase (Roche) at 65oC on a rotating wheel overnight. DNA was isolated 

using QIAquick PCR Purification kit (Qiagen) and eluted in 200 μl H2O. Samples were then 

analyzed by dotblot. 

DNA-RNA Immunoprecipitation (DRIP) 

10 x 106 cells were resuspended in 175 μl of ice-cold RLN buffer (50 mM Tris-HCl pH 8.0, 140 

mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, 1 mM dithiothreitol (DTT), and 100 U/ml RNasin Plus 

(Promega)), kept on ice for 5 mins and then centrifuged at 4oC for 2 min at 300 g. The nuclei 

pellet was collected, warmed up to room temperature, lysed with 500 μl RA1 buffer 
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(NucleoSpin RNA purification kit, Macherey-Nagel) supplemented with 1% β-

mercaptoethanol, and then homogenized by passing through a 0.9 x 40 mm needle 10 times. 

The lysate was then loaded onto a 2 ml Phase Lock Gel heavy (5PRIME) tube, mixed with 250 

μl H2O and 750 μl phenol-chloroform-isoamylalcohol (25:24:1) (Biosolve) pre-warmed to 

room temperature, followed by centrifugation at room temperature at 13,000 g for 5 min. The 

upper phase containing nucleic acids was collected into a new eppendorf tube. Nucleic acids 

were precipitated by adding 750 μl of cold isopropanol and 50 mM NaCl, and incubating on 

ice for 30 min. Nucleic acids were then collected by centrifugation at 4oC for 30 min at 10,000 

g, followed by two washes with cold 70% ethanol. After drying, nucleic acids were 

resuspended in 130 μl of H2O overnight in the cold room. The nucleic acid sample was 

sonicated using a Focused-Ultrasonicator (E220, Covaris) (10% duty factor, 140 W power, 200 

cycles per burst, for 150 s, with an AFA intensifier), to achieve 100-300 bp DNA fragments. The 

sample concentration was measured using a NanoDrop Spectrophotometer (Thermo Fisher 

Scientific). 120 μg of nucleic acids were digested with 10 U RNaseH (Roche) to be used as a 

negative control, or H2O, in a total volume of 150 μl containing 1X RNaseH buffer (20 mM 

HEPES-KOH pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT) for 90 min at 37oC. The digestion 

reaction was stopped by adding 2 μl of 0.5 M EDTA pH 8.0. Samples were diluted 1:10 in DIP-

1 buffer (10 mM HEPES-KOH pH 7.5, 275 mM NaCl, 0.1% Na-deoxycholate, 0.1% SDS, 1% Triton 

X-100) and pre-cleared with 40 μl of protein G sepharose beads (Cytiva) for 1 h, in the cold 

room, on a rotating wheel. 60 μg of the diluted nucleic acids was used per 

immunoprecipitation (IP) using 6 μg of either S9.6 antibody (Kerafast, ENH001) or mouse IgG 

antibody (Santa Cruz, sc-2025), and 20 μl of protein G sepharose beads (Cytiva). 0.6 μg of 

nucleic acids of each sample were kept as 1% input. The following day, the sepharose beads 

were collected by centrifugation at 400 g for 2 min at 4oC, and then washed for 5 min/wash 

at 4oC on a rotating wheel once with DIP-2 buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 

1 mM EDTA pH 8.0, 1% Triton X-100, 0.1% Na-deoxycholate), once with DIP-3 buffer (50 mM 

HEPES-KOH pH 7.5, 500 mM NaCl, 1 mM EDTA pH 8.0, 1% Triton-X100, 0.1% Na-deoxycholate), 

once with DIP-4 buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 250 mM LiCl, 1% NP-40, 

1% Na-deoxycholate) and once with TE buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA pH 8.0). 

Input and IP samples were resuspended with 100 μl elution buffer (20 mM Tris-HCl pH 8.0, 

0.1% SDS, 0.1 M NaHCO3, 0.5 mM EDTA pH 8.0) supplemented with 10 μg/ml DNase-free 

RNase (Roche) and incubated overnight at 65oC. DNA was purified with the QIAquick PCR 

Purification kit (Qiagen) and eluted in 200 μl H2O. Samples were then analyzed by qPCR or 

dotblot. 

Dot blot analysis 

A serial dilution of each input sample was performed so that the signal from IP samples lied 

within the dilution range. Purified DNA was denatured at 95oC for 10 mins and then kept on 

ice for at least 10 mins. The samples were loaded onto a Hybond-XL membrane (Amersham) 

using a dotblot apparatus (Bio-Rad), DNA was crosslinked to the membrane with a Stratagene 

UV Crosslinker using 254-nm UV light. The membrane was denatured in 0.5 M NaOH, 1.5 M 
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NaCl for 15 mins, followed by 10 mins of neutralization in 0.5 M Tris-Cl pH 7.0, 1.5 M NaCl with 

constant shaking at room temperature, and then pre-hybridized with Church buffer (0.5 M 

NaHPO4, 1 mM EDTA, pH 8.0, 1% (w/v) BSA, 7% SDS) for at least 1 h, followed by an overnight 

incubation with a C-rich telomere-specific probe at 65°C. After hybridization, the membrane 

was washed three times with wash buffer (1X SSC + 0.1% SDS) for at least 30 mins per wash 

at 65°C, and then exposed to a phosphor screen. The screen was then scanned using a 

Typhoon phosphorimager (GE). Dotblot signal was quantified using AIDA software.  

qPCR (quantitative Polymerase Chain Reaction) analysis of DRIP samples 

Each qPCR reaction contained 1 μl of purified DNA from either IP or diluted input samples, 1 

μM forward and reverse primers (Supplementary table 2), 5 μl Power SYBR Green PCR Master 

Mix (Thermo Fisher Scientific) and H2O up to a total volume of 10 μl. Each reaction was run in 

technical triplicate in a 384-well reaction plate. qPCR reactions were carried at 95°C for 10 

min, followed by 40 cycles of 95°C for 15 s, and annealing and extension at 60°C for 1 min, 

using a QuantStudio 7 Flex Real-Time PCR system (Thermo Fisher Scientific). Melting curve 

analysis was also included. Input samples were diluted in a serial dilution, and then used as 

standard curves to calculate the corresponding percentage of input of IgG and S9.6 IP samples.  

TERRA RT-qPCR (quantitative reverse transcription polymerase chain reaction) 

RNA was isolated using the NucleoSpin RNA Isolation kit (Macherey-Nagel) according to the 

manufacturer’s protocol. Three DNase treatments – two on-column and one in-solution – 

were performed.  

The reverse transcription (RT) reaction was performed in 200 μl PCR tubes. All reactions were 

prepared on ice unless specified otherwise. A 13 μl reaction containing 1 μl TERRA-specific 

oligo at 1 µM (5’-CCCTAACCCTAACCCTAACCCTAACCCTAA-3’), 1 μl GAPDH specific oligo at 1 µM 

(5’-GCCCAATACGACCAAATCC-3’), 1 μl dNTP mix at 10 mM (each dNTP) and 3 μg of total RNA 

was incubated in a PCR thermocycler at 65 °C for 5 min and immediately transferred on ice to 

denature TERRA. For extension reaction, the following was prepared in a master mix and 

added into the denatured TERRA mix: 4 μl of 5X First Strand Synthesis Buffer (Invitrogen), 1 μl 

of 0.1M DTT, 1 μl of RNasein (Promega) and 1 μl of SuperScript III reverse transcriptase 

(Invitrogen). H2O was used instead of SuperScript III, as a negative control. Reverse 

transcription was then carried in a thermocycler at 55°C for 60 min, followed by enzyme 

inactivation at 70°C for 15 min. The cDNA was diluted to a final volume of 40 μl. 

Each qPCR reaction contained 2 μl of cDNA from RT reaction, 1 μM forward and reverse 

primers (Supplementary table 3), 5 μl Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific) and H2O up to a total volume of 10 μl. Each reaction was run in technical triplicate 

in a 384-well reaction plate. qPCR reactions were carried at 95°C for 10 min, followed by 40 

cycles of 95°C for 15 sec, and annealing and extension at 60°C for 1 min, using a QuantStudio 

7 Flex Real-Time PCR system (Thermo Fisher Scientific). Melting curve analysis was also 

included. Relative expression levels were analyzed by normalization to GAPDH housekeeping 

gene and compared to the RT negative control samples.  
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Telomeric DNA enrichment 

Around 500 x 106 cells were used for each enrichment. For psoralen crosslinking, the cell 

suspended in 1X cold PBS was poured into a 10-cm dish, which was kept on ice while stirring 

for the whole crosslinking procedure. The cells were first treated with 30 μg/ml trioxsalen 

(Sigma) for 5 mins in the dark and then irradiated for 8 mins with 365-nm UV light using a 

Stratagene UV Crosslinker. The trioxsalen incubation and UV irradiation steps were repeated 

three more times.  

Genomic DNA was then extracted and telomeric DNA was enriched following a published 

protocol with some modifications (Mazzucco et al., 2022). Typically, nuclei were extracted by 

incubating the cells with ice-cold RLN buffer for 5 mins followed by a cold centrifugation at 

300g for 2 mins to eliminate cytoplastic RNA. The nuclei were then lysed with 40 ml of TNES 

buffer (10 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM EDTA, 0.5% SDS) supplemented with 100 

μg/ml proteinase K (Roche) overnight at 37°C. The sample was then mixed with 1 volume of 

PCI (Biosolve) pre-warmed to room temperature on a rotating wheel for 10 mins, and then 

centrifuged for 5 mins at 3220g. Then, the top layer was transferred to a new tube and 1 

volume of chloroform was added. The tube was again mixed in a wheel for 10 mins and 

centrifuged for 5 mins at 3220g. The top layer was collected, DNA was precipitated with 1 

volumes of Isopropanol and 1/10 volume of Sodium Acetate (3M, pH 5.3). The DNA was 

collected by cold centrifugation at 3220g for 30 mins, and then washed with 70% Ethanol. 

After letting the DNA dry for a few minutes, the DNA was dissolved in 200 μl of 10 mM Tris-

HCl pH 8 overnight at 4°C. DNA concentration was measured using Qubit Broad Range assay 

kit (Invitrogen) following the manufacturer’s instructions.  

2 mg of genomic DNA was digested with HinfI and MspI (500 U each, NEB) in a 20-ml reaction 

containing 1X CutSmart buffer (NEB) overnight at 37°C. The next day, 250U of each enzyme 

was added and the reaction was kept for another 2 hours at 37°C. The digested DNA was then 

precipitated with Isopropanol and Sodium Acetate and resuspended in TE buffer as described 

above, and then loaded onto a sucrose gradient (10% - 20% - 30%, 8 ml each fraction) and 

centrifuged in SW32-Ti rotor (Beckman) at 30100 rpm at 4°C 16 hrs. Different volumes 

(fractions) are separately collected. The high molecular weight (HMW) fraction containing 

telomeric DNA was concentrated and the buffer was exchanged into TE buffer using Amicon 

Ultra-15 30kDa MWCO (Millipore). DNA concentration was measured by Qubit Broad Range 

assay kit (Invitrogen) following the manufacturer’s instructions. The DNA was then diluted to 

100 μg/ml with 1X CutSmart buffer (NEB) and digested with RsaI, AluI, MboI, HinfI and MspI 

(50U each, NEB) overnight at 37°C. The next day, 25U of each enzyme was added and the 

reaction was kept for another 2 hours at 37°C. The digested DNA was then cleaned up with 

PCI and chloroform, precipitated with Isopropanol and Sodium Acetate as described above, 

resuspended in 50 μl of TE buffer and then separated in a 0.7% low-melting agarose gel (Lonza) 

TAE 1X without EtBr at low voltage the minimum time necessary. Fragments migrating above 

the 1-kb ladder band were extracted from agarose slice using Silica Bead DNA gel extraction 

kit (Thermo Fisher Scientific) following the manufacturer’s instructions except that the beads 
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were not pipetted once DNA was bound to avoid DNA shearing. The DNA was eluted using TE 

buffer and quantified using Qubit High Sensitivity assay kit (Invitrogen).  

Electron Microscopy (EM) sample preparation and analysis 

EM sample preparation and analysis was performed by Dr. Giulia Mazzucco (IFOM) following 

previously described protocols (Lopes, 2009; Mazzucco et al., 2020). 

Telomere-enriched DNA was first spread in the presence of benzalkonium chloride (BAC) using 

water as hypophase. Formamide was used as a partially denaturing reagent to disentangle 

DNA molecules. In short, 5 μl of DNA solution corresponding to 5 – 20 ng of telomere-enriched 

DNA were mixed with 5 μl of formamide (Thermo Scientific) and 0.4 μl of 0.02% BAC (Sigma). 

After mixing, the drop was spread on a water surface in a 15-cm dish containing 50 ml of 

distilled water using a freshly-cleaved mica sheet as a ramp. The monomolecular DNA film was 

then gently touched with carbon-coated EtBr-treated EM grids. The grids with absorbed DNA 

were immediately stained with 0.2 μg/μl uranyl acetate, washed in EtOH 100% and subjected 

to platinum rotary shadowing. The detailed procedures of EM grid preparation and platinum 

rotary shadowing were described in Lopes, 2009. Images were taken using FEI Tecnai12 

BioTwin Transmission Electron Microscope using the same setting as in Huda et al., 2023 and 

Mazzucco et al., 2020. 

The analyzed images were obtained in large area acquiring overlapping fields and then 

stitching them using the digital micrograph software. Images in .dm3 format were analyzed in 

ImageJ using an ImageJ macro for annotation and storage (as in Mazzucco et al., 2020). The 

analysis consisted in the annotation of the number of molecules containing i-loops among all 

the molecules present in the acquired area. The ratio between i-loops containing molecules 

over all the acquired molecules for each sample was reported and compared between the 

untreated and menadione-treated samples. 

Subcellular fractionation 

Subcellular fractionation was performed using Subcellular Protein Fractionation Kit for 

Cultured Cells (Thermo Fisher Scientific) according to the manufacturer’s protocol with some 

minor modifications. Typically, 10 x 106 cells equivalent to 50 μl packed cell volume were 

incubated with 500 μl of cold CEB containing protease inhibitors for 30 mins in cold room with 

gentle mixing. The sample was then centrifuged at 500g for 5 minutes, the supernatant was 

collected as cytoplasmic extract. The pellet was then resuspended with 500 μl of ice-cold MEB 

containing protease inhibitors, vortexed for 5 secs and incubated at 4°C for 10 mins with gentle 

mixing, followed by centrifugation at 3000g for 5 mins. The supernatant was collected as 

membrane extract. Then, 250 μl of ice-cold NEB containing protease inhibitors was added to 

the pellet, which was then mixed, vortexed for 15 secs and and incubated at 4°C for 30 mins. 

The sample was then centrifuged at 5000g for 5 mins. The supernatant was collected as 

nucleoplasmic extract. The pellet was then resuspended in 250 μl of room temperature NEB 

containing protease inhibitors, CaCl2, micrococcal nuclease, MgCl2 and benzonase 

endonuclease, homogenized by passing through 0.9 x 40 mm needle 10 times, vortexed for 



Materials and Methods 

 69 

15 secs and incubated at 37°C for 30 mins. The sample was again vortexed for 15 secs and 

centrifuge at 16000g for 5 mins, the supernatant was collected as chromatin-bound extract. 

Finally, the pellet was dissolved in 250 μl of room temperature PEB containing protease 

inhibitors, vortexed for 15 secs and incubated at room temperature for 30 mins, followed by 

centrifugation at 16000g for 5 mins. The supernatant was collected as pellet extract. The 

fractionation efficiency was assessed by western blot based on the presence of subcellular 

fraction specific markers. We used HSP90 as a marker for cytoplasmic extract, SP1 as a marker 

for nucleoplasmic extract, Histone H3 as a marker for chromatin-bound extract, and hnRNPA1 

as a marker present in both nucleoplasmic and chromatin-bound fractions.  

FLAG Immunoprecipitation 

Whole cell lysate, nucleoplasmic, chromatin-bound and pellet extracts were used for FLAG 

Immunoprecipitation (IP). For whole cell lysate sample, 2 x 106 cells were lysed with 200 μl of 

RIPA buffer (50 mM Tris-HCl pH 8.0, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 150 mM 

NaCl) supplemented with protease inhibitor cocktail (cOmplete, Roche), 250 U/ml benzonase 

and 2 mM MgCl2. Chromatin-bound fraction was diluted 1:1 while pellet extract was diluted 

1:10 with IP buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) to 

reduce the detergent content. 100 μg of protein measured by BCA assay (Thermo Fisher 

Scientific) from each sample was used per IP. The samples were incubated overnight in cold 

room with either 40 μl of 50% slurry beads of anti-FLAG M2 Affinity Agarose gel (Sigma) or 

protein G sepharose beads and mouse IgG control. After 5 washes with IP buffer for 5 mins 

per wash, precipitated protein was eluted 5 rounds with 40 μl of 100 μg/ml of FLAG peptide 

in IP buffer at room temperature with constant shaking. The precipitation efficiency was 

assessed by western blot using anti-FLAG antibody (Supplementary table 1) 

Western blotting 

0.5 x 106 cells were lysed with 50 μl of RIPA buffer (50 mM Tris-HCl pH 8.0, 1% NP-40, 0.5% 

Na-deoxycholate, 0.1% SDS, 150 mM NaCl) supplemented with 250 U/ml benzonase and 2 

mM MgCl2, and then diluted 1:1 with 2X Laemmli buffer. The sample was then boiled at 95°C 

for 10 mins, followed by separation on a 4 – 15% SDS-PAGE precast gel (Mini-PROTEAN TGX 

Gels, Bio-Rad). The proteins were then transferred onto 0.2 μm nitrocellulose membrane 

(Amersham) at 100V for 90 mins or 30V for 16 hrs. The membrane was then blocked with 

blocking solution (5% BSA (w/v) in 1X PBST (1X PBS + 0.1% Tween-20)) for at least 1 hr, 

followed by overnight incubation in cold room with primary antibodies against proteins of 

interest diluted in blocking solution. The membrane was then washed 3 times with PBST for 5 

min per wash, and incubated with Horseradish Peroxidase-conjugated secondary antibodies 

(Supplementary table 1) diluted in blocking solution for 1 hr at room temperature. The 

membrane was again washed 3 times with PBST for 5 min per wash, and developed using 

ChemiGlow Chemiluminescence Substrate (Bio Techne). The signal was detected by Fusion FX 

imaging system (Vilber). 
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Live-cell Imaging 

Hela cells containing endogenously Halo-tagged TRF1 were seeded at a density of 0.3 x 106 

cells in 2 ml medium in a glass-bottom 35-mm dish two days before. At the day of imaging, 

complete DMEM and Fluorobrite medium supplemented with 10% fetal bovine serum (FBS) 

was pre-warmed at 37°C. Labelling medium was prepared by diluting JF-646 HaloTag Ligand 

in complete DMEM to a final concentration of 0.2 µM. The cells were then incubated with 

labelling medium for 15 mins in the 37°C incubator, followed by washing once with complete 

DMEM and twice with Fluorobrite medium. The cells were then placed back in the incubator 

for at least 15 minutes with Fluorobrite medium with before being transferred to the 

microscope. Hoechst 33342 (Thermo Fisher Scientific) was added to the final concentration of 

5 μg/ml to stain nuclei. 

Live imaging was done using Visitron Spinning Disk CSU W1 confocal microscope. The cells 

were placed in a 37°C chamber with CO2 supply for the entire imaging process. JF-646 was 

excited with 640-nm laser (10%, 1s exposure time) while 405-nm laser was used to excite 

Hoechst 33342 (10%, 100ms exposure time). Pinhole diameter was set at 50 μm. 100X EMCCD 

camera was used to capture images in Z-stack (20 stacks, 0.3 μm step). For both untreated and 

menadione-treated samples, the imaging process was automated and images were captured 

at timepoints 0, 30 mins, 1 hr and 2 hrs. ImageJ was then used for image processing.  

Two-step quantitative telomeric chromatin isolation protocol (QTIP) 

Telomeric chromatin immunoprecipitation was performed as previously described (Glousker 

et al., 2020) with slight modifications. 4 x 109 cells per condition were harvested, washed twice 

with cold 1X PBS and crosslinked in 400 ml of 1% formaldehyde and 2 mM EGS for 15 mins at 

25°C, which was quenched with 0.2M Tris-HCl pH 8.0 for 10 mins at 25°C. The cells were then 

lysed with lysis buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% SDS) supplemented with 

protease inhibitor cocktail (cOmplete, Roche) at 10 x 106 cells/ml on a rotating wheel for 10 

minutes at 25°C. Pellets enriched with chromatin were collected by centrifugation at 4°C for 5 

mins at 3220g, washed twice and resuspended at 20 x 106 cells/ml with LB3 buffer (10 mM 

Tris pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.25% sodium 

lauroyl sarkosinate) supplemented with cOmplete (Roche). The lysate was aliquoted into 8 50-

ml tubes with 25 ml per tube, and then sonicated using a Branson tip sonicator (30% power, 

10 secs constant pulse, 20 secs pause for a total sonication time of 20 mins). The sonicated 

sample was dialyzed against IP buffer (50 mM Tris-HCl pH 8.0, 600 mM NaCl, 10 mM EDTA pH 

8.0, 0.75% Triton X-100). 

Precipitation procedure was performed at 4°C unless stated otherwise. The first precipitation 

was done overnight using 1.5 ml of 50% slurry beads of either anti-FLAG M2 Affinity Agarose 

gel (Sigma) or protein G sepharose beads (Cytiva) crosslinked to mouse IgG. Before 

precipitation, the beads were blocked with 1 mg/ml yeast tRNA for 1 hr. After being washed 5 

x 5 mins with IP buffer, precipitated chromatin was eluted with 100 μg/ml FLAG peptide 5 

times, 30 mins each with constant shaking at room temperature. For the second precipitation, 
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the eluate from FLAG IP was incubated overnight on a rotating wheel with protein G sepharose 

beads (Cytiva) crosslinked to home-made antibodies against TRF1 and TRF2 overnight, while 

the one from mouse IgG IP was used for precipitation using sheep IgG beads. 2 ml of 50% 

slurry beads was again blocked with yeast tRNA and used per IP. The beads were then washed 

for 5 mins per wash with Wash 1 buffer (0.1% SDS, 1% Triton, 2 mM EDTA pH 8.0, 20 mM Tris 

pH 8.0, 300 mM NaCl), Wash 2 buffer (0.1 % SDS, 1% Triton, 2 mM EDTA pH 8.0, 20 mM Tris 

pH 8.0, 500 mM NaCl), Wash 3 buffer (250 mM LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM 

EDTA pH 8.0, 10 mM Tris pH 8.0) and TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0). 

Elution was performed 5 x 15 mins at 37°C with constant shaking using 2.5 bed bead volume 

of 0.25 M ammonium hydroxide.  

The eluate was then concentrated using Amicon Ultra-15 Centrifugal Filter Units 10kDa 

MWCO (Millipore), and dialyzed against 0.1M Tris-HCl pH 8 using Slide-A-Lyzer™ G2 Dialysis 

Cassettes, 2K MWCO, 0.5 mL (Thermo Fisher Scientific) at 4°C. Finally, the sample was heated 

at 65°C overnight for reverse-crosslinking and then treated with Benzonase (250U, Millipore) 

for 1 hr at 37°C. 2mM MgCl2 was added to facilitate Benzonase activity.  

Mass Spectrometry (MS) sample preparation and analysis 

Sample processing was performed by Protein Analysis Facility – University of Lausanne. After 

processing, samples were sent to Proteomics Core Facility – École polytechnique fédérale de 

Lausanne for LC-MS/MS analysis. Data analysis was performed by Protein Analysis Facility – 

University of Lausanne.  

Protein Digestion 

QTIP samples submitted in 150 μl of 0.1 M Tris-HCl pH 8.0 were adjusted to 1% sodium 

deoxycholate and 10 mM DTT, and then heated at 95°C for 30 mins to denature proteins. 

Alkylation of reduced cysteines was done by adding ¼ volume of 160 mM chloroacetamide 

and incubating the samples at room temperature for 45 mins in the dark. EDTA was added to 

a final concentration of 3 mM. Digestion was performed for 1 hr at 37°C with 1 μg of 

Trypsin/LysC mix (Promega) followed by a second overnight digestion with the same protease 

mixture. The digested samples were phase extracted to remove sodium deoxycholate by 

adding 600 μl of 1% TFA in ethyl acetate, vortex for 2 mins and then centrifugation. The bottom 

phase containing peptides was collected, diluted 2X with 0.5% formic acid and desalted on 

strong cation exchange (SCX) cartridges (Thermo Fisher Scientific). The cartridges were 

washed with 0.5% formic acid and 20% acetonitrile (MeCH), and peptides were eluted in 200 

μl of 80% MeCH and 1% ammonia. 10% aliquot of each sample was analyzed label-free by LC-

MS for quality control and for estimation of total peptide amount. 

TMT labeling 

Desalted samples were dried, resuspended in 100 μl water, and dried again to remove excess 

ammonia. All samples were then resuspended in 15 μl of 50 mM HEPES buffer pH 8.0.  Due to 

the limitation in the number of TMT-plex, the number of samples was reduced by pooling 
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equally IgG samples of the same condition from 4 replicates before labelling to the final 

volume of 15 μl. The samples were reacted with 0.4 mg of TMT reagent for 2 hrs at room 

temperature. Excess reagent was quenched with 4 μl of 5% hydroxylamine for 15 mins. An 

aliquot from each labelling was analyzed by LC-MS for labelling efficiency control. TMT 

multiplex samples were then mixed, dried and desalted with SepPak C18 96-well plate (Waters 

Corps.) to be ready for LC-MS/MS run. There were 2 runs in total. For each run, pooled IgG 

controls were mixed with QTIP samples from 2 replicates. 

Peptide Fractionation 

Dried TMT mixes were resuspended in 4M urea containing 0.1% ampholytes pH 3.0 – 10 (GE 

Healthcare) and fractionated in to 24 fractions by off-gel focusing as previously described 

(Geiser et al., 2011). The peptide fractions were then desalted on SepPak microC18 96-well 

plate (Waters Corp.), dried and dissolved in 30 μl of 2% acetonitrile and 0.05% trifluoracetic 

acid for LC-MS/MS analysis. 

MS analysis 

The data-dependent LC-MS/MS analysis was carried out on a Orbitrap Exploris mass 

spectrometer (Thermo Fisher Scientific) interfaced through a nano-electrospray ion source to 

an Ultimate 3000 RSLC nano UPLC system (Thermo Fisher Scientific). Peptides were separated 

on a 50-cm long capillary column (75 μm ID, 100 Å, Reprosil Pur 1.9 μm silica beads, Dr. 

Maisch) over a biphasic gradient at 250 nl/min for a total time of 150 mins. MS1 acquisitions 

were performed at a resolution of 240000. Peptides were then fragmented by higher energy 

collision dissociation (HCD) with collision energy value of 30%. Fragmented ion scans for MS2 

were acquired in the ion trap at low resolution using a maximum injection time of 20 ms. 

Raw data processing 

Data was analyzed with MaxQuant 1.6.3.4 incorporating with Andromeda search engine (Cox 

et al., 2011; Cox and Mann, 2008). TMT labeling and cysteine carbamidomethylation were set 

as fixed modifications while oxidation (M) and acetylation (protein N-term) were selected as 

variable modifications. Protein identifications were performed against the UniProt human 

proteome database, version of October 29th, 2017 (2017_10, www.uniprot.org) containing 

71803 sequences. The database was completed with sequences of most usual contaminants, 

benzonase endonuclease, mouse and sheep immunoglobulins. Mass tolerance was 4.5 ppm 

on precursors (after recalibration) and 20 ppm on HCD fragments. 1% FDR filter was applied 

for both peptide and protein identifications. For unlabelled samples, iBAQ values generated 

by MaxQuant  in label-free quantitation were used (Schwanhäusser et al., 2011). For TMT 

analysis, the raw reporter ion intensities generated by MaxQuant and summed for each 

protein group were used in all following steps of quantitation. Only identified peptide ions 

with a precursor intensity fraction (PIF parameter) greater than 0.75 were accepted and used 

for TMT quantitation. 

 

http://www.uniprot.org/
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Data clean-up, normalization and statistic tests 

The MaxQuant output table “proteinGroups.txt” for the four TMT replicates was processed to 

first remove proteins matched to the contaminants database as well as proteins identified 

only by modified peptides and reverse database hits, giving a first unfiltered list of 3280 

identified proteins. All intensity values were then log-2 transformed. Signal intensities of 

internal "standard" proteins trypsin and benzonase were relatively flat, indicating that there 

was no systematic loss of sample during preparation. Thus, no technical compensation of 

intensities was applied. The table was next filtered to keep only proteins with minimum of 

two “razor or unique” peptides. A t-test (p-value filter at 0.05) was performed to compare the 

the signal intensities of proteins identified in TERF1/2 IPs vs pooled IgG controls to identify 

proteins significantly enriched in IP samples. 1554 proteins passed the t-test.  

Due to TRF1 and TRF2 dissociation from damaged telomeres, the menadione-treated sample 

had lower precipitation efficiency than the untreated. Thus, normalization was required 

before performing statistic test between two conditions. Compensation factors for 

normalization was calculated for each replicate based on the average of TRF1 and TRF2 

intensities. The factors were then applied to bring intensity of TRF1 and TRF2 proteins in the 

menadione-treated sample relatively equal to the values of the untreated one. After 

normalization, to determine proteins changing between the untreated and menadione-

treated conditions, we applied a paired T-test with Benjamini-Hochberg FDR correction 

(Benjamini and Hochberg, 1995) and threshold of adjusted p-value at 0.05. 1651 proteins 

passed the t-test. 
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