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Abstract 
 
Nuclear pore complexes (NPCs) have emerged as a key structure in the spaMal regulaMon of 
DNA damage repair, including at replicaMon forks that are slowed down or stalled at various 
obstacles. Here, we show that intersMMal telomeric sequence (ITS) and natural telomeres 
interact with the NPCs during their replicaMon. This localizaMon is enMrely dependent on the 
Mght binding of Rap1 as a modified ITS that poorly bind Rap1 does not interact with NPCs. As 
with other types of replicaMon barriers, ITS localizaMon to NPCs is dependent on Mre11 and 
on the SUMO pathway. In addiMon, we idenMfied the PCNA loader CW18 as essenMal for ITS 
localizaMon to NPCs, and showed that its funcMon is mediated by Scc2-dependent de novo 
cohesin loading at the replicaMon fork. We also found that Mrc1, which acts in the same de 
novo cohesin loading pathway as CW18, contributes to ITS localizaMon to NPCs, independently 
of its checkpoint funcMon.  In addiMon, we uncovered a role for Sir4, which is involved in 
heterochromaMn formaMon at telomeres, in the tethering of ITS to NPCs. We propose that 
localizaMon to NPCs in S phase is iniMally triggered by single-stranded DNA at paused forks, 
which induces a SUMOylaMon wave, de novo cohesin loading and chromaMn compacMon. This, 
in turn, would limit resecMon, avoid checkpoint acMvaMon and possibly favor error-free restart 
of the replicaMon fork. 
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INTRODUCTION 
 
Telomeres are capping structures at the ends of linear chromosomes that protect them 

from degradaMon, harmful recombinaMon, and end fusions. They are formed of G-rich 

repeated sequences that end up with a 3’ single-strand overhang. Both single- and double-

stranded telomeric DNA are bound by proteins that form the shelterin complex. In S. 

cerevisiae, telomeres are composed by approximately 300bp of irregular TG1-3 repeats and end 

up in a 12-14 nucleoMde long 3’ single-strand overhang. The Rap1 protein wraps double-

stranded telomeric DNA to inhibit end fusion and recruits Rif1 and Rif2, which limit 

homologous recombinaMon (HR) (Bonnell et al, 2021). The 3’ overhang is bound by Cdc13, a 

subunit of the CST (Cdc13/Stn1/Ten1) complex. The convenMonal replicaMon machinery 

cannot fully replicate the telomere ends, leading to an unavoidable shortening in the absence 

of a telomere maintenance mechanism (TMM). The one most widely used is based on 

telomerase, a specific reverse transcriptase that extends the 3’ end overhang. The 

complementary strand is then syntheMzed by the convenMonal DNA polymerases. In the 

absence of telomerase, the telomeres progressively shorten at each replicaMon cycle unMl they 

reach a criMcal length at which their capping funcMons become dysfuncMonal. Eroded 

telomeres are recognized as DNA damage that by acMvaMng the checkpoint, arrests the cell 

cycle and ulMmately leads to senescence. Abrupt telomere shortening is another less 

understood source of short and/or dysfuncMonal telomeres. The repeMMve nature of the 

telomeric sequence, its transcripMon, the Mghtly bound proteins of the shelterin complex, 

potenMal secondary structures such as the G-quadruplex or the t-loop, and finally the 

heterochromaMn organizaMon and silencing of subtelomeric regions all have the potenMal to 

interfere with replicaMon fork progression at telomeres. As a consequence, a slowing or 

pausing of the replicaMon fork has been observed in yeast (Ivessa et al, 2003; Makovets et al, 

2004) and human (Verdun & Karlseder, 2006). Although this pause could be somehow 

beneficial to complete telomere replicaMon, it is also at risk, requiring stabilizaMon of the fork 

and is closely linked to the regulated requirement of DNA damage response factors in telomere 

length regulaMon (Bonnell et al, 2021). Indeed, proper processing of paused or stalled 

replicaMon forks at telomeres is parMcularly crucial because non-replicated DNA at 

chromosome ends cannot be rescued by a convergent fork. 
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Because the telomerase is consMtuMvely acMve in yeast and can efficiently solve 

replicaMon issues, accessory factors involved in telomere replicaMon in yeast are beger 

idenMfied in its absence. Upon inacMvaMon of the telomerase, telomeres progressively shorten 

in yeast, as in human cells, and cells gradually lose their ability to grow, up to a permanent 

G2/M arrest, commonly defined as replicaMve senescence, in about 50-60 populaMon 

doublings (Teixeira, 2013). Most notably, the kineMcs of senescence - the rate at which the cell 

populaMon loses its ability to grow - depends on a number of factors known to be involved in 

the response to replicaMve stress and/or the restart of stalled replicaMon forks (Simon et al, 

2016; Bonnell et al, 2021). Furthermore, in many cases, the accelerated senescence kineMcs 

following inacMvaMon of one of these factors does not directly correlate with an increased rate 

of telomere shortening at the telomere pool level. This suggests that appropriate fork 

stabilizaMon and repair mechanisms are indeed required for accurate telomere replicaMon and 

to prevent abrupt telomere shortening and/or deleterious accumulaMon of single-stranded 

DNA.  

DNA transacMons occur within a 3D-folded genome, which is organized in a 

compartmentalized nucleus. In this frame, telomere clusters are anchored to the nuclear 

periphery (NP) for most of the cell cycle through mulMple tethering mechanisms involving 

telomere- and subtelomere-bound proteins and disMnct NE-associated proteins (Taddei et al, 

2010; Gasser & Stutz, 2023). Telomere tethering at the NP is funcMonally linked to 

subtelomeric gene silencing, telomere length regulaMon, and the regulaMon of DNA damage 

repair (Ebrahimi & Donaldson, 2008; Bagé et al, 2017; Taddei et al, 2004; Therizols et al, 2006), 

but the contribuMon of these mulMple anchoring pathways is poorly understood. At the nuclear 

periphery, nuclear pore complexes (NPCs) play a key role in the fate of various types of DNA 

damage, suggesMng that they serve as a hub for specific molecular transacMons at damaged 

sites, independently of their role in protein and mRNA trafficking in and outside of the nucleus 

(Simon et al, 2024). NPCs also funcMon as scaffolds that influence chromaMn states, 

nucleosome posiMoning, chromaMn boundaries and, gene regulaMon (Sakuma & D’Angelo, 

2017; Ptak & Wozniak, 2016). RelocalizaMon of eroded telomeres to NPCs is coincident and 

contributes to recombinaMon-dependent alternaMve TMMs, giving rise to survivors of 

telomerase inacMvaMon (Khadaroo et al, 2009; Churikov et al, 2016; Charifi et al, 2021).  Proper 

replicaMon restart at fragile sites formed by non-B DNA structures or protein barriers is also 

highly dependent on the relocalizaMon of stalled replicaMon forks to NPCs (Su et al, 2015; 
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Kramarz et al, 2020; Whalen et al, 2020; Schirmeisen et al, 2024). A mutant of the nucleoporin 

Nup1 that prevents the relocaMon of stressed replicaMon forks to NPCs, unleashes an error-

prone restart mechanism at telomeres in the absence of telomerase (Aguilera et al, 2020). 

However, it remains unclear whether the translocaMon to NPCs is related to a defect in fork 

processing due to the absence of telomerase or represents a more general mechanism that 

contributes to the resoluMon of replicaMve stress at the telomeres. 

In this study, we introduced telomeric repeats inside the genome to track a single well-

defined locus and eliminate interferences related to telomerase acMon at chromosome ends. 

Using a modified telomeric sequence that poorly bind Rap1 as a control, we showed that Mght 

Rap1 binding is the first trigger of replicaMon fork stalling and telomere instability in vivo. As 

with other types of replicaMon fork barriers, Mght Rap1 binding at intersMMal telomeric 

sequence (ITS) induces a relocalizaMon to NPCs that depends on the remodeling of the loci 

during S phase.  

 

 

RESULTS 

 

Tight Rap1 binding acts as a roadblock to replica>on fork progression in vivo. 

 

A wide range of telomere properMes can slow or arrest the progression of the replicaMon 

fork. Among them, it has been demonstrated that Rap1 bound to telomeric repeats, and not 

the telomere sequence per se, acts as a roadblock that inhibits disMnct steps of telomere 

replicaMon in vitro (Douglas & Diffley, 2021). GeneMc and biochemical evidences suggest that 

Rap1 induces similar impediments to fork progression in vivo (Makovets et al, 2004; Goto et 

al, 2015). To further characterize this funcMon and the pathway involved in overcoming this 

replicaMon barrier, we introduced 300pb of telomeric repeats into chromosome VI adjacent to 

ARS607, a strong early origin of replicaMon. This array was inserted in an orientaMon such that 

the G-rich strand is replicated by the lagging strand machinery, as occurs in natural telomeres 

(Figure 1A). Our design further removed the locus YNCF001C, which encodes one tRNA-Ala, 

because tRNA-coding sequences are known to induce replicaMon stress and relocalizaMon to 

NPCs (Ivessa et al, 2003; Chen & Gartenberg, 2014). In parallel, 300bp of a modified telomeric 

sequence lacking the G-triplet in the core binding site of Rap1 (GTGGGT) (Graham & Chambers, 
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1994; Lieb et al, 2001) was introduced at the same posiMon (ITS-mod). Binding of Rap1 to each 

type of ITS was monitored by chromaMn endogenous cleavage (ChEC), which is based on 

chromaMn cleavage by micrococcal nuclease (MNase) fused to a protein of interest (Schmid et 

al, 2004).  Cleavage is induced by the addiMon of Ca2+ to permeabilize cells, in which the 

intranuclear concentraMon of Ca2+ is too low to acMvate MNase. The efficiency and pagern of 

cleavage were monitored by Southern bloqng of a 4,94kb restricMon fragment containing the 

ITS inserMon (Figure 1A and B). As shown in Figure 1B, within 30 s arer Ca2+ addiMon, the 

intact SfoI/ApaLI fragment containing 300bp of telomeric sequence almost completely 

disappeared, and cleavage products were detected at the expected ITS posiMon. These 

cleavage products are not detected when free MNase was expressed fused to an SV40 nuclear 

localizaMon signal under the control of the REB1 promoter (marked free-MN, Figure 1B) 

(Zentner et al, 2015). The same construct lacking the telomeric sequence (marked 0bp) 

introduced at the same posiMon did not generate cleavage products, except at low levels 

within the LSB3 promoter. Notably, the fragment containing the modified telomeric sequence 

(300bp-mod) was much more resistant to Rap1-MNase cleavage, suggesMng that Rap1 binding 

was much looser in the absence of the GGG moMf, as expected. 

AccumulaMon of single-stranded (ss) DNA is a hallmark of compromised DNA replicaMon 

at replicaMon barriers. At telomeres, ssDNA is preferenMally bound by the telomeric protein 

Cdc13 on the G-rich strand and RPA on the C-rich strand (Aguilera et al, 2020).  In line with the 

observaMon that ITS impairs the progression of the replicaMon fork (Makovets et al, 2004), we 

observed cleavage within the telomeric sequence upon the expression of a Cdc13-MNase 

fusion (Figure 1C and Figure S1A). Of note, in this experiment, the cleavage products were 

observed only arer prolonged incubaMon with Ca2+ compared with Rap1-MNase, suggesMng 

that only a fracMon of the ITS in the cell populaMon are accessible to Cdc13-MNase. 

Accordingly, no cleavage inside the ITS was observed when the cells were arrested in G1 

following the addiMon of a-factor (Figure S1B). Prolonged incubaMon with Ca2+ also allowed to 

beger visualize the accessibility of the locus to the free MNase, which cleaved the restricMon 

fragment at several posiMons upstream and downstream of the ITS. Importantly, the free 

MNase expressed from the strong promoter Reb1 showed no cleavage inside the ITS. Taken 

together, our data suggest that Cdc13 specifically binds to the ITS in a fracMon of cells. A similar 

result was observed following the expression of a Rfa1-MNase fusion (Figure 1D). For both 

Rfa1 and Cdc13, no cleavage was detected inside the ITS-mod (Figure 1C, D).  This result 
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indicates that telomeric repeats but not modified repeats generate replicaMon stress with 

consecuMve accumulaMon of ssDNA.  In line with in vitro observaMons (Douglas & Diffley, 

2021), it appeared that neither the telomeric sequence nor the presence of Rap1 is an 

impediment during DNA replicaMon unless Rap1 Mghtly binds and wraps the telomeric 

sequence, forming a strong roadblock to fork progression. These observaMons are concordant 

with the differenMal role of Rap1 in regulaMng telomere length, depending on its DNA binding 

mode (Boneq et al, 2020). 

 

Rap1-dependent replica>on fork arrest induces relocaliza>on to the NPCs. 

 

Increasing evidence suggest a role for NPCs in handling and/or restarMng stalled 

replicaMon forks in both yeast and human cells (Simon et al., 2024). We next asked whether 

intersMMal telomeric sequences also relocalize to the NP and/or NPCs in a Rap1-dependent 

manner. As a first step, we determined whether the ITS were tethered to the NP as natural 

telomeres. For this purpose, we used a strain in which the ARS607 locus could be visualized in 

vivo through the binding of a LacI*-GFP protein fusion to an array of LacOp repeat arrays placed 

upstream of the ARS607 (Figure 2A). The posiMon of the locus in the nucleus was scored 

relaMve to the nuclear periphery, which was marked by the nucleoporin GFP-Nup49 and 

binned into three concentric zones of equal volumes as described (Meister et al, 2010) (Figure 

2A). Strikingly, although the locus containing the ITS was evenly distributed among the three 

zones in cells in the G1 and late S phases, it was transiently enriched at the NP, specifically in 

the early S phase, consistent with the firing of ARS607 early in S phase (Friedman et al, 1997) 

(Figure 2A and Figure S2) . We concluded that intersMMal telomeric sequences do not possess 

the characterisMcs required for agachment to the NP in G1, as observed for natural telomeres, 

but undergo transient relocalizaMon coincident with their replicaMon. 

We then invesMgated whether ITS induces relocalizaMon of the locus to the NPCs. For 

this, nucleoporins were tagged with MNase at naMve locus. We found that the locus devoid of 

ITS is poorly accessible to MNase cleavage when using a fusion with the Y complex nucleoporin 

Nup84 (see 0bp), several cleavage products are detected upon the introducMon of 300bp of 

telomeric repeats (Figure 2B). The main cleavage sites were concentrated just upstream and 

downstream of the ITS as well as to a lesser extent inside the telomeric repeats (Figure 2B and 

Figure S3A). In contrast, the cleavage sites close to and inside the ITS were not accessible by 
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free MNase. Similar results were obtained when the nuclear basket protein Nup2 fused to 

MNase was expressed in place of Nup84-MNase (Figure S3B). With both Nup84- and NUP2-

MNase, cleavage of the locus was greatly decreased when the ITS was replaced by the ITS-

mod, and no cleavage was observed either just close or inside the ITS-mod (Figure 2C and S3C). 

Cleavage inside a region corresponding to the LSB3 promoter was also increased upon 

introducMon of the ITS (compare 300bp and 300bp-mod in figure 2C and Figure S3C) suggesMng 

that the enMre locus was in close proximity to the NPCs.  Contact of the ITS-containing locus 

with NPCs appeared independent of Mps3 integrity, a nuclear envelop protein that anchor 

telomeres at the NP during S phase (Figure S3D) (Gasser & Stutz, 2023).  Because telomere 

repeats induce telomere instability in both orientaMons (Aksenova et al, 2013, 2015), we next 

wondered whether the relocalizaMon of the intersMMal telomeric sequence to NPCs relies on 

strong blockage when the convergent fork reach the ITS. Distal to the ITS, the replicaMon 

origins ARS608 and ARS609 are located 17 and 57kb from ARS607, respecMvely. However, the 

double deleMon of ARS608 and ARS609 did not impact the cleavage around and inside the ITS 

by Nup2-MNase (Figure S5D). Together, our data suggest that paused replicaMon forks 

generated by Mght binding of Rap1 lead to NPC associaMon, similarly to what has been 

described for other types of replicaMon barriers (Horigome et al, 2019; Su et al, 2015; Kramarz 

et al, 2020).  

We next tested whether natural telomeres also relocalize to the NPCs. For most of the 

cell cycle, telomeres cluster at the NP though interacMons with several proteins of the nuclear 

membrane (Gasser & Stutz, 2023) , making it difficult to disMnguish interacMons with the NPCs 

from other types of anchors at the NP.  For this reason, we used ChEC to monitor whether 

telomere repeats directly contact the NPCs. Fusion between either Nup2 or Nup84 with 

micrococcal nuclease cleaved just upstream of the telomeric sequences (Figure 3A). No 

cleavage was observed using a Nic96-MNase fusion, in line with its posiMon in the inner ring 

complex of the NPCs (Beck & Hurt, 2017). Much less cleavage was observed upon the 

expression of free MNase as compared with Nup2 and Nup84-MNase (Figure 3A). Finally, none 

of Nup-MNase fusions cleaved significantly a control locus (Figure S4A). Noteworthy, only 

Nup2-MNase also showed some cleavage within the duplicated subtelomeric Y’ sequences 

(red square, Figure 3A), as expected from its enrichment at subtelomeres and its role in 

demarcaMng the boundaries between acMve and silenced chromaMn (Dilworth et al, 2005). 

Finally, the cleavage of telomeres by Nup84-MNase is not abrogated by inacMvaMng the two 
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main pathways involved in the anchoring telomeres to the nuclear periphery (Taddei et al, 

2004) either through deleMon of ESC1 or upon expression of the mps3∆65-145 allele (Figure 

3B and Figure S4B). Together with our previous publicaMon (Aguilera et al, 2020), these new 

data suggest that at least a fracMon of telomeres transiently localize to the NPCs regardless of 

whether the telomerase is acMve or not.  

 

The MRX complex and the SUMO pathway are involved in the localiza>on of inters>>al 

telomeric sequences to NPCs. 

 

Previous publicaMons have provided detailed requirements for relocalizaMon to the NPCs 

of replicaMon forks stalled at protein barriers or DNA structure-forming sequences 

emphasizing the involvement of the SUMO pathway, recombinaMon factors, and resecMon 

(Whalen et al, 2020; Kramarz et al, 2020) in a model very similar to that described for the 

relocalizaMon of hard-to-repair double-strand breaks (DSBs) (Nagai et al, 2008), eroded 

telomere (Churikov et al, 2016; Charifi et al, 2021) and, more recently, R-loop-forming loci 

(Penzo et al, 2023). However, the presence of telomeric repeats has been shown to alter the 

processing of damage, biasing the choice of repair pathway (Marcomini et al, 2018; SMvison et 

al, 2020). Therefore, we iniMated a candidate approach to idenMfy mutaMons that interfere 

with the relocalizaMon of ITS to NPCs. The repair proteins Rad5 and Rad51 appeared to be 

dispensable for tethering to NPCs as well as the recombinaMon factor Rad59, which is involved 

in homeologous recombinaMon (Figure S5A). In contrast, MRE11 deleMon reduced the 

interacMon with NPCs (Figure S5B). To beger quanMfy this defect, we coupled ChECs to qPCR 

amplificaMon of the cleavage products. Figure 4A shows the raMonale for the ChEC-qPCR assay. 

This approach further confirmed that deleMng MRE11 decreased the efficiency of ITS cleavage 

by Nup2-MNase (Figure 4B).  

 The DNA damage response induces a wave of protein mono- and poly-SUMOylaMons 

that create binding sites for SUMO-dependent ubiquiMn ligases (STUbL) (Psakhye & Jentsch, 

2012; Gasser & Stutz, 2023a). The STUbL Slx8/Slx5 plays a key role in anchoring DSBs,  arrested 

forks and R-loops to NPCs, possibly by directly interacMng with Nup84 (Nagai et al, 2008; Su et 

al, 2015; Penzo et al, 2023).  Yet, the relocalizaMon of DSBs flanked by telomeric repeats 

depends on the STUbL Uls1, which may promote Rap1 degradaMon at the NPCs (Marcomini et 

al, 2018). DeleMon of ULS1, however, did not affect ITS relocalizaMon to NPCs (Figure S5C). This 
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may be because there are actually very few breaks in the telomeric sequence during 

replicaMon. In contrast, SLX8 deleMon reduced cleavage by Nup2-MNase in the ChEC assay 

(Figure 4B and S5C). This is consistent with the consensus model in which damage-induced 

SUMOylaMon events generate binding sites for STUbL for its relocalizaMon to NPCs (Simon et 

al, 2024). Accordingly, deleMon of the C-terminal domain of the SUMO E3 ligase Mms21, which 

abolishes its SUMO-ligase acMvity (Zhao & Blobel, 2005), also decreased contact between the 

ITS locus and NPCs (Figure 4B and S5B). ITS cleavage by Nup2-MNase was slightly impaired 

when Rad52 SUMOylaMon was prevented by the expression of the rad52-3KR allele (Sacher et 

al, 2006) (Figure S5C). This suggests that in order to create the SUMO-enriched environment 

required for relocalizaMon to NPCs, other factors must be SUMOylated in addiMon to Rad52. 

Nevertheless, Nup2-MNase cleavage was unaffected in the rfa1-4KR mutant, which largely 

eliminates RPA SUMOylaMon (Dhingra et al, 2019) (Figure S5D). This contrasts with the role of 

RPA SUMOylaMon in the relocalizaMon of GAC triplet repeats (Whalen et al, 2020) and R-loops 

(Penzo et al, 2023) to NPCs and suggests specific requirements at telomeres that may be 

related to compeMMon between RPA and Cdc13 for binding  telomeric single-stranded DNA. 

 

Sir4 contributes to localiza>on of ITS to NPCs.  

 

The proteins Sir4 and Sir3 are among the main interactors of Rap1 (Moreq P et al., 1994, 

Marcand et al. 1996). They parMcipate in major pathways of telomere anchoring to the NP and 

mediate, with the histone deacetylase Sir2, silencing at telomeres (Kueng et al, 2013). In 

addiMon, it has been reported that replicaMon stress due to Mght replicaMon barriers induces 

recruitment of the SIR complex to favor heterochromaMn-like structures and promotes 

relocalizaMon to the NP (Dubarry et al, 2011; Nikolov & Taddei, 2016). InteresMngly, Sir4 was 

shown to interact with a structurally disMnct variant of the NPC, called SNUP, which lacks 

components of the nuclear basket and inner ring (LapeMna et al, 2017) and promotes the 

anchoring of telomeres to the NP (Van de Vosse et al, 2013; LapeMna et al, 2017).  We found 

that SIR4 deleMon reduced ITS cleavage by Nup84-MNase (Figure 5B). A similar result was 

obtained with Nup2-MNase (Figure S6A). Nevertheless, although the SNUP variant has been 

implicated in telomere silencing (Van de Vosse et al, 2013; LapeMna et al, 2017), the intersMMal 

telomeric sequence did not silence the flanked URA3 gene (Figure S6B).  
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 Among nucleoporins, Nup170 physically interacts with Sir4 and Rap1, and binds 

cooperaMvely with them to subtelomeric DNA, which is essenMal for tethering to nuclear 

envelope in G1 phase and for subtelomeric gene silencing (Van de Vosse et al, 2013). Although 

Nup170 seems dispensable for telomere localizaMon to nuclear periphery in S phase (Van de 

Vosse et al., 2013), it may be explained by redundancy of the localizaMon pathways acMng in S 

phase (Hediger et al., 2002). Therefore, we tested the role of Nup170 in localizaMon of the ITS 

to NPCs, knowing that ITS localizaMon occurs specifically during its replicaMon in S phase. We 

found that NUP170 deleMon only moderately affected the cleavage of ITS by Nup84-MNase 

(Figure S7A), which is consistent with a noMon that Nup170 is not solely responsible for ITS 

localizaMon to NPCs in the S phase.  

 

CN18 func>on in de novo cohesin loading is required for ITS localiza>on to NPCs 

 

Recently, Aitchison laboratory  has shown that CW18, the large subunit of the alternaMve 

PCNA loader,  interacts with NPCs in S phase (Choudhry et al., 2023). This prompted us to test 

whether CW18 plays a role in localizaMon of ITS to NPCs. To our surprise, we found that deleMon 

of CTF18 nearly abolished ITS cleavage by Nup84-MNase (Figures 5B and S7C). Since both 

Nup170 and CW18 are required for maintaining the level of PCNA on chromaMn by acMng in 

the same pathway (Choudhry et al., 2023), we reckoned that yet another funcMon of CW18 is 

responsible for much stronger effect of its inacMvaMon on ITS localizaMon to NPCs. 

In addiMon to PCNA loading, the CW18-RFC complex plays key roles in the establishment 

of sister chromaMd cohesion (Hanna et al., 2001) and S phase checkpoint acMvaMon (García-

Rodríguez et al., 2015). To assess whether CW18 funcMon in de novo cohesin loading 

(Murayama et al., 2018; Srinivasan et al., 2020) is involved in ITS localizaMon to NPCs, we took 

advantage of the temperature-sensiMve (ts) allele of the cohesin loader Scc2 (Petela et al., 

2018). In the scc2-45 ts strain, the ITS cleavage by Nup84-MNase was significantly reduced at 

semi-permissive temperature (Figure 5B) poinMng to the role of cohesion establishment during 

DNA replicaMon for localizaMon to NPCs. ParMal reducMon of ITS cleavage by Nup84-MNase in 

the scc2-45 strain, possibly due to incomplete inacMvaMon of Scc2, precluded us from drawing 

a conclusion that a profound effect of CTF18 deleMon is related enMrely to the defect in de 

novo cohesin loading. Therefore, we sought another way to address this quesMon.  
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Previous geneMc analysis uncovered two epistasis groups of genes/proteins involved in 

parallel sister chromaMd cohesion establishment pathways in S phase: one independent and 

another dependent on cohesin loader Scc2, named “cohesin conversion” and “de novo 

loading”, respecMvely (Xu et al., 2007; Srinivasan et al, 2020).  CW18 and Mrc1, also known for 

its role in S-phase checkpoint, belong to the same de novo cohesin loading pathway.  Thus, we 

examined the effect of MRC1 deleMon on ITS localizaMon to NPCs. In accord with our 

expectaMon, deleMon of MRC1 also reduced ITS cleavage by Nup84-MNase (Figure 5C) albeit 

to a lesser extent compared to that of CTF18 deleMon.  Since both Mrc1 and CW18 are non-

redundantly involved in acMvaMon of the S-phase checkpoint, we also tested checkpoint-

defecMve mrc1-AQ allele (Osborn and Elledge, 2003) to verify whether replicaMon checkpoint 

plays any role in localizaMon of ITS to NPCs. We found that inacMvaMon of the S-phase 

checkpoint funcMon of Mrc1 did not have any measurable effect on ITS localizaMon to NPCs 

(Figure 5C). Together, these results strongly suggest that CW18 and Mrc1 funcMons in ITS 

localizaMon to NPCs are mediated by their involvement in de novo cohesin loading during DNA 

replicaMon (Srinivasan et al, 2020; Shrestha et al., 2023). Given a stronger effect of CTF18 

deleMon compared to that of MRC1, we consider that maintenance of the balanced PCNA level 

at the replicaMon fork by CW18 may also play a role. At the moment, the lager issue is difficult 

to disentangle since PCNA also contributes to de novo cohesin loading by recruiMng Scc2 

(Psakhye et al., 2023). 

 

Rap1 binding impacts the stability of telomeric repeats.  

 

ITS are inherently highly unstable (Aksenova et al, 2013; Goto et al, 2015). To further 

determine whether this is dependent on the Mght binding of Rap1, we first monitored whether 

ITS and ITS-mod are prone to expansion or contracMon (stability assay, Figure 6A). StarMng with 

a single clone, the length of the ITS was analyzed using PCR with ITS flanking primers in its 

progeny arer a limited number of cell divisions (see Materials and Methods). No variaMon in 

the length of the ITS-mod was detected under these condiMons, demonstraMng the ability of 

the canonical replicaMon machinery to faithfully replicate TG repeats. In contrast, 

approximately 1% of the progeny from ITS carrying clones showed either an expansion or a 

contracMon of the ITS length (Figure 6B). ITS sequence analysis of some of these clones 

revealed that expansions and contracMons corresponded, respecMvely, to short internal 
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duplicaMons or deleMons within the first 150 bp of the ITS sequence (Figure S8A). This result 

ruled out the possibility of recombinaMon with natural telomeres.  Instead, it suggests that 

sister-chromaMd exchange occurs as the restarted replicaMon fork progresses in the telomeric 

sequence. InacMvaMon of the repair factor Rad5 further increased ITS instability about three-

fold, indicaMng that the template switch-dependent repair pathway is important for 

maintaining the integrity of the telomeric sequences during replicaMon. Surprisingly, deleMng 

MRE11 stabilized ITS length with a lower incidence of expansions and contracMons (Figure 6B). 

MRX promotes resecMon at stalled replicaMon forks in several ways (Delamarre et al, 2020; 

Teixeira-Silva et al, 2017). Our results thus suggest that, unlike other types of protein barriers 

and CAG repeat DNA-forming structures (Kramarz et al, 2020; Sundararajan et al, 2010), ssDNA 

accumulaMon is detrimental to replicaMon fidelity at telomeric repeats. Noteworthy, deleMon 

of SIR4 or CTF18 that both impair localizaMon of the ITS to the NPCs had no effect on ITS 

stability (Figure 6B). 

To further determine whether the ITS also induces DNA breaks in a Rap1-dependent 

manner, we set up a fragility assay (Figure 6C). For this, both the ITS and ITS-mod were 

integrated 13 kb from the strong replicaMon origin ARS922. At this posiMon, the distal 15 kb 

chromosome fragment can be lost without affecMng cell viability. The ADE2 gene was inserted 

downstream of the ITS to monitor the loss of the terminal fragment (red ade2 minus cells) 

(Figure 6C). StarMng with a single white clone, we monitored the number of colonies with, at 

least, on red sector (ade minus cells) in its progeny arer a limited number of cell divisions (see 

Materials and Methods). No red sectors were detected in colonies of cells carrying the ITSmod, 

whereas about 5% of colonies carrying the wild type ITS had a red sector. (Figure 6D). 

Sequencing of the terminal fragment arer amplificaMon by teloPCR (Förstemann et al, 2000) 

showed that indeed the red colonies lost the chromosome end downstream of the ITS (and 

hence the ADE2 gene) and generate de novo telomeres from inside the ITS probably through 

elongaMon by the telomerase (Figure S8B).  

Once again, the MRX complex appeared to be a key player, as deleMon of MRE11 led to 

a significant reducMon in the appearance of red cells (Figure 6D). However, this result should 

be interpreted with cauMon as Mre11 binding to TG repeats is required for telomerase 

recruitment and efficient telomerase-dependent elongaMon (Negrini et al, 2007). 

Nevertheless, ssDNA protecMon appeared important to prevent ITS fragility as defecMve ssDNA 

protecMon upon expression of the rfa1-D228Y allele (Schmid et al, 2004; Audry et al, 2015), 
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increases the frequency of ITS instability (Figure 6D). Surprisingly, the deleMons of RAD5 which 

is implicated in recombinaMon-dependent restart of stalled forks, did not affect ITS fragility. ITS 

fragility was deeply decreased upon deleMons of SIR4 or CTF18. Reduced ITS fragility may have 

several roots. First, the survival of ade- cells in this seqng depends on the ability to generate 

or maintain a telomere at the end of the break.  This step might be prevented by mutaMons 

affecMng telomerase acMvity, as discussed above for mre11∆ cells. Consistent with this first 

possibility, cR18 and sir4 deleted cells, but not nup170 cells, exhibited shorter telomeres, 

although to a lesser extent than tel1 or ku mutants (Figure 7A). AlternaMvely, breaks that occur 

upstream or at the beginning of the ITS may leave less than the 34bp required  for efficient de 

novo telomere iniMaMon (Strecker et al, 2017). At natural telomeres, these breaks would 

abruptly shorten telomeres, acceleraMng senescence in the absence of telomerase (MarMn et 

al, 2021). Along this lines, inacMvaMon of MRC1, SIR4 and SLX8, all of which impact localizaMon 

to the NPCs, also accelerates senescence (Grandin & Charbonneau, 2007; Kozak et al, 2010; 

Azam et al, 2006; Charifi et al, 2021). The same holds true for CTF18 and MMS21 whose 

inacMvaMon also greatly accelerated senescence (Figure 7B and C).   

 

DISCUSSION 

 

Accurate telomere replicaMon is the lynchpin of telomere length regulaMon. 

Nevertheless, this process is at risk because of the many intrinsic challenges that the 

replicaMon machinery encounters at telomeres. In addiMon to the “end replicaMon problem”, 

telomeres are prone to various types of roadblocks that can hamper replicaMon fork 

progression. Although these potenMal obstacles have been well documented, there is sMll ligle 

understanding whether they can individually slow or pause the replicaMon fork, and how they 

are resolved at the cellular level. Here, we used TG repeats which are differenMally bound by 

Rap1 to demonstrate that the Mght binding of Rap1 to telomeric repeats has detrimental 

consequences for the accuracy of DNA replicaMon, in agreement with the inhibitory role of 

Rap1 in vitro (Douglas & Diffley, 2021) and fork pausing at telomere sequence in vivo 

(Makovets et al, 2004; Goto et al, 2015).   We previously showed that the ssDNA-binding 

proteins Cdc13 and Rfa1 colocalize in foci in S/G2 (Khadaroo et al, 2009). Although these foci 

are only detectable at a low frequency, their abundance increases arer telomerase 

inacMvaMon, well before the cells enter senescence (Khadaroo et al, 2009; Aguilera et al, 2020). 
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However, the quesMon remained whether these foci were due to DNA degradaMon of telomere 

ends, possibly linked to the regeneraMon of the 3'-overhang (Faure et al, 2010), or whether 

they marked internal ssDNA gaps. By placing telomeric sequences internally in the genome, 

we now show that the presence of ssDNA bound by Cdc13 and RPA is linked to the replicaMve 

stress induced by Rap1 binding.  AccumulaMon of ssDNA at stalled replicaMon forks is a 

hallmark of replicaMve stress and is necessary for fork restart (Delamarre et al, 2020). However, 

its producMon needs to be carefully regulated because of its propensity to break down and to 

promote large chromosomal rearrangements (GCR) (Tye et al, 2021). This could be of major 

importance for repeated sequences in which faulty annealing events are a potenMal source of 

duplicaMons or deleMons (Aguilera et al, 2020).  In this context, we showed here that deleMon 

of MRE11, which plays a key role in ssDNA producMon through various mechanisms (Delamarre 

et al, 2020), tends to reduce the basal level of instability and fragility at the ITS.  

 Importantly, we found that both ITS and natural telomeres transiently interact with 

NPCs. This finding corroborates our previous observaMons in cells lacking telomerase (Aguilera 

et al, 2020) and further demonstrates that this mechanism is not a secondary consequence of 

the absence of telomerase. This finding reinforces the role of transient localizaMon of stalled 

replicaMon forks to NPCs in replicaMon fork handling, a mechanism that, although not yet fully 

understood, seems to be conserved from yeast to humans (Simon et al, 2024; Pinzaru et al, 

2020; Rivard et al, 2024). As observed with other types of replicaMon barriers, ITS 

relocalizaMon to NPCs depends on remodeling of the stalled fork via the SUMO pathway and 

resecMon (Whalen et al, 2020; Kramarz et al, 2020). Furthermore, we detected a severe defect 

in the absence of CW18, which is consistent with the recent discovery of the recruitment of the 

CW18-RFC complex to a subpopulaMon of NPCs (Choudhry et al, 2023). The similar defect 

observed upon inacMvaMon of MRE11 and CTF18 suggests that they may act via a common 

pathway. The CW18-RFC complex is mulMfuncMonal in maintaining genome stability, including 

through PCNA loading and promoMon of sister chromaMd cohesion during replicaMon (Liu et 

al, 2020; Srinivasan et al, 2020; Psakhye et al, 2023). Similarly, the MRX complex cooperates 

with chromaMn modifiers to promote resecMon and cohesin loading at stalled replicaMon forks 

(Tigel-Elmer et al, 2009; Delamarre et al, 2020). The impact of mrc1 and scc2-45 mutaMons on 

ITS relocalizaMon to NPCs further argues for a role of de novo cohesin loading at stalled fork in 

this pathway. The link between de novo cohesin loading behind the fork and localizaMon to 

NPCs is tantalizing. Given cohesin’s ability to spaMally organize chromaMn via its loop extrusion 
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acMvity, it is possible that localizaMon to NPCs may result from such cohesin acMvity. Future 

studies that take advantage of the cohesin loop extrusion mutants would be essenMal to make 

advances in this direcMon. RelocalizaMon to the NPCs ensures efficient recombinaMon-

dependent restart of replicaMon forks stalled at protein barriers (Schirmeisen et al, 2024). 

Cohesin loading may also contribute to fork restart by facilitaMng template switch with the 

sister chromaMd via the Rad18/Rad5 pathway (Tigel-Elmer et al, 2009; Fumasoni & Murray, 

2020; Litwin et al, 2018). 

Surprisingly, we further revealed the key role for Sir4 in the tethering and/or anchoring 

of replicaMon forks stalled at ITS to NPCs. Sir4 is known for its role in silencing and telomere 

cluster formaMon at the NP through its interacMon with Esc1, a protein associated with the 

inner nuclear membrane (Gasser & Stutz, 2023). Esc1 also interacts with the nuclear pore 

variant SNUP, but the Nup170-Esc1-Sir4 axis is important for telomere anchoring at the NP in 

G1 (Van de Vosse et al, 2013). Nevertheless, in addiMon to its role in silencing specific regions 

of the genome, the Sir complex is recruited at DSBs and replicaMon pause sites (Mills et al, 

1999; Bordelet et al, 2022; Dubarry et al, 2011). This emerges as a general mechanism, 

because despite the general chromaMn decondensaMon induced by DNA damage, 

heterochromaMn factors are also transiently recruited to DNA damage sites in human cells 

(Lemaître & Soutoglou, 2014; Gaggioli et al, 2023).  The role of this transient recruitment of 

silencing factors remains unclear. Sir proteins may be important for limiMng resecMon and 

ssDNA accumulaMon, thereby dampening checkpoint acMvaMon. SupporMng this hypothesis, 

Sir3 limits Mre11-mediated resecMon at DSBs in a manner that is in part independent of its 

heterochromaMn-promoMng funcMon (Bordelet et al, 2022). Silent chromaMn also suppresses 

checkpoint acMvaMon in rDNA under replicaMon stress (Bentsen et al, 2013). Not exclusively, 

recruitment of the Sir complex could inhibit homologous recombinaMon and promote error-

free restart of the replicaMon fork. Consistent with this possibility, Sir4 deficiency enhances 

subtelomeric recombinaMon (Liu et al, 2020), and Sir3/Sir4 inhibits the early steps of HR in 

vitro (Sinha et al, 2009).  Finally, the Sir complex may funcMon in parallel with CW18-RFC in 

loading or maintaining cohesin to stalled replicaMon forks (Chang et al, 2005). Although it has 

been proposed that replisome impediments may play a role in establishing and maintaining 

silencing (Dubarry et al, 2011; Nikolov & Taddei, 2016), no silencing was detected at the URA3 

gene flanking the ITS (Figure S6B) and the ITS were not preferenMally enriched at the NP in G1 

(Figure 2A).  This is in strong contrast to natural telomeres where CW18, Sir4 and Nup170 are 



 16 

required for silencing and NP anchoring, mainly in G1 (Hiraga et al, 2006; Van de Vosse et al, 

2013). From our data, we propose that silencing might be iniMated during telomere replicaMon 

but requires addiMonal actor(s) or feature(s) of natural telomeres to permanently establish 

heterochromaMn and promote telomere clustering and anchoring to the NP. 

The role of transient telomere localizaMon to NPCs remains a key quesMon. Although cells 

lacking CTF18, SIR4, or MRE11 all have short telomeres, it is premature at this stage to establish 

a direct correlaMon between telomere length and NPC anchoring, as telomerase recruitment 

itself involves many factors. In this regard, other mutaMons affecMng NPC localizaMon, such as 

mms21-1 and slx8, have either no or opposite effects on average telomere length in the 

presence of telomerase (Azam et al, 2006; Zhao & Blobel, 2005). In the absence of telomerase, 

however, all the mutaMons affecMng relocalizaMon to NPCs (slx8, mms21∆Ct, sir4, cR18, mrc1) 

accelerate senescence, as does the inacMvaMon of proteins involved in fork restart but not 

required for relocalizaMon to NPCs (rad51, rad5) (Grandin & Charbonneau, 2007; Kozak et al, 

2010; Azam et al, 2006; Charifi et al, 2021; Fallet et al, 2014; Le et al, 1999). One notable 

excepMon is MRE11 whose deleMon impacts relocalizaMon to the NPCs but slows down 

senescence (Ballew & Lundblad, 2013). From all these data, it is thus tempMng to speculate 

that Mre11-dependent accumulaMon of ssDNA at stalled fork is the first signal for NPC 

relocalizaMon by inducing a wave of SUMOylaMon, de novo cohesin loading and chromaMn 

compacMon in order to fine regulate ssDNA level and prevent checkpoint acMvaMon. In this 

scenario, it is possible that deleMng MRE11 bypass the requirement for NPC relocalizaMon to 

stabilize the fork, as suggested by the role of Mre11 in acceleraMng senescence. 

Materials and Methods 

Yeast strains 

Strains used in this study are described in Supplementary Table 1. Strains were constructed 

and analyzed by standard geneMc methods. 

Senescence assays 

Liquid senescence assays were performed starMng with the haploid spore products of diploids 

that were heterozygous for EST2 (EST2/est2Δ) and for the gene(s) of interest. To ensure 

homogeneous telomere length before sporulaMon, the diploids were propagated for at least 

50 PDs on YPD plates. Arer 3 days of growth at 30°C, the enMre spore colonies were transferred 

to 2ml liquid YPD to esMmate the number of PDs and the suspension immediately diluted to 



 17 

105 cells per ml. Cells were serially passaged in 15 ml liquid YPD medium at 105 cells per ml at 

24h intervals. ReplicaMve senescence curves shown in this study correspond to the average of 

several independent spores with idenMcal genotype.  

TeloPCR: 

de novo telomeres were amplified by PCR using the AccuPrime™ GC-Rich DNA Polymerase 

(InVitrogen) arer TdT-dependent addiMon of a poly C tail at the end (Förstemann et al, 2000) 

using a primer located upstream of the URA3 gene and a polyG(A/C) primer. The PCR fragment 

was sequenced by Eurofins Genomics. The point of divergence was defined when the 

sequence could not be aligned with the ITS sequence. 

Stability and fragility assays. 

Single colonies carrying 300pb of ITS or ITSmod were recovered in 2ml YPD medium, grown to 

saturaMon at 30°C (six to seven populaMon doublings) to allow for expansion, contracMon and 

breaks and plated on YPD. For the instability assay, colony PCRs were performed on single 

colonies and analyzed on 2% agarose gels. For the fragility assay, the number of colonies 

presenMng one or several red sectors were monitored. 

ChEC and ChEC-qPCR 

ChEC experiments have been performed according to published protocol (Zentner et al., 2015). 

Briefly, the cells were harvested by centrifugaMon from 50 mL of log phase cultures in YPD and 

washed three Mmes with 1 mL Buffer A (15 mM Tris-HCl, pH 7.5, 80 mM KCl, 0.1 mM EGTA) 

supplemented with EDTA-free protease inhibitors, 0.2 mM spermine, and 0.5 mM spermidine. 

Then, cells were permeabilized by resuspending in 600 µl of Buffer A supplemented with 0.1% 

digitonin and 1 mM PMSF. Arer 5 minutes at 30°C, CaCl2 soluMon was added to 2 mM final 

concentraMon to acMvate endogenous MNase fusion protein. The 150 µl aliquots 

corresponding to cleaved chromaMn were transferred to the tubes prefilled with the equal 

volume of 2x Stop soluMon (400 mM NaCl, 20 mM EDTA, 4 mM EGTA and 2% SDS) to inacMvate 

MNase at the desired Mme points. At the end of the experiment, 3 µl of the 20 mg/ml 

Proteinase K was added to each aliquot to digest bulk protein at 55°C for 20 min. DNA was 

extracted using standard phenol/chloroform (pH 8.0) method.  

The DNA was stained with selecMve dsDNA dye (Broad-Range) and its concentraMon was 

measured using Qubit fluorometer. In preparaMon for adapter ligaMon, 400 µg of each DNA 

sample was treated with T4 PolynucleoMde Kinase (T4 PNK) in the presence of 1 mM ATP to 

both remove the phosphate from the 3’ end generated by MNase cleavage and to 
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phosphorylate the 5’ end of DNA. An aliquot of T4 PNK-treated DNA was then incubated with 

Taq polymerase in the presence of 0.2 mM dNTPs and 1.5 mM Mg2+ ions to both fill-in the 

recessive DNA ends generated by MNase and to add the dA tail to the 3’ DNA end to facilitate 

adapter ligaMon. The parMally double-stranded DNA oligonucleoMde adaptor with the 3’ dT tail 

and the longer 5’ overhang on the other end was then ligated to the DNA pre-treated with T4 

PNK and Taq polymerase to generate a primer binding site for PCR amplificaMon of the MNase 

cleavage products. The adapter-ligated DNA was then diluted to 250 pg/µl, and 1 µl of each 

DNA was used to amplify the ligaMon juncMon in 10 µl of the Takara SYBR Green qPCR mix using 

one primer complementary to the ligated adapter and another one complementary to the 

DNA sequence adjacent to the ITS site in the genomic DNA. The relaMve quanMty of the qPCR 

product was determined using the standard curve method implemented in the Rotor-Gene 

qPCR analysis sorware. All samples were analyzed in triplicates. Raw cleavage efficiencies 

were normalized to the amplificaMon level of the ARO1 locus. 

Detailed ChEC qPCR protocol (including the adapter oligonucleoMdes and primer sequences) 

is available on request. 

Southern blot 

DNA from ChEC experiments was analyzed by Southern bloqng followed by hybridizaMon with 
32P-labelled probe as previously described (Churikov et al, 2014). The primer sequences used 

to generate the probe for the ARS607/ITS locus are available on request. 

Zoning assay 

Cells were then grown over-night at low density on YPD plates supplemented with adenine 

before imaging. ObservaMons were performed using a Nikon Eclipse Ti microscope with a x100 

objecMve and a binning x2. Cell images were captured with a Neo sCMOS Camera (Andor) as 

Z-stack of 21 images with a step interval of 0.2um. The zoning assay was then performed using 

median filtered LacI-GFP and GFP-NUP49 stacks using the point-picker plugin in ImageJ 

sorware (Meister et al, 2010). G1, early and late S phase were defined as cells with no, Mny 

and medium buds respecMvely.  
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(ITS) or 300bp of TG1-2 sequence (ITS-mod) and the URA3 gene was introduced at 5.4kb of the early origin 
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4,94kb ApaL1-SfoI restriction fragment. The position of the probe used to analyze cleavage by ChEC is shown. 
(B) In vivo ChEC with Rap1- and free-MN.  Genomic DNA was extracted after increasing incubation time with 
Ca2+, digested with ApaL1-SfoI and analyzed by Southern blot with the radiolabelled probe indicated in the 
figure. The position of the ITS is depicted on the right. Free-MN is fused to a NLS and expressed from the 
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and free-MN.  Genomic DNA was extracted after increasing incubation time with Ca2+, digested with 
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Figure 6: Tight binding of Rap1 to ITS induces instability and fragility. (A) Instability assay. Individual 
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and telo-PCR (see Materials and methods and figure S8B). Measurements are from at least three 
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Figure 7: Inactivation of CTF18 and MMS21 accelerates senescence. A) short telomeres in ctf18 
and sir4 mutants. Telomere length was analyzed by TG1-3 probed Southern blot analysis 
of XhoI-digested DNA isolated from independent clones of the indicated genotypes. B) ctf18 
accelerates senescence in the absence of telomerase. Mean replicative senescence curves of est2 
(n=9) and est2∆ ctf18 (n = 10). Each clone issued from a spore colony was propagated in liquid 
culture through daily serial dilution. OD600 was measured every day to estimate the cell density 
reached in 24 h. PD numbers were estimated from the initial spores. Error bars are SDs. B) 
mms21∆Ct accelerates senescence. Mean replicative senescence curves of est2 (n=3) and est2∆ 
mms21∆Ct (n = 8). Error bars are SDs.
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Supplementary Figure 1: In vivo ChEC with Cdc13- and free-MN. (A) Duplicate with 
independently isolated clones of the ChEC analysis shown in Figure 1C. (B) Interstitial 
telomeric sequences are resistant to Cdc13-MN cleavage in G1 cells. Cells in the right 
panel were arrested for 90 minutes with -factor prior to permeabilization and 
incubation with Ca2+ for the indicated times and compared with cells from an 
asynchronous culture (left panel). -factor were added in all buffers of the ChEC assay to 
prevent G1 exit during incubations.
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Supplementary Figure 2: Repartition of the LacI*-GFP foci into three equal areas of 
the nucleus marked by GFP-Nup49. Cells from asynchronous cultures were classified 
as G1 (no bud), early S (tiny buds) and mid/late S (medium to large buds with a 
nucleus at the center of the mother cell). n=107 (TG0bp/G1), n= 96 (TG0bp early S), 
n=135 (TG0bp, mid-late S), n=124 (TG300bp, G1), n=95 (TG300bp, early S), n=132 
(TG300bp, mid-late S) from two independent clones for each genotype.
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Supplementary Figure 3: In vivo ChEC with Nup2-MN. (A) comparison of the cleavage 
profiles with Nup84-MN (left panel) and Nup2-MN (right). The position of the cleavage sites 
relative to the ITS are defined according to the map of the fragment. (B) Comparison of in 

vivo Nup2 and free-MN ChEC products. Nup2-MN specific cleavages are marked by red stars. 
(C) Comparison of in vivo Nup2-MN ChEC cleavage products in cells carrying ITS (300bp) and 
ITS-mod (300bp-mod). (D) Comparison of in vivo Nup2 and free-MN ChEC products in cells of 
the indicated genotype.
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Supplementary Figure 4: Interaction of natural telomeres with the NPCS. (A) The DNA 
samples used in Figure 2A were digested with SalI and PmlI. The southern blot was 
hybridized with a radiolabelled probe hybridizing to a 5,8 kb portion of the genome with 
no known barrier to replication fork progression (schematized on the right).  (C) In vivo 
ChEC with Nup84-MN in clones of the indicated genotypes. Southern blot analysis of the 
cleavage revealed with a Y’ radiolabelled probe.
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Supplementary Figure 5: Resection and SUMOylation, but not recombination, 
are important factors of the relocalization to NPCs. (A-D) Southern blot analysis 
of in vivo Nup2-MN ChEC cleavage products in WT and mutants of the indicated 
genotypes.
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Supplementary Figure 6: Sir4 is required for the contact between ITS and NPCs. (A) 
Southern blot analysis of in vivo Nup2-MN ChEC cleavage products in WT and sir4∆ cells. The 
three sir4∆ panels correspond to three independent clones. (B) The interstitial telomeric 

sequence did not silenced the flanked URA3 gene. Increasing length of ITS did not affect the 
growth rate in the absence of uracil nor permitted the growth on plates containing 5-
Fluoroorotic acid, a poison for URA3 expressing cells.
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Supplementary Figure 7: Ctf18 is required for anchoring to NPCs. (A) Southern blot analysis of in vivo 
Nup84-MNase ChEC cleavage products in WT and nup170 cells. (B) Quantification of Nup84-MNase 
cleavage products at different times of Ca2+ incubation in two independent WT and nup170∆ clones. 
qPCR efficiencies were normalized with qPCR at an ARO1 locus. (C) Southern blot analysis of in vivo 
Nup84-MNase ChEC cleavage products in WT and ctf18∆ cells. The two ctf18∆ panels correspond to 
independent clones. 
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Supplementary Figure 8: ITS confers instability and fragility. (A) WT cells showing either 
expansion or contraction of the ITS were sequenced after ITS amplification by PCR. Compared 
to the original sequence, expansion corresponded to short duplications within the ITS (blue 

boxes). Contraction corresponded to short deletions within the ITS (dashed lines). Both 
occurred in the first half of the ITS sequence. (B) red colonies from the fragility assay were 
submitted to TeloPCR with appropriate primers to amplify de novo telomere at the ITS. 
Sequences of the PCR fragment were aligned to the parental ITS sequence. The blue to orange 
transition marks the point of divergence with the parental sequence and the orange the 
length of the added de novo telomeres.



Supplementary table 1: strains used in this study 
 

Strain name Genotype Origin 
 

W1588 
 
 

W1588 
 

MNY1689 
 

MNY1695 
 

MNY1699 
 

MNY1702 
 
 
 

MNY1709 
 
 
 

MNY2217 
 

MNY1737 
 

MAJY182 
 

MNY2210 
 

MNY1769 
 

MNY1768 
 

MNY1885 
 

MNY1862 
 

MNY1865 
 

 
MNY1882 

 
MNY1870 

 
MNY1873 

 
MNY1894 

 
MNY 1888 

 
MDY401 

 
MNY1891 

 
MNY213 

 
MAHY219 

 

 
MATα ade2-1 can1-100 his3-11,15 leu2-3-112 trp1-1 ura3 rad5-
G535R   
 
MATα ade2-1 can1-100 his3-11,15 leu2-3-112 trp1-1 ura3 RAD5  
 
MATα ARS607-∆His2-tRNA::URA3-0bp  
 
MATα ARS607-∆His2-tRNA::URA3-TG1-3 300bp  
 
MATα ARS607-∆His2-tRNA::URA3-TG1-2 300bp-mod  
 
ARS607-∆His2-tRNA::URA3-TG0bp GFP-NUP49  leu2 ::LacI**-
GFP::LEU2   Chr6int::lacop-lexAop-TRP1 (Chr6int is 272 bp 
upstream ARS607) 
 
ARS607-∆His2-tRNA::URA3- TG1-3 300bp  GFP-NUP49  
leu2 ::LacI**-GFP::LEU2   Chr6int::lacop-lexAop-TRP1 (Chr6int is 
272 bp upstream ARS607) 
 
ARS607-∆His2-tRNA::URA3-TG1-3 300bp sir4 ::TRP1 
 
ARS607-∆His2-tRNA::URA3-TG1-3 300bp rad5 ::TRP1 
 
ARS607-∆His2-tRNA::URA3-TG1-3 300bp mre11 ::HIS3 
 
ARS607-∆His2-tRNA::URA3-TG1-3 300bp ctf18 ::KAN 
 
MATalpha ARS607-∆His2-tRNA::URA3-0bp NUP2-MNase::HPH 
 
MATa  ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
 
 ARS607-∆His2-tRNA::URA3 TG1-2 300bp-mod NUP2-MNase::HPH 
 
MATalpha ARS607-∆His2-tRNA::URA3-0bp NUP84-MNase::HPH  
 
MATalpha ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-
MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-2 300pb-mod NUP84-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-3 0bp RAP1-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp RAP1-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-2 300bp-mod RAP1-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-3 0pb CDC13-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300pb CDC13-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-2 300bp-mod CDC13-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-2 300bp RFA1-MNase::HPH 
 
ARS607-∆His2-tRNA::URA3 TG1-2 300bp-mod RFA1-MNase::HPH 
 

 
 
 
 
 
 

This study 
 

This study 
 

This study 
 

This study 
 
 
 

This study 
 
 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 
 

  This study 
 

   This study 
 

This study 
 

This study 
 
 

This study 
 

This study 
 

This study 
 

This study 
 

   This study 
 

This study 
 

This study 
 

This study 
 

This study 
 



 
MNY1773 

 
 

DCY6E4 
 

DCY6E9 
 

MAHY111 
 
 

MAHY183 
 
 

MNY1785 
 
  

MNY1826 
 
 

MNY1832 
 
 

MNY1815 
 
 

MAHY28 
 
 

MAHY45 
 
 

PP3570 
 

MNY1796 
 
 

NEB142-7C 
 

MNY1801 
 
 

MNY1810 
 
 

MNY2187 
 
 

DCY6H4 
 
 

DCY6G8 
 
 

DCY6H7 
 
 

MNY2214 
 
 

 
MATalpha ARS607-∆His2-tRNA::URA3-300bp HIS3::REB1p-MNase-
NLS 
 
NUP84-MNase::HPH esc1::TRP1 
 
NUP84-MNase::HPH leu2::mps3∆75-150-LEU2 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
leu2::mps3∆75-150-LEU2 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
ars608::HIS3 ars609::TRP1 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
slx8::KanMx 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
rad51::LEU2 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
rad5::TRP1 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
rad59::KanMx 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
mms21∆Ct-myc::TRP1 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
mre11::HIS3 
 
rfa1-4KR (K170, 180, 411, 427) 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH rfa1-
4KR (K170, 180, 411, 427) 
 
rad52-K43,44,253R 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH rad52-
K43,44,253R 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP2-MNase::HPH 
uls1::TRP1 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH 
sir4::TRP1 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH 
ctf18::KAN 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH 
nup170::KAN 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH 
mrc1::NAT 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH mrc1-
AQ::LEU2 
 

 
This study 

 
 

This study 
 

This study 
 

This study 
 
 

This study 
 
 

This study 
 

 
This study 

 
 

This study 
 
 

This study 
 
 

This study 
 
 
Dhingra et al 

2019 
This study 

 
 

Charifi et al. 
2021 

This study 
 
 

This study 
 
 

This study 
 
 

This study 
 
 

This study 
 
 

This study 
 
 

This study 
 
 

Petela et al., 
2018 

 



 
K20571 

 
 

MNY2199 
 
 

MPY22 
 

MPY25 
 

MPY37 
 

MPY33 
 

MPY98 
 

MPY70 
 

MAHY309 
 

MNY1830 
 

MAHY377 

 
scc2-45 L545P D575G::NAT  SCC1-Pk9::TRP1 
 
 
ARS607-∆His2-tRNA::URA3 TG1-3 300bp NUP84-MNase::HPH scc2-
45 L545P D575G::NAT   
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-mod-ADE2 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 rfa1-D228Y 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 rad5::TRP1 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 ctf18::KAN 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 sir4 ::TRP1 
 
ade1::NAT ARS922-URA3-TG1-3 300bp-ADE2 mre11::HIS3 
 
MATa/MATa EST2/est2::LEU2 MMS21/mms21∆Ct-myc ::TRP1 
 
MATa/MATa EST2/est2::LEU2 CTF18/ctf18 ::KAN 
 
 

 
This study 
 
 

This study 
 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 
 

This study 

 
Yeast strains used in this study.  Strains are derivatives of W303-1A (MATa BAR1 LYS2 ade2-1 can1-100 
ura3-1 his3-11,15 leu2-3, 112 trp1-1 rad5-535) (Thomas and Rothstein, 1989) or W1588 (RAD5). 
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