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Abstract 19 

Telomeres pose challenges during replication, with converging forks unlikely to resolve 20 

issues. Depleting TRF1 results in fragile telomeres, yet its exact role in telomere 21 

replication remains unclear. In our cellular model, insufficient TRF1 density at long 22 

telomeres leads to telomere fragility that is alleviated by restoring telomeric TRF1 23 

levels. Our findings indicate that TRF1 mitigates lagging strand telomere fragility 24 

through fork reversal in a process involving telomerase activity, rather than merely 25 

alleviating fork barriers. Additionally, TFIIH, a crucial partner of TRF1, aids in restarting 26 

replication on the leading strand after fork reversal. When fork reversal is 27 

compromised, PrimPol-mediated repriming rescues fragility at leading strand 28 

telomeres, revealing a new role for this enzyme in human telomere replication. Lastly, 29 

our findings indicate that the TRF1-mediated decrease in telomere fragility is 30 

dependent on RNA:DNA hybrids, likely facilitating fork restart. 31 

 32 
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Introduction  33 

Human chromosome ends consist of approximately 10-15 kilobases of TTAGGG 34 

duplex repeats, ending with a 3’ overhang of about 100 to 300 nucleotides. The 35 

shelterin complex, composed of TRF1, TRF2, RAP1, TIN2, TPP1, and POT1, binds 36 

telomeres and fulfills important functions, such as inhibiting DNA repair pathways or 37 

facilitating telomeric DNA replication 1. Telomeric DNA sequences are indeed hard-to-38 

replicate regions prone to replication fork stalling due to their highly repetitive nature 39 

and various obstacles that impede fork progression, such as G-quadruplexes (G4s), 40 

persistent RNA:DNA hybrids, protein-DNA associations, i-loops or t-loops 2. The 41 

replication-related defects observed in mammalian telomeres resemble those seen in 42 

aphidicolin-induced common fragile sites. These defects manifest as abnormal FISH 43 

signals on metaphase chromosomes, making them easily detectable using FISH 44 

approaches 2,3. As telomere replication generally initiates from a single origin in the 45 

subtelomeric region and proceeds unidirectionally towards the chromosome end, 46 

careful regulation is required to manage potential replication fork stalling at telomeres, 47 

given that converging distal forks for rescue are unlikely 4. Stalled replication forks can 48 

regress into four-way structures called reversed forks, which are thought to be a 49 

common response to replication stress, mediated by the coordinated action of various 50 

enzymes, including DNA translocases such as SMARCAL1, ZRANB3 or HLTF 5. Fork 51 

reversal has been documented at both yeast and mammalian telomeres 6–9, 52 

underscoring the essential role of SMARCAL1 in telomere maintenance — a role not 53 

shared by ZRANB3 or HLTF 10.  54 

In addition to fork reversal, other mechanisms, such as repriming and translesion DNA 55 

synthesis also play a role in restarting compromised replication forks in the genome 11.  56 

Aberrant processing of stalled replication forks can lead to one-ended double-strand 57 

breaks (DSBs) that might be repaired through the break-induced replication (BIR) 58 

mechanism 12. All these processes have been observed at telomeres, particularly in 59 

ALT-positive (ALT+) cells, which maintain telomeres independently of telomerase 60 

through BIR-like recombination-dependent mechanisms 13–15. Translesion DNA 61 

polymerases, such as Polη, also play crucial roles in managing replication stress at 62 

ALT telomeres 16.  63 

Telomeric DNA replication requires the action of several enzymes to prevent or recover 64 

from fork stalling, including shelterin proteins, nucleases, helicases, and DNA repair 65 
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factors 2. The telomere replication-promoting activity of the mammalian shelterin 66 

complex depends mainly on TRF1 and is proposed to rely on its ability to recruit DNA 67 

helicases, such as BLM, WRN and RTEL1 3,17–19. In turn, RTEL1 helicase interacts 68 

with TRF2 to promote t-loop disassembly in S-phase 20. Recently, TFIIH has been 69 

identified as a new factor recruited by TRF1 to promote both leading and lagging 70 

telomere replication, although the underlying mechanism remains unknown 21.  71 

Several studies have suggested that telomere replication stress correlates with 72 

telomere length 22–24. Telomere elongation, through ectopic telomerase 73 

overexpression in human embryonic stem cells, induces fragile telomeres 22. Although 74 

the underlying causes of this increased fragility were not investigated, this 75 

phenomenon could be due to an increased density of G4 structures at excessively long 76 

telomeres 25. Alternatively, aligning with the idea that cellular levels of the fission yeast 77 

TRF1 homolog, Taz1, are likely insufficient to cover the entire length of the long 78 

telomeres in rap1Δ cells 26, long mammalian telomeres might be less effectively 79 

covered by shelterin. Supporting this hypothesis, it has been suggested that the 80 

endogenous levels of TRF1 in mouse embryonic fibroblasts (MEFs) may be insufficient 81 

to fully prevent replication issues at telomeres, explaining why TRF1 overexpression 82 

in wild-type MEFs reduces the baseline level of fragile telomeres 21. 83 

In this study, we aim to further elucidate the mechanisms used by human cells to 84 

replicate long telomeres and the role of TRF1 in this process. To tackle this issue, we 85 

analyzed isogenic cell lines which exhibit different endogenous telomerase expression 86 

and vary in telomere length. We found increased levels of replication stress specifically 87 

at longer telomeres, which we linked to TRF1 undersaturation. Restoring TRF1 levels 88 

at telomeres alleviated fragility through mechanisms involving fork reversal and 89 

telomerase activity. Surprisingly, we additionally observed that TRF1's ability to 90 

suppress telomere fragility depends on RNA:DNA hybrids, highlighting a beneficial role 91 

of RNA:DNA hybrids in maintaining telomere stability. These findings collectively 92 

indicate that TRF1 primarily facilitates fork repair mechanisms instead of removing 93 

replication barriers. Finally, our work revealed a role for PrimPol-mediated repriming in 94 

alleviating fragility at leading strand telomeres when fork reversal is compromised. 95 

 96 

Results  97 
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 Telomere replication defects are linked to telomere length 98 

To explore whether telomere length affects replication stress at human 99 

telomeres without using the non-physiological approach of ectopic telomerase 100 

overexpression, we took advantage of isogenic post-crisis survivor clones with different 101 

telomere lengths. Briefly, eight post-crisis survivor clones (PCS-1 to PCS-8) were 102 

isolated after seeding pre-crisis IMR90 cells expressing the E6 and E7 oncogenes from 103 

human papillomavirus. These clones exhibited varying levels of telomerase activity 104 

(Fig.1A) upon spontaneous reactivation of telomerase (Supplementary Fig.1A). Clones 105 

PCS-1, PCS-2 and PCS-7 showed higher expression of hTERT mRNA and longer 106 

telomeres (Supplementary Fig.1A-B). Whole genome sequencing analysis of PCS 107 

clones identified a translocation event between the hTERT gene promoter and the 108 

AHRR locus, located 815 kb from the hTERT gene, near to the 5p telomere 109 

(Supplementary Fig.1C). The hTERT promoter rearrangement was detected in all PCS 110 

clones, alongside the presence of wild-type hTERT promoter sequences 111 

(Supplementary Fig.1C). This suggests the emergence of a single survivor from 112 

IMR90E6/E7 cell crisis, followed by the isolation of eight colonies during the procedure. 113 

For our study, we selected the PCS-2 clone with long telomeres (~11 kb), 114 

designated as PCSLT, and the PCS-3 clone with shorter telomeres (~4 kb), designated 115 

as PCSST (Fig.1B and Supplementary Fig.1B). Although the reasons for varying hTERT 116 

expression among PCS clones with the same promoter rearrangement are unclear, 117 

the PCSLT clone displayed more activation marks (H3Ac) on the rearranged hTERT 118 

promoter compared to the PCSST clone (Supplementary Fig.1D). Importantly, the 119 

hTERT expression levels in PCSLT and PCSST mirror those observed in cancer cells 120 

that spontaneously reactivated telomerase, such as, respectively, HT1080 or HeLa 121 

cells (Fig.1C).  122 

The conventional approach to detect replication stress at telomeres involves 123 

observing abnormal telomeric structures in metaphase chromosomes, such as multiple 124 

signal foci, using a telomeric FISH probe 2. Our FISH analysis indicated that longer 125 

telomeres in PCSLT show a higher incidence of fragile telomeres (Fig.1D). However, 126 

the fragility observed was less pronounced compared to U2OS/ALT+ or IMRB/ALT+ 127 

cells (Fig.1D) which, as previously described, exhibit heightened levels of replication 128 

stress and telomere fragility linked to a conservative BIR-like mechanism used to 129 

maintain telomeres in the absence of telomerase 13,14,27,28. Over-elongated telomeres 130 

experiencing replication stress have been previously associated with the formation of 131 



 5 

C-circle (CC)-like molecules 22,24. Using the CC assay (CCA) 29, we observed that 132 

PCSST cells tested negative, whereas PCSLT cells exhibited detectable signals, albeit 133 

at lower levels compared to IMRB/ALT+ cells used as positive controls (Fig.1E).  134 

Next, to determine if the replication stress observed in PCSLT cells is related to 135 

the presence of long telomeres, we elongated the telomeres of PCSST cells by 136 

transducing them with a construct that enables hTERT overexpression 137 

(Supplementary Fig.1E). As expected, telomerase overexpression gradually 138 

lengthened PCSST telomeres (Fig.1F) and PCSST-hTERT cells became CCA-positive 139 

at PD40 (Fig.1F). Additionally, these cells exhibited increased telomere fragility as 140 

telomere length increased (Fig.1G), consistent with an impact of telomere length on 141 

fragility.  142 

These findings highlight the value of the isogenic PCSLT/PCSST model cell lines 143 

for studying responses to telomeric replication stress. 144 

 145 

PCSLT cells do not engage into BIR and ALT activities 146 

Because PCSLT telomeres share features with ALT telomeres, such as telomere 147 

fragility and CCA positivity, both of which are outcomes of BIR activity at ALT telomeres 148 

28,30, we explored whether PCSLT cells undergo BIR to maintain their telomeres.  149 

To assess the activation of BIR at PCSLT telomeres, we first compared fragility 150 

levels detected using FISH and CO-FISH techniques. Since BIR involves conservative 151 

DNA replication, fragility associated with BIR cannot be detected using CO-FISH, 152 

where newly replicated strands are degraded 13. About 7-8% of telomeres showed 153 

fragility when analyzed using FISH in both U2OS/ALT+ and IMRB/ALT+ cells (Fig.2A). 154 

In contrast, CO-FISH detected fragility in only 2-3% of telomeres in these cells (Fig.2A). 155 

Conversely, telomere fragility in PCSLT cells was not reduced when evaluated by CO-156 

FISH compared to FISH (Fig.2A), indicating the absence of BIR-dependent replication 157 

at PCSLT telomeres. Additionally, CO-FISH revealed fragility in both leading and 158 

lagging strand telomeres of PCSLT cells (Fig.2B).  159 

CC production in ALT+ cells is associated with POLD3-dependent telomere 160 

elongation during BIR 30. Although, as expected, depletion of POLD3 reduced CC 161 

levels in U2OS/ALT+ cells, it had no impact on CC levels in PCSLT cells, providing 162 

additional evidence of the absence of BIR-related telomeric DNA synthesis in these 163 

cells (Fig.2C and Supplementary Fig.2A).  164 
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The co-localization of telomeres with PML bodies, known as ALT-associated 165 

PML bodies (APBs), serves as an additional marker of ALT+ cells 15. In ALT+ cells, BIR 166 

takes place in PML bodies during the G2/M phase and is detected using the ALT 167 

telomere synthesis in APBs (ATSA) assay 30. Although APB frequency was elevated 168 

in PCSLT cells compared to PCSST (Supplementary Fig.2B), ATSA assay confirmed 169 

that PCSLT cells do not engage the BIR mechanism observed in ALT+ cells for telomere 170 

elongation as rare EdU+ telomeric signals were observed in PCSLT PML bodies 171 

(Supplementary Fig.2C). In contrast, U2OS/ALT+ cells demonstrated active telomeric 172 

DNA synthesis in APBs during G2 phase (Supplementary Fig.2C). In U2OS/ALT+ cells, 173 

consistent with the role of BLM helicase in telomere clustering and ALT telomere 174 

synthesis within APBs 30–32, BLM co-localized with APBs (Fig.2D). Conversely, BLM 175 

was not associated with PML body-localized telomeres in PCSLT cells (Fig.2D). While 176 

PML is also required for CC production in ALT+ cells 31, depletion of PML only slightly 177 

decreased C-circle levels in PCSLT cells (Supplementary Fig.2D-E) suggesting those 178 

C-circle signals and APBs differ from the ones observed in ALT+ cells. Additionally, 179 

other ALT markers, such as telomeric sister chromatid exchanges (T-SCEs) 15 and 180 

single-stranded C-rich telomeric DNA (ssTeloC) 31,33, did not show increased levels in 181 

PCSLT cells compared to PCSST (Fig.2E-F).  182 

Overall, our results indicate that, although PCSLT cells exhibit some ALT-like 183 

characteristics, their telomeres do not undergo BIR. These findings align with previous 184 

studies demonstrating that telomerase-expressing cell lines with long telomeres exhibit 185 

a low frequency of APB-like foci and extra-chromosomal telomeric repeats (ECTRs) 186 

including CC 22–24. However, PCSLT cells appear to be predisposed to ALT, as 187 

evidenced by increased PML and BLM recruitment to PCSLT telomeres upon ATRX 188 

depletion, and induction of ssTeloC signals (Supplementary Fig.2F-I). 189 

 190 

PCSLT telomeres exhibit replication-related damages 191 

PCSLT telomeres do not undergo BIR but show fragility. Even if their molecular 192 

nature remains unknown, fragile telomeres are an indicator of replication defects at 193 

telomeres. In addition to BIR, single-strand DNA (ssDNA) gaps, that form 194 

uncondensed regions, or internal telomeric loops -both associated with replication 195 

stress- have been proposed to contribute to fragile telomeres 28,34. To further 196 

investigate chronic telomeric replication stress in PCSLT cells, we therefore examined 197 
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the presence of various markers linked to replication stress-induced DNA damage and 198 

repair responses. RPA32-S33 phosphorylation, a reliable marker of replication stress 199 

induced by ATR activation 35, was significantly higher in the PCSLT cells compared to 200 

PCSST (Fig.3A). The single-stranded DNA (ssDNA) binding protein RPA acts as an 201 

initial responder to stalled replication forks, and its phosphorylated form can regulate 202 

the formation of RAD51 filaments 36. Supporting the elevated replication stress at 203 

PCSLT telomeres, we observed an increased recruitment of both RAD51 and RPA 204 

proteins to the telomeres (Fig.3B). Moreover, RAD51 depletion in PCSLT cells led to 205 

an increase in their CC levels (Supplementary Fig.3A-B) and reduced cell viability more 206 

significantly than in PCSST cells (Fig.3C). Increased levels of RPA and pRPA, along 207 

with the telomeric recruitment of RPA and RAD51, have also been observed in PCSST-208 

hTERT cells at later PD, further reinforcing the link between replication stress and long 209 

telomeres (Supplementary Fig.3C-D). Finally, consistent with FANCM’s role as a key 210 

suppressor of telomeric DNA replication stress 37,38, FANCM depletion significantly 211 

increased CC signal intensity and telomere fragility on both strands in these cells 212 

(Fig.3D-E and Supplementary Fig.3E). 213 

ssDNA nicks and gaps are intricately associated with replication stress, 214 

functioning as both triggers and manifestations of this stress. Accordingly, alkaline gel 215 

electrophoresis showed an increase in shorter telomeric DNA fragments when probing 216 

with either G-rich or C-rich probes in PCSLT cells (Fig.3F and Supplementary Fig.3F). 217 

This suggests the accumulation of SSBs at PCSLT telomeres and supports the fragility 218 

observed on both strands. Additionally, i-loops, linked to the formation of t-circles in 219 

response to nicks and ssDNA gaps 34, were detected at PCSLT, but not PCSST, 220 

telomeres (Fig.3G).  221 

Collectively, these findings indicate that PCSLT telomeres undergo chronic 222 

replication stress, resulting in the accumulation of ssDNA gaps and increased fragility 223 

at the telomeres. 224 

 225 

 Removal of RNA:DNA hybrids increases PCSLT telomere fragility 226 

 Our next objective was to identify the source of fragility at PCSLT telomeres. 227 

Earlier research has documented that ectopic TERRA expression disrupts telomere 228 

replication and increases telomere fragility through RNA:DNA hybrid formation, a 229 

phenomenon that can be mitigated by RNaseH1 (RH1) overexpression 39. Initially, we 230 

assessed the levels of telomeric (UUAGGG) RNA:DNA hybrids in PCSST and PCSLT 231 
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cells using DNA:RNA Immunoprecipitation (DRIP) 40. Our results showed that 232 

telomeric RNA:DNA hybrids tended to be more abundant at PCSLT telomeres (Fig.4A).  233 

We therefore tested whether removing telomeric RNA:DNA hybrids through RH1 234 

overexpression could reduce the observed telomere fragility in PCSLT cells. 235 

Unexpectedly however, while RH1 overexpression in PCSLT cells effectively eliminated 236 

these hybrids (Fig.4B and Supplementary Fig.4A-B), it markedly augmented telomere 237 

fragility on the leading strand (Fig.4C). In contrast, overexpression of a catalytically 238 

inactive (RH1-CD) enzyme showed no such effect (Fig.4C). Consequently, the 239 

recruitment of both RAD51 and RPA at PCSLT telomeres was enhanced after RH1 240 

overexpression, but not following RH1-CD overexpression (Fig.4D).  241 

These observations suggest that telomeric RNA:DNA hybrids are probably not 242 

the cause of PCSLT telomere fragility. Instead, they may arise as a consequence of 243 

telomeric replication stress and contribute to the cellular response to it. 244 

 245 

Restored TRF1 levels at PCSLT telomeres mitigate telomere fragility  246 

It has been proposed that TRF1 undersaturation at long telomeres could 247 

contribute to replication stress 21,26. Consequently, we hypothesized that TRF1 levels 248 

may be insufficient at long telomeres of PCSLT cells. Supporting this hypothesis, 249 

chromatin immunoprecipitation experiments showed a decreased density of TRF1 at 250 

PCSLT telomeres compared to PCSST telomeres (Fig.5A and Supplementary Fig.5A).  251 

To investigate TRF1 undersaturation as a cause of PCSLT telomere fragility, we 252 

transduced PCSLT cells with a construct enabling TRF1 overexpression 253 

(Supplementary Fig.5B-C). This overexpression effectively restored telomeric TRF1 254 

levels in PCSLT cells to levels comparable to those observed at PCSST telomeres 255 

(Fig.5A). Remarkably, achieving full TRF1 saturation at PCSLT telomeres reduced 256 

telomere fragility on both leading and lagging strands to levels comparable to those 257 

seen in PCSST cells. In contrast, TRF1 overexpression had no impact on telomere 258 

fragility in PCSST cells (Fig.5B-C and Supplementary Fig.5D). 259 

In agreement with previous observations 41, restoring TRF1 saturation at PCSLT 260 

telomeres tended to decrease telomeric RNA:DNA hybrids (Supplementary Fig.5E). 261 

However, restoring TRF1 levels did not provide resistance to RH1 overexpression. 262 

Instead, we observed that RH1 overexpression negated the protective effect of TRF1 263 

on telomere fragility on both strands (Fig.5B-C and Supplementary Fig.5D), suggesting 264 

that the TRF1-dependent repression of telomere fragility requires RNA:DNA hybrids.  265 
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 266 

Replication stress markers persist at PCSLT-TRF1 telomeres 267 

While RNA:DNA hybrids are often considered harmful due to their interference 268 

with DNA replication promoting genome instability 42, RNA:DNA hybrids and active 269 

transcription also play a positive role in HR-mediated repair of DSBs 43,44, Ku-mediated 270 

fork protection 45, replication (re)priming or restart 46–48, and protection of reversed forks 271 

against excessive DNA resection 49,50. At telomeres, telomeric RNA:DNA hybrids have 272 

been proposed to stimulate HR-dependent processes 51. Since we found RNA:DNA 273 

hybrids to be essential for TRF1’s ability to reduce telomere fragility, we hypothesized 274 

that TRF1, instead of alleviating fork barriers, may slow down fork progression and 275 

facilitate the resumption of telomeric DNA replication at stalled forks in a process 276 

requiring RNA:DNA hybrids.  277 

To test whether PCSLT-TRF1 telomeres still experience fork stalling, we first 278 

examined whether replication stress markers persisted in PCSLT cells overexpressing 279 

TRF1 (Supplementary Fig.6A-B). Accordingly, we observed similar RPA and pRPA 280 

levels (Fig.6A) and comparable recruitment of RAD51 and RPA at telomeres (Fig.6B). 281 

Similarly, CCA signals (Fig.6C) and APB-like structures (Fig.6D) remained unchanged 282 

in PCSLT cells with restored telomeric TRF1 density. To further assess the impact of 283 

TRF1 on fork stalling, we examined the effect of TRF1 overexpression on the structure 284 

of replication forks traveling through the telomeric repeats of the SV40 mini-285 

chromosome. As previously reported, the inclusion of telomeric DNA in an SV40 mini-286 

chromosome amplifies the cone signal observed on two-dimensional gel 287 

electrophoresis, indicative of fork reversal 9 (Fig.6E and Supplementary Fig.6C). Our 288 

results revealed that TRF1 overexpression slightly enhanced the cone signal in the 289 

SV40 mini-chromosome containing telomeric DNA, while no such increase was 290 

observed in the SV40 mini-chromosome lacking telomeric repeats (Fig.6E). This 291 

suggests that TRF1 does not supress telomeric fork reversal under these experimental 292 

conditions.  293 

 294 

TRF1 requires fork reversal to repress lagging telomere fragility  295 

After demonstrating that TRF1 does not suppress fork reversal in the SV40 mini-296 

chromosome assay, we next investigated whether fork reversal is essential for TRF1's 297 

ability to safeguard telomeres from fragility. Although this may initially seem 298 

counterintuitive, it may be consistent with findings showing that fork slowing/reversal 299 
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efficiently promotes replication fork stabilization and restart, contributing to the 300 

maintenance of genome stability  52–55,.  301 

SMARCAL1 is the primary DNA translocase recruited to stalled replication forks 302 

at telomeres to aid in their repair and resumption via fork reversal 10. Consistent with 303 

our hypothesis, TRF1's capacity to prevent fragility on the lagging strand telomere was 304 

completely eliminated when SMARCAL1 was depleted, whereas fragility at the leading 305 

strand telomeres remained unchanged (Fig.6F and Supplementary Fig.6D). Previous 306 

studies in yeast and mammals have reported that telomerase activity contributes to the 307 

management of reversed telomeric forks 6–9. Further supporting the role of fork reversal 308 

in ensuring TRF1's function in preventing fragility on the lagging strand telomere, we 309 

observed that treatment with the BIBR telomerase inhibitor produced effects similar to 310 

SMARCAL1 depletion in PCSLT-TRF1 cells (Fig.6F).  Importantly, we found that 311 

telomerase activity inhibition and repression of fork reversal act through the same 312 

pathway, as indicated by their epistatic relationship (Fig.6F).  313 

Finally, given the role of PARP1 in promoting fork reversal 56, we tested whether 314 

inhibiting PARP1 with olaparib could mimic the effects of SMARCAL1 depletion or 315 

telomerase activity inhibition on PCSLT-TRF1 telomere fragility. In contrast to the 316 

results observed in SMARCAL1-depleted PCSLT-TRF1 cells, where increased fragility 317 

was specifically observed on the lagging strand and not the leading strand, olaparib 318 

treatment reversed the protective effect of TRF1 on telomere fragility, impacting both 319 

the lagging and leading strands (Fig.6G). These results suggest that PARP1's role 320 

extends beyond promoting fork reversal and align with the demonstration that PARP1 321 

inhibitors accelerate fork elongation speed 57. In this context, the effect of PARP1 322 

mirrors the role we propose for TRF1 at telomeres, where it likely slows fork 323 

progression to help reduce genomic instability. 324 

In summary, these findings highlight TRF1's role in mitigating lagging telomere 325 

fragility through fork reversal. 326 

 327 

PrimPol rescues leading telomere fragility in PCSLT-TRF1 cells lacking 328 

SMARCAL1 329 

When fork reversal is impaired, repriming of DNA synthesis using the highly 330 

error-prone primase-polymerase PrimPol serves as an alternative pathway for 331 

restarting replication forks 58. Although PrimPol has been reported to enable DNA 332 
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replication repriming to bypass G4s 55, its role in the replication of human telomeres 333 

has not yet been established.  334 

To test whether PrimPol-dependent repriming was used by SMARCAL1-335 

depleted PCSLT-TRF1 cells, we examined the impact of PrimPol depletion and 336 

observed increased leading telomere fragility (Fig.7A and Supplementary Fig.7A-C). 337 

This suggests that, in the absence of fork reversal, PrimPol takes over in dealing with 338 

replication stress at leading telomeres. Notably, PrimPol knockdown alone did not 339 

significantly affect telomere fragility in PCSLT-TRF1 cells (Fig.7A), indicating that fork 340 

reversal, considered a higher fidelity DNA damage tolerance pathway 59, remains the 341 

primary pathway for managing fork blockage. Interestingly, in PCSLT-TRF1 cells 342 

depleted of both SMARCAL1 and PrimPol, fragility assessed by CO-FISH was high on 343 

both strands (Fig.7A and Supplementary Fig.7A-C), suggesting that BIR was still not 344 

induced under these conditions.  345 

These observations provide evidence for PrimPol's role in promoting an 346 

alternative damage tolerance pathway at SMARCAL1-depleted leading strand 347 

telomeres experiencing replication stress. 348 

 349 

TFIIH is required for TRF1 to repress leading telomere fragility  350 

Recently, TFIIH has been identified as a critical effector of TRF1, through non-351 

canonical functions of the transcription and nucleotide excision repair factor 21. 352 

Considering TFIIH's role in facilitating the assembly of the RNA PolII preinitiation 353 

complex, we hypothesized that its transcription-related activity might contribute to its 354 

reported function in supporting TRF1's role in telomere replication 21 by promoting the 355 

formation of RNA:DNA hybrids. 356 

 To investigate whether inhibiting TFIIH mimics RNAseH1 overexpression, we 357 

treated PSCLT-TRF1 cells with spironolactone (SP), an inhibitor of TFIIH. However, 358 

while we observed a significant increase in fragility of the leading strand telomere in 359 

SP-treated PCSLT-TRF1 cells, lagging strand telomere was not affected (Fig.7A). 360 

Building on our findings highlighting the role of fork reversal in mitigating fragility of the 361 

lagging strand in PCSLT-TRF1 cells, we propose that telomeres in SP-treated PCSLT-362 

TRF1 cells still undergo fork reversal and that TFIIH may be crucial for homology-363 

dependent restart to alleviate leading strand fragility (Fig.7B).  364 
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Therefore, the RNA:DNA hybrids that are required to enable TRF1's function in 365 

mitigating lagging strand telomere fragility do not depend on TFIIH and rely on still 366 

unknown mechanisms (Fig.7B).  367 

 368 

Discussion 369 

 The increased structural complexity of long telomeres and the higher incidence 370 

of replication barriers, such as G4s 25, led to suggest that long telomeres may be more 371 

susceptible to replication stress. Previous studies have supported this hypothesis by 372 

using ectopic overexpression of telomerase 22,23. Additionally, the detrimental effect of 373 

telomere length on stability is evidenced by the observation that long telomeres 374 

undergo trimming 23. In this study, we found that PCSLT cells, which have long 375 

telomeres and spontaneous reactivation of telomerase, exhibit more replication stress 376 

markers at telomeres than isogenic PCSST cells with shorter telomeres, supporting the 377 

negative impact of telomere length on telomere replication. Replication stress markers 378 

also characterize the telomeres of ALT+ cells, which maintain telomeres independently 379 

of telomerase activity through a BIR-like mechanism 13–15,27. Some markers, such as 380 

C-circles 29, are used to indicate ALT activity. CC however are also detected in PCSLT 381 

cells, consistent with findings on TEL+ cells with over-lengthened telomeres and high 382 

levels of CC 22,24. PCSLT cells exhibit additional ALT+ markers, such as the co-383 

localization of telomeres with PML bodies (APBs), also reported in some TEL+ cells 384 

with elongated telomeres 23. However, BIR is not activated at PCSLT telomeres, and 385 

no telomeric sister chromatid exchanges were detected, indicating the absence of ALT 386 

activation. Thus, caution should be exercised when using ALT markers like CC or 387 

APBs to screen for ALT activity 60, as they indicate telomeric replication stress rather 388 

than true ALT activity. 389 

 Our work indicated that telomere fragility in PCSLT cells was due to TRF1 390 

undersaturation at telomeres. The mechanism by which TRF1 facilitates telomeric 391 

DNA replication is still unclear. Initially, it was suggested that TRF1 aids telomeric 392 

replication by resolving fork barriers through the recruitment of DNA helicases like BLM 393 

3,17–19. However, the role of TRF1 in telomere replication is certainly more complex, 394 

especially given that BLM deficiency in MEFs does not induce the leading strand 395 

telomere fragility observed in the absence of TRF1 3,17. TRF1 is now proposed to 396 

engage with additional partners, such as TFIIH, to mitigate replication challenges 21.  397 



 13 

 We made the unexpected observation that TRF1 may play a role in fork 398 

restart/recovery through fork reversal, rather than removing upstream fork barriers. 399 

This is consistent with in vitro evidence showing that exogenous TRF1 and TRF2 400 

hinder DNA replication progression through telomeric repeats by acting as fork barriers 401 

61,62. Our finding that overexpressing TRF1 slightly increased the cone signals detected 402 

in 2D gels, indicative of fork reversal at telomeric repeats on the SV40 mini-403 

chromosome, further supports this notion. Along this line, replication fork slowing has 404 

recently been proposed as a mechanism to preserve genomic integrity at genomic loci 405 

prone to G4 formation 55.  This concept does not inherently contradict the idea that 406 

TRF1 may assist in fork barrier removal at some stage. It is plausible that fork reversal, 407 

by slowing down replication forks, provides an opportunity for TRF1 or other factors to 408 

remove subsequent barriers encountered during replication of the lagging strand 409 

telomere, such as G4s.  410 

 The TRF1-dependent rescue of lagging strand telomere fragility was completely 411 

lost upon SMARCAL1 depletion, while leading strand telomere fragility remained 412 

unaffected. This indicates a crucial role for fork reversal in repressing lagging strand 413 

telomere fragility. One of the main functions of fork reversal is to allow RAD51-414 

dependent shielding of arrested forks against resection 63–66. At telomeres, extensive 415 

resection of the lagging strand leads to the formation of ss G-rich DNA which, through 416 

the formation of G4 structures, can increase telomere fragility 2,17,18. Stretches of 417 

ssDNA might also lead to aberrant chromatinization/condensation resulting in a fragile 418 

telomere phenotype 3.  We therefore propose that reversed forks help mitigate lagging 419 

strand telomere fragility by shielding arrested forks from nuclease activity 5. RAD51 420 

plays a key role in fork protection in multiple ways: it not only catalyzes fork reversal 421 

but also prevents the degradation of the regressed nascent DNA arm by MRE11 and 422 

EXO1/DNA2 63–66. Additionally, RAD51 may promote strand invasion reaction for HR-423 

dependent replication resumption 67,68. Crucially, RAD51 ensures that the replicative 424 

helicase remains properly poised to the stalled fork, promoting DNA replication restart 425 

69. We hypothesize that telomerase activity aids in the formation of the necessary 3' 426 

overhang at reversed forks (Fig.7B). Although telomerase inhibition with BIBR similarly 427 

increased the fragility of mouse RTEL1-/- telomeres undergoing fork reversal, 428 

telomerase depletion had the opposite effect 6. This raises the possibility that BIBR 429 

traps TERT at reversed forks, interfering with processes required for efficient fork 430 
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restart. Thus, telomerase-independent mechanisms might be more efficient at 431 

generating the 3' overhang at reversed telomeric forks but must compete with 432 

telomerase for binding.  433 

Our data indicated that fork reversal is not an absolute requirement for TRF1's 434 

ability to repress leading strand telomere fragility as PrimPol appears to assume 435 

responsibility for leading strand telomere repriming in SMARCAL1-depleted cells. 436 

PrimPol depletion alone did not increase leading strand telomere fragility, indicating 437 

that fork reversal is the primary pathway used by PCSLT-TRF1 cells to recover from 438 

fork stalling. This provides evidence for a role of PrimPol in telomeric leading strand 439 

synthesis and supports the notion that fork reversal and fork repriming operate 440 

independently 58. Given that restoration of TRF1 telomeric levels reduces fragility on 441 

both strands, and that both fork reversal and fork repriming are used to reduce 442 

telomere fragility, TRF1 might play a role in both pathways (Fig.7B). 443 

 Our surprising finding that overexpression of RNaseH1 in PCSLT-TRF1 cells 444 

completely abolishes TRF1's ability to reduce both leading and lagging strand 445 

fragility—mimicking the effect of combined SMARCAL1 and PrimPol depletion—446 

suggests a role for RNA:DNA hybrids in both fork reversal and PrimPol-dependent 447 

repriming. We propose that telomeric RNA:DNA hybrids may both help protect 448 

reversed telomeric forks and support HR-dependent replication restart by facilitating 449 

DNA invasion. These findings are consistent with previous studies showing that 450 

RNA:DNA hybrids promote HR via an R-to-D-loop transition 70 and help protect stalled 451 

replication forks 49,50. They also align with recent evidence that telomeric RNA:DNA 452 

hybrids are induced in response to oxidative stress at telomeres—a condition that also 453 

leads to the formation of i-loops and single-strand breaks—potentially to enhance DNA 454 

damage signaling and repair 71. Their findings further suggest that telomeric RNA:DNA 455 

hybrids may contribute to the dissociation of TRF1 from telomeres 71. Thus, it is 456 

possible that TRF1 slows replication fork progression, triggering fork reversal, and that 457 

the resulting telomeric RNA:DNA hybrids facilitate TRF1 removal, enabling replication 458 

to continue. It remains to be determined whether the telomeric RNA species 459 

correspond to canonical TERRA molecules transcribed from subtelomeric promoters 460 

or are generated locally, potentially via the transcription-promoting activity of TFIIH, 461 

and whether they form in cis or in trans (Fig.7B). Alternatively, the ATPase/translocase 462 
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activity of TFIIH XPB subunit might contribute to fork restart by removing nucleosomes 463 

72, or unwinding DNA to facilitate fork recovery.  464 

In summary, our study reveals an unexpected function for TRF1 in reducing 465 

telomere fragility via fork reversal and highlights the roles of RNA:DNA hybrids in this 466 

process. Future research is needed to clarify the roles of TRF1 and RNA:DNA hybrids 467 

in stalled fork processing, and to understand how TFIIH facilitates leading strand 468 

telomere restart.  469 

 470 

Methods  471 

Post-crisis survivors. Forty million puromycin-resistant IMR90E6/E7 cells, which had 472 

grown to crisis at PD105, were seeded across twenty 15 cm dishes (2 million cells per 473 

dish). After eight weeks, cloning cylinders were used to isolate the eight individual 474 

clones, named PCS-1 through PCS-8.  475 

 476 

Cell culture procedures. U2OS, HeLa, HeLa 1.3 (kindly provided by T. de Lange, 477 

Rockefeller University, NY, USA) and HEK293T were grown in DMEM (Gibco) 478 

supplemented with 10% Fetal Bovine Serum (FBS) (Cytiva) and 1% 479 

penicillin/streptomycin (P/S) (Capricorn). HT1080 and HT1080-ST (kindly provided by 480 

J. Lingner, EPFL, Lausanne, Switzerland), IMRB (Coriell Institute for medical research, 481 

New Jersey, USA) and SW39 (kindly provided by W. Wright, UT Southwestern, Dallas, 482 

USA) SV40T-immortalized human fetal lung fibroblasts were grown in EMEM (Gibco) 483 

supplemented with 10% FBS, 1% non-essential amino acids (NEAA) (Gibco) and 1% 484 

P/S. The post-crisis survivor (PCS) and the parental IMR90E6/E7 cell lines were grown 485 

in DMEM supplemented with 15% FBS and 1% P/S. Cells were cultured at 37°C under 486 

a humidified atmosphere of 5% CO2. Mycoplasma contaminations were tested by 487 

qPCR in culture medium using mycoA/B-F/R primers listed in Supplementary Data 1.  488 

 489 

Transfections with siRNAs. siRNAs (Supplementary Data 2) were transfected at a 490 

final concentration of 125 nM, using Lipofectamine 2000 (Thermo Fisher Scientific) as 491 

per manufacturer’s instructions. Briefly, 170000 to 200000 cells (for 6-wells plates), or 492 

42500 to 50000 cells (for poly-lysine-coated coverslips), resuspended in Opti-MEM 493 
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(Gibco) medium, were used for transfections. Six hours after transfection, medium was 494 

changed.  Unless otherwise stated, cells were collected three days post-transfection.  495 

 496 

Retrovirus generation and transduction. One day after plating into T25 flasks, 497 

HEK293T cells were transfected with 1 µg of pVPack-VSV-G vector, 2 µg of pVPack-498 

GP and 6 µg of the plasmid of interest using Polyethylenimine (PEI) (Polysciences Inc). 499 

Six hours after transfection, medium was changed. Two days after transfection, the 500 

retroviral particle-containing medium was filtered through 0.45 µm filters and incubated 501 

with 8 µg/ml Polybrene (Sigma) for 20 min. Cells seeded in T25 flasks the day before 502 

transduction were then exposed to the retrovirus-containing medium for 24 h before 503 

three washes with 1X PBS. Unless otherwise stated, cells were collected and plated 504 

for experiments three days post-transduction. All plasmids used in this study are listed 505 

in Supplementary Data 3.  506 

 507 

ddTRAP. Briefly, 500000 cells were lysed on ice in NP-40 buffer (10 mM Tris–HCl pH 508 

8.0, 0.1 mM MgCl2, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) NP-40, 150 mM NaCl, 509 

0.25 mM Sodium Deoxycholate, 5 mM β-mercaptoethanol, 0.1 mM AEBSF 510 

(ThermoFischer Scientific)) for 30 min. 1 µl of the lysate at 2 µg/µl was added to 50 μl 511 

of 1X TRAP buffer (200 mM Tris–HCl, pH 8.3, 15 mM MgCl2, 2.5 mM each dNTPs, 512 

200 nM TS primer (Supplementary Data 1), and 0.4 mg/ml BSA), and extension 513 

reaction was performed by incubating the mix at 25°C for 40 min, followed by 514 

inactivation at 95°C for 5 min. For the droplet digital PCR reaction, 3 µl of the reaction 515 

mix were added to 1X EvaGreen Supermix, 50 nM TS primer, 50 nM ACX primer 516 

(Supplementary Data 1) in a 20 μl reaction. PCR program was as follows: initial 517 

denaturation for 5 min at 95°C followed by 40 cycles of 95°C/30 sec, 54°C/30 sec, and 518 

72°C/30 sec. 519 

 520 

Genomic DNA extraction. Cells were lysed in TNES buffer (10 mM Tris-HCl pH 8.0, 521 

1 mM EDTA, 0.5% SDS, 10 mM NaCl), incubated for at least 1 h with 50 µg/ml of 522 

RNase A (Thermo Scientific) at 37°C before overnight incubation in the presence of 523 

100 μg/ml proteinase K at 37°C (Merck Life Science BV). Genomic DNA was extracted 524 

with phenol-chloroform-isoamyl alcohol 25:24:1, precipitated with isopropanol and 525 

resuspended in TE (10 mM Tris-HCl pH 7.5, 1 mM EDTA).  526 

 527 
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Telomere restriction fragment (TRF) analysis. 10 μg of RNA-free genomic DNA 528 

were digested overnight with 20 U HinfI and RsaI and directly loaded on a 0.6% 529 

agarose gel. After 6 h of migration at 75 V, the gel was first subjected to a depurination 530 

step in 0.25 M HCl for 10 min and then incubated two times for 15 min in denaturation 531 

buffer (0.5 M NaOH, 1.5 M NaCl). Next, neutralization was achieved by incubating the 532 

gel twice during 15 min in 0.5 M Tris-HCl, 3 M NaCl, 1 mM EDTA, pH 7.5. Finally, the 533 

gel was incubated in 20X SSC solution (3 M NaCl, 0.3 M sodium citrate, pH 7.0) and 534 

left overnight to transfer by capillarity on a Hybond N+ nylon membrane (Cytiva). After 535 

transfer, the membrane was pre-hybridized for 1 h at 42°C in ULTRA hyb-Oligo 536 

hybridization buffer (Ambion) prior overnight incubation with the radioactive telomeric 537 

probe in the same buffer at 42°C. The C-rich telomeric probe was prepared as follows: 538 

10 μM (CCCTAA)4 telomeric sequence was denatured for 5 min at 68°C and 1 μl was 539 

used for radioactive labeling with 6 μl of [γ-32P] ATP (10 mCi/ml) (Perkin Elmer) in the 540 

presence of 10 U of T4 polynucleotide kinase (Roche) in a 20 μl-reaction mix containing 541 

1X PNK buffer; this mix was incubated for 20 min at 37°C before inactivation of the 542 

enzyme with 2 μl of 0.5 M EDTA, pH 8.0. 40 μl of 1X PNK buffer were then added to 543 

the radioactive probe before purification on a G-25 column (Cytiva). After hybridization, 544 

the membrane was washed twice with Stringent wash buffer I (2X SSC, 0.1% SDS) for 545 

5 min followed by two washes of 5 min with Stringent wash buffer II (0.2X SSC, 0.1% 546 

SDS). Signal was analyzed using Phosphorimager.  547 

 548 

C‐circle assay (CCA). 2-5 μg of RNA-free genomic DNA were digested with 20 U of 549 

HinfI and RsaI before purification using phenol-chloroform extraction. 30 ng of digested 550 

genomic DNA were resuspended in 10 μl of 10 mM Tris pH 8.0 and added to 10 μl of 551 

reaction mix (4 μg/ml BSA, 4 mM DTT, 0.1% Tween-20, 1 mM each dATP, dCTP, 552 

dGTP and dTTP, 1X Phi29 Buffer) with or without 7.5 U of Phi29 DNA polymerase 553 

(NEB). Samples were incubated at 30°C for 8 h and then at 65°C for 20 min. 554 

Amplification products were slot-blotted on a Hybond N+ nylon membrane (Cytiva). The 555 

membrane was probed as described for TRF analysis and washed once for 10 min at 556 

room temperature (RT) with Stringent wash buffer I, once for 3 min at 42°C with 557 

Stringent wash buffer II and twice for 5 min at RT with Stringent wash buffer I. Signal 558 

was analyzed as described above for TRF. 559 

 560 
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RNA extraction and qRT‐PCR. RNA was extracted using TriPure Isolation Reagent 561 

(Sigma-Aldrich) followed by chloroform extraction and precipitation with isopropanol. 562 

RNA was treated with 2 U of DNase I (ThermoFisher Scientific) for 30 min at 37°C 563 

followed by a second phenol-chloroform extraction and isopropanol precipitation. One 564 

μg of the purified RNA was reverse transcribed using MMLV-RT (ThermoFisher 565 

Scientific) and random hexamers (ThermoFisher Scientific). RNA was incubated at 566 

42°C for 1 h followed by 10 min at 95°C. cDNA was then analyzed by qPCR with the 567 

primers listed in Supplementary Data 1 using KAPA SYBR FAST (Sigma-Aldrich) with 568 

the following program: initial denaturation for 10 min at 95°C followed by 40 cycles of 569 

95°C/15 sec and 60°C/30 sec, and a last step at 95°C for 15 sec. The results were 570 

calculated according to the 2-ΔΔCt methodology and are shown as relative expression 571 

to the corresponding reference sample.  572 

 573 

Chromatin Immunoprecipitation (ChIP). Chromatin immunoprecipitation of H3Ac 574 

and H3 was carried out using OneDay ChIP kit (Diagenode) as per manufacturer’s 575 

instruction using rabbit polyclonal anti-H3 (Abcam, 1:100) and rabbit polyclonal anti-576 

H3Ac (Millipore, 1:100). Immunoprecipitated DNA was analyzed by qPCR using 577 

primers listed in Supplementary Data 1.  578 

For chromatin immunoprecipitation of TRF1, 10 million cells were harvested by 579 

trypsinization, centrifuged at 805 xg (2000 rpm) at 4 °C for 3 min, and resuspended in 580 

1% formaldehyde for 30 min at room temperature, followed by quenching with 125 mM 581 

glycine for 5 min. Cross-linked cells were centrifuged as above and pellets were 582 

resuspended in 500 µl of ChIP lysis buffer (1% SDS, 10 mM EDTA pH 8.0, 50 mM Tris-583 

HCl pH 8.0), sonicated using a Bioruptor apparatus (Diagenode) and centrifuged at 584 

maximum speed for 10 min at 4 °C. 1 mg of lysate was diluted in ChIP dilution buffer 585 

(150 mM NaCl, 20 mM Tris-HCl pH 8.0, 1% Triton X-100, 2 mM EDTA pH 8.0) to reach 586 

a total of 1ml. 100 µl of lysate were kept as input and 900 µl were incubated with 1 μg 587 

of anti-TRF1 antibody (St John’s laboratory) for 4 h at 4 °C. Immunoprecipitated 588 

complexes were isolated by incubation with 25 µl of Protein A/G magnetic beads 589 

(Thermo Scientific) at 4 °C overnight on a rotating wheel. Beads were washed four 590 

times with ChIP wash buffer (150 mM NaCl, 20 mM Tris-HCl pH 8.0, 1% Triton X-100, 591 

0.1% SDS, 2 mM EDTA pH 8.0) and once with ChIP final wash buffer (500 mM NaCl, 592 

20 mM Tris-HCl pH 8.0, 1% Triton X-100, 0.1% SDS, 2 mM EDTA pH 8.0). Beads were 593 

then incubated in 100 µl of ChIP elution buffer (1% SDS, 100 mM NaHCO3) containing 594 
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40 μg/ml RNaseA (Thermo Scientific) for 15 min at RT followed by 1 h at 37 °C before 595 

overnight incubation at 65°C for reverse cross-link. Input was treated as beads. DNA 596 

was purified using PCR purification kit (Qiagen), denatured with 0.2 M NaOH at 100°C 597 

for 10 min, cooled down directly on ice, and neutralized (6X SSC, 0.2 M Tris pH 7.4) 598 

prior slot-blotting onto a Hybond N+ nylon membrane (Cytiva) that was processed as 599 

described above for TRF.  600 

 601 

CO-FISH. Growing cells were incubated with 10 μM BrdU:BrdC (3:1) (MP Biomedicals, 602 

Sigma-Aldrich) for 16 to 20 h before metaphase arrest with 0.2 μg/ml colcemid (Roche) 603 

for 3 to 4 h. For experiments on transduced cells, cells were plated three days after 604 

transduction. For experiments on transfected cells, BrdU/BrdC was added 52 h after 605 

transfection. For experiments with BIBR, PARP inhibitor or spironolactone (SP), 15 µM 606 

of BIBR (Sigma), 5 µM of olaparib (Axon Medchem) or 60 µM of SP (Sigma) were 607 

added, respectively, 48 h, 48 h or 25 h, prior to BrdU/BrdC addition. Cells were then 608 

subjected to hypotonic shock with 75 mM KCl at 37°C for 30 min before fixation with 609 

methanol:acetic acid solution (3:1, v/v). Metaphase spreads were prepared by 610 

dropping the cell suspensions onto Superfrost slides (VWR) before overnight drying in 611 

the dark. The slides were then rehydrated in 1X PBS and treated with 100 µg/ml RNase 612 

A (Merck Life Science BV) in 1X PBS for 10 min at 37°C before incubation with 0.05 613 

μg/ml Hoechst 33258 (Sigma) for 15 min at RT and exposition to 365-nm UV light 614 

(Stratalinker 1800UV irradiator; crosslink at energy=5.4×103J/m2). The BrdU/BrdC-615 

substituted DNA strand was digested with 150 U of Exonuclease III (NEB) for 5 min at 616 

RT, followed by 20 min at 37°C and 5 min at RT. After dehydration in ethanol series 617 

(70, 90 and 100%), the slides were first hybridized with a TeloC PNA probe in 618 

Hybridization solution I (0.5 µg/ml TelC-FITC probe (Panagene- FITC-OO-ccc taa ccc 619 

taa ccc taa), 70% deionized formamide (Bio Science), 20 mM Tris pH 7.4, 1X Blocking 620 

agent (Sigma-Aldrich)) for 3 min at 83°C, followed by 1.5 h at RT. After a first wash for 621 

5 min in PNA-Wash buffer (70% formamide (Bio Science), 20 mM Tris–HCl pH 7.4), 622 

and a second one, for 5 min, in FISH-Wash II buffer (150 mM NaCl, 0.05% Tween-20, 623 

50 mM Tris–HCl pH 7.4), the slides were dehydrated again using the ethanol series 624 

(70, 90 and 100%). Subsequently, the slides were incubated at RT for 1.5 h with the 625 

GGGTtAGGGttAGgGTTAGGGttAGGGttAGGGtTA (TAMRA) TeloG LNATM probe 626 

(with small letters indicating LNATM modified bases) in Hybridization solution II (50 nM 627 

TelG probe (Qiagen), 50% deionized formamide (Bio Science), 2X SSC, 1X Blocking 628 
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agent (Sigma-Aldrich)). The unbound probe was washed off successively with two 629 

washes for 15 min each in LNA-Wash buffer (50% formamide (Bio Science), 2X SSC, 630 

20 mM Tris-HCl pH 7.4) and three times, for 5 min each, in FISH-Wash II buffer. Finally, 631 

slides were serially dehydrated again, air dried and mounted with mounting medium 632 

(DAKO) containing 0.5 μg/ml DAPI (Sigma). Images were acquired with the Cell 633 

Observer Spinning Disk confocal microscope (Zeiss) with 100X objective. Pictures 634 

were analyzed using ImageJ. 635 

 636 

FISH on metaphase spreads. After colcemid (Roche) treatment as described above, 637 

metaphase spreads on slides were rehydrated in 1X PBS before incubation for 10 min 638 

in the fixation buffer (3.7% formaldehyde, 1X PBS). Then, samples were incubated in 639 

100 µg/ml RNase A (Merck Life Science BV) in 1X PBS for 20 min at 37°C, before 640 

fixation again for 10 min. The slides were subsequently dehydrated using the ethanol 641 

series (70, 90 and 100%), hybridized at 83°C for 3 min with 50 nM TeloG LNATM probe 642 

in Hybridization solution II and then incubated at RT for 1.5 h. The unbound probe was 643 

washed away and slides were mounted as described above for the CO-FISH 644 

experiments. Images were acquired and analyzed as described for CO-FISH 645 

experiments. 646 

 647 

Immunofluorescence (IF), native or denaturing telomeric FISH and ATSA. For 648 

staining experiments on cultured cells, 15000 to 20000 cells were seeded the day 649 

before onto 4-well slides (Thermo Scientific). For staining experiments on transduced 650 

cells, cells were detached and seeded onto 4-well slides three days after transduction 651 

and staining was thus performed four days after transduction. Cells were treated with 652 

permeabilization buffer (20 mM Tris-HCl pH 8.0, 50 mM NaCl, 3 mM MgCl2, 300 mM 653 

Sucrose, 0.5% Triton X-100) for 5 min at RT, before fixation (3% formaldehyde, 2% 654 

sucrose, 1X PBS) for 15 min at RT and a second permeabilization step for 10 min at 655 

RT. For staining experiments on cells transfected with siRNAs, 42500 to 50000 cells 656 

were transfected on coverslips (Knittel Glass) as described above. Three days later, 657 

cells on coverslips were treated as described above for slides. Cells on 658 

slides/coverslips were incubated for 45 min at 37°C in Blocking solution (1% BSA, 10% 659 

normal goat serum (Cell Signaling Technology), 0.1% Triton X-100, 1X PBS) before 660 

overnight incubation at 4°C with primary antibody diluted in the Blocking solution. The 661 

next day, slides/coverslips were incubated for 40 min at 37°C with secondary 662 
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antibodies diluted in Blocking solution before fixation (3.7% formaldehyde, 1X PBS) for 663 

2 min and treatment with 100 μg/ml RNase A (Merck Life Science BV) for 1 h at 37°C. 664 

Cells on slides/coverslips were permeabilized and fixed again for, respectively, 10 min 665 

and 2 min, serially dehydrated with the ethanol series (70%, 90% and 100%) and then 666 

air dried. Next, slides were hybridized at 83°C for 3 min with 160 nM TeloG LNATM 667 

probe in Hybridization solution II and then incubated at RT for 2 h. For native FISH, 668 

slides were not heat-denatured. Unbound probe was washed off successively and 669 

slides were mounted as described for the CO-FISH experiments. For native FISH, an 670 

additional wash of 4 min with LNA-Wash buffer was performed.  671 

For ATSA experiments, cells were first synchronized with 2 mM thymidine for 21 h 672 

followed by release for 4 h in fresh medium, incubation with 15 µM CDK1 inhibitor RO-673 

3306 (Selleckchem) for 12 h and, finally, released for 1 h in fresh medium containing 674 

10 µM EdU (Thermo Fischer Scientific). Cells were then fixed and permeabilized as 675 

described above and EdU staining was performed using the Click-IT EdU Alexa Fluor 676 

488 Imaging kit following manufacturer’s instructions (Thermo Fischer Scientific). PML 677 

IF-FISH was subsequently performed as described above. 678 

Images were acquired and analyzed as described for CO-FISH experiments. 679 

All antibodies used in this study are listed in Supplementary Data 4. 680 

 681 

Two-dimensional agarose gel electrophoresis. For Fig.3G, 10 μg of genomic DNA, 682 

were digested overnight with HinfI and RsaI, precipitated with isopropanol and 683 

resuspended in 10 mM Tris-HCl pH 8.0. The first dimension was run on 0.4% agarose 684 

(US Biological) in 0.5X TBE without ethidium bromide (EtBr) for 16 h at 0.15 V/cm. The 685 

gel was then stained in 0.5X TBE with 0.3 µg/ml EtBr for 45 min. A 5.5 cm slice (from 686 

the well down) was cut for each lane. The second dimension was run on 0.8% agarose 687 

gel with 0.3 μg/ml EtBr for 3 h at 5 V/cm at 4°C. After imaging, the DNA was blotted 688 

onto a membrane. For Fig.6E, plasmid DNA was extracted using a modified Hirt 689 

protocol. Briefly, cells were washed in 1X PBS and resuspended in 1X TE. Lysis was 690 

performed by adding SDS to a final concentration of 0.6% and inverting the tubes 691 

gently. Chromosomal DNA was precipitated by adding NaCl to a final concentration of 692 

1 M, followed by overnight incubation at 4°C. Samples were centrifuged in a SW41-Ti 693 

rotor (Beckman) at 31611 x g (16000 rpm) for 3 h at 4°C. The supernatant was 694 

collected and supplemented with 100 μg/ml proteinase K (Roche) before incubation at 695 

37°C for 1 h. The DNA, was precipitated in 100% ethanol, resuspended in Tris-HCl pH 696 
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8.0, treated with 100 μg/ml RNase A at 37°C for 1 h and then extracted using 697 

phenol/chloroform/isoamyl alcohol, followed by chloroform extraction and precipitation 698 

with isopropanol. Plasmid DNA (3-4 μg) was then digested overnight with 90 U of SacI 699 

and BamHI. Subsequently, 40 U of DpnI was added and incubated at 37°C for 1 h. The 700 

digestion product was precipitated with isopropanol and resuspended in 10 mM Tris-701 

HCl (pH 8.0). The first dimension was run on 0.4% agarose in 0.5X TBE without EtBr 702 

for 42 h at 0.65 V/cm, then stained in 0.5X TBE with EtBr for 45 min. A 6.5 cm slice 703 

from the 5-kb size band and up was cleaved for each lane. The second dimension was 704 

run on 0.7% agarose gel with EtBr for 23 h at 3 V/cm at 4°C. Prior to blotting, psoralen 705 

cross-linking was reversed by UV irradiation (254 nm) for 10 min. After migration, gels 706 

were processed by incubating for 30 min in depurination solution (0.25 M HCl), followed 707 

by 2 x 40 min in denaturing solution (1.5 M NaCl, 0.5 M NaOH), and 2 x 40 min in 708 

neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCl pH 7.0). DNA was transferred by 709 

capillarity in 10X SSC onto an Amersham Hybond-X membrane (Cytiva). For Fig.3G, 710 

probe was prepared as follows. After digestion of the pSty11 plasmid (Supplementary 711 

Data 3) with EcoRI, the 800-bp telomeric insert was purified, diluted to 20 ng/μl and 10 712 

μl were mixed with 5 ng of (CCCTAA)4 telomeric primer and water before heat-713 

denaturation and labeling using the Prime-a-Gene Labeling system (Promega) with [α-714 

32P]dCTP (3000 Ci/mmol; PerkinElmer). For Fig.6E, the 5.2-kb fragment obtained from 715 

the digestion of the pTelN plasmid (Supplementary Data 3) with BamHI and SacI was 716 

used for the probe. 30 ng of the purified fragment were heat-denatured and labeled as 717 

described for pSty11-derived fragment but without adding the telomeric primer. The 718 

labeled probes were purified, denatured, and added to the hybridization mix. 719 

Hybridization was performed at 65°C for at least 4 h. Membranes were washed three 720 

times for 15 min with 1X Church Wash (25 mM NaPi pH 7.2, 0.1 M EDTA pH 8.0, 1% 721 

SDS) at 65°C and radioactive signal was captured on phosphor-screens (FUJIFILM 722 

Storage Phosphor screen) before reading on Typhoon Trio Imager (GE). 723 

 724 

Alkaline gel analysis. Genomic DNA (10 μg) was digested overnight with 50 U ClaI 725 

and loaded onto an agarose gel prepared with 1X alkaline buffer (0.5 M NaOH, 0.1 M 726 

EDTA). Electrophoresis was performed at 2V/cm for 10 min, then continued for 16 h 727 

and 20 min with buffer circulation at 12 ml/min. The gel was neutralized, stained with 728 

0.3 µM EtBr, and visualized. Southern blotting was then performed as described in the 729 

above section using strand-specific single-stranded probes prepared as follows. 730 
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(CCCTAA)4 or (TTAGGG)5 primers were end-labeled with T4-PNK (NEB) and [γ-32P] 731 

ATP (6000 Ci/mmol; PerkinElmer). Hybridization was carried out overnight at 50°C. 732 

The membranes were washed three times with 4X SSC for 30 min each and with 4X 733 

SSC, 0.1% SDS for another 30 min at 50°C. Radioactive signal was captured on 734 

phosphor screens (FUJIFILM Storage Phosphor screen), read on Typhoon Trio (GE), 735 

and analyzed on ImageJ. 736 

 737 

Protein extraction and Western Blot. Proteins were extracted using RIPA buffer (150 738 

mM NaCl, 50 mM Tris-HCl pH 7.4, 0, 1% NP-40, 0.25% sodium deoxycholate) 739 

supplemented with proteases inhibitors (Roche) and phosphatases inhibitors (Roche) 740 

for pRPA analyses. Western blotting was performed according to standard procedures. 741 

Blots were revealed with SuperSignal West Pico Chemiluminescent Substrate 742 

(Thermo Scientific) using Amersham Image Quant 800 and signal quantification was 743 

done using ImageJ. 744 

All antibodies used in this study are listed in Supplementary Data 4. 745 

 746 

DNA:RNA Immunoprecipitation (DRIP). Cells grown in 15 cm dishes until 70% 747 

confluent were scraped, centrifuged at 500 xg at 4 °C for 5 min, and resuspended by 748 

vortexing in 1 ml of RA1 lysis buffer (Macherey-Nagel) containing 10 µl of β-749 

Mercaptoethanol and 100 mM NaCl. Nucleic acids were purified with 750 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) followed by isopropanol precipitation and 751 

resuspended in TE buffer contaning 300 mM NaCl. Nucleic acids were sonicated twice 752 

using a Bioruptor apparatus (Diagenode) at 4 °C (30 s “ON” / 30 s “OFF”; power: “High”; 753 

time: 7.5 min). 8 μg of nucleic acids were brought to a final volume of 500 μl with IP 754 

buffer (0.1% SDS, 1% Triton X-100, 10 mM HEPES pH 7.2, 0.1% sodium 755 

deoxycholate, 275 mM NaCl) and incubated with 4 μg of mouse monoclonal S9.6 756 

antibody (Kerafast) at RT for 1h30min on a rotating wheel. Immunocomplexes were 757 

isolated by incubation with 25 μl of Dynabeads™ Protein G (Invitrogen) pre-blocked 758 

with 5 μg of sheared E. coli DNA and 30 μg of BSA for 1h at RT. Beads were washed 759 

four times in IP buffer at RT and incubated in elution buffer (50 mM Tris-Cl pH 8, 10 mM 760 

EDTA, 0.5% SDS) containing 10 μg/ml proteinase K (Sigma-Aldrich) and 40 μg/ml 761 

RNase A (NZYtech) at 50 °C for 30 min. Supernatants were recovered and purified 762 

with the Wizard® SV Gel and PCR Clean-Up System (Promega). Quantitative PCRs 763 

were performed using the iTaq Universal SYBR Green Supermix (Bio-Rad) on an 764 
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Applied Biosystems 7500 Fast instrument with a 2-step program (45 cycles of 765 

denaturation at 95°C for 15 sec, annealing and extension at 60°C for 30 sec) with the 766 

oligonucleotides listed in Supplementary Data 1.   767 

 768 

Reagent catalog numbers are listed in Supplementary Data 4. 769 

 770 

Quantification, statistical analyses and manuscript preparation. ImageJ (Version 771 

1.54p, Java1.8.0_322 (64-bit)) was used to analyze confocal microscopy pictures and 772 

quantify C-circles, slot blots and Western blots. Graphpad Prism (Version 8.02) was 773 

used to generate graphs and for statistical analyses. Statistical tests used in this study 774 

were indicated in Figure legends. Normality was assessed using the Shapiro-Wilk test. 775 

If the data did not follow a normal distribution, a two-tailed Mann-Whitney test was 776 

performed. If normality was confirmed, a two-tailed unpaired t-test was used, with 777 

Welch’s correction applied in cases of significantly different variances. Comparisons 778 

involving a normalized dataset were analyzed using a two-tailed ratio paired t-test. For 779 

multiple comparisons, Kruskal-Wallis test was performed. For CO-FISH analyses, 780 

statistic analysis on leading and lagging strand fragilities were performed separately. 781 

Violin plots were used to represent immunofluorescence combined with FISH and T-782 

SCE quantifications, while box plots illustrated telomere fragility detected by FISH or 783 

CO-FISH, showing the median, as well as the first and third quartiles. Protein 784 

illustrations in the model of Fig.7B were generated using BioRender (Vaurs, M. (2025) 785 

https://BioRender.com/ke04c93). All remaining illustrations were created by the 786 

authors using Inkscape (Version 1.3.2.).  787 

 788 

Data availability 789 

All data supporting the findings of this study are available within the paper and its 790 

Supplementary Information. Source data are provided with this paper. 791 

 792 
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 981 

Figure legends. 982 

Figure 1. Telomere fragility is associated with telomere length. A. Telomerase 983 

activity assessed by ddTRAP in PCS clones, normalized to PCS-8. SW39/TEL+ and 984 

IMRB/ALT+ cells (grey bars) were used as positive and negative controls respectively. 985 

n=2 independent biological replicates, except for PCS-7 and SW39 (n=1). Mean±SEM.  986 

Purple: clones with long telomeres; Cyan: clones with short telomeres. B. TRF analysis 987 

(n=1), with PCS-2 designated as PCSLT and PCS-3 designated as PCSST. C. qRT-988 

PCR analysis of hTERT expression, normalized to ACTB expression and to PCSST. 989 

n=3 independent biological replicates, except for PCSLT cells (n=4). Mean±SEM. D. 990 

Left: Representative FISH pictures on metaphase spreads from PCSST and PCSLT cells 991 

showing fragile telomeres (arrowheads). Right: Fragile telomeres with U2OS/ALT+ and 992 

IMRB/ALT+ cells as controls for ALT+ cells. A minimum of 5000 chromosome ends 993 

were analyzed per condition, based on n metaphase spreads collected from three 994 

independent biological replicates. Boxplot: Min, 1st quartile, Median, 3rd quartile and 995 

Max. Kruskal-Wallis test. E. Representative blot (above) and quantification (below) for 996 

C-circle assay (CCA) in PCSST and PCSLT cells, with SW39/TEL+ and IMRB/ALT+ cells 997 

as negative and positive controls respectively. Signals were normalized to PCSST. n=3 998 

(SW39/TEL+ and IMRB/ALT+) or n=4 biological replicates (PCSST and PCSLT). 999 

Mean±SEM. Two-tailed ratio paired t-test. F. TRF analysis (above) and CCA blot 1000 

(below). PD: population doubling. n=1. G. Fragile telomeres assessed by FISH on 1001 

metaphase spreads. A minimum of 2200 chromosome ends were analyzed, based on 1002 

n metaphase spreads collected from one experiment for PCSST-hTERT at PD9 and 1003 

PD78, two independent biological replicates for PCSST-hTERT at PD18-21 and PD86-1004 
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89 and three independent biological replicates for PCSST and PCSLT. Boxplot: Min, 1st 1005 

quartile, Median, 3rd quartile and Max. Kruskal-Wallis test. Source data are provided 1006 

as a Source Data file. 1007 

Figure 2. PCSLT cells display a subset of ALT features. A. Fragile telomeres 1008 

assessed by either FISH (blue) or CO-FISH (black) on metaphase spreads. FISH data 1009 

are from Fig.1D. For CO-FISH, fragility was the average fragility from both the leading 1010 

and lagging strands. U2OS/ALT+ and IMRB/ ALT+ cells were used as controls for ALT+ 1011 

cells. A minimum of 3800 chromosome ends were analyzed, based on n metaphase 1012 

spreads collected from three independent biological replicates. Boxplot: Min, 1st 1013 

quartile, Median, 3rd quartile and Max. Two-tailed unpaired t-tests with Welch’s 1014 

correction if needed. B. Left: Representative CO-FISH pictures on metaphase spreads 1015 

from PCSLT cells showing lagging (green) and leading (red) telomere fragility 1016 

(arrowheads). Right: Lagging (green) and leading (black) telomere fragility. A minimum 1017 

of 5000 chromosome ends were analyzed, based on n metaphase spreads collected 1018 

from three independent biological replicates. Boxplot: Min, 1st quartile, Median, 3rd 1019 

quartile and Max. Two-tailed Mann-Whitney tests. C. Representative blots (above) and 1020 

quantification (below) for CCA in siPOLD3-treated PCSLT cells, using U2OS/ALT+ cells 1021 

as control. Signals were normalized to siLuc. n=5 (U2OS/ALT+) or n=6 (PCSLT) 1022 

independent biological replicates. Mean±SEM, Two-tailed ratio paired t-tests. D. Left: 1023 

Representative images for Telo-FISH/IF targeting BLM (cyan) and PML (green) in 1024 

PCSLT cells, with U2OS/ALT+ cells as positive control. Arrowheads indicate PML-1025 

associated telomeres bound by BLM. Right: Percentage of PML-associated telomeres 1026 

co-localizing with BLM per nucleus. n nuclei were analyzed from three independent 1027 

biological replicates. Median in red, quartiles in orange. Two-tailed Mann-Whitney test. 1028 

E. Above: Representative CO-FISH pictures on metaphase spreads from IMRB/ALT+ 1029 

cells showing T-SCE events (arrowheads). Below: T-SCEs in PCSST and PCSLT, with 1030 

U2OS/ALT+ and IMRB/ALT+ as positive controls. n metaphases were analyzed from 1031 

three independent biological replicates. Median in red, quartiles in orange. Kruskal-1032 

Wallis test. F. Above: Representative images from native Telo-FISH targeting ssC-rich 1033 

telomeric DNA in U2OS/ALT+ and IMRB/ALT+ cells. Below: ssTeloC signals in PCSST 1034 

and PCSLT, with U2OS/ALT+ and IMRB/ALT+ cells as positive controls. n nuclei were 1035 

analyzed from three independent biological replicates. Median in red, quartiles in 1036 

orange. Kruskal-Wallis test. Source data are provided as a Source Data file. 1037 
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Figure 3. Replication stress markers are enriched at PCSLT telomeres. A. Above: 1038 

Western blot of cell extracts from PCSST and PCSLT cells, probed for pRPA32-S33, 1039 

RPA32, and Actin. Below: pRPA32-S33 (purple) and RPA32 (green) levels, normalized 1040 

to Actin and to PCSST. Representative of n=4 independent biological replicates. 1041 

Mean±SEM. Two-tailed ratio paired t-tests. B. Left: Representative images for Telo-1042 

FISH/IF experiments targeting RAD51 (cyan) and RPA (green) in PCSST and PCSLT 1043 

cells. Right: Co-localization events between telomeres and RAD51 (cyan) or RPA 1044 

(green) in PCSST and PCSLT. n nuclei were analyzed from three independent biological 1045 

replicates. Median in red, quartiles in orange. Two-tailed Mann-Whitney tests. C. 1046 

Cellular viability of PCSST and PCSLT cells treated with siRAD51. 72 h after transfection 1047 

in 6-wells plate, cells were counted using Burker slide. n measurements from three 1048 

independent biological replicates and technical replicates for PCSST (n=6) and PCSLT 1049 

(n=13). Mean±SEM. Two-tailed unpaired t-test. D. Representative blot (above) and 1050 

quantification (below) of CCA in siFANCM-treated PCSLT cells. Signals were 1051 

normalized to siLuc. n=8 independent biological replicates. Mean±SEM. Two-tailed 1052 

ratio paired t-test.  E. Lagging (green) and leading (black) telomere fragility assessed 1053 

by CO-FISH in siFANCM-treated PCSLT cells. A minimum of 8300 chromosome ends 1054 

were analyzed, based on n metaphase spreads collected from three independent 1055 

biological replicates. Boxplot: Min, 1st quartile, Median, 3rd quartile and Max. Two-tailed 1056 

unpaired t-test with Welch’s correction for the lagging strand comparison and two-tailed 1057 

Mann-Whitney test for the leading strand comparison. F. Left: Alkaline gel 1058 

electrophoresis of ClaI-digested genomic DNA from PCSST and PCSLT cells. Ethidium 1059 

bromide (EtBr) staining is shown as loading control. Right: Quantification of alkaline 1060 

gel signals using the G-rich probe. The radioactive signal intensity below 6 kb was 1061 

normalized to the total lane signal. The normalized signal from PCSST cells was set to 1062 

1 for comparison. n=3 independent biological replicates. Mean±SEM. Two-tailed ratio 1063 

paired t-test. G. 2D-gel analysis with telomeric probe showing i-loops (red arrows). 1064 

Ethidium bromide staining is shown as loading control. U2OS/ALT+ cells were used as 1065 

positive control. n=1. Source data are provided as a Source Data file. 1066 

Figure 4. RNaseH1 overexpression exacerbates leading telomere fragility in 1067 

PCSLT cells. A. DNA:RNA immunoprecipitation (IP) analysis using S9.6 antibody in 1068 

extracts from PCSST and PCSLT-EV cells. IP and input samples were analyzed by 1069 

qPCR with primer sets amplifying telomeric DNA. Values in IP were normalized first to 1070 
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input and then to PCSLT. Values obtained for control experiments with IgG were 1071 

subtracted. n=3 independent biological replicates. Mean±SEM. Two-tailed ratio paired 1072 

t-test. B. Western blot of cell extracts from PCSLT cells transduced with pLHCX empty 1073 

vector (EV), pLHCX-RNaseH1-Myc (RH1) or pLHCX-catalytically dead RNaseH1-Myc 1074 

(RH1-CD), probed for Myc and Actin. Representative of n=6 biological replicates. C. 1075 

Lagging (green) and leading (black) telomere fragility assessed by CO-FISH in PCSLT 1076 

cells transduced with EV, RH1 or RH1-CD. A minimum of 11500 chromosome ends 1077 

were analyzed, based on n metaphase spreads collected from three independent 1078 

biological replicates. Boxplot: Min, 1st quartile, Median, 3rd quartile and Max. Kruskal-1079 

Wallis tests. D. Left: Representative images for Telo-FISH/IF experiments targeting 1080 

RAD51 (cyan) and RPA (green) in PCSLT cells transduced with EV, RH1 or RH1-CD. 1081 

Right: Co-localization events between telomeres and RAD51 (cyan) or RPA (green). n 1082 

nuclei were analyzed from three independent biological replicates. Median in red, 1083 

quartiles in orange. Kruskal-Wallis tests. Source data are provided as a Source Data 1084 

file. 1085 

Figure 5. Suboptimal TRF1 binding at PCSLT telomeres causes telomere fragility. 1086 

A. Above: Representative blot from ChIP analyses showing TRF1 binding at telomeres 1087 

in PCSST and PCSLT cells and in PCSLT cells transduced with pLPC empty vector (EV) 1088 

or pLPC-TRF1 (TRF1). Below: Quantifications. Signals were normalized first to 1089 

telomeric input signals and then to either PCSLT (left part) or EV-transduced PCSLT 1090 

cells (right part). n=3 independent biological replicates for PCSLT and PCSST and n=4 1091 

independent biological replicates for PCSLT cells transduced with either EV or TRF1. 1092 

Mean±SEM. Two-tailed ratio paired t-tests. B. Western blot of cell extracts from PCSLT 1093 

cells transduced with pLPC/pLHCX-empty vector (EV), pLPC-TRF1 (TRF1) or pLHCX-1094 

RNaseH1-Myc (RH1), probed for TRF1 and Myc. Representative of n=3 biological 1095 

replicates. C. Above: Representative CO-FISH pictures on metaphase spreads from 1096 

PCSLT cells transduced with either EV, TRF1 or both TRF1 and RH1 showing lagging 1097 

(green) and leading (red) telomere fragility (arrowheads). Below: Lagging (green) and 1098 

leading (black) telomere fragility. A minimum of 5200 chromosome ends were 1099 

analyzed, based on n metaphase spreads collected from three independent biological 1100 

replicates. Boxplot: Min, 1st quartile, Median, 3rd quartile and Max. Kruskal-Wallis tests. 1101 

Source data are provided as a Source Data file. 1102 
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Figure 6. TRF1-dependent reduction of telomere fragility is not linked to the loss 1103 

of replication stress markers. A. Above:  Western blot of cell extracts from PCSLT 1104 

cells transduced with pLPC empty vector (EV) or pLPC-TRF1 (TRF1), probed for 1105 

pRPA32-S33, RPA32 and Actin. Below: pRPA32-S33 (purple) and RPA32 (green) 1106 

levels, normalized to Actin and to PCSLT-EV. Representative of n=6 independent 1107 

biological replicates. Mean±SEM. Two-tailed ratio paired t-tests. B. Co-localization 1108 

events between telomeres and RAD51 (cyan) or RPA32 (green) in PCSLT cells 1109 

transduced with either EV or TRF1. n nuclei were analyzed from three independent 1110 

biological replicates. Median in red, quartiles in orange. Two-tailed Mann-Whitney 1111 

tests. C. Representative blot and quantification for CCA in PCSLT cells transduced with 1112 

either EV or TRF1. Signals were normalized to PCSLT-EV. n=3 independent biological 1113 

replicates. Mean±SEM. Two-tailed ratio paired t-test. D. Co-localization events 1114 

between telomeres and PML in PCSLT cells transduced with either EV or TRF1. n 1115 

nuclei were analyzed from three independent biological replicates. Median in red, 1116 

quartiles in orange. Two-tailed Mann-Whitney test.  E. Above left: Schematic 1117 

representation of the pTelN mini-chromosome containing 115 telomeric repeats (red 1118 

arrow) and the SV40 replication origin (ORI). Above right: Schematic representation of 1119 

the 2D gel migration profile of the specified DNA replication intermediates. Below left: 1120 

2D-gel analysis of plasmid DNA using the 5.2 kb BamHI-SacI probe, in cells with and 1121 

without ectopic overexpression of TRF1. Below right: Quantification of cone signal 1122 

(reversed fork migration) as a ratio of cone signal to total replication intermediates (RI), 1123 

normalized to EV. n=3 independent biological replicates. Mean±SEM. Two-tailed ratio 1124 

paired t-test. F-G. Lagging (green) and leading (black) telomere fragility assessed by 1125 

CO-FISH in PCSLT-EV or PCSLT-TRF1 cells under the specified conditions. siSM1: 1126 

siSMARCAL1. Cells were treated with either 15 µM BIBR (F) or 5 µM Olaparib (PARPi) 1127 

(G), or DMSO as control, during 48 h before BrdU/BrdC incorporation. A minimum of 1128 

8600 (F) or 6200 (G) chromosome ends were analyzed, based on n metaphase 1129 

spreads collected from three independent biological replicates. Boxplot: Min, 1st 1130 

quartile, Median, 3rd quartile and Max. Kruskal-Wallis tests. Source data are provided 1131 

as a Source Data file. 1132 

 1133 

Figure 7. TRF1's capacity to reduce telomere fragility depends on fork reversal, 1134 

PrimPol activity and RNA-DNA hybrids. A. Lagging (green) and leading (black) 1135 

telomere fragility assessed by CO-FISH in PCSLT-EV, PCSLT-TRF1 or PCSLT-TRF1-1136 
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RH1 cells under the specified conditions. siSM1: siSMARCAL1. Cells were treated with 1137 

60 µM spironolactone (SP), or DMSO as control, during 25 h before BrdU/BrdC 1138 

incorporation. A minimum of 5900 chromosome ends were analyzed, based on n 1139 

metaphase spreads collected from three independent biological replicates. Boxplot: 1140 

Min, 1st quartile, Median, 3rd quartile and Max. Kruskal-Wallis tests. Source data are 1141 

provided as a Source Data file. B. Model. Stalled replication forks at PCSLT telomeres 1142 

undergo SMARCAL1-dependent reversal, generating new 3' telomeric ends. The 1143 

reversed forks are bound by telomerase. Fork replication can resume through a 1144 

homologous recombination-dependent restart process that requires RAD51 and might 1145 

be facilitated by long 3’ overhangs generated by the telomerase and the formation of 1146 

RNA:DNA hybrid formation, possibly involving TFIIH. If reversal is suppressed, 1147 

PrimPol-dependent repriming can promote fork restart. This process may also be 1148 

dependent on RNA:DNA hybrids. Optimal levels of TRF1 are required to suppress 1149 

telomere fragility, by facilitating the reversal/restart processing of stalled forks. Protein 1150 

illustrations were generated using BioRender (Vaurs, M. (2025) 1151 

https://BioRender.com/ke04c93). 1152 

 1153 
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