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Abstract 
 

Passage of the replication fork through telomeric repeats necessitates additional DNA 

processing by DNA repair factors, to regenerate the terminal 3'-overhang structure at 

leading telomeres. These factors are prevented from promoting telomeric recombination or 

fusion by an uncharacterized mechanism. Here we show that Rad5, a DNA helicase and 

ubiquitin ligase involved in the DNA damage tolerance pathway, participates in this 

mechanism. Rad5 is enriched at telomeres during telomere replication. Accelerated 

senescence seen in the absence of telomerase and Rad5, can be compensated for by a 

pathway involving the Rad51 recombinase and counteracted by the helicase Srs2. However, 

this pathway is only active at short telomeres. Instead, the ubiquitous activity of Rad5 during 

telomere replication is necessary for the proper reconstitution of the telomeric 3'-overhang, 

indicating that Rad5 is required to coordinate telomere maturation during telomere 

replication. 
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Main Text 

Introduction 
 

Telomeres cap the ends of eukaryotic chromosomes (Jain & Cooper, 2010) and are 

composed of TG-rich repeat motifs of variable length. In budding yeast, telomeres have the 

degenerate sequence 5'-TG1-3-3' and range from 200 to 400 bp in length, terminating in a 

5-10 nt 3'-overhang on the strand running from the centromere to the telomere (Soudet et 

al, 2014; Wellinger & Zakian, 2012; Xu et al, 2013). The telomeric repeats recruit specific 

proteins to protect DNA ends from chromosome fusion and end degradation, by preventing 

the DNA damage response (DDR) at telomere ends. Telomeric proteins also control 

telomerase recruitment to chromosome ends. Without telomerase, telomeric DNA is lost at 

each passage of the replication fork, as the semiconservative replication machinery is unable 

to fully replicate the DNA ends. 

 

In most human somatic tissues, which do not express telomerase, progressive telomere 

shortening is a major cause of senescence. Critically short telomeres activate a persistent 

DNA damage checkpoint; at the same time they prevent effective re-elongation by DNA 

repair activities (Campisi & d'Adda, 2007; Teixeira, 2013). Telomere-initiated senescence is 

bypassed in cancer cells by both suppressing the DNA damage checkpoint controlling 

replicative senescence and pathologically lengthening the telomeres (Artandi & DePinho, 

2000). Conversely, abnormally short telomeres cause a spectrum of early and fatal 

degenerative syndromes, such as dyskeratosis congenita, pulmonary fibrosis, and bone 

marrow failure (Stanley & Armanios, 2015). Thus, homeostasis in many human organs 

depends on proper telomere function and shortening rate (Campisi & d'Adda, 2007; 

Hayflick, 1965). However, the mechanisms controlling telomere maintenance and shortening 

remain to be fully elucidated.  

 

In many species the DNA-end replication problem arises when the replisome reaches the 

chromosome end and leading strand synthesis stops prematurely because there is no 

template at the 3’-overhang end structure (Lingner et al, 1995; Soudet et al., 2014). While 
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the RNA removal of the last Okazaki fragment in lagging strand synthesis is believed to be 

sufficient to reconstitute the 3’-overhang at lagging telomeres (Soudet et al., 2014), 

additional DNA processing involving 5'-to-3' resection and CA-rich strand fill-in is required 

to regenerate the terminal 3'-overhang structure at leading telomeres (Diede & Gottschling, 

1999, 2001; Giraud-Panis et al, 2010; Mirman et al, 2018; Wellinger et al, 1996; Wellinger et 

al, 1993; Wu et al, 2012; Zhao et al, 2009). The 5'-to-3' resection requires limited activation 

of the DNA damage checkpoint and the controlled activity of nucleases that act in double-

strand break (DSB) processing to generate single stranded (ss)DNA (Lee et al, 2015; 

Sabourin & Zakian, 2008; Soudet et al., 2014; Tong et al, 2015; Wellinger, 2014; Wu et al., 

2012). Current models for fill-in involve the loading of the Cdc13CTC1-Stn1-Ten1 (CST) 

complex on the resulting telomeric ssDNA and stimulation of DNA alpha-primase 

polymerase activity to initiate DNA synthesis and define the 3'-overhang length (Giraud-

Panis et al., 2010; Lue et al, 2014; Mirman et al., 2018). Therefore, the ends of 

chromosomes both trigger and limit DNA repair activities by an unclear coordination 

mechanism. Thus, despite its contribution to telomere length homeostasis, the control of 3'-

overhang length and subsequent shortening rate thus remain to be understood. 

 

Telomeric sequences share the characteristics of common fragile sites and pose similar 

problems for replication machinery, even in the absence of exogenous replication stress 

(Ivessa et al, 2002; Makovets et al, 2004; Miller et al, 2006; Moore et al, 2018; Sfeir et al, 

2009). Telomeres are difficult to replicate, likely because of secondary structures at 

telomeric repeats or interactions with telomeric components, such as TERRA or telomeric 

proteins (Goto et al, 2015; Pfeiffer et al, 2013; Voineagu et al, 2009). Telomeres thus 

accumulate replication intermediates, which also recruit DNA repair factors. In yeasts, 

telomerase can efficiently re-extend short or dysfunctional telomeric sequences, provided a 

sufficient length of repeats is present (Matmati et al, 2020; Miller et al., 2006; Negrini et al, 

2007; Strecker et al, 2017). Consequently, telomerase-negative cells become dependent on 

pathways responding to replication stress to maintain cell viability, probably by preventing 

abrupt telomere shortening events (Abdallah et al, 2009; Fallet et al, 2014; Jay et al, 2016). 

Yet, evidence from mammalian cells suggest that telomeric replication intermediates require 

additional processing to promote telomerase access to restore telomere length and prevent 
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toxic structures (Margalef et al, 2018). In this situation, telomeric components likely 

modulate the access or the activity of fork remodelling factors at telomeres. Therefore, an 

intricate relationship exists between telomeric components, replication factors and DNA 

repair activities, but it remains unclear how they are coordinated.  

 

The DNA damage tolerance (DDT) pathway is an evolutionarily conserved pathway which 

aids DNA replication fork bypassing DNA lesions (Branzei & Szakal, 2016; Hoege et al, 

2002; Pfander et al, 2005; Ulrich, 2011). The DDT pathway involves the Rad6/Rad18 

ubiquitin ligase, which senses lesions. Rad6/Rad18 mono-ubiquitylates at least one subunit 

of Pol30 trimer (PCNA) at K164 which recruits Rad5 and stimulates translesion synthesis by 

error-prone polymerases (TLS) (Gallo et al, 2019). However, the Rad5/Ubc13/Mms2 

ubiquitin ligase can also poly-ubiquitylate mono-ubiquitinylated Pol30 at K164, leading to 

the so-called error-free branch of the DDT pathway which results in a homology-mediated 

repair using the undamaged sister chromatid as a template. This pathway likely involves 

repriming DNA synthesis ahead of the lesion, leaving a single stranded DNA (ssDNA) gap. 

In current models of post-replicative template switching, the ssDNA gap is filled when the 

stalled nascent strand invades the newly synthesized sister strand for use as an undamaged 

template (Giannattasio et al, 2014; Minca & Kowalski, 2010). Alternatively, fork processing 

and restarting requires a replication fork reversal, a step involving Rad5 ATPase activity (Shin 

et al, 2018). A series of distinct enzymatic activities such as sister cohesion, helicases, 

recombinases, branch migration factors, DNA syntheses, endonucleases, and resolvases are 

involved in error-free DTT, but the exact choreography of events is unclear. Moreover, the 

kinetics and access of DNA repair factors to reaction intermediates are likely regulated. For 

instance, the PCNA trimer can also be sumoylated at K164 to recruit the Srs2 helicase, 

which removes Rad51 filaments needed for homology search and strand invasion (Lehmann 

et al, 2020). In this respect, the role of Rad51 recombinase in the process has been 

ambiguous, cooperating with DDT factors and acting in a so-called salvage pathway of the 

DDT, which becomes essential when template switching is deficient.  

 

In this work we asked whether the DDT pathway acts at telomeres to assist in their 

replication. We demonstrate that the helicase/ubiquitin ligase Rad5 binds to telomeres 
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during their replication. Senescence rates measurements made in the absence of 

telomerase reveal that Rad5 contributes to telomere maintenance and cell viability. The 

acceleration of senescence in the absence of Rad5 is suppressed by deletion of Srs2 in a 

Rad51-dependent manner, suggesting that Rad5 and Rad51 have partially independent 

activities at telomeres. Accordingly, Rad51 is exclusively recruited at short telomeres while 

Rad5 potentially acts at all telomeres to assist the processing of the 3'-overhang at each 

passage of the replication fork. Our results suggest that the reconstitution of telomeric 

structure could be mechanistically linked to replication stress intrinsic to telomeres.  
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Results 

Rad5 binds to telomeres during their replication 

We previously reported that the ubiquitin ligase/helicase Rad5 binds to telomeres 

independent of their length and is required to sustain viability of telomerase-negative 

budding yeast cells (Fallet et al., 2014). We hypothesized that Rad5, involved in DDT 

pathway, participates in the replication of telomeres, helping the fork to bypass replication 

barriers. To test this hypothesis, we determined whether Rad5 associates with telomeres 

during replication using chromatin immunoprecipitation (ChIP). We blocked cells in G1, then 

released them and followed their progress into S-phase (Figure 1A and supplementary 

Figure 1A). We monitored fork passage using ChIP for replication protein A (RPA) (Waga & 

Stillman, 1998). Consistent with previous reports (Mattarocci et al, 2014), genomic regions 

corresponding to early and late origins fire at 45 and 60-75 min, respectively, after the 

release from the G1 block, while fork passage at two native telomeres (telomere 6R and 

15L, containing a telomere-proximal subtelomeric X element and no Y’ subtelomeric 

element) is at 90 min (Figure 1B and EV1B). We used the same ChIP samples to assess Myc-

tagged Rad5 (Rad5-Myc) recruitment to telomeres. While we did not observe an enrichment 

of Rad5 at origins when they are fired, we did observe a Rad5 peak at the telomeres 6R and 

15L at 90 min, which were absent in rad5D cells (Figure 1C and EV1C). Rad5 peaked at the 

same time as RPA at telomeres, suggesting that telomeres recruit additional Rad5 during 

replication, compared to other regions of the genome, perhaps because of their difficult 

replication. 

 

Rad5 has a specific role at telomeres 

Defects in telomere replication, resulting in truncated telomeres, can be restored by 

telomerase (Chang et al, 2007; Miller et al., 2006). In the absence of telomerase, defects in 

telomere replication can lead to premature senescence, caused by the occurrence of at 

least one critically short telomere (Abdallah et al., 2009; Ballew & Lundblad, 2013), which 

might explain how RAD5 deletion results in accelerated loss of viability in the absence of 

telomerase (Fallet et al., 2014) (see also Figure 3). To determine which functions of Rad5 are 

involved in telomere maintenance, we used a population cell viability assay in the absence 
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of telomerase to score the impact of mutations potentially affecting telomeric replication. 

We tested the effects of Rad5 separation-of-function mutations on senescence rates (Figure 

EV2A). In accordance with previous results, the Rad5-GAA, Rad5-I916A, and Rad5-AA 

mutations in the helicase and RING domain domains had smaller effect on UV and methyl 

methanesulfonate (MMS) sensitivity, compared to the full deletion of RAD5 (Figure EV2B), 

indicating that, while displaying separation-of-function phenotypes in specific contexts, in 

cells challenged with genotoxic stresses, they behave as hypomorphs with respect to 

viability (Ball et al, 2014; Gallo et al., 2019; Gangavarapu et al, 2006; Ortiz-Bazan et al, 

2014). Moreover, these mutants, like the RAD5 deletion, did not alter the telomere length 

(Figure EV2C). The Rad5 mutations had no effect on senescence timing in cells lacking 

TLC1, which encodes the telomerase RNA template (Singer & Gottschling, 1994) (Figure 2A-

C, EV2D). Thus, helicase and ubiquitin ligase functions of Rad5 do not seem to be essential 

in sustaining cell growth in the absence of telomerase. We conclude that telomerase 

inactivation likely affects cells in a manner similar to a low dose of MMS or UV, for which 

Rad5 hypomorph mutations of Rad5 have little or no effect on viability. This result is in 

accordance with the idea that the function of the full length Rad5 in replication is more 

important than the helicase or ubiquitin ligase biochemical activities taken separately, 

because Rad5 is also required for the recruitment of TLS polymerases (Gallo et al., 2019).  

 

Given that Rad5 plays a major role in DDT, we asked whether other DDT components are 

involved in telomere maintenance, using the same senescence assays (Figure EV2E). 

Deletion of TLS polymerase subunits Rev1, Rev3 (polymerase zeta), or Rad30 (polymerase 

eta) did not accelerate senescence (Figure 2D and EVF-G). To understand the role of Pol30-

K164 poly-ubiquitylation in telomere maintenance, we deleted MMS2 and UBC13, which 

encode the other subunits of ubiquitin-conjugating enzyme complex (E2) that cooperates 

with Rad5, and observed a significantly loss in cell viability upon challenge with UV or MMS, 

however, the effect was not as severe as for RAD5 deletion (Figure EV2B). mms2Δ and 

ubc13Δ cells did not accelerate senescence in tlc1Δ cells (Figure 2E-F), confirming previous 

observations in tlc1Δ mms2Δ cells with native telomeres of wild-type length (Fallet et al., 

2014). Given that PCNA can also be ubiquitylated on lysine K107 by Rad5 and Mms2 acting 

with the E2 ligase, Ubc4 (Das-Bradoo et al, 2010) we asked whether other E2 ubiquitin 
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ligases might function together with Rad5 at telomeres. However, neither UBC4 deletion or 

pol30-K107R mutation accelerated the onset of senescence (Figure EV2H-J). Therefore, the 

mechanism of Rad5 telomere protection does not seem to rely on Ubc4 or Pol30-K107 

mono-ubiquitylation. Thus, the complete loss of RAD5 had largest effect on viability 

compared to the other DDT factors tested.  

 

Rad5 and Rad51 have partially additive roles in the absence of telomerase  

Rad51 also functions in the error-free DDT pathway, possibly contributing to strand invasion 

and annealing of parental strands at fork junctions or at ssDNA gaps (Branzei & Szakal, 

2017; Liberi et al, 2005). However, in budding yeast, Rad51 activity at replicative forks is 

restrained by the helicase Srs2 to prevent Rad51-dependent recombination, potentially 

leading to gross chromosomal rearrangements. In turn, Srs2 is recruited to forks by the 

sumoylation of PCNA, principally at lysine 164 (Hoege et al., 2002) (Figure EV2E). SRS2 

deletion suppresses genotoxic sensitivity caused by RAD5 deletion (Broomfield & Xiao, 

2002; Friedl et al, 2001; Ulrich, 2001). Rad51 is critical for viability of cells in which 

telomerase is inactivated (Ballew & Lundblad, 2013; Fallet et al., 2014; Le et al, 1999; 

Lundblad & Blackburn, 1993). While its role in post-senescence survival and inter-telomeric 

recombination is well established, the function of Rad51 at telomeres early during 

telomerase inactivation is unclear (Ballew & Lundblad, 2013; Xu et al, 2015).  

 

We thus asked whether Rad51 contributes to telomere maintenance through its role in DDT. 

To test this idea, we checked whether the genetic interactions between rad5D, srs2D, and 

pol30-K164R mutations seen during genotoxic exposure were recapitulated in the absence 

of telomerase. Prior to this, we checked that pol30-K164R conferred UV sensitivity to WT 

cells at a level similar to rad5D, and the rad5D pol30-K164R double mutant was nearly 

epistatic to rad5D  (Figure EV3A). In contrast, srs2D only mildly affected cells exposed to UV, 

but completely suppressed rad5D defects in srs2D rad5D . These results are consistent with 

the current model of DDT. Indeed, both the Pol30-K164 ubiquitylation-dependent error-

prone, and Rad5-dependent error-free pathways are required for full cell viability upon 

genotoxic exposure, whereas SRS2 deletion allows unrestrained Rad51 action, 

compensating for Rad5 inactivation (Figure EV2E).  
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However, pol30-K164R had no effect on cell viability in the absence of telomerase, in 

contrast to UV exposure, and only slightly alleviated the effect of RAD5 deletion (Figure 3A). 

SRS2 deletion suppressed RAD5 deletion (Figure 3B), as seen with UV exposure. This 

suggests that sumoylation of PCNA and recruitment of Srs2 have a role at telomeres. The 

srs2-ΔSIM (Miura et al, 2013) mutant, which lacks the C-terminal portion of Srs2 containing 

both the PCNA interaction motif (PIP) and a SUMO-interaction motif (SIM), also suppressed 

the phenotype of rad5Δ (Figure 3C and Figure EV3B). srs2D suppression of rad5D defects 

rely on RAD51, since tlc1D rad5D srs2D rad51D cells grew extremely poorly (Figure 3D). 

These data support the idea that PCNA sumoylation and Srs2 recruitment repress Rad51 

activity. Furthermore, rad5D and rad51D had additive effects in the tlc1D background, 

despite the presence of Srs2 (Figure 3D). Thus, Rad51 is likely to play a critical role at 

telomeres in rad5D cells when not inhibited by Srs2. However, Rad5 and Rad51 may act on 

two partially non-overlapping pathways at telomeres, independently of Srs2, as well. For 

instance, telomeres in rad5D cells may become appropriate substrates of Rad51, even in the 

presence of Srs2 (see below).  

 

Srs2 limits Rad51 recruitment to critically short telomeres. 

Our genetic data suggest Rad51 is prevented from rescuing defects at telomeres in rad5Δ 

cells by the action of Srs2. We thus asked whether Rad51 recruitment to telomeres depends 

on Rad5 and/or Srs2, using ChIP. Because Rad51 is detected only at critically short 

telomeres (Fallet et al., 2014), we engineered our strains to stably harbour an inducible very 

short telomere (Diede & Gottschling, 1999; Ribeyre & Shore, 2012). A chromosome end 

containing 80 bp (TG80, critically short) or 250 bp (TG250, control length telomeres) of 

telomeric repeats was generated de novo upon incubation of cells in media containing 

galactose (Figure 4A and EV4A). We also inhibited telomerase, which would otherwise re-

elongate the newly generated critically short telomere (Diede & Gottschling, 1999) by 

expressing TLC1 under the control of a PTetO2 promoter, repressible by addition of 

doxycycline (Bah et al, 2011). These constructs were combined in strains containing RAD5 

and SRS2 deletions and ChIP experiments were performed using an anti-Rad51 antibody. 
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Only critically short telomeres (TG80) recruited Rad51 in the RAD5 SRS2 background, 

whereas normal length telomeres (TG250), or a native telomeres (tel6R) in the same cells did 

not (Figure 4B and EV4B), consistent with previous results (Fallet et al., 2014). Binding of 

Rad51 to TG80 increased in the absence of either RAD5 or SRS2, indicating that the 

presence of both is required to fully prevent Rad51 recruitment to short telomeres. This is 

consistent with our hypothesis that telomeres in rad5Δ cells may become substrates of 

Rad51, even in the presence of Srs2, which only partially represses Rad51 recruitment. In the 

absence of both RAD5 and SRS2, binding of Rad51 to TG80 further increased, compared to 

rad5Δ cells, but was not significantly different from the binding seen in srs2D cells (Figure 4B 

and EV4B). This suggests that Rad5 and Srs2 exert redundant, partially independent 

activities in preventing Rad51 accumulation at telomeres, with Srs2 exerting the greatest 

effect. In the same cells, a native telomere (tel6R) did not bind Rad51, in any of the mutants. 

We did not see accumulation of Rad51 at normal length telomeres in cells containing the 

TG250 telomere either, even in srs2D rad5Δ cells. We conclude that normal length 

functional telomeres are not substrates for Rad51, even in the absence of Srs2. This is in 

contrast to Rad5 and Srs2, both of which are recruited to telomeres, mostly independently 

of their length (Figure 4C-D and EV4C-D). These results are consistent with a model in which 

Rad5 is constitutively active at telomeres, whereas Rad51 only binds when telomeres 

become critically short. At these telomeres, Rad51’s recruitment is partially restrained by 

Srs2 helicase activity.  

 

Rad5 is required for telomeric 3’-overhang reconstitution 

Given that Rad5 is bound to telomeres independently of their length, as well as only during 

replication, we hypothesized that Rad5 may be involved in telomere processing during 

replication fork passage, and specifically in the reconstitution of the 3'-overhang in S-phase. 

We synchronized cells in G1, released them into S-phase (Figure 1), prepared DNA samples, 

and assessed the end structure of the telomeres by restriction digestion, electrophoresis, 

and detection of telomeric G-strand ssDNA by direct in-gel hybridization using radio-

labelled oligo C1-3A-rich probe (Dionne & Wellinger, 1996; Wellinger et al, 1992). Signal 

obtained under such native conditions is attributed to 5' end processing of telomeres 

associated with the passage of the replication fork. 
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RAD5-MYC cells displayed a rapid increase in overhang signal during S-phase, followed by 

a slow decrease, as expected (Wellinger et al., 1993) (Figures 5A-C, EV5A-C and EV5G-H). 

For telomeres that contained a terminal Y’ subtelomeric element (nearly half telomeres in 

our strains - https://www.le.ac.uk/colleges/medbiopsych/research/gact/resources/yeast-

telomeres) and migrated altogether in the gel, providing a strong signal, the signal rapidly 

increased at 45 min and slowly decreased until 90 min upon release from G1 block. In 

contrast, rad5D cells showed only a moderate increase in overhang signal, corresponding to 

nearly half of that seen in wild-type cells, indicating that either the extent of 5'-resection is 

decreased, or that it happens in only a fraction of telomeres, or it is delayed in time. We 

conclude that Rad5 is involved in the proper processing of telomeres at the time of their 

replication. Our ability to analyze S-phase at high temporal resolution allowed us to identify 

a delayed ssDNA telomeric signal displaying intense bands, starting at 75 min after release 

from G1 block. This signal could correspond to some telomeres not containing a Y’ 

subtelomeric element (X-only telomeres) (Figure EV5G-J). This is consistent with the notion 

that different telomeres replicate and process their ends at different times throughout S-

phase, as previously suggested (Raghuraman et al, 2001). Thus, the identification of Rad5 

binding at telomeres at 90 min after release into S-phase at the two native X-only telomeres 

tel6R and 15L (Figure 1C and EV1C) is compatible with Rad5 being required for appropriate 

telomere maturation at the time of telomere replication. 

 

To determine if the decrease in telomeric overhang signal is linked to the accelerated 

senescence seen in rad5D cells, we tested if the decrease is suppressed by SRS2 deletion, 

given that SRS2 deletion suppresses the acceleration of senescence of rad5D  (Figure 3B). 

However, rad5D srs2D cells showed a similar decrease in telomere overhang signal as rad5D 

cells, despite growing to RAD5 SRS2 levels in the absence of telomerase (Figure 5D-F, 

EV5D-F and EV5I-J). Thus, the telomere processing defect displayed by rad5D cells is a new 

function of Rad5, distinct from the one in the absence of telomerase. 
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Discussion 
 

In this work we demonstrate that Rad5, a component of the DNA damage tolerance 

pathway, associates with telomeres during replication and is involved in the processing that 

reconstitutes the telomeric overhang. However, this role appears to be genetically 

independent of its role in sustaining growth in the absence of telomerase. In telomerase-

negative cells, the impact of RAD5 deletion on growth can be compensated by the action of 

Rad51, which is itself restrained by Srs2. However, Rad51 can be detected at telomeres only 

when they reach a short length, whereas Rad5 is present at telomeres independently of their 

length. This suggests that Rad5 and Rad51 contribute to at least two partially distinct 

pathways at telomeres. 

 

Our findings indicate that the telomere processing defect in rad5D cells is unlikely to cause 

the increased lethality seen in the absence of telomerase because loss of Rad5 is not 

suppressed by SRS2 deletion, despite srs2D suppressing the rad5D acceleration of 

senescence. However, for genes that affect cell growth when mutated, such as Rad5, where 

the doubling time of rad5D cultures is 1.4 greater than wild-type, (Gallo et al., 2019; 

Johnson et al, 1992), it is difficult to determine their precise genetic interaction with 

telomerase inactivation in terms of growth. To precisely quantify the contribution of Rad5 in 

cell growth and senescence, we measured the consecutive cell cycle durations in single cell 

lineages of rad5D cells in the presence or absence of telomerase using a microfluidics 

system (Xu et al., 2015) (Appendix Figure). In these experiments, where cells grow 

individually with no competition effects, the mortality rate in rad5D was measured ~6% per 

cell division, and the increased mortality upon telomerase inactivation seems to result from 

the additivity of rad5∆ basal mortality and senescence mortality. Thus, the synthetic 

interactions we see in population assays may rely on complex competition effects occurring 

in long-term cultures, as it is the case of our quantitative senescence assays shown Figures 2 

and 3. Therefore, one explanation for the low viability of rad5D tlc1D cells could be a simple 

additive effect between telomerase senescence mortality and rad5D growth defect. This 

growth defect is likely due to a constitutive role for Rad5 during normal S-phase in assisting 



14 

 

 

replication at regions other than telomeres, and most rad5D defects in preventing DNA 

damage are known to be suppressed by SRS2 deletion (Friedl et al., 2001; Liefshitz et al, 

1998).  

 

In the same vein, we can also envisage that Rad5 and Rad51 promote cell growth in the 

absence of telomerase in different cells with different telomere contents, and there may be 

no interaction between these two pathways at the molecular level. In highly heterogeneous 

senescent cell cultures, some cells may display critically short telomeres early after 

telomerase inactivation and require Rad51 for viability, whereas others may require Rad5 for 

independent reasons. Cells requiring Rad51 would promote homology-dependent repair at 

these short telomeres, in response to extended 5'-3' resection of short telomeres (Fallet et 

al., 2014). However, while in this work, we cannot identify a specific molecular defect in 

rad5D that explains its potential synthetic lethality with telomerase inactivation detected in 

long-term cultures, at this point, we cannot exclude Rad5 or the DTT pathway being 

involved in Rad51-dependent processing of short telomeres. PCNA-dependent Srs2 limits 

Rad51 binding to short telomeres (Figure 4 and EV4) and mms2D accelerates senescence of 

tlc1D cells specifically when a very short telomere is artificially generated (Fallet et al., 2014). 

While the role of Rad5 and Rad51 in template switching and/or replication fork structures is 

not well understood (Branzei & Szakal, 2016), we observed that Rad5 by itself was not 

required for Rad51 binding to short telomeres. Instead, short telomeres in rad5D cells are 

bound by more Rad51 (Figure 4 and EV4), which may be due to defective end processing of 

telomeres (Figure 5, EV5). 

 

We show that Rad5 acts in telomere processing. Nearly half of the increase in overhang 

signal detected in S-phase at telomeres is lost in the absence of Rad5. This could be due to 

a reduction in resection extension, or a decrease in the fraction of telomeres being 

resected, or even to a delayed and less synchronized maturation of telomeres. Signal 

detected in the in-gel experiments is also reduced by ~50% in a mre11D background, a 

mutation strongly affecting the generation of the 3’ telomeric overhang (Larrivee et al, 

2004). Rad5 could be in the same pathway as Mre11, with respect to telomere processing. 

The Mre11 pathway involves Mre11-Rad50-Xrs2 complex nucleolytic activity, Sae2, Exo1, 
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and Sgs1-Dna2, and most models suggest this pathway acts on linear telomeric molecules, 

similarly to double-strand break processing (Bonetti et al, 2013; Oh & Symington, 2018). 

Given that Rad5 and its mammalian ortholog can promote replication fork reversal in vitro, 

and X-shaped replication intermediates in vivo (Achar et al, 2015; Bai et al, 2020; Kile et al, 

2015; Minca & Kowalski, 2010; Shin et al., 2018), we suggest that these nuclease activities at 

telomeres may occur during replication fork passage and in the context of a reversed fork. 

Replication fork remodelling at telomeres may arise from telomeric secondary structures 

causing a replication fork block, or simply due to the vicinity of the termini (Doksani et al, 

2009), raising the possibility of a conformational step in telomere processing. 

  



16 

 

 

Materials and Methods 
 

Yeast strains 

All strains used in this work are in a W303 RAD5 ADE2 background (Appendix Table 1). 

Gene deletions and epitope-tagging were constructed as described (Longtine et al, 1998). 

Point mutations were constructed by a two-step strategy. First, a marker (HIS3MX6 or 

kLEU2) was first inserted in the 3’-UTR of the target gene. Then a construct was amplified 

using a reverse primer downstream of the inserted marker, and a forward primer containing 

the desired mutation for the target gene. The PCR construct was used to transform naïve 

cells, and clones were selected with His or Leu dropout plates (Toulmay & Schneiter, 2006). 

 

Cell synchronization and Flow Cytometry 

The strains used were MATa bar1Δ, and an overnight culture of each was diluted about 10-

fold into 540 ml of YPD. After 3.5 hr growth at 30°C, α factor (Bachem) was added to a final 

concentration of 10-7 M and cultures were incubated for 130 minutes at 30°C. For the 

release, cells were washed three times in H20, then treated with nuclease-free Pronase 

(Millipore; 46 mg total), and placed in 540 ml YPD medium at 18°C. Samples were taken 

every 15 minutes for ChIP and flow cytometry analysis. Cell-cycle synchrony and release 

were checked by microscope. Cytometry analysis of the DNA content was performed using 

Ethanol-fixed cells and Sytox Green (Invitrogen) staining. Analysis was performed on the 

Accuri C6. Data was graphed using MATLAB. 

 

Quantitative senescence assays 

Senescence assays and their analysis were performed as previously described (Fallet et al., 

2014). Briefly, diploids heterozygous for the relevant genes and containing a TLC1 deletion 

replaced by a Matα specific Nourseothricin (Nat) reporter (PralphaNat) were sporulated and 

germinated on Nat for selection of telomerase-negative spores. Genotypes were 

determined on a small portion of the colony, and 8 to 16 clones of each genotype were 

spotted on YPD supplemented with Nourseothricin (50,000 cells in the first spot, followed 
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by 10-fold serial dilutions). After 46 hours at 30°C, plates were scanned (Passage 1). Cells 

were then picked from the most concentrated spot, to re-spot as previously for Passage 2. 

Passage 3 was obtained in the same manner with cells from Passage 2. Spot intensity was 

measured from scans after 46 h of growth and used to determine a viability index 

(corresponding to the dilution required to reach a given intensity threshold) using ImageJ 

1.46a. Viability indexes for each genotype were plotted as boxplots using MATLAB. p-

values were determined using pairwise Wilcoxon rank-sum tests in MATLAB (*= p < .05; ** 

= p< .005). At least two complete and biological independent experiments using 

independent transformants were performed for each pair of diploid starting strains and one 

is shown.  

 

Chromatin Immunoprecipitation 

ChIP was performed as previously described (Mattarocci et al., 2014). For each ChIP culture, 

40 mL of cells (at about 1e7 cells/mL) were fixed in 1% formaldehyde for 5 minutes, then the 

reaction was stopped with 2 mL 2.5 M glycine. Next, cells were washed with ice cold HBS 

twice [HBS: 50 mM HEPES pH 7.8, 140 mM NaCl], and frozen in 600 µL of ChIP lysis buffer 

plus with protease inhibitors and 1 mM PMSF (Roche 11836170001) [ChIP lysis buffer: 50 

mM HEPES pH 7.8, 140 mM NaCl, 1 mM EDTA, 1% NP40, 1% Sodium deoxycholate]. Cells 

were lysed using a FastPrep (MP Biomedicals), 3x30 seconds at 6 M/s and zirconium/silica 

beads (BioSpec Products 11079105z). Next, beads were removed from lysates by using a 

needle to poke a hole in the tube and spinning the sample into a clean tube. Supernatant 

and pellet were resuspended in 600 µL lysis buffer and protease inhibitors, and samples 

were sonicated at high setting, 30 s on 30 s off for 10 minutes using a Diagenode with 

continuously cooled water bath at 4°C. Sonicates were clarified by spinning top speed for 

30 mins at 4°C. Immunoprecipitations were set up with either anti Myc (9E10 from 

hybridoma culture supernatant (gift from David Shore’s lab), anti-Rad51 (Abcam ab63798), 

or anti-RPA (polyclonal Agrisera AS07214 directed against the three RPA subunits). After 1 

hr of incubation at 4 °C with rotation with antibody, either sheep anti-mouse (Invitrogen: 

11201D) or sheep anti-rabbit (Invitrogen: 11203D) beads were added and incubated for 2 

hours at 4°C with rotation. For washes, samples were placed on a magnet to collect beads. 

Beads were first rinsed in 1 mL ChIP lysis buffer and transferred to a new tube. Then, beads 
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were washed with AT1, AT2, AT3, and AT4 wash buffers [AT1: 50 mM HEPES pH 7.8, 140 

mM NaCl, 1mM EDTA, 0.03% SDS (added freshly); AT2: 50 mM HEPES pH 7.8, 1M NaCl, 1 

mM EDTA; AT3: 20 mM Tris, 250 mM LiCl, 1 mM EDTA, 0.5% NP40, 0.5% Sodium 

deoxycholate; AT4: 20 mM Tris pH 7.5, 0.1 mM EDTA]. After washes, sample was eluted in 

140 µL of elution buffer (AT4 + 1% SDS). Samples, including 10 µL of each input, were 

reverse crosslinked overnight in 140 µL elution buffer at 65°C. The next day, samples were 

digested in proteinaseK/TE for 1 hour at 37°C, and then cleaned-up using a QIAquick PCR 

Purification Kit (Qiagen 28104).  

 

qPCR was performed in a 10 µL volume with PowerSYBR green PCR master mix (Applied 

Biosystems 4367659) on the Applied Biosystems. The program used for the reactions is: 

95°C for 10 min, then a 44x loop of 95°C 15 sec, 60°C for 1 min. Primers are listed in 

Appendix Table 2. Percent input was calculated by the equation percent input = (E)Ct(input)-

Ct(IP), where E is the PCR efficiency of the primer set. The Ct(input) was first corrected for 

dilution by the formula Ct’=Ct – logE(30). 

 

Southern Blotting 

Southern blot analysis was performed using 250 ng of DNA from each strain. DNA was 

digested with Xho I, separated on a 1.2% agarose gel, and transferred to Hybond-XL 

membrane. The blots were probed with a 1 kb probe for Y’-prime elements. The primers 

used to make the probe were Fwd: 5’- GAGTTTTTCAGCGTTTGCGTTCCA-3’ Rev: 5’- 

TTACTCTCGCTGTCACTCCTTACC-3’. The membranes were hybridized in Church buffer at 

65°C overnight, and washed four times in Church wash buffer [Church buffer: 500 mM 

sodium phosphate pH 7.4, 1 mM EDTA; 7% SDS, 1% BSA; Church wash buffer: 20 mM 

sodium phosphate pH 7.4, 1 mM EDTA, 1% SDS]. 

 

In-gel hybridization 

DNA was extracted from cells lysed with glass beads in [2% Triton X-100, 1% SDS, 100 mM 

NaCl, 1 mM EDTA, 10 mM Tris (pH 8)], followed by a phenol-chloroform extraction and 

precipitation with Ethanol. Pellet was resuspended in TE with RNAse A, incubated at 37°C 



19 

 

 

for 30 minutes and re-precipitated with Ethanol. Samples were never vortexed or heated 

throughout the process. 500 ng of each sample was digested overnight with Xho I and run 

on a 0.7% SeaKem Agarose (Lonza) gel in 1xTBE, at 23 volts for 18-19 hours (125 mL gel, 

15x15 cm). The gel was stained with ethidium bromide after running for picture. Next, the 

gel was dried in a gel dryer without heat, and hybridized overnight at 37°C in a sealed bag 

without shaking. For the hybridization, probe was mixed in 25 mL of Denhardt’s 

hybridization solution [5xSSC, 0.5 mM Ppi, 1 mM Na2HPO4, 5x Denhardt’s solution (Sigma 

Aldrich D2532), 40 nM ATP, 20 µg µg denatured salmon sperm DNA] for both native and 

denatured gels. Probe was prepared incubating 200 ng of oligo oT1135 (5’-

CACACCCACACACCACACCCA-3’) with 5 µL of g-[32P]-ATP and 1 U of T4 polynucleotide 

kinase (PNK, Biolabs) in buffer recommended by manufacturer 1h at 37°C, followed by 15 

min at 68°C and purification using an Illustra Microspin G-25 column. The native gel was 

washed in 0.25x SSC, then exposed to a phosphor screen before denaturing. For 

denaturing, the gel was soaked in 500 mL denaturing solution [150 mM NaCl, 0.5 M NaOH] 

for 25 mins at room temp without shaking. Then, incubated in 200 mL neutralization 

solution [150 mM NaCl, 0.5 M Tris pH8] for 20 mins with shaking. The denatured gel was 

then hybridized in the same manner as the native gel, with freshly labeled probe. After 

hybridization, the denatured gel was washed in 0.1x SSC and exposed. Results were 

analysed with a Typhoon FLA9500 and quantified with ImageQuant TL 8.2. 
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Figure Legends 

Figure 1- Rad5 is enriched at telomeres during their replication 

(A) Cells with indicated genotype were synchronized using alpha factor and released at 

18°C. Timepoints were taken every 15 minutes, and analyzed by flow cytometry using Sytox 

Green staining to quantify DNA content (1N or 2N). (B-C) The same samples were 

processed for ChIP and divided in half to immunoprecipitate either RPA (B) or Rad5-Myc (C). 

qPCR was used to determine the amount of two individual telomeres (6R and 15L), an early 

ARS, (ARS607), and a late ARS (ARS522) bound by RPA or Rad5-Myc. Results are expressed 

as a percentage of the input fraction. 

 

Figure 2- Rad5’s role at telomeres does not involve helicase or ubiquitin ligase activities and is 

independent on the DDT pathway 

 (A-F) Quantitative assessment of senescence for strains with indicated genotypes. tlc1D 

spore-colonies derived from diploids tlc1D /TLC1 combined with indicated mutations are 

genotyped and spotted on plates for three consecutive passages. Viability index reflects the 

capacity of forming colonies at each passage. Adjusted p-values were obtained by the 

Wilcoxon rank-sum test with a false discovery rate correction *p-value < 0.05, **p-value < 

0.005.  

 

Figure 3- Rad5- and Rad51-dependent pathways both maintain cell viability in the absence of 

telomerase. 

(A-D) Quantitative assessment of senescence for strains with indicated genotypes. tlc1D 

spore-colonies derived from diploids tlc1D /TLC1 combined with indicated mutations are 

genotyped and spotted on plates for three consecutive passages. Viability index reflects the 

capacity of forming colonies at each passage. Adjusted p-values were obtained by the 

Wilcoxon rank-sum test with a false discovery rate correction *p-value < 0.05, **p-value < 

0.005. 
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Figure 4- Rad51 recruitment to short telomeres is prevented by Rad5 and Srs2 

(A) Cells with indicated genotype grown in the presence of Dox to repress telomerase and 

then shifted to galactose-containing media for 4 h to generate a telomeric extremity 

containing 80 bp or 250 bp of telomeric repeats, were harvested and chromatin was 

immunoprecipitated with anti-Rad51 antibodies (B) The association of Rad51 with the newly 

generated telomere (TG250 or TG80) or with an internal control locus (PDZ1) was quantified 

by qPCR. An unaffected telomere (tel6R) was also assessed in the strain harboring the 

critically short telomere TG80 and its association with Rad51 was evaluated together with 

ACT1 control locus. All data are depicted as mean + SD. p-values were obtained from two-

tailed Student’s t- tests (*p < 0.05, **p < 0.01). (C-D) Cells as in (A) expressing RAD5-MYC 

(C) or SRS2-MYC (D) grown in the presence of Dox and then shifted to galactose-containing 

media for 4h, were harvested and chromatin was immunoprecipitated with anti-Myc 

antibodies. The association of Rad5-Myc or Srs2-Myc with the newly generated telomere 

(TG250 or TG80) or with an control internal locus (PDZ1) was quantified by qPCR. An 

unaffected telomere (tel6R) was also assessed in the strain harboring the critically short 

telomere TG80 and its association with indicated proteins was evaluated in parallel to PDZ1 

control locus. All data are depicted as mean + SD. See Figure EV4 for experimental details 

and results in independent clones and replicates. 

 

Figure 5- Rad5 contributes to the processing of telomeres after the passage of the replication fork  

PTetO2-TLC1 cells with indicated RAD5 and SRS2 genotypes were synchronized using alpha 

factor and released at 18°C as in Figure 1. (A, D) Timepoints were taken every 15 minutes, 

and analysed by flow cytometry to quantify DNA content (1N or 2N). (B, E) DNA was 

extracted in native conditions, digested with Xho I, electrophoresed and hybridized in-gel 

with a CA-rich probe to detect the telomere 3’-overhangs (upper panels “native”). Gels 

were denatured and hybridized to the same probe to detect overall telomeric signal (lower 

panels “denatured”). Areas where Y’ terminal restriction fragments migrate are shown. (C, F) 

Histograms representing the ratio native:denatured signals normalized to the first lane of 

each gel. See Figure EV5 for replicates of this experiment and raw data. Note: experiment 

shown in (A-C) is made out of the exact same cultures than the one in Figure 1 and EV1D-E.  
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Expanded View Figure Legends 
 

Figure EV1- Rad5 localizes to telomeres during their replication 

(A-C) Biological replicate of experiment shown in Figure 1A-C. (A) Cells with indicated 

genotype were synchronized using alpha factor and released at 18 °C. Timepoints were 

taken every 15 minutes, and analyzed by flow cytometry to quantify DNA content (1N or 

2N). (B-C) The same samples were processed for ChIP and divided in half to 

immunoprecipitate either RPA (B) or Rad5-Myc (C). qPCR was used to determine the 

amount of two individual telomeres (6R and 15L), an early ARS, (ARS 607), and a late ARS 

(ARS522) bound by RPA or Rad5-Myc. Results are expressed as a percentage of the input 

fraction. (D-E) Similar to (A) and (C) with rad5Δ cells, as negative control. 

 

Figure EV2- Effects of mutations in Rad5 and DDT components 

(A) The Rad5 helicase contains a putative DNA-binding HIRAN domain (in orange), and an 

E3 ligase domain (blue) embedded in a SWI/SNF2 family helicase domain (green). The 

walker A and B motifs are depicted in dark green. (B) UV spot assays were performed with 

indicated rad5 mutants. For each strain, 50,000 cells were plated in the most concentrated 

spot, followed by 10-fold serial dilutions. Then plates were subjected to UV at 0, 5, 10 or 25 

J/m2. Plates were incubated for 48 hours. (C) Southern blot analysis was performed on 

various rad5 mutants using 250 ng of DNA from each strain. DNA was digested with Xho I, 

separated on a 1.2% agarose gel, and the blot was probed with a probe for Y’ elements. (D, 

F-J) Quantitative senescence assays were performed as in Figure 2, for indicated genotypes. 

* stands for RAD5-3’-UTR::HIS3MX6 and POL30-3’-UTR::kLEU2. (E) Schematic of the DNA 

Damage Tolerance pathway (DDT) operating when replication fork encounters a DNA 

lesion. The DDT is initiated by the Rad6/Rad18 ubiquitin ligase, which mono-ubiquitylates 

Pol30 (PCNA) on K164. The mono-ubiquitylation of Pol30 stimulates error-prone translesion 

synthesis (TLS) by TLS polymerases (Pols), a process that involves Rad5 helicase activity. 

Alternatively, the E3 ligase Rad5, working with E2 ligase complex Mms2/Ubc13, poly-

ubiquitylates Pol30 on K164. This poly-ubiquitylation leads to template switching, which is 

an error-free process assisted by Rad5 and possibly Rad51. In another branch of the 
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pathway, Srs2 helicase is recruited to SUMO-K164-Pol30, which blocks the activity of Rad51 

by removing Rad51 filaments. Because the absence of Srs2 suppresses viability of rad5D 

cells, this branch is called “salvage pathway”. 

 

Figure EV3- Penetrance of DDT mutations 

(A) UV spot assays were performed with indicated mutants. For each strain, 50,000 cells 

were plated in the most concentrated spot, followed by 10-fold serial dilutions. Then plates 

were subjected to UV at 0, 5, 10 or 25 J/m2. Plates were incubated for 48 hours. (B) 

Quantitative senescence assay as in Figure 2 for indicated genotypes. SRS2-3’UTR-kLEU2 

stands for the SRS2 allele in which the kLEU2 marker is inserted in the 3’UTR of SRS2 (used 

to construct srs2DSIM). 

 

Figure EV4- Individual ChIP results for Figure 4 

(A) Schematic representation of the experiment to induce a de novo critically short telomere 

(TG80) or a normal length telomere (TG250). Strains in this experiment contain a unique site 

for HO endonuclease, flanked by a variable number of telomeric repeats. This construct is 

embedded within a subtelomeric region of arm 7L, containing no essential genes from there 

to the telomeres. Cells also contain TLC1, encoding for telomerase template RNA subunit, 

under the control of a promoter repressible by addition of doxycycline (Dox) to the media. 

To induce a de novo telomere of controlled length, cells are first pre-incubated overnight 

(O/N) in Dox, and then shifted for 4h into Galactose-containing media in presence of Dox, 

to induce the expression of endonuclease HO. This generates a new telomere containing 

either 250 or 80 bp of TG1-3 repeats (TG250 and TG80, respectively, depending on the 

strain). CEN7, centromere of chromosome 7; telomeric repeats are represented by black 

arrow heads, flanking markers LYS2 and ADE2 are depicted. (B-D) ChIP results shown in 

Figure 4 were obtained by averaging data shown obtained for indicated independent 

strains and clones (see Appendix Table 1). 

Figure EV5- Replicate Ingel experiments as in Figure 5 

(A-F) Legends as in Figure 5. (G-J) Full images of the gels shown in Figure 5 (G, I) and Figure 

EV5B, E (H, J). Migration zones of X-only telomeres and Y’ telomeres are indicated. 
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Figure 3 Henninger et al
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Figure 4 Henninger et al
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Figure 5  Henninger et al
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Figure EV1 - Henninger et al.
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Figure EV3 - Henninger et al
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Figure EV4 - Henninger et al
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Figure EV5 - Henninger et al
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Figure EV5 - Henninger et al (continued)
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Appendix related to Henninger et al.  

Maturation of telomere 3'-overhangs is 

linked to the replication stress response 
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Appendix Figure: rad5D cells have a high mortality rate 

(A) To evaluate growth capacity of cells in presence or absence of telomerase and in 

different genetic backgrounds, we measure the exact duration of each consecutive cell cycle 

in individual lineages. (B) For this, we use a microfluidics device in which budding yeast cells 

grow for up to one hundred generations, allowing for the precise tracking of pedigrees. 

Here we show an image of the microfluidics chip, the design of the chambers and 

microcavities. Scale bars: 5 mm (black) and 5 µm (white) (adapted from (Xu et al., 2015)). (C-

J) Display of consecutive cell cycle durations of individual lineages with indicated genotypes 

grown in the microfluidic device obtained in one or two independent experiments using two 

independent transformants of RAD5 deletion (when applicable). In (C), data is taken from 

(Coutelier et al, 2018; Xu et al., 2015). Cells were monitored overnight before (-dox) and 

then for successive generations after (+dox) addition of doxycycline (30 µg/mL) to inactivate 

telomerase (designated generation 0). In experiments in which doxycycline is not added, 0 

corresponds to the beginning of the movie after injection of cells and invasion of 

microcavities. Each horizontal line is an individual cell lineage and each segment is a cell 

cycle. Cell cycle duration (min) is indicated by the color bar on the side. X at the end of the 

lineage indicates cell death, whereas an ellipsis (…) indicates that the cell was alive at the 

end of the experiment. (K) Average duration of cell cycles and mortality rates per cell 

division calculated for indicated experimental conditions. The mortality rate is calculated as 
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the fraction of cell deaths over total number of cell divisions among lineages, and the 95% 

confidence interval of a proportion was determined using the Wald method.  

 

We observe in this figure that switching the promoter of TLC1 for TetO2 has minimal 

consequences on cell viability in presence or absence of RAD5 in conditions where 

doxycycline is not added (and expression of TLC1 not repressed) (panels C-F), although 

displaying shorter telomeres (260 bp in average, instead of 300-400 bp in wt strains (Xu et 

al., 2015)). Addition of doxycycline in cells harbouring a native promoter for TLC1 has no 

effects in viability either (panel G). In contrast, deletion of RAD5 raises the mortality rate 

from ~0.2% and ~0,4% in TLC1 and PTetO2-TLC1, respectively, to ~6%, while the average cell 

cycle duration increases to about 105 min (panel K). Therefore, the increase in doubling 

time of rad5D strains results mainly from increased mortality. When telomerase is inactivated 

by addition of doxycycline in PtetO2-TLC1 cells, senescence phenotype become apparent 

with generations as expected (panel H). Deletion of RAD5 in these conditions did have a 

strong effect, but not stronger than in TLC1 cells, in which doxycycline has no effect on 

telomerase (panels I-J). We conclude that the mortality rate in rad5D cells ends cell lineages 

way before telomerase inactivation shows effects, precluding any definitive conclusion on 

the genetic interactions between TLC1 and RAD5 with this highly sensitive technology.  

 

Appendix Materials and Methods for the microfluidics analyses (adapted from (Xu et al., 2015)) 

The microfluidic mold was fabricated using standard soft lithography techniques. In brief, 

polydimethylsiloxane (PDMS; Sylgard 184) and curing agent were mixed in a 10:1 ratio, 

degassed it with a vacuum pump for 30 min, and poured it into the mold. The PDMS was 

cured by baking at 70°C for 5 h and then removed from the mold. A biopsy puncher (1.5 

mm, Harris Unicore) was used to create holes for medium flow. The surfaces of PDMS and a 

glass coverslip (24 × 50 mm) were surface activated using a plasma cleaner (Diener 

Electronic, Germany) to covalently bond the two elements. For injection of cells into the 

device, synthetic complete medium containing 2% glucose (SD) was filtered using a 0.22-µm 

polyethersulfone filter (Corning) and loaded into the device using a peristaltic pump (IPCN, 

Ismatec). Cells from a log-phase culture (0.5 OD600) were injected into the device using a 1 

ml syringe. A constant medium flow (28 µl/min) was maintained throughout the experiment. 
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For experiments with strains expressing the TetO2-TLC1 construct, cells were allowed to 

divide and invade the cavities for 12–24 h before the medium was switched to SD 

containing 30 µg/ml doxycycline. Cells in the microfluidic device were imaged using a fully 

motorised Axio Observer Z1 inverted microscope (Zeiss), with constant focus maintained 

with focus stabilisation hardware (Definite focus, Zeiss). LED light sources for phase contrast 

were used with the following parameters: 4.0 V – 70 ms. The temperature was maintained at 

30°C with a controlled heating unit and an incubation chamber that held the entire 

microscope base, including the stage and the objectives. Images were acquired every 10 

min using 4Zen (Zeiss). A custom software written in Matlab, named SingleCellTracer, was 

developed in this work to allow a semi-automated analysis of cell division dynamics of 

individual lineages. In brief, an input microscopy movie can be directly analyzed through the 

user interface allowing manual detection of cell budding, divisions, as well as correction of 

mistakes and simultaneous monitoring of several features over time. Time-lapse images 

were exported as avi files and analysed directly with the graphical user interface of 

SingleCellTracer. To efficiently track lineages, in which we frequently switched focus from a 

given cell to its daughter cell, the time-lapse images were retrospectively analysed starting 

from the last image. This avoided tracking of lineages in which the cells were ejected from 

the microcavity. All computational and statistical analyses were performed in Matlab. 

SingleCellTracer and the functions developed in this study are available on request.  

 

Appendix Table 1: Strains used in this study 

Strain Figure Genotype 
G49 (W303)#  Mat a ura3-1 trp1-1 leu2-3,112 his3-11,15 can 1-100 RAD5 
yT649* EV2, 3, EV3 G49 rad5::HIS3MX6 
yT650* 2, EV2 G49 mms2::HIS3MX6 
yT651 EV2 G49 ubc4::HIS3MX6 
yT652* 2, EV2 G49 ubc13::HIS3MX6 
yT656*  G49 RAD5-3’-UTR::HIS3MX6 
yT695* 2, EV2 G49 rad5-GAA-3’-UTR::HIS5 
yT696* 2, EV2 G49 rad5-I916A-3’-UTR::HIS5 
yT717* EV2 G49 POL30-3’-UTR::kLEU2 
yT745* 2, EV2 G49 rad5-AA-3’-UTR::HIS5 
yT747* 3, EV3 G49 pol30-K164R-3’-UTR::kLEU2 
yT749* EV2 G49 pol30-K107R-3’-UTR::kLEU2 
yT755* EV2 G49 rad30::HIS3MX6 
yT756* 2, EV2 G49 rev1::HIS3MX6 
yT757* EV2 G49 rev3::HIS3MX6 
yT758* 3 G49 rad5::HIS3 pol30-K164R-3’-UTR::kLEU2 
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yT769  Mat a ura3-1 trp1-1 leu2-3,112 his3-11,15 can 1-100 RAD5 
tlc1::PralphaNat pCEN-ARS-TRP1-TLC1 (pSD107) 

yT800 3, EV3 G49 srs2::kLEU2 
yT801* 3, EV3 G49 srs2::kLEU2 rad5::HIS3MX6 
yT811 EV3 G49 rad5::RAD5-13xMYC-TRP 
yT752 1 G49 bar1::kLEU2 tlc1::KANMX6-PTetO2-TLC1 rad5::His3 
yT1185 1, EV1, 5, 5EV5 G49 bar1::kLEU2 tlc1::KANMX6-PTetO2-TLC1 rad5::RAD5-13xMYC-TRP1 
yT1190 5, EV5 G49 bar1::NATMX6 tlc1::KANMX6-PTetO2-TLC1 rad5::HIS3 srs2::kLEU2 
yT868 3, EV3 G49 rad51::kLEU2 rad5::HIS3 
yT898 3, EV3 G49 rad51::kLEU2 
yT1026 3, 4C Mata/alpha ura3-1/ura3-1 trp1-1/trp1-1 leu2-3,112/leu2-3,112 his3-

11,15/his3-11,15 can1-100/can1-100 TLC1/tlc1::PralphaNat 
RAD5/rad5::HIS3 SRS2/srs2::TRP1 RAD51/rad51::kLEU2 

yT860 EV3 G49 SRS2-3’-UTR-kLEU2 
yT867 EV3 G49 SRS2-3’-UTR-kLEU2 
yT1164 4B, EV4A  G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 

tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 
yT1386 4B, EV4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 

tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 rad5::TRP1 
yT1374 4B, EV4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 

tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 rad5::TRP1 
srs2::HPH 

yT1384 4B, S4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 rad5::TRP1 
srs2::HPH rad5::TRP1 

yT1175 Fig 4B, S4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 

yT1387 Fig 4B, S4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 rad5::TRP1 

yT1375 Fig 4B, S4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 srs2::HPH 

yT1385 Fig 4B, S4A G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 srs2::HPH 
rad5::TRP1 

yT1420 Fig 4C, S4B G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 RAD5-Myc-TRP1 

yT1421 Fig 4C, S4B G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 RAD5-Myc-
TRP1 

yT1422 Fig 4D, S4C G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG80-HO-CA80 ADE2 SRS2-Myc-TRP1 

yT1423 Fig 4D, S4C G49 leu2::PGAL-HO mat1::loxP ade2::loxP lys2::loxP mnt2::LYS2 
tlc1::HIS3MX6-PTetO2-TLC1 mnt2::TG250-HO-CA250 ADE2 SRS2-Myc-TRP1 

#: Obtained from M. Lisby 

*: These strains were crossed with yT769 to generate diploids for senescence spot assays.  

Appendix Table 2: Primers used in this study 

Name Sequence 
oT230 deletion of RAD5 (yT649, 
yT752, yT867 yT1190) 

5’-TAC AAA GTT ACA TTA TCA AAA GGC CTT AGA AAC ACA CCT AAA 
GTC TTA CAG TAT CAC AAT CGG ATC CCC GGG TTA ATT AA-3’ 

oT231 deletion of RAD5 (yT649, 
yT752, yT1190) 

5’-AGT TCT TTC GGG TTG AAA ATA ATA ATA AAT AAA GTC TTT ATA 
TAT GAG TAT GTG GTA TGA GAA TTC GAG CTC GTT TAA AC-3’ 

oT234 deletion of MMS2 
(yT650) 

5’-GTC GTG GTG AAA TTC TTA TTC TGT ATA TGC AAC GTA GAA GAA 
AGC AGC GTT TAC ACA AAA CGG ATC CCC GGG TTA ATT AA-3’ 
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oT235 deletion of MMS2 
(yT650) 

5’-TTG CTT GTA TAT ATG AGT GGC TTG GAA TGC TGC AAA TAC TGT 
TTA GGA AAA AGT AGA TAA GAA TTC GAG CTC GTT TAA AC-3’ 

oT612 deletion of UBC4 (yT651) 5’-TAA ATT TCA CTG ACT ATA GAG TAC ATA CAT AAA CAA GCA TCC 
AAA AAA ACC GGA TCC CCG GGT TAA TTA A-3’ 

oT613 deletion of UBC4 (yT651) 5’-AAT CCC ATA TAA ATC TTG CTT CTC TTT TTC AGC TGA GTA AGG 
ACT TCT GTG AAT TCG AGC TCG TTT AAA C-3’ 

oT608 deletion of UBC13 
(yT652) 

5’-TTT TTC CAA TAT TAG CAA ATA AGG TCA GGT TCA TTG TAA CAT 
AGT TAG AAC GGA TCC CCG GGT TAA TTA A-3’ 

oT609 deletion of UBC13 
(yT652) 

5’-GTA ATG ATA TAT ATT TAT ATA TTC AGT TGA GAA AAC TTA TAC 
AGA AAT GAG AAT TCG AGC TCG TTT AAA C-3’ 

oT637 marker HIS3MX6 at 3’ 
UTR of RAD5 (yT656) 

5’-TAT TTA TTA TTA TTT TCA ACC CGA AAG AAC TAA TTA TTC TTC AGC 
TAC TCG GAT CCC CGG GTT AAT TAA-3’ 

oT638 marker HIS3MX6 at 3’ 
UTR of RAD5 (yT656) 

5’-CAA CTT AAA AAT ACG GGT AAC GGA AAA GGA AGA TAA TAG AAG 
TTG CAT GAG AAT TCG AGC TCG TTT AAA C-3’ 

oT639 rad5-GAA point 
mutation (yT695) 

5’-AGG GTG GCA TAT TAT CAG ATG AAA TGG GGT TGG GTG CAG CAG 
TGG CAG CGT ATT CTT TAG TTT TAT CTT G-3’ 

oT640 rad5-I916A point 
mutation (yT696) 

5’-TCC AGA CAA TAA ATC GTT TCA GTC CTT AGA GTG CTC CGC CTG 
CAC AAC GGA ACC TAT GGA TTT GGA CAA G-3’ 

oT673 kLEU2 marker at 3’ UTR 
of POL30 (yT717) 

5’-AAT AAT AAA CAA AAA AAA AAC AGT AAA GTT TGT TTT AAA TGA 
AAA TAA ATC GGA TCC CCG GGT TAA TTA A-3’ 

oT674 kLEU2 marker at 3’ UTR 
of POL30 (yT717) 

5’-TCA CAC AAA AAG CTG ATA TTT AAC GCA TCT TAG TCT TTA TTT 
TCT TTG TTG AAT TCG AGC TCG TTT AAA C-3’ 

oT681 rad5-AA point mutation 
(yT745) 

5’-TTC AGG CTT ATT TTC TGT CAA TTT TTA TCG CAT AAT AAT CGC 
CGC CGG TCA TAA CAT TAG AAA CAG AAC GAC AGT TAC AT-3’ 

oT 675 pol30-K164R point 
mutation (yT747) 

5’-GTC CCA ATT GAG TGA TTC TAT TAA TAT CAT GAT CAC CCG Aga 
aac aat aaa gtt tgt agc tga cgg tga t-3’ 

oT679 pol30-K107R point 
mutation (yT749) 

5’-ACA CAC CGG ATT CCA TCA TCT TAT TAT TTG AGG ATA CCA GGA 
AAG ACC GTA TAG CCG AAT ACT CTC TGA AAT TGA TGG AT-3’ 

oT770 RAD30 deletion (yT755) 5’-TAG CGC AGG CCT GCT CAT TTT TGA ACG GCT TTG ATA AAA CAA 
GAC AAA GCC GGA TCC CCG GGT TAA TTA A-3’ 

oT771 RAD30 deletion (yT755) 5’-ATC AGG ACG TTT TAG TTG CTG AAG CCA TAT AAT TGT CTA TTT 
GGA ATA GGG AAT TCG AGC TCG TTT AAA C-3’ 

oT774 REV1 deletion (yT756) 5’-ACA GAT TTT CTC AAA ATA AAT CGA TAC TGC ATT TCT AGG CAT 
ATC CAG CGC GGA TCC CCG GGT TAA TTA A-3’ 

oT775 REV1 deletion (yT756) 5’-TTC GCA AAC TGC GTG TTT ACT GTA TGC TGA AAT GTT TTT TTT TTT 
TTA ATG AAT TCG AGC TCG TTT AAA C-3’ 

oT778 REV3 deletion (yT757) 5’-ATT TGA GTC AAT ACA AAA CTA CAA GTT GT GGC GAA ATA AAA 
TGT TTG GAA CGG ATC CCC GGG TTA ATT AA-3’ 

oT779 REV3 deletion (yT757) 5’-ATA GAA ACA AAT AAC TAC TCA TCA TTT TGC GAG ACA TAT CTG 
TGT CTA GAG AAT TCG AGC TCG TTT AAA C-3’ 

oT436 SRS2 deletion (yT800, 
yT810, yT1190) 

5’-ATA ATT GTA CTC TGC ACT TTG AGT ATC ATT CCA ATT TGA TCT TTC 
TTC TAC CGG TAC TTA GGG ATA GCA ACG GAT CCC CGG GTT AA TTA 
A-3’ 

oT437 SRS2 deletion (yT800, 
yT810, yT1190) 

5’-CTC CTA TGT GCT TTA AAT AAA AAT TAT AAA CCG CCT CCA ATA 
GTT GAC GTA GTC AGG CAT GAA AGT GCT AGA ATT CGA GCT CGT 
TTA AAC-3’ 

oT352 Tagging Rad5-MYC or 
GFP (yT811, yT812, yT813, 
yT1185, yT1362) 

5’-AGT TCT TTC GGG TTG AAA ATA ATA ATA AAT AAA GTC TTT ATA 
TAT GAG TAT GTG GTA TGA GAA TTC GAG CTC GTT TAA AC-3’ 

oT354 Tagging Rad5-MYC or 
GFP (yT811, yT812, yT813, 
yT1185, yT1362) 

5’-GAC ACA GAC GAA GAC GAG AGA AGA AAA AGG AGA ATT GAA 
GAA ATC CAG ATG CTG TTT GAA CGG ATC CCC GGG TTA ATT AA-3’ 

oT965 kLEU2 marker at 3’ UTR 
of SRS2 (yT860) 

5’-GCC TGA CTA CGT CAA CTA TTG GAG GCG GTT TAT AAT TTT TAT 
TTA AAG CAC GGA TCC CCG GGT TAA TTA A-3’ 

oT966 kLEU2 marker at 3’ UTR 
of SRS2 (yT860) 

5’-CCA CAT TTC CAT GTA GTT CGT ATA CAA ACC CTA CCA GTA AAA 
TAA AAT TAG AAT TCG AGC TCG TTT AAA C-3’ 
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oT964 SRS2-deltaSIM (yT866) 5’-TTT GGC TGA CGC AGC AAT GAA AAA GAC ACA GAA ATT TTC CAA 
AAA GGT GAA GAA TGA ACC TGC ATC AAG TTA GTA GCA CTT TCA 
TGC CTG ACT ACG TCA A-3’ 

oT323 Deletion of RAD51 
(yT868, yT898) 

5’-TTC TTC TAT CTT CCG TAG TTT CCA TAT ACT AGT AGT TGA GTG 
TAG CGA CAC GGA TCC CCG GGT TAA TTA A-3’ 

oT324 Deletion of RAD51 
(yT868, yT898) 

5’-GGA TGG AAA TGA AGA TAA AAA TGT ACG GAA CGC AAC CTA AGA 
AAA AGA GGG AAT TCG AGC TCG TTT AAA C-3’ 

oT1265 Telo15L Fwd 5’-ATC GTG GTT CGC TGT GGT AT-3’ 
oT1266 Telo15L Rev 5’-AAC CCT GTC CAA CCT GTC TCC-3’ 
oT1267 Telo6R Fwd 5’-TCC GAA CTC AGT TAC TAT TGA TGG AA-3’ 
oT1268 Telo6R Rev 5’-CGT ATG CTA AAG TAT ATA TTA CTT CAC TCC ATT-3’ 
oT1269 ACT1 Fwd 5’-AAG CCG GTT TTG CCG G – 3’ 
oT1270 ACT1 Rev 5’-TTG TGT CTT GGT CTA CCG ACG- 3’ 
oT1392 ARS607 Fwd 5’-TCT GAA CTG CAA ATT TTT GTC ATA-3’ 
oT1393 ARS607 Rev 5’-AGC CTT GTG CAG AAA GCA AA-3’ 
oT1394 ARS522 Fwd 5’-CGT TCG AAA ACC GGA TAT GT-3’ 
oT1395 ARS522 Rev 5’- CCC GAT GAC TAC GAG GCT AT-3’ 
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