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ABSTRACT  

Telomeres are part of the system that guards genome integrity in eukaryotes, protecting linear chromosomes from 
fusions and degradations. The protective functions of telomeres are put at risk in physiological situations where 
telomeres shorten and trigger replicative senescence. Current models suggest that when telomeres shorten, 
combined actions of the DNA damage signaling network, DNA repair pathways, and the mechanics of mitosis 
result in translocations, gene losses, and aneuploidy. In yeasts, many of these processes (signaling, repair, mitosis) 
can be molecularly dissected because telomerase can be experimentally removed to enable detection of early 
and rare events. Here we review recent findings on telomere-driven mutational processes in yeast models and 
discuss how telomere dynamics may contribute to genome evolution. 

MAIN TEXT 

Introduction 

Telomeres help maintain genome integrity by preventing chromosome ends from being recognized and 
processed as accidental chromosomal breaks [1]. Telomeres have several functions, including maintaining their 
own length by regulating the telomerase reverse transcriptase. Telomerase activity is down-regulated in many 
human somatic cells, causing telomeres to progressively shorten [2,3]. Below a critical length, telomeres activate 
the DNA damage checkpoint, causing cells to enter replicative senescence or apoptosis [4-6]. During this process, 
rare cells are subject to genome instability, an alternative cell fate we examine here. 

Critically short telomeres have two major consequences.  First, they limit cell division, organ regeneration 
and cancer cell proliferation; critically short telomeres act as tumor suppressors but can also cause lethal 
telomeropathies [7,8].  Second, critically short telomeres can trigger genome instability, and perhaps result in 
cancer [9-11]. Thus, telomere shortening generally suppresses oncogenesis by limiting cell division, but also 
promotes cancer by initiating occasional but impactful genome instability. In this review, we highlight recent 
studies in yeasts that shed light on the origins of the rare initial events that place telomeres at the cross roads of 
chromosome integrity and evolution. We will focus on events occurring before or at senescence that are caused 
by telomerase depletion. Readers can refer to an excellent recent review on post-senescence survival mechanisms 
[12].  

Telomere maintenance defects lead to a gradient of genome instability from chromosome ends to interiors  

Saccharomyces cerevisiae, Schizzosaccharomyces pombe, and other related yeasts have contributed tremendous 
knowledge to our current understanding of telomere biology. Much of the history of telomere discovery is derived 
from studies in yeasts, including their evolutionary conservation and major functions (Fig. 1). Also, the power of 
yeast genetics enables detection of rare events in a large population of cells, and enables the description of 
genome plasticity after inactivation of telomerase.  

In budding yeast, telomerase inactivation leads to progressive telomere shortening and loss of viability. 
Cell cultures eventually recover to contain post-senescent survivors that maintain telomeres through homology-
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dependent repair mechanisms [12,13]. The first studies on genome instability originating from telomeres used 
these cultures of telomerase-negative cells to monitor loss of function of reporter genes located at several locations 
throughout an entire chromosome arm, and allowed estimations of mutation rate per cell division by fluctuation 
analysis [14,15]. These pioneering studies showed that at the senescence peak, mutagenesis near chromosome 
ends increased about 10-fold, compared to centromere-proximal regions where mutation rates were unchanged. 
Most mutations were terminal deletions, though other events included point mutations, translocations and 
chromosome losses. Terminal mutations that arose with shortening telomeres were consistent with a model in 
which shortened telomeres trigger gross rearrangements at chromosome ends. 

End resections and/or telomere fusions as the initial trigger of genome instability in the absence of telomere 
maintenance. 

The next question was to understand the mechanism by which these genome rearrangements occur. An 
initial idea was that telomere shortening and subsequent deprotection leads to telomere fusions and dicentrics 
(chromosomes with two centromeres), which would form a bridge between two daughter cells at anaphase if 
centromeres were pulled in opposite directions. The dicentrics might then break during mitosis and produce new, 
unprotected DNA ends that could be processed again in the next cell cycle (Breakage-Fusion-bridge cycles, 
originally described by Barbara McClintock [16]). However, these first studies in budding yeast did not find 
evidence for dicentrics [15]. Moreover, since genome instability at senescence was decreased in nuclease mutants 
(EXO1 and RAD1), the authors argued in favour of terminal resections being the initial cause of senescence-related 
genome instability. 

Initial studies of telomerase mutants in fission yeast suggested a different mechanism. In these 
experiments, telomerase defects frequently led to intrachromosomal fusions of telomeres across the two opposite 
arms, the result of which was a genome with circular chromosomes [17]. In this species containing only 3 
chromosomes, non-lethal intrachromosomal fusions were likely easily selected.  Another part of the answer is that 
non-homologous end joining (NHEJ) is more common in fission yeast than in budding yeast. 

A recent study sheds additional light on the origin of the frequent intrachromosomal fusions in S. pombe 
[18]. A high frequency of intrachromosomal telomere associations is also favoured by subtelomeric sequences 
immediately adjacent to the telomeres, for a yet unclear reason. One hypothesis is that the two subtelomeres from 
the same chromosome contain highly homologous sequence blocks in opposite directions and facilitate single-
strand annealing (SSA) and subsequent fusions. Conversely, interchromosomal fusions (and conceivably fusions 
between sister telomeres) could be infrequent because they require an additional event: the inactivation of one of 
the two centromeres in the resulting dicentrics. In fission yeast, this likely occurs through dismantling of the 
centromeric chromatin.  

Might a telomerase defect lead to chromosome fusions in budding yeast? Based on  recent studies in 
budding yeast, dicentrics might indeed arise from fusions, but the resulting dicentrics tend to break in the fused 
telomeric sequences to re-establish the two original chromosomes [19,20]. Breakage of dicentrics is directed to 
telomeric repeats by Rap1, the major telomeric protein in budding yeast (Rap1, Fig. 1c), which prevents the binding 
of condensin. Instead, condensin binds to other parts of the chromosome and causes them to coil away from the 
budneck. This coiling towards the two spindle pole bodies leaves the Rap1-enriched telomere repeats trapped at 
the septum between mother and daughter cell; chromosome breakage occurs by septum formation and thus 
eliminates the telomere-to-telomere dicentric fusions that arose prior to mitosis [20].  

A second reason for having underestimated telomere-to-telomere fusions in budding yeast stems from 
the fact that most studies have been performed in the presence of fully proficient checkpoints, readily able to 
eliminate cells that might undergo fusion/bridge/breakage cycles from populations. In fact, in budding yeast, 
telomerase activity depends on the checkpoint kinase activities of Tel1, and to a minor extent, those of Mec1 [21]. 
Thus, deletion of both of these checkpoint kinases leads to progressive telomere shortening - similar to telomerase 
inactivation, except that in addition to the absence of telomere maintenance, the signaling of senescence is 
abolished [13]. Owing to lack of checkpoints, NHEJ-dependent telomere-telomere fusions and subsequent 
bridges and breakages may be tolerated by the cell, a situation counteracted when telomerase is simply 
inactivated [22-24].  



3 
 

Role of telomere-associated chromatin structure in genome stability 

Recent observations suggest an additional role for checkpoints in the course of senescence, linking histone levels 
to telomere processing, with predictable consequences for genome stability (as discussed [25]).  

First, Rap1 is a telomeric protein involved in direct telomere protection from fusions as noted above, but 
it also acts as a transcriptional activator and repressor of many non-telomeric genes through nucleosome 
displacement [26,27]. Rap1-dependent nucleosome remodelling is also at work during senescence. As telomeres 
erode, Rap1 re-localizes from telomeres to new target genes in a Mec1-dependent manner [28].  While the details 
of how Mec1 influences Rap1 displacement are still unclear, this re-localization to new loci results in global 
chromatin remodelling through two mechanisms: by repressing transcription of histone genes leading to global 
histone exhaustion, and by locally depleting histones at new target gene promoters through direct interaction with 
histones [29].  

Second, in a budding yeast mec1 tel1 mutant, the increase in telomere-to-telomere fusions is suppressed 
if histones are also depleted [23]; histone depleted telomeric chromatin favours processing of telomeres leading 
to recombination rather than NHEJ. Thus, in the course of telomere shortening, persistent activation of Mec1 and 
Tel1 modulates subtelomeric histone occupancy, shifting the balance of processing pathways to prevent telomere-
to-telomere fusions and further genome instability.  

Third, in fission yeast, a close relationship also exists between chromatin structure and telomere 
processing. In this organism, chromatin in subtelomeric regions has a non-canonical structure with irregularly 
spaced nucleosomes and very low nucleosome abundance [30]. Importantly, the Ccq1 telomeric protein (Fig. 1d) 
contributes to nucleosome deposition at subtelomeres; ccq1 mutant cells show further depletion of nucleosomes 
at telomeres compared to wildtype cells, and subsequently display a hyper-recombinogenic phenotype among 
subtelomeric homologous sequences. Therefore, in both yeasts histone density at chromosome extremities is key 
to regulating telomere fate [31].  

Overall, it is likely that both end resections and fusions occur in the absence of telomerase, although the 
frequency of fusions may be underestimated. They do occur in the wild: scars of telomere-to-telomere fusions can 
be detected in some yeast genomes at the origin of chromosome reduction during the evolution of yeasts [32]. 
So, when fusions do arise, what allows them and other telomere-initiated genome instabilities to be tolerated (and 
perhaps transmitted to progeny of cells) in the presence of fully proficient DNA damage checkpoint pathways?  

Instability driven by telomeres may initiate well before senescence proliferation arrest 

Some answers may come from a search of the telomeric structure that triggers the instability. Critically short 
telomeres are likely present in the vast majority of cells in a senescing population, yet only a tiny minority of these 
cells undergo non-lethal rearrangements. Thus, it is possible that telomere dysfunction leading to instability is 
unrelated to telomere length per se. If, as we suggest, a shortened telomere is not be the immediate precursor of 
instability, what might be?  

One strategy to answer this question leverages the study of single cell lineages (i.e. each consecutive cell 
division from telomerase inactivation to senescence) using microfluidics devices combined with microscopy 
[33,34]. This unique experimental system allows for the capture of events that are frequent enough at the single 
cell level to cause instability, but rare at the population level. It was unexpectedly discovered that a substantial 
proportion of cells did not behave in a manner consistent with canonical telomere shortening–driven signaling; 
they did not irreversibly stop proliferation by persistent activation of the DNA damage checkpoints. Rather, some 
cells without telomerase exhibited intermittent periods of cell-cycle arrest at DNA damage checkpoints, followed 
by resumption of normal cell cycles, and subsequent arrest and terminal senescence. Moreover, following an initial 
arrest due to the DNA damage checkpoints, cells often bypassed arrest by the process of “adaptation to DNA 
damage”, wherein mitosis proceeded even though DNA damage (at telomeres in this case) remained [35].  This 
process allowed for the proliferation of cells harbouring chromosome alterations, as measured by fluctuation 
assays and pulse field gel electrophoresis to detect changes in chromosome size. Thus, the succession of telomeric 
damage, checkpoint activation and adaptation, is a major mechanism by which cells lacking telomerase activity 
become genetically unstable and accumulate mutations, but keep both their proliferative capacity and checkpoint 
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proficiency in the long-term. Many first reversible arrests occur early after telomerase inactivation, when most 
telomeres aren’t expected to be critically short. 

Telomere replication stress as a trigger for telomere-driven genomic instability 

One possible explanation for the early transient cell cycle arrests found during the course of senescence described 
above is faulty telomere replication; a number of recent studies have linked telomere replication errors to genome 
instability [36]. Telomere replication has long been suggested to be difficult, meaning that some aspect of 
telomere biology delays replication fork progression through telomeres. In accordance with this, telomerase-
negative budding yeast cells become dependent on DNA repair pathways for survival, and more precisely on 
pathways responding to replication stress. Interstitial telomeric sequences (ITSs) also cause replication stress and 
undergo frequent breaks during replication for yet unknown reasons [37]. In yeasts, factors that protect telomere 
replication include DNA replication and repair pathways, helicases that unwind telomeric secondary structures, 
regulation of transcription of telomeric non coding RNA TERRA and RNA:DNA hybrids, and telomeric proteins 
themselves. For instance, in fission yeast, it was known that deletion of either Stn1 or Ten1 telomeric proteins 
results in abrupt loss of telomeric sequences, suggesting a replication-associated failure leading to telomere loss. 
The mechanism of how this loss occurs was uncovered using Stn1 mutants; experiments revealed that these 
telomeric proteins do indeed prevent excessive fork stalling in the telomeric and subtelomeric regions [38,39].  

Recent work in budding yeast also links a defect in a Cdc13-Stn1-Ten1 telomeric complex to telomere 
instability [40-42]. A strain containing a dispensable disome chromosome with multiple markers served to select 
for genomic rearrangements. Cdc13 mutant alleles, which purportedly cause excessive ssDNA exposure at 
chromosome ends, led to a 30 to 50-fold increase in frequency of formation of unstable chromosomes, perhaps 
via the formation of dicentrics.  In addition, upon further stress with HU and MMS (which perturb DNA replication), 
rearrangements linked to the telomere were enriched. The formation of unstable/dicentric chromosomes was also 
increased in dominant-negative telomerase mutants, pointing to faulty telomeric replication in the absence of 
telomerase activity as a cause [40].  

To further investigate if instability arises from replication stress at telomeres, the bacterial Tus/Ter 
replication block was introduced at a unique telomere [43], and loss of a gene marker was linked to this Tus/Ter 
instability. Types of mutations generated by the Tus/Ter barrier at telomeres included large structural variants, 
small deletions of less than 1 kb, and terminal deletions. Thus, replication stress at telomeres is sufficient to cause 
genome rearrangements. 

 Overall, there are several possible scenarios for telomere-linked genome instability (Fig. 2). In addition to 
the classical view of critically short telomeres being rarely processed as accidental double strand breaks (DSB) to 
generate genome instability (Fig. 2, light gray), faulty telomere replication before reaching critical length could 
also contribute to fixation and proliferation of cells carrying genome variants (Fig. 2 middle gray). In the presence 
of telomerase, replication through telomeres is relatively error-free, either because the telomere repeat is long 
enough, because telomerase itself assists replication, or because telomerase rescues telomere breaks through 
unscheduled processing of stalled replication forks. In the absence of telomerase, telomere replication relies on 
the robustness of telomeric structure and replication-associated repair factors that somehow assist telomerase-
independent replication.  For instance, the telomere binding proteins may prevent hazardous repair pathways 
from acting at telomeres, or may recruit specific ones to ease the passage of replication fork through telomeric 
repeats. While problems can arise any time and at any telomere size, perhaps as telomeres erode the correct 
processing of stalled forks may decrease, and lead to end resection, degradation and fusion. Faulty telomere 
structures in telomerase mutant cells lead either to cell death or to eventual stabilization by homologous 
recombination with repetitive sequences at telomeres or subtelomeres. Transient instability of chromosomes may 
arise even in early divisions in telomerase mutant cells, and the transient instability may involve fusion-bridge-
breakage cycles limited to breakage near telomeres, thus restoring linear chromosomes. In this view, telomere 
damage is not lethal per se as it can lead to adaptation of the DNA damage pathway and resumption of cell 
division after checkpoint activation, with the opportunity for aberrant repair in subsequent cell divisions.    
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Subtelomeric rearrangements are beneficial for survival  

Despite the considerable challenges that arise during telomere replication, repair of broken telomeres is often 
achieved, albeit inexactly, and repair can have beneficial consequences. Here, subtelomeric repeats appear to 
play an intriguing role. The repair of breaks in subtelomeres, which seemingly arise due to defects in the telomeres, 
is feasible thanks in part to recombination with gene families having similar sequences. Telomeric heterochromatin 
has been shown recently to aid in this efficient repair [44]. When comparing budding yeast strains with close 
species, subtelomeric regions appear to be highly recombinogenic, rearranging at a higher rate than the genome 
as a whole and accumulating point mutations and indels [45-47].  

Transposon mobility and telomeres have an intriguing connection. A fraction of genome instability has 
been attributed to the mobilization of transposable elements, specifically retrotransposons [48,49]. Interestingly, 
the telomerase enzyme is structurally related to retrotransposon reverse transcriptases [50], and subtelomeric 
regions contain a higher density of transposable elements than elsewhere in their genomes, suggesting that 
transposition and telomere biology have an entangled evolutionary path [51]. In budding yeast, increased 
retrotransposition has been detected in the absence of telomerase, and a role for active retrotransposons has 
been defined in post-senescent survivor cells, which piggyback with Y’ subtelomeric elements [52-54]. Moreover, 
chromosomal analysis of Saccharomyces sensu stricto species showed that translocation breakpoints occur 
preferentially at Ty transposable elements, indicating that ectopic recombination between these repeated 
elements actually occurred in evolution [55]. Yet, the mechanisms by which telomeres control transposon mobility 
and associated genome instability remains unknown. 

The high rate of rearrangements in subtelomeres appears to be beneficial to yeasts in the wild, 
contributing to both their survival and pathogenicity [56-59]. Recent studies have attempted to understand how 
subtelomeric gene families contribute to plasticity in yeast phenotypes. In Candida albicans, the telomere-
associated MED2 gene family encodes components of a transcriptional regulatory complex, and has been used 
to understand how each individual gene contributes to phenotype through the use of inducible promoters for 
each gene family member. A wide range of phenotypes are affected upon individual expression of genes, including 
growth, virulence, cell aggregation, handling of oxidative stress, and pathogen host interactions [56,57]. 

Importantly, telomere shortening increases the frequency of rearrangements at subtelomeric loci up to 
1000- fold, even in cases where telomerase is present but limiting. This supports the attractive “adaptive telomere 
failure hypothesis”, which states that low levels of environmental stress lead to hyperrecombination in the 
subtelomere, and confer a selective growth advantage [47]. One can even speculate that transient changes to 
telomere length caused by environmental conditions or genetic contexts [60,61] could accelerate or repress the 
evolution of subtelomeric sequences. Consistent with this idea, in telomerase-negative fission yeast cells, 
subtelomeres accumulate rearrangements during quiescence [62]. 

Perspectives 

To conclude, telomeres have a dual function in genome stability.  On one hand they protect chromosome ends 
from fusions and degradations, yet on the other, telomeres are highly dynamic regions that can mutate and even 
propel evolution [47]. At this point it’s unclear to what extent plasticity is selected for in telomere biology; episodic 
telomere shortening and telomerase deficiency, perhaps combined with replication fork stalling in telomeres and 
subtelomeres, may be adaptive. After an initial telomere failure, end resections, fusions or both may occur, and 
drive genome changes.  Future work should reveal all the alternatives that telomeres face step-by-step in the 
absence of normal maintenance mechanisms by telomerase. In particular, it would be interesting to see what 
structures block telomere replication and what structures arise from their resolutions. 

Recent evolutionary genomics data have revealed the importance of subtelomeres in the generation of 
genetic novelties across all scales of evolution, as shown in studies of budding yeast genomes from wild isolates 
to domesticated strains for beer production [46,63]. The question that remains is whether telomere plasticity is 
due to the relative non- lethality of genome rearrangements involving subtelomeres, to the regulated dose of 
telomere length maintenance upon environmental changes, to subtle chromatin alterations or telomere secondary 
structure changes that impact the way subtelomeres and telomeres are easily replicated, or a combination of these 
factors. New tools uniquely available in yeasts, including fully synthetic chromosomes devoid of non-essential 
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subtelomeres, repetitive sequences, or even telomeres [17,64-66], will perhaps help determine the role of these 
sequences in the future.   

Figures 

Figure 1: Chromosome ends in model yeasts 

(a) Scheme of chromosome ends in budding yeasts, obtained from a recent comparative genomics study of several 
Saccharomyces species (encompassing different evolutionary scales) using high quality, long-read sequencing 
data [46]. This study confirms subtelomeres to be generally gene-poor, while still containing non-essential genes 
families, many of which function to cope with changes in environmental conditions [67,68]. In addition, 
subtelomeric regions may also contain copies of retrotransposons (Ty family), copies of transposon-related 
subtelomeric Y’ elements, and copies of X-elements. Overall, subtelomeres are regions of extreme evolutionary 
plasticity, compared to the core of the chromosomes. (b) Example of 7L chromosome end of S. cerevisiae (adapted 
from [69]). The last 15 kb of this subtelomere is essential for growth specifically in the absence of telomerase. The 
mechanism is still unknown. (c-d) Telomeric proteins in S. cerevisiae and S. pombe, respectively. 
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Figure 2: From telomere shortening to chromosome evolution 

When telomere length homeostasis is disrupted by experimental depletion of telomerase (or perhaps by an 
environmental change), the shortest telomere triggers a permanent DNA damage checkpoint activation (dark gray) 
in the vast majority of cases. However, rare events can cause genome instability. First, as well described in 
mammalian cells in case of p53 mutations, cells can bypass the senescence limit by checkpoint inactivation, or 
adaptation, as shown in S. cerevisiae. Telomeres can then further shorten and be subjected to unscheduled DSB 
processing causing genome rearrangements (light gray). However, evidence from single cell analysis in S. 
cerevisiae shows early events of telomeric damage, DNA damage checkpoint activation and adaptation, linked to 
genome instability increase. It is well possible that faulty replication fork processing at telomeres initiates genome 
instability through repair-related processing (medium gray). 
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