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Telomeres, repetitive sequences located at the ends of most eukaryotic chromosomes, provide a mechanism to replenish terminal sequences lost during DNA replication, limit nucleolytic resection, and protect chromosome ends from engaging in double-strand break (DSB) repair. The ribonucleoprotein telomerase contains an RNA subunit that serves as the template for the synthesis of telomeric DNA. While telomere elongation is typically primed by a 3′ overhang at existing chromosome ends, telomerase can act upon internal non-telomeric sequences. Such de novo telomere addition can be programmed (for example, during chromosome fragmentation in ciliated protozoa) or can occur spontaneously in response to a chromosome break. Telomerase action at a DSB can interfere with conservative mechanisms of DNA repair and results in loss of distal sequences but may prevent additional nucleolytic resection and/or chromosome rearrangement through formation of a functional telomere (termed “chromosome healing”). Here, we review studies of spontaneous and induced DSBs in the yeast Saccharomyces cerevisiae that shed light on mechanisms that negatively regulate de novo telomere addition, in particular how the cell prevents telomerase action at DSBs while facilitating elongation of critically short telomeres. Much of our understanding comes from the use of perfect artificial telomeric tracts to “seed” de novo telomere addition. However, endogenous sequences that are enriched in thymine and guanine nucleotides on one strand (TG-rich) but do not perfectly match the telomere consensus sequence can also stimulate unusually high frequencies of telomere formation following a DSB. These observations suggest that some internal sites may fully or partially escape mechanisms that normally negatively regulate de novo telomere addition.
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INTRODUCTION

Most linear eukaryotic chromosomes terminate in protein-bound repetitive sequences termed telomeres. Telomere sequences are highly repetitive and contain a thymine and guanine-rich (TG-rich)-rich 3′ terminating strand that extends beyond the 5′ strand to create a single-stranded (ss) overhang. Telomeres protect chromosome ends from nucleolytic resection (thereby preventing checkpoint activation) and provide a mechanism to counteract progressive loss of terminal sequences during DNA replication [reviewed in Osterhage and Friedman (2009) and Wellinger and Zakian (2012)]. Telomere maintenance is achieved by the enzyme telomerase, a reverse transcriptase that utilizes its RNA subunit as a template for telomere synthesis (Greider and Blackburn, 1987). Following extension of the 3′ overhang by telomerase, the complementary C-rich strand is generated by the lagging strand polymerase machinery (Wellinger and Zakian, 2012; Churikov et al., 2013).

In the budding yeast Saccharomyces cerevisiae, extension by telomerase, C-strand fill-in, and telomere protection are coordinated by the CST (Cdc13-Stn1-Ten1) complex (Churikov et al., 2013). Cdc13 binds ss telomeric repeats and interacts with the Est1 subunit of telomerase to initiate telomere extension (Pennock et al., 2001). Stn1 and Ten1 coordinate C-strand fill-in and end protection (Pennock et al., 2001; Xu et al., 2009; Ge et al., 2020). CST functions are highly coordinated in the cell cycle, and Stn1 competes with Est1 for association with Cdc13 at telomeres to prevent overextension of the 3′ end and promote 5′ C-strand fill-in (Gopalakrishnan et al., 2017). The “capping” function of the CST complex prevents excessive nucleolytic resection and the activation of DSB repair pathways at telomeres (Garvik et al., 1995). Recent evidence shows that unregulated resection ensues when telomeres undergo replication in the absence of Cdc13 function (Langston et al., 2020).

While it is important to prevent the DNA repair machinery from processing telomeres, it is equally important for cells to prevent telomerase from acting at a DSB—such events interfere with normal repair and result in loss of distal sequences. This process is termed chromosome healing (since the new telomere prevents additional nucleolytic resection), chromosome/telomere capture, or de novo telomere addition (dnTA). DnTA can be developmentally regulated. For example, ciliated protozoa undergo programmed mass genome fragmentation during macronuclear development where each newly formed linear fragment acquires de novo telomeres (Jahn and Klobutcher, 2002). In other cases, dnTA is pathogenic. In humans, multiple diseases, such as Phelan/McDermid syndrome (Bonaglia et al., 2011) and α-thalassemia (Wilkie et al., 1990), are attributed to terminal deletions via dnTA. Much of our knowledge on mechanisms that regulate dnTA at chromosome breaks comes from studies in budding yeast. Here, we review mechanisms in yeast that limit dnTA at DSBs and discuss the nature of chromosome sites with an unusual propensity to undergo telomere healing.



STRATEGIES TO STUDY DE NOVO TELOMERE ADDITION IN YEAST

Two strategies are commonly used to study dnTA in yeast. In the first, cells are selected for loss of two distal, counter-selectable markers. Rare gross chromosomal rearrangement (GCR) events are recovered and analyzed to determine where the chromosome break resolved (Schmidt et al., 2006). Importantly, the location of the initiating break may not be coincident with the site of repair since resection can occur prior to resolution of the break. The broken chromosome may be stabilized by dnTA, a large internal deletion, or through translocation. GCR assays have been instrumental in the identification and characterization of cis- and trans-acting factors that promote genome stability (Chen and Kolodner, 1999; Myung et al., 2001).

The second strategy to study dnTA involves generation of an induced DSB, most predominantly using the homothallic switching (HO) endonuclease (Sugawara and Haber, 2012). Strains in which the gene encoding the HO endonuclease is controlled by an inducible promoter allow regulated generation of a DSB at any chromosome location engineered to contain the cleavage site (Nickoloff et al., 1986). When the HO site is placed distal to the last essential gene in a haploid strain, cells survive continuous expression of the nuclease by incurring a localized mutation at the HO site or by losing the chromosome terminus through translocation or dnTA (Kramer and Haber, 1993). HO cleavage adjacent to an artificial telomere “seed” sequence (typically 80 bp or longer) has been successfully and extensively exploited to study telomere elongation and capping (Diede and Gottschling, 1999; Negrini et al., 2007). Because telomeric tracts of that length are not present in the yeast genome outside of sub-telomeric regions, we concentrate here on experiments in which exogenous seed sequences are either lacking or short enough to mimic endogenous sites.

The HO cleavage system has an advantage over the GCR assay because the site of the initiating break is known. Even in the absence of a seed sequence, dnTA events can occur at the HO site, but they are also observed many kilobases internal, implying that telomerase can act after extensive 5′ end resection (Kramer and Haber, 1993; Mangahas et al., 2001; Obodo et al., 2016). Such events require removal of the overhanging strand, since telomerase must access a 3′ terminus for nucleotide addition (Kramer and Haber, 1993). Indeed, the 3′ overhang is quite stable since single-strand annealing occurs with high efficiency between one sequence immediately adjacent to the cleavage site and a homologous sequence up to 25 kb away (Vaze et al., 2002). The DSB-proximal sequence must persist in the 3′ overhang for many hours before the more distal sequence becomes ss (resection proceeds ∼4 kb per hour) (Fishman-Lobell et al., 1992). Whether loss of the overhang is stochastic or requires a specific endonuclease (perhaps associated with telomerase) is unknown. Regardless, this step must be considered in models of dnTA (Figure 1A).
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FIGURE 1. Models of telomerase regulation at a resecting break in the presence and absence of telomere-like sequences. (A) Regulation of telomerase at endogenous hotspots of de novo telomere addition [Sites of Repair-associated Telomere Addition (SiRTAs)]. Following induction of a double-strand break (DSB), the MRX complex (Mre11–Xrs2–Rad50) along with Sae2 initiates 5’ end resection. Multiple nucleases act at DSBs, but extensive resection requires the exonuclease Exo1 and helicase Sgs1 (Gravel et al., 2008; Mimitou and Symington, 2008; Zhu et al., 2008). The resulting generation of single-stranded DNA (ssDNA) triggers a checkpoint kinase cascade and cell cycle arrest (Villa et al., 2016). Following resection through the TG-rich sequences, Cdc13 binds to a “Core” sequence and recruits telomerase through interactions with Est1. Cdc13, in complex with Stn1 and Ten1 [likely as a hexamer (Ge et al., 2020)], also binds to a proximal “Stim” sequence to prevent further 5′ resection. The limited generation of ssDNA inhibits Pif1 loading and removal of telomerase (see text). While both the Stim and Core sequences are necessary to stimulate de novo telomere addition, it is unclear whether Cdc13 complexes bound to each are functionally distinct (as depicted here). Telomerase must access a 3′ terminus, which is generated through an unknown mechanism to prime telomere synthesis (depicted by a red *). Following de novo telomere addition by telomerase, the CST complex recruits the lagging strand machinery for C-strand fill-in (see text). If the site of telomere addition is oriented correctly relative to the centromere, the resulting product is a stable truncated chromosome. (B) Regulation of telomerase at sequences lacking extensive TG-rich sequences. In the absence of DSB repair, 5’ resection proceeds unimpeded. Phosphorylation of Cdc13 at serine 306 by Mec1 inhibits Cdc13 accumulation at TG1–3 sequences less than 11 bases (Zhang and Durocher, 2010). Pph3 phosphatase (in a manner requiring the activator Rrd1) counteracts Cdc13 phosphorylation (Zhang and Durocher, 2010), but Pif1 binds and inhibits telomerase action to strongly repress de novo telomere addition (Schulz and Zakian, 1994; Boulé et al., 2005; Li et al., 2014).




REGULATION OF DE NOVO TELOMERE ADDITION

Given the potential for telomerase to compete with the DNA repair machinery at DSBs, it is not surprising that multiple mechanisms inhibit dnTA. These mechanisms fall into two classes: (1) mechanisms that spatially or temporally separate telomerase from DSBs and (2) mechanisms that alter the action of telomerase at a DSB. Examples of the first class include observations that telomerase is sequestered in the nucleolus in response to DSBs (Ouenzar et al., 2017) and that nuclear retention of Cdc13 requires association with DNA (most predominantly at telomeres), a property that may limit the concentration of free Cdc13 (Mersaoui et al., 2018). Here, we concentrate on the second class of mechanisms whereby telomerase action at a DSB is distinguished from its action at a telomere. In response to DNA damage, at least two proteins (Cdc13 and Pif1) are phosphorylated to reduce the probability of dnTA (Makovets and Blackburn, 2009; Zhang and Durocher, 2010). These mechanisms are additive, with both contributing to the extremely low rate of dnTA at most sequences (Zhang and Durocher, 2010).


Mec1-Mediated Phosphorylation of Cdc13

Mec1, the yeast ortholog of the ATM and Rad3-related (ATR) kinase, directly phosphorylates Cdc13 at serine 306, thereby preventing the accumulation of Cdc13 at DSBs (Zhang and Durocher, 2010). Mec1 action is opposed by the Pph3 phosphatase in a manner requiring the activator Rrd1 (Figure 1B). Remarkably, deletion of RRD1 eliminates dnTA at TG tracts of fewer than 11 bp, consistent with a requirement for Cdc13 association at such sequences. While Mec1-dependent phosphorylation of Cdc13 is detected in response to DNA damage, bulk levels of phosphorylated Cdc13 do not increase upon deletion of PPH3 or RRD1, suggesting that dephosphorylation may specifically occur at DSBs. Consistent with this idea, Pph3 accumulates at HO-induced breaks (Zhang and Durocher, 2010).

The loss of dnTA events at sequences with fewer than 11 TG1–3 nucleotides is puzzling because Cdc13 binding requires 11 bases of TG-rich ssDNA. How can phosphorylation of Cdc13 influence its association with a sequence to which it is not predicted to directly bind? One possibility is that Cdc13 associates, albeit with lower affinity, to shorter TG tracts. While several positions of the 11-base Cdc13 binding site are critical (G1, G3, and T4), single mutations are tolerated in the rest of the binding site with minimal consequences for affinity (Eldridge et al., 2006; Lewis et al., 2014). Cdc13 associates with a resecting chromosome break even in regions where “ideal” Cdc13 binding sites are not present (Oza et al., 2009), suggesting that Cdc13 binds with low affinity at multiple sites or that other interactions facilitate association with ssDNA. For example, proteins such as RPA and Rad51 influence the recruitment of Cdc13 with DNA ends and the outcome of DNA repair (Epum et al., 2020).



Pif1 as a Negative Regulator of de novo Telomere Addition

Pif1 is a 5′–3′ helicase with roles in telomere length regulation, Okazaki fragment processing, unwinding of G-quadruplex structures, DNA repair, disassembly of stalled replication complexes, and 5′ end resection (reviewed in Dewar and Lydall, 2012; Chung, 2014; Muellner and Schmidt, 2020). Pif1 also facilitates mitochondrial DNA replication; yeast without Pif1 are respiration incompetent (Foury and Kolodynski, 1983). The pif1-m2 allele, which lacks the nuclear localization sequence, retains mitochondrial function but causes telomere overlengthening of ∼100 bp and increases the association of telomerase with telomeres (Schulz and Zakian, 1994; Boulé et al., 2005). In vitro, Pif1 preferentially unwinds DNA/RNA duplexes (Boulé and Zakian, 2007), suggesting that Pif1 removes telomerase from the telomere. Indeed, yeast telomerase is largely non-processive in vitro and remains bound to the primer following synthesis of a single telomeric repeat, but addition of Pif1 allows further rounds of elongation by facilitating telomerase release (Boulé et al., 2005). In vivo, limiting concentrations of telomerase [fewer than one telomerase complex per telomere (Mozdy and Cech, 2006)] may mean that telomerase released by Pif1 action is unlikely to result in additional telomere elongation. While Pif1 preferentially binds long telomeres in vivo (Phillips et al., 2015), experiments analyzing telomere addition in a single cell cycle are consistent with Pif1 action independent of telomere length, suggesting that enrichment at longer telomeres may reflect roles of Pif1 during replication (Stinus et al., 2018).

Pif1 also inhibits dnTA at DSBs. In strains lacking nuclear Pif1, telomere addition frequencies are elevated in response to spontaneous breaks and after induction of HO cleavage (200- to 1,000-fold, depending on the allele and assay) (Schulz and Zakian, 1994; Myung et al., 2001). Remarkably, roles of Pif1 at endogenous telomeres and in response to DSBs are genetically separable. Pif1 is phosphorylated in a Mec1-Rad53-Dun1-dependent manner following DNA damage, and a variant that cannot be phosphorylated at key residues (Pif1-4A) maintains normal telomere length but cannot repress dnTA despite associating at normal (or increased) levels with DSBs (Makovets and Blackburn, 2009). How phosphorylation alters Pif1 activity is unclear.

Using TG1–3 sequences of varying lengths integrated adjacent to an HO cleavage site, the Durocher lab systematically probed how Pif1 function is influenced by the telomeric character of a DSB (Strecker et al., 2017). With TG1–3 seeds of ≥34 bp, telomere addition to the broken end is observed in bulk culture and nearly 100% of cells survive HO cleavage, even in a strain expressing wild-type Pif1. In contrast, below this threshold, telomere addition is strongly reduced by the presence of Pif1. A phospho-mimetic allele of Pif1 (pif1-4D) does not affect the threshold, suggesting that phosphorylation cannot account for this distinction (Strecker et al., 2017). An exhaustive analysis uncovered Cdc13 as a mediator of differential Pif1 action on TG1–3 tracts of differing lengths. Cdc13 variants predicted to reduce interaction with Est1 or decrease DNA binding increased the threshold of TG1–3 sequence required for resistance to Pif1 negative regulation. These results suggest that the difference between a DSB and a short telomere is dictated by levels of Cdc13 association/function (Strecker et al., 2017). Interestingly, Hiraga and Sugimoto report that a telomeric seed sequence of 22 bp supports robust telomere addition and>90% survival following HO cleavage (Hirano and Sugimoto, 2007). Neither group directly assessed the capacity of Cdc13 to bind the seed sequence in vitro, so the difference in threshold may be explained by differential affinity of Cdc13 for the sequences tested.



ENDOGENOUS SEQUENCES THAT STIMULATE DE NOVO TELOMERE ADDITION

The observations of multiple independent dnTA events at specific genomic sites in Phelan/McDermid syndrome (Bonaglia et al., 2011) and α-thalassemia (Wilkie et al., 1990) suggest that certain sequences are prone to telomere addition. Hotspots of dnTA in yeast were first reported by the Zakian laboratory (Mangahas et al., 2001) as sites of recurrent chromosome truncation following an induced DSB, in one case as far as 50 kb internal to the cleavage site. These events occurred in the absence of RAD52, ruling out acquisition of telomeric repeats through recombinational repair. Both hotspots contained sequence tracts with similarity to the TG1–3 repeats of yeast telomeres, but surprisingly, the new telomeres were added to very short TG sequences located 37–49 bp distal to the longer TG-rich tracts (Mangahas et al., 2001).

TG-rich sequences have been observed to enhance telomerase action at a distance in other contexts. When linear plasmids terminating in repeats of the ciliate telomere sequence (TTGGGG) were transformed into yeast, addition of yeast TG1–3 sequences occurred within bacterial sequences retained as part of the cloning strategy (Murray et al., 1988). Ciliate telomere sequences integrated into the yeast chromosome 1–10 kb proximal to an HO cleavage site stimulated dnTA at TG tracts of 2–13 nucleotides located distal to the ciliate sequences (Kramer and Haber, 1993). Finally, when an 80-bp telomeric “seed” was integrated proximal to an HO site, telomere addition most frequently occurred directly on the TGTT-3′ overhang of the cleavage site, despite being separated from the seed sequence by non-telomeric DNA (Bairley et al., 2011). These results contradict the idea of a telomere-like sequence that acts solely by providing complementarity to the telomerase RNA and suggest that such sequences enhance the probability of telomere addition at nearby sites.

More recently, a total of seven additional hotspots of dnTA have been identified in yeast. Induction of HO cleavage at least 2 kb distal to these sequences results in telomere addition within the hotspot at a frequency ∼200-fold higher than in neighboring sequences, ruling out a model in which telomere addition at the hotspot is a simple consequence of chromosome fragility (Obodo et al., 2016; Ngo et al., 2020). We call such endogenous sequences Sites of Repair-associated Telomere Addition, or SiRTAs. SiRTAs on chromosomes 5 and 9 contain a ∼10–20-bp “Core” sequence that is the direct target of telomere addition and a similarly sized “Stim” sequence (located ∼20–30-bp centromere proximal to the Core) that, while rarely the site of telomere addition, strongly enhances the frequency of dnTA (Obodo et al., 2016). Therefore, as in the other examples outlined above, telomere addition occurs distal to a stimulating sequence.

Several lines of evidence argue that enhancement of dnTA by the Stim requires its ability to recruit Cdc13 to the resecting break. In vitro, Stim sequences from chromosomes 5 and 9 bind Cdc13 (Obodo et al., 2016). Mutations that eliminate Cdc13 binding reduce the frequency of dnTA, while mutations that improve Cdc13 affinity increase telomere addition. Replacement of the Stim sequence with the Gal4 upstream activating sequence reduces dnTA, but SiRTA activity is restored by expression of a fusion between Cdc13 and the Gal4 DNA-binding domain (Obodo et al., 2016; Epum et al., 2020). In contrast, similar artificial recruitment of the double-stranded telomeric DNA-binding protein Rap1 has no effect. These results are consistent with a model in which resection of the 5′ strand allows Cdc13 to bind the Stim sequence (and likely also the Core), thereby facilitating telomerase recruitment (Figure 1A).



DO “HOTSPOTS” OF DE NOVO TELOMERE ADDITION ESCAPE NEGATIVE REGULATION?

What accounts for the high frequency of dnTA at SiRTAs relative to other sequences? One intriguing possibility is that SiRTAs may escape, fully or partially, the negative regulatory pathways described above. To date, two genetic conditions have been identified that distinguish a SiRTA from other sequences. At very short TG tracts (≤4 bp), the Ku80 protein, a component of the Ku heterodimer that binds DSBs and is required for non-homologous end joining, promotes dnTA through interaction with the RNA component of telomerase. In the absence of the Yku80–telomerase RNA interaction, nearly all dnTA events identified by GCR assay are within the chromosome 5 SiRTA described above, highlighting that SiRTAs utilize a pathway independent of this association (Stellwagen et al., 2003). The SiRTA on chromosome 5 is also resistant to Mec1-mediated negative regulation of Cdc13 likely because the Core region contains sufficient imperfect TG1–3 sequences to exceed the 11-bp threshold of this regulation (Zhang and Durocher, 2010). However, resistance to Mec1 negative regulation alone does not explain the requirement for Cdc13 binding at the “Stim” sequence located 30–40 bp upstream of the site at which telomerase ultimately acts.

Insight may come from considering the mechanism(s) through which Pif1 regulates dnTA. Mutations reducing the Cdc13–Est1 interaction increase the TG1–3 threshold required for Pif1 resistance, consistent with a simple competition between Cdc13-mediated recruitment and Pif1-mediated removal of telomerase. The Durocher lab disfavors this model, since artificial recruitment of telomerase (by fusion of Cdc13 to Est1 or Est2) does not render a short (18-bp) TG1–3 tract resistant to Pif1 (Strecker et al., 2017). However, Hirano and Sugimoto (2007) report that fusion of Cdc13 and Est1 allows > 80% survival following DSB induction adjacent to an 11-bp TG1–3 sequence. In the latter experiment, the distal side of the break was capped by 81 bp of TG1–3 sequence, a situation predicted to attenuate the checkpoint response (Hirano and Sugimoto, 2007). Nevertheless, these contradictory results open the possibility that other aspects of Cdc13 function contribute to Pif1 resistance.

Pif1 enhances resection at uncapped telomeres (telomeres lacking Cdc13) in conjunction with Exonuclease 1 (Exo1) (Dewar and Lydall, 2010). Strecker et al. (2017) suggest that Cdc13 association with the TG34 tract (likely in complex with Stn1 and Ten1) is sufficient to block resection, while the TG18 tract is subjected to resection in a manner dependent (perhaps indirectly) on Pif1. Since Cdc13 binding and dnTA increase when resection is inhibited (Chung et al., 2010; Lydeard et al., 2010), disparities in the sensitivity to Pif1-mediated resection might explain the difference between a DSB (TG18) and short telomere (TG34).

We favor an alternative model that also invokes the role of CST in preventing 5′ end resection but posits a canonical role of Pif1 in removing telomerase from the DSB. As a 5′–3′ helicase, Pif1 must bind internal to the chromosome terminus to dissociate telomerase (Boulé and Zakian, 2007). In vitro, Pif1 requires an ss gap of ≥56 bases to dissociate telomerase and longer gaps facilitate more efficient removal (Li et al., 2014). If TG34 binds sufficient Cdc13 to inhibit 5′ end resection (as observed for TG81 repeats), insufficient ssDNA may be generated for Pif1 loading. In contrast, regions with little or no ability to bind Cdc13 would be rapidly resected, facilitating Pif1 association (Figure 1). Indeed, a 22-bp TG1–3 sequence that supports robust telomere addition and cell survival in a PIF1 background substantially reduces 5′ end resection (Hirano and Sugimoto, 2007). Forced recruitment of Stn1 by fusion to Cdc13 is insufficient to promote telomere addition or prevent resection when the TG1–3 seed is only 11 bp (Hirano and Sugimoto, 2007), consistent with a requirement for multiple CST complexes to achieve this effect.

Intriguingly, this latter model could explain the role of the SiRTA Stim. Association of the Stim with Cdc13 may limit continued resection, thereby protecting the double-strand break from Pif1 loading. The location of the proximal enhancing sequence relative to the site of dnTA (≤50 bp) correlates well with the minimal region required for Pif1 loading (Li et al., 2014; Obodo et al., 2016). Furthermore, deletion of sequences between the Stim and Core dramatically increases dnTA (Obodo et al., 2016). Association of Cdc13 with the ssDNA produced during resection may also affect the ability of Pif1 to bind or translocate.



CONCLUDING REMARKS

Much progress has been made in understanding how endogenous TG-rich sequences stimulate de novo telomere addition, but outstanding questions remain. Future studies must address whether the effects of Cdc13 binding on Pif1 function and/or 5′ end resection at sequences immediately adjacent to an HO cleavage site (described above) are similar at SiRTAs, where Cdc13 binding sites are revealed only after significant and ongoing resection. Likewise, while the role of Cdc13 at SiRTAs is well established, how Cdc13 associates with noncanonical sequences during resection and whether such binding is affected by association with binding partners must be addressed. SiRTAs may provide a “back-up” mechanism to facilitate chromosome healing by telomerase when other pathways have failed. Tests of this hypothesis will require genome-wide identification of SiRTAs and analysis of their evolutionary conservation. While the identity of the human ortholog of Cdc13 remains unclear (Ge et al., 2020; Lim et al., 2020), results described here in yeast raise the interesting possibility that recurrent sites of de novo telomere addition observed in some disease states may require the human Ctc1/Stn1/Ten1 complex (Stewart et al., 2018) and/or Pot1 (Smith et al., 2020), a telomeric ss binding protein that, like yeast Cdc13, plays roles in both end protection and telomerase recruitment.
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