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Abstract

Natural chromosome ends resemble double-stranded DNA breaks, but they do not activate a 

damage response in healthy cells. Telomeres therefore have evolved to solve the ‘end-protection 

problem’ by inhibiting multiple DNA damage–response pathways. During the past decade, the 

view of telomeres has progressed from simple caps that hide chromosome ends to complex 

machineries that have an active role in organizing the genome. Here we focus on mammalian 

telomeres and summarize and interpret recent discoveries in detail, focusing on how repair 

pathways are inhibited, how resection and replication are controlled and how these mechanisms 

govern cell fate during senescence, crisis and transformation.

The end protection problem: inhibition of the DDR

Shelterin, the complex consisting of telomere repeat–binding factor (TRF) 1, TRF2, 

repressor activator protein 1 (Rap1), TRF1 interactor 2 (TIN2), TINT1–PTOP–PIP1 (TPP1) 

and protection of telomeres 1 (POT1), prevents the recognition of telomeres as sites of 

damage. Disruption of shelterin components leads to activation of the DNA-damage 

response (DDR), including phosphorylation of histone 2A family, member X (H2A.X) and 

ataxia telangiectasia mutated (ATM). Mediator of DNA damage checkpoint protein 1 

(MDC1), RING-finger motif and FHA domain (RNF) 8 and RNF168, Nijmegen breakage 

syndrome 1 (NBS1) and p53 binding protein 1 (53BP1) are recruited to telomeres in discrete 

foci termed telomere dysfunction-induced foci (TIF). Eventually, fusion of chromosome 

ends and activation of p53 triggers cell-cycle arrest and senescence. The current state of 

knowledge of how shelterin and its accessory factors prevent DDR activation is considered 

in detail in the following section.

Inhibition of the ATM pathway

The shelterin component TRF2 is the main inhibitor of the ATM kinase pathway and 

classical non-homologous end joining (c-NHEJ) at telomeres1–4. Depletion of TRF2 or 

expression of TRF2ΔBΔM, a dominant-negative allele of human TRF2 (official symbol 
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TERF2) that lacks both the C-terminal MYB-type DNA-binding domain and the N-terminal 

basic domain, induce strong DNA-damage signals at telomeres and extensive chromosomal 

fusions4 that are dependent on DNA-dependent protein kinase catalytic subunits (DNA-

PKcs), ligase IV and the Ku70–Ku80 heterodimer5,6. The mechanism by which TRF2 

inhibits both ATM activation and c-NHEJ is complex and highly redundant. TRF2 is 

essential in formation of the t loop7–9, a secondary structure that hides chromosome ends, 

thereby preventing ATM activation and blocking the loading of the Ku heterodimer (Fig. 1, 

steps 1 and 2). Whether t-loop DNA structures are sufficient to prevent the DDR and 

telomere fusions independently of TRF2 remains a matter of speculation because it is not yet 

possible to separate the roles of TRF2 in t-loop formation and direct inhibition of DDR. 

Moreover, t-loop structures are unlikely to protect telomeres throughout the cell cycle, 

because t loops require unfolding during telomere replication, thus suggesting the presence 

of additional mechanisms for effective DDR inhibition, such as a direct role of TRF2 in 

ATM inhibition.

This direct role of TRF2 in the inhibition of the ATM pathway remained unclear until a 

recent study from Okamoto and colleagues, who used chimeric TRF2-TRF1 proteins to 

dissect the role of the domains of TRF2 in DDR inhibition10. TRF2 is composed of four 

distinct domains: the N-terminal basic domain; the TRFH domain, which is involved in 

homodimerization and binding to accessory factors; the hinge domain, which mediates 

interactions with Rap1 and TIN2; and the MYB domain, which confers specificity for 

TTAGGG repeats (Fig. 2). The study has revealed that the TRFH domain of TRF2 provides 

an essential but insufficient level of protection against early steps of ATM activation. The 

main protective property is provided by the so-called iDDR, a small region, located in the 

hinge domain of TRF2, that prevents RNF168 recruitment to telomeres (Fig. 1, step 3). 

Inhibition of RNF168 disrupts the subsequent recruitment of 53BP1, thus preventing the 

formation of telomere fusions. The authors suggest that iDDR acts through recruitment of 

the deubiquitination enzyme BRCA1–BRCA2–containing complex 3 (BRCC3), which 

prevents H2A polyubiquitination–dependent recruitment of RNF168 and ubiquitin protein 

ligase 5 (UBR5), an enzyme that mediates degradation of RNF168. Complete protection of 

telomeres therefore requires both the iDDR and the TRFH domains, because loss of either 

the TRFH or the hinge domain leads to a mild or strong telomere-fusion phenotype, 

respectively. 53BP1 has also been shown to increase the mobility of telomeres that lose 

TRF2, thereby facilitating c-NHEJ-based repair of distant break sites and dysfunctional 

telomeres, and adding another level of complexity11,12.

Direct c-NHEJ repression

TRF2 also functions at a more downstream level, by directly blocking c-NHEJ (Fig. 1, step 

4). The Ku70–Ku80 heterodimer, an essential initiator component of c-NHEJ, has a vital 

role in telomere maintenance and is recruited to telomeres through direct interactions with 

TRF1, TRF2 and Rap1 (ref. 13); however, the constitutive presence of Ku at telomeres is at 

odds with the need to prevent c-NHEJ. Ribes-Zamora and colleagues have recently 

discovered that TRF2 interacts with the α-helix 5 domain of Ku70, which mediates Ku70–

Ku80 heterotetramerization and is required in DNA repair. By occupying this essential 
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interaction site, TRF2 could block Ku activation by inhibiting heterotetramerization and thus 

prevent synapsis of chromosome ends even when Ku is present13.

TRF2 depletion is accompanied by loss of Rap1 at telomeres; therefore, some aspects of 

telomere protection that are potentially mediated by Rap1 may be masked by TRF2 

depletion. Rap1 is dispensable in c-NHEJ inhibition, because loss of Rap1 does not cause 

telomere fusions or ATM activation14–16. However, a redundant role for Rap1 in the 

inhibition of c-NHEJ cannot be ruled out (Fig. 1, step 5). Indeed, tethering of Rap1 to 

telomeres has been shown to prevent TRF2ΔBΔM-induced fusions without inhibiting TIFs17, 

thus suggesting a potential direct role for Rap1 in NHEJ inhibition. Rap1 directly binds 

Ku70–Ku80 in vivo through an unidentified domain that is distinct from Ku70 α5 (ref. 13). 

Identification of this interaction domain would possibly unveil the role of Rap1 in this 

aspect of telomere protection.

Rap1 also supports TRF2 in preventing both ATM activation and c-NHEJ at telomeres. 

Electron microscopy analysis of t-loop formation has revealed that the Rap1–TRF2 

complex, compared to TRF2 alone, is much more prone to bind telomeric DNA and to form 

t loops18. Rap1 binding to TRF2 also decreases electrostatic interactions between double-

stranded DNA and the TRF2 basic domain, thereby decreasing nonspecific binding of TRF2 

to DNA and increasing the specificity of TRF2 for telomeric DNA19.

The multiplicity of levels of c-NHEJ inhibition at telomeres, which include telomere 

structure and mobility and direct inhibition of ATM, Ku and 53BP1 by TRF2 and Rap1, 

reinforce the potential of c-NHEJ as a major threat to natural chromosome ends. In response, 

natural chromosome ends have evolved to effectively inhibit this repair pathway, thereby 

limiting chromosome end-to-end fusions and maintaining genome stability. However, c-

NHEJ is not the only repair pathway that can act on natural chromosome ends.

Inhibition of ATR and suppression of alternative NHEJ

The ATM- and RAD3-related (ATR) kinase pathway is mainly activated by exposed single-

stranded (ss) DNA, thus rendering the double-strand–to–single-strand transitions within 

telomeres a prime target. The TPP1–POT1 (POT1a in mice) heterodimer is the main 

inhibitor of the ATR pathway at telomeres, and the heterodimer is anchored to telomeres by 

TIN2 (refs. 20–22). Although the exact mechanism of how TPP1-POT1 inhibits ATR is not 

yet clear, it most probably acts through the exclusion of replication protein A (RPA) from 

the single-stranded overhang23 (Fig. 1, step 6). TPP1–POT1 also prevents ATR activation at 

stalled replication forks at telomeres, where it is recruited by TRF1–TIN2 (refs. 24,25) (Fig. 
3a). Consequently, loss of TRF1 leads to ATR activation at stalled replication forks during S 

and G2 (ref. 24). Tethering TIN2–TPP1–POT1 to TRF2 rescues ATR activation without 

suppressing replication stress induced by TRF1 loss25. TPP1–POT1 may inhibit ATR by 

excluding RPA from the replicative G-rich single strand that accumulates at stalled 

replication forks23. Because TPP1–POT1 cannot protect the ssCCCTAA repeats, the lack of 

ATR activation may reflect the uncoupling of leading- and lagging-strand synthesis of the 

progressing replication forks upon replication stress at telomeres, which would prevent 

accumulation of ssCCCTAA repeats26.
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Alternative NHEJ (alt-NHEJ) is a backup pathway for double-strand break (DSB) repair that 

depends on meiotic recombination 11 homolog (MRE11) and CtIP for end resection, 

whereas poly(ADP-ribose) polymerase 1 (Parp1), DNA ligase III and DNA polymerase θ 

are involved in the end-joining process27–32. Alt-NHEJ is activated at telomeres as a 

consequence of two distinct types of dysfunction. Deprotection of the ssDNA overhang 

upon TPP1–POT1 depletion is sufficient to induce low levels of telomere fusion by alt-

NHEJ, which is in that case controlled by ATR33 (Fig. 1, 6). Loss of TRF2, in contrast, does 

not lead to alt-NHEJ, because the Ku heterodimer inhibits this repair pathway both at 

telomeres and at DSBs6,33–35. Co-depletion of Ku and TRF2 is therefore required to induce 

alt-NHEJ–dependent telomere fusions36 (Fig. 1, step 7). However, full activation of alt-

NHEJ depends on suppression of both TRF2 and TPP1–POT1 as well as suppression of the 

Ku heterodimer or 53BP1 (refs. 33,35). Finally, RNF8 has an indirect role in alt-NHEJ 

inhibition at telomeres, because it polyubiquitinates and thereby stabilizes TPP1 at 

telomeres37.

The elaborate mechanisms that have evolved to block alt-NHEJ emphasize the potential 

threat that this pathway poses to telomeres and the complexity of efficient chromosome end–

protection strategies in mammalian cells.

Inhibition of homologous recombination

Because telomeres are comprised of many kilobases of identical repeats at every 

chromosome end, they are excellent substrates for homologous recombination (HR). 

However, recombination between sister chromatids (telomeric sister-chromatid exchange 

(T-SCE)) or between distinct chromosome ends is toxic because it perturbs telomere-length 

homeostasis and can lead to chromosome fusions. The Ku70–Ku80 heterodimer, besides 

inhibiting alt-NHEJ, also prevents HR at deprotected telomeres. Suppression of Ku in mouse 

cells lacking either Rap1 or POT1 leads to high rates of T-SCEs, a byproduct of HR at 

telomeres14,36,38 (Fig. 1, step 8). However, these HR events are independent of classic 

DNA-damage signaling, because depletion of Rap1 in mouse cells lacking Ku70 occurs 

without the induction of TIFs14, thus indicating that the DDR machinery does not recognize 

such recombinogenic telomeres. In human cells, expression of a TRF2 allele mutated in the 

Rap1-binding domain (RBM) is sufficient to induce T-SCEs without Ku depletion16. It is 

however unlikely that Ku has no role in preventing HR at human telomeres, because another 

study has demonstrated that depletion of Rap1 alone does not lead to T-SCEs15. Induction of 

T-SCEs by the TRF2ΔRBM allele therefore raises the possibility that this domain also plays a 

part in the recruitment of Ku to telomeres.

Inhibition of HR is also essential in preventing t-loop excision by X-ray repair cross-

complementing protein (XRCC3) and NBS1 (Fig. 1, step 9). Expression of the TRF2ΔB 

allele, which lacks the N-terminal basic domain, induces loss of the telomeric leading strand 

and XRCC3-dependent t-circle and C-overhang accumulation, which are believed to arise 

from t-loop excision39,40. Deletion of Ku86 in human cells leads to dramatic telomere loss 

and t-circle accumulation that rapidly causes cell death, although in that case it is not known 

whether t-loop excision is mediated by XRCC3 (ref. 41).
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Inhibition of HR at telomeres is complex and redundant, and involves shelterin factors as 

well as Ku70–Ku80, a heterodimer that actually takes part in c-NHEJ, thus highlighting that 

many DDR factors also have major roles in telomere protection. This is most evident in the 

pathways that process telomeres after replication and protect them from excessive 

exonucleolytic attack.

DDR factors involved in telomere function and maintenance

It has been puzzling why telomeres, which must prevent activation of a DDR throughout 

most of the cell cycle, attract a variety of proteins with direct roles in the detection and 

repair of DNA. Recent findings have suggested that these factors are required for telomere 

processing, telomere replication and establishment of telomere protection.

T-loop unfolding and formation

Whereas t-loop structures protect telomeres against the ATM cascade and NHEJ, specific 

DDR factors are required for t-loop disassembly during replication and loop formation after 

S-phase42 as well as t-loop excision during trimming of very long telomeres43 (Fig. 3).

During S phase, TRF2 directly recruits the essential helicase regulator of telomere length 1 

(RTEL1) through the interaction of TRF2TRFH and RTEL1C4C4 domains, thus facilitating 

unfolding of the t loop and enabling replication-fork progression. RTEL1–mediated t-loop 

disassembly has also been proposed to suppress t-loop formation between sister telomeres in 

trans. Failure to dismantle t loops during replication leads to excision of the persistent loops, 

thus resulting in t-circle production and rapid telomere shortening44,45 (Fig. 3b). In human 

and mouse cells, persistent t-loop excision is mediated by structure-specific endonuclease 

subunit homolog 4 (SLX4), a molecular scaffold protein that interacts with the DNA-repair 

endonucleases MUS81–EME1 (crossover-junction endonuclease), the xeroderma 

pigmentosum F (XPF)–excision repair cross-complementation group 1 (ERCC1) complex 

and SLX1, and is also involved in interstrand cross-link repair (ICL).

Unlike mouse SLX4, human SLX4 contains a sequence resembling the Apollo TRF2-

binding motif, which drives TRF2TRFH-dependent permanent recruitment of the SLX4–

MUS81–XPF–SLX1 complex to telomeres46–48. Using the SLX4–SLX1 complex, TRF2 

has been proposed to control telomere-length homeostasis by regulating the trimming 

mechanism, in which very long telomeres are shortened by t-loop excision. TRF2TRFH-

dependent recruitment of SLX4 would induce t-loop excision at very long telomeres, 

whereas the basic domain of TRF2 would inhibit SLX4 and therefore stabilize t loops at 

normal telomeres43,47,49. Of note, although mouse SLX4 is involved in persistent t-loop 

excision upon RTEL1 depletion, it does not bear the TRF2-binding motif and does not 

localize to mouse telomeres46. Mouse SLX4 is therefore not likely to be involved in 

telomere trimming, thus potentially explaining the very long telomeres tolerated in inbred 

mouse strains.

After replication and processing, t loops must be reformed, and TRF2 is required for this 

process in vitro and in vivo8,9. In vitro, TRF2 is sufficient to catalyze the invasion reaction 

of the single-stranded overhang into duplex TTAGGG repeats, thereby forming the D loop, 
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which stabilizes the t loop. The Rad51 recombinase, which promotes HR by catalyzing D-

loop formation, is inhibited by TRF2 but stimulated by TRF1 (ref. 50). The basic domain of 

TRF2 also inhibits resolvase activities at telomeres, thereby promoting telomere replication 

and stabilizing t loops48,49. Rad51 is also recruited to telomeres by BRCA2 during G2, when 

it has been suggested to play a role in facilitating telomere replication51, thus again 

demonstrating the complex interaction of the HR machinery with telomeres during and after 

replication.

Overhang processing

The shelterin complex and several DSB-repair factors act together to create and control the 

single-stranded telomeric overhangs that are required to form the t loop and to inhibit 

ATM52. Replication of telomeres is unidirectional, because it is primed by an origin located 

in the subtelomeric region24. As a consequence, lagging- and leading-strand synthesis 

replicate the G-rich and C-rich strands, respectively. During lagging-strand replication, the 

most distal RNA primer randomly anneals within 100 nucleotides from the chromosome 

end, thereby directly creating a single-stranded overhang at the ends of the replication 

product53. On the opposite (leading) strand, replication produces blunt ends that require 5′-

to-3′ end resection to form an overhang. This is achieved by the exonuclease Apollo, which 

is recruited to telomeres by TRF2 and generates the leading-strand overhang immediately 

after replication (Fig. 3c). Depletion of Apollo induces chromatid-type fusions between 

leading-strand telomeres, and a splice variant of Apollo unable to bind TRF2 is one of the 

factors that can induce Hoyeraal-Hreidarsson telomere disorder syndrome, thus reinforcing 

the crucial role of Apollo-mediated overhang processing in telomere protection52,54–56. 

POT1b binding to the overhang inhibits Apollo-mediated resection at the lagging strand as 

well as at the newly formed leading-strand overhang. During late S-G2, both sister 

chromatids engage in a second round of overhang processing, in which exonuclease 1 

(EXO1) nucleolytic digestion is buffered by CTC–STEN1–TEN1 (CST) complex–mediated 

fill-in synthesis55,57 (Fig. 3c). Whereas overhang formation is essential in chromosome-end 

protection, extensive resection must be inhibited because it would otherwise lead to a 

dramatic acceleration of telomere erosion. Protection against exonucleolytic digestion, 

which can be mediated by EXO1, Bloom syndrome helicase (BLM), CtIP and probably 

other factors, is therefore redundantly achieved by several shelterin factors as well as 53BP1 

(ref. 35).

Regulation of telomere fusions

The fusion of critically short or deprotected telomeres is dependent on end resection, 

telomeric transcription, chromatin, and the cell cycle.

Control of resection

Competition between resection and protection of broken DNA ends is a determining event in 

pathway choice in DSB repair. On the one hand, BRCA1-mediated resection of DSBs by 

CtIP and EXO1, an initial step of homologous recombination, inhibits c-NHEJ58. On the 

other hand, recruitment of 53BP1, Rap1 interacting factor (RIF1) and MAD2 mitotic arrest 

deficient-like 2 (MAD2L2; also known as REV7) blocks end resection, thereby promoting 
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c-NHEJ and preventing HR (Fig. 1, step 10). During this process, RIF1 is directly recruited 

by the N-terminal phospho-SQ/TQ domain of 53BP1, whereas MAD2L2 acts downstream 

of these factors and inhibits resection. At dysfunctional telomeres, HR is inhibited by Ku, 

yet the 53BP1–RIF1–MAD2L2 complex is required to prevent hyperresection of the C-rich 

strand. Deletion of TRF2 along with 53BP1, RIF1 or MAD2L2 leads to extensive 5′-end 

resection and suppresses telomere fusions, thus suggesting a crucial role of 53BP1–RIF1–

MAD2L2 in end joining of dysfunctional telomeres59–63.

Telomeric chromatin and TERRA

Emerging evidence has suggested that chromatin state influences DSB repair64. 

Accordingly, the ability of deprotected telomeres to successfully carry out repair by NHEJ 

also partly depends on chromatin factors. Ring1b, a protein involved in heterochromatin 

maintenance, is associated with deprotected telomeres and stimulates NHEJ65. Depletion of 

Ring1b leads to reduced telomere fusions without affecting DNA damage–signaling 

capacities of chromosome ends65. The long noncoding RNA telomeric repeat–containing 

RNA (TERRA) has a major role in the control of telomeric chromatin structure, because it 

recruits SUV39H1, thus leading to an increase in trimethylated histone H3 K9, which is 

indicative of heterochromatin66–68. A global decrease in this trimethylation leads to reduced 

fusions at deprotected mouse and human telomeres65,68. Increased levels of TERRA at 

deprotected telomeres also lead to recruitment of lysine-specific histone demethylase 1 

(LSD1), which stimulates nucleolytic processing of G overhangs by MRE11 (ref. 69). 

TERRA transcription is inhibited by the TRF2TRFH domain, thus adding another layer of 

NHEJ control by TRF2 (ref. 68).

Cell-cycle regulation

The dynamics of signaling from deprotected telomeres and their fusion are cell-cycle 

dependent. Unprotected telomeres fuse primarily in G1, thus suggesting active inhibition of 

NHEJ in other cell-cycle phases; however, how NHEJ is inhibited in a cell cycle–specific 

manner is clear neither at telomeres nor at intrachromosomal regions. Inhibition of specific 

repair pathways during specific cell-cycle phases represents a powerful way to control 

repair-pathway choice, as demonstrated by the finding that during mitosis RNF8 and 53BP1 

are inhibited from binding to chromatin, owing to their phosphorylation. Restoration of 

RNF8 and 53BP1 binding during mitosis leads to sister-telomere fusions and, as a 

consequence, to dicentric chromosomes and genome instability, thus emphasizing the 

importance of cell-cycle control of repair pathways at telomeres and nontelomeric regions70. 

Cell cycle–dependent telomere shortening and deprotection has now been recognized to 

have major roles in controlling proliferative boundaries and cell fate during cellular aging 

and in prevention of tumorigenesis.

Control of proliferative boundaries and cellular fate

As discussed above, shelterin components have distinct roles in regulating damage signaling 

and end-joining pathways at telomeres. Experimental suppression of shelterin components 

has been highly informative in dissecting the mechanisms of telomere protection. Whereas 

POT1 mutations have recently been identified in melanomas, gliomas and chronic 
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lymphocytic leukemia71–74, complete deletions of shelterin genes are not frequently 

observed in tumors. Partial or complete loss of telomere function in vivo is more likely to 

occur spontaneously as a consequence of extensive erosion, when telomeres become too 

short to be efficiently protected by shelterin. In humans, this tumor-suppressive mechanism 

is progressive with cell division and controls proliferative boundaries.

Entry into replicative senescence

In somatic human cells, which repress the expression of telomerase, telomeres shorten with 

every round of replication until they become critically short, and cells terminally 

differentiate in senescence (Fig. 4). Telomere shortening is a consequence of progressive 

erosion due to the end-replication problem, to processing and to rapid, stochastic shortening 

events caused by replication-fork collapse, t-loop excision or oxidative stress. As a 

consequence, telomere length is heterogeneous in presenescent cells, in which very short but 

also very long telomeres are present75. Entry into senescence is driven by the inability of the 

bulk of these short telomeres to fully protect the chromosome ends from DNA-damage 

signaling and the resulting production of TIFs. The number of TIFs increases with cellular 

aging and telomere shortening, but cells keep dividing until they accumulate at least five 

dysfunctional telomeres, which represent a critical damage threshold that leads to p53 

activation and senescence entry76,77 (Fig. 4). At this point, telomeres are too short to be 

fully functional and are therefore unable to form the protective t-loop structure, but they 

retain enough TRF2 to prevent fusions. This model of an intermediate telomere state has 

been illustrated by work in our laboratory demonstrating that progressive suppression of 

TRF2 by short hairpin RNAs of varying efficiencies leads to TIF accumulation, ATM 

activation and p53-dependent cell-cycle arrest in G1, but it does not trigger fusions until 

TRF2 is completely removed78,79.

Fused chromosomes, which are unlikely to be separated properly during mitosis, lead to 

random chromosome-break events that cause genome instability. Entry into senescence 

occurs while telomeres still retain the capacity to inhibit fusions, thus representing a 

protective mechanism against genome instability. Furthermore, the DNA-damage response 

triggered by damaged telomeres, unlike that triggered by DSBs, does not activate Chk2 

phosphorylation and the G2-M checkpoint. As a consequence, TIFs occurring during the 

final replication cycle before senescence are transmitted through mitosis, thus ensuring that 

senescent cells stop growth in the following cell cycle in a stable G1 arrest with a diploid 

genome78.

Although the number of TIFs correlates with bulk telomere shortening, TIFs in individual 

cells do not necessarily localize to the shortest telomeres75 (Fig. 4). This surprising 

observation raises the possibility that other types of damage, such as oxidative stress, may 

accumulate at telomeres over time, thus leading to deprotection of long chromosome 

ends80,81. Another potential explanation is that telomere shortening slightly and gradually 

diminishes the efficiency of t-loop formation. According to this model, the shortest 

telomeres have a higher probability of becoming dysfunctional, but they are not 

systematically deprotected. Given that there are 92 telomeres in a diploid cell, it is 

exceedingly unlikely that five telomeres will become dysfunctional when the bulk telomere 
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length is high, but it is quite likely when the bulk length of telomeres is short. In this regard, 

it would be of great interest to determine the critical telomere length for efficient t-loop 

folding in vivo and to develop mathematical models to predict telomere deprotection.

Induction of crisis and cell fate

When the tumor suppressors p53 and retinoblastoma protein (Rb) are mutated, cells bypass 

senescence and continue to divide until crisis, a second proliferative boundary during which 

almost all of the cells in the population die (Fig. 4). Bypass of senescence is accompanied 

by further telomere shortening, until some telomeres become so short that they can no longer 

bind shelterin proteins and undergo fusion with other telomeric loci or with fragile 

nontelomeric loci. Such events eventually can lead to tumorigenesis, as first demonstrated 

by deletion of the telomerase template RNA in mice82. The telomere fusions observed in 

crisis cells and in human tumors display characteristic events of deletion and 

microhomology and are partially independent of DNA-PKcs and thus occur through both c- 

and alt-NHEJ83–88.

Breakage-fusion-bridge cycles initiated by telomere fusions have until now been considered 

to be a cause for the vast cell death that occurs during crisis. Although this model could 

contribute to crisis-driven genome instability, our laboratory has recently demonstrated that 

cell death is a consequence of a telomere-deprotection pathway initiated by telomere 

fusions. After human fibroblasts bypass senescence, fusion of a few very short telomeres 

causes mitotic arrest, most probably because of failure to segregate fused chromosomes. 

This prolonged mitotic arrest in turn induces further telomere deprotection through 

AuroraB-dependent removal of TRF2. The consequence is an amplification of the DNA-

damage response, which leads to cell death during mitotic arrest or in the following G1 

phase89,90.

Genome instability and transformation

Widespread telomere-induced cell death is the second barrier against tumor formation in 

cells that escape the first barrier of senescence. Some rare cells, however, manage to escape 

crisis by activating a telomere-maintenance mechanism through telomerase reactivation or 

alternative pathways. In these exceptional cases, telomere shortening and dysfunction 

pathways become protumorigenic and permit the accumulation of genome instability. This 

has been demonstrated in p53-negative models of constitutive telomere dysfunction, in 

which genome reduplication and tetraploidy in cells result in the emergence of tumors with 

subtetraploid karyotypes91,92. High levels of telomere fusions are also associated with poor 

prognosis in people with breast cancer93. Additionally, the specific pathway responsible for 

telomere fusion during crisis may account for the cell’s capacity to escape from crisis, 

because DNA ligase III, but not ligase IV, is essential in escaping crisis, thus highlighting 

differential roles for alt-NHEJ and c-NHEJ in the fusion of critically short telomeres before 

crisis87.
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Conclusions

Less than two decades ago, TRF2 was discovered as a major protection factor at telomeres. 

At that time, the field could only dream of the exciting discoveries to come that would 

reveal the intricate and complex interactions of shelterin with various pathways of DNA-

damage detection and repair. Many of these findings were made possible by advances in 

mouse genetics and the development of modern human and mouse genome-editing 

techniques, thus suggesting that more exciting discoveries are yet to be made. Telomeres, 

which were originally thought to be simple chromosome end caps, now must be regarded as 

delicate elements that use an interplay of protein and RNA complexes with DNA structure, 

thereby not only regulating numerous enzymatic pathways in cells but also taking advantage 

of these pathways to control cellular fate, including stem-cell maintenance, differentiation, 

senescence, crisis and transformation. The next exciting chapter will be to understand the 

role of telomeres in the regulation of genome-wide processes such as chromatin 

organization, chromosome structure and chromosomal territories during cellular and 

organismal aging as well as transformation.
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Figure 1. 
Repression of DNA-damage signaling pathways at telomeres. (a) ATM kinase pathway. (b) 

ATR kinase pathway. (c) Alternative NHEJ repair pathway. (d) Classical NHEJ repair 

pathway. (e) Homologous-recombination pathway. Steps of DNA damage–repair inhibition 

by shelterin or accessory factors are highlighted by red circles. (1) TRF2, potentially through 

its TRFH domain, and supported by Rap1, forms the t loop, a DNA structure that hides 

chromosome ends from the MRN–ATM factors7–9,18. (2) The t loop also prevents loading of 

the Ku heterodimer on chromosome ends. (3) TRF2iDDR inhibits the recruitment of RNF168 

at telomeres10. (4) TRF2 interacts with the helix α5 domain of Ku70, thereby blocking its 

heterotetramerization13. (5) Rap1 has been proposed to directly block c-NHEJ17. (6) TPP1–

POT1 prevents ATR activation, most probably by preventing binding of RPA on the 

overhang and on the ssTTAGGG at stalled replication forks20–23,25. (7) The Ku 

heterodimer, TRF2 and, more importantly, TPP1–POT1 redundantly repress alt-NHEJ at 

telomeres6,33,35. (8) The shelterin factors Rap1 and POT1 as well as Ku70–Ku80 are 

necessary to block HR between sister telomeres14,16,36,38. (9) The N-terminal basic domain 

of TRF2 blocks NBS1–XRCC3–mediated recombination events at the D loop that would 

lead to t-loop excision. Ku depletion induces t-loop excision as well39–41. (10) At 

deprotected telomeres, 53BP1, RIF1 and MAD2L2 protect chromosome ends from BRCA1–

CtIP–EXO1–mediated 5′ resection59–63. LIG, ligase; Pol, polymerase; p, phospho-.
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Figure 2. 
Functions and interactions of TRF2 domains. TRF2 possesses four distinct domains, the N-

terminal basic domain38,39,48, the TRFH domain10,44,46,96–100, the hinge domain10,14,93 and 

the MYB DNA-binding domain96,97. Human (H) or mouse (M) amino acid residues that are 

involved in protein-protein interactions or that disrupt interactions when mutated are 

specified in the third column.
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Figure 3. 
Major DNA-repair factors involved in telomere maintenance during S phase. Replication 

initiates within subtelomeres and progresses until it encounters the D loop, which must be 

dismantled to allow replication to be completed. The overhangs are processed on both sister 

chromatids, and the t loop is refolded42. (a) TRF1 and proliferating cell nuclear antigen 

(PCNA) recruit BLM and RTEL1, both of which unfold G-quadruplex structures on the 

lagging strand25,94, while Apollo recruitment by TRF2 prevents accumulation of topological 

stress ahead of the fork95. Without BLM or RTEL1, the replication fork is blocked, thus 

leading to G-rich ssDNA accumulation. A bridge consisting of TRF1, TIN2 and TPP1 

anchors POT1 on this ssDNA, preventing RPA loading and ATR activation24,25. (b) Once 

the bulk telomere is replicated, TRF2TRFH recruits RTEL1, which unfolds the t loop. In the 

absence of RTEL1, t loops are excised by SLX4, thus leading to telomere shortening and t-

circle accumulation44,45. (c) Unidirectional replication results in blunt ends at the daughter 

chromatid formed by leading-strand replication, whereas lagging-strand replication leaves a 

short overhang that is bound by POT1. After termination of replication, TRF2 recruits 

Apollo to the leading-strand chromatid, and Apollo resects the 5′ end and generates a short 

overhang. Binding of POT1 blocks further resection by Apollo. A second round of overhang 

processing occurs during late S-G2, when EXO1 further resects the 5′ ends of both sister 

chromatids. Finally, the CST complex is recruited to the extended overhangs to fill in the 

lagging strand and reduce overhang length52–55.
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Figure 4. 
Replicative senescence and crisis are two proliferative barriers controlled by telomere 

deprotection. Young fibroblasts contain long, fully protected telomeres (blue), which erode 

over the course of cellular division. Some telomeres become dysfunctional and enter the 

intermediate state of deprotection (orange), which is characterized by activation of the 

DNA-damage response, yet retain enough protective shelterin to inhibit fusions78,79. 

Telomere shortening and deprotection increase with population doublings until five or more 

dysfunctional telomeres are encountered, a damage threshold that activates p53 and leads to 

entry into replicative senescence77. Upon loss of p53 and retinoblastoma protein (Rb), cells 

bypass senescence and continue to grow. Telomeres continue to shorten until they become 

too short to retain any protective properties. Uncapped telomeres (red) fuse, thus leading to 

prolonged mitotic arrest that amplifies telomere deprotection and causes cell death in 

crisis89,90.

Arnoult and Karlseder Page 19

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


