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ABSTRACT 31 

Human individuals often exhibit important differences in their sensitivity to 32 

ionising radiation, the basis of which is now beginning to be understood. 33 

Extensive literature links impaired DNA repair with radiation sensitivity, this 34 

impairment being due to a lack of correct functioning in many proteins 35 

involved in DNA repair pathways and/or in DNA damage checkpoint 36 

responses. Given that ionising radiation is an important and widespread 37 

diagnostic and therapeutic tool, it is important to further investigate those 38 

factors and mechanisms that underlie individual radiosensitivity. Recently, 39 

evidence is accumulating that telomere function may well be involved in 40 

cellular and organism responses to ionising radiation, broadening still further the 41 

currently complex and challenging scenario. 42 

 43 

 44 
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INTRODUCTION 45 

DNA double strand breaks (DSBs) are among the most dangerous lesions to 46 

mammalian cells exposed to ionising radiations because, although they are 47 

produced at a lower frequency  compared with other DNA lesions, cellular 48 

repair mechanisms remove DNA DSBs less efficiently and with lower fidelity than 49 

other types of DNA damage (1,2). Most DNA double-stranded broken ends in 50 

mammalian cells are processed by the non-homologous end-joining (NHEJ) 51 

repair pathway. As expected, inactivation of the genes involved in NHEJ 52 

impairs DSB rejoining, causes increased sensitivity to ionising radiation, and 53 

predisposes to cancer (3-6). The NHEJ pathway of DSB repair does not require a 54 

homologous DNA template to initiate joining (7). When the number of breaks in 55 

a cell is high, this template-free mechanism can incorrectly join two broken 56 

DNA fragments giving rise to exchange-type chromosome aberrations.  These 57 

aberrations are a potential cause of gene dose imbalances thus linking 58 

incorrect repair to carcinogenesis. When the NHEJ machinery fails to rejoin 59 

broken DNA fragments, the resulting situation is characterised by the presence 60 

of highly unstable open fragments, which are usually lethal to mammalian cells.  61 

 62 

In contrast to broken chromosome ends, the ends of linear eukaryotic 63 

chromosomes are protected by telomeres, a complex of repetitive DNA 64 

sequences and proteins (8,9). Telomeres prevent the recognition of natural 65 

chromosome ends as DSBs, thus protecting them from degradation and 66 

recombination activities. In addition to their protective function, telomeres also 67 

facilitate the complete replication of chromosomes through elongation by 68 

telomerase. In the absence of a telomere maintenance system, human and 69 

mouse telomeres shorten 50-150 bp/end/cell division (10-12). Therefore, the 70 
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long-term proliferation of all eukaryotic cells requires a mechanism to 71 

counteract telomere attrition.  72 

 73 

When telomeres lose their structure as a consequence of telomeric DNA erosion 74 

or defective telomeric proteins, their capping function is impaired and 75 

chromosome end fusions are formed. The covalent fusion of damaged 76 

telomeres requires the same factors as normal NHEJ (13,14) and gives rise to 77 

dicentric chromosomes that are unstable in mitosis. These types of aberrations 78 

can become fragmented and might generate genomic instability in 79 

proliferating cells by entering into bridge-fusion-breakage cycles when the two 80 

centromeres in fused chromatids are pulled to opposite poles at anaphase. 81 

Using an elegant model to investigate the instability following telomere loss in a 82 

marker chromosome, it has been demonstrated that a single telomere loss can 83 

result in cascades of instability affecting multiple chromosomes (15). The role of 84 

telomeres in preventing chromosome fusion has led to the proposal that loss of 85 

telomere function is responsible for generating chromosome instability in 86 

cancer (reviewed in 16-18).  87 

 88 

Telomeric functions and DNA damage response proteins are closely related. In 89 

recent years, mounting evidence has shown that several factors are shared 90 

between the machineries for DNA damage response and telomere 91 

maintenance. Several proteins originally identified by their roles in DNA repair 92 

pathways, particularly those involved in NHEJ, are found in telomeres, 93 

participating in their protection and are necessary for capping the ends of 94 

mammalian chromosomes to avoid chromosome end fusions (19-21). 95 

Reciprocally, the human telomere-associated protein TRF2 is phosphorylated 96 
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and associates with genomic DSBs as an early response to DNA damage (22-97 

23). Additionally, an apparent telomere dysfunction phenotype has been 98 

reported in cells from Ataxia telangiectasia patients (24) and in cell lines 99 

derived from other genomic instability and radiation sensitivity human 100 

syndromes (25,26). Given this close relationship between telomeres and DNA 101 

repair, here we explore recent work addressing the significance of correct 102 

telomere function in determining the cellular and the organismal responses to 103 

ionising radiation. 104 

 105 

THE TELOMERE FUNCTIONAL STRUCTURE 106 

Mammalian telomeric DNA comprises tandem arrays of duplex TTAGGG 107 

repeats with the G-rich 3’strand extending beyond its complement to form a 108 

single stranded overhang of about 100 bases long. These telomeric repeats are 109 

bound by numerous proteins that determine the structure of the telomere 110 

terminus and participate in the regulation of the telomere length maintenance. 111 

The physical structure of the telomere was revealed by electron microscopy to 112 

be a large duplex loop, the t-loop (27). In this configuration, the end of the 113 

telomere is tucked in: the long single stranded array of TTAGGG repeats at the 114 

3’ end loops back on itself and invades the double stranded telomeric DNA 115 

(figure 1). Telomeric repeat binding factor TRF2 binds the double-stranded 116 

telomeric tract (28) and is required to remodel linear DNA into t-loops in vitro 117 

(29). Inhibition of endogenous TRF2 binding by expressing a dominant negative 118 

form of TRF2 results in end-to-end fusion of chromosomes (28) that are formed 119 

by means of the NHEJ repair pathway (14) without attrition of telomeric repeats. 120 

This evidence suggests that one way in which chromosome ends are protected 121 

from fusion is by their t-loop structure: without an accessible end, the NHEJ 122 
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machinery will not be able to process the 3’ overhang and ligate the two 123 

chromosome ends. An additional but not exclusive possibility for end joining 124 

protection has recently been distinguished. Karlseder and colleagues (30) 125 

unexpectedly found that TRF2 binds and restrains ATM activation at telomeres. 126 

The ATM kinase is an important transducer of the DNA damage signal 127 

(reviewed in 31) that mediates activation of DNA repair pathways and cell 128 

cycle checkpoints. The proposal that the telomeric protein TRF2 is an ATM 129 

inhibitor is attractive because it suggests that ATM activity could be precisely 130 

restrained at chromosome ends without affecting the DNA damage response 131 

elsewhere in the genome. 132 

 133 

Despite the effort to hide telomeres from the DNA damage repair system, 134 

several proteins involved in DNA damage response pathways are localized at 135 

functional telomeres, and contribute to t-loop formation and maintenance. 136 

Among them, some NHEJ proteins are required to generate t-loops in vivo. In 137 

fact, chromosome end fusions, a prominent marker of telomere dysfunction, 138 

have been identified in cells derived from mice deficient in DNA-PKcs, Ku70 or 139 

Ku86 (32-36). These proteins are integral components of the NHEJ pathway in 140 

higher eukaryotes and are involved in early steps of this repair pathway (DSB 141 

recognition and stabilization). 142 

 143 

Besides their end protection function, telomeres also provide a substrate for 144 

chromosome length maintenance. The most versatile and widely used method 145 

of telomere maintenance is based on telomerase, a two-component 146 

ribonucleoprotein enzyme that contains a reverse transcriptase, TERT, and a 147 

template RNA component, TERC. The 3’ G-rich overhang is the substrate for this 148 
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enzyme, which is able to elongate telomeres by adding new TTAGGG repeats 149 

onto pre-existing ones. Human telomerase is regulated during development: 150 

telomerase expression is dramatically reduced in many somatic cells during 151 

embryonic development. Most somatic human tissues and primary cells possess 152 

low or undetectable telomerase activity, and telomeres shorten with each 153 

division in vivo and in vitro. When telomeres shorten below a critical length, they 154 

lose their capacity to provide an adequate cap to the chromosome end, and 155 

such shortened telomeres can signal to cells to cease proliferation, in a process 156 

called replicative senescence. In contrast, highly proliferative cells in humans, 157 

such as those found in ovaries and testes present robust telomerase activity (37-158 

40). Moreover, in order to proliferate indefinitely, cancer cells require a 159 

telomere maintenance system which, in the majority of cases is provided by 160 

upregulation of hTERT.  161 

 162 

In addition to the telomerase developmental regulation mentioned above, 163 

telomere length regulation also involves the accessibility of individual telomeres 164 

to telomerase. In cells with active telomerase, telomere length is in homeostasis, 165 

and telomeres are maintained within a narrow size distribution. Teixeira and 166 

colleagues (41) recently showed that short telomeres are elongated more 167 

frequently than long telomeres, arguing that telomeres switch between two 168 

states, one that allows telomere extension and one that does not. It was 169 

suggested that the main control at individual telomeres was exerted by the 170 

human double stranded telomeric repeat binding factor 1 TRF1 (42) together 171 

with the telomeric binding protein POT1 (Protection Of Telomeres 1), which 172 

binds and coats the single-stranded DNA at the 3’ end (43). POT1, which is 173 

recruited by TRF1, is involved in the regulation of telomerase activity at 174 



 8

individual chromosome ends because the 3’end cannot simultaneously bind 175 

the protein and the telomerase RNA template. A recent X-ray structure study 176 

shows that depending on its location relative to the DNA 3’ end, human POT1 177 

can either repress or permit telomerase access (44,45). When hPOT1 binds the 178 

very end of the chromosome, the action of telomerase is inhibited. On the 179 

contrary, when hPOT1 is bound at a position one telomeric repeat before the 3’ 180 

end, the telomere is extended.  181 

 182 

TELOMERE SHORTENING AND RADIATION SENSITIVITY 183 

Cloning of the mouse telomerase RNA gene, mTERC, allowed the generation of 184 

telomerase knockout mice deleted for this RNA gene (11). The inbreed strains of 185 

Mus musculus frequently used for laboratory experiments possess long telomere 186 

tracks (40-60 kb of TTAGGG repeats). TERC deficiency leads to viable and fertile 187 

animals that suffer progressive telomere attrition with age and in successive 188 

mouse inbreed generations. These animals have been propagated using 189 

inbreeding crosses for up to six generations. Aged and late generation animals 190 

exhibit a wide range of defects, including chromosome end fusions, genomic 191 

instability and depletion of highly proliferative tissues (11,46). In this model it is 192 

possible to compare the behaviour of cells possessing long telomeres and 193 

functional telomerase (mTERC+/+), long telomeres and no telomerase activity 194 

(young and early generation mTERC-/-), and short telomeres and no telomerase 195 

activity (aged and late generation mTERC-/-). The generation of these 196 

telomerase-deficient animals allowed the assessment of the influence of 197 

telomere shortening and telomerase deficiency on the outcome of radiation 198 

exposure. Two studies carried out simultaneously in two independent 199 

laboratories revealed that telomere length importantly affects radiation 200 
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sensitivity (47,48). Late generation mTERC-/- mice showed increased mortality 201 

when exposed to single acute or fractionated doses of γ-rays. Spleen, bone 202 

marrow and small intestine suffered cell depletion in moribund irradiated 203 

mTERC-/- animals and apoptosis increased in splenocytes and small intestine of 204 

late generation mTERC-/- mice after irradiation (47,48). Cytogenetic analysis 205 

revealed higher levels of chromosome aberrations in late generation mTERC-/- 206 

than in wild-type primary embryonic fibroblasts exposed to ionising radiation 207 

(47,48). Similar increased sensitivity was also reported for doxorubicin, a DSBs-208 

inducing chemical agent (49). Most importantly, as the increased sensitivity to 209 

radiation and DSB-inducing chemicals was not observed in early generation 210 

mTERC-/- mice, the effects were attributed to telomere shortening rather than 211 

telomerase deficiency per se.  To check whether DNA repair pathways were 212 

impaired in telomerase-deficient mice with short telomeres, NHEJ repair 213 

efficiency was assayed in the context of V(D)J recombination.  It was 214 

concluded that NHEJ, the major mechanism involved in repairing DSBs in 215 

mammals, was intact in mTERC-/- mice and was not influenced by the 216 

functional status of telomeres or by the absence of telomerase (47,48). Similarly, 217 

homologous recombination repair was intact in this animal model (47). Thus, the 218 

reasons for the increased sensitivity of telomerase-deficient mice with short 219 

telomeres remained elusive for some years. 220 

 221 

The basis for the synergy between telomere shortening and radiation sensitivity 222 

was examined by conducting exhaustive cytogenetic analyses on mTERC-/- 223 

primary embryonic fibroblasts using combined telomeric PNA FISH and M-FISH 224 

techniques (50). In this study, rather than measuring telomere dysfunction as a 225 

reduction of the average telomere length, the individual chromosomes with 226 
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critically shortened telomeres in each embryo were identified. This was done by 227 

measuring the frequency of signal-free ends for each terminus after FISH with 228 

telomeric probes. Using this approach, it was concluded that in the irradiated 229 

mTERC-/- embryonic fibroblasts, the chromosomes most frequently involved in 230 

aberrations coincided with the set of chromosomes with the shortest telomeres. 231 

However, the aberrations involving these dysfunctional telomeres were not only 232 

end-to-end fusions but also rearrangements resulting from eroded telomeres 233 

joined to radiation-induced broken chromosomes. On the basis of the results 234 

obtained by Latre and colleagues (50), the following picture was put forward to 235 

explain the increased radiation sensitivity of animals with short telomeres: In 236 

irradiated cells having normal telomere length, DSBs are the only substrate for 237 

end joining reactions and chromosomal rearrangements can only be formed 238 

by the joining of two broken ends (DSB-DSB rearrangements). In contrast, in 239 

irradiated cells with critically shortened telomeres two types of substrates are 240 

available for end joining reactions, uncapped telomeres and DSBs. As a 241 

consequence of this, three types of rearrangements can be formed: DSB-DSB, 242 

telomere-telomere and telomere-DSB rearrangements (figures 2A and B). Thus, 243 

acting as an additional choice for joining, critically short telomeres decrease 244 

the fidelity of repairing DSBs induced by radiation all over the genome (figure 245 

2C). In other words, the increased sensitivity of cells and animals with 246 

dysfunctional telomeres to DSB inducing agents is not a direct consequence of 247 

a defect in DNA DSB repair pathways but rather of uncapped telomeres 248 

interfering with the proper repair of radiation-induced DSBs.   249 

 250 

The emerging notion that critically short telomeres act as if they were true DSB 251 

and activate the DNA damage response was reinforced by studies 252 
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demonstrating that shortened telomeres in senescent human fibroblasts are 253 

sensed as if they were DSBs. Using a chromatin immnunoprecipitation 254 

methodology, d’Adda di Fagagna and co-workers (51) demonstrated that 255 

DNA damage response factors form foci on telomeres in senescent human 256 

cells. These DNA damage response factors include the phosphorylated histone 257 

H2AX (γH2AX), one of the earliest modifications that occur at sites of double-258 

stranded DNA breaks, and other proteins such as 53BP1, MDC1 and NBS1, 259 

which are involved in DNA repair as well as in DNA damage checkpoints. On 260 

the basis of these findings, d’Adda di Fagagna and co-workers (51) proposed 261 

that telomere-initiated senescence reflects a cell-cycle arrest enforced when 262 

the DNA damage checkpoint pathway is activated by critically short 263 

telomeres. More specifically, Zou and colleagues (52) identified the shortest 264 

telomeres in normal BJ foreskin fibroblasts arrested at senescence as those 265 

lacking a detectable telomeric FISH signal and demonstrated that probes 266 

adjacent to the shortest ends co-localized with γ-H2AX/53BP1 staining. A 267 

parallel situation was also observed in T cells and fibroblasts derived from 268 

mTERC-/- mice, where it was shown that an important fraction of signal-free 269 

chromosome ends in late generation mTERC-/- mice showed co-localization 270 

with  γH2AX (53). Therefore, it can be concluded that short telomeres activate a 271 

DNA damage checkpoint response that is characteristic of cells bearing DNA 272 

DSBs. In this context, it is not surprising that uncapped ends due to telomere 273 

shortening are not only sensed as, but also act as, if they were true DSBs thus 274 

joining to spontaneous and radiation-induced DSBs. 275 

 276 

 277 

LOSS OF TELOMERIC PROTEINS AND RADIATION SENSITIVITY 278 
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Telomere function not only depends on telomeric DNA length but also on 279 

proteins and factors required for the formation of a functional t-loop structure. 280 

Among them, DNA-PKcs is not only involved in constructing functional 281 

telomeres but also in the NHEJ pathway. Deficiency in this protein impairs DSB 282 

repair and promotes chromosome end fusions with telomeric DNA sequences 283 

at junction points, indicating that telomere dysfunction in this environment is not 284 

due to erosion of telomeric DNA but rather to the impairment of the telomere 285 

structure (32,35,36). Using chromosome orientation FISH (CO-FISH) that allows 286 

distinction between telomere-telomere fusions (with two blocks of telomere 287 

chromatin at the point of fusion) and telomere-DSB fusions (with only a single 288 

block of telomeric sequence at the fusion point), Bailey and co-workers (54) 289 

demonstrated the formation of telomere-DSB rearrangements in irradiated cells 290 

derived from the scid mice. The high frequency of these events in transformed 291 

scid fibroblasts, which bear a leaky mutation in DNA-PKcs, indicates that 292 

telomere dysfunction makes a strong, and previously unsuspected contribution 293 

to the characteristic radiation sensitivity associated with DNA-PKcs deficiency 294 

(54). A similar although less pronounced situation was observed in primary cells 295 

of mice with a null mutation for DNA-PKcs (55). Telomere-DSB fusions with 296 

interstitial telomeric signals at the junction point were observed in primary 297 

embryonic fibroblasts derived from this DNA-PKcs-deficient mice model, 298 

reinforcing the idea that not only eroded but also structurally dysfunctional 299 

telomeres can join radiation or spontaneous broken chromosome ends (figure 300 

3). It is likely that the reported differences in the extent to which telomere-DSB 301 

rearrangements are formed after radiation exposure in DNA-PKcs deficient 302 

mice depend on different rates of telomere dysfunction between the two cell 303 

types (i.e. transformed scid fibroblasts and primary knockout fibroblasts). This 304 
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could reflect differences in telomere metabolism and telomere structure 305 

between primary and immortalized cells as recently suggested by Rebuzzini et 306 

al (56).  307 

 308 

A similar situation was also observed in cells expressing a TRF2 dominant-309 

negative allele, which lacks both the N- and the C-terminal domains and 310 

removes endogenous TRF2 from telomeres. Bailey and colleagues (54) 311 

demonstrated that telomeres uncapped through TRF2 dominant-negative 312 

expression also fuse to DNA double-stranded broken ends forming telomere-313 

DSB chromosome rearrangements. Thus, telomere-DSB fusion is a general 314 

property of dysfunctional telomeres and is not linked exclusively to the DNA-315 

PKcs- or telomerase-deficient mouse phenotypes. The notion that the DNA 316 

repair machinery of mammalian cells acts on dysfunctional telomeres as if they 317 

were true DSBs is reinforced by a study carried out by Takai et al (57). After TRF2 318 

inhibition, through RNAi or a dominant negative TRF2 allele, dysfunctional 319 

telomeres become associated with DNA damage response factors, such as 320 

53BP1, γ-H2AX, Mre11 and Rad17 (57).  321 

 322 

RELEVANCE FOR RADIATION PROTECTION 323 

The models presented above may explain how radiation sensitivity is linked to 324 

telomere dysfunction due to lack of telomeric proteins or to excessive telomeric 325 

DNA erosion. From the perspective of radiation protection, the former may 326 

contribute together with DNA repair defects to the increased radiation 327 

sensitivity of several genomic instability syndromes, while the later could be 328 

relevant to the general population. Many in vivo studies support the consensus 329 

that telomere length decreases progressively with age in most human somatic 330 
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cells due to lack of, or insufficient telomerase activity (58). This inverse 331 

correlation between telomere length and age has been reported for skin 332 

samples and normal skin fibroblasts (59,60), peripheral blood leukocytes (60), 333 

normal colorectal tissue (61), liver (62) and pancreas (63) among other tissues 334 

and cell types. Most of these tissues and organs are mitotically active, 335 

indicating an outcome of cell divisions on telomere shortening during ageing. 336 

The human cell responds to short telomeres just before they acquire a critical 337 

length by undergoing cell cycle arrest and/or apoptosis. This growth arrest, 338 

termed replicative senescence, requires activation of the p16INK4a-Rb or p53-p21 339 

pathways (64-66) and occurs in vitro with increasing population doublings and 340 

in vivo with increasing age (67-69). Senescent cells may accumulate with age 341 

owing to many factors. These include replicative exhaustion (telomere-342 

dependent senescence) (70-72), DNA damage from endogenous or 343 

exogenous sources (73), and inappropriate inactivation of mitogenic pathways 344 

(74-76). Thus, the senescence response very likely provides an effective tumour 345 

suppressor mechanism whereby cells that possess the potential for neoplastic 346 

transformation, enter a state in which they are incapable of further dividing 347 

(77). 348 

 349 

Accumulation of somatic mutations has long been considered a major cause 350 

of cancer. A large body of evidence argues that DNA damage mutations 351 

accumulate with age in mammals (78). Moreover, an increase in chromosomal 352 

aberrations with age has been observed above the age of 50 in humans. 353 

Finally, evidence is accumulating that age-dependent epigenetic alterations 354 

of chromatin, such as DNA methylation or histone modifications, are involved in 355 

the development of cancer in elderly people as they may change the 356 
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expression of cancer associated genes (79). All of which points to an overall 357 

deterioration in genome integrity with age that might disable the senescence 358 

checkpoint, allowing unrestrained growth and subsequent telomere attrition.  359 

 360 

The ability of different cell types to spontaneously overcome senescence differs 361 

by several orders of magnitude. In skin fibroblasts, the frequency of 362 

spontaneous emergence is <10-9 while in mammary fibroblasts it is 10-7 (80). 363 

Normal human mammary epithelial cells (HMEC) derived from mammary 364 

cosmetic reductions can emerge from the first growth plateau at 10-4-10-5 (80), 365 

two to four orders of magnitude more frequently than fibroblasts. HMECs at this 366 

second proliferation phase have lost expression of p16 due to promoter 367 

hypermethylation. During this extended growth phase telomere lengths 368 

become extremely short and cells exhibit highly unstable genomes (80). In 369 

striking parallel with the telomerase knockout model, the chromosome arms 370 

carrying the shortest telomeres in HMECs emerging from senescence are 371 

specific for each donor and coincide with those involved in telomere-telomere 372 

fusions (81), thus indicating that telomere dysfunction drives genomic instability 373 

in HMECs.  374 

 375 

From the radiation protection perspective, it may not be surprising that, in a 376 

similar way to the situation observed in mTERC-deficient mice, uncapped 377 

telomeres in human epithelial cells might join radiation induced DNA DSBs thus 378 

increasing radiation sensitivity of cells with dysfunctional telomeres. In fact, 379 

HMECs from late population doublings are more sensitive to radiation exposures 380 

than those derived from early population doublings (Soler et al, unpublished 381 

results). To add further relevance to these results, silencing of p16INK4a has been 382 
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observed as a common event in normal breast specimens (82). These cells were 383 

found in discrete foci in a substantial fraction of women with no indication of or 384 

predisposition for breast cancer (82). Therefore, it remains to be determined 385 

whether loss of cell cycle checkpoints in human cells with age renders 386 

accumulation of short telomeres susceptible to join radiation induced DSBs in 387 

tissues of elderly people. If so, it could have consequences on radiation 388 

sensitivity associated with age in humans because radiation exposure may 389 

more readily compromise their normal tissue function. 390 

 391 

 392 

CONCLUSIONS 393 

An increase in somatic mutations and chromosome aberrations has been 394 

documented in aged cells of both humans and mice (78, 83-86). This increase 395 

presumably relates to cumulative lifetime exposure to DNA damaging agents, 396 

as well as to an accumulation of mutations resulting from proof-reading and 397 

mismatch errors during DNA replication.  This process might be exacerbated by 398 

a diminished efficiency of NHEJ repair pathways with age (87). Besides the 399 

above-mentioned elements, telomere function now emerges as an additional 400 

factor potentially contributing to increasing the sensitivity of aged human cells 401 

to endogenous and exogenous DNA damaging agents. Since eroded or 402 

structurally impaired telomeres are sensed as and act as DNA DSBs they can 403 

interact with themselves or with existing chromosome DSBs in the cell, thus 404 

sharply increasing the possibility of mis-rejoining and revealing itself as an 405 

important factor that definitely contributes to genomic instability. The basis 406 

underlying radiation sensitivity, although still not clearly elucidated, has 407 

traditionally been linked to impaired DNA damage responses. In the light of the 408 
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recent works it is clearly shown that radiation sensitivity is not only linked to 409 

malfunction or lack of DNA repair proteins but also to malfunction or lack of 410 

proteins involved in the correct metabolism and capping of telomeres or to a 411 

combination of both. In this new scenario the connexion between telomere 412 

function and metabolism and DNA repair mechanisms emerges as an 413 

important notion, where telomere impairment strongly contributes to the 414 

radiation-sensitive phenotype.  The fact that telomere dysfunction can also be 415 

produced by the sole act of cell ageing might give radiation sensitivity a 416 

temporal aspect: shortened telomeres in aged cells may potentially increase 417 

radiation sensitivity in elderly organisms. 418 



 18

ACKNOWLEDGEMENTS 419 

We thank SiMTRAD at the Universitat Autònoma de Barcelona School of 420 

Modern Languages for editing of the manuscript. Grant support: European 421 

Union grants FI-CT-2003-508842 and FIGH-CT-2002-00217, and Fundació La 422 

Marató TV32005-050110. The authors would like to apologize to those whose 423 

work has not been cited, due to space constraints.424 



 19

REFERENCES 425 

  426 

 (1) Ba. ssing CH, Alt FW. 2004. The cellular response to general and 427 

programmed DNA double strand breaks. DNA Repair 3(8-9):781-96. 428 

 (2) Brugmans L, Kanaar R, Essers J. 2006. Analysis of DNA double-strand 429 

break repair pathways in mice. Mutat Res (in press). 430 

 (3) Riballo E, Critchlow SE, Teo SH, Doherty AJ, Priestley A, Broughton B, 431 

Kysela B, Beamish H, Plowman N, Arlett CF, Lehmann AR, Jackson SP, Jeggo PA. 432 

1999. Identification of a defect in DNA ligase IV in a radiosensitive leukaemia 433 

patient. Curr Biol 9(13): 699-702. 434 

  (4) Moshous D, Callebaut I, de Chasseval R, Corneo B, Cavazzana-Calvo 435 

M, Le Deist F, Tezcan I, Sanal O, Bertrand Y, Philippe N, Fischer A, de Villartay JP. 436 

2001. Artemis, a novel DNA double-strand break repair/V(D)J recombination 437 

protein, is mutated in human severe combined immune deficiency. Cell 105(2): 438 

177-86. 439 

 (5) Moshous D, Pannetier C, Chasseval Rd R, Deist Fl F, Cavazzana-Calvo 440 

M, Romana S, Macintyre E, Canioni D, Brousse N, Fischer A, Casanova JL, 441 

Villartay JP. 2003. Partial T and B lymphocyte immunodeficiency and 442 

predisposition to lymphoma in patients with hypomorphic mutations in Artemis. 443 

J Clin Invest. 111(3): 381-7.  444 

 (6) O'Driscoll M, Gennery AR, Seidel J, Concannon P, Jeggo PA. 2004. An 445 

overview of three new disorders associated with genetic instability: LIG4 446 

syndrome, RS-SCID and ATR-Seckel syndrome. DNA Repair (Amst) 3(8-9):1227-447 

35. 448 

  (7) Jackson SP. 2002. Sensing and repairing DNA double-strand breaks. 449 

Carcinogenesis 23: 687-696.  450 

  (8) Blackburn EH. Structure and function of telomeres. 1991. Nature 350: 451 

569-573.  452 

 (9) de Lange T. Protection of mammalian telomeres. 2002. Oncogene 21: 453 

532-540  454 

 (10) Harley CB, Futcher AB, Greider CW. 1990. Telomeres shorten during 455 

ageing of human fibroblasts. Nature 345(6274):458-60.  456 



 20

 (11) Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, DePinho RA, 457 

Greider CW. 1997. Telomere shortening and tumor formation by mouse cells 458 

lacking telomerase RNA. Cell. 91(1):25-34.   459 

 (12) Niida H, Matsumoto T, Satoh H, Shiwa M, Tokutake Y, Furuichi Y, Shinkai 460 

Y. 1998. Severe growth defect in mouse cells lacking the telomerase RNA 461 

component. Nat Genet. 19(2):203-6.  462 

 (13) Espejel S, Franco S, Rodriguez-Perales S, Bouffler SD, Cigudosa JC, 463 

Blasco MA. 2002. Mammalian Ku86 mediates chromosomal fusions and 464 

apoptosis caused by critically short telomeres. EMBO J. 21: 2207-2219.  465 

 (14) Smogorzewska A, Karlseder J, Holtgreve-Grez H, Jauch A, de Lange T. 466 

2002. DNA ligase IV-dependent NHEJ of deprotected mammalian telomeres in 467 

G1 and G2. Curr Biol 12(19): 1635-44. 468 

  (15) Sabatier L, Ricoul M, Pottier G, Murnane JP. 2005. The loss of a single 469 

telomere can result in instability of multiple chromosomes in a human tumor cell 470 

line. Mol Cancer Res 3(3): 139-50. 471 

  (16) DePinho RA. The age of cancer. 2000. Nature 408(6809): 248-54.  472 

 (17) Murnane JP, Sabatier L. 2004. Chromosome rearrangements resulting 473 

from telomere dysfunction and their role in cancer. BioEssays 26(11): 1164-74. 474 

  (18) Gisselsson D, Hoglund M. 2005. Connecting mitotic instability and 475 

chromosome aberrations in cancer--can telomeres bridge the gap? Semin 476 

Cancer Biol 15(1):13-23.  477 

 (19) d'Adda di Fagagna F, Teo SH, Jackson SP. 2004. Functional links 478 

between telomeres and proteins of the DNA-damage response. Genes Dev. 479 

18(15):1781-99. 480 

 (20) Slijepcevic P, Al-Wahiby S. 2005. Telomere biology: integrating 481 

chromosomal end protection with DNA damage response. Chromosoma. 482 

114(4):275-85. 483 

 (21) Wright WE, Shay JW. 2005.  Telomere-binding factors and general DNA 484 

repair. Nat Genet. 37(2):116-8. 485 

 (22) Bradshaw PS, Stavropoulos DJ, Meyn MS. 2005. Human telomeric 486 

protein TRF2 associates with genomic double-strand breaks as an early 487 

response to DNA damage. Nat Genet. 37(2):193-7. 488 



 21

 (23) Tanaka H, Mendonca MS, Bradshaw PS, Hoelz DJ, Malkas LH, Meyn 489 

MS, Gilley D. 2005. DNA damage-induced phosphorylation of the human 490 

telomere-associated protein TRF2. Proc Natl Acad Sci U S A. 102(43):15539-44. 491 

 (24) Metcalfe JA, Parkhill J, Campbell L, Stacey M, Biggs P, Byrd PJ, Taylor 492 

AM. 1996. Accelerated telomere shortening in ataxia telangiectasia. Nat 493 

Genet. 13(3):350-3.  494 

 (25) Callen E, Surralles J. 2004. Telomere dysfunction in genome instability 495 

syndromes. Mutat Res. 567(1):85-104.   496 

 (26) Cabuy E, Newton C, Joksic G, Woodbine L, Koller B, Jeggo PA, 497 

Slijepcevic P. 2005. Accelerated telomere shortening and telomere 498 

abnormalities in radiosensitive cell lines. Radiat Res. 164(1):53-62.  499 

 (27) Griffith JD, Comeau L, Rosenfield S, Stansel RM, Bianchi A, Moss H, de 500 

Lange T. 1999. Mammalian telomeres end in a large duplex loop. Cell 97: 503-501 

514  502 

 (28) van Steensel B, Smogorzewska A, de Lange T. 1998. TRF2 protects 503 

human telomeres from end-to-end fusions. Cell 92(3): 401-13. 504 

  (29) Stansel RM, de Lange T, Griffith JD. 2001. T-loop assembly in vitro 505 

involves binding of TRF2 near the 3' telomeric overhang. EMBO J 20(19): 5532-40. 506 

  (30) Karlseder J, Hoke K, Mirzoeva OK, Bakkenist C, Kastan MB, Petrini JH, 507 

de Lange T. 2004. The telomeric protein TRF2 binds the ATM kinase and can 508 

inhibit the ATM-dependent DNA damage response. PLoS Biol 2: 1150-1156.  509 

 (31) Shiloh Y. 2003. ATM and related protein kinases: safeguarding 510 

genome integrity. Nat Rev Cancer 3(3): 155-68. 511 

  (32) Bailey SM, Meyne J, Chen DJ, Kurimasa A, Li GC, Lehnert BE, Goodwin 512 

EH. 1999. DNA double-strand break repair proteins are required to cap the ends 513 

of mammalian chromosomes. Proc Natl Acad Sci U S A. 96(26):14899-904.  514 

 (33) Hsu HL, Gilley D, Blackburn EH, Chen DJ. 1999. Ku is associated with 515 

the telomere in mammals. Proc Natl Acad Sci U S A 96(22):12454-8.  516 

 (34) d’Adda di Fagagna F, Hande MP, Tong W-M, Roth D, Lansdorp PM, 517 

Wang Z-Q, Jackson SP. 2001. Effects of nonhomologous end-joining factors on 518 

telomere length and chromosomal stability in mammalian cells. Curr Biol 11: 519 

1192-1196.  520 



 22

 (35) Gilley D, Tanaka H, Hande MP, Kurimasa A, Li GC, Oshimura M, Chen 521 

DJ. 2001. DNA-PKcs is critical for telomere capping. Proc Natl Acad Sci U S A. 522 

98(26):15084-8.  523 

 (36) Goytisolo FA, Samper E, Edmonson S, Taccioli GE, Blasco MA. 2001. 524 

The absence of the dna-dependent protein kinase catalytic subunit in mice 525 

results in anaphase bridges and in increased telomeric fusions with normal 526 

telomere length and G-strand overhang. Mol Cell Biol 21(11): 3642-51.  527 

 (37) Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, Coviello 528 

GM, Wright WE, Weinrich SL, Shay JW. 1994. Specific association of human 529 

telomerase activity with immortal cells and cancer. Science 266(5193):2011-5.  530 

 (38) Nakamura TM, Morin GB, Chapman KB, Weinrich SL, Andrews WH, 531 

Lingner J, Harley CB, Cech TR. 1997. Telomerase catalytic subunit homologs 532 

from fission yeast and human. Science 277(5328):955-9.  533 

 (39) Meyerson M, Counter CM, Eaton EN, Ellisen LW, Steiner P, Caddle SD, 534 

Ziaugra L, Beijersbergen RL, Davidoff MJ, Liu Q, Bacchetti S, Haber DA, 535 

Weinberg RA. 1997. hEST2, the putative human telomerase catalytic subunit 536 

gene, is up-regulated in tumor cells and during immortalization. Cell 90(4):785-537 

95.  538 

 (40) Steinert S, White DM, Zou Y, Shay JW, Wright WE. 2002. Telomere 539 

biology and cellular aging in nonhuman primate cells. Exp Cell Res 272(2):146-540 

52.  541 

  (41) Teixeira MT, Arneric M, Sperisen P, Lingner J. 2004. Telomere length 542 

homeostasis is achieved via a switch between telomerase- extendible and -543 

nonextendible states. Cell 117(3): 323-35. 544 

 (42) van Steensel B, de Lange T. 1997. Control of telomere length by the 545 

human telomeric protein TRF1. Nature 385(6618):740-3.   546 

 (43) Loayza D, De Lange T. 2003. POT1 as a terminal transducer of TRF1 547 

telomere length control. Nature. 423(6943): 1013-8. 548 

 (44) Lei M, Podell ER, Cech TR. 2004. Structure of human POT1 bound to 549 

telomeric single-stranded DNA provides a model for chromosome end-550 

protection. Nat Struct Mol Biol 11(12): 1223-9.  551 

 (45) Lei M, Zaug AJ, Podell ER, Cech TR. 2005. Switching human telomerase 552 

on and off with hPOT1 protein in vitro. J Biol Chem 280(21): 20449-56.  553 



 23

 (46) Lee HW, Blasco MA, Gottlieb GJ, Horner JW 2nd, Greider CW, DePinho 554 

RA. 1998. Essential role of mouse telomerase in highly proliferative organs. 555 

Nature. 392(6676): 569-74.  556 

 (47) Goytisolo FA, Samper E, Martin-Caballero J, Finnon P, Herrera E, Flores 557 

JM, Bouffler SD, Blasco MA. 2000. Short telomeres result in organismal 558 

hypersensitivity to ionizing radiation in mammals. J Exp Med. 192(11):1625-36. 559 

 (48) Wong K-K, Chang S, Weiler SR, Ganesan S, Chaudhuri J, Zhu C, 560 

Artandi SE, Rudolph KL, Gottlieb GJ, Chin L, Alt FW, DePinho RA. 2000. Telomere 561 

dysfunction impairs DNA repair and enhances sensitivity to ionizing radiation. 562 

Nat Genet 26(1): 85-8.  563 

  (49) Lee KH, Rudolph KL, Ju YJ, Greenberg RA, Cannizzaro L, Chin L, Weiler 564 

SR, DePinho RA. 2001. Telomere dysfunction alters the chemotherapeutic profile 565 

of transformed cells. Proc Natl Acad Sci U S A. 98(6): 3381-6.  566 

 (50) Latre L, Tusell L, Martin M, Miro R, Egozcue J, Blasco MA, Genesca A. 567 

2003. Shortened telomeres join to DNA breaks interfering with their correct 568 

repair. Exp Cell Res  287(2): 282-8.  569 

 (51) d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, 570 

Von Zglinicki T, Saretzki G, Carter NP, Jackson SP. 2003. A DNA damage 571 

checkpoint response in telomere-initiated senescence. Nature 426(6963): 194-8. 572 

 (52) Zou Y, Sfeir A, Gryaznov SM, Shay JW, Wright WE. 2004. Does a sentinel 573 

or a subset of short telomeres determine replicative senescence? Mol Biol Cell 574 

15(8): 3709-18.  575 

 (53) Hao LY, Strong MA, Greider CW. 2004. Phosphorylation of H2AX at 576 

short telomeres in T cells and fibroblasts. J Biol Chem 279(43): 45148-54.  577 

 (54) Bailey SM, Cornforth MN, Ullrich RL, Goodwin EH. 2004. Dysfunctional 578 

mammalian telomeres join with DNA double-strand breaks. DNA Repair (Amst). 579 

3(4): 349-57.  580 

 (55) Martin M, Genesca A, Latre L, Jaco I, Taccioli GE, Egozcue J, Blasco 581 

MA, Iliakis G, Tusell L. 2005. Postreplicative joining of DNA double-strand breaks 582 

causes genomic instability in DNA-PKcs-deficient mouse embryonic fibroblasts. 583 

Cancer Res 65(22):10223-32.  584 

 (56) Rebuzzini P, Lisa A, Giulotto E, Mondello C. 2004. Chromosomal end-585 

to-end fusions in immortalized mouse embryonic fibroblasts deficient in the 586 

DNA-dependent protein kinase catalytic subunit. Cancer Lett 203(1): 79-86. 587 



 24

  (57) Takai H, Smogorzewska A, de Lange T. 2003. DNA damage foci at 588 

dysfunctional telomeres. Curr Biol 13(17): 1549-56. 589 

 (58) Djojosubroto MW, Choi YS, Lee HW, Rudolph KL. 2003. Telomeres and 590 

telomerase in aging, regeneration and cancer. Mol Cells. 15(2):164-75. 591 

 (59) Figueroa R, Lindenmaier H, Hergenhahn M, Nielsen KV, Boukamp P. 592 

2000. Telomere erosion varies during in vitro aging of normal human fibroblasts 593 

from young and adult donors. Cancer Res 60(11):2770-4. Erratum in: Cancer Res 594 

2000 60(15):4301.  595 

 (60) Friedrich U, Griese E, Schwab M, Fritz P, Thon K, Klotz U. 2000. Telomere 596 

length in different tissues of elderly patients. Mech Ageing Dev. 119(3):89-99.  597 

 (61) O'Sullivan J, Risques RA, Mandelson MT, Chen L, Brentnall TA, Bronner 598 

MP, Macmillan MP, Feng Z, Siebert JR, Potter JD, Rabinovitch PS. 2006. Telomere 599 

length in the colon declines with age: a relation to colorectal cancer? Cancer 600 

Epidemiol Biomarkers Prev 15(3): 573-7.  601 

 (62) Takubo K, Nakamura K, Izumiyama N, Furugori E, Sawabe M, Arai T, 602 

Esaki Y, Mafune K, Kammori M, Fujiwara M, Kato M, Oshimura M, Sasajima K. 603 

2000. Telomere shortening with aging in human liver. J Gerontol A Biol Sci Med 604 

Sci. 55(11):B533-6. 605 

 (63) Ishii A, Nakamura KI, Kishimoto H, Honma N, Aida J, Sawabe M, Arai T, 606 

Fujiwara M, Takeuchi F, Kato M, Oshimura M, Izumiyama N, Takubo K. 2006. 607 

Telomere shortening with aging in the human pancreas. Exp Gerontol. (in press) 608 

 (64) Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, Barrett JC. 1996. 609 

Involvement of the cyclin-dependent kinase inhibitor p16 (INK4a) in replicative 610 

senescence of normal human fibroblasts. Proc Natl Acad Sci U S A. 611 

93(24):13742-7.  612 

 (65) Stein GH, Drullinger LF, Soulard A, Dulic V. 1999. Differential roles for 613 

cyclin-dependent kinase inhibitors p21 and p16 in the mechanisms of 614 

senescence and differentiation in human fibroblasts. Mol Cell Biol 19(3): 2109-17.  615 

 (66) Herbig U, Sedivy JM. 2006. Regulation of growth arrest in senescence: 616 

telomere damage is not the end of the story. Mech Ageing Dev 127(1):16-24.  617 

 (67) Itahana K, Campisi J, Dimri GP. 2004. Mechanisms of cellular 618 

senescence in human and mouse cells. Biogerontology 5(1): 1-10.  619 

 (68) Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C, Kuilman T, 620 

van der Horst CM, Majoor DM, Shay JW, Mooi WJ, Peeper DS. 2005. BRAFE600-621 



 25

associated senescence-like cell cycle arrest of human naevi. Nature 436(7051): 622 

720-4.  623 

 (69) Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M, Koutcher JA, 624 

Scher HI, Ludwig T, Gerald W, Cordon-Cardo C, Pandolfi PP. 2005. Crucial role 625 

of p53-dependent cellular senescence in suppression of Pten-deficient 626 

tumorigenesis. Nature. 436: 725-730. 627 

 (70) Harley CB. 1997. Human ageing and telomeres. Ciba Found Symp. 628 

211: 129-39.  629 

 (71) Hodes RJ. 1999. Telomere length, aging, and somatic cell turnover. J 630 

Exp Med. 190(2):153-6.  631 

 (72) Shay JW, Wright WE. 2001. Telomeres and telomerase: implications for 632 

cancer and aging. Radiat Res. 155: 188-193.  633 

 (73) Finkel T, Holbrook NJ. 2000. Oxidants, oxidative stress and the biology 634 

of ageing. Nature 408(6809): 239-47.  635 

 (74) Jonason AS, Kunala S, Price GJ, Restifo RJ, Spinelli HM, Persing JA, 636 

Leffell DJ, Tarone RE, Brash DE. 1996. Frequent clones of p53-mutated 637 

keratinocytes in normal human skin. Proc Natl Acad Sci U S A. 93(24): 14025-9. 638 

  (75) Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. 1997. 639 

Oncogenic ras provokes premature cell senescence associated with 640 

accumulation of p53 and p16INK4a. Cell 88(5):593-602.  641 

 (76) Dolle ME, Giese H, van Steeg H, Vijg J. 2000. Mutation accumulation in 642 

vivo and the importance of genome stability in aging and cancer. Results Probl 643 

Cell Differ 29: 165-80. 644 

  (77) Krtolica A, Campisi J. 2002. Cancer and aging: a model for the 645 

cancer promoting effects of the aging stroma. Int J Biochem Cell Biol. 34(11): 646 

1401-14.  647 

 (78) Vijg J. 2000. Somatic mutations and aging: a re-evaluation. Mutat Res 648 

447(1): 117-35.  649 

 (79) Richardson B. 2003. Impact of aging on DNA methylation. Ageing Res 650 

Rev 2(3): 245-61. 651 

 (80) Romanov SR, Kozakiewicz BK, Holst CR, Stampfer MR, Haupt LM, Tlsty 652 

TD. 2001. Normal human mammary epithelial cells spontaneously escape 653 

senescence and acquire genomic changes. Nature 409(6820): 633-7.  654 



 26

 (81) Soler D, Genesca A, Arnedo G, Egozcue J, Tusell L. 2005. Telomere 655 

dysfunction drives chromosomal instability in human mammary epithelial cells. 656 

Genes Chromosomes Cancer 44(4): 339-50. 657 

 (82) Holst CR, Nuovo GJ, Esteller M, Chew K, Baylin SB, Herman JG, Tlsty TD. 658 

2003. Methylation of p16(INK4a) promoters occurs in vivo in histologically normal 659 

human mammary epithelia. Cancer Res. 63(7): 1596-601.  660 

 (83) Ramsey MJ, Moore DH 2nd, Briner JF, Lee DA, Olsen L, Senft JR, Tucker 661 

JD. 1995. The effects of age and lifestyle factors on the accumulation of 662 

cytogenetic damage as measured by chromosome painting.  Mutat Res  663 

338(1-6): 95-106.  664 

 (84) Dolle ME, Snyder WK, Gossen JA, Lohman PH, Vijg J. 2000. Distinct 665 

spectra of somatic mutations accumulated with age in mouse heart and small 666 

intestine. Proc Natl Acad Sci U S A. 97(15):8403-8. 667 

 (85) Stuart GR, Glickman BW. 2000. Through a glass, darkly: reflections of 668 

mutation from lacI transgenic mice. Genetics. 155(3): 1359-67.  669 

 (86) Vijg J, Dolle ME. 2002. Large genome rearrangements as a primary 670 

cause of aging.  Mech Ageing Dev 123(8): 907-15.  671 

 (87) Seluanov A, Mittelman D, Pereira-Smith OM, Wilson JH, Gorbunova V. 672 

2004. DNA end joining becomes less efficient and more error-prone during 673 

cellular senescence. Proc Natl Acad Sci U S A 101(20): 7624-9.  674 



 27

FIGURE LEGENDS 675 

 676 

Figure 1. A and B: Proteins that directly bind the telomeric DNA include the 677 

TTAGGG Repeat Factors 1 and 2 and POT1. TRF1 and TRF2 bind the double-678 

stranded telomeric DNA as homodimers. POT1 (Protection of Telomeres 1) is 679 

known to bind the single-stranded telomeric DNA and plays an important role in 680 

regulating access of telomerase to telomeres (see The Telomere Functional 681 

Structure section). This figure also shows some DNA-repair proteins that do not 682 

directly bind to telomere strands but which are known to interact with TRF1 or 683 

TRF2. Some of the DNA repair proteins found at the telomere repeat binding 684 

factor 1 (TRF1) (A) and 2 (TRF2) (B) complexes are shown: Ku86, a repair protein 685 

belonging to the NHEJ repair pathway, interacts with TRF1 and, in turn, is able to 686 

directly interact with DNA-PKcs (the catalytic subunit of the DNA Protein 687 

Kinase), thus locating certain components of the NHEJ machinery at the 688 

telomere. Lack of these proteins generates telomere dysfunction and telomere 689 

fusions (see Loss of Telomeric Proteins and Radiation Sensitivity section). Other 690 

proteins involved in DNA repair such as ATM (Ataxia Telangiectasia Mutated), 691 

WRN (Werner protein) and the MRN complex (formed by MRE11, Rad50 and 692 

NBS1) are known to interact with the TRF2 homodimer. Lack of any of these 693 

proteins produces a telomere dysfunction phenotype (see The Telomere 694 

Functional Structure section). C: Telomere in t-loop conformation. The double-695 

stranded telomeric DNA is sheltered with the TRF1 and 2 homodimers. The 696 

single-stranded array of TTAGGG repeats at the 3’ end (in blue) invades the 697 

double stranded telomeric DNA, thus forcing the double strand to loop back on 698 

itself, forming the T-loop. At the point of invasion, TRF2 binds the double 699 

stranded tract and helps to stabilize the loop. The single-stranded G-rich 3’ end 700 
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remains protected inside the loop structure. POT1 protein binds and coats the 701 

displaced G-rich telomeric single strand as well as the G-rich 3’ ending invader 702 

strand.  703 

 704 

Figure 2. A. Representative examples of the three types of chromosome 705 

rearrangements observed in irradiated telomerase-deficient mouse embryonic 706 

fibroblasts. In the top image, a reciprocal translocation between chromosomes 707 

6 and 16 is shown. These two rearranged chromosomes derive from two breaks 708 

followed by misjoining of the broken ends. The image in the middle shows a 709 

telomere-telomere fusion between chromosomes 4 and 12, both of them with 710 

uncapped telomeres. No breaks occurred to produce this aberration. The lower 711 

images correspond to two rearrangements of the telomere-DSB type derived 712 

from a single break in chromosome 4. On the right, the broken chromosome 4 713 

centric fragment joined to an uncapped chromosome 12 with eroded 714 

telomeres giving rise to a dicentric chromosome (4;12). On the left the broken 715 

chromosome 4 acentric fragment joined to an uncapped chromosome 19, 716 

producing a translocation. B. Diagram showing the frequencies of radiation-717 

induced chromosome aberrations in telomerase-deficient and wild type 718 

primary embryonic fibroblasts. Total frequency of aberrations is higher in the 719 

mTerc-/- fibroblasts, the difference being due to telomere-DSB rearrangements; 720 

frequencies of DSB-DSB rearrangements are similar in the two environments and 721 

telomere-telomere fusions were also observed with the same frequency in non-722 

irradiate mTerc-/- fibroblasts. C. Model explaining the increased radiation 723 

sensitivity of cells with short dysfunctional telomeres. Given a radiation-induced 724 

break in a chromosome, the probabilities of correct rejoining are dramatically 725 

different in cells with normal and with critically shortened telomeres. In the 726 
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former, the broken chromosome can only join to another broken end, with high 727 

probabilities of reconstituting the original chromosome if the number of 728 

induced DNA breaks was low. On the contrary, in cells with short telomeres, 729 

there may be several unprotected chromosome ends to which the broken end 730 

can join, thus making the restoration of the original chromosome much more 731 

unlikely. 732 

 733 

Figure 3. Different types of chromosomal rearrangements in irradiated DNA-734 

PKcs-defective/deficient cells. A. DSB-DSB rearrangements: SKY image shows 735 

several exchange-type rearrangements: arrowheads point to conventional 736 

dicentrics and translocations which follow the typical two-colour pattern. B. 737 

Telomere-DSB rearrangements: SKY-FISH image of a rearranged chromosome: 738 

on the left, the stained pattern of the chromosome; in the middle the reversed 739 

DAPI image; and the pseudocoloured image on the right. The SKY analysis 740 

reveals that chromosome 19 (green in the pseudocolour image) is translocated 741 

with chromosome 7 (brown) at the centromere level. The same rearranged 742 

chromosome can be observed inside the circle after telomeric FISH labelling. 743 

Three pairs of telomeres can be observed in this chromosome: the broken 744 

centromere of chromosome 7 has fused with the centromeric telomeres of 745 

chromosome 19. Because the telomeric signals are bright and clear, this DSB-to-746 

telomere fusion cannot be attributed to telomere shortening but rather to 747 

telomere dysfunction. C. Telomere-telomere fusions: Telomeric FISH image 748 

where two chromosomes have fused at the telomere level (*). Note that FISH 749 

signals from dysfunctional fused telomeres are brighter than those not fused, 750 

thus reinforcing the idea that none of the telomeres involved in the fusion have 751 

suffered attrition.  752 


