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Abstract. Telomeres are distinctive structures, composed
of a repetitive DNA sequence and associated proteins,
which enable cells to distinguish chromosome ends from
DNA double-strand breaks. Telomere alterations, caused
by replication-mediated shortening, direct damage or de-
fective telomere-associated proteins, usually generate
chromosomal instability, which is observed in senescence
and during the immortalization process. In cancer cells,
this chromosome instability could be extended by their
ability to ‘repair’ chromosomes and terminate in break-fu-
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sion-bridge cycles. Dysfunctional telomeres can be healed
by activation of telomerase or by the ‘alternative mecha-
nism’ of telomere lengthening. Activation of such telom-
ere maintenance mechanisms may help to preserve the 
integrity of chromosomes even if they play a role in chro-
mosomal instability. This review focuses on molecular
processes involved in telomere maintenance and chromo-
somal instability associated with dysfunctional telomeres
in mammalian cells. 

Introduction

Telomeres are specialized DNA-protein structures located
at the ends of linear chromosomes. In mammalian cells,
the telomeric sequence is a repetition of a hexanucleotide
motif, TTAGGG, which serves multiple functions, in-
cluding prevention of fusion or degradation of chromo-
somes and facilitating chromosome segregation. In normal
somatic human cells, the telomere length progressively
shortens, and the cell population eventually undergoes
senescence. At this stage, chromosomal instability is
maximal and characterized by great number of telomeric
fusions. Although most cells die, the rare cells that have
bypassed crisis are generally aneuploid, senescence ex-
press telomerase activity, have a stable telomere length
[1] and can potentially divide indefinitely. The protection
and maintenance of human chromosome ends require the
function of two related factors, TRF1 and TRF2, and sev-

eral interacting proteins. Components of the nonhomolo-
gous end-joining (NHEJ) DNA repair system may also be
implicated in telomere protection. The loss of chromoso-
mal integrity is attributed either to a functionally ‘un-
capped’ state of the telomeres or when telomeres reach a
threshold length in the absence of telomerase activity [2]
and lead to the formation of chromosomal abnormalities
(CAs), a general characteristic of cancer [3]. Active telom-
erase, which adds TTAGGG repeats, plays a role in al-
lowing cell proliferation in most human cancer cells, but
an alternative mechanism (ALT) of telomere lengthening,
probably via homologous recombination and copy switch-
ing, also seems to be involved [4]. 

Proteins and telomere maintenance

Telomeric DNA and telomere-specific binding proteins
both play an essential role in stabilizing chromosome ends
by forming a cap structure which protects chromosomes* Corresponding author.
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from degradation and terminal fusions [5]. In mammals,
telomeric DNA located at the extremity of chromosomes
exhibits a 3¢ overhang. This single-strand DNA has been
shown to form a T-loop structure by invading the double-
stranded region of the telomeric DNA [6]. The T-loop
model provides the sequestration of the G-strand over-
hang, which could otherwise activate DNA damage
checkpoints and DNA repair enzymes. Formation and sta-
bilization of this structure are dependent on telomeric pro-
teins such as TRF1 and TRF2 and, as more recently de-
scribed, on proteins implicated in the general repair
machinery (table 1). Disruption of telomere function re-
sults in formation of dicentric chromosomes and other ab-
normalities created through end-to-end fusions [7]. In
senescent and in tumor cells, dicentric chromosomes,
rings and sister chromatid fusions are correlated with crit-
ically short telomeres [8]. Much evidence suggests that
the status of the telomeric complex, as well as the length
of telomeric sequence, is crucial for chromosomal stabil-
ity [2].
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Telomerase
In most eukaryotes replenishment of telomeres is carried
out by a nuclear ribonucleoprotein called telomerase
which adds simple telomeric sequences onto preexisting
3¢ overhangs [9, 10]. In human cells, this reverse tran-
scriptase is constituted by a catalytic component (hTERT)
associated with an RNA subunit h(TR). The hTR subunit
is ubiquitously expressed, whereas hTERT is only ex-
pressed in embryonic stem (ES) cells and germ cells. The
observation that 90% of tumors exhibit telomerase activ-
ity emphasizes that the lengthening of telomeres by telom-
erase is the process preferentially used to maintain the
proliferative potential of cells. Some evidence, however,
points to a role of telomerase in chromosome end protec-
tion which is independent of its ability to effect telomere
elongation. Human fibroblasts and endothelial cells ec-
topically expressing telomerase reverse transcriptase can
bypass replicative senescence despite a lack of telomere
elongation [11, 12]. Recent experiments, using a new
telomerase antibody, report for the first time that hTERT
is active in normal human fibroblasts during their transit
through S phase [13]. This hTERT activity suggests that
telomerase and telomere structure are dynamically regu-

Table 1.  Telomere-associated proteins identified in mammalian cells.

Name Localization/interaction Functions at telomeres Gene localization References

Specific telomeric proteins

Telomerase direct interaction with TTAGGG overhang telomere elongation 5p15.33 69
Pot1 binds specifically to the G-rich strand of telomere-length maintenance 7 70

telomeric DNA telomere protection
TRF1 present in T loops and in APBs negative regulator of telomere length 8q13 71, 72

double-stranded TTAGGG repeats binding (dependent on telomerase)
TRF2 present in T loops and in APBs negative regulator of telomere length 16q22.1 6, 44, 73

double-stranded TTAGGG repeats binding (independent on telomerase)
chromosomal integrity maintance

TANK1/2 putative localization at telomeres TRF1 ribosylation 8p23.1/10q23.3 28, 29
through its interaction with TRF1 positive regulator of telomere length

TIN2 TRF1-binding protein positive regulator of telomere length 14q11.2 24, 74
RAP1 TRF2-binding protein telomere length regulator 16 75

associated with APBs
PINX1 TRF1/Pin2-interacting protein potent telomerase inhibitor 8p23 22

Nonspecific telomeric proteins

Ku70/Ku86 found associated to telomeric repeats negative regulator of telomere length 2q35/22q11-q-q13 76–78
role in telomere capping

DNA-PKcs direct or indirect telomeric DNA association capping and putative postreplicative 8q11 57, 79
telomeres processing role

Rad50/ DNA-repair complex that binds TRF2 putative role in T-loop stabilization 5q31/8q21.3/11q21 49, 80–83
NSB/MRE11 associated with APBs
Rad51 APB localization in ALT cells putative role in telomere maintance by 15q15.1 84, 85

HR in ALT cells
WRN/BLM binds 3¢ overhang  telomere structure maintance 8p12-p11.2/15q26.1 86, 87

physically interacts with TRF2
P53 single-strand overhang binding T-loop putative role in telomere structure 17p13.1 88, 89

junction in vitro maintenance apoptosis signaling
pathway

ATM TRF1-interacting protein signaling of telomere-mediated 11q22-3 90, 91
function  
telomere chromatin structure



lated. Therefore, telomerase binding at telomeres, rather
than bulk telomere elongation per se, might protect very
short telomeres from recognition as damaged DNA.

TRF1 and associated proteins
In mammalian telomeres, two TTAGGG repeat binding
factors, TRF1 and TRF2, have been discovered [14, 15]. In
vitro, both TRF proteins bind to double-stranded telomeric
DNA through a conserved myb domain located in their
carboxy-terminal domains, but they differ in their N ter-
mini rich in either acidic residues (TRF1) or basic
residues (TRF2). TRF1 and TRF2 negatively regulate
telomere length. Overexpression of TRF1 or TRF2 in vivo
induces a gradual decline in telomere length [16, 17]. The
formation of the T loop was proposed to involve both
TRF1 and TRF2. TRF1 has the ability to induce binding
and pairing of duplex telomeric DNA [18], whereas
TRF2 induces the invasion of the 3¢ overhang into duplex
telomeric DNA [6]. Thus, the T-loop-based mechanism for
telomere protection would predict that both TRF1 and
TRF2 are crucial for length homoeostasis of human
telomeres. 
TRF1 prevents access of telomerase to the telomeres. Ex-
pression of a dominant-negative allele of TRF1 leads to
telomere elongation [16]. In this system, TRF1 does not
affect telomerase activity, and according to the current
model, a large amount of telomeric protein would be re-
cruited on long telomeres, blocking telomerase-mediated
elongation and thus leading to a decrease in telomere
length. A similar model has been proposed for telomere
length homeostasis in yeast [19]. Recent chromatin im-
munoprecipitation (ChIP) experiments showed that
TRF1 interacts with a single-strand telomeric DNA-bind-
ing protein: POT1 (protection of telomeres 1). A mutant
form of POT1 abrogates TRF1-mediated control of telom-
ere length and induces rapid and extensive telomere elon-
gation. TRF1 binding at telomeres increases the
POT1 binding on single-stranded DNA, which could se-
quester telomere terminus and thus block telomerase from
elongating the telomeric DNA. Alternatively, POT1 can
interact with the base of the T loop and could stabilize
telomeres in a closed conformation [20]. However, an-
other group showed that overexpression of different vari-
ants of POT1 leads to telomere elongation by telomerase
[21]. They propose that POT1 could displace the T loop
and might allow telomerase access to the 3¢ ends of human
telomeres. A TRF1/Pin2 interacting factor is PinX1,
which has been shown to interact with hTERT and mod-
ulate its activity directly [22]. Pin2 is the 20-amino acid-
deleted isoform of TRF1 and is more abundant than
TRF1 in the cell [23]. PinX1 represents a novel class of
proteins that can regulate telomerase activity. Indeed,
overexpression of PinX1 inhibits telomerase activity,
shortens telomeres and induces crisis. Moreover, depletion

of PinX1 increases tumorigenicity in nude mice, suggest-
ing that PinX1 is a putative tumor suppressor [22].
TRF1 function is regulated by TIN2 and two homologous
proteins, TANK1 and TANK2. Binding of TRF1 to telom-
eric repeat sequences is enhanced by TIN2. A mutation in
TIN2 protein leads to telomere elongation, suggesting that
TIN2 is a negative regulator of telomere length [24].
TANK1 and TANK2 have a poly(ADP-ribose) polymerase
(PARP) catalytic domain. These modifications inhibit
TRF1 binding to telomeric sequences [25], and overex-
pression of TANK1 in tumor cell lines causes telomere
elongation [26]. Thus, TANK1 might inhibit TRF1 bind-
ing and might be a positive regulator of telomere elonga-
tion. Recent data show that TANK1 overexpression leads
to TRF-1 degradation by the proteasome. This degradation
is required to keep TRF1 off the telomere and is dependent
on TANK1-PARP activity. This is the first telomeric pro-
tein shown to be targeted by the ubiquitin-proteasome
pathway [27]. Like TANK1, overexpression of TANK2 in
the nucleus releases TRF1 from telomeres, suggesting that
in vivo TANK2 could play a role at telomeres [28]. Nev-
ertheless, overexpression of TANK2, but not TANK1,
causes rapid cell death by necrosis [29]. Different data
show that TANK2 associates and colocalizes with
TANK1; thus, both tankyrases might function as a com-
plex and probably mediate overlapping functions [30].
Controversial studies concerning the role of PARP in con-
trolling telomere length have been carried out [31, 32].
PARP1 deficient mice developed by Wang et al. were
found to have dramatically shorter telomeres and an in-
creased chromosome fusion frequency and aneuploidy
[33]. However, PARP1 knockout mice from De Murcia’s
laboratory displayed normal telomere length and a slight
increase in end-to end fusions compared with wild-type
mice [34]. Such discrepancy could be attributed to the dif-
ference in genetics background of these PARP1-deficient
mice. PARP1 deficiency in P53–/– genetic background 
results in heterogeneity of telomere length [35]. Together
with recent finding that PARP1 interacts with telomerase
[36], these observations suggest the involvement of
PARP1 in the telomere length regulation. 
Ataxia teleangectasia (AT) is an autosomal recessive dis-
order, and cells derived from AT patients show an accel-
erated loss of telomeres and elevated spontaneous fre-
quencies of chromosomal aberrations, including end
associations [37]. The gene responsible for AT, ATM [38],
a master controller of cellular pathways orchestrating the
response to DNA damage, has been reported to interact
and phosphorylate TRF1 [39]. A mutation in the ATM
gene increases the fraction of telomeres bound to the nu-
clear matrix. This may be the reason why AT cells have a
higher frequency of end-to-end associations [40]. Inhibi-
tion of Pin2/TRF1 in AT cells by stable expression of mu-
tants increases telomere length as shown in other cells.
Surprisingly, Pin2/TRF1 mutants reduce radiosensitivity
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and complement G(2)/M checkpoint defects [41]. These
results demonstrate a critical role for Pin2/TRF1 in the
ATM-dependent regulation of telomere and DNA damage
response. Protein level and subcellular localization of
Pin2/TRF1 are tightly regulated during the cell cycle. In
addition, overexpression of Pin2/TRF1 induced abortive
mitosis and apoptosis in cells containing short telomeres
[39]. These results, together with the demonstration of
Pin2/TRF1 interaction with microtubules, indicate that
Pin2/TRF1 also played an important role in mitotic 
progression [42]. The telomeric role of ATM was further
analyzed using ATM and telomerase double knock-
outs [43]. These mutants showed increased telomere 
erosion and genomic instability. However, the incidence of
T cell lymphomas associated with ATM deficiency 
was reduced. A general proliferation defect was evident in
all cell types and tissues examined, and this defect ex-
tended to tissue stem/progenitor cell compartments pro-
vides a basis for accelerated aging and premature death of
the compound mice. Thus, ATM deficiency and telomere
dysfunction act together to impair cellular and whole-or-
ganism viability, supporting the view that aspects of AT
pathophysiology are linked to the functional state of
telomeres and the impairment of stem/progenitor cell re-
serves [43].

TRF2 and associated proteins
The major known function of TRF2 at telomeres is to sta-
bilize G-strand overhang and thus to protect chromosomes
from end-to-end fusions [44]. Although TRF2 protein is
able to induce by itself the formation of the T loop in vitro
[6], it is likely that its role at telomeres in vivo requires
other factors. When TRF2 is inhibited, 15% of telomeres
are fused, and telomeric DNA persists at the site of fusion,
demonstrating that the TTAGGG repeat is not sufficient
for telomere integrity [44]. Molecular analyses suggest
that the telomeres are ligated together by a DNA ligase IV-
dependent NHEJ mechanism [45]. Indeed, it was demon-
strated that G-overhang loss precedes ligation [44].
Telomere fusions can occur before and after DNA repli-
cation, resulting in dicentric chromosomes and chromatid
dicentrics, respectively [44]. Bailey et al. using chromatid
orientation fluorescent in situ hybridization (CO-FISH)
determined that it is usually the telomere created by lead-
ing strand DNA synthesis which is implicated in di-
centrics [46]. One possible explanation for preferential fu-
sion would be that the DNA synthesis of the leading
strand, unlike for the lagging strand, generates an appro-
priate blunt end substrate for NHEJ ligation. Thus, in the
absence of TRF2, the cell fails to regenerate 3¢ overhang,
and chromosome extremities remain unprotected due to
their inability to be processed into the T loop. In a subset
of human cell types, TRF2 inhibition results in P53- and
ATM-dependent apoptosis rather than senescence. These

results suggest that telomeres lacking TRF2 molecules are
recognized as damaged DNA [47]. 
Recent experiments reported that overexpression of
TRF2 protein induces telomere shortening without accel-
erating senescence. Thus, TRF2 protects critically short
telomeres from end-to-end fusion and delays senescence
entry. It seems that the protected status of telomeres, in ad-
dition to the telomere loss, is important for entry into
senescence [48]. 
The complex Rad50/MRE11/NBS1 is a binding partner of
TRF2 [49]. The presence of this complex with a nuclease
activity at telomeres is particularly interesting with regard
to the formation of the 3¢ overhang [50]. However, mam-
malian cells lacking the MRE11 complex are not viable
[51]; conditional deletion would be required to determine
the contribution of this complex at telomeres.
In human cells, WRN [the protein which is deleted in
Werner syndrome (WS)] physically interacts with TRF2
[52]. In vitro, TRF2 also demonstrates a high affinity for
BLM (the protein deleted in Bloom syndrome) protein
[53]. TRF2 interaction with either WRN or BLM results in
stimulation of their helicase activities. The premature
senescent phenotype observed in WS cells does not seem
to be induced by abnormally short telomeres but may still
be related to telomere dysfunction [54]. The molecular
role of these proteins at the telomeres needs to be eluci-
dated, but they are likely involved in the cellular response
to dysfunctional telomeres.

DNA repair proteins
The fact that DNA repair proteins implicated in NHEJ or
in the homologous recombination (HR) process are lo-
cated at telomeres would suggest an involvement of these
proteins in structure and telomere length maintenance.
The role of proteins specific to HR will be detailed below.
The DNA-PK complex consists of a heterotrimeric sub-
unit which carries the catalytic activity (DNA-PKcs) and
DNA-binding proteins called Ku (Ku70 and Ku86). The
Ku proteins bind to double-strand breaks (DSBs) and re-
cruit DNA-PKcs to the break, whereas XRCC4 and ligase
IV are involved in the final ligation step. Studies per-
formed on mouse embryo fibroblasts (MEFs) from
DNA-PK–/– mice showed telomeric DNA fusions with
normal telomere length, anaphase bridge and normal G-
strand overhang [55–58]. Recently, by generating mice
doubly deficient in DNA-PKcs and in telomerase,
Blasco’s group showed accelerated telomere shortening.
In addition, DNA-PKcs is required for apoptosis induction
by critically short telomeres [58]. These results suggest
that DNA-PKcs interacts with telomerase to maintain
telomere length, as well as to signal short telomeres as
DNA damage, triggering apoptosis and facilitating end-
to-end fusions of short telomeres. Experiments performed
in the hamster cellular system showed that the lack of
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DNA-PKcs also increases the gene amplification phe-
nomenon [59]. 
In yeast, Ku has an essential role at telomeres. Ku defi-
ciency leads to telomere shortening, loss of telomere clus-
tering, loss of telomere silencing and deregulation of
telomeric G overhang [60, 61]. Furthermore, yeast Ku
moves from the telomere to the DSB upon induction of
damage, suggesting a link between DNA repair and the
telomeres [62, 63]. In mammals, Ku associates with
telomeric repeats [57] and can interact with TRF1 and
TRF2 [64, 65]. Recent studies, carried out on late-gener-
ation telomerase-deficient and Ku86-deficient mice,
point to a role of Ku86 in mediating chromosomal fusions
and apoptosis induction in cells with critically short
telomeres, although it does not induce telomere shorten-
ing or deregulation of G overhang as shown by the analy-
sis of Ku86-deficient mice [66, 67]. All these results sug-
gest that Ku86 could contribute to render telomeres less
accessible to telomerase or DNA repair activities.
Studies in mice demonstrate that the loss of single copy of
lig4 promotes development of soft tissue sarcomas that
possess clonal amplifications, deletions and transloca-
tions. These results demonstrate that reduced activity of
the NHEJ system gives rise to chromosomal aberrations
that drive non-lymphoid tumorigenesis [68]. 

Chromosomal Instability in Replicative Senescence

In most human primary cells, telomeres shorten after each
replication round. When the telomeres reach a critical
length, cells stop dividing and enter senescence. Hayflick
first suggested that diploid fibroblasts undergo a limited
number of divisions in culture, after which they stop pro-
liferating [92]. Primary cells undergo a finite number of
divisions, arrest the cell cycle and reach mortality stage 1
(M1) [93]. The replicative potential of primary cells can
be extended by viral oncogene (e.g. AgTSV40) transforma-
tion, despite the dangerous shortening of telomeres. Cells
presenting critically short telomeres would cease to divide
and enter crisis (mortality stage 2, M2). Senescent cells
can persist in culture for months to several years, remain-
ing metabolically active, but unable to synthesize DNA.
They also undergo morphological changes such as cell en-
largement, flattening and the expression of b-galactosi-
dase activity at pH 6 [94].
Replicative senescence seems to be a genetically domi-
nant phenotype as shown by a large number of somatic
cell fusion studies in which proliferating normal cells
were fused with immortal tumor-derived cells. To estab-
lish how many distinct genes play a part in cellular senes-
cence, several immortal cell lines were fused with each
other [95]. The ability of some, but not all, fusion pairs to
produce hybrid cells that are not immortal has led to the
identification of four complementation groups of replica-

tive immortality, indicating that at least four genes are re-
quired for the induction of senescence. These findings are
confirmed by chromosome transfer studies identifying
different genes that induce a senescent-like phenotype in
immortal cell lines [96–99]. 
In cultured human fibroblasts, the frequency of chromo-
somal abnormalities involving telomeric regions, espe-
cially dicentric chromosomes, rises dramatically as cells
approach replicative senescence [7, 100–102]. Telomere
length has been found to be a good indicator of the po-
tential replicative capacity of cultured human fibroblasts
[103] and a correlation between the frequency of dicentric
chromosomes and telomere length in senescent human
cells has been demonstrated [7]. The frequency of di-
centrics increases, and cells enter M1. Both events appear
to be triggered when telomere length reaches its minimum
size of approximately 1.5 kb. Thus, it might be suggested
that dicentric formation occurs through a direct end-to-
end fusion when telomeres erode sufficiently. 
Senescent fibroblast karyotypes present abnormalities.
Telomere fusions occur as shown by the genesis of dicen-
tric chromosomes. In senescent cells, dicentric chromo-
some number rises far more than the number of other
chromosome aberrations such as fragments, gaps and
breaks [101]. Moreover, abnormal mitosis occurs during
colony expansion and is characterized by dicentric and un-
balanced translocations. Both the frequency of mitosis
carrying telomeric associations and the number of telom-
eric associations per mitosis have been shown to increase
with culture passages [104]. Finally, cytogenetic analysis
of cultured fibroblasts obtained from centenarians (that is
from individuals very close to the maximum expected life
span) does not reveal any peculiar structural chromosome
anomaly, but some telomeric associations arose in cells
approaching senescence [105]. In some studied cell lines,
particular chromosomes seem to be preferentially in-
volved, indicating that dicentric formation is a result of
changes specific to those chromosomes, rather than in-
volving general factors in the cell [101]. Also, in human
dermal fibroblasts, certain chromosomes are more impli-
cated than others in rearrangements involving specific
telomeric regions at late passages after irradiation with
heavy ions [106].
The causal factor that drives a primary cell to enter
replicative senescence is connected with telomere attrition
and telomerase absence. In this context, telomeres shorten
and lose their end stabilization function. In mTERC–/–

p53 mutant mice, loss of telomeric function has been
shown to cause breakage-fusion-bridge cycles [107,
108], which result in the loss of chromosomal material
and chromosomal instability. 
Primary MEFs from the mTERC–/– mouse strain were
used to investigate whether dysfunctional telomeres, ei-
ther due to telomere shortening to a critical length and/or
loss of their end-capping function, lead to a senescence-
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like arrest in mouse primary cells [109]. This mouse strain
lacks telomerase due to a targeted deletion of the gene en-
coding the telomerase template RNA [110]. Actually, af-
ter four to six generations in the absence of telomerase,
the telomeres of these mice are as short as those in human
cells before senescence. mTERC–/– MEFs with short
telomeres have a reduced proliferative capacity as well as
a reduced ability to immortalize spontaneously in culture.
These results indicate that telomere shortening limits the
proliferative potential of cultured mouse fibroblasts. 
Not only the telomerase, but also other telomeric proteins,
such as TRF2, seem to be implicated in the induction, or
in the prevention, of replicative senescence. Overexpres-
sion of TRF2 in human fibroblasts results in accelerated
telomere shortening, without promoting premature senes-
cence [48]. TRF2 accelerates telomere shortening in sev-
eral fibroblast strains regardless of the status of p53 or the
p16-RB pathways. TRF2 also accelerates the entry into
crisis in SV40 large T and HPV16-E6 and E7 cultures,
probably by an earlier induction of the excessive genome
damage responsible for crisis. But its overexpression in
human fibroblasts lacking p53 and RB function (that grow
beyond normal senescence setpoint and continue to lose
telomeric DNA, resulting in frequent chromosome end fu-
sion and other chromosomal damage) creates a measur-
able reduction in chromosome end fusion and associated
chromosomal damage. All these data suggest that overex-
pression of TRF2 can protect very short telomeres, and
this would be the mechanism by which TRF2 can extend
the lifespan and alter the senescence setpoint of human
primary cells. Collectively, these data argue that replica-
tive senescence is caused by a change in the status of the
telomeric complex rather than by a complete loss of
telomeric sequences. One possibility is that critically short
telomeres in senescent human cells no longer bind suffi-
cient TRF2 to achieve a protective state. Alternatively,
binding of TRF2 may facilitate the recruitment of other
proteins required for telomere protection and suppression
of senescence. 
Inhibition of TRF2 was used to examine how mammalian
cells enter senescence in response to telomere dys-
function. A dominant-negative TRF2 allele expression 
induces a premature senescence indistinguishable from
replicative senescence in primary fibroblasts [111]. This
finding, together with the demonstration that over-
expression of TRF2 can delay senescence, suggests that
the initiating signal for the induction of senescence em-
anates from chromosome ends lacking sufficient
TRF2 protection. 
As mentioned above, cells from AT patients exhibit ele-
vated frequencies of spontaneous chromosomal aberra-
tions, including end associations [37]. Altered telomere
interactions could influence the senescence signaling
mechanism, since AT cells undergo premature senescence.
In addition, AT cells show telomere loss. Telomere length

reduction has been linked with chromosome end associa-
tions. It could be a consequence of a breakage not repaired
near or within the telomere while chromosomes migrate in
opposite directions. The expression of hTERT in AT fi-
broblasts extends their life span without changing the fre-
quency of telomeric end associations as well as the occa-
sional appearance of SA-b-Gal+ cells [112]. The presence
of end-to-end associations in hTERT-transformed AT cells
suggests that these cells could still have altered telomere
nuclear matrix interaction, and that may influence the pre-
mature entry in senescence.
Since abnormalities in the replication and/or chromatid
separation of telomeric regions may affect the integrity of
chromosomal ends, the behavior of several telomeres in
cultured human fibroblasts during early and late cell pas-
sages was studied using fluoroscence in situ hybridization
(FISH) experiments [113]. The results show that delay in
replication and/or separation of several human telomeric
regions occur in primary fibroblast cells as they approach
replicative senescence. Incomplete DNA replication, fail-
ure to separate sister chromatids, or improper condensa-
tion at telomeric regions would all be expected to com-
promise chromosomal integrity, if these cells progress to
anaphase. Since a high percentage of dicentric chromo-
some and other chromosome abnormalities have been ob-
served in senescent cells, these findings provide a poten-
tial mechanistic model to explain these observations.
Moreover, the inactive X chromosome, which replicates
late, shows an accelerated shortening of telomeric repeats
[114]. Since the rate of aneuploidy in cultured lympho-
cytes increases with advancing age, with an extreme over-
involvement of the X chromosome in women [115], this
observation is also consistent with a potential causative
role of telomere shortening in the X chromosome aneu-
ploidy in aging women. 

Chromosome aberrations

The first specific chromosomal aberration observed in a
tumor was the Philadelphia chromosome in chronic myel-
ogeneous leukemia (CML), in 1960. Previously, abnormal
chromosomes had already been observed in tumor cells,
but the relationship with the tumoral phenotype was only
admitted in the late 1970s. The presence of chromosomal
abnormalities is well known as a fundamental feature of
tumor progression [3]. However, cytogenetic analysis has
revealed that the pattern of CA is largely different from
one type of tumor to another, with aberrations which are
specific or common to several tumors [116–118]. In gen-
eral, these chromosome changes are translocations, gene
amplifications, losses and gains of whole chromosomes or
large portions of chromosomes, leading to fusion genes,
modification of gene copy number or deregulation of the
expression of various oncogenes. 
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Chromosomal abnormalities in tumors
The number and type of chromosome changes might de-
pend on their temporal occurrence and on the probability
of promoting neoplastic transformation. Mutations pro-
moting growth stimulation induce tumors most of time
when secondary events provide a selective advantage
[119]. This introduced the primary and secondary changes
concept, which is well developed in hematological malig-
nancies [120]. In general, primary changes are balanced,
recurrent and most of time the sole abnormality, but they
represent an essential step in tumorigenesis. Secondary
changes are numerous, unspecific and give advantages
during tumor progression. However, this ‘two-steps’ view
of tumorigenesis depends on the affected cell [121, 122].
On the one hand, hematological neoplasms and some bone
and soft tissue tumors typically arise through balanced
translocations which are directly involved in the tumoral
phenotype. Characteristic illustrations are the t(9;22)
translocation in the CML or the t(11;22) in the Ewing sar-
coma [123, 124]. On the other hand, the vast majority of
cancers occurring in human adults are carcinomas of ep-
ithelial origin. These tumors present highly rearranged
karyotypes with perpetuating modifications during tumor
progression, so that high-grade solid tumors exhibit a
higher number of CA and no chromosomal change can be
regarded as a common primary event [125]. However, the
repeated occurrence of several changes favors the hy-
pothesis of two karyotypic evolutionary processes. For 
example, in most colorectal tumors, monosomy 17p and
18 were found, and the karyotypic evolution involved
mainly several additional monosomies due to unbalanced
rearrangements or losses, as well as gains of chromo-
somes and amplifications. In this group of tumors, the
mean number of chromosomes remains close to 46 and is
called the monosomic type. In the other tumors, either a
monosomy 17 or a monosomy 18 was found. The kary-
otypic evolution involved essentially trisomies resulting
from gains and leading to the trisomic type with the mean
chromosome number close to 51 [126, 127]. Thus, chro-
mosomal variability in malignant cells may be due to an
inherent genetic instability caused by the dysfunction of
genes controlling cell division or cell death, including
DNA repair [128–133], and also by the founder cell effect.
Recent studies have strengthened the proposal that muta-
tional alterations conferring instability occur early during
tumor formation, then influencing the karyotypic evolu-
tion [134, 135].

Telomere-driven chromosomal instability 
in cancer cells
The shortening of telomeres or mutation of telomeric se-
quences can lead to the formation of telomeric fusions be-
tween chromosome arms [136–141]. Experiments carried
out on Tetrahymena showed a role of telomeres in chro-

mosome separation during mitosis. Expression of a telom-
erase RNA with an altered template sequence causes a se-
vere delay or block in completing mitotic anaphase. Al-
though the sister chromatids begin to separate and are
pulled apart as anaphase progresses, they are unable to
segregate to daughter poles that lead to cell death. Mutant
telomeres could be inaccessible to factors that normally
act to separate sister chromatids [141]. 
In some cancer cells, loss of telomeric repeats may occur
at a high rate, leading to high frequencies of telomere as-
sociations. These fusions lead to anaphase bridges at the
next cell division and then promote the breakage-fusion-
bridge (BFB) cycle mechanism generating numerous
chromosome aberrations [142]. During mitosis, the two
centromeres of a dicentric chromosome are frequently
pulled towards opposite spindle poles, producing a break.
Broken ends, corresponding to chromosomes lacking one
telomere, remain unstable until they are capped [143]: 
either by fusion resulting in a novel chromosomal re-
arrangement or by capture of a telomere associated with
a nonreciprocal translocation of another chromosome
fragment as described in tumor epithelial cells and mouse
fibroblasts [143–145]. These new fusions could generate
new unstable chromosome structures, perpetuating the
BFB cycle and chromosomal instability. This BFB cycle
triggered by telomere dysfunction has been shown to play
an important role in epithelial carcinogenesis in mice
[107, 146] and in human tumors [108, 147], where a neg-
ative correlation has been established between the length
of telomeres and their involvement in chromosome aber-
rations. Anaphase bridges can also cause whole chromo-
some losses or the collapse of the cytokinetic process,
leading to numerical chromosome aberrations. Many of
the characteristic genetic abnormalities in tumor cells, in-
cluding gene amplification, aneuploidy and loss of het-
erozygosity can be explained by the chromatid BFB cycle
model [148]. This telomere-driven chromosomal instabil-
ity seems to occur early in the tumorigenesis since CA in-
volving telomeric regions are widely seen in tumors of
low grade or in young people [108, 136, 149, 150].
As mentioned above, the BFB cycle could generate 
amplification (fig. 1). Gene amplification is a common
consequence of genome instability in tumor cells and can
be the basis of oncogene activation and drug resistance
[151–154]. Several groups have provided evidence that
DNA breakages play an important role in the initiation of
gene amplification [155, 156]. In fact, chromosome
breaks might result in a global change in DNA com-
paction [157]. Moreover, amplification rates can be in-
creased by the proximity of chromosome fragile sites
[158] and by a delay in mitotic chromosome condensation
[159] that is sometimes induced by the phosphorylation of
histone H3 [160, 161]. Gene amplification mostly con-
cerns the genes located close to the chromosome break-
point. The high level of amplification indicates the repet-
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itive occurrence of BFB cycles in the same location, pre-
dicting that these regions may be hot spots for chromo-
some breakage [162]. Even if the mechanisms promoting
translocations remain unknown, several studies have
pointed out the role of the recombination of specific sites
like Alu sequences [163], immunoglobulin genes [164,
165] or enzyme recognition sites [166]. All these data
strongly suggest that the chromatin structure, the sequence
and the chromosome condensation of particular chromo-
some regions are closely related to their involvement in
formation of chromosome aberrations.
It was demonstrated that cells with mitotically unstable
chromosomes are eliminated rapidly [167]. In addition,
critically short telomeres can induce cellular senescence
[168]. These responses to cellular damage are largely de-
pendent on the p53 protein implicated in the maintenance
of cell cycle arrest and in the activation of the different
proteins of the machinery of DNA repair. Recent analysis
carried out on telomerase knockout mice submitted to ra-
diation emphasizes the role of telomere length on radia-
tion-induced chromosomal instability. Short telomeres
fused with radiation-induced breaks causing the increased
chromosomal instability observed in this mouse [169].
When the mutations are too great in number or in conse-
quences, cell death or a program of apoptosis occurs. The
elimination of unstable cells plays a key role in tumor sup-
pression, avoiding the growth of cells with a proliferative
advantage [170]. On the one hand, telomere shortening in-
duces cell death and can lead to tumor suppression, while
on the other hand, it could initiate chromosome instabil-
ity and promote tumorigenesis. Thus, telomere shortening
can have two outcomes with opposite predicted effects on
tumorigenesis. 

Telomerase and tumorigenesis

In 85–90% of tumors, telomerase is involved in the se-
lective process of the tumorigenesis [7, 171, 172]. On the
one hand, TERT expression is associated with nontelom-
eric functions. Indeed, ectopic expression of telomerase
could enhance cell survival in the face of proapoptotic cel-
lular stress [173] and regulate the transcription of a set of
genes implicated in cell growth and in the DNA repair
system [174–176]. Recently telomerase was shown to in-
crease tumorigenic potential in mice, without any influ-
ence on telomere length [177, 178], and in human fi-
broblasts high expression of telomerase elicits senescence
growth arrest [179]. These findings support the notion that
telomerase might have novel and telomere-independent
functions. On the other hand, the most recognized function
of telomerase concerns maintenance of the telomeres. The
acquisition of telomerase activity and the rescue of telom-
ere integrity also have two contradictory effects: stabiliz-
ing chromosome ends reduces genomic instability, [180];
conversely, bypassing the M2 limit confers immortal
growth properties on tumor cells [181, 182]. 
Activated telomerase produces a dynamic balance between
elongation and shortening and tends to result in homoge-
neous telomere length. The resultant stabilization of telom-
ere length promotes chromosome stability. In hTERT-im-
mortalized cells, telomeres are usually shorter than those in
the normal cells from which they were derived [183–185],
and in some cases they continue to shorten further than the
telomeres of transformed but nonimmortal cells that entered
crisis. This suggests that telomerase may protect chromo-
somes from end-to-end fusions, not only by lengthening the
telomere but also by a capping function [11, 173, 186, 187]. 
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Figure 1.  Gene amplification: consequence of telomere loss (from [162]. The human cell line was transfected with plasmids containing
telomeric repeat sequences that ‘seed’ new telomeres when integrated on the end of a ‘marker’ chromosome (chromosome 16). Cells pre-
senting one lost telomere were subcloned. Fusions of sister chromatids and BFB cycles occur where the telomere is lost. To investigate the
localized amplification, metaphase spreads were hybridized simultaneously with the fluoroscein-labeled cosmid RT99 (green) adjacent to
the integration site, as well as an additional rhodamine-labeled cosmid 317H7 (red) that is located 1 Mb from the integration site. The chro-
mosomes were stretched to detect the hybridization signals generated by the two probes. Most hybridization signals involved the proximal
sequences, with only occasional signals involving sequences located at more than 1 Mb from the initial telomere loss.



Genetic instability, leading to the malignancy of cells by
the disruption of genes controlling the cell cycle, can oc-
cur in telomerase-positive cells, such as immature or hema-
tological cells. In this case, the stabilization of broken
chromosomes by telomerase is an early event, occurring
before the critical shortening of the telomeres causing the
chromosome instability. The resulting karyotype is often
quite normal, with few anomalies and without overin-
volvement of telomeric regions. Conversely, in rather dif-
ferentiated cells, numerous mutations have been accumu-
lated, and telomeres are short enough to induce end-to-end
fusions, leading to the BFB cycle mechanisms and main-
taining chromosome instability. In this case, telomerase ac-
tivation occurs late in tumorigenesis, after the initiation of
the genetic instability [102, 143, 181, 182, 188, 189], and
tumors may display complex karyotypes with numerous
and nonrecurrent chromosome abnormalities [107, 122].
This category is the most represented in tumors of epithe-
lial origin, the vast majority of human cancers.

Chromosomal instability and ALT phenotype

Human cells possess at least one additional mechanism
for telomere maintenance, alternative lengthening of
telomeres (ALT), which is independent of telomerase and
relies on homologous recombination and copy switching
[190–192]. The large majority of human tumor cells ac-
quire immortality through expression of the catalytic sub-
unit of telomerase (hTERT) [193], whereas fewer cells ac-
tivate this alternative lengthening mechanism of telomere
maintenance [194].
The ALT pathway in human cells is associated with
marked variability in telomere length, rapid telomere
lengthening or deletion of several kilobases, and the pres-
ence of specific nucleoprotein structures called ALT-as-
sociated PML bodies or APBs (fig. 2) [191]. All human
ALT+ cancers and cell lines analyzed to date have a very

wide telomere length distribution. Some chromosome
ends have telomeres that are undetectable by FISH, while
others within the same cell have very long telomeric se-
quences [173, 190, 195, 196]. 
Scheel et al. demonstrated that ALT cells present an in-
creased number of complex nonreciprocal chromosomal
rearrangements compared with telomerase-positive cell
lines, suggesting that in ALT cells the occurrence of elon-
gated and shortened telomeres and signal-free chromo-
some ends could give rise to chromosomal end-to-end as-
sociations and BFB cycles [4, 197, 198]. ALT+ cells
present a high frequency of drastic telomere length
changes. Some chromosomes with telomere sequences less
than 200 bp showed a rapid and heterogeneous increase of
up to 50 kb, correlating with the occurrence of increased
chromosomal instability, and especially chromosome fu-
sion. In a telomerase-negative human cell line with a
tagged telomere [190], a correlation was found between
the rapid changes in telomere lengths and the frequency of
chromosome fusions. Intertelomeric recombination events
in human ALT cells were evidenced by targeting a DNA
tag into the telomeric region [192]. Up to five tagged
telomeres in one cell were observed by FISH analysis af-
ter 63 population doublings. This phenomenon was not
seen when the tag was located in the subtelomeric region.
Taken together, these results focus on the recombination-
based pathway for telomere maintenance in ALT cells.
Moreover, Saccharomyces cerevisiae knockout for the
telomerase RNA gene displays telomere shortening, and
the cells eventually die. Survivors were found to maintain
their telomeres by a mechanism that was dependent on
RAD52, which encodes a protein that is involved in ho-
mologous recombination. Further analyses identified two
classes of telomerase-null survivors. Type I survivors un-
dergo amplification of a subtelomeric sequence (called Y¢)
and type II survivors have telomeres with lengths that are
very heterogeneous, but are increased overall [199–201].
Both survivor types required RAD52; however, RAD51,
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Figure 2.  Telomeres heterogeneity in primary fibroblast (A), senescent fibroblast (B) and ALT tumoral fibroblast (C).
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RAD54 and RAD57 are required in type I survivor,
whereas RAD50, RAD59 and SGS1 are needed for type II
[202–204]. The existence of a type I analogue ALT mech-
anism in human cancers remains to be elucidated, whereas
type II analogue human cells have been characterized
[205]. Telomeres of the yeast type II cells therefore re-
semble those of human ALT cells. After immortalization of
ALT cells, the subtelomeric regions of specific chromo-
some ends were sequenced by polymerase chain reaction.
The results underscore the involvement of a sequence from
a donor, which is copied to a recipient telomere. A class of
complex telomere mutations, described only in ALT+ cells,
are defined by replacement of the progenitor telomere at a
discrete point, called fusion point, with a different repeat
array [205]. No such complex mutations have been re-
trieved in normal, precrisis or telomerase-positive cell
lines, confirming that these mutations are specific to ALT+
cells. A high frequency of simple intraallelic telomere mu-
tations in ALT+ cells has been observed, indicating that
such mutations contribute to telomere instability, putatively
through a reduction in mismatch repair. Studies on yeast
have suggested that a defect in mismatch repair may re-
move a barrier to homologous recombination between
telomeres and therefore contribute to the ALT pathway for
telomere maintenance [206]. 
However, the precise role played by recombination in ALT
lengthening of telomeres is still unknown. Both break-in-
duced replication and rolling circle amplification have been
proposed as mechanisms through which telomeres are elon-
gated in yeast. In human cells, four mechanisms have been
proposed so far: intertelomeric replication, T loop, rolling
circle and linear extrachromosomal telomeric repeat
(ECTR) homologous recombination [196]. In intertelom-
eric replication, the single-stranded overhang DNA at the
end of one telomere invades double-stranded DNA of an-
other telomere and uses it as a copy template [207]. T loop
could contribute to telomere length variation in ALT cells
in several ways: a telomere can be lengthened by using it-
self as a copy template in the T loop. In the case of cross-
over events, ECTRs can be formed after loop-mediated ex-
cision, as circular or linear forms, leading to telomere
shortening which could account for the rapid reduction in
telomere length seen in ALT cells [190] and in hybrid cells
in which ALT is repressed [195]. Moreover, the resulting
ECTR is involved as copy template for homologous re-
combination at the ends of other chromosomes resulting in
continuous telomere length fluctuations [196]. These
mechanisms might have different efficiencies in maintain-
ing telomere integrity and in chromosome stability. Thus,
ALT cells maintain their telomeres via striking length vari-
ations, whereas activated telomerase produces a dynamic
balance between elongation and shortening and tends to re-
sult in telomeres of somewhat homogeneous length.
Further indirect evidence that the ALT mechanism might
involve homologous recombination came from the par-

ticular composition of APBs. PML bodies are constituted
by protein accumulations in the nuclei of most normal
cells. These proteins are involved in a wide variety of
functions such as tumor suppression, cell cycle regulation,
senescence and apoptosis [208]. In all human ALT cell
lines examined to date, APBs are distinguished from other
PMLs by the presence of telomeric DNA, telomeric bind-
ing proteins such as TRF1and TRF2 [85], and a wide
range of proteins involved in DNA recombination and
replication, such as RAD51, RAD52, RPA, MRE11,
RAD50, NBS1, BLM and WRN [71, 209]; reviewed in
[196]. There is a temporal correlation between the im-
mortalization event and the occurrence of APBs [85].
Conversely, when ALT is repressed in somatic cell hy-
brids, APBs eventually disappear [195]. Moreover, a tight
correlation between the presence of APBs and ALT phe-
notype has been pointed out [85]. The telomeric DNA in
APBs may be a subset of the total ECTRs that have been
detected in various types of cells [210, 211]. In general,
ECTRs are not detectable in telomerase-positive cell lines
or in normal human cells [210]. Several proteins have
been identified as associated with APBs, but whether they
are required for the human ALT pathway or not still needs
to be elucidated. It seems possible that the function of
APBs is to repair or to eliminate telomeric DNA which is
recognized as genomic damage by the cell. A recent study
identified BLM as involved in telomeric DNA synthesis
via a functional helicase domain, exclusively in ALT cells.
These results strongly suggest that BLM could facilitate
recombination-driven amplification of telomeres in ALT
cells [53]. 
Thus the presence of these recombination-involved pro-
teins within APBs emphasizes recombination-based
telomere lengthening in ALT+ cells. The specific genetic
requirements that promote the ALT pathway are not so far
elucidated due to difficulties in genetic analyses of human
cells. An inducible ALT system, where intermediate path-
ways steps could be analyzed, still needs to be established.
Telomerase and ALT telomere maintenance mechanisms
are equivalent in terms of immortalization and full tu-
morigenesis capability. However, their efficiency in tu-
morigenesis as well as chromosome stability may be quite
different. Despite their long mean telomere length, most
ALT cells contain some very short telomeres, which are
more prone to end-to-end fusion events than telomerase-
maintained telomeres and so might be a source of chro-
mosome instability. 
Emerging studies emphasize that activation of telomere
maintenance strategies is not an obligatory step for tu-
morigenesis in human cells. Rudolph et al. reported that
acquisition of a telomere maintenance mechanism is not
strictly required for early stage carcinogenesis in human
fibroblasts but may occur as a later event, restoring ge-
nomic stability to a permissive level for tumor progres-
sion. This hypothesis may be supported by the observation
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that one patient with osteosarcoma showed metastasis
telomerase–/ALT+ when primary tumor was telom-
erase–/ALT– [212].
Unexpectedly, the absence of detectable telomere mainte-
nance mechanisms was observed both in a subset of os-
teosarcoma [212] and in a clone derived from ALT cells
that express a mutant form of hTERT incapable of elon-
gating telomeres in vivo [M. A. Cerone et al., personal
communication]. This clone shows suppression of the
ALT pathway, absence of telomere shortening and no am-
plification of the subtelomeric regions. This could suggest
that telomere maintenance mechanisms in human cells
could be more diverse than previously thought.

Conclusion 

As is now well documented the telomeres in normal hu-
man cells shorten progressively during successive cellular
divisions. This telomere erosion has been attributed to the
inability of the general DNA replication machinery to
replicate completely the very ends of the chromosomes.
Thus, telomeres may be lost completely or shortened to
such an extent that they no longer protect the ends of
chromosomes. The protecting function of these nucleo-
protein elements requires not only a minimum size but
also an adequate structure, which involves numerous pro-
teins. In addition to telomeric proteins, a growing number
of proteins involved in DNA repair machinery have been
demonstrated to interact with telomeres. When telomere
function is altered, cells stop dividing and develop a senes-
cent phenotype which has the characteristic of a high fre-
quency of telomere associations. This telomere dysfunc-
tion is necessary for the initiation of carcinogenesis, as it
induces chromosomal instability. The chromosomal in-
stability remaining during tumor progression is balanced
by the activation of telomere maintenance mechanisms. It
was first thought that telomere length was maintained by
the telomerase activity in cancer cells. A second mecha-
nism defined as ALT was then described and seems to in-
volve homologous recombination. Recent publications
point to the possibility of immortalization without the 
involvement of any detected telomere maintenance mech-
anism. 
Understanding these complex telomere maintenance
mechanisms and the resulting chromosomal instability is
primordial in designing new drugs and in overcoming the
inefficiency of anti-telomerase-based therapeutics. Inves-
tigation of the potential correlation between telomere
maintenance mechanisms and chromosomal instability
may aid definition of additional biomarkers helpful for tu-
mor-type classification and then development of appro-
priate therapeutic protocols.

Acknowledgements. Work in the laboratory of L.S. was supported by
EDF and the European Union contract FIGH-CT- 2002-00217
(TELOSENS). 

1 Counter C. M., Botelho F. M., Wang P., Harley C. B. and Bac-
chetti S. (1994) Stabilization of short telomeres and telomerase
activity accompany immortalization of Epstein-Barr virus-
transformed human B lymphocytes. J. Virol. 68: 3410–3414

2 Blackburn E. H. (2000) Telomere states and cell fates. Nature
408: 53–56

3 Nowell P. C. and Croce C. M. (1986) Chromosomes, genes and
cancer. Am. J. Pathol. 125: 7–15

4 Scheel C., Schaefer K. L., Jauch A., Keller M., Wai D.,
Brinkschmidt C. et al. (2001) Alternative lengthening of telom-
eres is associated with chromosomal instability in osteosarco-
mas. Oncogene 20: 3835–3844

5 de Lange T. (2002) Protection of mammalian telomeres. Onco-
gene 21: 532–540

6 Stansel R. M., de Lange T. and Griffith J. D. (2001) T-loop as-
sembly in vitro involves binding of TRF2 near the 3¢ telomeric
overhang. EMBO J. 20: 5532–5540

7 Counter C. M., Avilion A. A., LeFeuvre C. E., Stewart N. G.,
Greider C. W., Harley C. B. et al. (1992) Telomere shortening
associated with chromosome instability is arrested in immor-
tal cells which express telomerase activity. EMBO J. 11:
1921–1929

8 Griffith J. K., Bryant J. E., Fordyce C. A., Gilliland F. D., Joste
N. E. and Moyzis R. K. (1999) Reduced telomere DNA con-
tent is correlated with genomic instability and metastasis in in-
vasive human breast carcinoma. Breast Cancer Res. Treat. 54:
59–64

9 Greider C. W. and Blackburn E. H. (1985) Identification of a 
specific telomere terminal transferase activity in Tetrahymena
extracts. Cell 43: 405–413

10 Collins K. and Mitchell J. R. (2002) Telomerase in the human 
organism. Oncogene 21: 564–579

11 Zhu J., Wang H., Bishop J. M. and Blackburn E. H. (1999)
Telomerase extends the lifespan of virus-transformed human
cells without net telomere lengthening. Proc. Natl. Acad. Sci.
USA 96: 3723–3728

12 Yang J., Chang E., Cherry A. M., Bangs C. D., Oei Y., Bodnar
A. et al. (1999) Human endothelial cell life extension by telom-
erase expression. J. Biol. Chem. 274: 26141–26148

13 Masutomi K., Yu E. Y., Khurts S., Ben-Porath I., Currier J. L.,
Metz G. B. et al. (2003) Telomerase maintains telomere struc-
ture in normal human cells. Cell 114: 241–253

14 Chong L., van Steensel B., Broccoli D., Erdjument-Bromage
H., Hanish J., Tempst P. et al. (1995) A human telomeric pro-
tein. Science 270: 1663–1667

15 Bilaud T., Brun C., Ancelin K., Koering C. E., Laroche T. and
Gilson E. (1997) Telomeric localization of TRF2, a novel 
human telobox protein. Nat. Genet. 17: 236–239

16 van Steensel B. and de Lange T. (1997) Control of telomere
length by the human telomeric protein TRF1. Nature 385:
740–743

17 Smogorzewska A., van Steensel B., Bianchi A., Oelmann S.,
Schaefer M. R., Schnapp G. et al. (2000) Control of human
telomere length by TRF1 and TRF2. Mol. Cell. Biol. 20:
1659–1668

18 Griffith J., Bianchi A. and de Lange T. (1998) TRF1 promotes 
parallel pairing of telomeric tracts in vitro. J. Mol. Biol. 278:
79–88

19 Marcand S., Gilson E. and Shore D. (1997) A protein-counting
mechanism for telomere length regulation in yeast. Science
275: 986–990

20 Loayza D. and De Lange T. (2003) POT1 as a terminal trans-
ducer of TRF1 telomere length control. Nature 424:
1013–1018

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 651



21 Colgin L. M., Baran K., Baumann P., Cech T. R. and Reddel R.
R. (2003) Human POT1 facilitates telomere elongation by
telomerase. Curr. Biol. 13: 942–946

22 Zhou X. Z. and Lu K. P. (2001) The Pin2/TRF1-interacting
protein PinX1 is a potent telomerase inhibitor. Cell 107:
347–359

23 Shen M., Haggblom C., Vogt M., Hunter T. and Lu K. P. (1997)
Characterization and cell cycle regulation of the related human
telomeric proteins Pin2 and TRF1 suggest a role in mitosis.
Proc. Natl. Acad. Sci. USA 94: 13618–13623

24 Kim S. H., Kaminker P. and Campisi J. (1999) TIN2, a new re-
gulator of telomere length in human cells. Nat. Genet. 23:
405–412

25 Smith S., Giriat I., Schmitt A. and de Lange T (1998)
Tankyrase, a poly(ADP-ribose) polymerase at human telom-
eres. Science 282: 1484–1487

26 Smith S. and de Lange T. (2000) Tankyrase promotes telomere
elongation in human cells. Curr. Biol. 10: 1299–1302

27 Chang W., Dynek J. N. and Smith S. (2003) TRF1 is degraded
by ubiquitin-mediated proteolysis after release from telomeres.
Genes Dev. 17: 1328–1333

28 Cook B. D., Dynek J. N., Chang W., Shostak G. and Smith S.
(2002) Role for the related poly(ADP-Ribose) polymerases
tankyrase 1 and 2 at human telomeres. Mol. Cell. Biol. 22:
332–342

29 Kaminker P. G., Kim S. H., Taylor R. D., Zebarjadian Y, Funk
W. D., Morin G. B. et al. (2001) TANK2, a new TRF1-associ-
ated poly(ADP-ribose) polymerase, causes rapid induction 
of cell death upon overexpression. J. Biol. Chem. 276:
35891–35899

30 Sbodio J. I., Lodish H. F. and Chi N. W. (2002) Tankyrase-
2 oligomerizes with tankyrase-1 and binds to both TRF1
(telomere-repeat-binding factor 1) and IRAP (insulin-respon-
sive aminopeptidase). Biochem. J. 361: 451–459

31 Wang Z. Q., Auer B., Stingl L., Berghammer H., Haidacher D.,
Schweiger M. et al. (1995) Mice lacking ADPRT and
poly(ADP-ribosyl)ation develop normally but are susceptible
to skin disease. Genes Dev. 9: 509–520

32 de Murcia J. M., Niedergang C., Trucco C., Ricoul M., Dutril-
laux B., Mark M. et al. (1997) Requirement of poly(ADP-ri-
bose) polymerase in recovery from DNA damage in mice and
in cells. Proc. Natl. Acad. Sci. USA 94: 7303–7307

33 d’Adda di Fagagna F., Hande M. P., Tong W. M., Lansdorp P.
M., Wang Z. Q. and Jackson S. P. (1999) Functions of
poly(ADP-ribose) polymerase in controlling telomere length
and chromosomal stability. Nat. Genet. 23: 76–80

34 Samper E., Goytisolo F. A., Menissier-de Murcia J., Gonzalez-
Suarez E., Cigudosa J. C., de Murcia G. et al. (2001) Normal
telomere length and chromosomal end capping in poly(ADP-
ribose) polymerase-deficient mice and primary cells despite
increased chromosomal instability. J. Cell Biol. 154: 49–60

35 Tong W. M., Hande M. P., Lansdorp P. M. and Wang Z. Q.
(2001) DNA strand break-sensing molecule poly(ADP-ribose)
polymerase cooperates with p53 in telomere function, chro-
mosome stability and tumor suppression. Mol. Cell. Biol. 21:
4046–4054

36 Cao Y., Li H., Deb S. Liu J. P. (2002) TERT regulates cell sur-
vival independent of telomerase enzymatic activity. Oncogene
21: 3130–3138

37 Pandita T. K., Pathak S. and Geard C. R. (1995) Chromosome
end associations, telomeres and telomerase activity in ataxia
telangiectasia cells. Cytogenet. Cell Genet. 71: 86–93

38 Savitsky K., Bar-Shira A., Gilad S., Rotman G., Ziv Y., Vana-
gaite L. et al. (1995) A single ataxia telangiectasia gene with a
product similar to PI-3 kinase. Science 268: 1749–1753

39 Kishi S., Zhou X. Z., Ziv Y., Khoo C., Hill D. E., Shiloh Y. et al.
(2001) Telomeric protein Pin2/TRF1 as an important ATM 
target in response to double strand DNA breaks. J. Biol. Chem.
276: 29282–29291

40 Smilenov L. B., Dhar S. and Pandita T. K. (1999) Altered
telomere nuclear matrix interactions and nucleosomal period-
icity in ataxia telangiectasia cells before and after ionizing ra-
diation treatment. Mol. Cell. Biol. 19: 6963–6971

41 Kishi S. and Lu K. P. (2002) A critical role for Pin2/TRF1 in
ATM-dependent regulation. Inhibition of Pin2/TRF1 function
complements telomere shortening, radiosensitivity and the
G(2)/M checkpoint defect of ataxia-telangiectasia cells. J. Biol.
Chem. 277: 7420–7429

42 Nakamura M., Zhou X. Z., Kishi S., Kosugi I., Tsutsui Y. Lu
K. P. (2001) A specific interaction between the telomeric 
protein Pin2/TRF1 and the mitotic spindle. Curr. Biol. 11:
1512–1516

43 Wong K. K., Maser R. S., Bachoo R. M., Menon J., Carrasco
D. R., Gu Y. et al. (2003) Telomere dysfunction and Atm 
deficiency compromises organ homeostasis and accelerates
ageing. Nature 421: 643–648

44 van Steensel B., Smogorzewska A. and de Lange T. (1998)
TRF2 protects human telomeres from end-to-end fusions. Cell
92: 401–413

45 Smogorzewska A., Karlseder J., Holtgreve-Grez H., Jauch A.
and de Lange T. (2002) DNA ligase IV-dependent NHEJ of de-
protected mammalian telomeres in G1 and G2. Curr. Biol. 12:
1635

46 Bailey S. M., Cornforth M. N., Kurimasa A., Chen D. J. and
Goodwin E. H. (2001) Strand-specific postreplicative pro-
cessing of mammalian telomeres. Science 293: 2462–2465

47 Karlseder J., Broccoli D., Dai Y., Hardy S. and de Lange T
(1999) p53- and ATM-dependent apoptosis induced by telom-
eres lacking TRF2. Science 283: 1321–1325

48 Karlseder J., Smogorzewska A. and de Lange T. (2002) Senes-
cence induced by altered telomere state, not telomere loss. Sci-
ence 295: 2446–2449

49 Zhu X. D., Kuster B., Mann M., Petrini J. H. and Lange T.
(2000) Cell-cycle-regulated association of RAD50/MRE11/
NBS1 with TRF2 and human telomeres. Nat. Genet. 25:
347–352

50 Diede S. J. and Gottschling D. E. (2001) Exonuclease activity
is required for sequence addition and Cdc13p loading at a de
novo telomere. Curr. Biol. 11: 1336–1340

51 Luo G., Yao M. S., Bender C. F., Mills M., Bladl A. R., Bradley
A. et al. (1999) Disruption of mRad50 causes embryonic stem
cell lethality, abnormal embryonic development, and sensitiv-
ity to ionizing radiation. Proc. Natl. Acad. Sci. USA 96:
7376–7381

52 Opresko P. L., von Kobbe C., Laine J. P., Harrigan J., Hickson
I. D. and Bohr V. A. (2002) Telomere-binding protein
TRF2 binds to and stimulates the Werner and Bloom syndrome
helicases. J. Biol. Chem. 277: 41110–41119

53 Stavropoulos D. J., Bradshaw P. S., Li X., Pasic I., Truong K.,
Ikura M. et al. (2002) The Bloom syndrome helicase BLM 
interacts with TRF2 in ALT cells and promotes telomeric DNA
synthesis. Hum. Mol. Genet. 11: 3135–3144

54 Schulz V. P., Zakian V. A., Ogburn C. E., McKay J., Jarze-
bowicz A. A., Edland S. D. et al. (1996) Accelerated loss 
of telomeric repeats may not explain accelerated replicative 
decline of Werner syndrome cells. Hum. Genet. 97: 750–
754

55 Goytisolo F. A., Samper E., Edmonson S., Taccioli G. E. and
Blasco M. A. (2001) The absence of the dna-dependent protein
kinase catalytic subunit in mice results in anaphase bridges and
in increased telomeric fusions with normal telomere length and
G-strand overhang. Mol. Cell. Biol. 21: 3642–3651

56 Gilley D., Tanaka H., Hande M. P., Kurimasa A., Li G. C., 
Oshimura M. et al. (2001) DNA-PKcs is critical for telomere
capping. Proc. Natl. Acad. Sci. USA 98: 15084–15088

57 d’Adda di Fagagna F., Hande M. P., Tong W. M., Roth D., Lans-
dorp P. M., Wang Z. Q. et al. (2001) Effects of DNA non-
homologous end-joining factors on telomere length and 

652 N. Mathieu et al. Telomeres and chromosomal instability



chromosomal stability in mammalian cells. Curr. Biol. 11:
1192–1196

58 Espejel S., Franco S., Sgura A., Gae D., Bailey S. M., Taccioli
G. E. et al. (2002) Functional interaction between DNA-PKcs
and telomerase in telomere length maintenance. EMBO J. 21:
6275–6287

59 Mondello C., Rebuzzini P., Dolzan M., Edmonson S., Taccioli
G. E. and Giulotto E. (2001) Increased gene amplification in
immortal rodent cells deficient for the DNA-dependent protein
kinase catalytic subunit. Cancer Res. 61: 4520–4525

60 Boulton S. J. and Jackson S. P. (1996) Identification of a Sac-
charomyces cerevisiae Ku80 homologue: roles in DNA double
strand break rejoining and in telomeric maintenance. Nucleic
Acids Res. 24: 4639–4648

61 Nugent C. I., Bosco G., Ross L. O., Evans S. K., Salinger A.
P., Moore J. K. et al. (1998) Telomere maintenance is depen-
dent on activities required for end repair of double-strand
breaks. Curr. Biol. 8: 657–660

62 Martin S. G., Laroche T., Suka N., Grunstein M. and Gasser S.
M. (1999) Relocalization of telomeric Ku and SIR proteins in 
response to DNA strand breaks in yeast. Cell 97: 621–633

63 Mills K. D., Sinclair D. A. and Guarente L. (1999) MEC1-de-
pendent redistribution of the Sir3 silencing protein from telom-
eres to DNA double-strand breaks. Cell 97: 609–620

64 Song K., Jung D., Jung Y., Lee S. G. and Lee I. (2000) Inter-
action of human Ku70 with TRF2. FEBS Lett. 481: 81–85

65 Hsu H. L., Gilley D., Galande S. A., Hande M. P., Allen B.,
Kim S. H. et al. (2000) Ku acts in a unique way at the mam-
malian telomere to prevent end joining. Genes Dev. 14:
2807–2812

66 Samper E., Goytisolo F. A., Slijepcevic P., van Buul P. P. and
Blasco M. A. (2000) Mammalian Ku86 protein prevents telom-
eric fusions independently of the length of TTAGGG repeats
and the G-strand overhang. EMBO Rep. 1: 244–252

67 Espejel S., Franco S., Rodriguez-Perales S., Bouffler S. D.,
Cigudosa J. C. and Blasco M. A. (2002) Mammalian
Ku86 mediates chromosomal fusions and apoptosis caused by
critically short telomeres. EMBO J. 21: 2207–2219

68 Sharpless N. E., Ferguson D. O., O’Hagan R. C., Castrillon D.
H., Lee C., Farazi P. A. et al. (2001) Impaired nonhomologous
end-joining provokes soft tissue sarcomas harboring chromo-
somal translocations, amplifications and deletions. Mol. Cell.
8: 1187–1196

69 Meyerson M., Counter C. M., Eaton E. N., Ellisen L. W.,
Steiner P., Caddle S. D. et al. (1997) hEST2, the putative 
human telomerase catalytic subunit gene, is up-regulated in 
tumor cells and during immortalization. Cell 90: 785–795

70 Baumann P. and Cech T. R. (2001) Pot1, the putative telomere
end-binding protein in fission yeast and humans. Science 292:
1171–1175

71 Wu G., Lee W. H. and Chen P. L. (2000) NBS1 and TRF1 colo-
calize at promyelocytic leukemia bodies during late
S/G2 phases in immortalized telomerase-negative cells. Im-
plication of NBS1 in alternative lengthening of telomeres. J.
Biol. Chem. 275: 30618–30622

72 Broccoli D., Chong L., Oelmann S., Fernald A. A., Marziliano
N., van Steensel B. et al. (1997) Comparison of the human and
mouse genes encoding the telomeric protein, TRF1: chromo-
somal localization, expression and conserved protein domains.
Hum. Mol. Genet. 6: 69–76

73 Sakaguchi A. Y, Padalecki S. S., Mattern V., Rodriguez A.,
Leach R. J., McGill J. R. et al. (1998) Chromosomal sublocal-
ization of the transcribed human telomere repeat binding 
factor 2 gene and comparative mapping in the mouse. Somat.
Cell Mol. Genet. 24: 157–163

74 Simonsson T. (2001) The human TINF2 gene organisation and
chromosomal localization. Biochimie 83: 433–435

75 Li B., Oestreich S. and de Lange T. (2000) Identification of hu-
man Rap1: implications for telomere evolution. Cell 101:471–483

76 Chan J. Y., Lerman M. I., Prabhakar B. S., Isozaki O., Santis-
teban P., Kuppers R. C. et al. (1989) Cloning and characteri-
zation of a cDNA that encodes a 70-kDa novel human thyroid
autoantigen. J. Biol. Chem. 264: 3651–3654

77 Chen D. J., Marrone B. L., Nguyen T., Stackhouse M., Zhao Y.
and Siciliano M. J. (1994) Regional assignment of a human
DNA repair gene (XRCC5) to 2q35 by X-ray hybrid mapping. 
Genomics 21: 423–427

78 Hsu H. L., Gilley D., Blackburn E. H. and Chen D. J. (1999)
Ku is associated with the telomere in mammals. Proc. Natl.
Acad. Sci. USA 96: 12454–12458

79 Sipley J. D., Menninger J. C., Hartley K. O., Ward D. C., Jack-
son S. P. and Anderson C. W. (1995) Gene for the catalytic sub-
unit of the human DNA-activated protein kinase maps to the
site of the XRCC7 gene on chromosome 8. Proc. Natl. Acad.
Sci. USA 92: 7515–7519

80 Varon R., Vissinga C., Platzer M., Cerosaletti K. M.,
Chrzanowska K. H., Saar K. et al. (1998) Nibrin, a novel DNA
double-strand break repair protein, is mutated in Nijmegen
breakage syndrome. Cell 93: 467–476

81 Carney J. P., Maser R. S., Olivares H., Davis E. M., Le Beau
M., Yates J. R. 3rd et al. (1998) The hMre11/hRad50 protein
complex and Nijmegen breakage syndrome: linkage of double-
strand break repair to the cellular DNA damage response. Cell
93: 477–486

82 Dolganov G. M., Maser R. S., Novikov A., Tosto L., Chong S.,
Bressan D. A. et al. (1996) Human Rad50 is physically associ-
ated with human Mre11: identification of a conserved multi-
protein complex implicated in recombinational DNA repair.
Mol. Cell. Biol. 16: 4832–4841

83 Petrini J. H., Walsh M. E., DiMare C., Chen X. N., Koren-
berg J. R. and Weaver D. T. (1995) Isolation and characteri-
zation of the human MRE11 homologue. Genomics 29:
80–86

84 Takahashi E., Matsuda Y., Hori T., Yasuda N., Tsuji S., Mori M.
et al. (1994) Chromosome mapping of the human (RECA) and
mouse (Reca) homologs of the yeast RAD51 and Escherichia
coli recA genes to human (15q15.1) and mouse (2F1) chro-
mosomes by direct R-banding fluorescence in situ hybridiza-
tion. Genomics 19: 376–378

85 Yeager T. R., Neumann A. A., Englezou A., Huschtscha L. I.,
Noble J. R. and Reddel R. R. (1999) Telomerase-negative im-
mortalized human cells contain a novel type of promyelocytic
leukemia (PML) body. Cancer Res. 59: 4175–4179

86 Schellenberg G. D., Martin G. M., Wijsman E. M., Nakura J.,
Miki T. and Ogihara T. (1992) Homozygosity mapping and
Werner’s syndrome. Lancet 339: 1002

87 German J., Roe A. M., Leppert M. F. and Ellis N. A. (1994)
Bloom syndrome: an analysis of consanguineous families as-
signs the locus mutated to chromosome band 15q26.1. Proc.
Natl. Acad. Sci. USA 91: 6669–6673

88 Benchimol S., Lamb P., Crawford L. V., Sheer D., Shows T. B.,
Bruns G. A. et al. (1985) Transformation associated p53
protein is encoded by a gene on human chromosome 17. 
Somat. Cell Mol. Genet. 11: 505–510

89 Stansel R. M., Subramanian D. and Griffith J. D. (2002)
p53 binds telomeric single strand overhangs and t-loop junc-
tions in vitro. J. Biol. Chem. 277: 11625–11628

90 Gatti R. A., Berkel I., Boder E., Braedt G., Charmley P., Con-
cannon P. et al. (1988) Localization of an ataxia-telangiectasia
gene to chromosome 11q22–23. Nature 336: 577–580

91 Pandita T. K (2002) ATM function and telomere stability.
Oncogene 21: 611–618

92 Hayflick L. (1965) The limited in vitro lifetime of human
diploid cell strains. Exp. Cell Res. 37: 614–636

93 Wright W. E., Pereira-Smith O. M. and Shay J. W. (1989) Re-
versible cellular senescence: implications for immortalization
of normal human diploid fibroblasts. Mol. Cell. Biol. 9:
3088–3092

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 653



94 Dimri G. P., Lee X., Basile G., Acosta M., Scott G., Roskelley
C. et al. (1995) A biomarker that identifies senescent human
cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci.
USA 92: 9363–9367

95 Pereira-Smith O. M. and  Smith J. R. (1988) Genetic analysis
of indefinite division in human cells: identification of four 
complementation groups. Proc. Natl. Acad. Sci. USA 85:
6042–6046

96 Oshimura M. and Barrett J. C. (1997) Multiple pathways to
cellular senescence: role of telomerase repressors. Eur. J. Can-
cer 33: 710–715

97 Hensler P. J., Annab L. A., Barrett J. C. and Pereira-Smith O. M.
(1994) A gene involved in control of human cellular senescence
on human chromosome 1q. Mol. Cell. Biol. 14: 2291–2297

98 Uejima H., Mitsuya K., Kugoh H., Horikawa I. and Oshimura
M. (1995) Normal human chromosome 2 induces cellular
senescence in the human cervical carcinoma cell line SiHa.
Genes Chromosomes Cancer. 14: 120–127

99 Bertram M. J., Berube N. G., Hang-Swanson X., Ran Q., 
Leung J. K., Bryce S. et al. (1999) Identification of a gene that
reverses the immortal phenotype of a subset of cells and is a
member of a novel family of transcription factor-like genes.
Mol. Cell. Biol. 19: 1479–1485

100 Thompson K. V. and Holliday R. (1975) Chromosome changes
during the in vitro ageing of MRC-5 human fibroblasts. Exp.
Cell Res. 96: 1–6

101 Benn P. A. (1976) Specific chromosome aberrations in senes-
cent fibroblast cell lines derived from human embryos. Am. J.
Hum. Genet. 28: 465–473

102 Ducray C., Pommier J. P., Martins L., Boussin F. D. and
Sabatier L. (1999) Telomere dynamics, end-to-end fusions and
telomerase activation during the human fibroblast immortal-
ization process. Oncogene 18: 4211–4223

103 Allsopp R. C., Vaziri H., Patterson C., Goldstein S., Younglai
E. V., Futcher A. B. et al. (1992) Telomere length predicts
replicative capacity of human fibroblasts. Proc. Natl. Acad.
Sci. USA 89: 10114–10118

104 Mondello C., Riboni R., Casati A., Nardo T. and Nuzzo F.
(1997) Chromosomal instability and telomere length variations
during the life span of human fibroblast clones. Exp. Cell Res.
236: 385–396

105 Mondello C., Petropoulou C., Monti D., Gonos E. S.,
Franceschi C. and Nuzzo F. (1999) Telomere length in fibro-
blasts and blood cells from healthy centenarians. Exp. Cell
Res. 248: 234–242

106 Sabatier L., Dutrillaux B. and Martin M. B. (1992) Chromo-
somal instability. Nature 357: 548

107 Artandi S. E., Chang S., Lee S. L., Alson S., Gottlieb G. J.,
Chin L. et al. (2000) Telomere dysfunction promotes non-
reciprocal translocations and epithelial cancers in mice. Nature
406: 641–645

108 Gisselsson D., Jonson T., Petersen A., Strombeck B., Dal Cin
P., Hoglund M. et al. (2001) Telomere dysfunction triggers ex-
tensive DNA fragmentation and evolution of complex chro-
mosome abnormalities in human malignant tumors. Proc. Natl.
Acad. Sci. USA 98: 12683–12688

109 Espejel S. and Blasco M. A. (2002) Identification of telomere-
dependent ‘senescence-like’ arrest in mouse embryonic fi-
broblasts. Exp. Cell Res. 276: 242–248

110 Blasco M. A., Lee H. W., Rizen M., Hanahan D., DePinho R.
and Greider C. W. (1997) Mouse models for the study of
telomerase. Ciba Found. Symp. 211: 160–170

111 Smogorzewska A. and de Lange T. (2002) Different telomere
damage signaling pathways in human and mouse cells.
EMBO J. 21: 4338–4348

112 Wood L. D., Halvorsen T. L., Dhar S., Baur J. A., Pandita R. K.,
Wright W. et al. (2001) Characterization of ataxia telangiecta-
sia fibroblasts with extended life-span through telomerase 
expression. Oncogene 20: 278–288

113 Ofir R., Yalon-Hacohen M., Segev Y., Schultz A., Skorecki K.
L. and Selig S. (2002) Replication and/or separation of some 
human telomeres is delayed beyond S-phase in pre-senescent
cells. Chromosoma 111: 147–155

114 Surralles J., Hande M. P., Marcos R. and Lansdorp P. M. (1999)
Accelerated telomere shortening in the human inactive X chro-
mosome. Am. J. Hum. Genet. 65: 1617–1622

115 Fitzgerald P. H. and McEwan C. M. (1977) Total aneuploidy
and age-related sex chromosome aneuploidy in cultured lym-
phocytes of normal men and women. Hum. Genet. 39:
329–337

116 Johansson B., Mertens F. and Mitelman F. (1996) Primary vs. 
secondary neoplasia-associated chromosomal abnormalities –
balanced rearrangements vs. genomic imbalances? Genes
Chromosomes Cancer 16: 155–163

117 Mitelman F., Mertens F. and Johansson B. (1997) A breakpoint
map of recurrent chromosomal rearrangements in human neo-
plasia. Nat. Genet. 15 Spec. No.: 417–474

118 Mitelman F. (2000) Recurrent chromosome aberrations in can-
cer. Mutat. Res. 462: 247–253

119 Hoglund M., Gisselsson D., Mandahl N., Johansson B.,
Mertens F., Mitelman F. et al. (2001) Multivariate analyses of
genomic imbalances in solid tumors reveal distinct and con-
verging pathways of karyotypic evolution. Genes Chromo-
somes Cancer 31: 156–171

120 Heim S. and Mitelman F. (1995) Cancer Cytogenetics, 2nd ed,
Wiley-Liss, New York

121 Lengauer C., Kinzler K. W. and Vogelstein B. (1998) Genetic
instabilities in human cancers. Nature 396: 643–649

122 Gisselsson D. (2002) Tumour morphology-interplay between
chromosome aberrations and founder cell differentiation. 
Histol. Histopathol. 17: 1207–1212

123 Zucman J., Delattre O., Desmaze C., Plougastel B., Joubert I.,
Melot T. et al. (1992) Cloning and characterization of the 
Ewing’s sarcoma and peripheral neuroepithelioma t(11;22)
translocation breakpoints. Genes Chromosomes Cancer 5:
271–277

124 Brisset S., Schleiermacher G., Peter M., Mairal A., Oberlin O.,
Delattre O. et al. (2001) CGH analysis of secondary genetic
changes in Ewing tumors: correlation with metastatic disease
in a series of 43 cases. Cancer Genet. Cytogenet. 130: 57–61

125 Dutrillaux B. (1995) Pathways of chromosome alteration in 
human epithelial cancers. Adv. Cancer Res. 67: 59–82

126 Remvikos Y., Muleris M., Salmon R. J. and Dutrillaux B.
(1997) Colorectal carcinogenesis: from chromosomal evolu-
tion pathways to molecular pathogenesis. Cancer Genet. Cy-
togenet. 93: 63–73

127 Muleris M., Salmon R. J. and Dutrillaux B. (1988) Existence
of two distinct processes of chromosomal evolution in near-
diploid colorectal tumors. Cancer Genet. Cytogenet. 32: 43–50

128 Nowell P. C. (1976) The clonal evolution of tumor cell popu-
lations. Science 194: 23–28

129 Smith L., Liu S. J., Goodrich L., Jacobson D., Degnin C., Bent-
ley N. et al. (1998) Duplication of ATR inhibits MyoD, induces
aneuploidy and eliminates radiation-induced G1 arrest. Nat.
Genet. 19: 39–46

130 Cahill D. P., Lengauer C., Yu J., Riggins G. J., Willson J. K.,
Markowitz S. et al. (1998) Mutations of mitotic checkpoint
genes in human cancers. Nature 392: 300–303

131 Hollander M. C., Sheikh M. S., Bulavin D. V., Lundgren K.,
Augeri-Henmueller L., Shehee R. et al. (1999) Genomic in-
stability in Gadd45a-deficient mice. Nat. Genet. 23: 176–184

132 Agapova L. S., Ivanov A. V., Sablina A. A., Kopnin P. B.,
Sokova O. I., Chumakov P. M. et al. (1999) P53-dependent 
effects of RAS oncogene on chromosome stability and cell 
cycle checkpoints. Oncogene 18: 3135–3142

133 Spruck C. H., Won K. A. and Reed S. I. (1999) Deregulated 
cyclin E induces chromosome instability. Nature 401:
297–300

654 N. Mathieu et al. Telomeres and chromosomal instability



134 Shih I. M., Zhou W., Goodman S. N., Lengauer C., Kinzler K.
W. and Vogelstein B. (2001) Evidence that genetic instability 
occurs at an early stage of colorectal tumorigenesis. Cancer
Res. 61: 818–822

135 Nowak M. A., Komarova N. L., Sengupta A., Jallepalli P. V.,
Shih I. M., Vogelstein B. et al. (2002) The role of chromosomal
instability in tumor initiation. Proc. Natl. Acad. Sci. USA 
21: 21

136 Hastie N. D., Dempster M., Dunlop M. G., Thompson A. M.,
Green D. K. and Allshire R. C. (1990) Telomere reduction in 
human colorectal carcinoma and with ageing. Nature 346:
866–868

137 Counter C. M., Hirte H. W., Bacchetti S. and Harley C. B.
(1994) Telomerase activity in human ovarian carcinoma. Proc.
Natl. Acad. Sci. USA 91: 2900–2904

138 Blasco M. A., Lee H. W., Hande M. P., Samper E., Lansdorp
P. M., DePinho R. A. et al. (1997) Telomere shortening and 
tumor formation by mouse cells lacking telomerase RNA. Cell
91: 25–34

139 Hande P., Slijepcevic P., Silver A., Bouffler S., van Buul P.,
Bryant P. et al. (1999) Elongated telomeres in scid mice. 
Genomics 56: 221–223

140 Maser R. S. and DePinho R. A. (2002) Connecting chromo-
somes, crisis and cancer. Science 297: 565–569

141 Kirk K. E., Harmon B. P., Reichardt I. K., Sedat J. W. Black-
burn E. H. (1997) Block in anaphase chromosome separation
caused by a telomerase template mutation. Science 275:
1478–1481

142 McClintock B. (1941) The stability of broken ends of chro-
mosomes in Zea mays. Genetics 26: 234–282

143 Fouladi B., Sabatier L., Miller D., Pottier G. and Murnane J. P.
(2000) The relationship between spontaneous telomere loss
and chromosome instability in a human tumor cell line. Neo-
plasia 2: 540–554

144 Gisselsson D., Pettersson L., Hoglund M., Heidenblad M.,
Gorunova L., Wiegant J. et al. (2000) Chromosomal breakage-
fusion-bridge events cause genetic intratumor heterogeneity.
Proc. Natl. Acad. Sci. USA 97: 5357–5362

145 Lo A. W., Sprung C. N., Fouladi B., Pedram M., Sabatier L.,
Ricoul M. et al. (2002) Chromosome instability as a result of
double-strand breaks near telomeres in mouse embryonic stem
cells. Mol. Cell. Biol. 22: 4836–4850

146 O’Hagan R., Chang S., Maser R., Mohan R., Artandi S., Chin
L. et al. (2002) Telomere dysfunction provokes regional am-
plification and deletion in cancer genomes. Cancer. Cell 2: 149

147 Hackett J. A., Feldser D. M. and Greider C. W. (2001) Telom-
ere dysfunction increases mutation rate and genomic instabil-
ity. Cell 106: 275–286

148 Thiagalingam S., Laken S., Willson J. K., Markowitz S. D.,
Kinzler K. W., Vogelstein B. et al. (2001) Mechanisms under-
lying losses of heterozygosity in human colorectal cancers.
Proc. Natl. Acad. Sci. USA 98: 2698–2702

149 Adamson D. J., King D. J. and Haites N. E. (1992) Significant
telomere shortening in childhood leukemia. Cancer Genet. 
Cytogenet. 61: 204–206

150 Schwartz H. S, Dahir G. A. and Butler M. G. (1993) Telomere
reduction in giant cell tumor of bone and with aging. Cancer
Genet. Cytogenet. 71: 132–138

151 Smith K. A., Stark M. B., Gorman P. A. and Stark G. R. (1992) 
Fusions near telomeres occur very early in the amplification of
CAD genes in Syrian hamster cells. Proc. Natl. Acad. Sci.
USA 89: 5427–5431

152 Toledo F., Le Roscouet D., Buttin G. and Debatisse M. (1992) 
Co-amplified markers alternate in megabase long chromoso-
mal inverted repeats and cluster independently in interphase
nuclei at early steps of mammalian gene amplification. EMBO
J. 11: 2665–2673

153 Ma C., Martin S., Trask B. and Hamlin J. L. (1993) Sister 
chromatid fusion initiates amplification of the dihydrofolate

reductase gene in Chinese hamster cells. Genes Dev 7:
605–620

154 Bertoni L., Attolini C., Tessera L., Mucciolo E. and Giulotto E.
(1994) Telomeric and nontelomeric (TTAGGG)n sequences in
gene amplification and chromosome stability. Genomics 24:
53–62

155 Windle B., Draper B. W., Yin Y. X., O’Gorman S. and Wahl G.
M. (1991) A central role for chromosome breakage in gene 
amplification, deletion formation, and amplicon integration.
Genes Dev. 5: 160–174

156 Difilippantonio M. J., Petersen S., Chen H. T., Johnson R.,
Jasin M., Kanaar R. et al. (2002) Evidence for replicative 
repair of DNA double-strand breaks leading to oncogenic
translocation and gene amplification. J. Exp. Med. 196:
469–480

157 Callen D. F, Eyre H., McDonnell S., Schuffenhauer S. and
Bhalla K. (2002) A complex rearrangement involving simul-
taneous translocation and inversion is associated with a change
in chromatin compaction. Chromosoma 111: 170–175

158 Coquelle A., Pipiras E., Toledo F., Buttin G. and Debatisse M.
(1997) Expression of fragile sites triggers intrachromosomal
mammalian gene amplification and sets boundaries to early
amplicons. Cell 89: 215–225

159 Smith L., Plug A. and Thayer M. (2001) Delayed replication
timing leads to delayed mitotic chromosome condensation and
chromosomal instability of chromosome translocations. Proc.
Natl. Acad. Sci. USA 98: 13300–13305

160 Wei Y., Yu L., Bowen J., Gorovsky M. A. and Allis C. D. (1999)
Phosphorylation of histone H3 is required for proper chromo-
some condensation and segregation. Cell 97: 99–109

161 Hendzel M. J, Wei Y., Mancini M. A., Van Hooser A., Ranalli
T., Brinkley B. R. et al. (1997) Mitosis-specific phosphoryla-
tion of histone H3 initiates primarily within pericentromeric
heterochromatin during G2 and spreads in an ordered fashion
coincident with mitotic chromosome condensation. Chromo-
soma 106: 348–360

162 Lo A. W. (2002) DNA amplification by breakage/fusion/bridge
cycles initiated by spontaneous telomere loss in a human 
cancer cell line. Neoplasia 4

163 Schichman S. A., Canaani E. and Croce C. M. (1995) Self-fu-
sion of the ALL1 gene. A new genetic mechanism for acute
leukemia. JAMA 273: 571–576

164 Finger L. R., Harvey R. C., Moore R. C., Showe L. C. and
Croce C. M. (1986) A common mechanism of chromos-
omal translocation in T- and B-cell neoplasia. Science 234:
982–985

165 Rabbitts T. H., Boehm T. and Mengle-Gaw L. (1988) Chro-
mosomal abnormalities in lymphoid tumours: mechanism and
role in tumour pathogenesis. Trends Genet. 4: 300–304

166 Strissel P. L., Strick R., Tomek R. J., Roe B. A., Rowley J. D.
and Zeleznik-Le N. J. (2000) DNA structural properties of
AF9 are similar to MLL and could act as recombination hot
spots resulting in MLL/AF9 translocations and leukemogene-
sis. Hum. Mol. Genet. 9: 1671–1679

167 Al-Achkar W., Sabatier L. and Dutrillaux B. (1988) Transmis-
sion of radiation-induced rearrangements through cell divi-
sions. Mutat. Res. 198: 191–198

168 Harley C. B., Futcher A. B. and Greider C. W. (1990) Telom-
eres shorten during ageing of human fibroblasts. Nature 345:
458–460

169 Latre L., Tusell L., Martin M., Miro R., Egozcue J., Blasco M.
A. et al. (2003) Shortened telomeres join to DNA breaks in-
terfering with their correct repair. Exp. Cell Res. 287: 282–288

170 Greenberg R. A., Chin L., Femino A., Lee K. H., Gottlieb G.
J., Singer R. H. et al. (1999) Short dysfunctional telomeres 
impair tumorigenesis in the INK4a(delta2/3) cancer-prone
mouse. Cell 97: 515–525

171 Rhyu M. S. (1995) Telomeres, telomerase and immortality. 
J. Natl. Cancer Inst. 87: 884–894

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 655



172 Shay J. W. and Wright W. E. (1996) Telomerase activity in hu-
man cancer. Curr. Opin. Oncol. 8: 66–71

173 Stewart S. A., Hahn W. C., O’Connor B. F., Banner E. N.,
Lundberg A. S., Modha P. et al. (2002) Telomerase contributes
to tumorigenesis by a telomere length- independent mecha-
nism. Proc. Natl. Acad. Sci. USA 99: 12606–12611

174 Sharma G. G., Gupta A., Wang H., Scherthan H., Dhar S.,
Gandhi V. et al. (2003) hTERT associates with human telom-
eres and enhances genomic stability and DNA repair. Onco-
gene 22: 131–146

175 Chang S., Khoo C. M., Naylor M. L., Maser R. S. and DePinho
R. A. (2003) Telomere-based crisis: functional differences be-
tween telomerase activation and ALT in tumor progression.
Genes Dev 17: 88–100

176 Smith L. L., Coller H. A. and Roberts J. M. (2003) Telomerase
modulates expression of growth-controlling genes and en-
hances cell proliferation. Nat. Cell Biol. 5: 474–479

177 Artandi S. E., Alson S., Tietze M. K., Sharpless N. E., Ye S.,
Greenberg R. et al. (2002) Constitutive telomerase expression
promotes mammary carcinomas in aging mice. Proc. Natl.
Acad. Sci. USA 99: 8191–8196

178 Gonzalez-Suarez E., Flores J. M. and Blasco M. A. (2002) Co-
operation between p53 mutation and high telomerase trans-
genic expression in spontaneous cancer development. Mol.
Cell. Biol. 22: 7291–7301

179 Gorbunova V., Seluanov A. and Pereira-Smith O. M. (2003)
Evidence that high telomerase activity may induce a senescent-
like growth arrest in human fibroblasts. J. Biol. Chem. 278:
7692–7698

180 Kim N. W., Piatyszek M. A., Prowse K. R., Harley C. B., West
M. D., Ho P. L. et al. (1994) Specific association of human
telomerase activity with immortal cells and cancer. Science
266: 2011–2015

181 DePinho R. A. (2000) The age of cancer. Nature 408: 248–254
182 Rudolph K. L., Millard M., Bosenberg M. W., DePinho R. A.

(2001) Telomere dysfunction and evolution of intestinal carci-
noma in mice and humans. Nat. Genet. 28: 155–159

183 Pathak S., Dave B. J. and Gagos S. (1994) Chromosome alter-
ations in cancer development and apoptosis. In Vivo 8: 843–850

184 Broccoli D., Young J. W. and de Lange T. (1995) Telomerase 
activity in normal and malignant hematopoietic cells. Proc.
Natl. Acad. Sci. USA 92: 9082–9086

185 Bodnar A. G., Ouellette M., Frolkis M., Holt S. E., Chiu C. P.,
Morin G. B. et al. (1998) Extension of life-span by introduction
of telomerase into normal human cells. Science 279: 349–352

186 Melek M. and Shippen D. E. (1996) Chromosome healing:
spontaneous and programmed de novo telomere formation by
telomerase. Bioessays 18: 301–308

187 Blackburn E. H. (2001) Switching and signaling at the telom-
ere. Cell 106: 661–673

188 Chadeneau C., Hay K., Hirte H. W., Gallinger S. and Bacchetti
S. (1995) Telomerase activity associated with acquisition of
malignancy in human colorectal cancer. Cancer Res. 55:
2533–2536

189 Tang R., Cheng A. J., Wang J. Y. and Wang T. C. (1998) Close
correlation between telomerase expression and adenomatous
polyp progression in multistep colorectal carcinogenesis. Can-
cer Res. 58: 4052–4054

190 Murnane J. P., Sabatier L., Marder B. A. and Morgan W. F.
(1994) Telomere dynamics in an immortal human cell line.
EMBO J. 13: 4953–4962

191 Bryan T. M., Englezou A., Gupta J., Bacchetti S. and Reddel R.
R. (1995) Telomere elongation in immortal human cells with-
out detectable telomerase activity. EMBO J. 14: 4240–4248

192 Dunham M. A., Neumann A. A., Fasching C. L. and Reddel R.
R. (2000) Telomere maintenance by recombination in human
cells. Nat. Genet. 26: 447–450

193 Shay J. W. and Bacchetti S. (1997) A survey of telomerase ac-
tivity in human cancer. Eur. J. Cancer 33: 787–791

194 Bryan T. M., Englezou A., Dalla-Pozza L., Dunham M. A. and
Reddel R. R. (1997) Evidence for an alternative mechanism for
maintaining telomere length in human tumors and tumor-
derived cell lines. Nat. Med. 3: 1271–1274

195 Perrem K., Colgin L. M., Neumann A. A., Yeager T. R. and
Reddel R. R. (2001) Coexistence of alternative lengthening of
telomeres and telomerase in hTERT-transfected GM847 cells.
Mol. Cell. Biol. 21: 3862–3875

196 Henson J. D., Neumann A. A., Yeager T. R. and Reddel R. R.
(2002) Alternative lengthening of telomeres in mammalian
cells. Oncogene 21: 598–610

197 Autexier C. and Greider C. W. (1996) Telomerase and cancer: 
revisiting the telomere hypothesis. Trends Biochem. Sci. 21:
387–391

198 Bouffler S. D., Morgan W. F., Pandita T. K. and Slijepcevic P.
(1996) The involvement of telomeric sequences in chromoso-
mal aberrations. Mutat. Res. 366: 129–135

199 Le S., Moore J. K., Haber J. E. and Greider C. W. (1999)
RAD50 and RAD51 define two pathways that collaborate to
maintain telomeres in the absence of telomerase. Genetics 152:
143–152

200 Teng S. C., Chang J., McCowan B. and Zakian V. A. (2000)
Telomerase-independent lengthening of yeast telomeres occurs
by an abrupt Rad50p-dependent, Rif-inhibited recombinational
process. Mol. Cell. 6: 947–952

201 Teng S. C. and Zakian V. A. (1999) Telomere-telomere recom-
bination is an efficient bypass pathway for telomere mainte-
nance in Saccharomyces cerevisiae. Mol. Cell. Biol. 19:
8083–8093

202 Chen Q., Ijpma A. and Greider C. W. (2001) Two survivor 
pathways that allow growth in the absence of telomerase are
generated by distinct telomere recombination events. Mol.
Cell. Biol. 21: 1819–1827

203 Huang P., Pryde F. E., Lester D., Maddison R. L., Borts R. H.,
Hickson I. D. et al. (2001) SGS1 is required for telomere elon-
gation in the absence of telomerase. Curr. Biol. 11: 125–129

204 Cohen H. and Sinclair D. A. (2001) Recombination-mediated
lengthening of terminal telomeric repeats requires the
Sgs1 DNA helicase. Proc. Natl. Acad. Sci. USA 98:
3174–3179

205 Varley H., Pickett H. A., Foxon J. L., Reddel R. R. and Royle
N. J. (2002) Molecular characterization of inter-telomere and
intra-telomere mutations in human ALT cells. Nat. Genet. 30:
301–305

206 Rizki A. and Lundblad V. (2001) Defects in mismatch repair 
promote telomerase-independent proliferation. Nature 411:
713–716

207 Griffith J. D., Comeau L., Rosenfield S., Stansel R. M.,
Bianchi A., Moss H. et al. (1999) Mammalian telomeres end in
a large duplex loop. Cell 97: 503–514

208 Negorev D. and Maul G. G. (2001) Cellular proteins localized
at and interacting within ND10/PML nuclear bodies/PODs
suggest functions of a nuclear depot. Oncogene 20: 7234–7242

209 Johnson F. B., Marciniak R. A., McVey M., Stewart S. A.,
Hahn W. C. and Guarente L. (2001) The Saccharomyces cere-
visiae WRN homolog Sgs1p participates in telomere mainte-
nance in cells lacking telomerase. EMBO J. 20: 905–913

210 Ogino H., Nakabayashi K., Suzuki M., Takahashi E., Fujii M.,
Suzuki T. et al. (1998) Release of telomeric DNA from chro-
mosomes in immortal human cells lacking telomerase activity.
Biochem. Biophys. Res. Commun. 248: 223–227

211 Tokutake Y., Matsumoto T., Watanabe T., Maeda S., Tahara H.,
Sakamoto S. et al. (1998) Extra-chromosomal telomere repeat
DNA in telomerase-negative immortalized cell lines. Biochem.
Biophys. Res. Commun. 247: 765–772

212 Ulaner G. A., Huang H. Y., Otero J., Zhao Z., Ben-Porat L., 
Satagopan J. M. et al. (2003) Absence of a telomere mainte-
nance mechanism as a favorable prognostic factor in patients
with osteosarcoma. Cancer Res. 63: 1759–1763

656 N. Mathieu et al. Telomeres and chromosomal instability


