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Relationships between telomeres and cell cycle checkpoints

Eukaryotic cells evolved telomeres, specialized nucleoproteic complexes, to protect and replicate chromo-
some ends. In most organisms, telomeres consist of short, repetitive G-rich sequences added to chromosome
ends by a reverse transcriptase with an internal RNA template, called telomerase. Specific DNA-binding prote-
in complexes associate with telomeric sequences allowing cells to distinguish chromosome ends from sites of
DNA damage. When telomeres become dysfunctional, either through excessive shortening or due to defects in
the proteins that form their structure, they trigger p53/pRb pathways that limits proliferative lifespan and even-
tually leads to chromosome instability. Drosophila lacks telomerase, telomeres are assembled in a sequence-in-
dependent fashion and their length is maintained by transposition of three specialized retroelements. Neverthe-
less, fly telomeres are maintained by a number of proteins involved in telomere metabolism as in other eukaryo-
tic systems and that are required to prevent checkpoint activation and end-to-end fusion. Uncapped Drosophila
telomeres induce a DNA damage response just as dysfunctional human telomeres. Most interestingly, uncapped
Drosophila telomeres also activate the spindle assembly checkpoint (SAC) by recruiting the SAC kinase
BubR1. Here we review parallelisms and variations between mammalian and Drosophila cells in the crosstalks
between telomeres and cell cycle regulation.
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The ends of eukaryotic chromosomes have evolved spe-
cial chromatin architectures, the telomeres, which resolve two
fundamental challenges: the end replication problem and the
protection of chromosome termini from being improperly
identified and repaired as DNA double-strand breaks (DSBs).
This latter is achieved by the constitution of a protective nuc-
leoprotein structure, the cap, that avoids inappropriate repair
which would otherwise lead to aberrant end joining and re-
combinational events. Essential for the maintenance of a pro-
per telomere function and configuration is a set of proteins
that assemble on chromosome tips and, in most organisms,
employ both double-stranded (ds)- or (single-stranded) ss-te-
lomeric DNA repeats as anchor site. In mammals, chromoso-
mes ends consist of tracts of the tandemly repeated G-rich se-
quence TTAGGG, whose length varies from approximate-
ly15 kb in humans to 20—60 kb in mice (reviewed in: Palm,
de Lange, 2008). The G-rich strand forms a 3R single-stranded
(ss) overhang at the extreme terminus. This overhang is speci-
fically elongated by a specialized reverse transcriptase, the te-
lomerase, which contains a species-specific RNA template
(Nugent, Lundblad, 1998). The double-stranded (ds) terminal
region contains histones (Makarov et al., 1993; Wu, de Lan-
ge, 2008), but little is known about the contribution of nucleo-
somes to the protection of chromosome ends. Telomeric chro-
matin also includes RNA transcripts of telomeric and subtelo-
meric sequences, named TERRA, that associate with at least a
subset of chromosome ends (Azzalin et al., 2007; Schoeftner,
Blasco, 2008).

The mammalian telomere is hypothesized to be organized
into a unique lariat-like structure (t-loop) (Griffith et al.,
1999), formed by the invasion of the 3R ss G-rich overhang
(G-tail) into the ds region of the telomere, which prevents ex-
posure of free DNA ends. Formation and maintenance of this
t-loop structure is promoted by the shelterin complex that is
itself telomere associated (Palm, de Lange, 2008). Shelterin is
a multi-protein complex that is composed of six core compo-
nents: TRF1, TRF2, RAP1, POT1, TPP1 and TIN2 (mice har-
bor two POT1 isoforms: POT1a and POT1b, while humans
only one). In addition to maintaining the t-loop structure,
shelterin also controls telomerase-mediated telomere elonga-
tion, aids semi-conservative replication of telomeres and sup-
presses the DNA damage response (DDR) (Palm, de Lange,
2008; Jain, Cooper, 2010). G-rich 3R overhangs are also pre-
sent at both fission and budding yeast telomeres, which conta-
in G-rich ds tracts of approximately 300 bp. Remarkably, fis-
sion yeast harbors the TRF1/2 ortholog Taz1 and a POT1 ort-
holog that bind the ds telomeric repeats and the ss overhang,
respectively. Consequently, the ss- and ds-binding proteins of
fission yeast form a shelterin-like complex as mammalian te-
lomeres (reviewed in: Jain, Cooper, 2010). However, unlike
fission yeast, there is no TRF1/2 ortholog in budding yeast
and telomeres are bound directly by Rap1, which recruits the
additional factors Rif1 and Rif2, and the silent information re-
gulator (SIR) proteins (reviewed in: Wellinger, Zakian,
2012). An additional factor, the CST complex composed of
oligosaccharide/oligonucleotide binding (OB)-fold-contai-
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ning proteins Cdc13, Stn1 and Ten1, binds the ss overhangs
of budding yeast telomeres and modulates telomerase activi-
ty. Recently, CST complexes have been found to associate
with a fraction of telomeres in different organisms, including
mammals, fission yeast and plants. The members of this com-
plex, which resemble Replication Protein A (RPA) factors,
are mainly involved in telomere replication. However, recent
findings revealed that mammalian CST is also implicated in
telomere end protection (Miyake et al., 2009; Surovtseva et
al., 2009) suggesting that mammalian CST and shelterin
might have overlapping functions in telomere end protection.

In addition to the six shelterin components and the CST
complex, other proteins are known to be associated with
mammalian telomeres. Differently from shelterin compo-
nents, these proteins do not exclusively interact with telome-
res. Most of these factors are involved in DNA damage signa-
ling, DNA repair, DNA replication or chromatin structure.
Examples of such factors are the MRN complex, which is in-
volved in the detection of double-strand breaks and in the ho-
mologous recombination pathway of DNA repair; the compo-
nent of the nucleotide-excision repair pathway XPF/ERCC1;
DNA-PKcs, a kinase required non homologous end-joining
(NHEJ) pathway; Ku70/80, also involved in the NHEJ path-
way; Apollo, a putative 5R exonuclease; the helicases BLM
and WRN RecQ, involved in the homologous recombination
(HR) pathway; and Rad51D, also involved in the HR path-
way.The interaction of these proteins with telomeres is main-
ly mediated by shelterin components TRF2, Rap1 and TRF1.
However, TIN2 has been recently shown to recruit Heteroch-
romatin Protein 1 (HP1)g to ensure the maintenance of cohe-
sion at telomeres (Canudas et al., 2011).

If compared to mammals, Drosophila telomeres are aty-
pical. In fact, telomerase is absent and telomeric DNA is not
formed by telomerase-generated simple repeats.Telomere
length in Drosophila is maintained by transposition of three
different but related non-long terminal repeat retrotranspo-
sons called HeT-A, TART and TAHRE (Mason et al., 2008).
Interestingly, telomere elongation and capping are two unco-
upled events, as chromosomes ends devoid of retrotranspo-
sons can still give rise to functional telomeres. Curiously,
chromosomes carrying terminal deletions can assemble a nor-
mal telomere whatever sequence is found associated at the tip
evoking for the fruit fly an epigenetic determination of telo-
meres. Despite the apparent and unusual telomere structure
determination, Drosophila telomeres are maintained by a
number of proteins involved in telomere metabolism as in ot-
her eukaryotic systems (for a review see: Cenci et al., 2005;
Rong, 2008b; Raffa et al., 2011). The search for Drosophila
telomere capping proteins has mainly relied on the isolation
of mutants that exhibit frequent telomeric fusions (TFs) in lar-
val brain cells. These mutants display three classes of TFs:
single TFs (STFs), where a single telomere associates with
either its sister (sister union, SU) or a non-sister telomere
(non-sister union, NSU), and double TFs (DTFs), where a
pair of sister telomeres joins with another pair. Genetic and
molecular analyses have thus far identified 11 genes required
to prevent TFs in Drosophila, which encode three classes of
proteins: 1) the telomere-specific terminin components
(HOAP, Moi, HipHop and Ver); 2) DNA repair/checkpoint
proteins (ATM and the MRN complex) that are also required
for terminin recruitment at telomeres; 3) non-terminin cap-
ping proteins (Woc, UbcD1, HP1) that protect telomeres in-
dependently of terminin (Cenci et al., 2005; Raffa et al.,
2011). This suggests that multiple factors contribute to Dro-
sophila telomere protection, and implies that multiple DNA

end-joining pathways may be involved in recognition and
processing of unprotected telomeres. This view is supported
by the observation that loss of the Drosophila histone variant
H2A.Z inhibits telomere fusion in cells lacking either ATM
or MRN, but not in terminin-lacking cells (Rong, 2008a).

A basic function of telomeres is to escape the activation
of the DNA damage response by the natural ends of chromo-
somes. Here we will discuss how mammals and Drosophila
telomeres achieve this, highlighting similarities and differen-
ces between these two systems.

Suppression of DNA damage signaling
at human telomeres

Two distinct phosphatidylinositol 3-kinase-related prote-
in kinases, the ataxia telangiectasia mutated (ATM) and ATM
and Rad3-related (ATR) kinases, play a central role in the res-
ponse to DNA lesions (Shiloh, 2003). Double stranded breaks
(DSBs) activate primarily ATM, whereas ATR activation re-
quires the formation of ssDNA. Once activated, both kinases
phosphorylate histone H2AX on Serine139 around the site of
damage. This event then promotes the local accumulation of
other DNA damage response factors (MDC1, 53BP1, the
Mre11 complex, etc.), resulting in cytologically detectable
foci that span hundreds of kb from the site of the lesion. As
the activation of the ATM/ATR kinases is incompatible with
cell proliferation, it stands to reason that telomeres must ensu-
re that these signal transducers remain silent. Nevertheless,
the finding that telomeres require a relatively limited activity
of both kinases to become functional (reviewed in: Verdun et
al., 2005; Verdun, Karlseder, 2006; Shore, Bianchi, 2009), in-
dicates that the comprehension of checkpoint suppression
mechanisms at chromosome termini is more complex than
initially thought.

At mammalian telomeres, ATM and ATR are suppressed
in a specific and independent manner (Figure). ATM suppres-
sion is mediated by TRF2. Deletion of TRF2 from mouse
cells or expression of a dominant negative TRF2 allele in hu-
man cells specifically activates ATM (Karlseder et al., 1999;
Takai et al., 2003; Celli, de Lange, 2005) and results in an
ATM-dependent formation of DNA damage foci at telomeres
(Denchi et al., 2006). These telomere dysfunction-induced
foci (TIFs) contain the same factors detected at DNA damage
foci induced by DSBs. The cellular response to ATM activa-
tion at telomeres is also similar, with Chk2 and p53 induc-
tion and consequently cell cycle arrest or, in some cell ty-
pes, apoptosis (Karlseder et al., 1999; Smogorzewska, de
Lange, 2002). The mechanisms enabling TRF2 to suppress
ATM activation are yet objects of debate (reviewed in: Denc-
hi, 2009).

Like TRF2, POT1 is required to prevent DNA damage
activation at chromosome ends and loss of POT1 leads to the
accumulation of TIFs at chromosome ends (Churikov et al.,
2006; Hockemeyer et al., 2006). Yet, the induction of TIFs at
telomeres lacking POT1 requires the ATR kinase and phosp-
horylation of the ATR target, Chk1 (Denchi, de Lange, 2007).
The suppression of ATR signaling by Pot1 might rely on the
capability of this shelterin factor to bind ssDNA (reviewed in:
Denchi, 2009).

ATR is also activated during S phase at the telomeres of
MEFs upon TRF1 deletion. However, this ATR activation
does neither define a role of TRF1 in the inhibition of ATR
nor imply a displacement of Pot1 from the telomeric over-
hang after TRF1 stripping. This loss of TRF1 is thought to
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lead to the accumulation of ssDNA at telomeres as consequ-
ence of stalled replication forks which in turn would result in
the ATR activation (Sfeir et al., 2009).

Cell cycle alteration and telomeric DNA damage

Unlike proliferating progenitor germ cells and some stem
cells in which telomerase is expressed, somatic cells do not
exhibit telomerase activity and therefore their telomeres un-
dergo progressive shortening. The subsequent telomere erosi-
on induces replicative senescence and cells with critically
short telomeres activate a DNA damage response, accumulate
the DNA damage factors 53BP1, g-H2AX, MDC1 and NBS1
at telomeres, and activate both DNA damage kinases, ATM
and ATR (d’Adda di Fagagna et al., 2003). The activation of
ATM and ATR triggers a checkpoint through the effectors ki-
nases Chk1 and Chk2, and through p53 activation. Replicati-
ve senescence is also induced when telomeres cannot recruit
sufficient TRF2 and POT1 to suppress the DNA damage res-
ponse thus activating both the ATM and the ATR pathways.
Loss of shelterin components gives rise to the same cellular
responses that are induced by critically short telomeres, inclu-

ding TIFs (Takai et al., 2003), activation of ATM and its do-
wnstream effector proteins (Smogorzewska, de Lange, 2002;
Takai et al., 2003), and ultimately to cell death through apop-
tosis or permanent withdrawal from the cell cycle (Smogor-
zewska, de Lange, 2002; Takai et al., 2003). However, where-
as human cells with dysfunctional telomeres arrest cell cycle
through the induction of p53 and pRB inhibition (Smogor-
zewska, de Lange, 2002; Jacobs, de Lange, 2004), in mouse
cells the cell cycle block is achieved only by suppression of
p53 (Smogorzewska, de Lange, 2002).

Telomeres are rendered dysfunctional also as result of a
prolonged mitotic arrest induced by either chemical factors or
gene silencing (Hayashi et al., 2012). These unprotected telo-
meres elicit dissociation of TRF2, telomeric 3R-overhang de-
gradation and lead to ATM activation. Normal cells that esca-
pe from prolonged mitotic arrest halt in the following G1 pha-
se, whereas cells lacking p53 continue to cycle and become
aneuploid (Hayashi et al., 2012). These findings suggest the
existence of a telomere-dependent mitotic-duration monito-
ring system that reacts to improper progression through mito-
tis. Interestingly, a persistent telomere dysfunction can deter-
mine a prolonged DNA damage signal that can lead to tetrap-
loidization of cells in which p53 is absent. These cells extend

Relationships between telomeres and cell cycle checkpoints 213

Roles of mammal shelterin and Drosophila terminin in the end-protection.

At mammalian telomeres, the presence of shelterin and the t-loop structure together ensure the repression of the four pathways that threaten telomeres and geno-
me stability (top). At Drosophila telomeres, all terminin components prevent the formation of end-to-end fusions by suppressing very likely either NHEJ or HR.
Loss of HOAP, but not of other terminin members, delays cell cycle progression and causes the recruitment of the SAC protein BubR1 in a ATR, ATRIP, CHK1,
Rad50 and ATM dependent manner (bottom). Once accumulated at telomeres, BubR1 negatively regulates the activity of the APC/Cdc20 complex leading to a

metaphase-to-anaphase transition block.



the G2 phase as result of ATM/ATR- and Chk1/Chk2-media-
ted inhibition of Cdk1/CyclinB and eventually by-pass mito-
sis. Despite their lack of mitosis, the cells show degradation
of the replication inhibitor geminin and accumulation of
Cdt1, which is required for origin licensing. They eventually
enter a second S phase resulting in whole-genome reduplicati-
on and tetraploidy. However, upon restoration of telomere
protection, these tetraploid cells resume cell division cycles
and proliferated leading to a dramatic genome instability (Da-
voli et al., 2010). This finding can explain the occurrence of
tetraploidization in the early stages of tumorigenesis when te-
lomere dysfunction can result from excessive telomere shor-
tening.

DNA repair at dysfunctional telomeres

Shelterin not only suppresses the activation of a DNA da-
mage response, but is also essential to repress inappropriate
repair reactions at chromosome ends. Like DSBs, telomeres
are in fact subjected to all events of processing and repair, in-
cluding non-homologous-end-joining (NHEJ) and homologo-
us recombination (HR) (Figure). One of the most deleterious
outcomes of non-homologous endjoining (NHEJ) at telome-
res is the generation of end-to-end chromosome fusions. Fu-
sed chromosomes cannot be properly segregated in mitosis
and can lead to aneuploidy and severe genome instability
through the so-called breakage-fusion-bridge cycle originally
described by McClintock (1939). Depletion of TRF2 in MEFs
and human cells results in end-to-end fusions with telomeric
sequences retained at the site of fusions (Van Steensel et al.,
1998; Celli, de Lange, 2005). These telomeric fusions are
suppressed by deletion of Ligase IV, demonstrating that are
dependent on the classical NHEJ pathway and that TRF2 in-
hibits NHEJ (Smogorzewska et al., 2002; Celli, de Lange,
2005; Celli et al., 2006). Efficient NHEJ of TRF2 depleted te-
lomeres requires a functional ATM pathway, since loss of
ATM, H2AX or MDC1 prevents telomere fusions (Dimitro-
va, de Lange, 2006; Denchi, de Lange, 2007). In contrast, loss
of POT1 does not result in high levels of NHEJ at chromoso-
me ends (Hockemeyer et al., 2005, 2006; Denchi, de Lange,
2007). Interestingly, depletion of POT1 leads to fusions bet-
ween sister chromatids (Hockemeyer et al., 2006) suggesting
that they occur preferentially following replication whereas
fusions resulting after stripping of TRF2 occur preferentially
in the G1 phase of the cell cycle (Konishi, de Lange, 2008).
The mechanism of POT1-mediated NHEJ repression may be
therefore distinct from TRF2 and may involve protection of
the terminal overhang. TRF2, POT1 and Rap1 also play cru-
cial roles in the suppression of the HR pathway at telomeres.
In cells lacking Ku70 and either TRF2 or POT1, telomeres
undergo numerous telomeric sister-chromatid exchanges
(T-SCEs) as consequence of severe HR (Celli et al., 2006).
Particularly, Ku70 null cells exhibit increased rates of recom-
bination at chromosome ends only when either TRF2 or
POT1 is missing indicating that both shelterin factors and
Ku70 act in a redundant manner to prevent recombination at
telomeres.

Repression of T-SCEs can be achieved also by the WRN
helicase. In particular, telomerase deficient mouse cells with
severely shortened telomeres exhibit increased levels of
T-SCEs when WRN is absent (Laud et al., 2005). WRN could
promote branch migration and, therefore, suppress recombi-
nation by simply moving the Holliday Junction towards the
telomere terminus. Interestingly, HR can also exert beneficial

effects at telomeres. After replication, exposed telomere ends
are recognized as DSBs and processed (Verdun et al., 2005).
The DNA damage signaling triggered by ATM/ATR in G2

recruits DNA repair proteins, such as the HR machinery, to
restore the DNA lesion at telomeres. These proteins have
been proven to be essential for generation of a D loop with te-
lomeric sequences in vitro, implicating HR in the formation
of the t loop structure in vivo (Verdun, Karlseder, 2006).

In addition to NHEJ and HR, other DNA damage respon-
se pathways are activated upon deletion of shelterin proteins.
A very recent work has revealed that the end-protection prob-
lem is specified by six pathways namely the ATM and ATR
signaling, classical-NHEJ, alt-NHEJ, homologous recombi-
nation and resection (Sfeir, de Lange, 2012). The accuracy of
how shelterin acts with general DNA damage response fac-
tors guarantees telomere defense from inappropriate repair.

Telomeres and DNA damage response
in Drosophila

How Drosophila telomeres suppress either NHEJ, HR or
both is still a broad open-ended question. With the exception
of Ligase IV, whose depletion only slightly lowers TFs’ fre-
quency upon loss of either HOAP or Woc (Bi et al., 2004;
Raffa et al., 2005), the effects of DNA repair genes on telo-
mere fusion are still poorly defined. Moreover, a direct evi-
dence of the presence of telomeric ssDNA overhangs at telo-
meres is still missing thus making the understanding of DNA
repair at telomeres even more challenging.

The loss of a single telomere from only one chromosome
produced during development of D. melanogaster by breaka-
ge of an induced dicentric chromosome leads to levels of
apoptosis that are similar to those seen after ionizing radiati-
on. Telomere-loss-induced cell death is mediated by the acti-
vation of p53 via Chk2 and Chk1 and represents a robust
example of defense against the proliferation of cells with da-
maged genomes. However, a small fraction of cells that have
lost a telomere escape apoptosis, divides repeatedly, and ac-
cumulates karyotypic abnormalites, including end-to-end
chromosome fusions, anaphase bridges, aneuploidy, and po-
lyploidy. Thus, consistent with observation in yeast and mam-
malian cells, a single dysfunctional telomere is sufficient to
induce instability also in Drosophila (Titen, Golic, 2008).
Chk2 can also act independently of p53 to eliminate cells that
have lost a telomere. Mutant analysis has also revealed the
genes encoding Chk2 and p53 are haplo-insufficient in Dro-
sophila, as they are in humans demonstrating that the respon-
se to DNA damage, in the form of telomere loss, has an unex-
pectedly high degree of functional conservation from Drosop-
hila to humans (Kurzhals et al., 2011).

Mutations in genes encoding the MRN complex, ATR,
ATRIP and ATM all affect telomere homeostasis in Drosop-
hila suggesting that, like mammals, these repair proteins, des-
pite representing a continous threat for chromosome end in-
tegrity, play also beneficial role at telomeres. In particular,
loss of Drosophila mre11, rad50, nbs and ATM-encoding te-
fu genes causes telomeric fusions (reviewed in: Rong, 2008b;
Ciapponi, Cenci, 2009; Raffa et al., 2011). Interestingly, mu-
tations in both mei-41 or mus-304 genes, which encode ATR
and ATR-interacting protein ATRIP, respectively, do not give
rise to TFs, but their inhibition in ATM depleted cells drama-
tically increases the frequency of TFs observed when only
ATM is missing (Bi et al., 2005). Moreover, inhibition of
MRN reduces terminin accumulation at telomeres, while loss
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of either ATR or ATM does not. Surprisingly, HOAP is com-
pletely stripped off chromosome ends in ATM mutant cells
that are also devoid of either ATR or ATRIP thus indicating
that ATM and ATR/ATRIP have partially redundant roles in
telomere protection (reviewed in:Rong, 2008b; Ciapponi,
Cenci, 2009; Raffa et al., 2011).

Loss of telomere capping induces a DNA damage respon-
se also in Drosophila (Ciapponi, Cenci, 2008; Musarò et al.,
2008; Cenci, 2009) (Figure). HOAP provides the most remar-
kable example of such an activation. Depletion of HOAP as
consequence of mutation in HOAP-encoding gene caravag-
gio (cav), leads to a cell cycle delay in interphase that does
not depend on the presence of TFs. Interestingly, mutations in
genes encoding the ATR, ATRIP, CHK1 (grapes) and Rad50,
but not in the ATM, alleviate the cav-induced cell cycle block
suggesting that HOAP limits mainly the activity of the
ATR-dependent pathway. Whether the Drosophila checkpo-
int activated by HOAP-depleted telomeres arrests cell cycle at
G1/S transition, during S phase or at the G2/M transition rema-
ins still an open issue. Intriguingly, the absence of HOAP
from telomeres leads to a block in the metaphase-to-anaphase
transition, which is not due to perturbation of spindle structu-
res as mitotic spindles in cav mutant brains are morphologi-
cally normal (Musarò et al., 2008). This cav-induced metap-
hase-to-anaphase block, but not the interphase block, is part-
ially suppressed by mutations in spindle assembly checkpoint
(SAC) genes such as zw10 and bubR1 (Karess, 2005), sugges-
ting that unprotected telomeres activate the SAC which nor-
mally monitors the kinetochore-microtubule (MT) interaction
and inhibits anaphase onset until all the chromosomes are
properly aligned in a metaphase plate. Surprisingly, of all
SAC proteins that are normally enriched at centromeres
BubR1 concentrates also at telomeres in almost all cav mutant
cells and this accumulation on unprotected telomeres is likely
the key signal for the activation of this peculiar SAC response.

Moreover, BubR1 accumulation at telomeres was found
to be specifically dependent on HOAP loss, as other mutants
with TFs have a limited ability to recruit BubR1 at telomeres
and elicit only a mild delay during the metaphase-to-anaphase
transition. As such, the significant negative correlation betwe-
en the frequencies of anaphases and the frequencies of
BubR1-labeled telomeres indicates that the SAC response is
triggered by telomeric accumulation of BubR1. Both ATR
and ATM pathways are required for BubR1 localization at
unprotected telomeres and therefore for the activation of the
metaphase-to-anaphase block (Musarò et al., 2008) (Figure).
However, since ATM is not involved in the interphase arrest,
the telomere-induced DDR is independent of BubR1 recrui-
ting. The reason why strong DDR and SAC responses are
seen after HOAP loss and not after inhibition of other telome-
re-capping factors is puzzling. HOAP may have a key role in
the organization of telomere structure and acts as a platform
for recruiting the terminin complexes required for telomere
stability (Cenci, 2009; Raffa et al., 2013). Thus, loss of
HOAP would cause the most drastic and detrimental scenario
of genome instability, which must be inhibited by the activati-
on of cell cycle checkpoints. It is also conceivable that HOAP
is involved in telomere replication. As HOAP interacts with
several subunits of the Origin Replication Complex (ORC)
(Pak et al., 1997; Shareef et al., 2001; Badugu et al., 2003), it
is possible that the telomeres of cavmutants contain damaged
replication forks, which would activate cell cycle checkpoints
(Cenci, 2009).

Activation of the SAC by dysfunctional telomeres has
been observed in both budding and fission yeast, although it

is unclear how uncapped yeast telomeres are sensed by the
SAC (Maringele, Lydall, 2002; Miller, Cooper, 2003). HO-
AP-depleted telomeres recruit BubR1 similarly to kinetocho-
res that are unconnected to spindle microtubules and plausib-
ly the anaphase inhibition occurs through the same mecha-
nisms that govern SAC function at the kinetochore (Musarò et
al., 2008). This SAC activation might embody a second sur-
veillance system to prevent genomic instability by stopping
cells that have escaped the DNA damage checkpoint with
dysfunctional telomeres. Interestingly BubR1 and Mad2 have
been found to localize at the telomeres of mouse epithelial
cells that overexpress TRF1 (Munoz et al., 2009). Yet, if this
localization activates the SAC as observed in Drosophila cav
mutants, seeks further investigation.

Concluding remarks

Our comprehension of how telomeres suppress DNA da-
mage response increaseas as more roles of proteins involved
in telomere metabolism are unraveled. Understanding the
complexity of chromosome end protection and its relations-
hips with the DNA repair machinery may eventually allow to
develop strategies for alleviating the consequences of telome-
re perturbation on aging and disease. Although Drosophila
has evolved non-canonical telomeres, there is growing evi-
dence that most proteins involved in Drosophila telomere me-
tabolism are conserved also in human. Thus it is conceivable
that the analysis of telomeres in this organism with a sophisti-
cated genetics and the favorable cytology, can provide impor-
tant information on how dysfunctional telomeres affect cell
cycle progression.
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Ýóêàðèîòè÷åñêèå êëåòêè ðàçâèëè òåëîìåðû — ñïåöèàëèçèðîâàííûå íóêëåîïðîòåèíîâûå êîìïëåê-
ñû — äëÿ çàùèòû è ðåïëèêàöèè êîíöîâ õðîìîñîì. Ó áîëüøèíñòâà îðãàíèçìîâ òåëîìåðû ñîñòîÿò èç êî-
ðîòêèõ ïîâòîðÿþùèõñÿ G-áîãàòûõ ïîñëåäîâàòåëüíîñòåé, äîáàâëÿåìûõ ê êîíöàì õðîìîñîì îáðàòíîé
òðàíñêðèïòàçîé ñ âíóòðåííåé ìàòðè÷íîé ÐÍÊ, íàçûâàåìîé òåëîìåðàçîé. Ñïåöèàëüíûå ÄÍÊ-ñâÿçûâàþ-
ùèå áåëêîâûå êîìïëåêñû ñîåäèíåíû ñ òåëîìåðíûìè ïîñëåäîâàòåëüíîñòÿìè, ÷òî ïîçâîëÿåò êëåòêàì ðàç-
ëè÷àòü êîíöû õðîìîñîì îò ìåñò ïîâðåæäåíèÿ ÄÍÊ. Êîãäà òåëîìåðû ñòàíîâÿòñÿ äèñôóíêöèîíàëüíûìè
ëèáî â ðåçóëüòàòå ÷ðåçìåðíîãî ñîêðàùåíèÿ èëè èç-çà äåôåêòîâ â áåëêàõ îáðàçóþùèõ èõ ñòðóêòóðó, ïðî-
èñõîäèò çàïóñê p53/pRb-ïóòè, êîòîðûé îãðàíè÷èâàåò ïðîëèôåðàòèâíûé ñðîê æèçíè è â êîíå÷íîì èòîãå
ïðèâîäèò ê õðîìîñîìíîé íåñòàáèëüíîñòè. Ó Drosophila íåò òåëîìåðàçû, è òåëîìåðû ñîáèðàþòñÿ íåçàâè-
ñèìûì îò ïîñëåäîâàòåëüíîñòåé ïóòåì, à èõ äëèíà ïîääåðæèâàåòñÿ ïåðåíîñîì òðåõ ñïåöèàëèçèðîâàííûõ
ðåòðîýëåìåíòîâ. Òåì íå ìåíåå òåëîìåðû ìóõ ïîääåðæèâàþòñÿ öåëûì ðÿäîì áåëêîâ, ó÷àñòâóþùèõ â ìå-
òàáîëèçìå òåëîìåð è â äðóãèõ ýóêàðèîòè÷åñêèõ ñèñòåìàõ, êîòîðûå íåîáõîäèìû äëÿ ïðåäîòâðàùåíèÿ àê-
òèâàöèè â êîíòðîëüíîé òî÷êå è ñëèÿíèÿ êîíåö-â-êîíåö. Íåïðèêðûòûå äèñôóíêöèîíàëüíûå òåëîìåðû ó
äðîçîôèëû âûçûâàþò îòâåò íà ïîâðåæäåíèå ÄÍÊ òàê æå, êàê äèñôóíêöèîíàëüíûå òåëîìåðû ÷åëîâåêà.
Ñàìîå èíòåðåñíîå ñîñòîèò â òîì, ÷òî íåïðèêðûòûå òåëîìåðû ó äðîçîôèëû òàêæå àêòèâèðóþò êîíòðîëü-
íóþ òî÷êó ñáîðêè âåðåòåíà (SAC), ïðèâëåêàÿ SAC êèíàçû BubR1. Çäåñü ìû ðàññìîòðèì ïàðàëëåëèçì è
ðàçëè÷èÿ ìåæäó êëåòêàìè ìëåêîïèòàþùèõ è äðîçîôèëû â ïåðåêðåñòíûõ ïîìåõàõ ìåæäó òåëîìåðàìè è
ðåãóëÿöèåé êëåòî÷íîãî öèêëà.

Ê ë þ ÷ å â û å ñ ë î â à: òåëîìåðû, îòâåò íà ïîâðåæäåíèå ÄÍÊ, êîíòðîëüíàÿ òî÷êà êëåòî÷íîãî öèêëà,
ìëåêîïèòàþùèå, äðîçîôèëà.
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