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QUARTET OF THREATS

In mammalian cells, four distinct pathways threaten
chromosome ends: two DNA-damage signaling pathways,
transduced by ATM (ataxia telangiectasia mutated) and
ATR (ataxia telangiectasia and Rad3 related)
kinases, and two major double-strand break (DSB) repair
pathways, nonhomologous end joining (NHEJ) and ho-
mology-directed repair (HDR) (Fig. 1). A short summary
of the key aspects relevant to the telomere end-protection
problem is given here. For primary references and more
extensive details on these pathways, the reader is referred
to excellent recent reviews on these subjects (Hefferin and
Tomkinson 2005; Harper and Elledge 2007; Cimprich and
Cortez 2008; Jackson and Bartek 2009; Mahaney et al.
2009; Mimitou and Symington 2009; Lieber 2010; Moyn-
ahan and Jasin 2010).
The ATM kinase pathway, particularly active in mam-

malian cells (more so than in yeast), is activated when the
Mre11/Rad50/Nbs1 (MRN) complex associates with a
DSB. This event helps to recruit the ATM kinase and me-
diates its activation in conjunction with the Tip60 acetyl-
transferase. The actual molecular mechanism of ATM
activation is not understood. Once active, ATM can phos-
phorylate the histone variant H2AX, creating a large do-
main of phosphorylated H2AX (γ-H2AX) near the DSB.
This chromatin modification functions to recruit MDC1
and a host of ubiquitin ligases that generate a cytologically
defined entity referred to as a DNA-damage focus. Abun-
dant residents of DNA-damage foci, such as 53BP1, γ-
H2AX, MRN, and MDC1, facilitate detection of the foci
by indirect immunofluorescence. The formation of these
foci is not required for ATM signaling but helps to amplify
the signal, presumably through recruitment of additional
ATM kinase molecules. In addition, some of the DNA-
damage factors in the foci influence repair reactions. The
outcomes of ATM signaling are mediated through the
phosphorylation of numerous nucleoplasmic proteins that
can affect events at a distance from the DSB. A key player

is Chk2, which is activated by ATM-mediated phosphory-
lation and functions as an effector kinase, enforcing cell
cycle arrest in G1/S and G2/M through phosphorylation of
p53, MDM2, and Cdc25 phosphatases.
Activation of the ATR kinase pathway at DSBs requires

the binding of replication protein A (RPA) to single-strand
DNA (ssDNA). Resection of a DSB can create a 3′ over-
hang that, when decorated with RPA, binds the ATR-in-
teracting protein (ATRIP)-binding partner of the ATR
kinase. The activation of ATR signaling involves addi-
tional players, including TopBP1, the 9-1-1 complex, and
its Rad17 clamp-loader. Once activated, ATR, like ATM,
phosphorylates H2AX in neighboring chromatin and
DNA-damage foci are formed. Whether ATM- and ATR-
induced foci are identical is not known, but so far, they
have been indistinguishable in terms of their constituents.
However, the DNA-damage foci have not been implicated
in amplification of the ATR signal and may, therefore, be
primarily important for the regulation of DNA repair. The
ATR kinase has a large number of targets, including the
effector kinase Chk1, which, when activated by ATR-me-
diated phosphorylation, induces cell cycle arrest in G1/S
and G2/M. Depending on the level of damage and the ex-
tent of repair, ATM or ATR signaling can lead to an irre-
versible arrest accompanied by either apoptosis or senes-
cence. 
NHEJ is an error-prone repair pathway that joins DSBs

regardless of their sequence. This pathway is initiated by
the Ku70/80 heterodimer, which binds DNA only when a
free DNA end is available. The reason for this specificity
emerged from structural analysis, which showed that the
heterodimer is a ring-shaped protein with an opening the
size of double-strand DNA. Once loaded, Ku70/80 medi-
ates the synapsis of two DNA ends and facilitates their lig-
ation by DNA ligase IV. 
HDR is, in principle, error free, in particular when DSB

repair takes place after DNA replication so that the sister
chromatid can be used as a template. HDR requires end
resection and loading of the Rad51 recombinase on a sin-

How Shelterin Solves the Telomere End-Protection Problem

T. DE LANGE
Laboratory for Cell Biology and Genetics, The Rockefeller University, New York, New York 10065

Correspondence: delange@rockefeller.edu

The symphony of the human genome concludes with a long Gregorian chant of TTAGGG repeats. This monotonous coda
represents one of the most complex problems in chromosome biology: the question of how cells distinguish their natural chro-
mosome ends from double-strand breaks elsewhere in the genome. McClintock’s classic finding of chromosome breakage-
fusion-bridge cycles, first reported by her at one of the early Cold Spring Harbor Laboratory Symposia (the ninth), served as
a prelude to this question. The 75th Cold Spring Harbor Laboratory Symposium marks the completion of a series of mouse
gene deletion experiments that revealed DNA-damage-response pathways that threaten chromosome ends and how the com-
ponents of the telomeric shelterin complex prevent activation of these pathways.

Cold Spring Harbor Symposia on Quantitative Biology,Volume LXXV. ©2010 Cold Spring Harbor Laboratory Press 978-1-936113-07-1 167

 Cold Spring Harbor Laboratory Press on August 5, 2011 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


gle-strand 3′ overhang. Rad51 mediates the invasion of the
ssDNA into homologous sequences. After strand invasion,
different further processing reactions can occur. If single
or double Holliday junctions (HJs or dHJs) are formed,
their resolution by resolvases Mus81/Eme1 or Gen1 can
lead to sequence exchanges (crossovers), whereas their
resolution by BLM/Top3a results in a noncrossover event.
Additional outcomes of Rad51-mediated strand invasion
include a single-strand annealing (SSA) pathway and
break-induced replication (BIR). 
These four pathways define the end-protection problem.

Telomeres need to avoid activating the ATM and ATR kinase
pathways because this would lead to cell cycle arrest. The
“repair” of telomeres by NHEJ would generate lethal chro-
mosome fusions, and HDR could change telomere length.
Thus, in mammalian cells, telomeres need to block four dis-
tinct pathways that are each initiated in different ways.

SHELTERIN: A SEXTET OF
PROTECTIVE PROTEINS 

Mammalian telomeres are built up on long arrays of
tandem TTAGGG repeats, the product of telomerase. The
length of this repeat region is variable (2—15 kb in humans,
up to 100 kb in mice) and ends in a 3′ overhang of 50—400
nucleotides (Fig. 2). This DNA protects chromosome ends
by recruiting shelterin.
Shelterin is a telomere-specific complex composed of

six distinct subunits (Figs. 3 and 4). The complex derives
its specificity for telomeric DNA from TRF1 and TRF2,
two related homodimeric proteins that bind to double-
strand TTAGGG repeats with Myb/SANT-type DNA-bind-
ing domains (Chong et al. 1995; Bilaud et al. 1997;
Broccoli et al. 1997). The complex contains a third DNA-
binding protein, POT1, that has two oligosaccharide/
oligonucleotide binding (OB) folds that associate with sin-

gle-strand TTAGGG repeats (Baumann and Cech 2001;
Loayza and de Lange 2003; Lei et al. 2004). The ssDNA-
binding activity of POT1 is crucial for telomere protection
but does not have a role in anchoring shelterin at telomeres
(Loayza and de Lange 2003). POT1 is recruited to telo-
meres through its interaction with TPP1, another OB-fold-
containing protein (Liu et al. 2004; Ye et al. 2004b;
Hockemeyer et al. 2007; Wang et al. 2007; Palm et al.
2009; Kibe et al. 2010). TPP1 binds to TIN2, which inter-
acts with both TRF1 and TRF2 (Kim et al. 1999; Hough-
taling et al. 2004; Liu et al. 2004; Ye et al. 2004a,b;
O’Connor et al. 2006; Chen et al. 2008). The telomere
binding of POT1 is critically dependent on this TPP1/TIN2
link to the proteins that anchor shelterin on double-strand
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Figure 1. The end-protection problem in mammalian cells. Schematic shows the four pathways that threaten natural chromosome
ends. At chromosome-internal DNA breaks, ATM and ATR signaling can be activated and the lesion can be repaired by NHEJ or HDR.
Telomeres must repress all four pathways. Consequences of telomere dysfunction are indicated.

Figure 2. Structure of mammalian telomeres and schematic of
the DNA component of mammalian telomeres. Micrograph shows
a t-loop in isolated chromatin. (Reprinted, with permission, from
Nikitina and Woodcock 2004 [©Rockefeller University Press].)
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TTAGGG repeats. A sixth subunit in the complex, a distant
ortholog of the yeast Rap1, was discovered as a TRF2-
binding protein (Li et al. 2000). Whereas TRF1, TRF2,
TIN2, TPP1, and POT1 are dedicated to telomeres, Rap1
was recently shown to also have a role in transcriptional
regulation (Martinez et al. 2010; Teo et al. 2010). 
The TRF1/TRF2/TIN2/Rap1 core of shelterin is very

abundant (Fig. 4). Estimates suggest that human telomeres
could contain hundreds of copies of this complex, poten-
tially covering all telomeric DNA (Takai et al. 2010). Al-
though POT1 and TPP1 are less abundant (~50 copies per
telomere), POT1 is likely to be present in excess of its sin-
gle-strand binding sites. In addition to shelterin, telomeric
DNA is associated with nucleosomes (Makarov et al.
1993; Tommerup et al. 1994; Lejnine et al. 1995; Nikitina
and Woodcock 2004; Wu and de Lange 2008). The details
of how shelterin binds to nucleosomal chromatin are be-
ginning to be addressed (Galati et al. 2006; Baker et al.
2009). It should also be noted that shelterin components,

in particular TRF1 and TRF2, can be modified in numer-
ous ways (parsylation, ubiquitylation, sumoylation, phos-
phorylation, Arg methylation, and prolyl isomerization)
and the functional consequences of these modifications
are being explored (Smith et al. 1998; Lee et al. 2006,
2009; Potts and Yu 2007; Kim et al. 2008; Wu et al. 2008;
Atanassov et al. 2009; Chen et al. 2009; Her and Chung
2009; Zeng et al. 2010).
Shelterin is highly conserved in mammals, including

mice. Because of this conservation, it has been possible to
determine the function of each of the shelterin subunits
using gene targeting in the mouse. The only distinction in
rodents is the presence of a second POT1 protein (Hocke-
meyer et al. 2006). The two rodent POT1 proteins POT1a/b
are the result of a recent gene duplication event. Both
POT1a and POT1b interact with TPP1, and both are approx-
imately equally abundant at telomeres, but they have dis-
tinct functions, as discussed below.

A SUITE OF SHELTERIN ACCESSORY
PROTEINS

Shelterin recruits numerous accessory proteins to
telomeres. These proteins are not telomere specific, often
having prominent roles in general genome maintenance.
Examples are MRN (Zhu et al. 2000), Ku70/80 (Hsu et
al. 2000; O’Connor et al. 2004), ERCC1/XPF (Zhu et al.
2003), WRN and BLM RecQ helicases (Opresko et al.
2002), PARP1/2 (Dantzer et al. 2004; Gomez et al. 2006),
FEN-1 (Muftuoglu et al. 2006; Saharia et al. 2008; Saharia
and Stewart 2009), SLX4 (Svendsen et al. 2009), and
Mus81 (Zeng et al. 2009). For most of these factors, it is
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Figure 3. Components of human shelterin, their domain structure, and their interactions with telomeric DNA. (The structure of the
Myb domain is from Rhodes 2005 [©Cold Spring Harbor Laboratory Press]; the structure of the human POT1 domain is from Lei et
al. 2004 [©Nature Publishing Group].)

Figure 4. Shelterin on telomeric DNA. Relative abundance of
the shelterin components and how they might be bound to telo-
meres in the t-loop configuration.
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known (or suspected) that they interact with shelterin, but
the molecular details are largely unknown. A well-studied
shelterin accessory factor is the Apollo SMN1/Pso2-type
nuclease (also referred to as SNM1B), which has a general
function in DNA interstrand –cross-link repair. Apollo
binds to TRF2 and contributes to the maintenance of the
G-strand overhang and the protection of telomeres in S
phase (Freibaum and Counter 2006; Lenain et al. 2006;
van Overbeek and de Lange 2006; Chen et al. 2008; Lam
et al. 2010; Wu et al. 2010).
Unlike most shelterin accessory factors, which are nu-

clear proteins, the tankyrase class of PARPs (Smith et al.
1998; Kaminker et al. 2001), which were the first shelterin
accessory factors to be discovered, are now known to have
a variety of functions in the cytoplasm (for review, see
Hsiao and Smith 2008). However, tankyrases also bind to
TRF1 and contribute to telomere length regulation and
telomere resolution in mitosis (Smith and de Lange 2000;
Dynek and Smith 2004). Interestingly, the tankyrase–TRF1
interaction is not conserved in mouse cells (Donigian and
de Lange 2007), providing another example of the slight
differences between mouse and human telomeres. 

MUTING ATM AND ATR

Activation of either the ATM or ATR kinase pathway by
the natural ends of chromosomes is incompatible with cel-
lular and organismal survival. Both pathways are kept in
check by shelterin. There is a remarkable division of labor
within the complex, with TRF2 dedicated to the ATM
pathway and POT1 responsible for the repression of ATR
(Figs. 5–7) (Lazzerini Denchi and de Lange 2007). 

When TRF2 is deleted from mouse embryonic fibro-
blasts (MEFs), most (if not all) telomeres become sites of
ATM activation (Celli and de Lange 2005). The MRN
complex accumulates locally, and ATM signaling phospho-
rylates H2AX in telomeric and subtelomeric chromatin,
resulting in accumulation of other DNA-damage-response
factors, including MDC1 and 53BP1 at/near telomeres.
Cytologically, these events are readily detectable as the oc-
currence of numerous DNA-damage foci that colocalize
with telomeric markers (referred to as telomere dysfunc-
tion-induced foci [TIFs]; Takai et al. 2003). The TIF assay
helps to evaluate the level of telomere deprotection in a
quantitative manner. When ATM or components of the
MRN complex are genetically inactivated in MEFs, the
deletion of TRF2 fails to induce the TIF response (Celli
and de Lange 2005; Attwooll et al. 2009; Deng et al. 2009;
Dimitrova and de Lange 2009). This provides formal proof
that TRF2 is required for the repression of ATM but not
ATR signaling. Consistent with the activation of the ATM
pathway following loss of TRF2, Chk2 is activated, and up-
regulation of p53 results in induction of p21, and conse-
quently, G1/S arrest (Karlseder et al. 1999). To avoid the
confounding aspects of working with arrested cell popula-
tions, most shelterin deletion experiments are executed in
a p53-null setting (either through genetic ablation or by im-
mortalizing the MEFs with SV40 large T). 
Work with a temperature-sensitive allele of TRF2

showed that loss of TRF2 from telomeres activates the
ATM pathway in all stages of the cell cycle and that the
activation is quick (<4 h) (Konishi and de Lange 2008).
Furthermore, these experiments showed that the DNA-
damage signal emanating from the deprotected telomeres
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Figure 5. Model for repression of ATM signaling and NHEJ by TRF2. TRF2 is proposed to maintain the t-loop structure. When telo-
meres are in the t-loop configuration, neither the MRN complex (top) nor the Ku70/80 complex can gain access to the telomere ter-
minus, thereby preventing the initiation of ATM signaling and NHEJ.

 Cold Spring Harbor Laboratory Press on August 5, 2011 - Published by symposium.cshlp.orgDownloaded from 

http://symposium.cshlp.org/
http://www.cshlpress.com


can be readily reversed. When cells are moved back to the
permissive temperature, the TIF response dissipates in a
few hours. The ability of TRF2 to establish and maintain
a telomere state that hides the chromosome end from the
ATM pathway does not require its interacting factor Rap1
(Sfeir et al. 2010). The role of the second TRF2-binding
protein in shelterin, TIN2, in the repression of ATM has
not been established. The TRF2-binding protein Apollo
has a minor contribution in the muting of ATM (Wu et al.
2010). Deletion of Apollo results in ATM-dependent TIFs,
but they occur only in S phase. 
Assuming that TRF2 is the main player in blocking the

activation of the ATM kinase, the question arises as to how
a simple DNA-binding factor such as TRF2 accomplishes
this task. The current model invokes a key role for TRF2
in the formation of the t-loop structure (Fig. 5). t-loops are
lariats formed by the strand invasion of the 3′ telomeric
overhang into the duplex telomeric DNA (Fig. 2). They

were initially observed by electron microscopy (EM)
analysis of telomeric DNA isolated from psoralen cross-
linked nuclei of human and mouse cells (Griffith et al.
1998). The strand invasion displaces the G-rich telomeric
strand at the base of the loop, forming a D loop that was
inferred to be present based on coating with an Escherichia
coli single-stranded DNA-binding protein. t-loops are a
conserved aspect of telomeres; they have been detected in
trypanosomes (Munoz-Jordan et al. 2001), ciliate micronu-
clear DNA (Murti and Prescott 1999), plants (Cesare et al.
2003), and some strains of Kluyveromyces lactis (Cesare
et al. 2008). t-loops have also been demonstrated in iso-
lated intact chromatin from chicken erythrocytes and
mouse splenocytes (Nikitina and Woodcock 2004). Fur-
thermore, TRF2 has biochemical activities in vitro that sug-
gest a role in t-loop formation. Recombinant TRF2 can
generate t-loops when provided with an appropriate telo-
meric substrate (Griffith et al. 1999; Stansel et al. 2001),
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Figure 6. Model for repression of ATR signaling by POT1a/b. POT1a/b are proposed to repress ATR signaling by excluding RPA from
the single-strand telomeric DNA. This model pertains to telomeres in a linear and t-loop state. POT1a/b require the tethering to TPP1-
TIN2-TRF1/2 for it to compete effectively with RPA.

Figure 7. The way in which shelterin solves the end-protection problem. Overview of the functions assigned to each shelterin compo-
nent. See text for details.
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and it can bind to HJs (Fouche et al. 2006; Amiard et al.
2007; Poulet et al. 2009), suggesting that it could stabilize
the strand-invasion point. Whether TRF2 is indeed required
for the maintenance of t-loops in vivo remains to be deter-
mined. The way in which t-loops are thought to block ATM
kinase signaling is by simple end occlusion. The strand in-
vasion of the 3′ overhang generates an altered state for the
telomere end that is expected to block any DNA-binding
complex that loads onto DNA ends. Thus, t-loops would
safeguard the telomeres against the loading of MRN,
thereby preventing ATM kinase activation. 
The ATR kinase pathway is within the jurisdiction of

the ssDNA-binding activity of POT1 (Figs. 6 and 7). Dele-
tion of POT1a/b from MEFs results in TIF formation at
most telomeres, and this response is abrogated when ATR
is inhibited (Hockemeyer et al. 2006; Lazzerini Denchi
and de Lange 2007). Removal of the ATM kinase has no
effect on the TIF response in POT1-deficient cells
(Lazzerini Denchi and de Lange 2007). POT1-deficient
cells show phosphorylation of Chk1 (and Chk2), and this
downstream readout for ATR signaling is curbed by ATR
inhibition. In mouse cells, POT1a is the primary factor in
the repression of ATR, with POT1b having a subsidiary
role (Hockemeyer et al. 2006). POT1b has a distinct func-
tion at mouse telomeres in regulating the length of the 3′
telomeric overhang (Hockemeyer et al. 2006, 2008). Work
with chimeric proteins showed that the difference between
POT1a/b resides in their DNA-binding domains (Palm et
al. 2009), pointing to the ssDNA-binding features of these
proteins as crucial for ATR repression. Because the ATR
pathway is activated following binding of RPA to ssDNA,
a simple RPA exclusion model has been proposed (Guo
et al. 2007; Lazzerini Denchi and de Lange 2007;
Churikov and Price 2008). According to this model, the
presence of POT1 on the single-strand telomeric DNA (ei-
ther the 3′ overhang when the telomere is in an open state
or the D loop in the t-loop configuration) would block
RPA from binding and thereby prevent the activation of
the ATR signaling pathway (de Lange 2009). Consistent
with this model, RPA is detectable at telomeres when
POT1a/b are removed, and RPA is indeed required for the
activation of the ATR pathway at telomeres lacking POT1
protection (Gong and de Lange 2010). However, a com-
plication has arisen from the analysis of the DNA-binding
features of POT1 and RPA. The affinity of POT1a (or
human POT1) for single-strand telomeric DNA is in the
same range as the RPA-binding affinity, even when POT1a
is present as a heterodimer with TPP1 (T Kibe and T de
Lange, in prep.). Furthermore, the POT1 proteins in
human and mouse cells are 10- to 100-fold less abundant
than RPA (T Kibe and T de Lange, in prep.). 
Despite its low abundance and comparable Kd (dissoci-

ation constant) for single-strand TTAGGG repeats,
POT1a/b exclude RPA from single-strand telomeric DNA.
Most likely, POT1 is effective in the competition with RPA
because it is tethered to the other shelterin components.
Through its TPP1-TIN2 link, POT1 accumulates at telo-
meres and this connection provides POT1 with two telo-
meric-binding sites (one through protein—protein
interaction and the second representing the POT1–DNA
interaction) rather than the single DNA interaction avail-

able to RPA. Therefore, it is expected that the actual Kd of
POT1 for the single-strand telomeric DNA in vivo is much
lower than that for RPA. When POT1 releases the single-
strand telomeric DNA, its on-rate will be much higher than
for an RPA molecule that has lost its grip on TTAGGG re-
peats. Experimental evidence in favor of this view comes
from the TPP1 knockout (KO), which recapitulates the
POT1a/b double-KO (DKO) phenotype (Kibe et al. 2010).
Further in vitro and in vivo tests for this tethering model
are needed to address this issue in detail.
ATR signaling is also activated when TRF1 is deleted,

although POT1a/b remain associated with telomeres (Fig.
7) (Sfeir et al. 2009). In the TRF1-deleted cells, ATR acti-
vation is dependent on progression through S phase (Sfeir
et al. 2009), which is not the case when POT1a/b are re-
moved (Gong and de Lange 2010). The origin of the ATR
signal in telomere replication is a problem that arises when
TRF1 is not present. Replication of telomeric DNA is
twofold less efficient when TRF1 is deleted but is not af-
fected by loss of TRF2 (Sfeir et al. 2009). The current
model is that telomeric replication falters when G4 struc-
tures are encountered, and TRF1 may remove these barriers
by recruiting BLM and RTEL helicases (Sfeir et al. 2009).
When TRF1 is not present, this replication defect ulti-
mately leads to a fragile-site-like phenotype at telomeres
(Martinez et al. 2009; Sfeir et al. 2009). Thus, the TRF1
component of shelterin has a dual role at telomeres. Like
TRF2, it ensures the presence of POT1 at telomeres, but
in addition, it has an S-phase-specific role in promoting
the replication of telomeric DNA.

PAUSING NHEJ

NHEJ at telomeres needs to be tightly repressed. Even
a single telomere–telomere fusion can kill cells by form-
ing a dicentric chromosome that blocks mitosis, mis-seg-
regates, or breaks in mitosis and generates a DSB that can
wreck the genome. NHEJ is primarily blocked by TRF2
(van Steensel et al. 1998; Smogorzewska et al. 2002; Celli
and de Lange 2005). Inhibition of TRF2 generates numer-
ous chromosome end fusions, ultimately resulting in long
strings of joined chromosomes (Celli and de Lange 2005).
Work with the TRF2 ts allele has shown that NHEJ takes
place primarily in G1, but postreplicative fusions are also
observed (Konishi and de Lange 2008). As with activation
of the ATM kinase, telomere fusions can be induced with
a short period of TRF2 inactivation, indicating that TRF2
constantly maintains a telomere state that resists this repair
reaction. Moreover, as with the repression of ATM kinase
signaling, TRF2 appears to do the job largely alone be-
cause deletion of Rap1 does not lead to telomere fusions
(Martinez et al. 2010; Sfeir et al. 2010). Therefore, the
current model is similar to the t-loop model for ATM ki-
nase repression. The t-loop structure is expected to block
the Ku70/80 complex from loading on the telomere end,
thereby preventing NHEJ at its very first step (Fig. 5).
The TRF2-mediated repression of telomere fusions is

sufficient to protect chromosome ends in G1, but after
DNA replication, additional mechanisms are needed. This
is clear from the mild telomere fusion phenotype of the
POT1a/b DKO (Fig. 7) (Hockemeyer et al. 2006). Inter-
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estingly, these fusions primarily involve sister chromatids,
indicating a postreplicative event. Thus, after DNA repli-
cation, both sister telomeres (one formed by lagging-
strand DNA synthesis and one by leading-strand DNA
synthesis) become vulnerable to a joining event, although
the incidence of actual fusions is low. Perhaps the loading
of POT1 on the single-strand overhang keeps the repair
pathway at bay until the t-loop structure is reformed. Con-
sistent with this view, leading-end telomeres (which are
presumably blunt right after DNA replication is com-
pleted) require the Apollo nuclease for their proper pro-
tection from fusion (Lam et al. 2010; Wu et al. 2010).
Apollo has been implicated in the regeneration of the 3′
overhang at telomeres after their replication (Lam et al.
2010; Wu et al. 2010). A simple scenario can be envisaged
in which TRF2 recruits Apollo to regenerate the 3′ over-
hang at leading-end telomeres, which then become cov-
ered by POT1 so that joining reactions are blocked in the
period before the t-loop is reformed. The lagging-end
telomere is thought to contain an overhang that is gener-
ated by removal of the last RNA primer so that resection
may not be needed immediately. In contrast, POT1 bind-
ing would be needed at both ends, explaining why Apollo
KO cells have leading-end fusions, whereas POT1a/b
DKO cells show fusions of sister telomeres.
Apollo is probably not the only nuclease that mediates

the generation of the 3′ overhang at leading-end telomeres.
When Apollo is absent, the leading-end telomere fusions
occur but are not frequent, suggesting that there is another
pathway that can generate a 3′ overhang when Apollo is
missing. One possibility is that the ATM signaling at
telomeres lacking Apollo is responsible for the resection.
MRN-mediated ATM activation can induce resection at
DSBs, most likely through the CtIP nuclease. Indication
that the MRN/ATM-dependent resection can protect lead-
ing-end telomeres from NHEJ came from experiments in
which TRF2 is deleted from MRN- or ATM-deficient cells
(Attwooll et al. 2009; Dimitrova and de Lange 2009). Be-
cause TRF2 is able to recruit MRN to telomeres, it is also
possible that the MRN/ATM/CtIP pathway acts in parallel
with Apollo to generate a 3′ overhang at the leading-end
telomeres. It will therefore be interesting to monitor the
leading-end telomere fusions in Apollo/MRN or Apollo/
ATM double-deficient cells.
It should be noted that postreplicative telomere fusions

are not necessarily mediated by NHEJ. Deficiency in
DNA ligase IV does not abrogate the postreplicative
telomere fusions occurring when either POT1a/b (Rai et
al. 2010) or Apollo (P Wu and T de Lange, unpubl.) is re-
moved. This may point to the recently described mam-
malian alternative end joining pathway, but genetic
evidence in favor of this view is not yet available. There-
fore, it is not excluded that the observed “fusions” are, in
fact, noncovalent associations. 

DIRECTING HDR

Compared to the acutely lethal outcomes of NHEJ,
HDR may seem less threatening to telomeres. Yet, inap-
propriate recombination between telomeres can have dire
consequences in the long term. For instance, if two sister

telomeres undergo an unequal exchange, one of the
daughter cells will inherit a shortened telomere. In human
somatic cells without telomerase, this shortened telomere
will likely limit the life span of the lineage established by
the dispossessed daughter. In addition, BIR could inap-
propriately extend telomeres and has been invoked as the
primary mechanism by which some telomerase negative
cell lines and tumors extend their telomeres. This so-called
alternative lengthening of telomeres (ALT) pathway is
thought to involve BIR-like telomere extension events
using either telomeres or extrachromosomal telomeric
DNA as a template (Dunham et al. 2000).
HDR can be monitored at telomeres using chromo-

some-orientation fluorescence in situ hybridization 
(CO-FISH), which labels the telomeres generated by lead-
ing- and lagging-strand synthesis with two different fluo-
rophores so that sequence exchanges between sister
telo-meres can be visualized. These telomere sister chro-
matid exchanges (T-SCEs) are rare in wild-type cells (one
or two per metaphase spread) but can become prominent
when TRF2 is deleted (Celli et al. 2006). Induction of T-
SCEs by loss of TRF2 is only detectable in Ku70/80-de-
ficient cells. When Ku70/80 is present, even when NHEJ
is blocked by the absence of DNA ligase IV, exchanges
are rare (Celli et al. 2006). How Ku70/80 acts to prevent
T-SCEs has not been established, but it may be related to
the general ability of Ku70/80 to repress HDR. Alterna-
tively, the association of Ku70/80 with shelterin may be
important for the repression of HDR. 
Although T-SCEs are frequent in cells lacking TRF2

(and Ku70/80), TRF2 itself is not involved in regulating
this reaction. Rather, Rap1 is repressing HDR. As with the
TRF2 phenotype, Rap1 KO cells show a minimal level of
T-SCEs (<2%) (Martinez et al. 2010; Sfeir et al. 2010),
but in a Ku70-null context, the T-SCEs are very frequent
(~10% of chromosome ends) (Sfeir et al. 2010). How
Rap1 protects telomeres from HDR is unclear. Rap1 is a
small adapter protein with several domains that could bind
other factors, so perhaps it has an interacting partner that
blocks HDR. The view of Rap1 as an adapter can also ex-
plain its varied roles at telomeres in other organisms and
the recently established role for Rap1 in NF-κB signaling
(Teo et al. 2010).
In addition to Rap1, POT1 proteins in shelterin are re-

quired for the repression of HDR. POT1a/b-Ku70 triple-
KO cells show the same high frequency of T-SCEs as the
TRF2 or Rap1/Ku70 DKO cells (Palm et al. 2009). Either
POT1a or b is sufficient to repress this phenotype. As with
the Rap1 KO, low levels of T-SCEs have been reported in
POT1a- or b-deficient cells, but it is difficult to evaluate
these minor phenotypes (He et al. 2006; Wu et al. 2006).
Thus, the repression of recombination between telomeres
by shelterin involves the concerted action of one of the
two POT1 proteins and Rap1. 
Shelterin is also required to prevent an HDR reaction that

cleaves the t-loop off the telomere. This reaction produces
a shortened telomere and an extrachromosomal circular
DNA composed of telomeric repeats (referred to as a t cir-
cle) that is detectable on two-dimensional gels (Wang et al.
2004). The simplest explanation of these products is the for-
mation (through branch migration) of a dHJ at the base of
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the t-loop and a crossover-type resolution by Mus81 or
Gen1 (Haber 2004). t-loop cleavage is specifically re-
pressed by the amino-terminal domain of TRF2, which is
rich in Gly/Arg residues and highly basic (referred to as the
basic domain or the Gly/Arg-rich [GAR] domain). The
GAR domain is a signature of mammalian TRF2; it is ab-
sent from mammalian TRF1, chicken and Xenopus TRF2,
and the TRF-related Taz1p of fission yeast. Recent bio-
chemical data have suggested that the GAR domain binds
to HJs (Fouche et al. 2006; Amiard et al. 2007; Poulet et al.
2009). It has therefore been proposed that the amino termi-
nus of TRF2 prevents t-loop cleavage by physically block-
ing resolvases from gaining access to dHJ that might be
formed at the base of the t-loop.

ENCORE: TELOMERES AS A TOOL TO STUDY
THE DNA-DAMAGE RESPONSE

Different shelterin subunits repress different branches of
the DNA-damage response. The corollary of this compart-
mentalization is that deletion of individual shelterin proteins
can be used to activate a specific DNA-damage-response
pathway without others becoming involved. The ATM ki-
nase pathway can be activated without any signaling by
ATR or HDR/NHEJ by removing TRF2 from telomeres of
cells that lack DNA ligase IV. In contrast, ATR signaling
can be specifically activated in the absence of ATM signal-
ing in POT1a/b DKO cells. Deletion of Rap1 from Ku70-
deficient cells generates the unique situation of ongoing
HDR at telomeres without NHEJ, ATM signaling, or ATR
signaling. These surgical alterations can be explored to gain
insights into the DNA-damage response that are not readily
obtained from the more popular methods of induction of
DNA damage (e.g., ionizing radiation, ultraviolet [UV], and
site-specific cleavage with ISceI, and V(D)J [variable, di-
verse, and joining] recombination).
Several insights have already emerged from studying

telomere dysfunction. The rampant NHEJ at telomeres typ-
ical of TRF2-deficient cells is largely abrogated when the
ATM kinase is not present (Lazzerini Denchi and de Lange
2007; Dimitrova and de Lange 2009). It is the signaling by
the ATM kinase that is critical for efficient NHEJ. The key
target of ATM in this setting is 53BP1. Removal of TRF2
from telomeres in 53BP1-deficient cells results in hardly
any NHEJ events, although ATM kinase signaling is not
disrupted (Dimitrova et al. 2008). This result was not an-
ticipated because 53BP1 had not been identified as a player
needed for NHEJ in the context of most V(D)J recombi-
nation or general DSB repair. The only other settings where
53BP1 is required for NHEJ are in class switch recombi-
nation (CSR) (Reina-San-Martin et al. 2007) and V(D)J
recombination between distant sites (Difilippantonio et al.
2008). CSR, long-range V(D)J, and telomere fusions all
have DNA ends that are far apart. It is therefore possible
that 53BP1 functions in mediating synapsis. Studies of de-
protected telomeres have suggested a second (not mutually
exclusive) possibility. 53BP1 was found to greatly stimu-
late the mobility of deprotected telomeres in the nucleus,
presumably increasing their chance of encountering a fu-
sion partner (Dimitrova et al. 2008). 

Another new insight into the consequences of the DNA-
damage response was obtained with the POT1a/b DKO
cells (Davoli et al. 2010). ATR signaling in the POT1a/b
DKO cells is unusual compared to most settings in which
ATR is activated (e.g., UV) in that the “damage” is ir-
reparable. The origin of ATR activation is single-strand
telomeric DNA, and this “lesion” can only be repaired by
an NHEJ reaction that joins to two telomeres and cleaves
the overhang in the process. However, in POT1a/b DKO
cells, telomere joining is rare, most likely because NHEJ
continues to be inhibited by TRF2, which remains on the
telomeres (Hockemeyer et al. 2006). As a consequence,
ATR signaling persists for days if not weeks. Detailed
analysis of the cell cycle and DNA replication behavior of
POT1a/b DKO cells showed that such persistent DNA-
damage signaling induces endoreduplication. The cells,
which do not arrest in G1/S due to the absence of p53, dis-
play a long G2 phase but ultimately bypass mitosis and
reenter a second S phase, thereby generating tetraploid
cells (Davoli et al. 2010). 
This telomere-driven tetraploidization could be relevant

to the development of aneuploidy in human cancer. Telo-
mere dysfunction is likely to occur during the develop-
ment of a substantial fraction of human cancers. If the
telomere damage is not readily resolved and occurs in a
p53/Rb-deficient setting, tetraploid cells are predicted to
arise. Tetraploid cells have been observed in the early
stages of human tumorigenesis and are proposed to con-
stitute a likely precursor for the genesis of aneuploidy
(Storchova and Pellman 2004).
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