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The ends of eukaryotic chromosomes have the potential to be mistaken for damaged or broken
DNA and must therefore be protected from cellular DNA damage response pathways. Otherwise,
cells might permanently arrest in the cell cycle, and attempts to “repair” the chromosome ends
would have devastating consequences for genome integrity. This end-protection problem is solved
by protein-DNA complexes called telomeres. Studies of mammalian cells have recently uncovered
the mechanism by which telomeres disguise the chromosome ends. Comparison to unicellular
eukaryotes reveals key differences in the DNA damage response systems that inadvertently
threaten chromosome ends. Telomeres appear to be tailored to these variations, explaining their
variable structure and composition.

Of the three major questions in telomere
biology, two were solved in the 1980s.
First, the nature of the DNA sequences

that confer telomere function onto chromosome
ends was revealed when Blackburn and Szostak
showed that the short G-rich repeats from the ends
of yeast chromosomes were sufficient to stabilize
a linear plasmid (1, 2). Since then it has become
clear that G-rich repeats cap the ends of most
eukaryotic chromosomes, including mammalian
chromosomes that end in TTAGGG repeats.

Second, the mechanism by which telomeric
DNA is maintained was resolved when Black-
burn and Greider showed that telomeric DNA is
synthesized by telomerase. Telomerase is a re-
verse transcriptase that adds telomeric repeats to
the 3′ ends of each chromosome (3). In doing so,
telomerase makes up for the shortcomings of
semiconservative DNA replication, which cannot
complete the synthesis of chromosome ends.
Other solutions to this end-replication problem
exist, notably in Drosophila and other dipterans,
but it is now clear that telomerase is the main
method by which eukaryotes avoid sequence loss
at the ends of their chromosomes.

It has been suggested that early eukaryotes
used a primitive form of telomeres without telo-
merase to solve the end-replication problem (4).
The later acquisition of telomerase not only solved
the end-replication problem but ensured the
presence of the same sequence at all chromosome
ends. Once all telomeres in the cell had the same
sequence, telomeric DNA binding factors could
evolve, thereby enabling cells to distinguish natural
chromosome ends from sites of DNA damage.

The End-Protection Problem
Research on the third major issue in telomere bi-
ology, how telomeres solve the end-protection
problem, stagnated until the 1990s. The end-
protection problem first surfaced early last cen-
tury, when Muller and McClintock observed a

critical distinction between the behavior of bro-
ken chromosome ends and telomeres. Muller
found that chromosomes lacking their natural ends
were unstable; McClintock documented the pro-
pensity of broken ends, but not telomeres, to fuse.
However, the full extent of the end-protection prob-
lem remained obscure until the principles of the
DNAdamage response were revealed in the 1980s.

The first insight camewhenSzostak, Rothstein,
and Orr-Weaver found that linear DNA intro-
duced into eukaryotic cells is unstable because
the DNA ends recombine with the genome (5). It
is now clear that introduced linear DNA falls
victim to two important DNA repair pathways
that mend broken chromosomes: homology-
directed repair (HDR) and nonhomologous end

joining (NHEJ). The observation that DNA ends
(also known as double-strand breaks) are pro-
cessed by these DNA repair reactions raised the
question of whether the natural ends of chromo-
somes are also attacked by HDR and NHEJ, and
if not, why not.

A second question arose from the work of
Hartwell and Weinert, who found that budding
yeast lacking the RAD9 gene failed to arrest the
cell division cycle in response to double-strand
breaks (6). This experiment, and earlier obser-
vations on fission yeast and mammalian cells
(7), revealed that the cell cycle arrest normally
associated with DNA damage is not due to the
DNA damage itself. Rather, cells arrest because
of the activation of a pathway that detects DNA
damage and blocks cell cycle progression in re-
sponse. Why, then, are these pathways not acti-
vated by the natural ends of linear chromosomes?

These findings on how eukaryotes respond
to DNA damage shaped the current molecular
definition of the end-protection problem: How
do telomeres prevent the activation of the DNA
damage signaling pathways, and why are they
resistant to the repair pathways that act on DNA
ends?

In the context of mammalian cells, the end-
protection problem can be rephrased in more
precise terms, based on current knowledge of the
molecular pathways that recognize and repair
double-strand breaks (Fig. 1). Mammalian cells
have two independent signaling pathways that
are activated by double-strand breaks: (i) the
ATM (ataxia telangiectasia mutated) kinase path-
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Fig. 1. The end-protection problem. When a mammalian chromosome breaks (top), the exposed DNA
ends can activate two signaling pathways (the ATM and ATR kinase pathways) that arrest the cell division
cycle and can induce cell death. The broken chromosome is usually repaired by one of two different DNA
repair pathways (NHEJ and HDR), allowing cells to continue their divisions with an intact genome. The
presence of these DNA damage response pathways poses a problem for the ends of linear chromosomes
(telomeres, bottom) because activation of DNA damage signaling or DNA repair at telomeres would be
disastrous. Mammalian telomeres solve this end-protection problem through the use of a telomere-
specific protein complex (shelterin) and an altered structure (the t-loop) that together ensure that all four
pathways remain blocked.
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way, which is activated directly by DNA ends,
and (ii) the ATR (ataxia telangiectasia and Rad3
related) kinase pathway, which is activated by
the single-stranded DNA formed when the 5′ end
of a double-strand break gets trimmed back, or
resected. Solutions to the end-protection problem
must include mechanisms that keep both kinases
dormant at telomeres, because mammalian telo-
meres have features (both a DNA end and a
constitutive region of single-stranded DNA) that
could activate ATM and ATR. A second set of
reactions also needs to be blocked at telomeres:
Mammalian cells can repair double-strand breaks
via either HDR or NHEJ, and therefore a mech-
anism must exist that allows telomeres to avoid
these reactions.

The end-protection problem of mammalian
chromosomes thus involves escaping the poten-
tial harmful effects of four different pathways
(Fig. 1). Failure to do so will result in cell cycle
arrest (under the command of ATM and/or ATR),
chromosome end-to-end fusions (a product of
NHEJ), or sequence exchanges (mediated by
HDR) that involve two telomeres or a telomere
and another part of the genome.

How Shelterin Solves the End-Protection
Problem in Mammals
Mammalian telomeres solve the end-protection
problem through the agency of a six-subunit pro-
tein complex called shelterin (8) (Fig. 2).
Shelterin is endowed with specificity for telo-
meres through the DNA sequence preference of
several DNA binding proteins in the complex.

Two shelterin subunits, TRF1 and TRF2, bind to
the TTAGGG sequences in double-strandedDNA,
and one subunit, POT1, binds to these sequences in
single-stranded form. Because these three proteins
are held together byTIN2 andTPP1, the selectivity
of shelterin for telomeric DNA is exquisite.

The logic of the mammalian telomere system
is that the repeats synthesized by telomerase func-
tion as binding sites for shelterin. As a consequence,
shelterin accumulates at all natural chromosome
ends, where it prevents the activation of the DNA
damage response. In turn, shelterin is thought to
be required for the recruitment of telomerase (9),
ensuring that this enzyme does not add telomeric
DNA to broken ends that lack shelterin binding
sites. The sequence specificity of shelterin is crit-
ical: If it accumulated at chromosome-internal
sites, it could interfere with the normal steps of
the DNA damage response in case of local dam-
age, and it might promote inappropriate “healing”
of the broken ends by telomerase.

The repression of the ATM kinase pathway
at telomeres is the assignment of the TRF2 sub-
unit (Fig. 3A). Loss of TRF2 leads to activation
of the ATM kinase at the natural ends of mouse
or human chromosomes (10, 11). The conse-
quences of ATM activation can be directly visu-
alized at chromosome ends in the form of DNA
damage foci containing DNA damage response
factors such as g-H2AX, MDC1, and 53BP1
(12, 13). Cells lacking TRF2 at their telomeres
arrest in the cell cycle because of up-regulation of
p53 and show other hallmarks of ATM signaling,
including the phosphorylation of ATM and Chk2.

The DNA damage response at
these dysfunctional telomeres is
not only completely dependent on
ATM, but also requires a DNA
end binding complex [the MRN
(Mre11/Rad50/Nbs1) complex]
that senses double-strand breaks
and activates ATM (14–16).

The threat of the ATR signal-
ing pathway is handled by POT1
(17) (Fig. 3B). Deletion of the
two mouse POT1 genes results in
a telomere damage response, as
evidenced by DNA damage foci
at telomeres and phosphorylation
of the ATR target Chk1 (18, 19).
The response to loss of POT1 is
dependent on the ATR kinase but
not on ATM. The ATM kinase
remains repressed when POT1 is
removed, because TRF2 is still
associated with the telomeres.
Thus, two different shelterin sub-
units independently repress the
twomainDNAdamage signaling
pathways. Together, TRF2 and
POT1 distinguish telomeres from
the chromosome-internal double-
strand breaks that require DNA
repair and modulation of cell
cycle transitions.

The TRF2 and POT1 subunits are also instru-
mental in blocking the twoDNA repair pathways
that could harm telomeres (Figs. 3 and 4). The
NHEJ pathway is a major threat to telomeres be-
cause it could create dicentric chromosomes when
two telomeres fuse. Dicentric chromosomes are
unstable in mitosis, the time when cells segregate
their chromosomes during cell division, and
thereby promote genome instability. In the G1

phase of the cell cycle, before DNA replication
starts, TRF2 is the main repressor of NHEJ at
telomeres (11, 20), whereas in the G2 phase, after
DNA replication, both TRF2 and POT1 contrib-
ute to blocking this type of repair (18, 21). In
addition, TRF2 and POT1 inhibit the processing
of telomeres by HDR (21–24). However, HDR at
telomeres can also be repressed by the Ku70/80
heterodimer, a DNA repair factor that binds to
DNA ends. Thus, HDR between telomeres is
only fully unleashedwhen bothKu70/80 is absent
and either TRF2 or POT1 is deleted (22, 23).

The protective role of Ku70/80 at telomeres
brings up a dilemma that has fascinated the field,
because Ku70/80 is a component of the NHEJ
pathway. Ku70/80 forms a ring-shaped complex
that loads onto DNA ends and promotes the as-
sociation of double-strand breaks in preparation
for their ligation (25). Given its role in NHEJ,
Ku70/80 could reasonably be expected to be
barred from telomeres. Yet this factor binds to
telomeres, probably not by loading onto the end,
but rather through an interaction with shelterin
(26). The current interpretation of this paradox is
that shelterin might curb the actions of Ku70/80
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Fig. 2. Mammalian telomeres. Human and mouse telomeres are composed of long stretches of the repetitive sequence
TTAGGG and a telomere-specific protein complex, shelterin (upper left). Shelterin derives its specificity for telomeric
DNA from three DNA binding proteins (lower left). TRF1 and TRF2 are two similar proteins that bind to the double-
stranded telomeric repeats while POT1 interacts with TTAGGG repeats in single-stranded form. TIN2 and TPP1 connect
POT1 to TRF1 and TRF2. Rap1 is bound to TRF2. Telomeres are found in a lariat conformation (upper right), the t-loop,
which results from the strand invasion of the 3′ single-stranded overhang into the double-stranded telomeric DNA.
Shelterin is sufficiently abundant to cover most of the double-stranded telomeric DNA, and there is sufficient POT1 to
cover single-stranded telomeric DNA either in the 3′ overhang or in the D loop. Telomeres also contain nucleosomes
and numerous shelterin-associated proteins (not shown).
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in such a way that it becomes helpful in re-
pressing HDR without being able to initiate
NHEJ. Ku70/80 is one of several DNA repair
factors that seem to have been “tamed” by
shelterin to protect telomeres without engaging
in activities that could pose a threat to telo-
meres (27).

How TRF2 and POT1 Hide the End
How does a DNA binding protein such as TRF2
prevent activation of the ATM kinase at telomere
termini? A possible answer arose from an anal-
ysis of the structure of telomeric DNA in human
andmouse cells, which revealed that the telomere
terminus can be hidden in a configuration termed
the t-loop (28) (Fig. 2). T-loops appear to form
through strand invasion of the 3′ telomeric
overhang into the duplex part of the telomere.
Consistent with such a strand invasion, there is a
short segment of single-stranded telomeric DNA
at the base of the loop (the D loop). T-loops have
also been found in chickens, Caenorhabditis
elegans, plants, and protozoa (29–32).

Given that t-loops hide the telo-
mere terminus, their formation and
maintenance is expected to block
DNA end-binding factors from
gaining access to the chromosome
end (Fig. 3A). In particular, t-loops
could provide an architectural so-
lution to the repression of the ATM
kinase pathway, which relies on a
sensor (the MRN complex) with
DNA end-binding activity. In ad-
dition, t-loops could prevent the
Ku70/80 heterodimer from loading
onto the telomere terminus, there-
by blocking the initiation of the
NHEJ pathway (Fig. 3A). TRF2,
which is dedicated to the repres-
sion of ATM and is a key factor for
the repression of NHEJ, has the
unusual ability to generate t-loop
like structures in vitro (28, 33, 34).
Thus, a model can be proposed
wherein TRF2, through its ability
to remodel telomeres into the t-loop
configuration, takes the telomere
terminus into custody, sheltering it
from the potentially ruinous actions
ofMRN/ATM and the NHEJ path-
ways (Fig. 3A).

The above t-loop model does
not explain how telomeres deter the
ATR kinase, which is activated by
replication protein A (RPA), which
binds to single-stranded DNA.
Although the t-loop sequesters the
telomere terminus, binding of RPA
to the single-stranded D loop could
lead to the activation of the ATR
kinase at telomeres.

A likely model for how telo-
meres block the activation of ATR
is based on competition between

POT1 and RPA for single-stranded DNA (17)
(Fig. 3B). POT1 has the advantage over RPA that,
as a component of shelterin, it can accumulate in
excess of its single-stranded target sequences at
telomeres. In agreement with this competition
model, RPA is not normally observed at mamma-
lian telomeres but becomes readily detectable
when POT1 is impaired (35). Furthermore, POT1
can only repress the ATR kinase pathway when
linked to the rest of shelterin. Inhibition of TPP1,
the tether between POT1 and the rest of shelterin,
also activates theATRkinase pathway (19, 36, 17).
The ability of POT1 to compete with single-strand
DNA binding proteins might also play an impor-
tant role in the repression of HDR, which in-
volves binding of both RPA and the HDR factor
Rad51 to single-stranded DNA.

These are speculative models that are influ-
enced by the current understanding of the earliest
steps in ATM and ATR signaling and NHEJ, and
many issues remain to be addressed (Box 1). As
insights into the mammalian DNA damage sig-
naling pathways deepen, more sophisticated

models and accompanying tests will emerge.
Similarly, future insights into the initiation of
HDR in mammalian cells will help to elucidate at
which step this pathway is blocked by shelterin
and the Ku70/80 heterodimer.

True for an Elephant, but Is It True for…?
In the context of the eukaryotic genomes, the
essence of Jacques Monod’s dictum (“what is
true for E. coli is true for an elephant”) clearly
pertains to one aspect of telomeres: the end-
replication problem. Both the problem itself and
its telomerase-based solution have been highly
conserved during eukaryotic evolution. In con-
trast, the manner in which telomeres solve the
end-protection problem appears to be much less
conserved—most likely because the problem
itself is not identical in different eukaryotes
(Fig. 4).

Telomeres have been studied extensively in
two types of single-celled eukaryotes to which
we owe much of our current knowledge of
telomerase: ciliates and yeast. These organisms
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Fig. 3. Different components of shelterin are dedicated to different aspects of the end-protection problem. TRF2
represses the ATM kinase signaling pathway (A), whereas POT1 ensures that the ATR kinase is not activated (B). In
addition, TRF2 is the main repressor of NHEJ at telomeres, although POT1 contributes to the repression of NHEJ, especially
after DNA replication. Both TRF2 and POT1 function to block HDR at telomeres (not shown). TRF2 is proposed to block
NHEJ and ATM kinase signaling by forming the t-loop. In the t-loop structure (A), the telomere end is hidden from the DNA
end sensor MRN that activates the ATM kinase pathway (MRN), and the Ku70/80 ring (which initiates NHEJ) will not be
able to load onto the chromosome end. In (B), POT1 is proposed to block ATR kinase signaling by preventing the binding
of RPA, the single-stranded DNA binding protein that activates the ATR kinase pathway. POT1 could block RPA from
binding to the single-stranded telomeric DNA either when present at the telomere terminus (as shown) or when exposed
in the D loop of the t-loop configuration.
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also provided early hints about telomere binding
proteins, the first of whichwas found inOxytricha, a
hypotrichous ciliate. In their vegetative nucleus (the
macronucleus), these ciliates have very short telo-
meres (one-thousandth the length of mammalian
telomeres) that are capped by a single protein dimer,
TEBPa/b. TEBPa/b is distantly related to POT1
and its bindingpartnerTPP1 in the shelterin complex
(37, 38), although little is known about its function.

Two yeasts (budding yeast and fission yeast),
on the other hand, have delivered both the proteins
that bind to their telomeres and the phenotypes
associated with their functional impairment. Fis-
sion yeast telomeres associate with a protein
complex that bears similarity to shelterin (39). In
this complex, a TRF-like module,
Taz1, connects to a TPP1/POT1-
like dimer, Tpz1/Pot1, through
protein-protein interactions. The
Rap1 subunit is also conserved
and, as in shelterin, it binds to the
TRFmodule, Taz1. Likemamma-
lian TRF2, Taz1 represses the
NHEJ pathway at telomeres and
also acts with Ku70/80 to inhibit
telomere recombination, specifi-
cally in cells lacking telomerase
(40, 41). NHEJ threatens fission
yeast primarily when cells are
nitrogen-starved and arrest in the
G1 phase of the cell cycle; when
growing in rich medium, fission
yeast spends most of its time in
the G2 phase, where HDR dom-
inates (42). A corollary of linger-
ing in theG2 phase is the constant
threat of telomere resection,which
is blocked byPot1 (37). Cells lack-
ing Pot1 rapidly lose all telomeric
DNA, a disastrous phenotype
not (yet?) observed at mam-
malian chromosome ends. How
fission yeast avoids the activa-
tion of Rad3 (the ATR homolog)
and Tel1 (related to ATM) at its
chromosome ends is not yet clear.
Given that the details of the DNA
damage signaling pathways are
well-defined in this system, it will
be particularly informative to
understand at which steps fission yeast telomeres
intervene.

The most extensively studied telomeres are
those of budding yeast (Fig. 4). These telomeres
contain two distinct telomeric complexes, one on
the double-stranded telomeric DNA and one at
the telomere terminus; neither of them resemble
shelterin. The double-stranded DNA binding
complex is formed by Rap1, the only shelterin
component conserved in budding yeast (43–45),
and its interacting partners Rif1 and Rif2. Unlike
mammalian and fission yeast Rap1, however,
budding yeast Rap1 binds directly to telomeric
DNA (46, 47). Furthermore, budding yeast Rap1
has a prominent nontelomeric function in regu-

lating transcription of numerous genes (48). At
telomeres, the Rap1 complex has a well-described
and highly conserved role in the regulation of
telomere length (49) and contributes to the re-
pression of NHEJ (50), a function it shares with
fission yeast Rap1 (51). Whether mammalian
Rap1 also inhibits NHEJ of chromosome ends
remains to be determined (52).

The complex that binds to the termini of
budding yeast telomeres is composed of three
subunits: Cdc13, Stn1, and Ten1 (53–56). This
complex binds to single-stranded telomeric DNA
and appears to be a telomere-specific version of
RPA, rather than being related to TPP1/POT1
(57). The Cdc13 complex is prominent at telo-

meres during DNA replication, when it has a role
in the telomerase pathway (49) and—relevant to
the end-protection problem—it limits resection
of the telomere end, preventing formation of a
region of single-stranded DNA. Without the
Cdc13 complex, exonucleolytic attack on the
5′ end generates long regions of single-stranded
DNA that activate the Mec1 kinase (related to
ATR), resulting in arrest after DNA synthesis
in the G2 phase (58). It is not yet clear whether
Cdc13 prevents Mec1 activation primarily through
limiting end resection or whether it also blocks
RPA binding to the single-stranded telomeric
DNA (as proposed for ATR inhibition by POT1
in mammals).

Unlike TRF2 and POT1, which are required
to repress ATM and ATR throughout the mam-
malian cell cycle (20), budding yeast Cdc13
complex is not needed for the protection of
telomeres in the G1 phase (59). How then do
yeast telomeres prevent the activation of the DNA
damage signaling pathways during G1? One per-
tinent consideration is that the budding yeast
version of ATM, Tel1, like its fission yeast
counterpart, has a very limited ability to enforce
a G1 arrest; it may thus not pose a threat to cell
cycle progression (and hence viability) when it is
activated at telomeres. The task for budding yeast
telomeres in theG1 phase is therefore primarily to
prevent the activation of Mec1.

The dependence of Mec1
activation on single-stranded
DNA may have given budding
yeast a reasonable way to avoid
its activation in the G1 phase:
limiting the single-strandedDNA
at chromosome ends. Indeed, be-
fore their replication, budding
yeast telomeres do not contain
enough single-stranded DNA for
RPA binding and hence avoid
activation of Mec1 (60). Further-
more, end-resection activities are
minimal in the G1 phase, so telo-
meres may not be at risk in terms
of activating Mec1 even when
the Cdc13 complex is not bound.
According to this logic, the
Cdc13 complex is only needed
to prevent the activation of Mec1
in the S/G2 phases, when end-
resection activities rise and telo-
meres gain transient long 3′
overhangs (61).

How budding yeast represses
HDR at its telomeres is not yet
clear, but it appears that the
repression is weaker than in
mammalian cells. HDR events
can occur spontaneously at bud-
ding yeast telomeres (62), and
telomere-telomere recombination
can readily compensate for telo-
merase deficiency (63). HDR at
mammalian telomeres is more

tightly restricted, and mammalian cells are conse-
quently poor at escaping replicative senescence
without telomerase (64). Unlike the large verte-
brate genomes, the budding yeast chromosomes
lack substantial chromosome-internal telomeric
DNA; therefore, disastrous recombination events
between telomeres and chromosome-internal sites
should be rare, perhaps obviating the need for
stringent HDR control.

These insights suggest interesting differences
between budding yeast and vertebrates (and fis-
sion yeast) with regard to the end-protection
problem and its solutions. Consistent with this
divergence, the composition of the telomeric
protein complex is distinct. TRF1 and TRF2
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Fig. 4. Different solutions to the end-protection problem. At mammalian telomeres,
the presence of shelterin and the t-loop structure together ensure the repression of
the four pathways that threaten telomeres throughout the cell cycle (top). The DNA
damage response in budding yeast is not the same as in mammalian cells, hence
budding yeast telomeres face a different set of threats (bottom). Whereas Mec1 (ATR
equivalent) is a major threat, Tel1 (ATM-like) is not, and HDR is less stringently
repressed at budding yeast telomeres than in mammals. Budding yeast telomeres
appear tailored to cope with this simpler set of problems, which may explain why none
of the shelterin components, except for Rap1, are conserved (bottom). Shelterin is at
telomeres throughout the cell cycle, whereas Cdc13/Stn1/Ten1 is not at telomeres
before the initiation of DNA replication (not shown).
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have been lost in budding yeast, and part of the
role of POT1 has been taken over by the Cdc13
complex. The telomeric DNA itself is also quite
different. Although t-loops have been demon-
strated directly and indirectly in budding yeasts
with unusual telomere length (65, 66), t-loops are
unlikely to occur in the wild-type cells. Budding
yeast telomeres have three features that may
restrict the formation of t-loops: They are short
(~300 base pairs), lack a long 3′ overhang inmost
of the cell cycle, and are made up of imprecise
repeats, limiting the options for strand invasion. It
could also be argued that the advantages the t-
loop has to offer as a solution to the budding
yeast end-protection problem are minimal, be-
cause the t-loop structure would block the weak
Tel1 pathway but is helpless against the bigger
threat of the Mec1 pathway.

In addition to ciliates, yeast, and mammals,
telomeres are being analyzed in chickens, Xeno-
pus, Drosophila, C. elegans, plants, and assorted
protozoa. The resulting comparative telomere
biology should lead to a deeper understanding of
the spectrum of challenges faced by chromosome
ends and how these end-protection problems are
solved by variations on the themes observed so far.

Tackling Human Telomeres
Several of the outstanding questions about mam-
malian telomeres (Box 1) are currently being
addressed using genetic tools in the mouse.
Although mouse genetics is the only way of as-
sessing null phenotypes in the context of different
genetic backgrounds (a prerequisite for under-
standing how telomeres work), mice have the
drawback that they are not human. Human and
mouse telomeres, although the same in broad
strokes, differ in some detailed aspects that

should caution against facile extrapolations from
one system to another. For instance, whereas
TRF2 and POT1 appear to work very similarly in
human and mouse cells, the single POT1 gene in
human cells combines the two distinct functions
of the two mouse POT1 genes (18, 23), and
whereas mice survive without Ku70/80, human
cells perish without Ku70/80 because of deletion
of their telomeres (67). These examples imply
that subtle differences in the DNA damage re-
sponse of human and mouse cells may dictate
variations in how telomeres solve the end-
protection problem.
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Box 1. Outstanding issues concerning the mammalian end-protection problem.

• What are the molecular mechanisms by which TRF2 and POT1 control ATM and ATR signaling and
prevent repair by NHEJ and HDR?

• How do t-loops contribute to end protection? Are the loops lost when shelterin is impaired? Are
they resolved by passage of the replication fork in the S phase of the cell cycle, or are they
present throughout the cycle?

• What is the role of the many shelterin accessory factors that also function in DNA damage
signaling and DNA repair? How are their potentially harmful actions repressed at telomeres?

• How is the 3′ overhang of mammalian telomeres generated? Is this process responsible for the
high rate of telomere shortening in mammalian cells?

• Does telomeric repeat–containing RNA (TERRA) contribute to end protection? (TERRA has recently
been observed in several eukaryotes. Its function and regulation are of potential interest in all
aspects of telomere biology.)

• What happens at human telomeres during replicative senescence and crisis? What type of DNA
damage response takes place at critically shortened telomeres? Which signal transducers enforce
arrest? What repair pathways act on short telomeres? What are the key differences between a
critically short telomere and a functional one?

• How is the length of mammalian telomeres regulated, and how is telomerase recruited? Does temporary
loss of end protection (for example, in the S phase of the cell cycle) contribute to these pathways?

• How do human ALT cells bypass the repression of HDR at their telomeres? (Alternative lengthening of
telomeres, or ALT, is a mechanism of telomere maintenance that relies on HDR.)
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