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Abstract

Telomeres are specialized structures at the ends of linear chromosomes that were originally defined func-
tionally based on observations first by Muller (1938) and subsequently by McClintock (1941)that naturally
occurring chromosome ends do not behave as double-stranded DNA breaks, in spite of the fact that they are
the physical end of a linear, duplex DNA molecule. Double-stranded DNA breaks are highly unstable entities,
being susceptible to nucleolytic attack and giving rise to chromosome rearrangements through end-to-end
fusions and recombination events. In contrast, telomeres confer stability upon chromosome termini, as
evidenced by the fact that chromosomes are extraordinarily stable through multiple cell divisions and even
across evolutionary time. This protective function of telomeres is due to the formation of a nucleoprotein
complex that sequesters the end of the DNA molecule, rendering it inaccessible to nucleases and recombinases
as well as preventing the telomere from activating the DNA damage checkpoint pathways. The capacity of a
functional end-protective complex to form is dependent upon maintenance of sufficient telomeric DNA. We
have learned a great deal about telomere structure and how this specialized nucleoprotein complex confers
stability on chromosome ends since the original observations that defined telomeres were made. This review
summarizes our current understanding of mammalian telomere replication, structure and function.

Abbreviations: 53BP1 — TP53 binding protein 1; ATM — Ataxia telangiectasia mutated; BRCT — BRCAI
carboxy terminal; DAT — Dissociates activities of telomerase; DNA-PKcs — DNA-dependent protein kinase
catalytic subunit; EST1/hEST1 — Ever shorter telomeres 1; MRN — MRE11/RADS0/NBS1 complex;
PARP - Poly ADP-ribose polymerase; PINX1 — Pin2/TRF1 interacting protein; POT1 — Protection of
telomeres 1; RADS54 — radiation senstitivity mutant 54; hRAP1 — human homologue of S. cerevisiae
Repressor Activator Protein 1; hTERT/mTERT — human and mouse homologues of telomerase reverse
transcriptase catalytic subunit; hTERTa — alternatively spliced inhibitory form of hTERT; TIN2 — TRF1
interacting protein 2; TPE — Telomeric position effect; hTR/mTR — Human and mouse homologues tel-
omerase template RNA subunit; TRF1 — TTAGGG-repeat binding factor 1; TRF2 — TTAGGG-repeat
binding factor 2; XPF-ERCC1 — Xeroderma pigmentosum complementation group F/Excision repair
cross-complementing 1; XRCC4 — X-ray-complementing Chinese hamster gene 4.

Telomere function — providing chromosome stability ends from a number of detrimental processes

including degradation by nucleases and the action
The primary function of the telomere is to provide of recombinases. The telomere also permits con-
stability to chromosome ends. In fulfilling this tinued cellular division in the presence of multiple

function the telomere acts to protect chromosome naturally occurring double-stranded DNA ends by
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sequestering the ends of the DNA molecule. Using
electron microscopic analysis of purified telo-
meres, Griffith et al. (1999) demonstrated that
telomeres exist in vivo as circular structures, called
telomere loops or t-loops. The t-loop is formed by
invasion of the double-stranded telomeric repeats
by the G-strand overhang, thereby sequestering the
chromosome end and providing a chromosome
‘cap’. These observations were the first demonstra-
tion of a specific telomeric protective structure. The
double-stranded telomeric binding protein TRF2
(see below) is located at the base of this structure,
and can promote its formation in vitro (Stansel et al.
2001). However, the assembly of t-loops in vivo is
likely to be dependent upon the involvement of
additional telomere-associated proteins.

Telomeres were thrust into the spotlight a number
of years ago due to their role in the opposing pro-
cesses of tumorigenesis and induction of senescence.
The status of the telomeric complex clearly is a
central factor regulating the two processes. In some
instances, the genome instability accompanying loss
of telomere end-protection function promotes
tumorigenesis (Chin et al. 1999; Harrington 2004).
However, dysfunctional telomeres, which resemble
double-stranded DNA breaks, usually activate sig-
nal transduction pathways resulting in the induc-
tion of replicative senescence or apoptosis.
Telomeres that have lost capping function, either
through forced uncapping or as a natural conse-
quence of telomere attrition arising from cellular
divisions in the absence of telomerase, directly en-
gage components of the DNA damage surveillance
machinery including yH2AX, 53BP1 and activated
ATM (d‘Adda di Fagagna et al. 2003; Takai et al.
2003). Thus, the primary role of telomeres is to
protect chromosome ends by preventing them from
being recognized and/or or behaving as double-
stranded DNA breaks.

Telomere replication

Replication of chromosome termini involves novel
proteins and strategies in addition to those em-
ployed across the remainder of the chromosome.
While most of the chromosome is replicated by the
conventional DNA replication machinery, com-
plete replication of chromosomal termini is ham-
pered by the unidirectional nature and primer
requirements of the DNA polymerases. Due to

these features, a region of unreplicated DNA will
remain on the parental DNA strand acting as the
template for lagging strand synthesis following
removal of the most terminal primer. Without
some means of replicating chromosome ends, this
process would eventually result in loss of essential
genetic information. This has become known as
the end replication problem (Olovnikov 1973).
However, it was apparent that cells had evolved a
mechanism for overcoming the end-replication
problem because chromosomes are stable over
multiple cellular divisions, across generations and
through evolution.

Telomeric DN A

The DNA eclement of vertebrate telomeres is fairly
simple, being composed of short, tandem repeats
of the sequence 5(TTAGGG)3’. The length of the
telomeric repeat array is genetically regulated and
is species specific, extending for approximately
15kb in the human germline, and something
shorter than that in somatic tissues depending on
age and replicative history (Cooke and Smith
1986; Lindsey et al. 1991). In contrast, mice have
considerably longer telomeric DNA arrays, which
can extend in excess of 50 kb (Kipling and Cooke
1990). Telomeres are characterized by strand
asymmetry due to the G-rich strand always being
oriented towards the chromosome end. At the very
end of the chromosome there is a single-stranded
protrusion of the G-rich strand that extends for
approximately 75-200 nucleotides in humans
(Makarov et al. 1997; McElligott and Wellinger
1997; Wright et al. 1997). Some recent studies
suggest that the maintenance of G-strand over-
hang in humans may rely at least in part upon
telomerase (Masutomi et al. 2003), although this is
inconsistent with reports of telomerase null mice in
which the overhang is preserved with no detectable
alterations (Hemann and Greider 1999). Follow-
ing completion of conventional DNA synthesis in
telomerase null cells, the daughter telomeres aris-
ing from leading strand synthesis would be
predicted to be composed of blunt ended mole-
cules. This would imply a window in the cell cycle,
perhaps very short, in which the G-strand over-
hang would be absent from half the telomeres. To
date this predicted decrease in the G-strand over-
hang has not been detected. However, it is clear



that maintenance of the telomere capping complex
and the preservation of the G-strand overhang are
tightly linked as removal of specific factors such as
TREF2 (see below) can lead to the rapid loss of this
feature of the telomere (van Steensel et al. 1998).

Telomeric chromatin is organized with shorter
nucleosome spacing than is found in bulk chro-
matin (Tommerup et al. 1994). It has been sug-
gested for many years that telomeres are
heterochromatic. Telomeric heterochromatin has
been documented extensively in yeast through
demonstration of the ability of telomeres to silence
the expression of adjacent genes, a phenomenon
termed telomeric position effect (TPE) (Tham and
Zakian 2002). Similarly, in human cells telomeres
are able to silence expression of a nearby gene
(Baur et al. 2001), although these effects are not as
dramatic as those observed in yeast. Consistent
with this, heterochromatin proteins HPlalpha and
HPlbeta are also associated with telomeres
(Garcia-Cao et al. 2004) and over-expression of
these proteins perturbs genetically determined tel-
omerase-dependent telomere length regulation
(Sharma et al. 2003). Recent work studying mice
that are doubly deficient for the histone methyl-
transferases SuVar(39)H1 and SuVar(39)H2 also
supports this notion (Garcia-Cao et al. 2004). The
telomeres of the SuVar(39)H1/SuVar(39)H2
knockout mice rapidly increase in length without
accompanying changes in telomerase activity and
so likely reflect an alteration in chromatin struc-
ture that renders telomeric DNA more accessible
to telomerase (see above). These data support the
hypothesis that telomeric chromatin is organized
as tightly compacted heterochromatin. The epige-
netic regulation of telomere length has recently
been reviewed (Blasco 2004).

Telomerase

Telomeric DNA is maintained in the germline and
self-renewal tissues by telomerase, a reverse
transcriptase that uses an RNA moiety as a tem-
plate for the addition of telomeric sequences onto
the 3’ end of an existing DNA molecule (Kelleher
et al. 2002). In this way, terminal sequence loss is
balanced by de novo addition of telomeric repeats.
Because the majority of tumors activate telomer-
ase (Shay and Bacchetti 1997), this enzyme is an

attractive target for chemotherapeutic interven-
tion. A number of accessory proteins influence the
efficiency and regulation of telomerase activity
in vivo. A 3’ nuclease activity that removes non-
telomeric sequences from the end of a molecule is
associated with telomerase in vitro and may be
involved in proofreading activity (Oulton and
Harrington 2004). However, the in vivo require-
ment for this nuclease activity has not yet been
tested. In addition to the proteins that directly
interact with telomerase or are components of the
holoenzyme, the status of the telomeric complex
may also affect the ability of this enzyme to ade-
quately extend telomeric arrays. Recent work
suggests that the telomeric complex exists in at
least two states, only one of which is permissive for
addition of telomeric DNA repeats by telomerase
(Vega et al. 2003; Blasco 2004).

Evidence from mice that are heterozygous for
the mTERT protein indicates that the level of the
catalytic subunit of telomerase is limiting, in that
insufficient enzymatic activity is present in the
mTERT + /- mice to maintain the longest telo-
meres, which can extend to 50 kb and beyond in
length (Liu et al. 2000; Erdmann et al. 2004). Thus,
telomeres become shorter in the mice heterozygous
for mTERT. Interspecies crosses have demon-
strated that haploinsufficiency of mTR also limits
the ability of telomerase to extend telomeres
(Hathcock et al. 2002). Although unable to
maintain wild type telomere lengths, adequate
telomerase is present to sustain short telomeres so
that the phenotype associated with complete loss
of telomere function is not observed in this back-
ground, although the mice do have increased ge-
netic instability (Erdmann et al. 2004). The bias
towards the maintenance of shorter telomeres in
multiple systems (Zhu et al. 1998; Hemann et al.
2001; Teixeira et al. 2004), including human cells
(Cerone et al. 2001; Perrem et al. 2001), may reflect
increased accessibility of shorter telomeres to tel-
omerase. Alternatively, telomerase may be differ-
entially recruited to shorter telomeres.

Regulation of telomerase activity

Telomerase activity is limited in most human so-
matic tissues. However, telomerase is active in some
somatic tissues, most notably self-renewal tissues
such as the hematopoietic system (Broccoli et al.
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1995; Counter et al. 1995). The restricted activity of
telomerase is the consequence of regulatory mech-
anisms active at numerous levels (Stewart 2002).
First, transcription of the catalytic subunit,
hTERT, is absent or very low in most human so-
matic cells (Meyerson et al. 1997). The transcrip-
tional silencing of hTERT was originally believed to
be the defining feature of telomerase regulation.
However, over the last few years it has become
evident that the situation is considerably more
complicated than was originally thought. For
example, alternative splicing of the hTERT tran-
script leads to at least one inhibitory form, hTER-
Ta, which might downregulate enzymatic activity
(Colgin et al. 2000; Yi et al. 2000). The assembly of
the holoenzyme may also be regulated at several
levels. The chaperones p23, hsp70 and hsp90 are
associated with hTERT and are implicated in the
proper assembly of the holoenzyme (Holt et al.
1999; Forsythe et al. 2001). In addition, the telo-
merase RNA moiety, hTR, is associated with Cajal
bodies, subnuclear organelles involved in the bio-
genesis of small ribonucleoproteins (Matera 2003),
in cells with active telomerase but not in telomerase
negative cells (Zhu et al. 2004). The association of
hTR with Cajal bodies in telomerase negative pri-
mary cells can be induced by over-expression of
hTERT and hTERT is also found in these subnu-
clear structures, suggesting that association of tel-
omerase components with the Cajal body is
important in the assembly of a functional holoen-
zyme. Furthermore, it has been demonstrated that
mutant versions of telomerase can trans-comple-
ment to reconstitute activity (Beattie et al. 2001).
Thus, multimerization of telomerase may also be
regulated. Phosphorylation of hTERT has also
been reported to directly affect enzymatic activity,
although there have so far been reports of both
activating (Liu et al. 2001) and inhibitory events
(Kharbanda et al. 2000). The complex regulation
surrounding the generation of active telomerase
holoenzyme provides a multitude of targets to be
tested for therapeutic intervention.

In addition to regulation of the hTERT protein
and assembly of a catalytically active holoenzyme,
telomerase activity in vivo is clearly regulated
through the ability of telomerase to access the
chromosome end (Vega et al. 2003). Telomerase is
sequestered in the nucleolus in primary cells
ectopically expressing GFP-tagged protein, being
released at the time of DNA replication

(Wong et al. 2002). In contrast, in tumor cells in
which telomerase is activated, hTERT is always
nucleoplasmic. An amino terminal domain of tel-
omerase, called Dissociates Activities of Telomer-
ase (DAT domain), is critical for the ability of
catalytically active telomerase to elongate telo-
meres in vivo (Armbruster et al. 2001). The evi-
dence from tethering experiments is consistent
with the suggestion that mutations in the DAT
domain perturb interactions of telomerase with
some other component(s) of the telomeric complex
and prevent localization of the enzyme to its site of
action, namely chromosome termini (Armbruster
et al. 2003; Armbruster et al. 2004). The recent
identification of human homologs of yeast EST1
(Reichenbach et al. 2003; Snow et al. 2003), a
protein that interacts directly with telomerase and
is involved in either recruitment or activation of
the enzyme to allow telomere extension (Evans
and Lundblad, 1999; Evans and Lundblad 2002;
Taggart et al. 2002), suggests that the processes
underlying the ability of telomerase to access
telomeres are, at least in part, conserved. Over-
expression of one homolog, hESTI1A, causes
telomere elongation (Snow et al. 2003), consistent
with this protein enhancing the ability of
telomerase to access chromosome ends. Over-
expression of ESTIA also generates chromosome
end-to-end fusions, indicative of loss of capping
function, with telomeric DNA remaining at the
fusion point (Reichenbach et al. 2003). On the
surface, one might predict longer telomere arrays to
be associated with increased chromosome end sta-
bility. However, it is possible that the telomere
extension that accompanies over-expression of
hESTI1A alters telomeric chromatin and/or titrates
telomeric factors essential for chromosome stability
(see below) thereby perturbing capping function.

Telomere structure

A great deal has been learned about mammalian
telomere structure over the last decade
(Figure 1A). In particular, a number of the protein
components of the telomere have been identified
and the contributions these proteins make to the
end-capping function of telomeres have been
elucidated. In addition to essential structural roles
at the telomere, these proteins affect telomere
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Figure 1. Schematic of the mammalian telomere complex. (A) Telomeres are organized into telomere loops (t-loops) in which the 3
single-stranded overhang invades the duplex telomeric repeats. This structure protects chromosome ends, making them inaccessible to
DNA damage checkpoint machinery and to telomerase. A number of protein factors have also been identified and the association of
these factors is also depicted. (B) The function(s) of a number of telomere binding proteins has been elucidated. Over-expression of N-
terminal truncations of hRAPI renders telomeres more accessible to telomerase without perturbing association of other factors.
Absence of TRF2 abrogates telomere capping function and the chromosome ends now are accessible to the DNA damage checkpoint
machinery. TRF1 acts as a negative regulator of telomere length. The association of TRF1 with telomeric DNA is regulated by two
associated factors, TIN2 and Tankyrase 1 (see text for details).

length regulation through interactions with telo- Telomeric DN A binding Proteins

merase or by remodeling the telomeric chromatin.

Proteins involved in other aspects of DNA A number of the protein components of mamma-
metabolism, most notably those involved in repair lian telomeres have been identified in recent years.
of damaged DNA, have also been implicated in Telomere specific factors include the double-

telomere maintenance. stranded telomeric DNA binding proteins
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TTAGGG Repeat binding Factor 1 (TRF1)
(Chong et al. 1995) and the related protein TRF2
(Broccoli et al. 1997). TRF1 and TRF2 bind to
telomeric DNA as homodimers using a myb-type
DNA binding domain located in the carboxy ter-
minus of each protein (Broccoli et al. 1997). Al-
though related, TRF1 and TRF2 play distinct
roles at the telomere. Initial experiments probing
the roles of TRF1 and TRF2 at telomeres took
advantage of the binding characteristics of these
proteins by utilizing dominant negative versions of
each protein. These studies indicated that TRF1
acts as a negative regulator of telomere length in
cells that contain telomerase (van Steensel and de
Lange 1997), presumably by altering telomeric
chromatin and thereby affecting the accessibility of
the chromosome end to telomerase. TRF1 may
also play a role in higher order telomeric structure
as it has been noted that TRF1 can promote
pairing between telomeric tracts in vitro (Griffith
et al. 1998). Initial studies perturbing TRF1 asso-
ciation with telomeric DNA by overexpression of a
dominant negative allele did not observe effects on
cellular viability (van Steensel and de Lange 1997,
Karlseder et al. 1999). However, recently it has
been found that deletion of the TRFI locus is le-
thal in the mouse (Karlseder et al. 2003; Iwano et
al. 2004). Thus, TRF1 plays a critical function at
the telomere, possibly by contributing to the
overall stability of the telomeric complex since it
has been noted that disruption of TRFI leads to a
decrease in the amount of TRF2 associated with
telomeres (Iwano et al. 2004).

TRF?2 is essential for telomere capping function.
Forced removal of TRF2 (Figure 1B) leads to ra-
pid loss of the G-strand overhang and subsequent
end-to-end chromosome fusions via the non-
homologous end joining pathway, with telomeric
DNA being maintained at the fusion point (van
Steensel et al. 1998; Smogorzewska et al. 2002).
Degradation of the G-strand overhang under these
conditions is dependent upon the XPF/XRCC2
nuclease (Zhu et al. 2003). Similar to TRF1, TRF2
can negatively regulate telomere length when over-
expressed (Smogorzewska et al. 2000). However,
in this case, telomere shortening occurs in all cells
regardless of telomerase status. Finally, over-
expression of TRF2 can delay the onset of senes-
cence (Karlseder et al. 2002), presumably by
shifting the equilibrium of telomeric complex for-
mation to allow shorter DNA tracts to recruit

sufficient protein to form a functional cap. Con-
sistent with this model, the telomeres are signifi-
cantly shorter in this background at senescence
(Karlseder et al. 2002).

A third protein that directly binds to telomeric
DNA has also been characterized. This is the
G-strand overhang binding protein Protection Of
Telomeres 1 (POT1) (Baumann and Cech 2001).
POT1 has been found to associate with TRF1 and
its associated factors (see below) and the ability of
POT1 to be targeted to telomeres is dependent
upon the TRF1 complex being present at the
telomere (Loayza and De Lange 2003). Perhaps
not surprising for an end-binding factor, POT1
also regulates telomere length. Expression of a
mutant version of POT1 unable to bind to DNA
results in telomere elongation (Loayza and De
Lange 2003). Contradictorily, over expression of
wild type POT1 also results in telomere elongation,
with telomere extension being dependent upon
telomerase activity (Colgin et al. 2003; Armbruster
et al. 2004). These two observations may be
reconciled as we gain a better understanding of the
multiple interactions between the various compo-
nents of the telomeric complex.

Telomere-associated factors

A number of interacting proteins, such as tank-
yrase 1 and 2, TIN2, PINX1 and hRAPI are
also components of mammalian telomeres.
Tankyrase 1 was identified from a two-hybrid
screen for proteins that interact with TRF1
(Smith et al. 1998). Tankyrase 2 was identified as
a closely related homolog of tankyrase 1.
Tankyrase 1 and tankyrase 2 are poly(ADP-
ribose) polymerases (PARP) that ADP-ribosylate
TRF1 and cause its dissociation from telomeres
(Cook et al. 2002). Over-expression of tankyrase
1 leads to telomere elongation in telomerase-
positive, but not primary telomerase-negative,
cells suggesting that the telomere length altera-
tions occur via a mechanism that affects the ability
of telomerase to access the chromosome
ends (Smith and de Lange 2000)(Figure 1B).
Once ADP-ribosylated, TRF1 can no longer
associate with telomeric DNA and the unbound
TRF1 becomes ubiquitinated and targeted for
degradation by the proteosome (Chang et al.
2003). Thus, tankyrase 1 regulates telomere



length by altering the levels of TRF1 associated
with the telomere. Recently the PARP activity of
tankyrase 1 has been shown to be required for
dissolution of sister chromatid cohesion at telo-
meres (Dynek and Smith 2004), identifying a novel
role for a telomeric protein.

TIN2 was also originally identified following a
yeast two-hybrid screen for proteins that interact
with TRF1 (Kim et al. 1999). Similar to what was
observed for TRF1, TIN2 promotes the formation
of higher order complexes between telomeric DNA
tracts in vitro (Kim et al. 2003), possibly by pro-
moting or stabilizing TRFI1-TRF1 interactions.
Inhibition of TIN2 leads to reduced TRF1 at the
telomere and to telomere elongation, via a mech-
anism that is dependent upon the PARP activity of
tankyrase 1 (Ye and de Lange 2004). Furthermore,
TIN2 is able to prevent (ADP)-ribosylation of
TRF1 by tankyrase 1 in vitro, suggesting that
regulation of TRF1 association with the telomere
is balanced between the activities of TIN2 and
tankyrase 1 (Ye and de Lange 2004). The data are
consistent with a model in which TRF1 negatively
regulates access of telomerase to chromosome
termini by modulating telomeric chromatin, while
tankyrase 1 and TIN2 affect telomere length by
controlling the levels of TRF1 associated with the
telomere (Figure 1B).

PINXI1, is the final TRF1 interacting factor that
has been identified through a two-hybrid screen to
date (Zhou and Lu 2001). PINX1 also interacts
with and inhibits telomerase. Over-expression of
PINX1 leads to telomere shortening and depletion
of PINXI1 leads to telomere elongation (Zhou and
Lu 2001). In this instance, regulation of telomere
length by PINX1 occurs by affecting telomerase
activity directly, in contrast to the proteins dis-
cussed above which regulate telomere length
without affecting telomerase activity.

The human homolog of the S. cerevisiae
telomere binding protein RAP1 was identified
through a two-hybrid screen using TRF2 as the
bait (Li et al. 2000). In contrast to its yeast
homolog, hRAP1 does not bind directly to
telomeric DNA even though it has a myb type
DNA binding domain similar to those in TRF1
and TRF2. Instead hRAPI requires TRF2 to be
targeted to the telomere, through an interaction
with the C terminus of hRAP1 (Li and de Lange
2003). The NMR solution structure of the
hRAP1 myb domain indicates that it lacks the
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positive surface charge found on canonical myb
domains, perhaps explaining the inability of this
protein to bind to negatively charged DNA
(Hanaoka et al. 2001). Over-expression of
hRAPI leads to a modest increase in telomere
length, which can be further increased by over-
expression of constructs deleted for either the
N-terminal BRCT domain (Figure 1B) or the
centrally located myb domain (Li and de Lange
2003). Expression of a construct deleted for both
the BRCT and myb domains did not act in an
additive manner to increase telomere length rel-
ative to each single deletion, suggesting that the
disrupted protein—protein interactions are not
independent. Because all these deletions con-
structs are targeted to the telomere through C-
terminal interactions with TRF2, the effects on
length are likely mediated through as yet
unidentified protein—protein interactions.
Intriguingly, deletion of the BRCT domain of
hRAPI1 also decreases the heterogeneity of telo-
mere lengths suggesting that hRAP1 and its
interacting partners act to regulate telomere
length distribution as well as affecting access of
telomerase.

DNA damage response and repair factors

Intriguingly, factors involved in DNA repair are
also present at telomeres. These include the
Ku70/86 heterodimer (Hsu et al. 1999) and the
MREI11/RAD50/NBS1 (MRN) complex (Zhu
et al. 2000). Recent evidence suggests that
RADS0, MREI11 and Ku86 may be recruited to
hRAPI, independently of the interaction of
hRAP1 with TRF2 (O’Connor et al. 2004).
Mouse models have indicated that some of these
proteins play a role in telomere maintenance.
For example, Ku86 knockout mice have an in-
creased incidence of end-to-end fusions indicative
of loss of telomere capping function (Hsu et al.
2000). Other factors involved in cellular re-
sponses to DNA damage such as DNA-PKcs,
XRCC4, RAD5S4 and ATM have been impli-
cated in telomere metabolism based on pheno-
types, telomere length changes and/or increased
end-to-end fusions observed in their respective
knockout mice (Blasco 2003). The role of these
factors in telomere metabolism has been recently
reviewed (Reaper et al. 2004).
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Summary

We have come a long way towards understanding
how the chromosome end-stability first observed
in the 1930s is achieved. However, it is unlikely
that all the proteins associated with this essential
chromosomal element have been identified. In
addition, we still have much to understand about
how the dynamics that occur at telomeres are
regulated and about how the interactions that
occur between telomeric components, both be-
tween the DNA and the protein and between the
protein elements themselves, affect telomere func-
tion.

Acknowledgements

D. Kipling is thanked for critical comments. D.
Broccoli is supported by grants CA098087-01
(NIH), DAMDI17-01-1-0724 (D.O.D) and
CA006927 (NIH, F.C.C.C.).

References

Armbruster B.N., Banik S.S., Guo C., Smith A.C. and Counter
C.M. 2001. N-terminal domains of the human telomerase
catalytic subunit required for enzyme activity in vivo. Mol.
Cell Biol. 21: 7775-7786.

Armbruster B.N., Etheridge K.T., Broccoli D. and Counter
C.M. 2003. Putative telomere-recruiting domain in the cata-
lytic subunit of human telomerase. Mol. Cell Biol. 23: 3237—
3246.

Armbruster B.N., Linardic C.M., Veldman T., Bansal N.P.,
Downie D.L. and Counter C.M. 2004. Rescue of an hTERT
mutant defective in telomere elongation by fusion with
hPotl. Mol. Cell Biol. 24: 3552-3561.

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

Baur J.A., Zou Y., Shay J.W. and Wright W.E. 2001. Telomere
position effect in human cells. Science 292: 2075-2077.

Beattie T.L., Zhou W., Robinson M.O. and Harrington L.
2001. Functional multimerization of the human telomerase
reverse transcriptase. Mol. Cell Biol. 21: 6151-6160.

Blasco M.A. 2003. Telomeres in cancer and aging: lessons from
the mouse. Cancer Lett. 194: 183-188.

Blasco M.A. 2004. Telomere epigenetics: a higher—order control
of telomere length in mammalian cells. Carcinogenesis 25:
1083-1087.

Broccoli D., Smogorzewska A., Chong L. and de Lange T.
1997. Human telomeres contain two distinct Myb-related
proteins, TRF1 and TRF2. Nat. Genet. 17: 231-235.

Broceoli D., Young J.W. and de Lange T. 1995. Telomerase
activity in normal and malignant hematopoietic cells. Proc.
Natl. Acad. Sci. USA. 92: 9082-9086.

Cerone M.A., Londono-Vallejo J.A. and Bacchetti S. 2001.
Telomere maintenance by telomerase and by recombination
can coexist in human cells. Hum. Mol. Genet. 10: 1945-
1952.

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

Chin L., Artandi S.E., Shen Q., Tam A., Lee S.L., Gottlieb
G.J., Greider C.W. and DePinho R.A. 1999. p53 deficiency
rescues the adverse effects of telomere loss and cooperates
with telomere dysfunction to accelerate carcinogenesis. Cell
97: 527-538.

Chong L., van Steensel B., Broccoli D., Erdjument-Bromage
H., Hanish J., Tempst P. and de Lange T. 1995. A human
telomeric protein. Science 270: 1663—1667.

Colgin L.M., Baran K., Baumann P., Cech T.R. and Reddel
R.R. 2003. Human POT]1 facilitates telomere elongation by
telomerase. Curr. Biol. 13: 942-946.

Colgin L.M., Wilkinson C., Englezou A., Kilian A., Robinson
M.O. and Reddel R.R. 2000. The hTERTalpha splice variant
is a dominant negative inhibitor of telomerase activity.
Neoplasia 2: 426-432.

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

Cooke H.J. and Smith B.A. 1986. Variability at the telomeres of
the human X/Y pseudoautosomal region. Cold Spring Har-
bor Symp. Quant. Biol. 51(Pt 1): 213-219.

Counter C.M., Gupta J., Harley C.B., Leber B. and Bacchetti S.
1995. Telomerase activity in normal leukocytes and in he-
matologic malignancies. Blood 85: 2315-2320.

d’Addadi Fagagna F., Reaper P.M., Clay-Farrace L., Fiegler
H., Carr P., Von Zglinicki T., Saretzki G., Carter N.P. and
Jackson S.P. 2003. A DNA damage checkpoint response in
telomere-initiated senescence. Nature 426: 194-198.

Dynek J.N. and Smith S. 2004. Resolution of sister telomere
association is required for progression through mitosis. Sci-
ence 304: 97-100.

Erdmann N., Liu Y. and Harrington L. 2004. Distinct dosage
requirements for the maintenance of long and short telomeres
in mTert heterozygous mice. Proc. Natl. Acad. Sci. USA.
101: 6080-6085.

Evans S.K. and Lundblad V. 1999. Estl and Cdcl3 as come-
diators of telomerase access. Science 286: 117-120.

Evans S.K. and Lundblad V. 2002. The Estl subunit of
Saccharomyces cerevisiae telomerase makes multiple contri-
butions to telomere length maintenance. Genetics 162: 1101—
1115.

Forsythe H.L., Jarvis J.L., Turner J.W., Elmore L.W. and Holt
S.E. 2001. Stable association of hsp90 and p23, but Not
hsp70, with active human telomerase. J. Biol. Chem. 276:
15571-15574.

Garcia-Cao M., O’Sullivan R., Peters A.H., Jenuwein T. and
Blasco M.A. 2004. Epigenetic regulation of telomere length in
mammalian cells by the Suv39hl and Suv39h2 histone
methyltransferases. Nat. Genet. 36: 94-99.



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

Griffith J.D., Comeau L., Rosenfield S., Stansel R.M., Bianchi
A., Moss H. and de Lange T. 1999. Mammalian telomeres
end in a large duplex loop. Cell 97: 503-514.

Hanaoka S., Nagadoi A., Yoshimura S., Aimoto S., Li B., de
Lange T. and Nishimura Y. 2001. NMR structure of the
hRapl Myb motif reveals a canonical three-helix bundle
lacking the positive surface charge typical of Myb DNA-
binding domains. J. Mol. Biol. 312: 167-175.

Harrington L. 2004. Those damaged telomeres!. Curr. Opin.
Genet. Dev. 14: 22-28.

Hathcock K.S., Hemann M.T., Opperman K.K., Strong M.A.,
Greider C.W. and Hodes R.J. 2002. Haploinsufficiency of
mTR results in defects in telomere elongation. Proc. Natl.
Acad. Sci. USA. 99: 3591-3596.

Hemann M.T. and Greider C.W. 1999. G-strand overhangs on
telomeres in telomerase-deficient mouse cells. Nucleic Acids
Res. 27: 3964-3969.

Hemann M.T., Strong M.A., Hao L.Y. and Greider C.W. 2001.
The shortest telomere, not average telomere length, is critical
for cell viability and chromosome stability. Cell 107: 67-77.

Holt S.E., Aisner D.L., Baur J., Tesmer V.M., Dy M.,
Ouellette M., Trager J.B., Morin G.B., Toft D.O., Shay
JW., Wright W.E. and White M.A. 1999. Functional
requirement of p23 and Hsp90 in telomerase complexes.
Gene. Dev. 13: 817-826.

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

Hsu H.L., Gilley D., Galande S.A., Hande M.P., Allen B., Kim
S.H., Li G.C., Campisi J., Kohwi-Shigematsu T. and Chen
D.J. 2000. Ku acts in a unique way at the mammalian telo-
mere to prevent end joining. Gene. Dev. 14: 2807-2812.

Iwano T., Tachibana M., Reth M. and Shinkai Y. 2004.
Importance of TRF1 for functional telomere structure.
J. Biol. Chem. 279: 1442-1448.

Karlseder J., Broccoli D., Dai Y., Hardy S. and de Lange T.
1999. p53- and ATM-dependent apoptosis induced by telo-
meres lacking TRF2. Science 283: 1321-1325.

Karlseder J., Kachatrian L., Takai H., Mercer K., Hingorani
S., Jacks T. and de Lange T. 2003. Targeted deletion reveals
an essential function for the telomere length regulator Trfl.
Mol. Cell Biol. 23: 6533-6541.

Karlseder J., Smogorzewska A. and de Lange T. 2002. Senes-
cence induced by altered telomere state, not telomere loss.
Science 295: 2446-2449.

Kelleher C., Teixeira M.T., Forstemann K. and Lingner J.
2002. Telomerase: biochemical considerations for enzyme
and substrate. Trends Biochem. Sci. 27: 572-579.

Kharbanda S., Kumar V., Dhar S., Pandey P., Chen C., Ma-
jumder P., Yuan Z.M., Whang Y., Strauss W., Pandita T.K.,
Weaver D. and Kufe D. 2000. Regulation of the hTERT
telomerase catalytic subunit by the c—Abl tyrosine kinase.
Curr. Biol. 10: 568-575.

Kim S.H., Han S., You Y.H., Chen D.J. and Campisi J. 2003.
The human telomere-associated protein TIN2 stimulates
interactions between telomeric DNA tracts in vitro. EMBO
Rep. 4: 685-691.

11

Kim S.H., Kaminker P. and Campisi J. 1999. TIN2, a new
regulator of telomere length in human cells. Nat. Genet. 23:
405-412.

Kipling D. and Cooke H.J. 1990. Hypervariable ultra-long
telomeres in mice. Nature 347: 400-402.

Li B. and de Lange T. 2003. Rapl affects the length and het-
erogeneity of human telomeres. Mol. Biol. Cell 14: 5060—
5068.

Li B., Oestreich S. and de Lange T. 2000. Identification of
human Rapl: implications for telomere evolution. Cell 101:
471-483.

Lindsey J., Mcgill N.I., Lindsey L.A., Green D.K. and Cooke
H.J. 1991. In vivo loss of telomeric repeats with age in hu-
mans. Mut. Res. 256: 45-48.

Liu K., Hodes R.J. and Weng N. 2001. Cutting edge: telo-
merase activation in human T lymphocytes does not require
increase in telomerase reverse transcriptase (hnTERT) protein
but is associated with hTERT phosphorylation and nuclear
translocation. J. Immunol. 166: 4826-4830.

Liu Y., Snow B.E., Hande M.P., Yeung D., Erdmann N.J.,
Wakeham A., Itie A., Siderovski D.P., Lansdorp P.M.,
Robinson M.O. and Harrington L. 2000. The telomerase
reverse transcriptase is limiting and necessary for telomerase
function in vivo. Curr. Biol. 10: 1459-1462.

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

Makarov V.L., Hirose Y. and Langmore J.P. 1997. Long G
tails at both ends of human chromosomes suggest a C strand
degradation mechanism for telomere shortening. Cell 88:
657-666.

Masutomi K., Yu E.Y., Khurts S., Ben-Porath I., Currier J.L.,
Metz G.B., Brooks M.W., Kaneko S., Murakami S., DeCa-
prio J.A., Weinberg R.A., Stewart S.A. and Hahn W.C. 2003.
Telomerase maintains telomere structure in normal human
cells. Cell 114: 241-253.

Matera A.G. 2003. Cajal bodies. Curr. Biol. 13: R503.

McClintock B. 1941. The stability of broken ends of chromo-
somes in zea mays. Genetics 26: 234-282.

McElligott R. and Wellinger R.J. 1997. The terminal structure
of mammalian chromosomes. EMBO J. 16: 3705-3714.

Meyerson M., Counter C.M., Eaton E.N., Ellisen L.W., Steiner
P., Caddle S.D., Ziaugra L., Beijersbergen R.L., Davidoff
M.J., Liu Q., Bacchetti S., Haber D.A. and Weinberg R.A.
1997. hEST2, the putative human telomerase catalytic sub-
unit gene, is up-regulated in tumor cells and during immor-
talization. Cell 90: 785-795.

Muller H.J. 1938. The remaking of chromosomes. Collecting
Net 13: 182-198.

O’Connor M., Safari A., Liu D., Qin J. and Songyang Z. 2004.
The human Rapl protein complex and modulation of telo-
mere length. J. Biol. Chem. 279: 28585-28591.

Olovnikov A.M. 1973. A theory of marginotomy. J. Theor.
Biol. 41: 181-190.

Oulton R. and Harrington L. 2004. A human telomerase-
associated nuclease. Mol. Biol. Cell. 15: 3244-3256.

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



12

Reaper P.M., Di Fagagna F.D. and Jackson S.P. 2004. Acti-
vation of the DNA Damage Response by Telomere Attrition:
A Passage to Cellular Senescence. Cell Cycle 3: 543-546.

Reichenbach P., Hoss M., Azzalin C.M., Nabholz M., Bucher
P. and Lingner J. 2003. A human homolog of yeast Estl
associates with telomerase and uncaps chromosome ends
when overexpressed. Curr. Biol. 13: 568-574.

Sharma G.G., Hwang K.K., Pandita R.K., Gupta A., Dhar S.,
Parenteau J., Agarwal M., Worman H.J., Wellinger R.J. and
Pandita T.K. 2003. Human heterochromatin protein 1 iso-
forms HPI(Hsalpha) and HPI1(Hsbeta) interfere with
hTERT-telomere interactions and correlate with changes in
cell growth and response to ionizing radiation. Mol. Cell
Biol. 23: 8363-8376.

Shay J.W. and Bacchetti S. 1997. A survey of telomerase
activity in human cancer. Eur. J. Cancer 33: 787-791.

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

Smith S., Giriat I., Schmitt A. and de Lange T. 1998. Tank-
yrase, a poly(ADP-ribose) polymerase at human telomeres.
Science 282: 1484-1487.

Smogorzewska A., Karlseder J., Holtgreve-Grez H., Jauch A.
and de Lange T. 2002. DNA ligase IV-dependent NHEJ of
deprotected mammalian telomeres in G1 and G2. Curr. Biol.
12: 1635-1644.

Smogorzewska A., van Steensel B., Bianchi A., Oelmann S.,
Schaefer M.R., Schnapp G., de Lange and T. 2000. Control
of human telomere length by TRF1 and TRF2. Mol. Cell
Biol. 20: 1659-1668.

Snow B.E., Erdmann N., Cruickshank J., Goldman H., Gill
R.M., Robinson M.O. and Harrington L. 2003. Functional
conservation of the telomerase protein Estlp in humans.
Curr. Biol. 13: 698-704.

Stansel R.M., de Lange T. and Griffith J. 2001. T-loop
assembly involves binding of TRF2 near the 3’telomeric
overhang. EMBO J. 20: 5532-5540.

Stewart S.A. 2002. Multiple levels of telomerase regulation.
Mol. Interv. 2: 481-483.

Taggart A.K., Teng S.C. and Zakian V.A. 2002. Estlp as a cell
cycle-regulated activator of telomere-bound telomerase. Sci-
ence 297: 1023-1026.

Takai H., Smogorzewska A. and de Lange T. 2003. DNA
damage foci at dysfunctional telomeres. Curr. Biol. 13: 1549—
1556.

Teixeira M.T., Arneric M., Sperisen P. and Lingner J. 2004.
Telomere length homeostasis is achieved via a switch between
telomerase- extendible and -nonextendible states. Cell 117:
323-335.

Tham W.H. and Zakian V.A. 2002. Transcriptional silencing at
Saccharomyces telomeres: implications for other organisms.
Oncogene 21: 512-521.

Tommerup H., Dousmanis A. and de Lange T. 1994. Unusual
chromatin in human telomeres. Mol. Cell Biol. 14: 5777—
5785.

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

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

Vega L.R., Mateyak M.K. and Zakian V.A. 2003. Getting to
the end: telomerase access in yeast and humans. Nat. Rev.
Mol. Cell Biol. 4: 948-959.

Wong J.M., Kusdra L. and Collins K. 2002. Subnuclear shut-
tling of human telomerase induced by transformation and
DNA damage. Nat. Cell Biol. 4: 731-736.

Wright W.E., Tesmer V.M., Huffman K.E., Levene S.D. and
Shay J.W. 1997. Normal human chromosomes have long G-
rich telomeric overhangs at one end. Gene. Dev. 11: 2801—
2809.

Ye J.Z. and De Lange T. 2004. TIN2 is a tankyrase 1| PARP
modulator in the TRF1 telomere length control complex.
Nat. Genet. 36: 618—623.

Yi X., White D.M., Aisner D.L., Baur J.A., Wright W.E. and
Shay J.W. 2000. An alternate splicing variant of the human
telomerase catalytic subunit inhibits telomerase activity.
Neoplasia 2: 433-440.

Zhou X.Z. and Lu K.P. 2001. The Pin2/TRFl-interacting
protein PinX1 is a potent telomerase inhibitor. Cell 107: 347—
359.

Zhu L., Hathcock K.S., Hande P., Lansdorp P.M., Seldin M.F.
and Hodes R.J. 1998. Telomere length regulation in mice is
linked to a novel chromosome locus. Proc. Natl. Acad. Sci.
USA. 95: 8648-8653.

Zhu X.D., Kuster B., Mann M., Petrini J.H. and de Lange T.
2000. Cell-cycle-regulated association of RADS0/MREI11/
NBSI1 with TRF2 and human telomeres. Nat. Genet. 25: 347—
352.

Zhu X.D., Niedernhofer L., Kuster B., Mann M., Hoeijmakers
J.H. and de Lange T. 2003. ERCCI1/XPF removes the 3’
overhang from uncapped telomeres and represses formation
of telomeric DNA-containing double minute chromosomes.
Mol. Cell 12: 1489-1498.

Zhu Y., Tomlinson R.L., Lukowiak A.A., Terns R.M. and
Terns M.P. 2004. Telomerase RNA accumulates in Cajal
bodies in human cancer cells. Mol. Biol. Cell 15: 8§1-90.



