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ReviewSwitching and Signaling
at the Telomere

This review will focus on the telomere, and how it
accomplishes its essential protective functions. The
components of telomeres are reviewed first. Then, cur-
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San Francisco, California 94143 rent information from a variety of experiments on the

mechanisms that protect telomeres is discussed. The
actions of telomerase and other enzymes that act on
telomeres have to be controlled, and functional telo-This review describes the structure of telomeres, the

protective DNA-protein complexes at eukaryotic chro- meres prevent, or strictly control, at least four distinct
biochemical processes that happen at telomeric DNAmosomal ends, and several molecular mechanisms

involved in telomere functions. Also discussed are cel- in vivo: (1) fusion with another telomere or DNA end; (2)
replication of telomeric sequences by telomerase; (3)lular responses to compromising the functions of telo-

meres and of telomerase, which synthesizes telomeric degradation of telomeric DNA; and (4) recombination
at and near a telomere. Such controls are integral toDNA.
functional telomere capping. An overall theme that has
emerged from many studies is that capping and protec-Introduction

Telomeres are specialized functional complexes that tion of telomeres are provided by a set of multiple inter-
actions, involving different kinds of molecular compo-protect the ends of eukaryotic chromosomes. This cap-

ping function of telomeres was originally deduced from nents that include: (1) the higher-order DNA protein
complex structure on the entire telomeric repeat tract,classic cytogenetic studies. McClintock and Muller, us-

ing maize and flies, respectively, functionally defined which is influenced by telomere length; (2) subtelomere
heterochromatization involving nucleosomal chromatin;capping as protection from chromosomal fusion (end-

to-end joining) and its consequence: deleterious geno- (3) the protein complex on the most terminal double-
stranded telomeric DNA repeats; (4) the DNA-proteinmic instability (for references, see Levis, 1989). Because

they contain DNA ends, telomeres must avoid eliciting complexes formed on the single-stranded overhang of
the telomere; (5) looping back of the telomeric DNA intothe downstream events that are normally set in train by

the cellular alarm bells that sound when DNA is broken. the duplex telomeric DNA tract; and (6) the components
or structure of telomerase itself.Instead, telomeres actually exploit some of the same

cellular machinery that responds to such a threat to the A defining feature of these experimentally separable
contributors to telomere protection and regulation isgenomic DNA, harnessing it to serve their own mainte-

nance. that they mutually reinforce one another: compromising
one can be harmless, but disrupting two or more canTelomeres must also be fully replicated. Linear DNA

molecules such as those of eukaryotic chromosomes cause catastrophic loss of telomere function. The rela-
tive importance of any one component depends on therequire mechanisms besides the conventional DNA

polymerases to complete the replication of their ends. It status of the others. Thus, as is now increasingly being
found for other cellular and biological processes, thewas predicted that without such a mechanism, terminal

attrition of chromosomal DNA would eventually lead to contributors to telomere functions normally act in a par-
tially overlapping or mutually reinforcing manner.loss of genetic information and prevent cells from multi-

plying (cellular “senescence”). In most eukaryotes, this
problem is solved by having the ribonucleoprotein en- Components of the Telomere/Telomerase
zyme telomerase, which lengthens terminal regions of Functional Complex
telomeric DNA by RNA-templated addition of tandemly Telomeric DNA
repeated, often G-rich, telomeric sequences (Greider The essential telomeric DNA sequences at each end of
and Blackburn, 1985; Yu et al., 1990). Although telomeric the eukaryotic linear chromosomes are, in most species,
sequences vary between species, fundamentally, telo- tandem repeats of a short sequence unit. Telomerase
meres and telomerase function very similarly throughout adds multiple copies of this DNA unit to the terminal
the eukaryotes. Telomeres typically consist of a tandem portion of one strand of the repeat tract. Some telomeric
array of telomeric DNA repeats, specified by copying repeats, like those of vertebrates, plants, certain molds,
of the template sequence within the telomerase RNA. and some protozoans, are perfect repeats, such as the
These DNA repeats bind a set of sequence-specific DNA T2AG3 repeats of human or slime mold telomeres. Others,
binding proteins that, through separate domains, bind such as those in budding and fission yeasts and certain
additional proteins to assemble an inferred higher-order protozoans and slime molds, are irregular, an example
complex nucleated on the telomeric DNA repeats. By being the irregular G1-3T/C1-3A repeat sequences of the
now, many molecular components of telomerase and budding yeast Saccharomyces cerevisiae (reviewed in
telomeres are known. The list is still growing, however, Blackburn, 1998).
with increasing examples of homologs of proteins that The telomeric DNA in ciliates, a slime mold, yeast,
were previously found in only one group of eukaryotes and humans ends in a 3� single-stranded overhang,
now being found to be widespread. comprising a few to several repeats of the telomerase-

synthesized DNA strand (Hemann and Greider, 1999;
and references therein). In S. cerevisiae, the length of1 Correspondence: telomer@itsa.ucsf.edu
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the overhang has been shown to be cell-cycle regulated, over and/or gene conversion: rapid species divergence
and homogenization of repeats within an array.and increases in S phase (Wellinger et al., 1993). When

human or trypanosome telomeric DNA is extracted and Telomeric DNA Binding Proteins
In canonical telomeres (those maintained by telo-purified away from its endogenously bound proteins,

the 3� single-stranded overhang of a fraction of the telo- merase), the terminal portion of the double-stranded
telomeric DNA repeat tract exists within a nonnucleoso-meres is found tucked far back into the telomeric tract,

by base pairing into the duplex DNA, forming a loop in mal DNA-protein complex, as judged by micrococcal
nuclease digestion and salt disruption properties in Tet-vitro (“T-loop”) (Griffith et al., 1999; Muñoz-Jordán et al.,

2001). rahymena, S. cerevisiae, and vertebrates, including hu-
mans (Cohen and Blackburn, 1998; and referencesIn dividing cells with telomerase, the end of the telo-

meric DNA is in a state of flux, and turns over because therein). A minority of the telomeres of Tetrahymena,
however, package the inner region of the repeat tractof continuous additions and losses; factors affecting the

balance between the two are discussed below. Such as tightly spaced nucleosomes. In vertebrates, the non-
nucleosomal portion of the telomeric repeat tract mayturnover was directly demonstrated by altering the tem-

plate sequence within the telomerase RNA in the bud- also be confined to the distal end, since most of the
telomeric repeat DNA is packaged as tightly spacedding yeast Kluyveromyces lactis. This caused the corre-

sponding altered telomeric DNA sequence to be added nucleosomes.
Various telomeric DNA binding structural proteinsto telomeric ends in vivo. With a phenotypically silent

template mutation, it was possible to monitor the normal have been identified, and evolutionarily conserved
classes are emerging (Figure 1). In budding yeasts suchaction of telomerase over many cell divisions and to

observe a gradual replacement of the terminal region of as S. cerevisiae, the nonnucleosomal complex includes
the proteins Rap1p and Tel2p, which bind sequencetelomeres, at an average rate of 1–3 bp per generation

(McEachern and Blackburn, 1995; Roy et al., 1998). specifically to the double-stranded telomeric repeat
DNA (reviewed in Evans and Lundblad, 2000). DuplexSubtelomeric sequences next to the terminal telo-

meric repeats often are also tandemly repeated and telomeric repeats in the fission yeast Schizosaccharo-
myces pombe are bound by Taz1, and in mammals byshared between telomeres, but can differ greatly be-

tween species. Homogeneity of tandem subtelomeric TRF1 and TRF2 (see Li et al., 2000 for references). In
vitro, the human telomeric sequence-specific bindingrepeats within a species is apparently maintained by

unequal crossing-over events. Telomere-adjacent se- protein TRF2 binds to the “T-loop”. It has been proposed
that this binding helps protect the telomeric end in vivoquences can take many forms: long complex tandem

repeats, elements that have their apparent origins as (Griffith et al., 1999).
Additional DNA sequence-specific proteins also di-transposable elements (e.g., the Y� elements of S. cere-

visiae) (Pryde et al., 1997), simple perfect repeats such rectly bind and protect the G-rich, single-stranded DNA
3� overhang. These protective proteins include the �/�as the �1 kb of tandem T3G4 repeats adjoining the germ-

line nuclear telomeres in the ciliate Tetrahymena, or protein in ciliates, the � protein homolog Pot1 in fission
yeast and humans, and Cdc13p in S. cerevisiae (seedegenerate variant telomeric repeat sequences that

concentrate toward the centromere-proximal border of Hemann and Greider, 1999, for references; Baumann
and Cech, 2001). Cdc13p has two functions: it binds thethe repeat tracts in telomeres of the plant Arabidopsis

and humans (reviewed in McEachern et al., 2000b). proteins Stn1p and Ten1p to protect the telomere from
degradation in vivo, and also recruits telomerase by aSome eukaryotic species have apparently completely

lost the telomerase-mediated mode of telomeric DNA direct interaction with the telomerase subunit protein
Est1p (Pennock et al., 2001; and references therein).maintenance during evolution, yet they have functional

telomeres. In these organisms, the telomeric DNA is The Higher-Order Telomeric DNA-Protein Complex
Proteins bound along the repeat tract of telomeric DNAcomposed of other types of sequences, which provide

exceptions to the usual type of canonical telomeric re- assemble additional proteins to form a higher-order nu-
cleoprotein complex (reviewed in Gasser, 2000) (Figurepeats. In one such well-studied case, the fruit fly Dro-

sophila melanogaster, telomeres are primarily com- 1). The C-terminal domain of Rap1p is functionally sepa-
rable from its DNA binding domain and interacts withposed of a complex mosaic of large, non-LTR-type

retrotransposons called HeT-A and TART elements (re- the proteins Rif1p and Rif2p (Wotton and Shore, 1997).
The Rap1p carboxy terminus also binds the proteinsviewed in Pardue and DeBaryshe, 1999). Sporadically,

one of these retroposons is added onto the very termini Sir3p and Sir4p, which in turn complex with Sir2 protein
(Moazed et al., 1997). This Sir-containing complex medi-of chromosomes by a variant retrotransposition mecha-

nism, counteracting over time the gradual sequence loss ates silencing of a gene placed near telomeres or near
the silent mating type loci (Kyrion et al., 1992). Unlikefrom chromosome ends. A different telomerase-inde-

pendent mechanism may normally be used to maintain yeast Rap1p, human Rap1p does not directly bind DNA
in vitro, but appears to interact with telomeres via atelomeres in the midge Chironomus tentans, the mos-

quito Anopheles gambiae, and the onion Allium cepa protein-protein interaction with the telomeric DNA bind-
ing protein TRF2 (Li et al., 2000). Two other human telo-(reviewed in McEachern et al., 2000b). Their telomeric

regions lack the short telomerase-type telomeric re- meric proteins, TIN2 and the DNA repair protein Ku,
interact with telomeres via TRF1 binding (Hsu et al.,peats and instead appear to consist only of large arrays

of complex-sequence tandem repeats. These repeats 2000; Kim et al., 1999).
Additional protein-protein interactions mediate the in-extend to the very end of the telomere and have the

characteristics expected if they are maintained by re- teractions of the telomere with structural components
of the cell nucleus. Taz1 (and likely other proteins) medi-combination involving unequal homologous crossing-
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Figure 1. Examples of Demonstrated or In-
ferred Interactions among the Components
of the Structural DNA-Protein Complexes
Comprising the Telomeres in Budding Yeast
(top) and Humans (bottom)

Red line: G-rich telomeric repeat strand syn-
thesized by telomerase (telomerase, not
shown here, interacts with and extends the
3� single-stranded overhang indicated by the
arrow); green line, complementary C-rich
strand of the telomeric repeats; heavy black
lines, subtelomeric DNA. The 3� terminal sin-
gle-stranded telomeric DNA in human telo-
meres might be in alternative forms: either
bound by Pot1 protein or engaged in T-loop
formation. See text for further description.

ate the meiosis-specific interaction of telomeres with The La protein that matures various small RNAs is
present in a ciliate telomerase; Sm proteins, which stabi-the spindle pole body in S. pombe (Chikashige et al.,

1994; Cooper et al., 1998). In budding yeast, Sir proteins lize RNA-protein interactions (Zhang et al., 2001), and
Est3p are associated with budding yeast telomerasemediate the localization of telomeres to the nuclear pe-

riphery; Sir4p interacts with Ku, and Ku interacts with RNP; and Tep1, dyskerin, a Staufen homolog, ribosomal
L22 protein, and foldasome pathway proteins are allthe nuclear pore protein Mlp2 (Galy et al., 2000; and

references therein). found to associate with mammalian telomerase or TER,
although it is not clear if they all bind at the same timeTelomerase and Associated Proteins

Essential conserved core components of telomerase (reviewed in Blackburn, 2000b). The variety of these
telomerase-associated factors, which are apparently in-include the reverse transcriptase protein family member

TERT and the telomerase RNA TER (reviewed in Black- volved in the biogenesis and assembly of telomerase,
burn, 2000b). Although recombinant TERT plus TER are contrasts with the evolutionary conservation of the
sufficient to reconstitute activity from a rabbit reticulo- structural motifs in TERT and TER.
cyte lysate system in vitro, other proteins associate with
telomerase and at least some of them are required for

Telomere Length Homeostasis through Dynamicits action in vivo (reviewed in Evans et al., 1999). In yeast,
Switching of Telomeres between Two Statesthe interaction of the telomerase RNP with telomeres
In cells containing active telomerase, although theis mediated by the RNA binding protein Est1p, which
length of the telomeric DNA repeat tract in a populationinteracts with the essential single-stranded telomeric
of telomeres is heterogeneous even within a single cellDNA binding protein Cdc13p to recruit telomerase to
(Lansdorp et al., 1996), length is normally regulated andthe telomere (reviewed in Evans and Lundblad, 2000).
kept within well-defined limits (telomere homeostasis)Telomerase is minimally dimeric, with two active sites
(Shampay and Blackburn, 1988). The following modeland two functionally interacting RNAs (Prescott and
has arisen from experiments described below: theBlackburn, 1997a; Wenz et al., 2001). The dimeric struc-
higher-order telomeric DNA-protein complex normallyture of telomerase might hold two chromatids or chro-
rapidly interconverts, in a regulated and dynamic way,mosomes together or act on two newly replicated chro-
between two physical states. One (temporarily un-matids. How the higher-order structure of the RNP helps
capped) can become competent for telomerase action,coordinate telomerase action at the telomere with other
and the other (capped) is inaccessible to telomerase.in vivo processes, including telomeric DNA replication,

is a question of current interest. Rounds of incomplete replication and/or degradation at
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Figure 2. Changes Accompanying the Cycle
of Capping (telomerase-inaccessible state)
and Temporary Uncapping (telomerase-
accessible state) of Telomeres in Dividing
Cells with Telomerase (McEachern and
Blackburn, 1995)

A shortened, temporarily uncapped telomeric
DNA-protein complex (lower left) becomes
competent for telomerase action (telomerase-
accessible). The telomeric complex then be-
comes lengthened by telomerase (top) until
it can assume a telomeric structure that is
telomerase-inaccessible and therefore capped
(lower right). Such capping can persist for
many cell divisions even without further
lengthening of the telomere by telomerase,
until the telomere shortens enough to tempo-
rarily uncap again. In a normal situation, in a
cell with telomerase, such temporary un-
capping elicits a response involving ATM
(Tel1) kinase, which acts on the telomere to
render it competent for telomerase action (at
least in part through phosphorylating the
Rad50/Mre11/Xrs2 (NBS1) complex). See text
for further description.

chromosome ends result in telomere shortening, and Telomeres and Components of DNA Damage
Response Pathwaysincrease the probability of uncapping. A shortened telo-

mere temporarily uncaps and is acted on by telomerase. Certain components of DNA damage response path-
ways, originally defined by their roles in the repair ofOnce lengthened by telomerase, the telomere has an

increased probability of switching to the capped struc- chromosomal DNA breaks, are found at telomeres and
are necessary for normal telomere maintenance andtural state. This uncapping-capping cycle keeps telo-

mere length distributions confined within upper and functions. Breaks in chromosomal DNA can be repaired
by nonhomologous end-joining (NHEJ) or by homolo-lower limits (Figure 2).

The balance between lengthening and shortening that gous recombination. The protein Ku, involved in NHEJ,
is localized to telomeres in budding yeasts and humans.determines the mean length and length distribution of

telomeres is influenced by multiple factors: genetic, de- In yeast, Ku is required for the normal localization of
telomeres at the nuclear periphery (Galy et al., 2000) andvelopmental (reviewed in Blackburn, 2000a), and physio-

logical (von Zglinicki et al., 2000). At least two kinds for normal telomere maintenance; by genetic criteria, Ku
acts, by a still unknown mechanism, to assist telomeraseof factors—telomerase activity and components of the

telomere itself—have been investigated experimentally. action (reviewed in Gasser, 2000; Peterson et al., 2001).
Lack of Ku function leads to telomere-telomere fusionsFor example, the balance is influenced by changing the

level of telomerase: cells of mice with one copy of the in fission yeast and mammals (Baumann and Cech,
2000; Samper et al., 2000).TERT gene knocked out show shortened telomeres (Liu

et al., 2000). Also, partially crippling telomerase in vivo, Other components of DNA damage response path-
ways needed for telomere maintenance are the RAD50,either by use of nucleoside analog inhibitors (in Tetrahy-

mena and human lymphoid cell lines) (Strahl and Black- MRE11, and XRS2 (yeast)/NBS1 (human) gene products.
These form a complex thought to process broken DNAburn, 1994, 1996) or by certain mutations in the RNA

component of telomerase (in K. lactis and S. cerevisiae) ends in preparation for their repair. In S. cerevisiae, mu-
tating any of these genes leads to telomere shortening(Prescott and Blackburn, 1997b; Roy et al., 1998),

causes the telomeres to shorten initially, although then (Le et al., 1999). Human Rad50p is present at telomeres,
whereas NBS1 is enriched during S phase, the cell cyclethey are stably maintained at a new equilibrium length.

Conversely, ectopic overexpression of hTERT can cause stage at which telomerase is thought to act (Zhu et
al., 2000). The ATM (ataxia telangiectasia mutated) DNAtelomere lengthening or shortening, and then reequili-

bration about a new mean length, with telomeres be- damage response kinase (Tel1p in yeast) is another key
component of telomere maintenance. In yeasts, a tel1coming resilient to further length change as the cells

continue to divide (Bodnar et al., 1998; Counter et al., mutation causes marked telomere shortening; simulta-
neously mutating both Tel1p and the DNA damage re-1998; Yang et al., 1999; Zhu et al., 1999). The concept

that has emerged is that in dividing cells with telo- sponse kinase Mec1p (or their homologs in S. pombe)
produces cell senescence and telomere shortening likemerase, the telomere-telomerase complex is a dynamic

organelle, always being built up and shortened in a regu- that seen in cells lacking active telomerase (Naito et al.,
1998; Kim et al., 2000). Genetic experiments indicate thatlated way that maintains its length homeostasis.
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Figure 3. Mutually Reinforcing Mechanisms
of Telomere Capping

Six factors contribute to the functional and
structural capping of telomeres. See text for
description.

Tel1p acts through the Rad50p-Mre11p-Xrs2p complex, The Higher-Order DNA-Protein Complex
on the Entire Telomeric Repeat Tractwhich is needed for the telomerase-mediated pathway

of telomere maintenance (Kim et al., 2000). In human In budding yeasts, Rap1p negatively regulates telomere
length (Conrad et al., 1990; Krauskopf and Blackburn,cells, ATM kinase phosphorylates NBS1 (Lim et al.,

2000). Hence, a plausible model is that ATM (Tel1p) 1996). The Rap1p C-terminal binding proteins Rif1p and
Rif2p are important for this negative regulation; whentargets Xrs2p/NBS1, thereby promoting telomerase ac-

tion at the telomere, perhaps by activating processing they are deleted, telomeres lengthen considerably (Wot-
ton and Shore, 1997; and references therein) in a telo-of the DNA at the terminus of the telomere to make it

an efficient substrate for telomerase. Consistent with merase-dependent manner (Chan et al., 2001; Teng et
al., 2000). Mutations in the conserved C-terminal domainsuch a model, in S. cerevisiae, the loss of ATM kinase

function in telomere maintenance can be bypassed by of Rap1p increase mean telomere length and accelerate
telomerase action at telomeres (Krauskopf and Black-mutations that compromise the normal telomeric DNA-

protein complex in various ways, and the ATM kinases burn, 1996, 1998; Kyrion et al., 1992). Hence, the higher-
order telomeric DNA-protein complex described above,appear not to primarily affect the activity of the telo-

merase ribonucleoprotein enzyme itself (Chan et al., which is nucleated on repeat-bound Rap1p molecules
and therefore influenced by telomere length, negatively2001). Finally, in Caenorhabditis elegans, the Mrt-2

gene, a homolog of the S. cerevisiae DNA damage controls telomerase action at a telomere. In the budding
yeast K. lactis, a small C-terminal tail truncation ofcheckpoint gene RAD17, is required for germline telo-

mere maintenance; Mrt-2 mutant worms suffer progres- Rap1p accelerated the turnover of the terminal telomeric
repeats, but the slow turnover of the internal portion ofsive telomere shortening and fusions (for reviews see

Blackburn, 2000a; Evans et al., 1999; Gasser, 2000). the repeat tract remained unchanged (Krauskopf and
Blackburn, 1998). It has been suggested that Sir proteinsAll these results suggest that, in dividing cells with

telomerase, a shortened telomere continually under- (whose deletion only slightly shortens telomeres (Pallad-
ino et al., 1993) bind Rap1p molecules on the innergoes some regulated degree of temporary uncapping,

provoking its being sensed as a DNA break. What is portion of the telomeric tract, while Rif1 and Rif2 bind
the Rap1p molecules occupying the outer portion (Wot-unknown is how this normally elicits telomerase action

on that telomere, rather than NHEJ or recombination. It ton and Shore, 1997).
Similar negative regulation of human telomeres ap-has been proposed that this exploitation of the DNA

damage repair machinery allows cell cycle checkpoint pears to be mediated by the binding of TRF1 and TRF2
(Smogorzewska et al., 2000) and their associated pro-control so that telomere integrity can be monitored (re-

viewed in Gasser, 2000), with the cell cycle being able teins. For example, overexpression of TRF1 in cultured
telomerase-positive cells causes telomeres to shortento proceed only when telomere replication has been

completed. (Li et al., 2000). Overexpression of partially deleted,
dominant-negative forms of TIN2 protein causes telo-The structure of telomeres, and their ability to be func-

tionally capped, both show meta-stable, epigenetic-like merase-dependent telomere lengthening, presumably
because formation of the normal higher-order complexbehavior. As described below, abrupt stochastic switches

in telomere length regulation—between well-regulated is blocked (Kim et al., 1999). The telomeric repeat tract
may fold back on itself, as suggested by the ability ofand completely deregulated states—have been experi-

mentally observed to be accompanied by changes in TRF1 and TIN2 to induce intertelomeric clustering in
vitro and in vivo (Griffith et al., 1998; Kim et al., 1999). Ascapping function. The sometimes extreme and irrevers-

ible changes seen in telomere behavior have under- described earlier, the telomere ends in a single-stranded
overhang (of the DNA strand made by telomerase). Itscored the mutually reinforcing nature of six experimen-

tally distinguishable molecular players described next, has been proposed for human and trypanosome telo-
meres that this overhang can insert into the inner regionwhich together determine the functionality of a telomere

(Figure 3). of the telomere (the T-loop model). The binding of each
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yeast Rap1p or human TRF1 monomer induces DNA bly of the Rap1p-nucleated complex. This was deduced
bending (Bianchi et al., 1997; Vignais and Sentenac, because certain mutant telomeric DNA repeats that bind
1989). Thus, a bound array of tandem repeats would Rap1p with normal affinity in vitro nevertheless cause
be predicted to be folded or coiled overall, potentially loss of length control once the bulk of the tract is re-
promoting and stabilizing looping back of the telomeric placed by such repeats (Krauskopf and Blackburn, 1996,
terminus. 1998; McEachern and Blackburn, 1995; Smith and

Telomere lengths change rapidly over small numbers Blackburn, 1999). Apart from there being fewer repeats,
of cell generations, even in normally regulated telomeres pinpointing the nature of the structural change that de-
(Shampay and Blackburn, 1988; Vermeesch et al., 1993), fines such uncapping is a major challenge in the field;
suggesting that at least some components of the protein uncapping upon telomere shortening can occur even
complexes at telomeres are dynamically assembled and though hundreds or thousands of base pairs of telomeric
disassembled. Several studies suggest that this may be repeat DNA still remain, depending on the species or
controlled through the cell cycle. First, occupancy of type of cell.
telomeres by the structural proteins Rap1p, Sir3p, Sir4p,
Rif1p, and Rif2p is lower in late G2/M than in G1 or S Heterochromatic Properties of Telomeric Regions
(Laroche et al., 2000). Second, telomerase acts in late Cytologically, telomeric regions in a variety of plants
S or G2/M but not in G1, with its action apparently being and animals are heterochromatic, implying increased
coupled with DNA replication (Diede and Gottschling, local DNA folding (reviewed in Dernburg et al., 1995).
1999; Marcand et al., 2000; Vermeesch et al., 1993). The Positioning a gene in a telomeric heterochromatic region
domains in the Rap1p C-terminal region that interact in D. melanogaster, or up to several kb away from the
with Rif1p, Rif2p, and Sir proteins overlap (Wotton and telomeric repeat tract in S. cerevisiae, can impose posi-
Shore, 1997). Hence, these proteins may antagonize tion effect variegation on that gene (Aparicio et al., 1991;
each other in vivo by competing for Rap1p. Similarly, Gottschling et al., 1990; Pardue, 1995; Renauld et al.,
the homodimerization domain of human TRF1 overlaps 1993). Position effect variegation is characterized by
with the TIN2-interacting domain (Kim et al., 1999). Co- epigenetic heterochromatin states that are semistable
valent modifications of telomeric DNA proteins may reg- for several cell divisions, with a gene under its influence
ulate their dynamic interactions. The poly (ADP-ribose) switching between silenced or nonsilenced states. Telo-
polymerase activity of human tankyrase, which pro- meric silencing in yeast shares several molecular ge-
motes telomere elongation, modifies TRF1 in vitro, inhib- netic requirements with silencing of the chromosome-
iting its binding to telomeric DNA (Smith et al., 1998). internal mating type loci (Aparicio et al., 1991), including
This also potentially removes the negative length regula- the C-terminal domain of Rap1p and the Sir proteins
tor TIN2 from telomeres, to improve accessibility to telo- (Kyrion et al., 1992).
merase. Finally, Sir2p has NAD-dependent ADP ribosy- Experimental evidence suggests a possible model in
lation and histone deacetylase activities in vitro (Imai et which folding of the terminal region of the telomere into
al., 2000; Tanny et al., 1999). The latter is thought to a more internal subtelomeric region can help protect
affect the neighboring subtelomeric heterochromatin

telomeres. In chromatin immunoprecipitation experi-
(see below).

ments done in yeast, proteins bound to the telomere
Without telomerase, the cycle of alternating lengthen-

such as Rap1p are crosslinked not only to telomeric
ing and shortening of telomeres in dividing cells is bro-

repeat tract DNA, but also to several kb of the subtelo-ken. As a result, telomeres progressively shorten, and
meric DNA sequences (de Bruin et al., 2000; Grunstein,as the cells divide, a gradually increasing fraction of the
1998). A yeast transcriptional activation element, UASG,cells exit the cell cycle until the cell population senesces
placed downstream of, or even somewhat distant from,(reviewed in Blackburn, 2000a). The efficiency of forming
a reporter gene, activated transcription of this gene if ita higher-order telomeric complex that can support cap-
was present in a subtelomeric, but not a nontelomeric,ping apparently drops as the telomere shortens. De-
location (de Bruin et al., 2001). This suggested that fold-pending on the type of cell, this loss of telomere capping
ing back within the subtelomeric chromatin in effectin the absence of telomerase elicits a cellular response.
positioned the element “upstream” of its associatedIn yeasts and mammalian cells, the cell cycle arrests,
gene, consistent with the chromatin immunoprecipita-and recombination among the telomeres (which in some
tion findings.cases lengthens the telomeric repeat tracts) or telomere

When telomerase function is lost or compromised,fusions can ensue (Baumann and Cech, 2000; Hackett
heterochromatization of the subtelomeric region emergeset al., 2001; McEachern and Blackburn, 1996; Romanov
as a potential mechanism for telomere protection. Inet al., 2001; reviewed in McEachern et al., 2000b). In
Drosophila, the tandem repetition of a sequence is suffi-some mammalian cells, apoptosis is also provoked
cient for it to gain heterochromatic properties (Dorer(Hahn et al., 1999; Kondo et al., 1998; Zhang et al., 1999).
and Henikoff, 1997). Hence the long, complex-sequenceLonger telomeres have more DNA binding sites for
repeats at telomeric regions in D. melanogaster, Dro-sequence-specific, double-stranded DNA binding pro-
sophila yakubi, the midge C. tentans, and certain mos-teins such as Rap1p. The number of telomere-bound
quitoes and onions are thought to form a nucleosomallyRap1p molecules (and specifically of bound Rap1p
based local heterochromatin structure that stabilizesC-terminal domains) influences whether a telomere will
telomeres (Figure 2D, top) (reviewed in Pardue and De-become lengthened by telomerase (Marcand et al.,
Baryshe, 1999 and McEachern et al., 2000b). In a similar1997; Ray and Runge, 1999). However, the “counting”
way, the sub-telomeric Y� tandem repeats in S. cerevis-of bound Rap1p molecules (and possibly of Rif1p and

Rif2p) may also require the correct geometry of assem- iae may also contribute to telomere capping. This poten-
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tial role for Y� repeats is only unmasked after compro- when as few as 3–4 wild-type repeats were added back
to the telomeres that still contained tracts of mutantmise of some aspect(s) of telomere maintenance.

Normally, one to four tandem copies of the subtelomeric (Krauskopf and Blackburn, 1996; Smith and Blackburn,
1999). Three possible components of the telomere areY� elements (5–6 kb elements flanked by G1-3T repeat

tracts) are present at some telomeres, and several sub- potentially affected by mutating the terminal few telomeric
repeats: the complex on the terminal double-strandedtelomeres (“X telomeres”) completely lack Y� elements.

In experiments in which telomeres were impaired by DNA, the complex on the terminal single-stranded DNA,
and the ability to form a T-loop.mutation of Tel1p as well as Rif1p and/or Rif2p, the

length of Y�-containing telomeres was more tightly regu-
lated than that of the natural X telomeres that lacked Sequence-Specific Double-Stranded DNA
subtelomeric Y� elements (Craven and Petes, 1999). Binding Proteins at the Telomeric Tip

Mutant repeats are likely to have disrupted binding sites
for telomeric protein(s) that normally protect the ends.Consequences of Altering the DNA-Protein Complex
A good candidate for such a protein in budding yeastsat the Extreme Terminus of the Telomere
is Rap1p. In K. lactis and S. cerevisiae, one group ofAltering the sequence of only the few distal-most telo-
template mutations caused cellular growth and telomeremeric DNA repeats can strongly influence telomerase,
lengthening phenotypes whose severity directly corre-degradation, recombination, and NHEJ actions on telo-
lated with the degree to which the affinity of Rap1pmeres. This was shown in experiments in which the
binding was disrupted (McEachern and Blackburn,telomerase RNA template was mutated, causing mutant
1995, 1996; Prescott and Blackburn, 2000). However,telomeric DNA repeats to be added to telomeric termini.
the relative contributions to capping of proteins thatOften, phenotypes were seen as soon as a small number
bind the duplex terminal repeats, versus those that bindof mutant repeats had been added to the end of the tract
the 3� single-stranded overhang, are not known.of wild-type repeats. First, certain mutant sequences

A telomerase RNA template sequence mutation,caused net overelongation of the telomeres by telo-
which caused only a moderate reduction in Rap1p bind-merase. This did not require telomeric recombination—
ing affinity of the mutant repeats added to K. lactiswhich can also elongate terminal telomeric repeat tracts
telomeres, by itself caused minimal effects on telomere(McEachern and Blackburn, 1996; Teng and Zakian,
length, capping, or stability. However, combining this1999)—because the same results were obtained in rad52
type of mutation with another initially harmless muta-mutant cells (Chan et al., 2001; Prescott and Blackburn,
tion—a small truncation of the K. lactis Rap1p C-terminal2000). Second, some mutations of the terminal repeats
tail—caused an abrupt switch to a deregulated statecaused the telomeric DNA to become highly degraded
of the telomeres. They greatly elongated, while single-and single-stranded, reminiscent of a DNA damage re-
stranded, degraded telomeric DNA also accumulatedsponse (Chan et al., 2001; McEachern and Blackburn,
and cell viability dropped (Krauskopf and Blackburn,1995; Smith and Blackburn, 1999). Length regulation,
1996; Smith and Blackburn, 1999). Thus, simultaneouslycontrol of nuclease activity, and functional capping
making modest changes in both the DNA-protein com-could be simultaneously restored to such telomeres
plex on the terminal repeats and the domain of Rap1pcontaining long tracts of mutant telomeric repeats by
that organizes the higher-order protein complex led syn-addition of just a few (3-4) functionally wild-type repeats
ergistically to catastrophic loss of telomere function andto the telomeric tips (Krauskopf and Blackburn, 1998;
stability. Again, addition of only a few functionally wild-Smith and Blackburn, 1999). Thus, normally capped telo-
type repeats was sufficient to restore normal telomeremeres limit nucleolytic activities at telomeres. Third, with
stability (Krauskopf and Blackburn, 1996, 1998; Smithcertain K. lactis telomerase RNA template mutants, in-
and Blackburn, 1999). These findings are indicative ofcorporation of only a few of the mutant repeats onto
mutual reinforcement between the higher-order com-the telomeric termini induced a high frequency of subtel-
plex (which was compromised by the Rap1p C-terminalomeric homologous recombination events, even though
domain mutation) and the complex on the terminal re-no cellular phenotypes were observed and telomere
peats (affected by the telomerase templating mutation).maintenance was otherwise generally undisturbed

(McEachern and Blackburn, 1995, 1996; McEachern and
Iyer, 2001). Finally, mutations in the telomerase RNA tem- The DNA-Protein Complex that Forms on the

Single-Stranded Overhang of the Telomereplate of Tetrahymena or K. lactis caused telomeres to
fuse and fail to separate from each other in anaphase In the experiments described above in which the termi-

nal telomeric sequences were mutated, the sequence(Kirk et al., 1997; Lee et al., 1993; McEachern et al.,
2000a; Ware et al., 2000). Molecular analyses indicated of the 3� overhang would also have been altered. In

budding yeast, this could potentially have disruptedthat in the mutant cells, only the tips of the telomeres
had incorporated mutant repeats, with the bulk of the Cdc13p binding. A temperature-sensitive allele of this

single-stranded telomeric DNA binding protein causestelomeric tracts still being of wild-type sequence. Again,
the same mutant repeats in Tetrahymena, which caused the C-rich strand of the telomeric DNA, together with its

adjacent subtelomeric sequence, to become massivelydeleterious effects when at the ends of telomeres (Yu
et al., 1990), were harmless when capped by distal wild- degraded at the nonpermissive temperature, presum-

ably via unregulated nuclease or processing activities,type repeats (Yu and Blackburn, 1991).
Together, these findings demonstrated the critical na- and the single-stranded G-rich DNA extension becomes

extremely long (Garvik et al., 1995). Since this mutantture of the most distal few repeats on the telomere. The
key finding was that all these perturbations disappeared Cdc13p cannot bind telomeric DNA, it was thought that
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the single-stranded terminal DNA constitutes the un- culture. Initially, Bodnar et al. (1998) showed that ectopi-
cally overexpressing the protein reverse transcriptasecapping signal (Bertuch and Lundblad, 1998). The hypo-
subunit of telomerase (hTERT) activated telomerase ac-trichous ciliate proteins (�/� heterodimer) that bind
tivity and indefinitely extended the proliferative lifespansequence specifically to the 3� terminus of the single-
of these cells. In these experiments, the telomeresstranded overhang protect that end from degradation
lengthened. Similarly, telomeres also lengthened andand telomerase action in vitro (for references, see Bau-
crisis was bypassed in human fibroblasts that weremann and Cech, 2001). These properties are consistent
transformed with SV40 T antigen and ectopically ex-with a role as a telomere capping protein. In fission
pressed hTERT (Counter et al., 1998). However, by ec-yeast, the � protein homolog Pot1 binds and protects
topically expressing hypomorphic hTERT constructs,telomeric single-stranded DNA and its absence in vivo
senescence or crisis could also be efficiently avertedcauses telomere fusions. Hence, the properties of the
and cellular lifespan extended without net telomereDNA-protein complex on the single-stranded G-rich 3�
lengthening. Two models were proposed to explainoverhang of the telomere are important for regulating
these findings (Zhu et al., 1999): either telomerasetelomerase, nuclease, and end-to-end joining enzymes
lengthened the shortest telomeres (although not theat telomeres. A human Pot1/� protein homolog has also
telomere population as a whole), or active telomerasebeen identified, but its function at telomeres has not yet
plays a role in allowing cell proliferation and protectionbeen experimentally shown (Baumann and Cech, 2001).
from telomere fusion even when telomeres are very
short.The Overhanging G-Rich Strand and the T-Loop

Similar results have been obtained with SV40 T anti-Structure of Telomeric DNA
gen transformed human fibroblasts, normal human dip-Looping back of the G-strand telomeric DNA overhang
loid fibroblasts, and endothelial cells; telomeres at firstinto the duplex, inner portion of the telomeric DNA tract,
continued to shorten for several tens of population dou-by homologous strand invasion into the wild-type re-
blings, then eventually stabilized at a new, shorter meanpeats, has been proposed to protect the telomeric end
length (Yang et al., 1999; Zhu et al., 1999). Shortened andin vivo. This T-loop model predicts that altering the se-
stable telomeres were also seen in some spontaneouslyquence of the 3� G-rich strand overhang by telomerase
immortalizing SV40 T antigen transformed human fibro-RNA template mutations might prevent the terminal DNA
blast lines, in which the endogenous telomerase hadnucleotides from such base pairing. The human telo-
been activated (Ducray et al., 1999). Ectopic hTERT ex-meric DNA binding protein TRF2 preferentially binds at
pression also extended the life span of T cells withoutthe junction of the T-loop in vitro (Figure 1). Overexpress-
net telomere lengthening (Hooijberg et al., 2000). Finally,ing a dominant-negative mutant TRF2 depletes TRF2
comparable results were obtained in budding yeastsfrom the telomeres in cells and causes apoptosis, with
expressing various hypomorphic but enzymatically ac-loss of a biochemically detectable G-strand overhang
tive mutant telomerases, generated by mutating the telo-(Karlseder et al., 1999; van Steensel et al., 1998). A com-
merase RNA (Prescott and Blackburn, 1997b, 2000). Apromised ability to form a T-loop could underlie the
notable feature of all these experiments was that thetelomere uncapping that occurs in these cells, as mani-
new stable telomere length was considerably shorterfested by increased telomeric DNA end-to-end fusions.
than the telomere length in the control telomerase-nega-Conversely, deleting Ku, which binds broken DNA ends
tive cells at the point when they had stopped dividing.in vitro, increases the amount of G-strand 3� overhang
This was especially clear in the yeast experiments,detected throughout the cell cycle in yeast (Gravel et
where the ability to detect individual telomeres and to

al., 1998). However, while Ku knockout mice also show
quantitatively monitor cell proliferation is enhanced.

increased telomeric fusions and hence telomere un-
These results indicated that functional rescue by telo-

capping, no overall change in the amount of G-strand merase can be experimentally uncoupled from net
overhang was detected (Samper et al., 2000). Therefore, lengthening of telomeres.
the mechanism of the role of the single-stranded over- Telomere fusions, which become prevalent as human
hang in telomere capping remains a challenging problem. fibroblast cells transformed with SV40 T antigen enter

crisis (Counter et al., 1992), were also reduced by the
Contributions of Active Telomerase ectopic expression of wild-type or hypomorphic telo-
to Telomere Capping merase constructs (Zhu et al., 1999). This reduction was
The most obvious function of active telomerase is to seen both with net telomere elongation (Counter et al.,
add telomeric DNA repeats to telomere ends, thus pre- 1998) and net shortening (Zhu et al., 1999). In te-
venting telomere length from falling low enough to cause lomerase-deleted K. lactis, recombination events be-
uncapping. However, recent findings have uncovered a tween the telomeric repeat tracts, which resulted in
potential additional role for active telomerase. These lengthening of the tracts, increased in frequency even
results were found by using telomerase alleles that were in healthy cells when the telomeres were still relatively
effectively hypomorphic, in the sense that although the long (McEachern and Blackburn, 1996). This again sug-
core enzymatic activity of the telomerase was not obvi- gested that telomerase helps to cap telomeres, since
ously altered, telomeres became stably shortened. Sev- recombination in the telomeric regions is normally re-
eral experiments indicated that active telomerase can pressed.
permit continued proliferation of cells with short telo- To date, this function of the telomerase RNP defined
meres that, in the absence of functional telomerase, by these results—the protection of very short telomeres
would be unstable. Human primary fibroblasts normally from behaving as though they are uncapped—has only

become manifest when telomeres shorten, and itsrepress telomerase activity and eventually senesce in
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Figure 4. An Example of the Mutual Rein-
forcement among the Different Molecular
Mechanisms that Contribute to Telomere
Function

Three such molecular mechanisms are de-
picted as legs that together support a foot-
stool (the capped state). When only one
mechanism is compromised or abrogated,
such as lack of functional telomerase (middle,
left) or short telomeres (middle, right), the
other components of the capping system can
compensate for its absence. For example,
long telomeres compensate for lack of telo-
merase (middle, left), and telomerase can
compensate for short telomeres (middle,
right). Capping functions often fail only when
two or more mechanisms are compromised,
such as in cells with both short telomeres and
no telomerase (bottom). See text for de-
scription.

mechanism is unknown. As the presence of a stable (Fulton and Blackburn, 1998; Prescott and Blackburn,
1997a).but inactive telomerase RNP particle is not sufficient

(Prescott and Blackburn, 1997b), it can be speculated
that the enzymatically competent conformation of telo- Cells without Telomerase

As shown in Figure 4 (top), the ability to sustain telomeremerase might signal to the cell to keep dividing. In this
light, it is of interest that, in cancer cells, telomerase capping can be metaphorically likened to the combined

action of the legs supporting a footstool. The situationslevels typically are significantly elevated, potentially
conferring a selective proliferative advantage on the with and without telomerase provide one example of

the interaction and mutual reinforcement among the dif-cells despite their often short telomeres. A small (10
amino acid) N-terminal deletion of Est2p in yeast pro- ferent determinants of capping. In cultured mammalian

cells or yeasts lacking telomerase activity, telomeresduces a stable though enzymatically inactive protein,
yet has an unexpected effect: cell growth is slowed progressively shorten, but the cells can proliferate typi-

cally for many tens of population doublings. The longerimmediately (Xia et al., 2000). This unexpected pheno-
type may be explained by an abnormality in this putative the telomere length when telomerase is first inactivated,

the greater the delay before obvious senescence (Hahnsignaling function of telomerase. It is also possible that
a physical interaction of an active form of telomerase et al., 1999; McEachern and Blackburn, 1996). Hence,

sufficiently long telomeres can compensate for a lackwith the telomere protects the telomere at a critical time
in the cell cycle. This possibility was suggested because of active telomerase, so that the telomeres are still func-

tionally capped (Figure 4, middle left). However, as telo-in vitro, telomerases from S. cerevisiae and K. lactis
remain stably associated with their telomeric DNA ex- meres shorten, as described above, their capping status

critically depends on whether active telomerase is pres-tension products following a round of polymerization
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ent (Figure 4, middle right and bottom). Hence, all other completely to one or the other side. When telomeres
are sufficiently long, they can remain stable or functionalfactors being equal, it is the combination of telomere

length and the presence or absence of telomerase that through multiple cell divisions even in the absence of
telomerase. However, telomere shortening increasesdetermines whether a telomere is capped.

The point at which a shortening telomere becomes the probability of switching into the uncapped state,
which can become irreversible if more than one of theuncapped also appears to depend on multiple other

interacting, species- and cell-type-specific factors. As molecular components of the telomere/telomerase
functional complex are compromised. Thus, the multi-well as telomerase, these are likely to include, minimally,

some combination of the levels and variants of telomere ple, mutually reinforcing mechanisms discussed in this
review likely evolved to ensure against inappropriatecomponents. The complex developmental control of

mammalian telomerase, and doubtless of these other irreversible uncapping. The presence of functional telo-
merase is one factor determining whether a telomerefactors, results in telomeres that can vary considerably

in length among different cell types yet still be functional, becomes recapped or irreversibly uncapped. In this
light, the developmentally regulated shutdown of telo-especially in the presence of telomerase (Weng et al.,

1998). Thus, predicting a telomere’s functionality solely merase in humans and other metazoans (Weng et al.,
1997) raises interesting questions regarding whetheron the basis of its length can be problematic. Dolly,

the first cloned sheep, had shorter telomeres than her loss of telomere functionality is exploited to program
organismal aging, or to create a natural barrier to preventmother (Shiels et al., 1999), fueling speculation that this

might presage Dolly’s premature aging. However, cancer. Understanding the interlocking mechanisms
that regulate telomere functions may help answer thesecloned cows showed the opposite phenomenon—

telomeres in the calves were longer than those of the questions.
parental somatic cells taken from the older animal used
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