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The molecularera of telomere biology began with the discovery that telomeres usually consist
of G-rich simple repeats and end with 30 single-stranded tails. Enormous progress has been
made in identifying the mechanisms that maintain and replenish telomeric DNA and the
proteins that protect them from degradation, fusions, and checkpoint activation. Although
telomeres in different organisms (or even in the same organism under different conditions) are
maintained by different mechanisms, the disparate processes have the common goals of
repairing defects caused by semiconservative replication through G-rich DNA, countering
the shortening caused by incomplete replication, and postreplication regeneration of G tails.
In addition, standard DNA repair mechanisms must be suppressed or modified at telomeres to
prevent their being recognized andprocessedas DNA double-strand breaks.Here,we discuss
the players and processes that maintain and regenerate telomere structure.

The ends of chromosomes or telomeres are
comprised of telomeric DNA and its associ-

ated proteins. In most eukaryotes, telomeric
DNA is highly repetitive and rich in guanosine
clusters in the strand running 50 to 30 toward the
chromosome end, such as 50-GGGTTA-30 (hu-
mans), 50-G1 – 3T-30 (budding yeast, Saccharo-
myces cerevisiae), and 50- G2 – 8TTACA-30 (fis-
sion yeast, Schizosaccharomyces pombe) (Fig.
1). The amount of telomeric DNA per end
varies from �300 bp in yeasts to up to 150 kb
in some mouse strains (see Table 1 for a list
of abbreviations used in this article) (Blasco
et al. 1997).

In addition to duplex telomeric DNA, telo-
meres end in G-rich overhangs or G-tails that

are usually present at both ends of the chromo-
some. G-tails also vary in length: Human G-tails
are between 100 and 280 nucleotides through-
out the cell cycle (Makarov et al. 1997; Wright
et al. 1997), whereas budding yeast G-tails are
only �12–14 nucleotides (Larrivee et al. 2004)
except in late S phase when they are 50–100 nu-
cleotides (Wellinger et al. 1993). Long G-tails
can fold back and invade the duplex region to
form a specialized displacement loop called a t-
loop (telomere loop) (Fig. 1C) that is thought to
provide a protective cap (Griffith et al. 1999).

In addition to t-loops, G-strand telomeric
DNA from most organisms forms G-quadruplex
(G4) structures in vitro, a stable DNA secondary
structure that is held together by multiple gua-
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nine–guanine base pairs (reviewed in Bochman
et al. 2012). These structures can form within a
single strand of DNA or from two or four strands
and can be parallel or antiparallel. G4 DNA may
contribute to telomere capping (see, e.g., Smith
et al. 2011), and, depending on its exact struc-
ture, can inhibit or promote telomerase in vitro
(Zahler et al. 1991; Zaug et al. 2005; Oganesian
et al. 2006). The best evidence for G4 structures at
telomeres in vivo comes from ciliates (Paeschke
et al. 2005). An antibody that recognizes only
antiparallel G4 structures comprised of G4T4

Oxytricha telomeric DNA binds telomeres in a
cell-cycle-specific manner, and this binding de-

pends on the telomere end-binding proteins,
TEBPa/b (see section on Telomere Proteins)
(Paeschke et al. 2005, 2008).

TELOMERE PROTEINS

Proteins that bind directly to telomeric DNA can
be divided into single-stranded (ss) and double-
stranded (ds) DNA-binding proteins (see Table 2
for a list of proteins discussed in this article and
their names in yeasts and mammals.) (Fig. 1).
The Oxytricha nova ss-binding heterodimeric
TEBPa/bwasthe first ss telomere DNA-binding
activity to be identified (Gottschling and Zakian
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Figure 1. Model structures and associated proteins of budding yeast, fission yeast, and human telomeres.
(A) DNA structure and associated proteins of budding yeast telomeres. Arrows and blunt arrows denote up-
regulation and down-regulation of telomerase recruitment, respectively (see Table 1 for abbreviations). (B)
DNA structure and associated proteins of fission yeast telomeres (30 end fold back and double-stranded DNA
[dsDNA] invasion to form a t-loop is a potential alternate structure that is not shown [Tomaska et al. 2004]). (C)
DNA structure and associated proteins of human telomeres.
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1986). Cdc13 is the G-tail-binding subunit of
a heterotrimeric complex called CST (Cdc13-
Stn1-Ten1) in budding yeast (Lin and Zakian
1996; Nugent et al. 1996; Hughes et al. 2000).
The CST complex, which has so far been found
only at telomeres, interacts with both Est1, a tel-
omerase subunit (Qi and Zakian 2000; Pennock
et al. 2001; Wu and Zakian 2011) and DNA Pola,
which is required to start DNA synthesis on both
leading and lagging strands (Qi andZakian 2000;
Grossi et al. 2004).

In fission yeast, mammals, and some plants,
many of the telomere functions of CST are per-
formed by Pot1, a homolog of the ciliate TEBPa
(Baumann and Cech 2001; Shakirov et al. 2005;
Hockemeyer et al. 2006; Wu et al. 2006). How-
ever, vertebrates and plants also have a CST com-
plex that protects telomeres and/or functions in

telomere replication and telomerase regulation
(Miyake et al. 2009; Surovtseva et al. 2009; re-
viewed in Price et al. 2010; Chen et al. 2012). In
these organisms, Cdc13 is replaced by another
protein, CTC1, whose mutation leads to inher-
ited human disease, such as dyskeratosis con-
genita (Armanios 2012; Keller et al. 2012). Al-
though fission yeast encodes Stn1 and Ten1-like
proteins, a S. pombe CTC1/Cdc13-like protein
has not been identified (reviewed in Subrama-
nian and Nakamura 2010). Unlike budding yeast
CST, mammalian CST is not telomere limited
but has more global roles in DNA replication
(Gu et al. 2012; Stewart et al. 2012). The vari-
ous G-strand-binding proteins are not highly
conserved in primary sequence, but all share
OB (oligonucleotide/oligosaccharide binding)
fold domain(s) that bind tightly to telomeric

Table 1. Abbreviations used

Abbreviation Full name Abbreviation Full name

Nomenclature Proteins
ALT Alternative lengthening of telomeres 53BP1 p53-binding protein 1
bp
CB

Base pair
Cajal bodies

ATM Ataxia telangiectasia mutated;
homolog of budding yeast Tel1

ChIP
CHO

Chromatin immunoprecipitation
Chinese hamster ovary

ATR Ataxia telangiectasia and rad3-
related

DSB
Est

Double-stranded break
Ever-shortening telomere

Ccq1 Coiled-coil protein quantitatively
enriched 1

G4 G-quadruplex Cdc13 Cell division cycle 13
H Human CST Cdc13-Stn1-Ten1
HAATI

HTT

Heterochromatin amplification-
mediated and telomerase-
independent

Collective name for Drosophila
telomere retrotransposons:
HeT-A, TART, and Tahre

CTC1

Est1, Est2,
Est3

PARP1

Conserved telomere maintenance
component 1

Ever-shortening telomere (1,2,3)

Polyadenosine diphosphate ribose
polymerase 1

HR Homologous recombination Pot1 Protection of telomeres 1
kb Kilobase Rap1 Repressor activator protein 1
LINE-1 Long interspersed element-one Rif1, Rif2 Rap1-interacting factors 1 and 2
MEF Mouse embryonic fibroblast RPA Replication protein A
NHEJ Nonhomologous end joining RTEL1 Regulator of telomere length 1
PAL-

mechanism
Palindrome-dependent mechanism

end maintenance
Sir4
SSB

Silent information regulator 4
Single-stranded binding protein

RNP Ribonucleoprotein particle Stn1 Suppressor of cdc thirteen 1
RT
ss

Reverse transcriptase
Single-stranded

Taz1 Telomere associated in
Schizosaccharomyces pombe

t-Loop Telomere-loop TEBPa/b Telomere end-binding protein a/b
UFB Ultrafine bridges Ten1 Telomeric pathways with STN1

TIN2 TRF1-interacting nuclear protein 2
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ssDNA with high sequence specificity (Horvath
et al. 1998; Mitton-Fryet al. 2002; Lei et al. 2003).

The ds telomeric DNA is also bound by se-
quence-specific DNA-binding proteins. Again,
the sequences of these proteins vary but they
have in common that they bind DNA via a
conserved Myb domain. ds telomere-binding
proteins include budding yeast Rap1 (Conrad
et al. 1990; Lustig et al. 1990), fission yeast Taz1
(Cooper et al. 1997), and mammalian TRF1 and
TRF2 (Chong et al. 1995; Broccoli et al. 1997).
Budding yeast Rap1 is not telomere limited but
is also a transcriptional modulator at many
genes (Lieb et al. 2001).

Proteins that bind telomeres via protein–
protein interactions form a third class of telo-
meric proteins. For example, in budding yeast
Rif1, Rif2, and Sir4 associate with telomeres via
their interactions with the carboxyl terminus
of Rap1, whereas Stn1 and Ten1 interact with

telomeric ssDNA by association with Cdc13
(Grandin et al. 1997, 2001b). Another example
is human POT1, which bindsto G-tails via an OB
fold, but whose stable telomere association relies
on its interaction with TPP1, which strengthens
its binding to telomeric ssDNA (Ye et al. 2004;
Wang et al. 2007; Xin et al. 2007). TPP1 also
interacts with TIN2, and TIN2 also interacts
with TRF1. Thus, TIN2 forms a bridge between
the ds and ss regions of the telomere (O’Connor
et al. 2006). Finally, TRF2 binds RAP1, a non-
DNA-binding homolog of budding yeast Rap1,
which like its yeast counterpart, has both telo-
meric and transcriptional roles (Martinez et al.
2010). Collectively, POT1, TPP1, TRF1, TRF2,
RAP1, and TIN2 form a six-member complex
known as “shelterin” (de Lange 2005) that per-
forms multiple telomeric functions. Fission
yeast telomeres are also bound by a six-member
shelterin-like complex (Miyoshi et al. 2008).

Table 2. List of major factors discussed

Budding

yeast

Fission

yeast Mammals Others

Duplex sequence-specific binding
proteins

Rap1 Taz1 TRF1, TRF2 HOAP (Drosophila)

Single-strand sequence-specific
binding proteins

Cdc13 Pot1 POT1 (POT1a,
POT1b)

TEBPa, TEBPb
(ciliates)

Verrocchio
(Drosophila)

Protein – protein-interacting proteins
Conserved Rif1 Rif1 RIF1
Species-specific Rif2, Sir4 Ccq1 TPP1, TIN2
CST complex Cdc13, Stn1,

Ten1
Stn1, Ten1 CTC1, Stn1, Ten1

Checkpoint proteins with roles at telomeres
ATR checkpoint kinase Mec1 Rad3 ATR
ATM checkpoint kinase Tel1 Tel1 ATM
Checkpoint proteins MRX MRN MRN

Telomerase holoenzyme components
Catalytic subunit Est2 Trt1 TERT
RNA template TLC1 TER1 TR, TERC
Conserved accessory subunit Est1 Est1 EST1A, EST1B
Species-specific accessory subunit Est3

Helicases
RecQ helicase Sgs1 Rqh1 WRN, BLM
Pif helicase Pif1, Rrm3 Pfh1 PIF1
Others RTEL, FANCJ

Some factors are listed under multiple headings. WRN, Werner; BLM, Bloom.
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Like mammalian shelterin, the fission yeast
complex extends between Pot1 bound to ss telo-
meric DNA and the dsDNA binder Taz1.

TELOMERE FUNCTIONS

Telomeres are essential to provide a protective
“cap” that shields chromosomes from degrada-
tion, fusions, and checkpoint recognition. If
the cap is lost, telomeres can no longer be distin-
guished from a double-stranded break (DSB),
which causes checkpoint arrest, telomere fu-
sions, and rampant degradation. End protection
or capping is due largely to telomere-binding
proteins, but in almost all organisms, the protein
cap is assembled only on telomeric DNA. Thus,
for telomeres to carry out their essential capping
functions, duplex telomeric DNA and G-tails
must be maintained.

Most of the chromosome, including most of
telomeric DNA, is replicated by standard semi-
conservative replication. However, chromosom-
al DNA cannot provide a template for replica-
tion of the very ends of linear DNA molecules
(Watson 1972). This problem arises from the
properties of DNA polymerases, which require
a primer, usually RNA, to start DNA synthesis
and replicate DNA only in the 50 to 30 direction.
Removal of the terminal RNA primer at the 50

ends of newly replicated strands leaves a gap that
cannot be filled by a standard DNA polymerase.
As a result, successive rounds of DNA replica-
tion result in gradual telomere attrition and, ul-
timately, loss of genetic information. A second
replication problem derives from the impor-
tance of G-tails for telomere integrity (Lingner
et al. 1995). Afterconventional semiconservative
DNA replication, the leading strand DNA poly-
merase will generate a blunt-ended terminus at
one end of each chromosome, and this blunt end
cannot bind G-tail-binding proteins. G-tails are
regenerated by degradation of the C-rich strand
followed by C-strand resynthesis (see section
Another Replication Problem: G-Tail Regenera-
tion) (Wellinger et al. 1996).

Three major strategies are used to solve the
first replication problem: telomerase (see sec-
tion Telomerase), recombination (see section
Recombinational Maintenance of Telomeric

DNA), and transposition (see section Retrotran-
sposons as Telomeres). Each of these mecha-
nisms maintains chromosome ends by repairing
the damage owing to incomplete replication.
Thus, a study of telomere maintenance is really
a study of telomere repair. The second “end rep-
lication problem,” G-tail regeneration, is solved
by a variation of classical DSB repair.

TELOMERASE

Introduction to Telomerase

Telomerase is a telomere-dedicated reverse tran-
scriptase (Fig. 2A). At its core, telomerase con-
sists of the reverse transcriptase subunit called
Est2 (budding yeast), Trt1 (fission yeast), or
TERT (mammals) and a tightly associated RNA
molecule called TLC1(buddingyeast),TER1(fis-
sion yeast), or TR (human). Telomerase RNAs
contain a short segment that is complementary
to the G-strand of telomeric DNA and serves as
the template for telomere elongation.

Although the catalytic and RNA subunits are
necessaryand sufficient invitro forelongation of
telomeric primers, other protein subunits are
required for telomere lengthening in vivo. These
accessory factors were first identified in budding
yeast by their “ever-shortening telomere” (est)
phenotype (Lundblad and Szostak 1989; Lend-
vay et al. 1996). For example, Est1, which has
homologs in humans (Reichenbach et al. 2003;
Snow et al. 2003) and fission yeast (Beernink
et al. 2003), is necessary for the recruitment
and/or activation of budding yeast telomerase
(Evans and Lundblad 1999; Taggart et al. 2002;
Chan et al. 2008; DeZwaan and Freeman 2009)
owing to its binding both telomerase RNA (Liv-
engood et al. 2002; Seto et al. 2002) and Cdc13
(Qi and Zakian 2000; Wu and Zakian 2011).
Fission yeast Est1 interacts with the shelterin
component Ccq1 to bring telomerase to telo-
meres (Moser et al. 2011; Webb and Zakian
2012; Yamazaki et al. 2012). Not all key telo-
merase subunits are conserved. For example,
budding yeast Est3 is essential for telomerase
activity in vivo (Lendvay et al. 1996), yet it is
absent from fission yeast and human genomes,
although it is structurally related to mammalian
TPP1 (Lee et al. 2008a; Yu et al. 2008).
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Figure 2. Standard telomere repair pathways. Pathways are represented from left to right with DNA strands in red
and blue. Centromeres are shown as dark ovals and relevant proteins and complexes are shown as labeled ovals.
(A) Telomerase, a telomere-dedicated reverse transcriptase mechanism used in most eukaryotes. (B) Nonrecip-
rocal recombination, used by a minority of eukaryotes, but is used as a survival strategy by most cells that survive
without telomerase. (C) Recombination: t-circle-mediated elongation, a method of elongation that is best
understood in yeasts in which circular DNA is used to template the addition of a new sequence to the end of
the telomere. The new sequence can spread to other telomeres by nonreciprocal recombination. (D) Retro-
transposition: tandem arrays of non-LTR (long terminal repeat) retrotransposons are added to the ends of
telomeres. Retrotransposition is targeted only to telomeres probably because the transposon does not encode an
endonuclease.
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Cell-Cycle Regulation of Telomerase

Although telomerase activity can be detected
in budding yeast extracts prepared from cells
throughout the cell cycle (Diede and Gottsch-
ling 1999), telomeres are only extended during
late S phase (Marcand et al. 2000). Likewise,
although the catalytic core of telomerase is telo-
mere associated throughout most of the cell cy-
cle, the telomerase holoenzyme is telomere as-
sociated only in late S/G2 phase (Taggart et al.
2002; Chan et al. 2008; Tuzon et al. 2011). In
fission yeast, telomerase is telomere associated
only in late S phase (Moser et al. 2009a; Webb
and Zakian 2012). Thus, in yeasts, telomerase
action is cell-cycle regulated.

Cell-cycle regulation of budding yeast telo-
merase is due in part to regulated degradation of
Est1 (Osterhage et al. 2006). Est1 peaks in late S
phase (Taggart et al. 2002), and is required to
recruit Est3 to telomeres (Tuzon et al. 2011).
Thus, cell-cycle-regulated abundance of Est1
is, in principle, sufficient to explain the cell-cy-
cle-regulated activity of telomerase. However,
even if Est1 is at high levels in G1 phase and is
incorporated along with Est3 into the holoen-
zyme, telomerase is not active in G1 phase (Os-
terhage et al. 2006). The telomerase inhibitory
proteins Rif1 and Rif2 help sequester telomeres
from telomerase in G1 phase (Gallardo et al.
2011). In addition, the long G tails, which are
probably the preferred substrate for telomerase,
are only present in late S phase (Wellinger et al.
1993). Indeed, removal of Rif proteins allows
telomerase to act in G1 phase, perhaps because
they protect telomeres from degradation (Bo-
netti et al. 2010b; Gallardo et al. 2011). In ad-
dition, Cdc13 is multiply phosphorylated in a
cell-cycle-dependent manner, and several of these
modifications affect telomere length and/or Est1
recruitment (Li et al. 2009; Wu et al. 2013).

In fission yeast, levels of telomerase subunits
(Est1 and Trt1) (Dehe et al. 2012; Webb and
Zakian 2012) and their regulator (Ccq1) (To-
mita and Cooper 2008) are not cell-cycle affect-
ed. Taz1 enforces telomerase-telomere recruit-
ment to late S phase, as evidenced by the larger
temporal window of Trt1- and Est1-telomere
association in taz1D cells (Dehe et al. 2012).

Telomerase is not active in most human so-
matic cells because transcription of TERT, the
catalytic subunit, is repressed by several tumor
suppressor pathways (Lin and Elledge 2003). In
addition, the WNT signaling pathway, which is
important for stem cell identity, affects TERT
expression. b-catenin, a central player in WNT
signaling, acts directly to activate TERT tran-
scription in embryonic and adult stem cells as
well as in human cancer cells (Hoffmeyer et al.
2012). The c-Myc oncogene also positively reg-
ulates TERT transcription (Wu et al. 1999).

In HeLa cells, which express high levels of
telomerase, telomerase RNA is telomere associ-
ated in S phase (Jady et al. 2006) when telomeres
are lengthened and telomerase activity is the
highest (Zhu et al. 1996). At this time, Cajal
bodies (CB), nuclear bodies composed primar-
ily of the protein coilin that functions in RNP
(ribonucleoprotein particle) modification/as-
sembly, also associate with telomeres (Jady
et al. 2006). CBs are important for both telo-
merase maturation and for recruiting telo-
merase to telomeres (reviewed in Londono-Val-
lejo and Wellinger 2012; Stern et al. 2012).

TRF1 is a negative regulator of telomere
length (van Steensel and de Lange 1997). The
checkpoint kinase ATM phosphorylates TRF1
on S367 resulting in release of TRF1 from telo-
meric DNA. Phosphorylated TRF1 forms non-
telomere-associated nuclear foci during S and
G2 phase that overlap with proteasome centers.
Moreover, TRF1-S367D does not inhibit telo-
mere lengthening (McKerlie et al. 2012). These
findings implicate TRF1 as a major player in
enforcing cell-cycle-regulated telomere exten-
sion in human cells.

Regulation of Telomerase by Telomere Length

In budding yeast, an assay that determines the
amount of yeast telomeric DNA added per telo-
mere in a single cell cycle reveals that only �10%
of telomeres are lengthened in a given S phase
(Teixeira et al. 2004). Moreover, the likelihood of
telomere extension is inversely correlated with
telomere length with short telomeres (�100 bp)
being about six times more likely to be length-
ened thanwild-type length telomeres(�300 bp).
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Thus, unlike conventional DNA replication,
telomerase does not act on every telomere in a
given cell cycle, reinforcing the idea that telome-
rase is more akin to repair than replication.

Chromatin immunoprecipitation (ChIP) in
budding yeast reveals that short telomeres bind
more telomerase than wild-type telomeres (Bi-
anchi and Shore 2007; Sabourin et al. 2007).
This elevated binding is achieved by two non-
overlapping mechanisms. Short telomeres pref-
erentially bind MRX (Mre11/Rad50/Xrs2),
which in turn recruits Tel1 to short telomeres
(Bianchi and Shore 2007; Hector et al. 2007;
Sabourin et al. 2007; McGee et al. 2010). Tel1
kinase activity is required to promote preferen-
tial binding of telomerase to short telomeres
(Hector et al. 2007; Sabourin et al. 2007). There
are data for (Tseng et al. 2006) and against (Gao
et al. 2010b; Wu et al. 2013) Cdc13 being the
relevant telomere target of the Tel1 kinase in
terms of telomerase recruitment. Alternatively,
Tbf1, a transcription factor that binds at specific
sites in subtelomeric DNA (Fourel et al. 1999),
can recruit telomerase to short telomeres in the
absence of Tel1 (Arneric and Lingner 2007).

The ability of Tel1 to distinguish short from
wild-type length telomeres is dependent on Rif2,
which is more abundant on long telomeres (Sa-
bourin et al. 2007; McGee et al. 2010). Rif2 in-
hibits Tel1 binding because both proteins (Sa-
bourin et al. 2007) interact with the carboxyl end
of Xrs2 and thus compete with each other for
MRX association (Hirano et al. 2009). Likewise,
Tbf1 can inhibit MRX binding to telomeres (Fu-
kunaga et al. 2012). In most situations, Tel1 af-
fects only the frequencyof telomere lengthening,
but at short telomeres it also increases telome-
rase processivity (Chang et al. 2007).

Preferential lengthening of short telomeres
is seen in some contexts in mammalian cells.
For example, when telomerase minus mice are
crossed to heterozygous telomerase plus mice,
the average length of telomeres is not very dif-
ferent in the telomerase plus and telomerase mi-
nus progeny, but the telomerase plus animals
no longer contain very short telomeres (He-
mann et al. 2001). This result can be explained
if mouse telomerase acts preferentially on short
telomeres. However, overexpression of telome-

rase in primary cells and cancer cell lines length-
ens both short and long telomeres, suggesting
that human telomerase is targeted to short telo-
meres only when telomerase is limiting (Cristo-
fari and Lingner 2006). Consistent with this
possibility, every telomere is equivalently elon-
gated in a given cell cycle in human cancer cell
lines, such as H1299 and HeLa (Zhao et al.
2011).

TERRA, a Novel Telomerase Regulator

In yeasts and human cells, transcription is re-
pressed in subtelomeric regions by a phenome-
non called telomere position effect (TPE) (Go-
ttschling et al. 1990; Nimmo et al. 1994; Baur
et al. 2001; reviewed in Mondoux and Zakian
2006). Thus, the discovery of TERRA, nuclear
noncoding telomeric repeat containing RNA,
was unexpected (Azzalin et al. 2007; Luke et al.
2008; Schoeftner and Blasco 2008). TERRA,
which has been described in mammals and
yeasts, is transcribed from within the subtelo-
meric region toward the telomere. TERRA in-
hibits telomerase in at least two ways. The bud-
ding yeast Rat1 nuclease, which has general roles
in mRNA processing, also degrades TERRA.
When Rat1 levels are low, telomeres shorten.
This shortening can be reversed by overexpress-
ing RNaseH, which degrades RNA in RNA–
DNA hybrids, suggesting that TERRA inhib-
its yeast telomerase by hybridizing to telomeric
DNA (Luke et al. 2008). In humans, TERRA in-
hibits telomerase by interacting directly with tel-
omerase (Redon et al. 2010). In addition, telo-
merase-mediated telomere lengthening inhibits
TERRA production in human cell lines while at
the same time increasing the length of TERRA
transcripts, suggesting that telomerase action
and TERRA feed back on each other (Arnoult
et al. 2012).

RECOMBINATIONAL MAINTENANCE
OF TELOMERIC DNA

Telomere Recombination in Telomerase
Minus Cells

Most eukaryotes use telomerase to counter
the loss of telomeric DNA that occurs during
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semiconservative replication. However, some
organisms solve the end replication problem us-
ing nonreciprocal recombination (Fig. 2B). In
some cases, recombination and telomerase are
both active, whereas in other organisms, only
recombination is used (reviewed in McEachern
et al. 2000). However, most studies on recombi-
national maintenance of telomeres are from or-
ganisms that normally rely on telomerase, such
as yeasts and humans. In these cases, recombina-
tion is a bypass mechanism that maintains telo-
meres when telomerase is not expressed. These
bypass telomere maintenance pathways are call-
ed ALT (alternative lengthening of telomeres).

In budding yeast, most telomerase minus
cells die. However, survivors, which come in
two types, types I and II, arise in all telome-
rase-deficient cultures (Lundblad and Black-
burn 1993; Teng and Zakian 1999). Type I telo-
meres are composed of long tandem arrays of
the subtelomeric Y0 element capped by very
short tracts of telomeric repeats (Lundblad and
Blackburn 1993). Type II telomeres are depen-
dent on the MRX complex and have very hetero-
geneous length telomeres, some very short and
others as long as 12 kb (Teng and Zakian 1999;
Teng et al. 2000). Telomerase minus fission yeast
can maintain telomeres by either ALT (Naka-
mura et al. 1998) orchromosome circularization
(Fig. 3A) (Nakamura et al. 1998).

Telomerase is activated in �90% of tumors,
but 5%–10% of human tumors use ALT (Bryan
et al. 1997; Dunham et al. 2000). As in type II
ALT in budding yeast, telomere length is highly
heterogeneous in human ALT. Extrachromo-
somal circles of telomeric DNA, known as t-
circles, are associated with ALT in yeasts and
mammals (Natarajan and McEachern 2002; Na-
tarajan et al. 2003; Cesare and Griffith 2004;
Wang et al. 2004). The mechanistic importance
of t-circles to ALT is best documented in the yeast
Kluyveromyces lactis in which t-circles have been
shown to provide the template for recombina-
tional telomere lengthening (Fig. 2C) (Natara-
jan and McEachern 2002). t-circles in human
ALT cells are similar in size to t-loops leading
to the proposal that t-circles are generated by
HR-mediated deletion of t-loops (Cesare and
Griffith 2004).

Recombination in Telomerase-Proficient
Cells

Recombination can regulate telomere length
even in telomerase plus cells. For example, gen-
eration of t-circles by recombination is used in
telomerase-proficient cells to shorten abnor-
mally long telomeres. This MRX-dependent
process, called telomere rapid deletion (TRD)
was discovered in budding yeast, in which it
can reduce exceptionally long telomeres to
wild-type length in a single cell cycle (Li and
Lustig 1996). A similar trimming mechanism
occurs in mammals. For example, in mouse cells
lacking the amino-terminal basic domain of
TRF2, t-loop-sized telomeric circles are excised
from leading strand telomeres via homologous
recombination (HR) (Wang et al. 2004); t-circles
also play a role in telomere trimming in human
cancer cells that overexpress telomerase (Pickett
et al. 2009).

Given that telomeres are repetitive, it is
probably not surprising that HR can contribute
to their maintenance. This type of event was first
documented in budding yeast, in which heter-
ologous telomere repeats can recombine by
events that initiate at the boundary of unique
and telomeric DNA and transfer a telomere
length’s worth of DNA in a single recombination
event (Pluta and Zakian 1989; Wang and Zakian
1990). In mice, Rad51D localizes to mitotic and
meiotic chromosomes and its depletion (in
combination with reduced p53) results in short
telomeres and high levels of telomere fusions
(Tarsounas et al. 2004), as does depletion of
Rad54 (Jaco et al. 2003). The tumor suppressor
and recombination facilitator BRCA2 binds
HeLa telomeres in S and G2 phase, and this
binding promotes telomere binding of RAD51,
another Rad51 paralog (Badie et al. 2010). In
mice, conditional loss of BRCA2 results in short
and fragile telomeres, whereas human brca22/2

tumors have short telomeres.
Although the above data suggest that HR

contributes to telomere maintenance, several
lines of evidence indicate that HR is normally
suppressed at telomeres. For example, in budd-
ing yeast, telomere deprotection in cdc13–1
mec3–2 cells induces recombination-dependent
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Baroque telomere repair pathways
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Figure 3. Baroque telomere repair pathways. Pathways are represented from left to right with DNA strands in red
and blue. Centromeres are shown as dark ovals and relevant proteins and complexes are shown as labeled ovals.
(A) Single-strand annealing recombination: chromosome circularization, a telomerase minus cell bypass mech-
anism found in fission yeast telomerase minus cells that is dependent on regions of homology, which are used to
prime DNA synthesis and fuse the two ends of a single chromosome. �Denotes regions of homology. (In the
absence of Taz1 nonhomologous end joining is used to fuse the ends [not shown] [Ferreira and Cooper 2001;
Wang and Baumann 2008].) (B) Recombination: HAATI, a mode of telomere maintenance in fission yeast
telomerase minus cells that maintains chromosome ends by recombination between rDNA arrays and recruit-
ment of protective factors by heterochromatic interactions. (Legend continues on following page.)
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telomere hyperelongation (Grandin et al. 2001a).
In fission yeast, Taz1 inhibits telomere hyper-re-
combination (Miller et al. 2006; Rog et al. 2009).
Inmouse cells,elevated telomeresisterchromatid
exchange is only seen when cells are defective for
two telomere proteins (e.g., TRF2 and Ku70)
(Celli et al. 2006; Sfeir et al. 2010). These results
suggest that Ku and TRF2 act in parallel to sup-
press HR at mammalian telomeres.

RETROTRANSPOSONS AS TELOMERES

Although telomerase is an ancient and wide-
spread activity, some organisms lost telomerase
at some point in evolution. The fruit fly is the
best-studied example of an organism that natu-
rally lacks telomerase. Instead of simple repeats,
the ends of fly chromosomes bear tandem ar-
rays of three different non-LTR (long terminal
repeat) retrotransposons: HeT-A, TART, and
Tahre (collectively called HTT elements) (Fig.
2D) (reviewed in Mason et al. 2008). Internal
to HTT are middle repetitive sequences similar
to those found internal to the telomerase-gen-
erated repeats in organisms with canonical telo-
meric DNA. HTTelements are replenished by a
combination of transposition and HR. The 50

regions in all HTTs encode Gag genes and in
TART and Tahre, also encode a reverse trans-
criptase (RT) (reviewed in Pardue and DeBar-
yshe 2008).

HTTelements are telomere limited because
they transpose only to DNA ends. This limita-
tion is thought to result from their having lost
the endonuclease gene that is found in most
retrotransposons (Mason et al. 2008). Its ab-
sence is proposed to prevent insertion of the
transposon into internal regions of the chromo-
some. A single targeted transposition places sev-
eral kb of dispensable DNA at a chromosome

end. Although HTT-bearing ends are eroded by
incomplete DNA replication, the rate of termi-
nal loss is very slow, �50–100 bp/telomere/fly
generation (Levis 1989). A model of telomere-
targeted HTT transposition followed by termi-
nal sequence loss is supported by the structure
of HTT arrays at individual chromosome ends:
The tandem copies of HTT elements are posi-
tioned in head-to-tail arrays with their 30

poly(A) ends pointing toward the centromere
(Levis et al. 1993). The sequence at the 50 end
is variable, reflecting different extents of se-
quence loss before a new transposon arrives to
form the most distal part of the chromosome.

At first glance, fly telomeres appear to be
unrelated to telomerase-generated ends. How-
ever, HET-A has the same nucleotide strand bias
as canonical telomeres with G residues enriched
in the strand running 50 to 30 toward the chro-
mosome end (Abad and Villasante 1999). Sec-
ond, the sequence of the telomerase catalytic
subunit has higher sequence similarity to the
TART-encoded RT than to many other RTs (Na-
kamura et al. 1997). Third, many proteins that
function at telomerase-generated telomeres,
such as ATM and MRN, also have telomere
functions in flies (Gao et al. 2010a). HOAP is a
heterotrimeric complex that binds Drosophila
telomeres and is required for telomere capping.
Remarkably, Verrocchio, one of the three pro-
teins in this complex, has an OB fold, suggest-
ing that the complex contacts DNA in the same
manner as canonical G-tail-binding proteins
(Raffa et al. 2009, 2010). However, unlike yeast
and mammalian telomere-binding proteins,
fly telomere proteins bind in a sequence-inde-
pendent manner (Fanti et al. 1998; Cenci et al.
2003), similar to the mammalian CST complex
(Price et al. 2010).

Even more amazing than the surprising dis-
covery that transposons can act as telomeres, in

Figure 3. (Continued) (C) PAL-mechanism, a bypass mechanism in telomerase and C-strand degradation
deficient budding yeast cells that uses palindromic sequence to generate a telomeric hairpin structure, which
can undergo two pathways that both generate a single survivor after cell division. Palindromic sequences are
depicted as mirrored black triangles. (D) Transposition: LINE-1, a process so far only observed in Chinese
hamster ovary cells in which dysfunctional telomeres serve as substrates for LINE-1 endonuclease-independent
retrotransposition. cds, coding sequence; SSA, single-strand annealing; SHREC, Snf2/Hdac-containing repres-
sor complex; BIR, break-induced recombination (also see Table 1).
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certain circumstances, telomere function in
flies can be supplied by an epigenetic mecha-
nism that involves the assembly of telomere
proteins onto unique sequence DNA. These ter-
minal deletions are readily isolated in mu-2
mutant flies but can also be recovered on P-
element mobilization (reviewed in Pardue and
Debaryshe 2011). The occurrence of sequence
nonspecific telomeres is reminiscent of neocen-
tromeres.

Even organisms that normally rely on telo-
merase may use transposons in certain situa-
tions. For example, LINE-1, the most abundant
class of retrotransposons in mammals, has been
reported to move to dysfunctional telomeres in
CHO (Chinese hamster ovary) cells. This novel
pathway (Fig. 3D) seems to be linked to loss of
the LINE-1 endonuclease. Transposition to telo-
meres is increased in cells expressing a domi-
nant–negative allele of TRF2 that disrupts telo-
mere capping (Morrish et al. 2007). Although
rare, the budding yeast subtelomeric Y0 element
can move via an RNA-mediated process in telo-
merase-deficient cells (Maxwell et al. 2004).

EVEN MORE BIZARRE MECHANISMS THAT
MAINTAIN LINEAR CHROMOSOMES

Approximately half of the samples of the most
common soft tissue sarcoma (liposarcomas)
from two different patient panels did not show
characteristics of either telomerase activation
or ALT (Costa et al. 2006; Johnson et al. 2007).
These findings suggest that there are as-yet-un-
discovered mechanisms to maintain linear chro-
mosomes in human tumors. One possibility is
that LINE-1 provides telomere function in these
tumors. Even more baroque mechanisms have
been described in yeasts. For example, in bud-
ding yeast, rare survivors arise in telomerase and
recombination-defective cultures, if the strain
also lacks either the Exo1 nuclease or the Sgs1
helicase (Maringele and Lydall 2004; Lee et al.
2008b), two proteins involved in C-strand deg-
radation in telomerase-proficient cells (see sec-
tion Another Replication Problem: G-Tail Re-
generation). These cells maintain chromosome
ends via a palindrome-dependent mechanism
(PAL-mechanism) that uses a break-induced

replication-like strategy to generate large palin-
dromic regions at chromosome ends (Fig. 3C).
In fission yeast, HAATI (heterochromatin am-
plification mediated and telomerase indepen-
dent) provides a telomerase bypass mechanism
in which ribosomal or subtelomeric repeats pro-
vide end function, but only if the repeats are
heterochromatic (Fig. 3B) (Jain et al. 2010).

SEMICONSERVATIVE REPLICATION
OF TELOMERIC DNA

Consideration of telomere replication problems
usually focuses on mechanisms that compensate
for incomplete replication. However, even semi-
conservative replication of telomeric DNA is a
problem for the replication machinery and can
lead to telomere damage. The G-rich and repet-
itive nature of telomeric DNA increases chances
of fork slippage and formation of stable sec-
ondary structures, such as G4 DNA. Secondary
structures are particularly likely given that the G
strand is the template for lagging-strand syn-
thesis, which is transiently single stranded dur-
ing the time required for the leading strand rep-
lisome to expose enough DNA to start a new
Okazaki fragment. As G4-forming sequences
slow fork progression in nontelomeric contexts
(London et al. 2008; Lopes et al. 2011; Paeschke
et al. 2011), it would not be surprising if they also
do so at telomeres. Finally, telomeres are coated
with proteins, and this “telosomal” chromatin
structure (Wright and Zakian 1995) can create
“roadblocks” for replication (Fig. 1). Fork slow-
ing is probably owing to the sequence and/or
chromatin structure of telomeric DNA (not its
position) as even internal tracts of telomeric
DNA slow fork progression in budding and fis-
sion yeasts (Ivessa et al. 2002; Miller et al. 2006).

Fragile sites are chromosomal regions that
are difficult to replicate especially during con-
ditions of replication stress, such as low nucle-
otide pools (Sfeir et al. 2009). They often occur
at repetitive DNA and/or at stable protein com-
plexes, and their breakage promotes chromo-
some translocations, such as those seen in many
cancers. Although fragile sites have been known
for years, the idea that telomeres are fragile sites is
recent.
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Telomeres were first shown to slow replica-
tion forks in budding yeast. By two-dimensional
gel analysis and DNA polymerase occupancy,
replication forks slow as they move through sub-
telomeric and telomeric DNA (Ivessa et al. 2002;
Azvolinsky et al. 2009). In wild-type cells, this
pausing is decreased in the absence of certain
telomere-binding proteins, such as Sir4 (Ivessa
et al. 2003), suggesting that the non-nucleoso-
mal protein structure of the telomere impedes
fork progression. However, as first shown in
fission yeast, duplex telomere-binding proteins
that bind directly to telomeric DNA actually
promote replication through these sequences
(Miller et al. 2006). Thus, deletion of fission
yeast Taz1 results in replication fork stalling
within telomeres, especially at subtelomeric–te-
lomeric borders. Deletion of Taz1 also causes
profound telomerase-mediated telomere elon-
gation (Nakamura et al. 1998). However, fork
stalling is not simply a consequence of very
long telomeres as deletion of the Taz1-interact-
ing protein Rap1 also results in long telomeres
but not in slow telomere replication (Miller et al.
2006). When the replication machinery stalls in
taz1D cells, it recruits telomerase to the subtelo-
meric/telomeric junction, which can explain
the extremely long telomeres in taz1D cells
(Dehe et al. 2012). Perhaps stalled forks regress
into chicken foot structures, which are then
degraded to produce a 30 overhang that recruits
telomerase (Dehe et al. 2012).

Deletion of TRF1 in mouse embryo fibro-
blasts results in fragile telomeres that appear in
mitotic spreads as multiple discrete telomeric
signals at a single chromosome end (Martinez
et al. 2009; Sfeir et al. 2009). In addition, single
molecule analysis reveals that replication forks
stall at a low, but significant frequency, especially
at the subtelomeric–telomeric boundary in
these cells (Sfeir et al. 2009). By cytological cri-
teria, simultaneous removal of TRF1 and either
of two DNA helicases, BLM or the RTEL, which
interact with TRF1 and produce fragile telo-
meres on individual shRNA knockdown, does
not increase the number of fragile telomeres as
compared to cells without TRF1 alone. This ep-
istatic relationship suggests a model in which
TRF1 at the subtelomere–telomere boundary

recruits helicase(s) to stalled replication forks.
Fragile telomeres are also seen in mammalian
cells depleted for CTC1 (Gu et al. 2012) or the
nonsense-mediated decay (NMD) protein UPF1
(which interacts with both hTPP1 and hEST1A)
(Fukuhara et al. 2005; Chawla et al. 2011).

DNA HELICASES WITH SPECIALIZED ROLES
IN TELOMERE REPAIR

The advent of whole genome sequencing re-
vealed that eukaryotes encode a surprisingly
large number of helicases. For example, bud-
ding yeast has �140 open reading frames with
helicase motifs (Shiratori et al. 1999). Unex-
pectedly many of these helicases have nonover-
lapping functions in telomere maintenance.

The 50-30Pif1 family helicases are present
in some bacteria and almost all eukaryotes
(Bochman et al. 2011), and mutations in the
single human PIF helicase are associated with
increased breast cancer risk (Chisholm et al.
2012). Although most eukaryotes encode only
one Pif1 helicase, budding yeast encodes two,
Pif1 and Rrm3. Pif1 affects telomeres by inhib-
iting telomerase at both telomeres and DSBs
(Schulz and Zakian 1994; Zhou et al. 2000;
Myung et al. 2001). In its absence, telomerase
binding is higher, telomerase is more processive,
telomeres are longer, and de novo telomere
formation at DSBs is sharply increased. Pif1
inhibits telomerase by releasing telomerase
from both telomeres and DSBs (Boule et al.
2005). Pif1 probably interacts directly with
Est2, the telomerase catalytic subunit, as muta-
tions in the Est2 finger domain result in long
telomeres that are Pif1 insensitive (Eugster et al.
2006).

The only other mutations known to increase
telomere addition at DSBs in yeast are those that
prevent DSB resection, as in sgs1D exo1D mu-
tant cells (Chung et al. 2010). These data suggest
that HR and telomere addition are in competi-
tion at DSBs with Pif1 pushing the DSB toward
HR. Because de novo telomere addition results
in terminal deletions that generate aneuploidy
for the affected region, it is better for the cell to
repair DSBs by HR, and indeed, telomere ad-
dition in budding yeast is repressed by Mec1
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(ATR), and this inhibition involves Mec1-me-
diated Pif1 phosphorylation (Makovets and
Blackburn 2009). Pif1 phosphorylation pro-
motes its activity at DSBs but not at telomeres,
thus increasing the probability that DSBs are
channeled to HR, not telomerase.

Budding yeast Rrm3 also affects telomeres
but in a different manner from Pif1. The repli-
cation pausing that occurs at telomeres and sub-
telomeric regions in wild-type cells is increased
about 10-fold in the absence of Rrm3 (Ivessa et
al. 2002; Azvolinsky et al. 2009). However, Rrm3
promotes replication at many discrete sites
throughout the genome, such as tRNA genes
and centromeres, not just at telomeres (Ivessa
et al. 2003). Likewise, the fission yeast Pif1 pro-
tein Pfh1 does not inhibit telomerase (Zhou et
al. 2002; Pinter et al. 2008) but rather promotes
fork progression at many sites (Sabouri et al.
2012; Steinacher et al. 2012), including telo-
meres (N Sabouri, in prep.). In the absence of
Rrm3 or Pfh1, breaks are detected in telomeric
regions, indicating that yeast telomeres are frag-
ile sites when they are under replication stress
(Ivessa et al. 2002; N Sabouri, in prep.). The ef-
fects of mouse and human PIF1 on telomeres
and telomerase have also been examined: Al-
though telomere length is normal in mice lack-
ing mPIF1, mPIF1 and hPIF1 coimmunopreci-
pitate with TERT (Mateyak and Zakian 2006;
Snow et al. 2007), and hPIF1 overexpression re-
sults in telomere shortening (Zhang et al. 2006).

Like Pif1 family helicases, the 30-50 RecQ
helicases are widespread, and their mutation
causes genome instability to manifest as repli-
cation and recombination defects. Humans en-
code five RecQ helicases, and mutations in three
of these—Bloom’s (BLM), Werner’s (WRN),
and RecQ4—cause inherited predisposition to
cancer and/or premature aging (reviewed in
Paeschke et al. 2010). In addition to their ge-
nome-wide functions, many RecQ helicases
have telomeric roles.

Although budding and fission yeasts encode
two RecQ helicases, only the BLM homologs—
Sgs1 in budding yeast and Rqh1 in fission
yeast—have been analyzed for telomere func-
tions. Deletion of Sgs1 or Rqh1 has little or no
effect on telomere length. However, Sgs1 pro-

motes the telomeric C-strand resection that oc-
curs in late S phase (see section Another Repli-
cation Problem: G-Tail Regeneration) and is
required to generate type II survivors in telo-
merase null cells (see section Telomere Recom-
bination in Telomerase Minus Cells) (Azam et al.
2006; Lee et al. 2007). Rqh1 is needed for telo-
mere maintenance in certain genetic back-
grounds that compromise telomeres. For exam-
ple, Rqh1 is required to disentangle telomere
recombination intermediates that arise in telo-
merase-deficient cells (Ukimori et al. 2012).

Mammalian RecQ DNA helicases also affect
telomeres, and these effects probably contribute
to the disease phenotypes associated with their
mutation. For example, mutations in the WRN
helicase cause Werner syndrome (WS), a pre-
mature aging disease. Reduced life span is reca-
pitulated when cells from WS patients are
placed in culture, as WS cells senesce after far
fewer population doublings than cells from
healthy individuals. Remarkably, this reduced
division potential is suppressed simply by ex-
pressing TERT in WS cells (Wyllie et al. 2000).
Thus, even though WS cells have genome-wide
defects, the critical problem that results in life
span reduction can be explained by its telomere
role(s).

The first hint that WRN acts at telomeres
came from Southern blot analysis that showed
that telomeric DNA is lost faster from WS telo-
meres than from controls (Schulz et al. 1996).
This finding can be explained by the occurrence
of fragile telomeres in WS cells (Crabbe et al.
2004). Suppression of telomere fragility requires
the helicase but not the nuclease activity of
WRN. By using co-FISH, a method that distin-
guishes leading and lagging strands, telomere
defects occur only during lagging-strand syn-
thesis, which uses the G-rich strand of the telo-
mere as a template. As with replicative senes-
cence, introduction of telomerase suppresses
telomere fragility. Given that WRN associates
with telomeres during S phase, it likely has a
direct role in telomere replication (Opresko
et al. 2004). Finally, in vitro studies show
that WRN can unwind t-loops (Opresko et al.
2004) and G4 structures (Mohaghegh et al.
2001).
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BLM affects telomeres by promoting ALT
(Stavropoulos et al. 2002). However, BLM also
has telomere functions in normal human fibro-
blasts: It localizes to telomeres and its shRNA
knockdown increases the number of telomere
free ends in these cells (Barefield and Karlseder
2012). BLM acts at a late stage in the replication
of hard-to-replicate sites, such as centromeres
and telomeres, probably by decatenating sister
chromatids. BLM coats DNA strands in ultra-
fine bridges (UFB), structures that connect sis-
ter loci at the very end of S phase (Chan et al.
2009). The number of UFBs increases in BLM-
deficient cells (Chan et al. 2007) leading to the
hypothesis that BLM resolves replication inter-
mediates that are otherwise manifest as fragile
sites (Chan et al. 2007; Barefield and Karlseder
2012). In vitro data also support telomeric roles
for BLM as its ability to unwind telomeric du-
plexes and t-loops is stimulated by POT1 (Opre-
sko et al. 2005).

RTEL1 (regulator of telomere length 1) hel-
icases, which are not found in yeasts, were first
identified because a gain-of-function allele in
mouse RTEL1 has a dominant effect on telomere
length (Zhu et al. 1998; Ding et al. 2004). RTEL1
helicases are among a small number of helicases
with an iron–sulfur (FeS) domain that is essen-
tial for their in vivo functions. Mutations in hu-
man versions of known FeS helicases, such as
FANCJ, to which RTEL1 is related, cause inher-
ited genome instability (Cantor and Guillemette
2011), and we anticipate that disease-causing
alleles of human RTEL1 will be found.

Mice with RTEL1 knockouts die after 10–
11.5 d of gestation. Cells derived from RTEL1-
deficient embryos have very short, unstable
telomeres and high levels of chromosome fu-
sions (Ding et al. 2004). RTEL1 is implicated
in the resolution of telomere DNA secondary
structures. For example, t-circles accumulate
in cycling RTEL1-deficient mouse cells, leading
the investigators to suggest that RTEL1 pro-
cesses t-loops to allow telomere replication
through the end of the chromosome (Vannier
et al. 2012). RTEL1’s ability to suppress t-circle
formation was presaged by the in vitro demon-
stration that D-loop recombination intermedi-
ates are resolved by RTEL1 (Barber et al. 2008).

RTEL1 might also unwind G4 telomeric struc-
tures, as treatment of RTEL-deficient mouse
cells with a compound that stabilizes G4 struc-
tures increases telomere fragility (Vannier et al.
2012). Collectively, these results suggest that
RTEL1 assists telomere replication by removing
t-loops and G4 structures.

ANOTHER REPLICATION PROBLEM: G-TAIL
REGENERATION

As first shown in ciliated protozoa (Klobutcher
et al. 1981), most eukaryotic chromosomes have
G-tails on both telomeres. G-tails are critical for
the capping functions of telomeres and are also a
better substrate than blunt-ended molecules for
telomerase. Nonetheless, G-tails are not univer-
sal. About half of the telomeres in angiosperm
plants are blunt ended (the other half has
extremely short G-tails) (Kazda et al. 2012),
whereas half of Caenorhabditis elegans chromo-
somes end in C-tails (Raices et al. 2008). C-tails
are also detected in both dividing and postrepli-
cative mammalian cells (Oganesian and Karl-
seder 2011).

Even if telomeric G-tails are not ubiquitous,
they are widespread, which raises the question of
how they are generated. Although G-tails could
be telomerase generated, G-tails are not reduced
in length or abundance in telomerase null yeast
or mice (Wellinger et al. 1996; Hemann and
Greider 1999). At the lagging-strand telomere,
a short G-tail can arise by incomplete replica-
tion. However, yeast and mammalian G-tails
are longer than the 8–12 nucleotide G-tails
predicted from removal of the terminal RNA
primer, and the product of the leading strand
polymerase is expected to be a blunt end. Thus,
G-tails are not a by-product of conventional
DNA replication.

In budding yeast, G-tails are generated by
postreplication degradation of the C-rich strand
(Wellinger et al. 1996). This degradation is strik-
ingly similar to the 50 degradation that occurs at
DSBs before their activating an ATR/Mec1-me-
diated checkpoint response and HR. The diffe-
rence between the two processes lies in the extent
of nucleolytic processing: In budding yeast, DSB
resection can extend as much as 25 kb from the
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site of a DSB (Vaze et al. 2002), whereas the
maximum length of G-tails is �100 nucleotides
(Wellinger et al. 1993).

C-strand degradation and 50-30 resection of
DSBs are both cell-cycle regulated owing to their
dependence on the kinase activity of CDK1
(Wellinger et al. 1993; Ira et al. 2004; Frank
et al. 2006; Vodenicharov and Wellinger 2006).
Moreover, the same enzymes are involved in
DSB and telomere processing. The MRX com-
plex and the Sae2 nuclease (homolog of human
CtIP) are the first to arrive at DSBs followed by
Tel1, which is recruited by MRX (Lisby et al.
2004). These activities initiate DSB resection
by removing short stretches of nucleotides from
the DSB (Cejka et al. 2010). Exo1 and Sgs1/Dna2
define two downstream pathways that lead to ex-
tensive degradation of the 50-terminated strand
to generate the long 30 overhangs that are re-
quired for efficient homology search (Mimitou
and Symington 2008; Nimonkar et al. 2011).
Similarly, MRX, SAE2, SGS1, and, to a lesser
extent, EXO1 all affect telomere C-strand deg-
radation (Larrivee et al. 2004; Bonetti et al.
2010a,b; Longhese et al. 2010). The processes
of DSB resection and C-strand degradation are
conserved from yeasts to humans. As in bud-
ding yeast, the mammalian MRN complex,
CtIP, BLM (Sgs1 homolog), and ExoI are all in-
volved in C-strand degradation once telomeres
are deprotected by loss of shelterin subunits
(Sfeir and de Lange 2012). In mammals, C-
strand degradation is controlled at another level
such that �80% of the C strands terminate in
30-CCAATC-50, whereas the last base of the G
strand is not precise (Sfeir et al. 2005).

Deprotection of mammalian telomeres by
removing shelterin subunits and/or other pro-
teins, such as the Apollo nuclease, leads to fu-
sions that occur preferentially at the leading
strand (Deng et al. 2009; Dimitrova and de
Lange 2009; Lam et al. 2010; Wu et al. 2010).
These results suggest that the structure at the
very ends of the two nascent strands is different.
In telomerase-negative human cancer cells, lag-
ging-strand G-tails are much longer than those
at the leading strand (Zhao et al. 2008), and telo-
merase expression increases the overhang length
only at leading, not lagging, strand ends (Chai

et al. 2006). Furthermore, the timing of G-tail
maturation appears to be different at the two
ends. The lagging strand G tail reaches its final
length in early S phase shortly after semiconser-
vative replication of telomeric DNA, whereas the
leading-strand end reaches its mature length in
late S phase (Zhao et al. 2009; Chow et al. 2012).
Thus, in both yeast and normal mammalian
cells, G-tails are generated differently at leading-
and lagging-strand telomeres.

PREVENTING TELOMERES FROM BEING
SEEN AS DSBs

Distinguishing telomeres from DSBs is a major
challenge. The solution is not simply one of
threshold (i.e., the cell being able to tolerate a
certain number of DSBs before triggering a
DNA damage checkpoint) because even a sin-
gle DSB triggers checkpoint arrest in budding
yeast (Sandell and Zakian 1993) and mammals
(Huang et al. 1996). Distinguishing telomeres
from DSBs is critical because events that occur
normally at DSBs, including extensive degrada-
tion, nonhomologous end-joining (NHEJ)-me-
diated fusions, and signaling that results in a
checkpoint-activated cell-cycle arrest, are disas-
trous for the cell if they occur at telomeres. Yet
telomeres look very much like DSBs, and coun-
terintuitively, many of the proteins that recog-
nize and repair DSBs have telomere functions
(Nakamura et al. 2002; Subramanian and Naka-
mura 2010). In addition, the same enzymes that
resect DSBs carry out C-strand degradation, a
normal event in telomere metabolism. Thus,
the activities of these proteins must be differently
regulated at DSBs and telomeres. Two evolution-
arily distinct telomere complexes, CSTand shel-
terin, impose these differences.

Protecting Telomeres from Extensive
Resection

At DSBs, extensive DNA degradation results in a
long stretch of 30-ssDNA that is coated with
replication protein A (RPA), the generic sin-
gle-strand-binding (SSB) protein that binds
ssDNA with minimal sequence specificity. RPA
binding to ssDNA further enhances nucleolytic
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degradation (Cejka et al. 2010; Nimonkar et al.
2011) and also recruits the checkpoint kinase
ATR/Mec1, which sets into motion a check-
point-mediated cell-cycle response. At budding
yeast telomeres, C-strand degradation generates
ssTG1 – 3 telomeric DNA, which is bound by
CST (Taggart et al. 2002), which unlike RPA,
does not recruit Mec1 (McGee et al. 2010; Hec-
tor et al. 2012). Budding yeast CST limits C-
strand degradation as loss of any of the three
CST subunits results in rapid and extensive C-
strand resection, activation of the checkpoint
response, and S/G2 arrest (Garvik et al. 1995;
Grandin et al. 1997, 2001b; Vodenicharov and
Wellinger 2006; Paschini et al. 2012).

Deletion of other budding yeast telomere-
binding proteins is less catastrophic. For ex-
ample, the Ku complex protects telomeres
from Exo1 degradation (Bertuch and Lundblad
2004), especially in G1 phase (Bonetti et al.
2010a). As a result, ykuD cells have long G-tails
throughout the cell cycle (Boulton and Jackson
1996; Gravel et al. 1998; Polotnianka et al.
1998). Nonetheless, telomere function is not
lost in ykuD cells. Likewise, Rif2 and to a lesser
extent Rif1, which associate with telomere-
bound Rap1 in the duplex portion of telomeres,
inhibit MRX/Sae2/Sgs1-mediated degradation,
yet telomere capping is still maintained in cells
lacking either protein (Negrini et al. 2007; Bone-
tti et al. 2009, 2010a,b; Ribeyre and Shore 2012).

In fission yeast, the shelterin-like complex
prevents telomere degradation. Removal of Taz1
or its binding partner Rap1 results in accumu-
lation of long G overhangs but not cell-cycle ar-
rest (Miller et al. 2005). However, loss of Pot1
results in telomere loss within a single cell cycle
(Baumann and Cech 2001; Pitt and Cooper
2010). Stn1 and Ten1 also prevent rapid telomere
loss and end-to-end fusions (Martin et al. 2007).

In mammals, multiple proteins contribute
in a redundant manner to prevent telomere deg-
radation. Even when mouse telomeres are com-
pletely stripped of shelterin and Ku, dramatic
telomere degradation is not observed unless
53BP1, a DNA damage response and check-
point mediator protein, is also depleted (Sfeir
and de Lange 2012). hPOT1 and mPOT1b both
suppress telomere resection (Hockemeyer et al.

2006; He et al. 2009; Palm et al. 2009), whereas
CST does not play a major role in telomere pro-
tection (Miyake et al. 2009).

Hiding Telomeres from Checkpoints

The two major DNA damage checkpoint path-
ways, ATR/Mec1 and ATM/Tel1, are both im-
portant in telomere maintenance. In budding
yeast, Tel1 kinase activity plays a major role in
recruiting telomerase to short telomeres (Chang
et al. 2007; Hector et al. 2007; Sabourin et al.
2007), whereas the role of Mec1 is minor and
only clearly evident in the absence of TEL1
(Ritchie et al. 1999). The roles of ATR and
ATM in telomere regulation in fission yeast are
reversed, with the ATR homolog Rad3 playing a
major role and the ATM homolog Tel1 a minor
role (Naito et al. 1998; Nakamura et al. 2002;
Moser et al. 2009b). Human telomeres from pa-
tients with ataxia telangiectasia, a disease attrib-
utable to mutations in ATM, shorten faster than
ATMþ telomeres (Metcalfe et al. 1996). How-
ever, elongation of short telomeres in mouse
is not dependent on ATM (Feldser et al. 2006)
or ATR (Verdun and Karlseder 2006; McNees
et al. 2010).

At processed DSB breaks and stalled repli-
cation forks, RPA-coated ssDNA activates the
ATR/Mec1 checkpoint response (Zou and El-
ledge 2003). At telomeres, resection is much
more limited than at DSBs, and the exposed
ssDNA is bound by telomeric DNA sequence-
specific SSBs that exclude RPA. Removal of ei-
ther Cdc13 or POT1 leads to rapid Mec1/ATR
checkpoint activation and permanent cell-cycle
arrest (Garvik et al. 1995; Denchi and de Lange
2007; Guo et al. 2007; Hirano and Sugimoto
2007; Gong and de Lange 2010). In budding
yeast, a single short telomere, which binds
high levels of Tel1, does not cause cell-cycle ar-
rest (Sabourin et al. 2007) but does result in
Rad53 phosphorylation (Baldo et al. 2008) sug-
gesting that early steps in checkpoint activation,
but not later steps, occur. In telomerase-minus
primary human fibroblasts, ATR and ATM are
both recruited to telomeres around the time
of telomere replication (Verdun and Karlseder
2006). Because telomeres do not elicit a check-
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point-mediated cell-cycle arrest, there must be
mechanisms that allow ATR/ATM telomere
binding without triggering their kinase activity,
and/or activation of their downstream effectors
must be attenuated.

Given that RPA is much more abundant
than telomere ss-binding proteins, it is puzzling
that telomeric G-tails do not bind RPA, which
would elicit a checkpoint response. Forexample,
in budding yeast, there is 10 times more RPA
than Cdc13 (Ghaemmaghami et al. 2003; Wu
and Zakian 2011) and about three orders of
magnitude more RPA than POT1 in mammalian
cells (Takai et al. 2011). Remarkably, the affinity
of mammalian RPA for telomeric ssDNA in vi-
tro is comparable to that of POT1-TPP1 (Flynn
et al. 2011; Takai et al. 2011). Thus, mechanisms
other than sequence-specific binding are needed
to exclude RPA from telomeres and prevent their
activating a checkpoint. In budding yeast, the
Rap1-interacting protein Rif1 possesses “anti-
checkpoint” activity. Rif1 limits RPA binding
to deprotected telomeres generated in cdc13–1
cells grown at nonpermissive temperatures. It
also inhibits RPA binding to a DSB made adja-
cent to a short stretch of telomeric DNAwithout
affecting accumulation of ssDNA at the break
(Xue et al. 2011; Ribeyre and Shore 2012).

In mammals, two mechanisms aid POT1-
TPP1 exclusion of RPA from G-tails. First,
hnRNPA1 (heterogeneous nuclear ribonucleo-
protein A1), an abundant nuclear protein that
binds to both hnRNA and to telomeric ssDNA
with high affinity (McKay and Cooke 1992; Ding
et al. 1999), can efficiently displace RPA, but not
POT1, from telomeric ssDNA (Flynn et al.
2011). TERRA binds hnRNPA1 and thereby
prevents it from binding telomeric ssDNA.
TERRA levels are high in early G1 and low in
late S (Porro et al. 2010). Thus, during early S
phase, when RPA is required for semiconserva-
tive replication, TERRA levels are high enough
to sequester hnRNPA1. During late S phase after
telomere replication, TERRA levels are low free-
ing hnRNPA1 to bind telomeric ssDNA to facil-
itate POT1 assembly on telomeres. The second
mechanism involves POT1 tethering to the shel-
terin complex through an interaction between
TIN2 and TPP1 (Takai et al. 2011). This tethering

mechanism is probably the more critical one for
keeping POT1 telomere bound, as the TPP1-
binding domain, but not the DNA-binding do-
main of POT1 is required for POT1 telomere lo-
calization and protection (Xin et al. 2007).

Even when RPA accumulates at telomeres
and ATR is activated, the cell has still another
mechanism to prevent an ATR checkpoint re-
sponse. In fission yeast, for example, RPA
(Rad11) and ATR (Rad3) both accumulate at
deprotected telomeres in taz1D cells (Carneiro
et al. 2010), and telomeres are quickly length-
ened by telomerase in a Rad3-dependent man-
ner (Nakamura et al. 2002). Despite this Rad3
activation, its downstream effector Chk1 is not
activated and cell-cycle progression is not per-
turbed. Fission yeast Pot1 and, to a lesser extent,
Ccq1 suppress the Rad3 checkpoint pathway
(Miyoshi et al. 2008; Tomita and Cooper 2008)
by inhibiting telomere association of the Set9
methylase, which modifies lysine 20 of histone
H4. The lack of H4K20me2 modification in
telomeric chromatin prevents stable recruit-
ment of the 53BP1 homolog, Crb2, which func-
tions upstream of Chk1 (Carneiro et al. 2010).
Similarly, the human POT1 and mouse POT1a
suppress the ATR checkpoint (Denchi and de
Lange 2007; Guo et al. 2007).

Inhibition of Standard and Alternative NHEJ

In budding yeast Rap1, Rif2, and Sir4 prevent
formation of NHEJ-mediated telomere fusions
(Marcand et al. 2008). Similarly, fission yeast
Rap1 cooperates with its binding partner Taz1
to inhibit these events (Miller et al. 2005). TRF2
plays the major role in suppressing NHEJ at
mammalian telomeres, perhaps because of its
ability to promote t-1oop formation (Griffith
et al. 1999; Stansel et al. 2001), as t-loops are
thought to sequester telomeres from NHEJ. In
addition, the TRF2-interacting protein SNM1B/
Apollo, a 50 exonuclease, processes the end
of newly synthesized leading-strand telomeres,
preventing fusions between telomere sister chro-
matids (Lam et al. 2010; Wu et al. 2010). TRF2
also inhibits ATM activation at least in part via
SNM1B/Apollo interaction (Lam et al. 2010;
Wu et al. 2010), a prerequisite for efficient
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NHEJ (Denchi and de Lange 2007). The ATM
target MDC1 promotes telomere fusions in
TRF22/2 mouse cells by recruiting 53BP1 to
deprotected telomeres (Dimitrova and de Lange
2006). 53BP1 enhances the local mobilityof dys-
functional telomeres, which increases their
chances of finding another telomere with which
to fuse (Dimitrova et al. 2008). The nuclease ac-
tivity of Mre11 also affects NHEJ activation at a
step downstream from ATM. Because the fusion
events in TRF22/2 Mre112/2 cells primarily
involve fusion of two leading-strand telomeres,
Mre11 likely contributes to leading-strand telo-
mere processing, which generates unsuitable
substrates for NHEJ (Deng et al. 2009).

Even though Ku is essential for NHEJ and
promotes end-to-end fusion of deprotected
telomeres, paradoxically Ku is telomere associ-
ated in many organisms (Gravel et al. 1998; Hsu
et al. 1999, 2000; Nakamura et al. 2002; Fisher
et al. 2004). Ku promotes telomere maintenance
in several ways. In budding yeast, Ku functions
in telomerase recruitment (Fisher et al. 2004;
Chan et al. 2008) and telomere protection (Ber-
tuch and Lundblad 2004; Bonetti et al. 2010a).
In mammals, Ku coordinates with shelterin to
block telomere access to alt-NHEJ pathway, a
PARP1 and ligase 3-dependent pathway (Wang
et al. 2009; Sfeir and de Lange 2012).

FINAL THOUGHTS

Telomere maintenance is essential for chro-
mosome integrity yet it presents multiple chal-
lenges. Because the very ends of chromosomes
cannot be replicated by the standard replication
machinery, specialized repairlike processes have
evolved to compensate for the loss of DNA aris-
ing from incomplete replication, such as telome-
rase, a telomere-dedicated RT; recombination,
especially in telomerase-deficient cells; and ret-
rotransposition, so far documented in only a
small number of organisms, and even more ba-
roque mechanisms, for example, PAL. Budding
yeast uses all of these mechanisms, depending
on the specific situation or genetic context, and
we would not be surprised if a similar diversityof
end maintenance activities is found in human
cancers.
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