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a  b  s  t  r  a  c  t

Chromosome  end  protection  is essential  to protect  genome  integrity.  Telomeres,  tracts  of repetitive  DNA
sequence and  associated  proteins  located  at the  chromosomal  terminus,  serve  to  safeguard  the  ends
from  degradation  and  unwanted  double  strand  break  repair.  Due  to the  essential  nature  of telomeres
in  protecting  the  genome,  a number  of unique  proteins  have  evolved  to ensure  that  telomere  length
and  structure  are  preserved.  The  inability  to properly  maintain  telomeres  can  lead  to  diseases  such  as
eywords:
elomere
elomerase
helterin
eplication

dyskeratosis  congenita,  pulmonary  fibrosis  and  cancer.  In  this  review,  we  will discuss  the  known  functions
of mammalian  telomere-associated  proteins,  their  role  in  telomere  replication  and  length  regulation  and
how  these  processes  relate  to  genome  instability  and  human  disease.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Telomeres can be thought of as protective caps for chromosomes
hat are composed of repeated DNA sequences bound by a series
f specialized telomere proteins (Fig. 1) [1].  The telomere proteins
revent the chromosome terminus from being seen as DNA damage
nd initiating a DNA damage response. Defects in the protective cap

Telomeres are directly affected by the inability of DNA poly-
merase to completely replicate the 5′ end of a linear chromosome,
a situation known as the end replication problem [3,4]. Human
somatic cells generally lack a mechanism to compensate for the
resulting loss of DNA from the chromosome terminus, so progres-
sive rounds of replication lead to gradual telomere shortening.
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
length  regulation. Mutat. Res.: Fundam. Mol. Mech. Mutagen. (2011), doi:1

tructure lead to cell cycle arrest and/or DNA repair activities that
ause end-to-end fusion of chromosomes via non-homologous end
oining (NHEJ) [2].

∗ Corresponding author. Tel.: +1 513 558 0450; fax: +1 513 558 5422.
E-mail address: Carolyn.Price@uc.edu (C.M. Price).

027-5107/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.mrfmmm.2011.08.011
After many rounds of cell division, telomeres become critically
short and are sensed as DNA damage [5].  The damage signal stops
the cell from further division and it becomes senescent. The ability
of telomeres to limit cell proliferation can be thought of as a tumor
suppressor mechanism [6,7]. However under some circumstances,
oles of telomere proteins in end-protection, telomere replication and
0.1016/j.mrfmmm.2011.08.011

such as embryogenesis or stem cell proliferation, cells must be able
to divide without the penalty of progressive telomere shorten-
ing. In these situations, a specialized reverse transcriptase, called

dx.doi.org/10.1016/j.mrfmmm.2011.08.011
dx.doi.org/10.1016/j.mrfmmm.2011.08.011
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
mailto:Carolyn.Price@uc.edu
dx.doi.org/10.1016/j.mrfmmm.2011.08.011
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Fig. 1. Telomere structure. (A) Telomeric DNA consists of repetitive DNA sequence,
a  duplex region and a ssDNA G-strand overhang (G-strand, red; C-strand, blue). (B)
The shelterin complex binds to both the duplex and ssDNA regions through specific
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rotein–DNA interactions. (C) Formation of the t-loop involves strand invasion of
he  G-overhang to create a displacement-loop (D-loop). The t-loop is proposed to

ask the chromosome end from DNA damage sensors. See text for further details.

elomerase, adds DNA to the chromosome terminus to compensate
or the sequence lost during DNA replication [8,9]. Telomerase is
n RNA-containing enzyme that uses the catalytic subunit, TERT, to
everse transcribe the template region of the RNA subunit, TR, onto
he 3′ end of the telomeric DNA. In some instances telomeres can
lso be elongated by a recombination based mechanism known as
LT (alternative lengthening of telomeres) [10].

Abnormal telomere shortening or telomere elongation can have
dverse effects on human health. For example, undue telomere
hortening due to telomerase deficiency in highly proliferative
issue can lead to diseases such as dyskeratosis congenita or pul-

onary fibrosis [7,11] (see accompanying articles by Armanios [12]
nd Bertuch [13]). Conversely, telomerase upregulation leads to the
ellular immortalization that is fundamental to cancer cell growth
see accompanying article by Shay [14]). Thus, telomere length reg-
lation is essential for both cellular and organismal well being.
actors that contribute to telomere length regulation include the
tructure and composition of the telomere, the availability of tel-
merase and the interplay between telomere proteins, telomerase
nd the DNA replication machinery. This article describes over-
ll telomere structure in mammalian cells and how mammalian
elomere proteins contribute to end protection, telomere replica-
ion and length regulation. Telomerase structure, biosynthesis and
egulation will be covered in other articles in this issue [15,16].

. Telomeric DNA

Telomere length varies between organisms, ranging from sev-
ral hundred base pairs of DNA in yeast to tens of kilobases (kb)
n mammals [1,17].  In humans, telomeres are generally in the
–15 kb length range while those of the lab mouse (Mus musculus)
re 40–50 kb. Mammalian telomeric DNA consists of short tandem
epeats with the 3′ or G-rich strand composed of 5′ TTAGGG repeats
nd the complementary 5′ or C-rich strand composed of 5′ CCCTAA
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
length  regulation. Mutat. Res.: Fundam. Mol. Mech. Mutagen. (2011), doi:1

epeats (Fig. 1A). Structurally, telomeres contain regions of double-
tranded (ds) and single-stranded (ss) DNA. The double-stranded
egion comprises the bulk of the telomere, while the single-
tranded region exists as an ∼100 nucleotide extension at the 3′ end
 PRESS
earch xxx (2011) xxx– xxx

of the G-rich strand [18,19].  This “G-overhang” can form a struc-
ture called a t-loop (telomeric-loop) (Fig. 1C), which is believed
to mask the DNA terminus from the double-stranded break (DSB)
repair machinery and to limit access to telomerase [17,20]. To gen-
erate the t-loop, the G-overhang is proposed to strand-invade into
a region of the telomeric dsDNA to form a displacement-loop (D-
loop). Telomere proteins are thought to aid in t-loop formation.
T-loops have been observed both on isolated telomeric DNA and
on telomeric chromatin by electron microscopy [20,21], but it is
currently unclear whether they are present at all telomeres.

3. Shelterin

Telomeres are protected by specialized multi-protein com-
plexes that include proteins tailored to recognize the dsDNA and
the G-overhang. The complex from mammalian cells is called shel-
terin because it shelters the telomere from a series of unwanted
activities [17]. Shelterin consists of six proteins, TRF1, TRF2, RAP1,
TIN2, TPP1 and POT1 [17,22] (Fig. 1B). TRF1 and TRF2 bind the
telomeric dsDNA while POT1 binds the overhang. TIN2 and TPP1 are
linker proteins that hold the complex together. TIN2 is the lynch-
pin that stabilizes the complex by interacting with TRF1, TRF2 and
TPP1. TPP1 interacts with POT1 in addition to TIN2, thus forming
a link between the G-overhang and duplex binding proteins. RAP1
interacts with TRF2. At first sight, the six protein shelterin complex
appears to work as a functional unit because disruption of one com-
ponent can affect the activities of the remaining components and
lead to loss of telomere protection. However, as discussed below,
the individual shelterin components have evolved specific and not
necessarily overlapping functions in telomere replication and end-
protection [23]. Sub-complexes consisting of only 3–5 shelterin
components have also been identified but their function remains
poorly understood [24,25].

TRF1 and TRF2 are structurally similar in that they both bind
telomeric dsDNA through a SANT/Myb domain found at the C-
terminus and they share an internal TRF homology domain (TRFH)
[26]. They each form homodimers and oligomers through the TRFH
domains but they do not directly interact to form heterodimers or
oligomers. Both proteins are essential in mice. Conditional dele-
tion of either protein leads to destabilization of shelterin and the
resulting telomere deprotection leads to a telomeric DNA  dam-
age response. However, genetic studies have revealed that TRF1
and TRF2 perform very different roles in telomere replication and
end-protection. TRF1 helps promote replication through the telom-
ere duplex, possibly by recruiting helicases such as BLM and RTEL
[27,28]. Removal of TRF1 leads to replication fork stalling and ulti-
mately to defects in packaging of the telomeric tract (visible as
multi-telomeric signals by fluorescence in situ hybridization (FISH)
with telomere probes) and fusions of sister telomeres. In contrast,
TRF2 functions to ensure maintenance of the G-overhang, and is
needed to prevent G-overhang degradation [29]. TRF2 also plays
a key role in overhang generation following DNA replication by
recruiting the Apollo nuclease (see below) [29–31].  Deletion of
TRF2 leads to overhang loss and rampant telomere fusions via NHEJ
[32,33].

POT1 and TPP1 function together by forming a heterodimer that
regulates telomerase activity and general access to the G-overhang
[34]. POT1 binds to telomeric G-strand DNA via two oligonu-
cleotide/oligosaccharide binding (OB) folds. Although TPP1 does
not bind DNA directly, it increases the binding affinity of POT1 for
telomeric DNA by 5–10-fold [35]. TPP1 is also required to localize
oles of telomere proteins in end-protection, telomere replication and
0.1016/j.mrfmmm.2011.08.011

POT1 to the telomere as POT1 lacks a nuclear localization sequence
[36]. A key function of POT1–TPP1 is to prevent the abundant sin-
gle strand binding protein RPA from binding the G-overhang and
eliciting an ATR-mediated DNA damage response [37–40].  If POT1

dx.doi.org/10.1016/j.mrfmmm.2011.08.011
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s removed from the telomere, the overhang becomes coated with
PA which then recruits ATRIP-ATR and other proteins necessary

or ATR activation, resulting in cell cycle arrest and cell death. POT1
nd TPP1 also function in telomere length regulation [34]. Both pro-
eins regulate telomerase action on the chromosome terminus but
hey appear to have opposing activities. POT1 can sequester the
NA 3′ end to make it inaccessible to telomerase [39,41], while
PP1 participates in telomerase recruitment and stimulates telo-
erase activity by increasing enzyme processivity [42–44].  It is not

et understood how these two activities are coordinated.
TIN2 plays a key role in stabilizing shelterin and maintaining

ssociation of the other shelterin components with the telomere.
lthough TRF1 and TRF2 bind telomeric DNA independently and
ith high affinity, depletion of TIN2 results in substantial loss of

oth proteins from the telomere [45–47].  Moreover, the TIN2-TPP1
nteraction is responsible for the association of POT1–TPP1 with
he duplex region of the telomeric DNA and the resulting high local
oncentration, which may  help POT1 compete with RPA for bind-
ng to the G-overhang or base of the t-loop [48]. TIN2 also plays
n important role in maintaining chromosome integrity through
nteractions with non-shelterin proteins. Both TIN2 and TRF1 inter-
ct with the cohesin subunit SA1 and this interaction is required to
stablish and maintain sister chromatid cohesion at telomeres and
long the chromosome arms [49]. TIN2 may  also anchor telom-
res into the nuclear matrix through an extra C-terminal domain
resent in some splice variants [50]. It is unclear whether TIN2

nteractions with either cohesin or the nuclear matrix occur in
he context of the canonical shelterin complex or through various
IN2-containing subcomplexes [25]. Interestingly, TIN2 is the only
heterin component thus far to be linked to human disease [51,52].
s discussed in the accompanying article by Bertuch [13], certain
IN2 mutations are found in patients with short telomeres and the
athology associated with dyskeratosis congenita.

The remaining shelterin protein, RAP1, differs from the other
ve shelterin subunits in that it is the only subunit that is not
ssential in mice [53,54]. Deletion of mouse RAP1 leads to increased
elomere recombination but does not cause NHEJ or chromosome
usions. The lack of effect on NHEJ suggests that RAP1 func-
ions independently of its partner, TRF2. However, the situation
n human cells is somewhat different as here RAP1 seems to func-
ion in tandem with TRF2 to prevent NHEJ and chromosome fusions
55]. Like its counterpart in budding yeast, mammalian RAP1 also
ppears to have various non telomere-related activities. It can form

 complex with IKK (IkapaB kinase) and participate in NF-kapaB
ctivation [56]. Moreover, RAP1 has been found in association with
TAGGG repeats at extra telomeric sites, probably tethered there
ia TRF2, where it seems to play a role in regulating gene expression
54,57].

. The CST complex

Although shelterin is the primary mammalian telomere protein
omplex, an additional telomere-associated complex has recently
een identified in mammalian cells. This complex, known as CST,
onsists of Conserved Telomere Component 1 (CTC1), STN1 (also
nown as OBFC1) and TEN1 [58,59]. Mammalian STN1 and TEN1
re orthologous to Stn1 and Ten1 from budding yeast. In yeast,
hese proteins interact with Cdc13 to form a complex, also named
ST, which is essential for both telomere protection and telomere
eplication [60,61]. Budding yeast telomeres are protected by two
ifferent protein complexes; the Cdc13/Stn1/Ten1 (CST) complex
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
length  regulation. Mutat. Res.: Fundam. Mol. Mech. Mutagen. (2011), doi:1

hich binds to the 3′ overhang and the Rap1/Rif1/Rif2 complex that
ids to the telomere duplex [62,63]. Mammalian cells were initially
hought to lack a CST complex because orthologs of Cdc13 and Ten1
ere difficult to discern in the human genome, and as shelterin
 PRESS
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also binds the 3′ overhang and plays a role in telomere protec-
tion, it was thought to have replaced CST. However, the discovery
of a mammalian CST-like complex now suggests that mammals
have evolved multiple complexes to coordinate different aspects
of telomere biology [64].

The budding yeast CST complex protects the telomere from
degradation during G2/M of the cell cycle [65] with deletion of
any subunit of the complex leading to C-strand degradation, a DNA
damage response and cell cycle arrest [66–68].  Yeast CST also plays
a key role in telomere replication by coordinating the recruitment
of telomerase and DNA polymerase � (pol�) to extend the telom-
ere (see below) [60,61]. Like POT1, Cdc13 binds telomeric G-strand
DNA through two  OB folds [69]. However, the overall structure of
CST appears to resemble that of RPA rather than shelterin [60,70].
RPA is also a hetrotrimeric complex that binds ssDNA through a
series of OB-folds [71] and the crystal structures of yeast Stn1-Ten1
and RPA30-RPA14 are strikingly similar [72,73].

Mammalian CST, like yeast CST, binds ssDNA, contains multi-
ple predicted OB-folds, and an NMR  structure of the mouse STN1
(OBFC1, PDB1wj5) shows significant structural homology to RPA2
(RPA30) [58,59,64].  Knockdown of CTC1 or STN1 leads to telom-
ere defects, such as increased G-overhang length, telomere loss
and/or problems with telomere replication. STN1 has been shown
to interact with TPP1, suggesting possible coordination between
shelterin and the CST complex [74]. In addition to telomere defects,
depletion of CST subunits leads to general genomic instability, i.e.
chromatin bridges, increased �H2AX staining and defects in repli-
cation reinitiation [58,59,75].  Interestingly, CTC1 and STN1 were
originally identified as pol� accessory factors (AAF), AAF132 and
AAF42, and were shown to stimulate both the processivity of DNA
pol�-primase and its affinity for ssDNA templates [76,77]. Although
mammalian CST binds to ssDNA, it does not show sequence speci-
ficity for telomeric DNA and not all of the CST in a cell localizes
to telomeres [59]. These findings suggest that mammalian CST has
both telomeric and non-telomeric functions within the cell.

5. Consequences of telomere deprotection

Telomeres can become deprotected or “uncapped” as a result
of shortening or deficiency in one of the shelterin components
[5,78].  In either case, the result is a DNA damage response that
can lead to senescence or apoptosis and genome instability. The
exact outcome depends on the extent and cause of the deprotec-
tion and the p53/Rb status of the cell. Partial telomere deprotection
is commonly observed in late passage human primary cells and in
some telomerase negative cell lines [5,79].  In this situation, the de-
protected telomeres activate a DNA damage response but do not
trigger end-to-end fusion of chromosomes. In p53 and Rb profi-
cient cells, the DNA damage response can lead to cell cycle arrest
and senescence or apoptosis. Although partial telomere deprotec-
tion frequently correlates with telomere shortening, the physical
nature of the defect is unclear and may  reflect an overall change in
the protective structure rather than actual telomere length [79,80].

More severe loss of protection, or telomere uncapping, occurs
after removal of a telomere protein or after extreme telomere short-
ening in p53 and/or Rb deficient cells [81,82]. In either case, cells
attempt to repair their chromosome ends via NHEJ, which leads to
telomere fusions. The resulting dicentric chromosomes are unsta-
ble and break during cell division [83,84]. This initiates a breakage
bridge fusion cycle causing ongoing genome instability (discussed
in accompanying article by Murnane [85]). Loss of capping has been
oles of telomere proteins in end-protection, telomere replication and
0.1016/j.mrfmmm.2011.08.011

studied extensively in mouse embryonic fibroblasts (MEFS) after
conditional deletion of individual shelterin components. The dele-
tion is usually performed in a p53−/− background to prevent rapid
senescence in response to the resulting DNA damage signal [33,40].

dx.doi.org/10.1016/j.mrfmmm.2011.08.011
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As discussed above, elimination of TRF2 leads to telomere
usions via NHEJ. Following TRF2 removal, the DNA damage
esponse proteins MRN, ATM and 53BP1 are recruited to the
xposed telomeres and any pre-existing overhangs are degraded by
RCC1 [29,86]. The telomeres are then ligated together by the clas-
ical NHEJ (C-NHEJ) pathway that involves Ku70/86 and the DNA
igase IV/XRCC4 complex [33,87]. Under these conditions the level
f chromosome fusions can be very high, affecting most telomeres
n the cell. When POT1 is removed cells initially exhibit an ATR-

ediated DNA damage checkpoint. Cells that escape the checkpoint
re then exposed to processes that cause genome instability. First,
ome chromosomes are subject to end-to-end fusion by the alter-
ate NHEJ (A-NHEJ) pathway that requires MRN  and CtIP but not
u70/86 or DNA ligase IV [87,88]. Second, cells that escape the
heckpoint tend to re-enter S-phase without first undergoing mito-
is and so end up with an 8N, 16N or 32N DNA content [88,89].
ells depleted of TPP1 have a similar phenotype to a POT1 knock-
ut [40,48]. This is to be expected as TPP1 depletion results in
oncomitant loss of POT1 from the telomere.

In human cells, telomere uncapping commonly occurs as a result
f extreme telomere shortening due to continued cell division in the
bsence of telomerase [5].  In cells that lack DNA damage check-
oints, the telomeres eventually become short enough to trigger
epair by NHEJ [84]. The resulting telomere fusions and ensuing
reakage fusion bridge cycle leads to further genome rearrange-
ents [83]. During tumor development the genomic instability is

hought to cause telomerase upregulation in some cells [6].  The
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
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ritically short telomeres are then elongated and a subset of cells
urvives the telomere-induced crisis. Genetic studies of mouse
ells have demonstrated that fusion of chromosomes with criti-
ally short telomeres occurs via the C-NHEJ pathway [87]. This fits
trand to generate a G-overhang, which allows telomerase access to the G-strand
thesis, creating a short G-overhang. Finally the telomeres are re-bound by shelterin

with the known role of TRF2 in protecting telomeres from C-NHEJ
as short telomeres may be unable to bind sufficient TRF2 to ensure
full protection.

A somewhat different form of telomere deprotection is observed
in human cells that lack the NHEJ factor Ku [90]. Cells that contain
a conditional Ku86 allele exhibit sudden and complete telom-
ere signal loss from most chromosome ends upon Ku86 deletion,
although end-to-end fusions are not observed. As the telomere loss
is accompanied by the appearance of small circles of telomeric
DNA (t-circles) which are a hallmark of telomere recombination
[91], Ku may  protect human telomeres by suppressing telomere
recombination.

6. Telomere replication

Telomere replication is a critical part of the cell division
cycle because failure to regenerate the nucleoprotein architecture
required for telomere protection leads to the catastrophic DNA
damage response and genomic instability associated with telom-
ere uncapping. Replication of telomeric DNA is a multi-step process
that involves passage of a replication fork along the DNA duplex
followed by processing of the DNA terminus to generate the 3′

overhang structure needed for shelterin binding, t-loop formation,
telomerase action and maintenance of overall telomere length [3].
Formation of the overhang involves nuclease digestion to generate
overhangs on both chromosome ends, extension of the G-strand by
oles of telomere proteins in end-protection, telomere replication and
0.1016/j.mrfmmm.2011.08.011

telomerase and fill-in of the complementary C-strand by DNA pol�
primase (Fig. 2).

Replication of the duplex region of the telomeric tract appears
to pose a problem for the replication machinery, most likely

dx.doi.org/10.1016/j.mrfmmm.2011.08.011
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ecause of the repetitive nature of the DNA sequence and its poten-
ial to form secondary structures [3].  Consequently, a number of
xtra proteins are required in addition to the standard replication
achinery to ensure efficient replication of this region of the chro-
osome. These proteins include TRF1, the RecQ helicases BLM and
RN, the FANCJ family helicase RTEL, the nuclease FEN1 and sub-

nits of the CST complex [28,64,92–94]. Depletion of any one of
hese proteins leads to telomere loss and/or alteration in packag-
ng of the telomeric tract (multi-telomere signals by FISH). As BLM,

RN and FEN1 are known to aid in the recovery of stalled replica-
ion forks, these telomere defects are thought to result from fork
talling during replication of the telomeric tract. Support for this
ypothesis comes from analysis of mouse cells depleted of TRF1.
hese cells show both multi-telomere signals on FISH analysis and
talled replication forks by DNA fiber analysis [28].

When the replication fork reaches the end of a chromosome, the
elomere generated by lagging strand synthesis will automatically
ain a 3′ overhang due to removal of the RNA primer on the termi-
al Okazaki fragment and failure to position this Okazaki fragment
t the chromosome terminus (Fig. 2). However, no such overhang
ill be formed on the telomere replicated by leading strand syn-

hesis so this must be generated by a series of DNA processing
eactions. Studies with budding yeast indicate that the process-
ng steps are similar to those used to resect double-strand breaks
uring DNA repair [95]. Initiation of resection requires recognition
f the DNA terminus by the Mre11-Rad50-Xrs2 (MRX) complex
MRN in humans) and subsequent recruitment of the nucleases
xo1 and/or Dna2. These act in concert with the helicase Sgs1
BLM/WRN homolog) to cleave the DNA 5′ strand thus creating the
′ overhang. Currently it is unclear whether EXO1 and DNA2 play a
imilar role at human telomeres. However, genetic analysis in mice
as implicated another repair nuclease, Apollo/SNM1B, in generat-

ng overhangs on leading strand telomeres [30,31]. While Apollo is
nown for its role in inter-strand cross-link repair, it can associate
pecifically with telomeres through an interaction with TRF2 [96].

DNA-processing to generate G-overhangs occurs regardless of
hether a cell expresses telomerase [97]. In telomerase positive

ells, the overhang is then elongated by the addition of new repeats
n to the DNA terminus. Telomerase recruitment to human telom-
re is not fully understood but seems to involve trafficking of
elomerase to the telomere in association with Cajal bodies and
nteraction between telomerase and TPP1 [43,98–100] (see accom-
anying articles by Chen [16] and Shippen [15]). In human cancer
ells, telomerase appears to elongate most, if not all, telomeres each
ell cycle [18]. Each telomere is extended by 50–60 nt which is sim-
lar to the length of DNA added to a primer molecule in vitro by a
ingle telomerase RNP when enzyme processivity is enhanced by
OT1/TPP1 [42].

Following telomerase action, the complementary C-strand is
lled-in to leave an overhang that ranges in length from ∼40 to
00 nt [18,101]. Studies in yeast indicate that DNA pol� is respon-
ible for fill-in synthesis with CST playing a key role in coordinating
-strand extension by telomerase with C-strand fill-in by DNA pol�

61,102]. Telomerase is recruited to the DNA terminus and enzyme
ctivity is enhanced through an interaction between Cdc13 and the
elomerase subunit Est1 [103–106]. Cdc13 and Stn1 both interact
ith DNA pol� and these interactions are thought to then recruit

he polymerase for fill-in synthesis [102,107,108].  Recent data from
ur lab (Wang, unpublished results) suggest that human CST may
unction in a similar manner. Given the original identification of

ammalian CST as a DNA pol� affinity factor, we  propose that after
elomerase action, CST binds the newly added telomeric G-strand
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
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nd recruits pol� to initiate C-strand fill-in [64]. Following C-strand
ll-in, additional processing must occur to remove the RNA primer
nd to generate the CCAATC-5′ sequence found at the 5′ end of most
uman telomeres [109].
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Although the general steps in telomere replication appear well
conserved, it is becoming apparent that timing of the actual events
differs between species. In human cells, telomeres are replicated
throughout S-phase and telomerase-mediated extension of the G-
overhang also occurs at this time [18,110]. However, C-strand fill-in
appears to be uncoupled from telomere extension and is delayed
until late S/G2. This situation contrasts with what occurs in bud-
ding yeast where telomeres are replicated in late S/G2 and there
is tight coupling between G-strand extension and C-strand fill in
[61]. Telomerase extension and C-strand fill-in are also uncoupled
in Schizosaccharomyces pombe [111]. It is currently unclear what
occurs in human cells in the interval between telomerase exten-
sion and C-strand fill-in but these findings present an interesting
question concerning the status of the telomeric end and how it is
protected during this delay.

7. Telomere dynamics and telomere length regulation

In some ways telomeres have opposing functions in the cell
as they need to sequester and protect the chromosome terminus
from unwanted nuclease and DNA repair activities but during DNA
replication they have to make the terminus available to telome-
rase and the other factors needed for telomere replication. These
contradictory requirements have led to the concept of telomeres
being dynamic structures that can switch between a closed pro-
tected state and a more open extendable state in which the DNA
terminus becomes available to replication factors [112]. Evidence
for this switch, between extendable and non-extendable states, has
comes from studies with budding yeast where telomerase has been
shown to preferentially extend short telomeres [113–116]. Changes
in telomere conformation are also likely to be cell cycle regulated,
which may  partially explain why  in budding yeast G-overhang pro-
cessing and telomerase action occur in late S/G2 and require a high
level of CDK1 activity [65,117,118]. Likewise, increased residence
time in an extendable state would explain the enhanced telomere
elongation observed in chicken cells when passage through G2 is
delayed after Pot1 inactivation [39]. While relatively little is known
about cell cycle regulation of telomere structure in vertebrate cells,
it is intuitively obvious that the overall chromatin structure must
become sufficiently open to allow passage of the replication fork
and the t-loop must be disassembled to allow access to telomerase,
Apollo and any other DNA processing activities.

After replication factors gain access to the telomeric DNA, final
telomere length is determined by the degree of DNA  elongation by
telomerase versus erosion by incomplete DNA replication, nuclease
action and double-strand breaks caused by DNA damage. In human
somatic cells that lack telomerase, the rate of telomere shorten-
ing reflects a composite of all activities that deplete the telomeric
tract. The range is usually 50–200 bp per population doubling but
this varies with cell type [101]. In cells that express telomerase, final
telomere length depends on a number of additional factors includ-
ing the level of telomerase in the cell, trafficking of telomerase to
the telomere by Cajal bodies, how readily telomerase gains access to
the DNA terminus and the presence of molecules that directly stim-
ulate or inhibit telomerase enzyme activity [15]. In human cancer
cells, the telomere lengthening and shortening activities are gen-
erally balanced so telomere length is fairly constant. However, this
is not the case for all telomerase expressing cells.

The importance of the absolute telomerase level in determining
telomere length has been demonstrated by artificially raising or
lowering the amount of active enzyme in human cancer cells
oles of telomere proteins in end-protection, telomere replication and
0.1016/j.mrfmmm.2011.08.011

[119,120].  Overexpression of TERT can lead to rapid telomere elon-
gation while TERT knockdown or inhibition results in telomere
shortening. Interestingly the mode of repeat addition is related
to the enzyme level [120]. In cells with naturally occurring levels

dx.doi.org/10.1016/j.mrfmmm.2011.08.011
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f telomerase, most telomeres are extended each cell cycle by a
ingle telomerase molecule. This molecule synthesizes on average
0 nt of TTAGGG sequence in one processive reaction. However,

n cells with very high levels of enzyme, or telomeres that have
een artificially shortened, multiple telomerase molecules act on
ach telomere during one cell cycle. The difference in telomerase
ction is thought to reflect the likelihood of telomerase molecules
aining access to a telomere while it remains in an accessible
tate. If telomerase levels are low, the telomere may reassume the
losed, non-extendable state before a second molecule can gain
ccess to the DNA terminus. Short telomeres may  cycle into the
on-extendable state less rapidly while high enzyme levels would

ncrease the likelihood of a second molecule gaining access before
he conformation switch.

Highly proliferative cell types such as hematopoetic precur-
or cells, activated lymphocytes and keratinocytes are thought to
eflect a natural situation where telomere length is directly deter-
ined by telomerase level. These cell types all express low levels of

elomerase but it appears insufficient to compensate for the repli-
ation problem [8,121,122]. Consequently, they undergo telomere
hortening but at a slower rate than would be expected of a telo-
erase negative cell.
Simply having a high level of telomerase in a cell is not sufficient

o ensure that telomeres are extended [120,123].  In human cells, the
nzyme has to be delivered to the telomere via Cajal bodies in a pro-
ess that remains poorly understood [98,99]. Once at the telomere,
ccess to the DNA terminus is modulated by shelterin. Regulation of
elomerase action by shelterin seems to occur both via non-specific
teric effects and through specific interactions between telomerase
nd shelterin subunits. Overexpression of TRF1 and TRF2 leads to
elomere shortening, suggesting that increased packaging of the
elomere duplex by shelterin makes the DNA terminus less acces-
ible, perhaps by promoting formation of t-loops or other higher
rder chromatin structures [124,125].  In a similar vein, removal
f POT1 can lead to telomere elongation, and in some cases this
ppears to be due to decreased sequestration of the DNA terminus
39,41,126,127].

In contrast to the apparently non-specific inhibitory activities
f TRF1, TRF2 and POT1, TPP1 promotes telomerase action on the
hromosome end by binding to the enzyme through a specific
B-fold motif [43]. This interaction can recruit telomerase to the

elomere and increases enzyme processivity [42,44,128]. While at
rst sight it appears inefficient for shelterin to have both inhibitory
nd stimulatory activities within the same complex, it is likely that
hese activities are regulated in tandem with the structural changes
hat must take place during telomere replication. Thus, seques-
ration of DNA terminus by TRF1, TRF2 and POT1 may  be relaxed
t the time that TPP1 recruits telomerase and enhances enzyme
rocessivity.

. Conclusions: the interplay between telomere proteins
nd telomerase in human health

Studies of telomere-related health problems have mostly
ocused on telomerase because these diseases revolve around
mproper regulation of telomere length; for example, inappropri-
te telomere lengthening promotes tumor formation while overly
hort telomeres give rise to diseases such as dyskeratosis congenita
nd idiopathic pulmonary fibrosis. In many patients, short telom-
res are caused by telomerase subunit mutations that result in
ecreased enzyme activity in proliferative tissues such as bone
Please cite this article in press as: J.A. Stewart, et al., Maintaining the end: R
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arrow, lung and skin. However, while telomerase is essential
or telomere maintenance, it is not sufficient to ensure telomeres
re preserved in a fully functional state. Shelterin also plays a key
ole in telomere maintenance as it regulates telomerase access and
 PRESS
earch xxx (2011) xxx– xxx

enzyme activity. Likewise, both shelterin and the complex process
of telomere replication are essential to generate and protect the
terminal structure that functions as the substrate for telomerase
action; i.e. the G-strand overhang.

Out of the six shelterin subunits, thus far only TIN2 mutations
have been linked to short telomeres and human disease. Given the
key role played by shelterin, this is somewhat surprising. How-
ever, the reason may  lie in the critical nature of shelterin function.
Perhaps, mutations that cause defects in the protective cap struc-
ture are lethal because of the resulting DNA damage signaling and
genome instability. It is still unclear how the TIN2 mutations found
in dyskeratosis congenita patients affect telomerase activity and/or
access to cause telomere shortening. However, the mutations do
not affect shelterin assembly or telomere capping. Thus, it may  be
that the only shelterin mutations that can be tolerated will turn out
to be in subunits and protein domains that modulate telomerase
activity. The OB-fold domain of TPP1 would be a prime candidate
and it will be interesting to see if SNP analysis on DNA from patients
with short telomeres reveals mutations in this region.
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