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Summary

Mammalian telomeres are formed by tandem repeats of

the TTAGGG sequence bound by a specialized six-protein

complex known as shelterin, which has fundamental roles

in the regulation of telomere length and telomere cap-

ping. In the past, the study of mice genetically modified

for telomerase components has been instrumental to

demonstrate the role of telomere length in cancer and

aging. Recent studies using genetically modified mice for

shelterin proteins have highlighted an equally important

role of telomere-bound proteins in cancer and aging, even

in the presence of proficient telomerase activity and nor-

mal telomere length. In this review, we will focus on

recent findings, suggesting a role of shelterin compo-

nents in cancer and aging.
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Telomeric DNA and its shield

The ends of linear chromosomes are formed by special hetero-

chromatic structure, known as the telomere, which protects

them from degradation and repair activities and therefore is

essential to ensure chromosomal stability (de Lange, 2005;

Blasco, 2007; Palm & de Lange, 2008). Mammalian telomeric

chromatin is composed of tandem repeats of the TTAGGG

sequence bound by a specialized multiprotein complex known

as shelterin (de Lange, 2005; Palm & de Lange, 2008). Telo-

mere repeats can extend to different lengths in different spe-

cies, and this length can also vary depending on the

developmental stage and cell type within a given species (Flores

et al., 2008; Marion et al., 2009b). On average, human telo-

meres span 10–15 Kb, while mouse telomeres are 25–50 Kb

long (Blasco, 2005). Telomeres are characterized by having a

150- to 200-nucleotide-long 3¢-overhang of the G-rich strand,

the G-strand overhang, that can fold back and invade the dou-

ble-stranded telomeric region forming the so-called T-loop and

generating a displacement loop, or D-loop (Fig. 1A,B). The

T-loop structure has been proposed to protect chromosome

ends from degradation and DNA repair activities as well as

from telomerase’s action (Griffith et al., 1999). Some shelterin

components have been shown to influence the T-loop forma-

tion (de Lange, 2004).

The shelterin complex is composed of six core proteins, the

telomeric repeat binding factors 1 and 2 (TRF1 and TRF2), the

TRF1-interacting protein 2 (TIN2), protection of telomeres 1

(POT1), the POT1-TIN2 organizing protein (TPP1, also known as

TINT1, PTOP or PIP1) and repressor ⁄ activator protein 1 or RAP1

(de Lange, 2005) (Fig. 1C). TRF1, TRF2 and POT1 bind directly

to telomeric DNA repeats, with TRF1 and TRF2 binding to telo-

meric double-stranded DNA and POT1 to the 3¢-singled-

stranded G-overhang. TRF1 and TRF2 share a common domain

structure consisting of the TRF homology (TRFH) domain and a

C-terminal SANT ⁄ Myb DNA-binding domain, which are con-

nected through a flexible hinge domain. TRF1 and TRF2 do not

interact and bind telomeric DNA independently. In particular,

both proteins bind telomeric duplex DNA with a very high

specificity for the 5¢-YTAGGGTTR-3¢ sequence, both as homod-

imers and oligomeres (Broccoli et al., 1997; Bianchi et al.,

1999; Court et al., 2005; de Lange, 2005; Palm & de Lange,

2008). POT1 possesses high specificity for single-stranded telo-

meric DNA sequence 5¢-TAGGGTTAG-3¢, thereby binding to

the G-strand overhang as well as, most likely, to the displaced

G-strand at the D-loop (Baumann & Cech, 2001; Loayza & De

Lange, 2003; Lei et al., 2004; Palm & de Lange, 2008). POT1

can bind to TRF1 via protein–protein interactions and this inter-

action is proposed to affect the POT1 loading on the single-

stranded telomeric DNA (Loayza & De Lange, 2003). While

human cells contain only one POT1 gene, mouse cells have

POT1a and POT1b (He et al., 2006; Hockemeyer et al., 2006;

Wu et al., 2006). The two mouse POT1 proteins are highly

homologous and can associate with telomeric DNA but they

seem to have distinct functions at telomeres (Hockemeyer

et al., 2006). TIN2 is able to bind TRF1 and TRF2 through

independent domains and to recruit the TPP1-POT1 complex,

constituting the bridge among the different shelterin compo-

nents (Kim et al., 2004; Ye et al., 2004; Chen et al., 2008).

TPP1 binds TIN2 and POT1 through its C-terminal and central

domains, respectively (Liu et al., 2004; Ye et al., 2004). TPP1

has been proposed to recruit POT1 to telomeres (Chen et al.,

2007; Kibe et al., 2010). In addition, the N-terminus of TPP1

contains a telomerase-interacting domain, suggesting a role for

TPP1 in the recruitment of telomerase to chromosome ends

(Xin et al., 2007). Finally, RAP1 forms a complex with TRF2 and

this association is essential for RAP1 binding to telomeres (Li

et al., 2000; Li & de Lange, 2003; Celli & de Lange, 2005).
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RAP1 contains three different domains, (i) a Myb-like domain

that is likely to have a role in protein–protein interactions, (ii) a

BRCT (BRCA1 C-terminal)- motif and (iii) a C-terminal domain

involved in the binding to TRF2 (Li et al., 2000; Hanaoka et al.,

2001).

Shelterin is proposed to have a fundamental role in protection

of chromosome ends (Cosme-Blanco & Chang, 2008; Palm & de

Lange, 2008; de Lange, 2009). In addition, several studies

suggest that shelterin may modulate telomerase activity at

chromosome ends, mainly acting as a negative regulator

(Smogorzewska & de Lange, 2004; de Lange, 2005; Palm & de

Lange, 2008, although recent findings indicate that some shel-

terins, such as Tpp 1, are required to recruit TERT to telomeres

and to elongate telomeres in vivo (Tejera et al., 2010)). Excessive

telomere shortening as a result of telomerase mutations or

severe telomere uncapping owing to shelterin dysfunction trig-

ger a DNA damage response (DDR) at chromosome ends, which

are then recognized as double-strand breaks (Fig. 2). Subse-

quent activation of the nonhomologous end-joining pathway

results in chromosomal end-to-end fusions, whereas increased

homologous recombination may lead to rapid telomere length

changes and terminal deletions (Denchi, 2009; de Lange, 2009).

A current model for how critically short telomeres activate a

DDR is based on the notion that short telomeres harbor insuffi-

cient amounts of shelterin to inhibit the ATM and ATR pathways

(Fig. 2). In particular, a too-short telomere would fail to recruit

the threshold shelterin amount required for repressing the

checkpoint activation (Smogorzewska et al., 2000; Palm & de

Lange, 2008). This model is supported by the fact that abroga-

tion of certain shelterin components (ie, TRF1) can elicit a DDR in

the absence of telomere shortening (Martinez et al., 2009b).

Lessons learned from telomerase-deficient
and telomerase over-expressing mice

During each cell division cycle, telomeres shorten as a result of

the incomplete replication of linear DNA molecules by conven-

tional DNA polymerases, the so-called ‘end-replication problem’
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Fig. 1 The shelterin complex and telomere structure. (A) Representative image of a mouse metaphasic chromosome stained with DAPI (blue) and the

telomeres specifically labeled with PNA probe (yellow). (B) A schematic of the shelterin complex bound to the telomere. Telomeric DNA is bound by TRF1,

TRF2, RAP1, TPP1, TIN2 and POT1. The single-stranded overhang (gray strand) invades the doubled-stranded DNA region of the telomere to form a

protective telomere T-loop with a displacement D-loop at the invasion site. (C) Six components of the shelterin and their DNA and protein binding

abilities are depicted. The telomerase is the enzyme that elongates telomeres. The specific function associated with each shelterin and to the telomerase

is highlighted in gray insets.
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(Watson, 1972; Olovnikov, 1973). Telomerase is a reverse trans-

criptase (TERT) capable of compensating telomere attrition

through de novo addition of TTAGGG repeats onto the chromo-

some ends by using an associated RNA component as template

(Terc) (Greider & Blackburn, 1985). Telomerase is expressed in

embryonic stem cells and in most adult stem cell compartments;

however, this is not sufficient to maintain telomere length and

therefore telomere shortening takes place with age in most

tissues (Harley et al., 1990; Blasco, 2007; Liu et al., 2007; Flores

et al., 2008). This progressive telomere shortening is proposed

to be one of the molecular mechanisms underlying organismal

aging (Harley et al., 1990; Rudolph et al., 1999; Collado et al.,

2007). Indeed, some diseases characterized by premature loss of

tissue renewal and premature death, such as dyskeratosis con-

genita, as well as some cases of aplastic anemia and idiopathic

pulmonary fibrosis, are linked to germline mutations in the Terc

and Tert telomerase essential genes (Mitchell et al., 1999; Vulli-

amy et al., 2001; Yamaguchi et al., 2005; Armanios et al.,

2007; Tsakiri et al., 2007). Critical telomere shortening and loss

of function of telomere-binding proteins result in the loss of

telomere protection, end-to-end chromosome fusions, and cell

cycle arrest or apoptosis (Fig. 2) (van Steensel et al., 1998; Karl-

seder et al., 1999; Goytisolo & Blasco, 2002; de Lange, 2005).

Additional evidence for a role of telomerase in tissue renewal

and organismal lifespan was obtained from telomerase deficient

(Terc- ⁄ -) (Blasco et al., 1997) as well as telomerase over-express-

ing mice in stratified epithelia (K5TERT) (Gonzalez-Suarez et al.,

2001; Flores et al., 2005; Tomas-Loba et al., 2008) (Table 1). In

particular, longevity is progressively decreased upon successive

intercrossing of Terc-deficient mice, which is concomitant with a

decreased mobilization of adult stem cell populations and

premature organ failure. In this regard, Terc-deficient mice show

aging-associated pathologies, such as alopecia, intestinal atro-

phy, hair graying, infertility, heart dysfunction, bone marrow

aplasia, kidney dysfunction, defective bone marrow and prolifer-

ative defects of neural stem cells (Lee et al., 1998; Herrera et al.,

1999; Samper et al., 2002; Leri et al., 2003; Ferron et al., 2004;

Blasco, 2005; Garcia-Cao et al., 2006). Current evidence sug-

gests that short telomeres provoke organismal aging through a

p21-dependent induction of cellular senescence (Choudhury

et al., 2007; Feldser & Greider, 2007). Thus, mice doubly defi-

cient for Terc and p21 show extended organismal survival and

lesser proliferative defects than the single Terc-mutant controls

(Choudhury et al., 2007) (Table 1). Rescue of age-related

pathologies in the Terc KO model has been also described upon

abrogation of PMS2, MSH2 and EXO1 (Table 1) (Schaetzlein

et al., 2007; Siegl-Cachedenier et al., 2007; Martinez et al.,

2009a). In all these cases, PMS2-, MSH2- and EXO1-deficiency

attenuated p21-dependent cell cycle arrest induced by short

telomeres. Additionally, p53 ablation in Terc-deficient mice

restores stem cell mobilization in these mice, including rescue of

hair growth defects, skin renewal and skin wound-healing

responses. Interestingly, this is not sufficient to rescue mouse

survival, most likely because of the fact that stem cells with dys-

functional telomeres are not able to maintain long-term tissue

fitness (Begus-Nahrmann et al., 2009; Flores & Blasco, 2009).

Conversely, over-expression of the telomerase reverse trans-

criptase in Tert over-expressing mice results in an augmented

proliferative response in the skin, including increased skin carci-

nogenesis, that is dependent on an active telomerase complex

(depends on the Terc RNA component) (Gonzalez-Suarez et al.,

2001; Cayuela et al., 2005; Flores et al., 2005). However, the

impact of telomerase over-expression on organismal aging was

not addressed until recently because of the cancer-promoting

activity of telomerase. This has been recently addressed by telo-

merase over-expression in mice genetically engineered to be

cancer resistant by means of enhanced expression of the p53,

p16 and p19ARF tumor suppressors, which showed a 40%

increase of the median lifespan (Table 1). In this mouse model,

the percentage of mice reaching extremely old ages was signifi-

cantly increased, demonstrating an anti-aging activity of Tert in

the context of a mammalian organism (Tomas-Loba et al.,

2008). Concomitantly, these mice showed a reduction in

aging-associated pathologies and exhibited an improved

neuromuscular coordination, increased glucose tolerance and a

better fitness of epithelial barriers. The improved fitness of these

mice was accompanied at the molecular level by higher serum

levels of IGF1 and a remarkable reduction in the burden of telo-

mere-associated DNA damage (Tomas-Loba et al., 2008). These

DNA repair
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Genomic 
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Fig. 2 Impact of telomere dysfunction on cancer and aging. A dysfunctional

telomere, either because of critically short telomeres or because of

uncapping, elicits a DNA damage response (DDR) by the activation of

upstream kinases, DNA-PK, ATM (ataxia-telangiectasia mutated) and ATR

(ataxia-telangiectasia and Rad3 related). Two different outcomes may arise.

I. Cancer: upon p53 ⁄ p21-dependent cell cycle arrest, the damage can either

be ‘healed’ by the nonhomologous-end-joining (NHEJ) pathway resulting in

chromosomal end-to-end fusions or by the homologous recombination (HR)

leading to telomere length changes and terminal deletions. In both cases,

chromosomal instability is induced, which may lead to amplification of

oncogenes and loss of tumor suppressor genes, increasing the risk of cellular

transformation and cancer initiation. II. Aging: activation of the tumor

suppressor p53 and ⁄ or p21 induces either apoptosis or senescence of cells

within, causing tissue degeneration and ultimately organ failure.
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Table 1 Mouse models for telomerase and shelterin components and their cancer and aging phenotypes

Genotype Cancer phenotype Aging phenotype References

Terc) ⁄ ) Reduced incidence of cancer Premature aging: Decreased proliferative potential

of adult stem cell populations, alopecia, intestinal

atrophy, hair graying, infertility, heart dysfunction,

bone marrow aplasia, kidney dysfunction and

defective bone marrow

Blasco et al., (1997); Lee et al., (1998);

Greenberg et al., (1999); Herrera

et al., (1999); Gonzalez-Suarez

et al., (2000); Samper et al., (2002);

Feldser & Greider (2007)

Terc) ⁄ ) p53) ⁄ ) Cancer prone Increased mobilization of adult stem

cells with dysfunctional telomeres.

Rescue of small body size phenotype.

Lower organismal survival.

Chin et al., (1999); Artandi et al.,

(2000); Begus-Nahrmann et al., 2009;

Flores & Blasco, 2009)

Terc) ⁄ ) p21) ⁄ ) Reduced incidence of cancer Rescue of degenerative pathologies

and lifespan

Choudhury et al., (2007)

Terc) ⁄ ) PMS2) ⁄ ) Rescue of PMS2 deficiency–mediated

cancer

Rescue of degenerative pathologies

and lifespan

Siegl-Cachedenier et al., (2007)

Terc) ⁄ ) EXO1) ⁄ ) Reduced incidence of cancer Rescue of degenerative pathologies

and lifespan

Schaetzlein et al., (2007)

Terc) ⁄ ) MSH2) ⁄ ) Cancer prone Rescue of aging-associated pathologies.

Decreased lifespan because of cancer

Martinez et al., (2009a)

K5-Tert Cancer prone Increased proliferative response in

stratified epithelia

Gonzalez-Suarez et al., (2001);

Flores et al., (2005)

K5-Tert super-p53

super-p16-p19ARF

Resistant to cancer 40% increase of median longevity, reduction

in aging-associated pathologies, improved

neuromuscular coordination, increased

glucose tolerance and a better fitness of

epithelial barriers.

Tomas-Loba et al., (2008)

TRF1-ko Embryonic lethal Karlseder et al., (2003)

K5-TRF1 Slightly increased susceptibility to skin

carcinogenesis protocols

Premature skin deterioration,

hyperpigmentation, alopecia

Munoz et al., (2009)

TRF1D ⁄ D K5-Cre

(conditional)

Rapid development of preneoplastic

lesions at 1-3 days of age

Perinatal death, epithelia degenerative

pathologies, hyperpigmentation

hyperkeratosis, defective hair follicle

and sebaceous gland development

Martinez et al., (2009b)

TRF1D ⁄ D K5-Cre p53) ⁄ ) Increased incidence of spontaneous

squamous cell carcinomas

Rescue of survival, of hair development

and of skin defects

Martinez et al., (2009b)

TRF2-ko Embryonic lethal Celli & de Lange (2005)

Mx1-TRF2 (conditional) Not reported Not reported Lazzerini Denchi et al., (2006)

K5-TRF2 Increased susceptibility to spontaneous

and induced skin cancer

Premature skin deterioration,

hyperpigmentation, alopecia

Munoz et al., (2005)

K5-TRF2 Terc) ⁄ ) Accelerated skin carcinogenesis Severe premature skin deterioration,

hyperpigmentation, alopecia

Blanco et al., (2007)

TPP1-ko Embryonic lethal Kibe et al., (2010)

Acd (hypomorphic) Not reported High perinatal death, developmental

defects, hyperpigmentation, alopecia,

infertility, adrenocortical dysplasia and

malformations of the skeletal and

genitourinary system

Keegan et al., (2005)

Acd p53) ⁄ ) Increased carcinoma incidence Rescue of survival and of the acd

phenotypes except for the germ cell

atrophy

Else et al., (2009)

TPP1D ⁄ D K5-Cre

(conditional)

Epithelia dysplasia Perinatal death, epithelia degenerative

pathologies, hyperpigmentation

hyperkeratosis, defective hair follicle

and sebaceous gland development

Tejera et al., (2010)

POT1a-ko Embryonic lethal Wu et al., (2006)

POT1b-ko Not reported He et al., (2006); Hockemeyer

et al., (2006)

POT1b-ko Terc+ ⁄ ) Not reported hyperpigmentation and fatal bone

marrow failure

Hockemeyer et al., (2008)

TIN2-ko Embryonic lethal Chiang et al., (2004)

Rap1-ko Not reported viable Sfeir et al., (2010)

Rap1D ⁄ D K5-Cre Not reported Show early onset of hyper

pigmentation and female obesity

Martinez et al., (2010)
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findings suggested that telomerase exerts its anti-aging activity

by counteracting telomere attrition and by preserving the prolif-

erative capacity of stem cells as telomere length influences the

ability of epidermal stem cells to mobilize and regenerate tissues

(Flores et al., 2005; Sarin et al., 2005). In addition, the fact that

these mice showed longer telomeres and improved tissue fitness

also at young ages suggests that telomere loss normally limits

the proliferation of a fraction of cells, including the stem cells

and, therefore, telomere maintenance is relevant not only for

aging but also for the optimal fitness of young organisms.

Although nontelomeric activities of TERT have been also demon-

strated (Sarin et al., 2005; Choi et al., 2008; Park et al., 2009),

the fact that TERT transgenic expression in a Terc-deficient back-

ground did not impact on survival clearly implicates telomere

maintenance as the main mechanism underlying the TERT anti-

aging effects (Tomas-Loba et al., 2008). Together, these find-

ings raise the possibility of using telomerase activators for the

treatment of age-related diseases.

Telomere shortening is envisioned as a potent tumor suppres-

sor mechanism (Gonzalez-Suarez et al., 2000; Blasco & Hahn,

2003; Blasco, 2005; Collado et al., 2007; Cosme-Blanco et al.,

2007, 2008; Feldser & Greider, 2007). Mice that lack telomerase

activity are resistant to cancer (Greenberg et al., 1999; Gonz-

alez-Suarez et al., 2000; Feldser & Greider, 2007), with the

exception of p53-deficient, MSH2-deficient and TRF2-overex-

pressing genetic backgrounds (Table 1) (Chin et al., 1999; Art-

andi et al., 2000; Blanco et al., 2007; Martinez et al., 2009a). In

the setting of a competent p53 pathway, critically short telo-

meres induce a DDR that results in cell cycle arrest, senescence

or apoptosis (Deng et al., 2008). However, in the absence of

p53, short telomeres contribute to high chromosomal instability,

a hallmark of cancer cells. Therefore, p53 loss results in a permis-

sive environment that favors proliferation and survival of DNA-

damaged cells and the eventual progression to cancer. The role

of the INK4A-RB pathway in mediating the telomere-associated

DDR is less clear (Greenberg et al., 1999; Deng et al., 2008). Tel-

omerase activation, in turn, is able to extend the lifespan of cells

in culture by maintaining telomeres (Bodnar et al., 1998) and is

found activated in the vast majority of human cancers (Shay &

Wright, 2006). Indeed, constitutive telomerase expression in

several independent Tert-transgenic mouse models increases

the incidence of spontaneous cancer (Gonzalez-Suarez et al.,

2001, 2002; Artandi et al., 2002; Canela et al., 2004; Cayuela

et al., 2005). In the cancer cell scenario, it is conceivable that

upon oncogenic stress, cells accelerate their proliferative rate,

being telomere length a limiting factor to their cell division

capacity. Indeed, telomeres are usually shorter in tumor cells

compared to the healthy surrounding tissue. In the absence of

the appropriate checkpoints, short telomeres potentiate occur-

rence of mutations and reactivation of telomerase would then

provide to the mutated precancerous cell with the capacity to

divide indefinitely, impinging on tumorogenesis. In support of

this notion, sequence variants at the CPTM1L-TERT locus on

chromosome5p.15.33 have been associated with many cancers,

including lung, brain, urinary bladder, prostate, cervix, pancreas

and acute myelogenous leukemia (McKay et al., 2008; Wang

et al., 2008; Rafnar et al., 2009; Shete et al., 2009; Petersen

et al., 2010). Together, these observations suggest that telo-

merase activation is common to many cancers and that its tar-

geted inhibition could potentially be an effective anti-cancer

therapy by triggering critically short telomeres and loss of cell

viability in the tumor.

Mouse models to understand the role of
shelterin proteins in cancer and aging

Recent studies using genetically modified mice for various shel-

terin components suggest a role for these proteins in cancer sus-

ceptibility and aging-related pathologies even in the presence of

normal telomerase activity and normal telomere length. In line

with this, expression of TRF1, TRF2, TIN2 and POT1 is altered in

some human tumors (Blasco, 2005). In particular, a deregulated

expression of TRF1, RAP1 and TPP1 has been recently described

for patients with chronic lymphocytic leukemia (Poncet et al.,

2008). Similarly, mutations in TIN2, TRF2 and TRF1 have been

linked to some cases of Dyskeratosis congenita and aplastic ane-

mia (Savage et al., 2006, 2008; Tsangaris et al., 2008; Walne

et al., 2008).

In marked contrast to telomerase-deficient mice (Terc and Tert

knock out mouse models) that survive to adulthood, complete

abrogation of at least TRF1, TRF2, POT1a, TPP1 and TIN2 results

in early embryonic lethality (Karlseder et al., 2003) (Celli & de

Lange, 2005) (Lazzerini Denchi et al., 2006; Hockemeyer et al.,

2006; Wu et al., 2006; Kibe et al., 2010; Chiang et al., 2004),

while abrogation of RAP1 does not affect mouse viability (Sfeir

et al., 2010; Martinez et al., 2010). Owing to this fact, the role

of shelterin components in telomere biology and disease in the

context of the mammalian organism has remained unexplored

until very recently. The recent availability of several shelterin

transgenic mouse models as well as the generation of tissue-

specific conditional mouse models has allowed to study the role

of shelterin proteins in cancer and aging. In this review, we will

focus on the shelterin mouse models and will discuss the impli-

cations of shelterin components in cancer and aging.

TRF1

Cell-based in vitro studies using over-expression of TRF1 mutant

alleles suggested a role for TRF1 as a negative regulator of telo-

mere length (van Steensel & de Lange, 1997; Smogorzewska

et al., 2000; Ancelin et al., 2002). Post-transcriptional modifica-

tion of TRF1 by tankyrases 1 and 2, which poly-ADP-ribosylate

TRF1, can regulate its binding to telomeres, thereby influencing

telomere length and sister telomere cohesion (Smith et al.,

1998; Cook et al., 2002; Hsiao et al., 2006; Donigian & de

Lange, 2007; Hsiao & Smith, 2008). More recently, TRF1 over-

expression in the context of mouse epidermis (K5-TRF1 mice)

was shown to lead to telomere shortening in vivo (Table 1)

(Munoz et al., 2009). TRF1-induced telomere shortening was

rescued in the absence of the XPF nuclease, suggesting that
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TRF1 increased expression results in augmented XPF nucleolytic

activity at chromosome ends (Munoz et al., 2009). A similar

phenotype, albeit more severe, was also described for targeted

TRF2 over-expression to mouse epithelia (Munoz et al., 2005)

(Fig. 3). These observations suggest that TRF1 and TRF2 act

within the same pathway of telomere length control in mam-

mals, whereby resulting in XPF-dependent telomere shortening

when over-expressed. Over-expressed TRF1 was also shown to

co-localize with the spindle assembly checkpoints proteins

BubR1 and Mad2 and to result in aberrant mitosis (Munoz et al.,

2009).

Complete TRF1 deletion in mice produces very early embry-

onic lethality at the blastocyst stage; however, no defects in telo-

mere length or telomere capping were detected at this stage

(Table 1) (Karlseder et al., 2003). More recently, by using condi-

tional TRF1 alleles, we and others have shown that TRF1-deleted

mouse embryonic fibroblasts (MEFs) show rapid induction of

senescence, which is concomitant with abundant telomeric c-

H2AX foci, phosphorylation of ATM and the ATM ⁄ ATR down-

stream checkpoint kinases CHK1 and CHK2 (Martinez et al.,

2009b; Sfeir et al., 2009). Abrogation of the p53 and RB path-

ways bypasses senescence but leads to chromosomal instability,

including sister chromatid fusions, chromosome concatenation

and occurrence of multitelomeric signals (MTS) (Martinez et al.,

2009b). MTS are also elevated in ATR-deficient MEFs or upon

treatment with aphidicolin, two conditions known to induce

breakage at fragile sites, suggesting that TRF1-depleted telo-

meres are prone to breakage (Martinez et al., 2009b; Sfeir

et al., 2009). In spite of elevated telomere fusions and increased

telomere fragility, TRF1-deleted MEFs, however, show normal

telomere length, suggesting that TRF1 is not essential for telo-

mere length maintenance but has an important role in telomere

protection (Martinez et al., 2009b). In an analogous manner, ES

cells conditionally deleted for TRF1 showed normal telomere

length but increased telomere fusions (Okamoto et al., 2008).

Importantly, generation of mice conditionally deleted for TRF1

in stratified epithelia has allowed ascertaining the impact of

TRF1 abrogation on the context of the organism (Table 1) (Mar-

tinez et al., 2009b). These mice die perinatally and show severe

skin hyperpigmentation and severe skin morphogenesis defects,

including absence of mature hair follicles and sebaceous glands,

which are concomitant with the induction of telomere-insti-

gated DNA damage, activation of the p53 ⁄ p21 and p16 path-

ways, and cell cycle arrest in vivo. Concomitant with severe

atrophies, all stratified epithelia in TRF1-deficient mice devel-

oped compensatory preneoplastic lesions (dysplasia and hyper-

keratosis) as early as 1–6 days after birth. Importantly, p53

deficiency in p53) ⁄ ) ⁄ TRF1D ⁄ DK5-Cre mice rescues hair follicle

stem cell defects, skin hyperpigmentation, as well as mouse sur-

vival, indicating that proliferative defects associated with TRF1

abrogation are mediated by p53. Mice doubly deficient for TRF1

and p53 in stratified epithelia develop hyperproliferative epithe-

lial abnormalities, such as oral leukoplakia and nail dystrophy,

which are characteristic of human diseases produced by muta-

tions in telomerase-related genes and presence of short telo-

meres, such as dyskeratosis congenita, aplastic anemia and

UV

XPF
UV

XPF

NER
Telomere maintenance

Active NER

Wild type

K5-TRF2/K5-TRF1

Telomere loss

Deficient NER

UV-light sensitivity

Premature aging

Skin cancer

Suboptimal NER

UV UV

XPF

UVUV

Non-telomeric DNA Telomeric DNA

Non-telomeric DNA Telomeric DNA

XPF

(A)

(B)

Fig. 3 Over-expression of either TRF2 or TRF1 in mouse epithelia leads to Xeroderma pigmentosum-like syndrome in K5-TRF2 and in K5-TRF1 transgenic mice: a

model. A structure-specific nuclease involved in the nucleotide excision repair pathway (NER), XPF (green circle) localizes to telomere via interactions with TRF2

(Zhu et al., 2003) and TRF1 (no formal demonstration to date). (A) In wild-type mice, proper homeostasis of shelterin and of the NER components allows telomeric

protection and the repair of UV-induced lesions at nontelomeric DNA. (B) Over-expression of TRF1 and TRF2 in mouse epithelia in K5-TRF1 and K5-TRF2 mice leads

to aberrant sequestration of XPF at telomeric DNA thereby causing telomere shortening and XPF depletion from nontelomeric DNA causing an enhanced

sensitivity to UV damage. In these mouse models, a clear predisposition for skin cancer and premature aging phenotypes are observed.
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idiopathic pulmonary fibrosis (Mitchell et al., 1999; Vulliamy

et al., 2001; Yamaguchi et al., 2005; Armanios et al., 2007;

Tsakiri et al., 2007). Moreover, long-lived TRF1 ⁄ p53 double null

mice spontaneously develop invasive and genomically unstable

squamous cell carcinomas (Table 1) (Martinez et al., 2009b).

These results suggest that TRF1 normally acts as a tumor

suppressor in the context of the organism by preventing telo-

mere-induced genetic instability in proliferating cells.

The TRF1 conditional knockout mice represented the first

mouse model in which dysfunction of a telomere-binding pro-

tein per se, without having to simultaneously abrogate telomer-

ase expression, leads to the induction of severe telomere

damage, in vivo up-regulation of the p53, p21 and p16 cell cycle

inhibitors, and subsequent induction of cellular senescence and

premature tissue degeneration in the absence of telomere short-

ening (Blasco et al., 1997; Hockemeyer et al., 2006, 2008; Wu

et al., 2006; He et al., 2009). These mice are likely to represent

a valuable tool for the study of the molecular mechanisms

underlying human telomere–associated diseases.

TRF2

TRF2, an orthologue of TRF1 (Broccoli et al., 1997; Fairall et al.,

2001; Chen et al., 2008), has also been suggested to act as a

negative regulator of telomere length when over-expressed in

mice and humans (Smogorzewska et al., 2000; Ancelin et al.,

2002; Zhu et al., 2003; Wang et al., 2004; Munoz et al., 2005;

Blanco et al., 2007). Similar to TRF1 transgenic mice, TRF2 over-

expressing mice in stratified epithelia show accelerated XPF-

dependent telomere shortening (Table 1) (Munoz et al., 2005).

In turn, conditional deletion of TRF2 in MEFs leads to massive

induction of end-to-end fusions mediated by the nonhomolo-

gous end-joining pathway, which lead to severe proliferative

defects (Celli & de Lange, 2005). Similar to complete TRF1 abro-

gation, TRF2-deficient mice are embryonic lethal (Table 1). This

lethality is not rescued by p53 deficiency (Celli & de Lange,

2005). In marked contrast to the essential role of TRF2 for

mouse embryo development, TRF2 conditional deletion in the

liver (Mx1TRF2 mice) did not impact on liver regeneration or

mouse viability arguing that TRF2 is dispensable for hepatocyte

regeneration (Table 1) (Lazzerini Denchi et al., 2006). In particu-

lar, TRF2 deletion in liver hepatocytes leads to telomere damage

and increased telomere fusions; however, this is not accompa-

nied by the loss of liver function. A possible explanation for this

observation is that upon partial hepatectomy, liver regeneration

occurred without cell division by endoreduplication and cell

growth, thereby overcoming the chromosome segregation

problems associated with telomere fusions (Lazzerini Denchi

et al., 2006). The effects of TRF2 deletion on liver carcinogenesis

or loss of liver function associated with aging were not

addressed in this mouse model (Table 1).

Evidence of a putative role of TRF2 in cancer and aging is sug-

gested by the phenotypes presented by K5-TRF2 transgenic

mice. These mice show rapid telomere shortening and loss of

the G-strand overhang, as well as increased chromosomal insta-

bility including chromosome ends with MTS. These mice show a

severe skin phenotype, particularly in the light-exposed areas,

consisting of severe skin hyperpigmentation and skin dryness, as

well as increased incidence of spontaneous skin cancer, all of

which are hallmarks of the human syndrome xeroderma pig-

mentosum. The short-telomere phenotype of K5-TRF2 mice

occurs in the presence of normal telomerase activity, suggesting

that it is not because of defects in the telomerase pathway.

In support of this notion, telomerase over-expression did not

rescue telomere shortening in K5-TRF2 mice, while telomerase

deficiency did indeed accelerate telomere attrition (Munoz

et al., 2005). As indicated for K5-TRF1 skin (Munoz et al.,

2009), telomere shortening in K5-TRF2 epidermis was mediated

by XPF, a structure-specific nuclease involved in the nucleotide

excision repair pathway (NER) (Fig. 3). Mutations in NER compo-

nents, including XPF are responsible for the xeroderma pigmen-

tosum syndrome. Interestingly, XPF has been shown to

physically interact with TRF2 (Zhu et al., 2003), suggesting a role

for XPF at telomeres. Telomere shortening in K5-TRF2 skin was

fully rescued by simultaneous XPF deficiency, supporting a

functional interaction between NER and telomeres. Also in

support of this, K5-TRF2 mice showed an increased susceptibility

to spontaneously develop skin tumors and are prone to

UV-induced carcinogenesis, which is analogous to the skin

phenotypes of mice deficient in components of the NER path-

way (Nakane et al., 1995; Sands et al., 1995; Munoz et al.,

2005). In support of a role of increased TRF2 expression promot-

ing skin tumorigenesis, TRF2 expression was frequently elevated

in human skin carcinomas (Munoz et al., 2005). Interestingly,

telomerase deficiency dramatically accelerates TRF2-induced

epithelial carcinogenesis, coinciding with a higher chromo-

somal instability and higher burden of DNA damage. Telomeric

recombination and alternative lengthening of telomeres (ALT)–

associated PML bodies (APBs) were augmented by TRF2 over-

expression (Blanco et al., 2007), suggesting a role for TRF2 in

controlling telomere recombination. The data obtained from

the study of the K5-TRF2 mouse model reveal that upregulation

of TRF2 levels constitutes a potent oncogenic insult in vivo and

suggest that telomerase inhibition may not be effective in the

treatment of tumors with high levels of TRF2 expression.

Together, these observations lead us to propose a model in

which over-expression of TRF2 leads to an aberrant sequestra-

tion of XPF at telomeric DNA thereby causing telomere shorten-

ing and a concomitant depletion of XPF from nontelomeric DNA

leading to an enhanced sensitivity to UV damage (Fig. 3) (Munoz

et al., 2005, 2006).

POT1

POT1 is proposed to regulate both telomere length and

telomere capping (Loayza & De Lange, 2003; Ye et al., 2004;

Denchi & de Lange, 2007; Xin et al., 2007). The mouse genome

contains two POT1 orthologs, Pot1a and Pot1b. Double knock-

out cells for these genes show increased DNA damage foci at

telomeres, endoreduplication and early induction of senescence
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(He et al., 2006; Hockemeyer et al., 2006; Wu et al., 2006). Sin-

gle knockouts revealed that Pot1a and Pot1b have distinct roles.

Hockemeyer and co-workers found that Pot1a was required to

inhibit a DNA damage signal at telomere, while Pot1b had the

ability to regulate the amount of single-stranded DNA at telo-

meres in a telomerase-independent manner (Hockemeyer et al.,

2006). In particular, POT1 is involved in repressing the ATR path-

way (Denchi & de Lange, 2007; Guo et al., 2007). Deletion of

POT1a or POT1b did not result in telomere length changes

(Hockemeyer et al., 2006). Others have however reported that

Pot1a-deficient cells exhibit overall telomere lengthening and 3¢
overhang elongation (Wu et al., 2006). Deletion of Pot1a

resulted in early embryonic lethality, while Pot1b-deficient mice

can survive to adulthood and only show diskeratosi congenital-

like degenerative phenotypes (skin hyperpigmentation, bone

marrow failure) when generated in a telomerase-haploinsuffi-

cient background (Table 1) (Hockemeyer et al., 2006, 2008; He

et al., 2009).

TPP1

Conditional deletion of Tpp1 in MEFs has been recently demon-

strated to result in a concomitant loss of POT1a and POT1b from

telomeres, while the telomeric location of the other shelterin

components was not affected (Kibe et al., 2010). Tpp1 deletion

elicits a robust DDR at telomeres that is ATR mediated and that

results in an excess of single-stranded telomeric DNA (Guo et al.,

2007; Deng et al., 2009; Kibe et al., 2010). TPP1 deletion in

MEFs also results in an increased incidence of chromosome-type

fusions and in an endoreduplication phenotype (Kibe et al.,

2010). TPP1-depleted cells seem to recapitulate the telomere

dysfunction phenotypes observed in Pot1a ⁄ b double knockout

cells, in agreement with the proposed role for TPP1 in recruiting

POT1a and POT1b to chromosome ends (Kibe et al., 2010). In

addition, Tpp1-deficient MEFs show increased chromosomes

with MTS, a telomere aberration related to telomere fragility

in the context of altered shelterin expression, including TRF2

over-expression and TRF1 loss of function models (Munoz et al.,

2005; Blanco et al., 2007; Martinez et al., 2009b; Sfeir et al.,

2009), thus pointing to a model where shelterin is important

in the prevention of telomere fragility by facilitating DNA replica-

tion throughout telomeric repeats.

In addition to these roles in telomere protection and mainte-

nance of telomere integrity, a role for TPP1 in telomerase recruit-

ment and regulation is also emerging. In particular, based on its

direct interaction with telomerase, TPP1 has been proposed to

regulate telomerase activity at chromosome ends (Xin et al.,

2007). In support of this, Tpp1 deletion results in decreased

TERT binding to telomeres and accelerated telomere shortening

both in MEFs and conditionally deleted Tpp1-deficient mice (Tej-

era et al., 2010). Moreover, Tpp1-null cells fail to elongate their

telomeres when reprogrammed into pluripotent stem cells by

using defined factors (Tejera et al., 2010), the so-called induced

pluripotent stem (iPS) cells (Takahashi & Yamanaka, 2006), a

process that is dependent on telomerase activity (Marion et al.,

2009a,b), thus indicating that TPP1 is essential for telomere

elongation in vivo. Together, these results suggest a telomere-

capping model where TPP1 not only prevents the induction of a

DDR at telomeres by preventing fusions and telomere breakage

but is also required for telomere elongation by telomerase (Tej-

era et al., 2010).

The recent analysis of two independent mouse models with

defective TPP1 expression has revealed the importance of this

shelterin component in cancer and aging (Else, 2009; Tejera

et al., 2010). On one hand, a spontaneous recessive mutation in

a splice donor site of the Tpp1 gene renders a hypomorphic

mouse model with decreased TPP1 levels, the acd (adrenocorti-

cal dysplasia) mouse that presents developmental defects in

organs derived from the urogenital ridge (Table 1) (Keegan

et al., 2005). The analysis of the mutant embryos revealed

defects in caudal specification, limb patterning and axial skele-

ton formation (Keegan et al., 2005). Those mice that survived to

adulthood showed severe developmental defects, including

growth retardation, skin hyperpigmentation, sparse body hair,

infertility, adrenocortical dysplasia and malformations of the

skeletal and genitourinary system (Keegan et al., 2005). Inter-

estingly, acd mice show a abnormal morphology of the adrenal

cortex that mimics human adrenal hypoplasis congenita (Else,

2009). Additional loss of p53 rescues the acd phenotype in an

organ-specific manner, including skin hyperpigmentation and

adrenal morphology, but not germ cell atrophy (Else et al.,

2009). Survival to weaning age was also significantly increased

although tumor-free survival of the Acdacd ⁄ acd p53) ⁄ ) as well as

of the Acdacd ⁄ acd p53+ ⁄ ) mice was decreased when compared

to Acd+ ⁄ + mice (Table 1). Similarly to TRF1-deficient mice acd

mice show increased carcinomas when in a p53-null back-

ground (Else et al., 2009; Martinez et al., 2009b). Cells derived

from acd mice show normal telomere length but increased telo-

mere damage and telomere fusions, suggesting a role for TTP1

in telomere protection (Else et al., 2007; Hockemeyer et al.,

2007).

However, the fact that complete Tpp1 abrogation results in

embryonic lethality (Kibe et al., 2010) had impeded to date the

study of the impact of complete Tpp1 abrogation on the context

of the organism and thereby its effect on cancer and aging.

Recently, our group has generated an analogous mouse to

Tpp1-deficient mice by deleting TPP1 in the context of the

mouse stratified epithelia (Table 1) (Tejera et al., 2010). In this

context, Tpp1 deficiency leads to perinatal death, severe skin

hyperpigmentation, defective hair follicle morphogenesis and

widespread epithelia dysplasia. In particular, Tpp1 abrogation

had a profound negative impact on hair follicle downgrowth,

proliferation and differentiation, hindering the establishment of

a mature hair bulge SC compartment. Importantly, these defects

are rescued by p53 abrogation, supporting a key role of p53 in

mediating proliferative arrest in response to persistent telomere

damage in vivo (Chin et al., 1999; Feldser & Greider, 2007;

Martinez et al., 2009b; Stout & Blasco, 2009). Conditional Tpp1

abrogation also leads to accelerated telomere shortening in the

skin, further supporting a role for Tpp1 in telomere maintenance
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(Tejera et al., 2010). The epithelial pathologies present in Tpp1-

deficient mice are more severe than those present in the acd

mouse model in agreement with complete abrogation of the

TPP1 protein and quite similar to those produced by TRF1 abro-

gation in the skin (Martinez et al., 2009b; Tejera et al., 2010).

Furthermore, epithelial pathologies in Tpp1-deficient mice are

reminiscent of epithelial pathologies in human diseases associ-

ated with mutations in telomerase-related genes and the pres-

ence of dysfunctional telomeres (Mitchell et al., 1999; Vulliamy

et al., 2001; Armanios et al., 2007; Tsakiri et al., 2007), making

of Tpp1-deleted mice a useful model to understand human dis-

ease.

Together, the information currently available on mouse mod-

els for TPP1 deficiency indicates that TPP1 has a dual role in telo-

mere protection and telomere elongation, in this way preserving

telomere function and preventing the early onset of degenera-

tive pathologies in mice.

TIN2

TIN2 was identified as a TRF1-interacting protein (Kim et al.,

1999, 2003). Over-expression of TIN2 inhibits telomere elonga-

tion in human cell lines, whereas expression of dominant nega-

tive N-terminal TIN2 deletion results in aberrant telomere

elongation (Kim et al., 1999). It has been suggested that the

binding of TIN2 to TRF1 induces changes in TRF1 conformation

that favor a telomere structure, which is inaccessible to telomer-

ase. The absence of TIN2 would therefore favor telomerase

accessibility and telomere elongation (Kim et al., 1999). In

mouse, Tin2-deficient ES show dramatic proliferative changes

and die rapidly impeding further analysis of telomere length and

function (Chiang et al., 2004). Deletion of Tin2 in mice results in

early embryonic lethality (Table 1) (Chiang et al., 2004), mirror-

ing that of TRF1- and TRF2-deficient mice (Karlseder et al.,

2003; Celli & de Lange, 2005). Mutations in TRF1, TRF2 and

TIN2 have been identified in patients with bone marrow failure

syndromes, while mutations in POT1, RAP1 and TPP1 have not

yet been reported (Carroll & Ly, 2009). Clearly, further analysis

of the in vivo function of these proteins will require conditional

or tissue-specific knockouts.

RAP1

scRap1 is the major binding activity at yeast telomeres where it

controls telomere length and the establishment of subtelomeric

silencing through recruitment of the Sir proteins (Kyrion et al.,

1993; Hecht et al., 1995; Marcand et al., 1997; Tanny et al.,

1999; Imai et al., 2000; Carmen et al., 2002). A similar role in

subtelomeric silencing has recently been described for TbRap1

in Trypanosoma brucei (Yang et al., 2009). A homolog of

scRap1 has been long reported for human cells (Li et al., 2000).

Over-expression of human hRap1 was shown to lead to telo-

mere elongation by unknown mechanisms (Li et al., 2000).

More recently, a role of mammalian RAP1 in protecting telo-

meres from nonhomologous end-joining (NHEJ) activities has

been reported both in vitro and in the context of severe telo-

mere uncapping induced by TRF2 dysfunction (Bae & Baumann,

2007; Sarthy et al., 2009). Generation of two independent

mouse models for Rap1 deficiency suggests that Rap1 is not

necessary for mouse viability and for telomere capping but

instead has a role in protection from telomere recombination

and telomere fragility (Sfeir et al., 2010; Martinez et al., 2010).

In addition, Martinez et al. (2010) found that mammalian Rap1

controls gene expression (including silencing of subtelomeric

genes) by binding to extra-telomeric sites through the

(TTAGGG)2 consensus sequence. Future studies are required to

understand the role of Rap1 in cancer and aging.

Future perspectives

In recent years, mounting evidence suggests a potentially impor-

tant role of shelterin components in cancer and aging. The sev-

eral mouse models for shelterin proteins discussed here strongly

support this notion. However, this may be just a first approxima-

tion to understanding the complexity of telomere capping struc-

tures. To date, essentially nothing is known on the regulation of

the different shelterin components during different develop-

mental stages and in pathological conditions. The fact that the

expression of several shelterin components, TRF2, TRF1 and

TIN2 has been found altered in human cancer raises the possibil-

ity of using these components as potential therapeutic targets

for cancer. Nevertheless, it must be kept in mind that this altered

expression could be a consequence of tumor growth rather than

the cause. Our results showing increased spontaneous carcino-

genesis in K5-TRF2 transgenic mice and in mice conditionally

deleted for TRF1 and p53 in the skin, as well as the Acd mouse

model constitute clear examples on how altered shelterin func-

tion triggers chromosomal instability, which upon loss of tumor

suppressors such as p53 favors neoplastic transformation. It will

be of great interest to understand the impact of oncogenic acti-

vation, such a K-RAS or H-RAS, on mice with altered shelterin

function. Two scenarios could be envisioned. On the one hand,

in a tumor suppressor–proficient background, the severe prolif-

erative defects of cells lacking shelterin would mask the replica-

tive stress imposed by the oncogenes. On the other hand,

oncogene-induced replicative stress could fuel transformations

by successive mitotic cycles of breakage-fusion-bridges thereby

augmenting tumorigenesis.

As some shelterin components have been proposed to act

either as negative regulators of telomere length (TRF1 and TRF2)

or telomerase recruitment factors (POT1, TPP1), it will be of

great interest to understand their impact on telomere mainte-

nance during tumorigenesis. In this regard, TPP1 constitutes the

best candidate to bring telomerase to chromosome ends, and

therefore could be a good target for cancer therapy. Thus,

Tpp1-deficient mice should mimic the tumor-resistant pheno-

type of telomerase-deficient mice, except in a context where

p53 is abrogated.

Regulation of shelterin biology during aging is still unexplored.

It is well known that telomere length decreases with age; if the
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telomere-bound shelterin levels were proportional to telomere

length, it would then be expected that telomeric shelterin levels

would also diminish during aging. Conversely, decreased shel-

terin amounts with age may be responsible of inducing a DDR

and cell cycle inhibition. Indeed, as discussed previously, some

cases of premature aging in human syndromes have been linked

to shelterin mutations, such as in TIN2, TRF1 and TRF2. We have

shown that deletion of TRF1 in mouse epidermis has no effect

on telomere length but yet recapitulates pathologies, such as

oral leukoplakia and nail dystrophy, which are characteristic of

human diseases produced by mutations in telomerase-related

genes and the presence of short telomeres. The above-men-

tioned data clearly emphasize that the length of telomeres mat-

ters as long as some of the shelterin components are bound to

them.
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Fariñas I, Blasco MA (2004) Telomere shortening and chromosomal

instability abrogates proliferation of adult but not embryonic neural

stem cells. Development 131, 4059–4070.

Flores I, Blasco MA (2009) A p53-dependent response limits epidermal

stem cell functionality and organismal size in mice with short telo-

meres. PLoS ONE 4, e4934.

Flores I, Cayuela ML, Blasco MA (2005) Effects of telomerase and telo-

mere length on epidermal stem cell behavior. Science 309, 1253–

1256.

Flores I, Canela A, Vera E, Tejera A, Cotsarelis G, Blasco MA (2008)

The longest telomeres: a general signature of adult stem cell com-

partments. Genes Dev. 22, 654–667.

Garcia-Cao I, Garcia-Cao M, Tomas-Loba A, Martin-Caballero J, Flores

JM, Klatt P, Blasco MA, Serrano M (2006) Increased p53 activity does

not accelerate telomere-driven ageing. EMBO Rep. 7, 546–552.

Gonzalez-Suarez E, Samper E, Flores JM, Blasco MA (2000) Telomer-

ase-deficient mice with short telomeres are resistant to skin tumori-

genesis. Nat. Genet. 26, 114–117.

Gonzalez-Suarez E, Samper E, Ramirez A, Flores JM, Martin-Caballero

J, Jorcano JL, Blasco MA (2001) Increased epidermal tumors and

increased skin wound healing in transgenic mice overexpressing the

catalytic subunit of telomerase, mTERT, in basal keratinocytes.

EMBO J. 20, 2619–2630.

Gonzalez-Suarez E, Flores JM, Blasco MA (2002) Cooperation between

p53 mutation and high telomerase transgenic expression in sponta-

neous cancer development. Mol. Cell. Biol. 22, 7291–7301.

Goytisolo FA, Blasco MA (2002) Many ways to telomere dysfunction:

in vivo studies using mouse models. Oncogene 21, 584–591.

Greenberg RA, Chin L, Femino A, Lee KH, Gottlieb GJ, Singer RH, Gre-

ider CW, DePinho RA (1999) Short dysfunctional telomeres impair

tumorigenesis in the INK4a(delta2 ⁄ 3) cancer-prone mouse. Cell 97,

515–525.

Greider CW, Blackburn EH (1985) Identification of a specific telomere

terminal transferase activity in Tetrahymena extracts. Cell 43, 405–

413.

Griffith JD, Comeau L, Rosenfield S, Stansel RM, Bianchi A, Moss H,

de Lange T (1999) Mammalian telomeres end in a large duplex

loop. Cell 97, 503–514.

Guo X, Deng Y, Lin Y, Cosme-Blanco W, Chan S, He H, Yuan G,

Brown EJ, Chang S (2007) Dysfunctional telomeres activate an

ATM-ATR-dependent DNA damage response to suppress tumorigen-

esis. EMBO J. 26, 4709–4719.

Hanaoka S, Nagadoi A, Yoshimura S, Aimoto S, Li B, de Lange T,

Nishimura Y (2001) NMR structure of the hRap1 Myb motif reveals

a canonical three-helix bundle lacking the positive surface charge

typical of Myb DNA-binding domains. J. Mol. Biol. 312, 167–175.

Harley CB, Futcher AB, Greider CW (1990) Telomeres shorten during

ageing of human fibroblasts. Nature 345, 458–460.

He H, Multani AS, Cosme-Blanco W, Tahara H, Ma J, Pathak S, Deng

Y, Chang S (2006) POT1b protects telomeres from end-to-end chro-

mosomal fusions and aberrant homologous recombination. EMBO

J. 25, 5180–5190.

He H, Wang Y, Guo X, Ramchandani S, Ma J, Shen MF, Garcia DA,

Deng Y, Multani AS, You MJ, Chang S (2009) Pot1b deletion and

telomerase haploinsufficiency in mice initiate an ATR-dependent

DNA damage response and elicit phenotypes resembling dyskerato-

sis congenita. Mol. Cell. Biol. 29, 229–240.

Hecht A, Laroche T, Strahl-Bolsinger S, Gasser SM, Grunstein M

(1995) Histone H3 and H4 N-termini interact with SIR3 and SIR4

proteins: a molecular model for the formation of heterochromatin

in yeast. Cell 80, 583–592.

Herrera E, Samper E, Martin-Caballero J, Flores JM, Lee HW, Blasco MA

(1999) Disease states associated with telomerase deficiency appear

earlier in mice with short telomeres. EMBO J. 18, 2950–2960.

Hockemeyer D, Daniels JP, Takai H, de Lange T (2006) Recent expan-

sion of the telomeric complex in rodents: Two distinct POT1 proteins

protect mouse telomeres. Cell 126, 63–77.

Hockemeyer D, Palm W, Else T, Daniels JP, Takai KK, Ye JZ, Keegan

CE, de Lange T, Hammer GD (2007) Telomere protection by mam-

malian Pot1 requires interaction with Tpp1. Nat. Struct. Mol. Biol.

14, 754–761.

Hockemeyer D, Palm W, Wang RC, Couto SS, de Lange T (2008) Engi-

neered telomere degradation models dyskeratosis congenita. Genes

Dev. 22, 1773–1785.

Hsiao SJ, Smith S (2008) Tankyrase function at telomeres, spindle

poles, and beyond. Biochimie 90, 83–92.

Hsiao SJ, Poitras MF, Cook BD, Liu Y, Smith S (2006) Tankyrase 2

poly(ADP-ribose) polymerase domain-deleted mice exhibit growth

defects but have normal telomere length and capping. Mol. Cell.

Biol. 26, 2044–2054.

Imai S, Armstrong CM, Kaeberlein M, Guarente L (2000) Transcrip-

tional silencing and longevity protein Sir2 is an NAD-dependent his-

tone deacetylase. Nature 403, 795–800.

Role of shelterin in cancer and aging, P. Martı́nez and M. A. Blasco

ª 2010 The Authors
Aging Cell ª 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

663



Karlseder J, Broccoli D, Dai Y, Hardy S, de Lange T (1999) p53- and

ATM-dependent apoptosis induced by telomeres lacking TRF2.

Science 283, 1321–1325.

Karlseder J, Kachatrian L, Takai H, Mercer K, Hingorani S, Jacks T,

de Lange T (2003) Targeted deletion reveals an essential function

for the telomere length regulator Trf1. Mol. Cell. Biol. 23, 6533–

6541.

Keegan CE, Hutz JE, Else T, Adamska M, Shah SP, Kent AE, Howes JM,

Beamer WG, Hammer GD (2005) Urogenital and caudal dysgenesis in

adrenocortical dysplasia (acd) mice is caused by a splicing mutation in

a novel telomeric regulator. Hum. Mol. Genet. 14, 113–123.

Kibe T, Osawa GA, Keegan CE, de Lange T (2010) Telomere protec-

tion by TPP1 is mediated by POT1a and POT1b. Mol. Cell. Biol. 30,

1059–1066.

Kim SH, Kaminker P, Campisi J (1999) TIN2, a new regulator of telo-

mere length in human cells. Nat. Genet. 23, 405–412.

Kim SH, Han S, You YH, Chen DJ, Campisi J (2003) The human telo-

mere-associated protein TIN2 stimulates interactions between telo-

meric DNA tracts in vitro. EMBO Rep. 4, 685–691.

Kim SH, Beausejour C, Davalos AR, Kaminker P, Heo SJ, Campisi

J (2004) TIN2 mediates functions of TRF2 at human telomeres.

J. Biol. Chem. 279, 43799–43804.

Kyrion G, Liu K, Liu C, Lustig AJ (1993) RAP1 and telomere structure

regulate telomere position effects in Saccharomyces cerevisiae.

Genes Dev. 7, 1146–1159.

de Lange T (2004) T-loops and the origin of telomeres. Nat. Rev. Mol.

Cell Biol. 5, 323–329.

de Lange T (2005) Shelterin: the protein complex that shapes and

safeguards human telomeres. Genes Dev. 19, 2100–2110.

de Lange T (2009) How telomeres solve the end-protection problem.

Science 326, 948–952.

Lazzerini Denchi E, Celli G, de Lange T (2006) Hepatocytes with exten-

sive telomere deprotection and fusion remain viable and regenerate

liver mass through endoreduplication. Genes Dev. 20, 2648–2653.

Lee HW, Blasco MA, Gottlieb GJ, Horner II JW, Greider CW, DePinho

RA (1998) Essential role of mouse telomerase in highly proliferative

organs. Nature 392, 569–574.

Lei M, Podell ER, Cech TR (2004) Structure of human POT1 bound to

telomeric single-stranded DNA provides a model for chromosome

end-protection. Nat. Struct. Mol. Biol. 11, 1223–1229.

Leri A, Franco S, Zacheo A, Barlucchi L, Chinmenti S, Limana F, Nadal-

Ginard B, Kajstura J, Anversa P, Blasco MA (2003) Ablation of

telomerase and telomere loss leads to cardiac dilatation and heart

failure. EMBO J. 22, 131–139.

Li B, de Lange T (2003) Rap1 affects the length and heterogeneity of

human telomeres. Mol. Biol. Cell 14, 5060–5068.

Li B, Oestreich S, de Lange T (2000) Identification of human Rap1:

implications for telomere evolution. Cell 101, 471–483.

Liu D, Safari A, O’Connor MS, Chan DW, Laegeler A, Qin J, Songyang

Z (2004) PTOP interacts with POT1 and regulates its localization to

telomeres. Nat. Cell Biol. 6, 673–680.

Liu L, Bailey SM, Okuka M, Munoz P, Li C, Zhou L, Wu C, Czerwiec E,

Sandler L, Seyfang A, Blasco MA, Keefe DL (2007) Telomere length-

ening early in development. Nat. Cell Biol. 9, 1436–1441.

Loayza D, De Lange T (2003) POT1 as a terminal transducer of TRF1

telomere length control. Nature 423, 1013–1018.

Marcand S, Gilson E, Shore D (1997) A protein-counting mechanism

for telomere length regulation in yeast. Science 275, 986–990.

Marion RM, Strati K, Li H, Murga M, Blanco R, Ortega S, Fernandez-

Capetillo O, Serrano M, Blasco MA (2009a) A p53-mediated DNA

damage response limits reprogramming to ensure iPS cell genomic

integrity. Nature 460, 1149–1153.

Marion RM, Strati K, Li H, Tejera A, Schoeftner S, Ortega S, Serrano

M, Blasco MA (2009b) Telomeres acquire embryonic stem cell char-

acteristics in induced pluripotent stem cells. Cell Stem Cell 4, 141–

154.

Martinez P, Siegl-Cachedenier I, Flores JM, Blasco MA (2009a) MSH2

deficiency abolishes the anticancer and pro-aging activity of short

telomeres. Aging Cell 8, 2–17.

Martinez P, Thanasoula M, Munoz P, Liao C, Tejera A, McNees C, Flo-

res JM, Fernandez-Capetillo O, Tarsounas M, Blasco MA (2009b)

Increased telomere fragility and fusions resulting from TRF1 defi-

ciency lead to degenerative pathologies and increased cancer in

mice. Genes Dev. 23, 2060–2075.

Martinez P, Thanasoula M, Carlos AR, Gomez-Lopez G, Tejera AM,

Schoeftner S, Dominguez O, Pisano D, Tarsounas M, Blasco MA

(2010) Mammalian RAP1 controls telomere function and gene

expression through binding to telomeric and extratelomeric sites.

Nat Cell Biol, in press (doi:10.1038 ⁄ ncb2081)

McKay JD, Hung RJ, Gaborieau V, Boffetta P, Chabrier A, Byrnes G,

Zaridze D, Mukeria A, Szeszenia-Dabrowska N, Lissowska J, Rudnai

P, Fabianova E, Mates D, Bencko V, Foretova L, Janout V, McLaugh-

lin J, Shepherd F, Montpetit A, Narod S, Krokan HE, Skorpen F,

Elvestad MB, Vatten L, Njolstad I, Axelsson T, Chen C, Goodman G,

Barnett M, Loomis MM, Lubinski J, Matyjasik J, Lener M,

Oszutowska D, Field J, Liloglou T, Xinarianos G, Cassidy A, Vineis P,

Clavel-Chapelon F, Palli D, Tumino R, Krogh V, Panico S, Gonzalez

CA, Ramon Quiros J, Martinez C, Navarro C, Ardanaz E, Larranaga

N, Kham KT, Key T, Bueno-de-Mesquita HB, Peeters PH, Trichopou-

lou A, Linseisen J, Boeing H, Hallmans G, Overvad K, Tjonneland A,

Kumle M, Riboli E, Zelenika D, Boland A, Delepine M, Foglio M,

Lechner D, Matsuda F, Blanche H, Gut I, Heath S, Lathrop M, Bren-

nan P (2008) Lung cancer susceptibility locus at 5p15.33. Nat.

Genet. 40, 1404–1406.

Mitchell JR, Wood E, Collins K (1999) A telomerase component is

defective in the human disease dyskeratosis congenita. Nature 402,

551–555.

Munoz P, Blanco R, Flores JM, Blasco MA (2005) XPF nuclease-depen-

dent telomere loss and increased DNA damage in mice overexpress-

ing TRF2 result in premature aging and cancer. Nat. Genet. 37,

1063–1071.

Munoz P, Blanco R, Blasco MA (2006) Role of the TRF2 telomeric pro-

tein in cancer and ageing. Cell Cycle 5, 718–721.

Munoz P, Blanco R, de Carcer G, Schoeftner S, Benetti R, Flores JM,

Malumbres M, Blasco MA (2009) TRF1 controls telomere length and

mitotic fidelity in epithelial homeostasis. Mol. Cell. Biol. 29, 1608–

1625.

Nakane H, Takeuchi S, Yuba S, Saijo M, Nakatsu Y, Murai H, Nakats-

uru Y, Ishikawa T, Hirota S, Kitamura Y, Kato Y, Tsunoda Y, Mayau-

chi H, Norio T, Tokunaga T, Matsunaga T, Nikalso O, Nishimune T,

Okada T, Tanaka K (1995) High incidence of ultraviolet-B-or chemi-

cal-carcinogen-induced skin tumours in mice lacking the xeroderma

pigmentosum group A gene. Nature 377, 165–168.

Okamoto K, Iwano T, Tachibana M, Shinkai Y (2008) Distinct roles of

TRF1 in the regulation of telomere structure and lengthening.

J. Biol. Chem. 283, 23981–23988.

Olovnikov AM (1973) A theory of marginotomy. The incomplete copy-

ing of template margin in enzymic synthesis of polynucleotides and

biological significance of the phenomenon. J. Theor. Biol. 41, 181–

190.

Palm W, de Lange T (2008) How shelterin protects mammalian telo-

meres. Annu. Rev. Genet. 42, 301–334.

Park JI, Venteicher AS, Hong JY, Choi J, Jun S, Shkreli M, Chang W,

Meng Z, Cheung P, Ji H, McLaughlin M, Veenstra TD, Nusse R,

Role of shelterin in cancer and aging, P. Martı́nez and M. A. Blasco

ª 2010 The Authors
Aging Cell ª 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

664



McCrea PD, Artandi SE (2009) Telomerase modulates Wnt signalling

by association with target gene chromatin. Nature 460, 66–72.

Petersen GM, Amundadottir L, Fuchs CS, Kraft P, Stolzenberg-Solo-

mon RZ, Jacobs KB, Arslan AA, Bueno-de-Mesquita HB, Gallinger S,

Gross M, Helzlsouer K, Holly EA, Jacobs EJ, Klein AP, Lacroix A, Li

D, Mandelson MT, Olson SH, Risch HA, Zheng W, Albanes D, Bam-

let WR, Berg CD, Boutron-Ruault MC, Buring JE, Bracci PM, Canzian

F, Clipp S, Cotterchio M, de Andrade M, Duell EJ, Gaziano JM, Gio-

vannucci EL, Goggins M, Hallmans G, Hankinson SE, Hassan M,

Howard B, Hunter DJ, Hutchinson A, Jenab M, Kaaks R, Kooperberg

C, Krogh V, Kurtz RC, Lynch SM, McWilliams RR, Mendelsohn JB,

Michaud DS, Parikh H, Patel AV, Peeters PH, Rajkovic A, Riboli E,

Rodriguez L, Seminara D, Shu XO, Thomas G, Tjonneland A, Tobias

GS, Trichopoulos D, Van Den Eeden SK, Virtamo J, Wactawski-

Wende J, Wang Z, Wolpin BM, Yu H, Yu K, Zeleniuch-Jacquotte A,

Fraumeni Jr JF, Hoover RN, Hartge P, Chanock SJ (2010) A genome-

wide association study identifies pancreatic cancer susceptibility loci

on chromosomes 13q22.1, 1q32.1 and 5p15.33. Nat. Genet. 42,

224–228.

Poncet D, Belleville A, t’kint de Roodenbeke C, Roborel de Climens A,

Ben Simon E, Merle-Beral H, Callet-Bauchu E, Salles G, Sabatier L,

Delic J, Gilson E (2008) Changes in the expression of telomere main-

tenance genes suggest global telomere dysfunction in B-chronic

lymphocytic leukemia. Blood 111, 2388–2391.

Rafnar T, Sulem P, Stacey SN, Geller F, Gudmundsson J, Sigurdsson A,

Jakobsdottir M, Helgadottir H, Thorlacius S, Aben KK, Blondal T,

Thorgeirsson TE, Thorleifsson G, Kristjansson K, Thorisdottir K, Rag-

narsson R, Sigurgeirsson B, Skuladottir H, Gudbjartsson T, Isaksson

HJ, Einarsson GV, Benediktsdottir KR, Agnarsson BA, Olafsson K,

Salvarsdottir A, Bjarnason H, Asgeirsdottir M, Kristinsson KT, Matth-

iasdottir S, Sveinsdottir SG, Polidoro S, Hoiom V, Botella-Estrada R,

Hemminki K, Rudnai P, Bishop DT, Campagna M, Kellen E, Zeegers

MP, de Verdier P, Ferrer A, Isla D, Vidal MJ, Andres R, Saez B, Jube-

rias P, Banzo J, Navarrete S, Tres A, Kan D, Lindblom A, Gurzau E,

Koppova K, de Vegt F, Schalken JA, van der Heijden HF, Smit HJ,

Termeer RA, Oosterwijk E, van Hooij O, Nagore E, Porru S, Steineck

G, Hansson J, Buntinx F, Catalona WJ, Matullo G, Vineis P, Kiltie

AE, Mayordomo JI, Kumar R, Kiemeney LA, Frigge ML, Jonsson T,

Saemundsson H, Barkardottir RB, Jonsson E, Jonsson S, Olafsson JH,

Gulcher JR, Masson G, Gudbjartsson DF, Kong A, Thorsteinsdottir

U, Stefansson K (2009) Sequence variants at the TERT-CLPTM1L

locus associate with many cancer types. Nat. Genet. 41, 221–227.

Rudolph KL, Chang S, Lee HW, Blasco M, Gottlieb GJ, Greider C, DeP-

inho RA (1999) Longevity, stress response, and cancer in aging telo-

merase-deficient mice. Cell 96, 701–712.

Samper E, Fernandez P, Eguia R, Martin-Rivera L, Bernad A, Blasco

MA, Aracil M (2002) Long-term repopulating ability of telomerase-

deficient murine hematopoietic stem cells. Blood 99, 2767–2775.

Sands AT, Abuin A, Sanchez A, Conti CJ, Bradley A (1995) High sus-

ceptibility to ultraviolet-induced carcinogenesis in mice lacking XPC.

Nature 377, 162–165.

Sarin KY, Cheung P, Gilison D, Lee E, Tennen RI, Wang E, Artandi MK,

Oro AE, Artandi SE (2005) Conditional telomerase induction causes

proliferation of hair follicle stem cells. Nature 436, 1048–1052.

Sarthy J, Bae NS, Scrafford J, Baumann P (2009) Human RAP1 inhibits

non-homologous end joining at telomeres. EMBO J. 28, 3390–

3399.

Savage SA, Calado RT, Xin ZT, Ly H, Young NS, Chanock SJ (2006)

Genetic variation in telomeric repeat binding factors 1 and 2 in

aplastic anemia. Exp. Hematol. 34, 664–671.

Savage SA, Giri N, Baerlocher GM, Orr N, Lansdorp PM, Alter BP

(2008) TINF2, a component of the shelterin telomere protection

complex, is mutated in dyskeratosis congenita. Am. J. Hum. Genet.

82, 501–509.

Schaetzlein S, Kodandaramireddy NR, Ju Z, Lechel A, Stepczynska A, Lilli

DR, Clark AB, Rudolph C, Kuhnel F, Wei K, Schlegelberger B, Schirm-

acher P, Kunkel TA, Greenberg RA, Edelmann W, Rudolph KL (2007)

Exonuclease-1 deletion impairs DNA damage signaling and prolongs

lifespan of telomere-dysfunctional mice. Cell 130, 863–877.

Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder J,

Schildkraut CL, de Lange T (2009) Mammalian telomeres resemble

fragile sites and require TRF1 for efficient replication. Cell 138, 90–

103.

Sfeir A, Kabir S, van Overbeek M, Celli GB, de Lange T (2010) Loss of

Rap1 induces telomere recombination in the absence of NHEJ or a

DNA damage signal. Science 327, 1657–1661.

Shay JW, Wright WE (2006) Telomerase therapeutics for cancer:

challenges and new directions. Nat. Rev. Drug. Discov. 5, 577–

584.

Shete S, Hosking FJ, Robertson LB, Dobbins SE, Sanson M, Malmer B,

Simon M, Marie Y, Boisselier B, Delattre JY, Hoang-Xuan K, El Hallani

S, Idbaih A, Zelenika D, Andersson U, Henriksson R, Bergenheim AT,

Feychting M, Lonn S, Ahlbom A, Schramm J, Linnebank M, Hemminki

K, Kumar R, Hepworth SJ, Price A, Armstrong G, Liu Y, Gu X, Yu R,

Lau C, Schoemaker M, Muir K, Swerdlow A, Lathrop M, Bondy M,

Houlston RS (2009) Genome-wide association study identifies five sus-

ceptibility loci for glioma. Nat. Genet. 41, 899–904.

Siegl-Cachedenier I, Munoz P, Flores JM, Klatt P, Blasco MA (2007)

Deficient mismatch repair improves organismal fitness and survival

of mice with dysfunctional telomeres. Genes Dev. 21, 2234–2247.

Smith S, Giriat I, Schmitt A, de Lange T (1998) Tankyrase, a poly(ADP-

ribose) polymerase at human telomeres. Science 282, 1484–1487.

Smogorzewska A, de Lange T (2004) Regulation of telomerase by telo-

meric proteins. Annu. Rev. Biochem. 73, 177–208.

Smogorzewska A, van Steensel B, Bianchi A, Oelmann S, Schaefer

MR, Schnapp G, de Lange T (2000) Control of human telomere

length by TRF1 and TRF2. Mol. Cell. Biol. 20, 1659–1668.

van Steensel B, de Lange T (1997) Control of telomere length by the

human telomeric protein TRF1. Nature 385, 740–743.

van Steensel B, Smogorzewska A, de Lange T (1998) TRF2 protects

human telomeres from end-to-end fusions. Cell 92, 401–413.

Stout GJ, Blasco MA (2009) Genetic dissection of the mechanisms

underlying telomere-associated diseases: impact of the TRF2 telo-

meric protein on mouse epidermal stem cells. Dis. Model. Mech. 2,

139–156.

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells

from mouse embryonic and adult fibroblast cultures by defined fac-

tors. Cell 126, 663–676.

Tanny JC, Dowd GJ, Huang J, Hilz H, Moazed D (1999) An enzymatic

activity in the yeast Sir2 protein that is essential for gene silencing.

Cell 99, 735–745.

Tejera A, Stagno d¢Alcontres M, Marion RM, Thanasoula M, Martinez

P, Liao C, Flores JM, Tarsounas M, Blasco MA (2010) TPP1 is

required for TERT recruitment, telomere elongation during nuclear

reprogramming, and normal skin development in mice. Dev. Cell

18, 691–702.

Tomas-Loba A, Flores I, Fernandez-Marcos PJ, Cayuela ML, Maraver A,

Tejera A, Borras C, Matheu A, Klatt P, Flores JM, Vina J, Serrano M,

Blasco MA (2008) Telomerase reverse transcriptase delays aging in

cancer-resistant mice. Cell 135, 609–622.

Tsakiri KD, Cronkhite JT, Kuan PJ, Xing C, Raghu G, Weissler JC,

Rosenblatt RL, Shay JW, Garcia CK (2007) Adult-onset pulmonary

fibrosis caused by mutations in telomerase. Proc. Natl. Acad. Sci.

USA 104, 7552–7557.

Role of shelterin in cancer and aging, P. Martı́nez and M. A. Blasco

ª 2010 The Authors
Aging Cell ª 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

665



Tsangaris E, Adams SL, Yoon G, Chitayat D, Lansdorp P, Dokal I, Dror

Y (2008) Ataxia and pancytopenia caused by a mutation in TINF2.

Hum. Genet. 124, 507–513.

Vulliamy T, Marrone A, Goldman F, Dearlove A, Bessler M, Mason PJ,

Dokal I (2001) The RNA component of telomerase is mutated in

autosomal dominant dyskeratosis congenita. Nature 413, 432–435.

Walne AJ, Vulliamy T, Beswick R, Kirwan M, Dokal I (2008) TINF2

mutations result in very short telomeres: analysis of a large cohort

of patients with dyskeratosis congenita and related bone marrow

failure syndromes. Blood 112, 3594–3600.

Wang RC, Smogorzewska A, de Lange T (2004) Homologous recombi-

nation generates T-loop-sized deletions at human telomeres. Cell

119, 355–368.

Wang Y, Broderick P, Webb E, Wu X, Vijayakrishnan J, Matakidou A,

Qureshi M, Dong Q, Gu X, Chen WV, Spitz MR, Eisen T, Amos CI,

Houlston RS (2008) Common 5p15.33 and 6p21.33 variants influ-

ence lung cancer risk. Nat. Genet. 40, 1407–1409.

Watson JD (1972) Origin of concatemeric T7 DNA. Nat. New Biol.

239, 197–201.

Wu L, Multani AS, He H, Cosme-Blanco W, Deng Y, Deng JM, Bachilo

O, Pathak S, Tahara H, Bailey SM, Deng Y, Behringer RR, Chang S

(2006) Pot1 deficiency initiates DNA damage checkpoint activation

and aberrant homologous recombination at telomeres. Cell 126,

49–62.

Xin H, Liu D, Wan M, Safari A, Kim H, Sun W, O’Connor MS, Songy-

ang Z (2007) TPP1 is a homologue of ciliate TEBP-beta and interacts

with POT1 to recruit telomerase. Nature 445, 559–562.

Yamaguchi H, Calado RT, Ly H, Kajigaya S, Baerlocher GM, Chanock

SJ, Lansdorp PM, Young NS (2005) Mutations in TERT, the gene for

telomerase reverse transcriptase, in aplastic anemia. N. Engl. J. Med.

352, 1413–1424.

Yang X, Figueiredo LM, Espinal A, Okubo E, Li B (2009) RAP1 is essen-

tial for silencing telomeric variant surface glycoprotein genes in

Trypanosoma brucei. Cell 137, 99–109.

Ye JZ, Hockemeyer D, Krutchinsky AN, Loayza D, Hooper SM, Chait

BT, de Lange T (2004) POT1-interacting protein PIP1: a telomere

length regulator that recruits POT1 to the TIN2 ⁄ TRF1 complex.

Genes Dev. 18, 1649–1654.

Zhu XD, Niedernhofer L, Kuster B, Mann M, Hoeijmakers JH, de Lange

T (2003) ERCC1 ⁄ XPF removes the 3’ overhang from uncapped telo-

meres and represses formation of telomeric DNA-containing double

minute chromosomes. Mol. Cell 12, 1489–1498.

Role of shelterin in cancer and aging, P. Martı́nez and M. A. Blasco

ª 2010 The Authors
Aging Cell ª 2010 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland

666


