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Telomeres, the nucleoprotein complex at the ends of eukaryotic chromosomes, perform an
essential cellular role in part by preventing the chromosomal end from initiating a DNA-
damage response. This function of telomeres can be compromised as telomeres erode either
as a consequence of cell division in culture or as a normal part of cellular ageing in prolif-
erative tissues. Telomere dysfunction in this context leads to DNA-damage signaling and
activation of the tumor-suppressor protein p53, which then can prompt either cellular sen-
escence or apoptosis. By culling cells with dysfunctional telomeres, p53 plays a critical role
in protecting tissues against the effects of critically short telomeres. However, as telomere
dysfunction worsens, p53 likely exacerbates short telomere-driven tissue failure diseases,
including pulmonary fibrosis, aplastic anemia, and liver cirrhosis. In cells lacking p53,
unchecked telomere shortening drives chromosomal end-to-end fusions and cycles of chro-
mosome fusion-bridge-breakage. Incipient cancer cells confronting these telomere barriers
must disable p53 signaling to avoid senescence and eventually up-regulate telomerase to
achieve cellular immortality. The recent findings of highly recurrent activating mutations in
the promoter for the telomerase reverse transcriptase (TERT) gene in diverse human cancers,
together with the widespread mutations in p53 in cancer, provide support for the idea
that circumvention of a telomere-p53 checkpoint is essential for malignant progression in
human cancer.

The inability of primary human cells to be
cultured indefinitely provided the first sug-

gestion for an inherent limit placed on cell di-
vision. This behavior of normal cells directly
isolated from tissues contrasted with the indef-
inite proliferation of cancer cells in culture. Al-
though the underlying molecular basis for this
difference between normal cells and cancer cells
remained elusive for more than 20 years, we

now know that it is explained by a differential
ability to maintain telomeres, the nucleoprotein
caps that protect chromosome ends. The vast
majority of human cancer cells express telome-
rase, the enzyme that elongates telomeres,
whereas the primary cell culture models lacked
telomerase expression. The roadblocks prevent-
ing cell growth in primary cells included two
different responses—replicative senescence and
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crisis (Fig. 1). The senescence barrier is enforced
by two key tumor-suppressor pathways—p53
and Rb. These barriers are not only relevant in
limiting cell proliferation in culture, but are
critically important in human tissues and in
human carcinogenesis.

In mouse models of telomerase deficiency,
p53 was identified as a key pathway governing
the widespread defects in proliferative tissues.
Elimination of p53 in these telomerase-deficient
models partially rescued the effects of dysfunc-
tional telomeres, providing a mechanistic link
connecting telomeres and p53 in mammalian
tissues. Many human diseases are characterized
by a failure of tissue maintenance, leading to
severe organ damage and a failure of the primary
function of the organ in question. The telomere
biology disorders include the genetic disease
dyskeratosis congenita (DC), a multisystemic
disorder likely attributable to stem-cell dys-
function. Mutations in the telomerase pathway
are now known to cause many such tissue fail-
ure phenotypes, including pulmonary fibrosis,
aplastic anemia, and liver cirrhosis. These se-

vere consequences of impaired telomere main-
tenance represent an in vivo correlate of the
replicative senescence and crisis barriers to cell
proliferation described in culture and first seen
in telomerase knockout mice. The connection
between telomeres and p53 in cell culture and
in telomerase knockout mice suggested an im-
portant link to cancer development. The p53-
dependent response to dysfunctional telomeres
serves as a strong brake to tumor development in
mouse models. The profound telomere short-
ening seen during the course of human carcin-
ogenesis strongly suggests that a similar process
of telomere dysfunction activating p53 curtails
human cancer development. This hypothesis
was recently strengthened by the discovery of
highly recurrent mutations in the promoter of
the telomerase reverse transcriptase (TERT)
gene. These mutations represent definitive ge-
netic evidence that reestablishing telomere
maintenance is rate-limiting for tumor progres-
sion, enabling aspiring cancers to overcome bar-
riers to tumor growth dictated by the telomere-
p53 checkpoint.
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Figure 1. Telomere shortening in cell culture limits the proliferation of primary cells. After a defined number of
population doublings in culture, short telomeres in fibroblasts trigger a DNA-damage response that acts through
p53 to cause cellular senescence and a halt on proliferation. To proceed past senescence, cells must inactivate p53
and Rb, or up-regulate telomerase to achieve telomere maintenance. Once cells escape senescence, continued
telomere shortening will lead to a period of genomic instability termed crisis, which is characterized by cell death
and chromosomal instability. Expression of telomerase will stabilize the genome and allow continued prolifer-
ation of the culture.
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MAMMALIAN TELOMERES ARE
NUCLEOPROTEIN COMPLEXES THAT
PROTECT CHROMOSOME ENDS

Telomeres are comprised of tracts of G-rich nu-
cleotide repeats that serve as binding sites for a
protein complex termed shelterin (Fig. 2). In
vertebrates, telomeres are composed of the se-
quence TTAGGG, and include a double-strand-
ed tract of repeats many kilobases long and an
obligate single-stranded 30 overhang, measuring
a few hundred nucleotides (Palm and de Lange
2008). The single-stranded overhang can fold
back on the double-stranded telomere in a lariat
structure termed the T-loop, which serves to se-
quester the chromosome terminus, which hy-
bridizes to internal sequences creating a small
displacement loop, or D-loop (Griffith et al.
1999; Doksani et al. 2013). Double-stranded

telomere sequences are bound directly by
two sequence-specific DNA-binding proteins,
TRF1 and TRF2, which in turn interact with a
larger number of proteins. TRF2 is critical for
telomere end protection and contributes to for-
mation of the T-loop conformation. Disruption
of TRF2 through overexpression of a dominant-
negative form or through deletion in TRF2
knockout mouse embryo fibroblasts leads to
loss of the protective capped structure, charac-
terized by processing of the 30 overhang and li-
gation of chromosome ends (van Steensel et al.
1998; Celli and de Lange 2005). TRF1 can act to
modulate telomere length, but it serves a critical
role in facilitating DNA replication through the
telomere repeats, which act as fragile DNA sites
(van Steensel and de Lange 1997; Smogorzewska
et al. 2000; Martinez et al. 2009; Sfeir et al. 2009).
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Figure 2. Shelterin, the telomere-binding complex, protects chromosome ends and controls telomerase func-
tion. Telomeric DNA is bound by the double-stranded DNA-binding proteins TRF1 and TRF2 and by the single-
stranded DNA-binding protein Pot1. Rap1 binds to TRF2 and functions as a transcriptional regulator. TIN2
nucleates the complex by connecting TRF1 and TRF2 to the Tpp1/Pot1 subcomplex. Each component of
shelterin serves a specialized function in telomere maintenance, with TRF2 and Pot1 involved in suppression
of DNA-damage signaling, and TRF1 involved in facilitating replication through difficult to replicate telomeric
sequences. Telomerase is recruited to the complex through its interaction with Tpp1; once at the telomere, its
action is negatively regulated by Pot1. Telomerase is a ribonucleoprotein composed of a noncoding RNATERC
that serves as a scaffold for protein components TERT, TCAB, dyskerin, NOP10, and NHP2. Dyskerin and its
associated proteins promote TERC biogenesis and stability, whereas TCAB facilitates trafficking of telomerase to
the telomere. TERT is the catalytic subunit and TERC encodes the template for reverse transcription.
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TRF1 and TRF2 each interact with a com-
mon factor TIN2 (Kim et al. 1999), which nu-
cleates a six-member complex, termed shelterin,
which also includes RAP1, POT1, and TPP1 (de
Lange 2005). RAP1 is a TRF2-interacting fac-
tor, related to Rap1p, a critical telomere-bind-
ing protein in Saccharomyces cerevisiae (Li et al.
2000). Unlike yeast Rap1p, mammalian RAP1
does not bind telomeric DNA directly, but is
instead recruited to telomeres through its inter-
action with TRF2. Deletion of Rap1 in human
cells reveals a role for Rap1 in telomere recom-
bination and transcriptional regulation, but not
in telomere end protection or telomere length
maintenance (Sfeir et al. 2010; Yeung et al. 2013;
Kabir et al. 2014). TIN2 also interacts with the
subcomplex of shelterin that binds the single-
stranded overhang: TPP1 and POT1, two oligo-
saccharide-binding (OB)-fold-containing pro-
teins (Baumann and Cech 2001; Liu et al. 2004;
Ye et al. 2004). POT1 directly binds the single-
stranded telomere sequences and interacts di-
rectly with TPP1. POT1 and TPP1 serve a role
in protecting the single-stranded portion of the
telomere, because loss of POT1 impairs telomere
capping (Hockemeyer et al. 2005, 2006; Wu et al.
2006; Hockemeyer et al. 2007). In addition,
POT1 and TPP1 can control telomerase action
at telomeres. Overexpression of POT1 leads to
telomere shortening by inhibiting telomerase
action at the telomere (Loayza and de Lange
2003). In contrast, POT1 and TPP1 in vitro
serve as potent enhancers of telomerase proces-
sivity (Wang et al. 2007; Xin et al. 2007). TPP1
represents the key shelterin component govern-
ing recruitment of telomerase to telomeres.
Knockdown of either TPP1, or the protein
needed for tethering TPP1 to telomeres, TIN2,
impairs the ability of telomerase to be recruited
to telomeres (Abreu et al. 2010). TPP1 was
shown to be the critical subunit governing re-
cruitment, and this activity is restricted to the
oligonucleotide/OB domain of TPP1, which is
sufficient for binding telomerase when tethered
to a nontelomeric locus. Disruption of the
TPP1–TERT interaction blocks the ability of
telomerase to be maintained by telomeres, lead-
ing to eventual cell death (Nandakumar et al.
2012; Zhong et al. 2012; Sexton et al. 2014).

REPLICATIVE SENESCENCE: CONNECTING
TELOMERES TO p53 IN CULTURED
HUMAN CELLS

The observation by Leonard Hayflick that pri-
mary human fibroblasts can only undergo a pre-
determined number of cell divisions indicated
the presence of an intrinsic counting mechanism
governing cell fate (Fig. 1) (Hayflick and Moor-
head 1961). After 60–80 divisions, fibroblasts
encountered replicative senescence, a perma-
nent growth arrest in the G1 phase of the cell
cycle. The senescence barrier could be bypassed,
but only temporarily, by expression of the SV40
early region, leading to a new state termed cri-
sis. At crisis, the ultimate role of telomeres in
preventing chromosome end recombination is
revealed. Rather than cell-cycle arrest, crisis is
characterized by high rates of cell death and ram-
pant chromosomal instability, including end-
to-end chromosome fusions (Counter et al.
1992). Dissection of the requirements for by-
passing replicative senescence led to the insight
that neutralization of both p53 and Rb pathways
was required to reach crisis. Pathway inactivation
using viral oncoproteins, including adenovirus
E1A and E1B, human papilloma virus E6 and
E7, or SV40 large T alone, enabled senescence
to be circumvented (Shay et al. 1991). Similarly,
antisense RNAs directed against both p53 and
Rb allowed direct entry to crisis in human cells
(Hara et al. 1991). The requirement for p53 in
enforcing replicative senescence implied that
downstream transcriptional targets of p53 were
similarly required. The cyclin-dependent kinase
inhibitor p21 (CIP1/WAF1) is a prominent tran-
scriptional target of p53, is induced by DNA
damage and other stresses, and contributes to
p53-dependent cell-cycle arrest. Inactivation of
p21 using homologous recombination in pri-
mary human cells bypassed senescence and en-
abled additional cell divisions eventually leading
to crisis (Brown et al. 1997). Thus, p53 and Rb
pathways were linked to the barriers controlling
cellular life span of human cells in culture, with
provocative implications for how telomeres and
p53 connect in limiting human cancer.

Speculation that telomere shortening may
represent the counting mechanism explaining

C.M. Roake and S.E. Artandi

4 Cite this article as Cold Spring Harb Perspect Med 2017;7:a026088

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



the protracted delay in triggering replicative sen-
escence responses (Watson 1972; Olovnikov
1973) could not be tested until telomeres were
molecularly defined. The discovery of the first
telomere sequence (Blackburn and Gall 1978)
and the discovery of the enzyme telomerase in
the ciliate Tetrahymena (Greider and Blackburn
1985) enabled such hypotheses to be tested.
In Tetrahymena or in S. cerevisiae, interfering
with telomerase function triggered senescence
in these organisms, providing a key mechanistic
link between telomeres and senescence in uni-
cellulareukaryotes (Yu et al. 1990; Lundblad and
Blackburn 1993). Identification of TTAGGG re-
peats at telomeres in vertebrates allowed human
telomere length to be queried experimentally.
Examination of telomere lengths in cultured
fibroblasts by Southern blot revealed that, in-
deed, telomeres shortened with cell divisions
as primary cells approached senescence (Harley
et al. 1990). These findings showed that telomere
shortening correlated with senescence, but did
not establish short telomeres as the root cause of
the senescence arrest. The cloning of human
TERT allowed telomerase activity to be manip-
ulated in human cells for the first time (Lingner
et al. 1997; Meyerson et al. 1997; Nakamura et al.
1997).

Stable overexpression of TERT in human
fibroblasts reconstituted telomerase activity, in-
dicating that TERT was the only subunit limit-
ing telomerase expression in primary human
cells. Re-expression of telomerase was sufficient
to elongate telomeres, bypass senescence, and
immortalize cells, proving that telomere short-
ening represented the counting mechanism trig-
gering senescence at the Hayflick limit (Fig. 1)
(Bodnar et al. 1998). Importantly, these findings
also established that, as long as telomeres are
maintained efficiently, the p53 and Rb check-
points are not triggered, indicating that there
are no other stressors in this context to activate
p53 and impair cell proliferation.

INTERPLAY BETWEEN TELOMERES AND p53
IN VERTEBRATE ANIMAL MODELS

Cloning of the murine components of the cata-
lytic core of the telomerase enzyme, TERT, and

the telomerase RNA component, TERC, allowed
the functions of telomerase and telomeres to be
tested in a living mammal. Inbred strains of lab-
oratory mice have much longer telomeres than
humans (40–80 kb vs. 5–15 kb) (Kipling and
Cooke 1990). As a result, loss of telomerase ac-
tivity in telomerase knockout mice showed no
effect; first-generation (G1) telomerase knock-
out mice were viable and apparently normal
because they retained very long telomeres. How-
ever, as telomerase-deficient mice were generat-
ed by intercrossing G1 knockout mice to create
generation 2 (G2) knockout mice, and this pro-
cess continued for many generations, telomeres
shortened progressively. Eventually, chromo-
somal end-to-end fusions occurred as telomere
sequences were lost from a subset of ends (Blasco
et al. 1997). Correlating with the onset of telo-
mere dysfunction in G4–G6 telomerase knock-
out mice, animals developed defects in many
highly proliferative tissues. Most prominent
among the phenotypes were infertility and loss
of the male germline, intestinal dysfunction, and
lymphocyte dysfunction (Lee et al. 1998; Wong
et al. 2000). Infertility in males and females pre-
vented the propagation of telomerase-deficient
mouse strains beyond the sixth generation.

The dominant response to telomere dys-
function in failing tissues of telomerase knock-
out mice was an apoptotic one. Late-generation
TERC2/2 mice showed very high levels of apo-
ptosis in multiple organs, including testis,
lymphoid tissue, and intestinal epithelium, co-
incident with stabilization and activation of p53
(Chin et al. 1999). These phenotypes were large-
ly rescued in TERC2/2 p532/2 animals. Cel-
lularity of the testis was significantly improved,
and apoptosis was correspondingly rescued,
in G6 TERC2/2 p532/2 compared with G6
TERC2/2 p53þ/þ littermates. Telomere short-
ening in G6 TERC2/2 p53þ/þ mice precipitat-
ed a premature aging phenotype, characterized
by kyphosis, hair graying, hair loss, villous at-
rophy in the intestine, and impaired systemic
stress responses (Herrera et al. 1999; Rudolph
et al. 1999). These results indicate that p53
serves a critical function in responding to dys-
functional telomeres and in mediating the ad-
verse apoptotic phenotypes in vivo, just as it
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serves to enforce replicative senescence in cul-
tured human fibroblasts (Fig. 1). These findings
also provided a potential link between cellular
aging and aging of the whole organism, with
p53 a critical mediator of both phenotypes.

Other vertebrate model organisms have
proved to be useful in studying telomerase func-
tion as well. Because of their shorter telomeres,
zebrafish lacking the telomerase catalytic sub-
unit TERT exhibit shorter life spans within the
first generation and show infertility, intestinal
atrophy, and loss of skeletal muscle (Henriques
et al. 2013). Proliferative defects were rescued by
p53 loss in TERT2/2 p532/2 zebrafish, indi-
cating a conserved role for p53 in responding to
telomere dysfunction in vertebrates. The Afri-
can turquoise kilifish is the shortest lived verte-
brate grown in a laboratory setting, making it
ideal for the study of aging related genes; killi-
fish lacking TERTexhibit greatly decreased male
fertility and fail to produce viable offspring
(Harel et al. 2015). Studies using these organ-
isms have only just begun, but may soon prove
to be an efficient and cost-effective way to study

the role of telomerase in vertebrate aging and
the role of p53 and other checkpoints down-
stream of telomere uncapping.

LOCAL DNA DAMAGE AT UNCAPPED
TELOMERES PROPAGATES SIGNALS THAT
ACTIVATE p53

As a subset of telomeres in culture or in vivo
approach a critically short length, telomere
structure or conformation is altered is such a
way that a DNA-damage response can no longer
be suppressed. Such critically short telomeres—
also called uncapped telomeres—trigger DNA-
damage signaling similar to that caused by dou-
ble-stranded DNA breaks (Fig. 3). Senescent hu-
man fibroblasts show a number of telomeric foci
that contain phosphorylated H2AX and 53BP1,
hallmarks of double-stranded breaks (d’Adda
di Fagagna et al. 2003; Takai et al. 2003). These
damaged telomeres are termed telomere dys-
function-induced foci (TIFs). This DNA-dam-
age response can be recapitulated by inhibiting
TRF2 function, or the function of other shel-

!!!!!!

Telomeres shorten
during replication 

Telomere uncapping
Double-stranded break sensing

ATM/ATR

p53

G1 cell-cycle arrest
Senescence

Apoptosis Tumor suppression

TIFs

Figure 3. Pathways connecting telomeres and p53. Telomeres shorten with aging or with extended passage in
culture, leading to eventual telomere uncapping. Uncapped telomeres lose their protective function, and
telomere-dysfunction-induced foci, or TIFs, composed of DNA-damage proteins, are recruited to uncapped
telomeres. Dysfunction telomeres can signal through the ATM and ATR kinases to phosphorylate p53. Phos-
phorylation stabilizes p53 by inhibiting its interaction with MDM2, and p53 then transcriptionally up-regulates
target genes mediating G1 checkpoint arrest, senescence, and apoptosis.
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terin components, yielding an immediate DNA-
damage response at acutely uncapped telo-
meres. For example, loss of TRF2 causes the ap-
pearance of DNA-damage foci at telomeres in an
ATM-dependent fashion, resulting in the phos-
phorylation of the Chk2 kinase (Denchi and de
Lange 2007). Mouse telomeres contain two pa-
ralogs of the human POT1 protein, POT1a, and
POT1b. Conditional models using MEFs re-
vealed that both POT1a and POT1b are required
to suppress DNA damage at telomeres (Hocke-
meyer et al. 2006). Loss of POT1a, in particular,
results in ATR activation and phosphorylation
of both Chk1 and Chk2 (Wu et al. 2006; Denchi
and de Lange 2007). These genetic studies led to
an attractive model in which the double-strand-
ed telomere complex (TRF2) and the complex
that binds the single-stranded overhang (POT1
and TPP1) block signaling from ATM and ATR,
respectively (Figs. 2 and 3). At long telomeres,
the abundance of shelterin represses the activi-
ties of ATM and ATR, but as telomeres shorten
the diminished loading of TRF2 and POT1 will
allow de-repression of ATM and ATR and trigger
the p53 response.

In contrast to total telomeric deprotection
from complete TRF2 loss, telomeric deprotec-
tion at replicative senescence or in cell cultures
with partially depleted TRF2 results in a differ-
ential double-stranded break response without
phosphorylation of Chk2 and induction of the
G2/M checkpoint; damaged telomeres are al-
lowed to pass through mitosis and cause G1

growth arrest in daughter cells (Cesare et al.
2013). Downstream of this signaling cascade,
the activation of ATM kinase leads directly to
p53 phosphorylation, as well as to the phos-
phorylation of Chk2 checkpoint kinase, which
triggers additional modifications on p53 (Fig.
2). These posttranslational modifications to p53
promote displacement of MDM2 and cause p53
stabilization and activation.

TELOMERE SHORTENING INHIBITS
CARCINOGENESIS IN MODELS WITH
AN INTACT p53 PATHWAY

Because telomerase is expressed in 90% of hu-
man cancers (Kim et al. 1994) and is required

for cellular immortalization in primary human
cells, it was proposed that telomerase is required
for carcinogenesis. This idea was tested in vivo in
telomerase knockout mouse strains either treat-
ed with carcinogens to induce cancer or when
studied on tumor-prone backgrounds lacking
specific tumor-suppressor genes. Mice with de-
letions in the INK4A/ARF locus are susceptible
to mesenchymal and lymphoid tumors. The
INK4A/ARF locus codes for two tumor sup-
pressors, p16INK4a and P19ARF, each expressed
from a unique first exon spliced into a common
second exon in unique reading frames. Deletion
of the second exon results in loss of both gene
products and a predisposition in mice to fibro-
sarcomas and lymphomas (Serrano et al. 1996;
Kamijo et al. 1997). G5 TERC2/2 mice lacking
exon 2 of the locus developed tumors at half the
rate of controls (Greenberg et al. 1999; Khoo
et al. 2007). Although P19ARF serves a critical
role in the p53 pathway downstream of aberrant
oncogene signals, inactivation of P19ARF pre-
serves the DNA damage arm of the p53 pathway.
These data showed that, indeed, telomere dys-
function blocks tumor formation in a setting of
intact DNA-damage signaling (Fig. 3).

Multiple additional lines of evidence simi-
larly showed a decreased frequency of epithelial
neoplasia in mice with short telomeres. Skin
treatment with 7,12-dimethybenz(a)anthracene
(DMBA) and promotion with 12-O-tetradeca-
noylphorbol 13-acetate (TPA) leads to efficient
establishment of papillomas in mice coincident
with activation of H-RAS. In this model, treat-
ment of G5 TERC2/2 mice with DMBA/TPA
led to a 20-fold lower rate of papilloma devel-
opment than in WT mice and a 16-fold lower
rate than in G1 TERC2/2 animals, suggesting
that, in this context, short telomeres are protec-
tive against carcinogenesis (Gonzalez-Suarez et
al. 2000). To investigate the effects of telomere
dysfunction on intestinal adenoma formation,
telomerase knockout mice were crossed with the
APCmin strain, in which a mutation in the APC
gene promotes numerous intestinal polyps.
APCmin/þ G4 TERC2/2 mice showed a much
lower rate of adenoma formation than wild-type
controls. Interestingly, adenomas from these
mice showed overexpression of p53 and an
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increased amount of apoptosis (Rudolph et al.
2001). There is also evidence that short telo-
meres limit cancer development in vivo by
inducing senescence. B-cell lymphomas were
significantly suppressed in EmMycþ G5–G6
TERC2/2 mice through induction of p53-de-
pendent senescence (Feldser and Greider 2007).
A mutant in p53, R172P, which has lost the abil-
ity to induce apoptosis but retains the ability
to enforce cell-cycle arrest and senescence, has
been studied in this context. Tumorigenesis was
suppressed in mice with telomere dysfunction
and the p53-R172P allele, indicating the impor-
tance of p53-enforced cell-cycle arrest in sup-
pressing telomere uncapping responses (Feldser
and Greider 2007). These experiments revealed
that telomere dysfunction compromised tumor
development in part through activation of p53,
providing a link between the p53-dependent re-
sponses seen in cultured human cells and tumor
suppression in vivo.

DYSFUNCTIONAL TELOMERES IN THE
SETTING OF IMPAIRED p53 RESPONSES
PREDISPOSE TO TRANSLOCATIONS,
EPITHELIAL CANCERS, AND
ANEUPLOIDY

Human cell culture studies showed that loss
of p53 overcame replicative senescence and en-
abled entry into crisis, which was interpreted as
a second barrier to cancer formation (Fig. 1).
Based on these findings, we might have expected
that inactivation of p53 in mice with short
telomeres would either remove the barrier to
tumor progression imposed by dysfunctional
telomeres, enabling cancer to develop unhin-
dered, or leave cancer development severely im-
paired, just as crisis in culture induces cell death
through a p53-independent mechanism. In-
stead of either of these possibilities, cancer for-
mation was accelerated and shifted to a new
tumor type. Surprisingly, in the context of p53
loss, mice with shortened telomeres developed
cancer more rapidly and become primed for the
development of carcinomas. Although p53þ/2

mice typically develop lymphoid and mesen-
chymal lesions, late-generation TERC2/2

p53þ/2 mice acquired epithelial cancers such

as cancers of the breast, GI tract, and skin
(Artandi et al. 2000).

How is it that telomere shortening promotes
rather than inhibits tumor formation in a p53-
mutant background? In telomerase-deficient
cells in culture and in neoplasias from late-gen-
eration TERC p53þ/2 mice, telomere shorten-
ing leads to formation of chromosomal fusions,
and anaphase bridges. Activation of p53 in this
case would normally lead to cellular arrest or
apoptosis and impaired tumor development.
Without p53, however, these fused chromo-
somes promoted more widespread chromo-
somal instability through cycles of chromosome
fusion-bridge-breakage (Fig. 4). Specifically,
telomere dysfunction promoted nonreciprocal
translocations, a cytogenetic hallmark of epithe-
lial tumors (Artandi et al. 2000). Carcinomas
from late-generation TERC2/2 p53þ/2 mice
showed formation of translocations between
nonhomologous chromosomes, as well as wide-
spread regional gene copy number changes
by comparative genome hybridization (O’Ha-
gan et al. 2002). It is these changes in gene
copy number—gains of oncogenes and losses
of tumor-suppressor genes—that likely drive tu-
morigenesis in this context (Fig. 4). The role of
telomere dysfunction in promoting transloca-
tions and tumorigenesis emerged as a consistent
theme. In cultured human cells, disrupting telo-
mere-capping function through TRF2 inacti-
vation also drove formation of nonreciprocal
translocations, indicating that these rearrange-
ments can be catalyzed either through progres-
sive telomere shortening or through immediate
telomere uncapping through shelterin disrup-
tion (Smogorzewska et al. 2002). Furthermore,
time-lapse imaging of cells in which TRF2 has
been inactivated revealed the formation of
anaphase bridges during mitosis, which persist
into the next interphase. After bridge resolution,
surviving cells show genomic rearrangements
on multiple chromosomes (chromothripsis), as
well as clusters of point mutations (also known
as kaetegis), which correspond to genomic
regions near genomic breakpoints. These find-
ings provide more evidence that telomere dys-
function can fuel the types of genomic aber-
rations commonly seen in cancer (Maciejowski
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et al. 2015). Along these lines, mice mutant
for the telomere-binding protein TPP1 develop
adrenocortical dysplasia (ACD) and other de-
velopmental abnormalities through telomere un-
capping and these phenotypes are largely res-
cued by p53 deficiency (Keegan et al. 2005; Vlan-

gos et al. 2009). Similar to the G5-G6 TERC2/2

p53þ/2 model, TPP1acd/acd p53þ/2 mice are
highly prone to epithelial carcinomas of the
skin, and these cancers possess nonreciprocal
translocations (Else and Hammer 2009). These
data established an important role for dysfunc-

In the absence of telomerase,
telomeres shorten

Loss of p53 function

!!!!

Sister chromatid fusion

Cycles of
fusion-bridge-
breakage

Chromatin bridges formed in anaphase 

Resolution of  bridges in subsequent interphase

Up-regulation of telomerase
Genomic stabilization
Cancer progression

!!!!

********
****

+

Innapropriate recombination 

Highly mutated regions near breakpoint

Figure 4. Telomere dysfunction promotes cancer through cycles of chromosome fusion-bridge-breakage. In a
p53-null background, telomeres are able to shorten over repeated cell divisions without causing senescence.
After a critical length is reached, telomere uncapping occurs leading to covalent ligation of sister chromatids in
this example. During mitosis, chromosome migration to opposite spindle poles results in chromosomal break-
age. The broken chromosome is now susceptible to recombination with other chromosomes, causing nonre-
ciprocal translocations and leading to copy number alterations. After many cycles, up-regulation of telomerase
by malignant cells would allow stabilization of the karyotype, and the tumor with a newly altered genome would
be able to proceed in its evolution.
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tional telomeres in catalyzing the formation
of nonreciprocal translocations and driving car-
cinoma formation through gene copy number
alterations.

Dysfunctional telomeres can also promote
tumorigenesis through a mechanism distinct
from cycles of fusion-bridge-breakage. Inacti-
vation of POT1, the protein that binds the
single-stranded overhang, leads to deprotection
at telomeres and TIF formation (Hockemeyer
et al. 2006; Wu et al. 2006). The prolonged
DNA-damage response emanating from telo-
meres in POT1-deficient p53-deficient mouse
embryo fibroblasts leads to a prolonged arrest
in the G2 phase of the cell cycle. Eventually, cells
progress through this barrier without entering
mitosis, resulting in endoreduplication and tet-
raploidy (Davoli et al. 2010). This tetraploidiza-
tion creates a perfect substrate for transforma-
tion because it allows for development of
widespread aneuploidy. Indeed, mouse cells
with these features show an increased rate of
cellular transformation (Davoli and de Lange
2012). This is significant because a substantial
proportion of human tumors have very high
numbers of chromosomes, ranging from hyper-
triploid to subtetraploid. It is possible that these
tumors arose from an initial tetraploid cell that
then underwent chromosome loss. These find-
ings reveal another means by which p53 can
disallow transformation, by preventing cells
with persistent telomere damage from promot-
ing tetraploidization and aneuploidy.

MUTATIONS IN THE TELOMERASE
PATHWAY CAUSE DC AND RELATED
TELOMERE BIOLOGY DISORDERS

The critical role of telomerase in preventing
senescence, together with the numerous tissue
defects seen in telomerase knockout mice sug-
gested the possibility that disruptions of telo-
mere maintenance could contribute to human
disease. Inactivating mutations in telomerase
genes were first linked to DC, a rare genetic
disorder most commonly seen in children and
young adults. In its classic form, DC is charac-
terized by a clinical triad of epidermal features:
skin hyper- and hypopigmentation, nail dystro-

phy, and mucosal leukoplakia. DC is considered
a bone marrow failure syndrome because aplas-
tic anemia is one of the life-threatening pheno-
types in the disease. DC is a multisystemic
disease because patients are also prone to pul-
monary disease and liver disease, and show a
large number of other phenotypes, including
hair loss and graying, cardiovascular disease,
osteoporosis, and gastrointestinal disease. DC
can now be considered one disease across a spec-
trum of telomere biology disorders (Armanios
and Blackburn 2012). At one end of the spec-
trum of severity is Hoyeral–Hreidarsson (HH)
syndrome, which presents in infancy with cere-
bellar hypoplasia, bone marrow failure, and de-
velopmental delay (Knight et al. 1999). Classical
DC often presents in early childhood or young
adulthood. Many patients with germline muta-
tions in telomerase genes present later in life and
with more isolated phenotypes. Telomerase mu-
tations underlie approximately 20% of familial
idiopathic pulmonary fibrosis (Armanios et al.
2007). Five percent to 10% of aplastic anemia
is also caused by telomerase mutations (Yama-
guchi et al. 2003, 2005). Liver cirrhosis has
also been attributed to telomerase mutations
(Calado et al. 2011; Hartmann et al. 2011). It
remains unclear how germline mutations in tel-
omerase genes result in such variable pheno-
types, including late presentations sometimes
affecting only a single organ system, as in IPF.
Undoubtedly, modifier genes and environmen-
tal factors contribute. Telomere length is a likely
key variable, as DC inheritance shows genetic
anticipation. DC can become more severe and
present at an earlier age in the children of pa-
tients as telomeres shorten from generation to
generation, just as in telomerase knockout mice
(Vulliamy et al. 2004; Armanios et al. 2005).

The underlying pathophysiology of each of
these syndromes relates to short telomeres and
the attendant consequences of senescence and
cell death seen in cultured human cells and in
mouse models. As a result, telomere biology
disorders are linked to mutations in genes in-
volved in telomere homeostasis (Fig. 1). These
diseases are transmitted with various modes of
inheritance (Table 1). The mechanisms govern-
ing these disease states are diverse, each impact-
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ing on the ability of telomeres to be maintained.
Mutations in the catalytic core of the enzyme,
TERTor TERC, typically occur in one allele and
act through haploinsufficiency to reduce en-
zyme activity (Vulliamy et al. 2001; Armanios
et al. 2005; Yamaguchi et al. 2005). Mutations
in dyskerin (DKC1), an RNA-binding protein
that controls TERC biogenesis and stability, are
X-linked recessive and result in reduced TERC
levels (Mitchell et al. 1999). Similarly, autoso-
mal recessive mutations in the dyskerin-associ-
ated proteins, NHP2 and NOP10, reduce TERC
levels (Walne et al. 2007; Vulliamy et al. 2008).
TCAB1 is an unusual telomerase holoenzyme
protein because it functions to control traffick-
ing of the enzyme complex to Cajal bodies and
to telomeres. Autosomal recessive mutations
in TCAB1 cause mislocalization of telomerase
to nucleoli (Venteicher et al. 2009; Zhong et al.
2011, 2012). Telomere-binding proteins can
also be mutated in DC (Table 1). Mutations in
TIN2 occur in a severe autosomal-dominant
form of the disease that acts through as-yet un-

clear mechanisms (Savage et al. 2008). Muta-
tions in TPP1 can interfere specifically with tel-
omerase recruitment to telomeres (Kocak et al.
2014). Coats plus disease is a rare disorder that
at first glance seems unrelated to telomere biol-
ogy syndromes. This disease is characterized
by retinal telangiectasias, retinal exudates, brain
leukodystrophy, and brain cysts. Some Coats
plus patients also show phenotypic overlap
with DC patients, and this syndrome is caused
by mutations in CTC1, which forms a single-
stranded DNA-binding complex together with
STN1 and TEN1, important in DNA replication
and replication of telomeres (Anderson et al.
2012; Chen et al. 2013). Telomere biology dis-
orders are also caused by mutations in RTEL, a
DNA helicase that serves to unwind D-loops
and is important in DNA replication and
homologous recombination. RTEL is mutated
in DC where its role in unwinding T-loops
is abrogated leading to telomere shortening
(Ballew et al. 2013; Vannier et al. 2013; Walne
et al. 2013). Most recently, mutations in PARN,

Table 1. The genetic basis of dyskeratosis congenita and telomere biology diseases

Inheritance Gene

Telomerase

pathway function

Molecular mechanism

of disease References

X-linked DKC1 TERC biogenesis Decreased TERC accumulation;
decreased telomerase activity

Mitchell et al. 1999

Autosomal
dominant

TERT Catalytic subunit Decreased telomerase activity Armanios et al. 2005;
Yamaguchi et al. 2005

TERC RNA template
subunit

Decreased telomerase activity Vulliamy et al. 2001

TINF2 Shelterin protein Telomerase-independent
telomere shortening

Savage et al. 2008

Autosomal
recessive

NHP2,
NOP10

TERC biogenesis Decreased TERC accumulation;
decreased telomerase activity

Walne et al. 2007; Vulliamy
et al. 2008

TCAB1 Telomerase
trafficking

Decreased telomerase
recruitment

Zhong et al. 2011

CTC1 Telomere
protection

Telomere uncapping Anderson et al. 2012; Chen
et al. 2013

TPP1 Telomerase
trafficking

Decreased telomerase
recruitment

Kocak et al. 2014

Mixed AD/AR RTEL1 Telomere helicase Telomere loss Ballew et al. 2013; Vannier
et al. 2013; Walne et al.
2013

PARN TERC biogenesis Decreased TERC accumulation;
decreased telomerase activity

Dhanraj et al. 2015; Moon
et al. 2015; Stuart et al.
2015.
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a nuclease that removes polyA sequences from
RNAs, have been reported to cause severe DC
and IPF, by promoting TERC species with in-
creased polyA tails (Dhanraj et al. 2015; Moon
et al. 2015; Stuart et al. 2015). Thus, telomere
biology disorders can arise through mutations
in telomerase, telomere-binding proteins, and
enzymes required for processing telomerase or
telomere DNA sequences.

Telomerase mutations are associated not
only with tissue defects, but also with a para-
doxical increase in cancer. DC patients have a
greatly increased cancer risk in the third and
fourth decades of life, a rate that is 11-fold great-
er than age-matched controls. They are espe-
cially prone to epithelial cancers of the head
and neck, myelodysplastic syndrome, and acute
myeloid leukemia (Alter et al. 2009). This can-
cer-prone state occurs in the setting of short,
dysfunctional telomeres and is likely mediated
through a chromosomal instability mechanism
as in telomerase-deficient p53-mutant mice, al-
though this needs to be investigated further. The
role of p53 in telomere biology syndromes also
requires additional study. Based on studies in
model systems, p53 likely contributes to tissue
failure phenotypes in patients with telomere
syndromes by culling stem cells from affected
tissues. A recent mouse study showed that a
nonsense mutation in p53 causing truncation
and loss of the carboxy-terminal domain led to
development of phenotypes resembling DC, in-
cluding aplastic anemia, pulmonary fibrosis,
and the epidermal triad of oral leukoplakia,
nail dystrophy, and skin hyperpigmentation
(Simeonova et al. 2013). These data may show
that enhanced activity of p53 can mediate sim-
ilar phenotypic effects compared with activa-
tion of native p53 by telomere dysfunction.

TELOMERASE IS UP-REGULATED IN MANY
HUMAN CANCERS THROUGH RECURRENT
NONCODING MUTATIONS IN THE TERT
PROMOTER

Telomerase reactivation is a hallmark of carcino-
genesis, and the vast majority (�90%) of hu-
man tumors have telomerase activity. Recent
findings show that many human cancer types

show highly recurrent mutations in the TERT
promoter (Horn et al. 2013; Huang et al.
2013). One of two positions in the TERT pro-
moter is mutated in 21% of medulloblastomas,
83% of primary glioblastomas, 66% of urothe-
lial carcinomas of the bladder, 47% of hepato-
cellular carcinomas, and 71% of melanomas,
making these mutations the most common
noncoding mutation in cancer discovered thus
far (Killela et al. 2013; Kinde et al. 2013; Wein-
hold et al. 2014). Consistent with an activating
role, the mutations are associated with increased
TERT expression, telomerase activity, and telo-
mere length (Weinhold et al. 2014; Borah et al.
2015). Microdissection and sequencing of pri-
mary human melanomas revealed that the
TERT-promoter mutations were absent in be-
nign lesions but present in a majority (77%) of
intermediate lesions, suggesting that TERT up-
regulation is a relatively early event in melanoma
(Shain et al. 2015).

The two somatic mutations, G228A and
G250A, generate an identical 11 base pair se-
quence in the promoter region that creates a de
novo binding site for the E26 transformation
specific (ETS) transcription factor GABPA
(Bell et al. 2015). Binding of GABPA to the mu-
tant, but not the wild-type TERT promoter can
activate TERT expression. This is concurrent
with a switch to active chromatin marks in the
TERT promoterof the mutated allele (Stern et al.
2015). Because of their highly recurrent status, it
is clear that up-regulation of TERT via its tran-
scription is extremely advantageous to cancer
cells. How the TERT-promoter mutations coop-
erate with other common mutations in cancer,
such as those in p53, remains to be studied.

CONCLUSIONS

In human cells and in mouse models, the tumor
suppressor p53 is critical for the checkpoint
arrest and apoptosis in response to damage sig-
naling from dysfunctional telomeres. This p53-
response limits the growth of primary cells in
culture but also enables p53 to suppress tumor-
igenesis in vivo in the context of critically short
telomeres. In people with germline mutations
in the telomerase pathway, telomere dysfunction
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leads to tissue failure in DC and related telomere
biology disorders. In this context, p53 likely
serves an important role in contributing to these
phenotypes by culling progenitor cells from af-
fected tissues. Indeed, in the absence of p53,
dysfunctional telomeres are able to accele-
rate tumorigenesis by catalyzing chromosome
fusion-bridge-breakage cycles. Telomerase up-
regulation is a key, rate-limiting step in tumor-
igenesis as evidenced by the highly recurrent
mutations in the TERT promoter. These data
support a model in which telomere shortening
early in tumorigenesis engages p53-dependent
checkpoints limiting tumor maturation. Inacti-
vating mutations in the p53 pathway and acti-
vating mutations in the TERT promoter may be
critical in evading these senescence and crisis
responses and enabling tumor progression.
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