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Telomeres are nucleoprotein complexes that protect the
natural ends of chromosomes from fusion and degradation
and prevent them eliciting a checkpoint response. This
protective function, which is called telomere capping, is
largely mediated by telomere-binding proteins that suppress
checkpoint activation and DNA repair activities. Telomere
dysfunction through progressive shortening or removal of
capping proteins leads to a checkpoint-mediated block of cell
proliferation, which acts as a cancer-suppressor mechanism.
However, genetic alterations that inactivate the checkpoint
can lead to further telomere erosion and increased genomic
instability that, coupled with the activation of mechanisms to
restabilize telomeres, can drive the oncogenic process.

Introduction

The natural ends of chromosomes must be distinguished from
intrachromosomal DNA double-strand breaks (DSBs), which
activate a DNA damage response (DDR) including checkpoint-
mediated cell cycle arrest and DNA repair/recombination path-
ways. Protection of chromosome ends, referred to as capping,
is achieved by packaging into protective structures called telo-
meres.”? A number of proteins bind the telomeric DNA and pro-
tect it from fusion, degradation, and recognition as a DSB that
would otherwise lead to chromosome instability and cell death.

In most eukaryotes, telomeric DNA is highly repetitive and
consists of short TG-rich nucleotide repeats in the strand run-
ning 5’ to 3’ toward the chromosome end. In addition to double-
stranded telomeric DNA, the 3’ end (G-strand) extends beyond
its complementary strand (C-strand) to form a single-stranded
overhang called the G-tail.?

Most telomeric DNA is replicated by standard semiconserva-
tive DNA replication. As DNA polymerases replicate DNA only
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in the 5" to 3’ direction and need a primer to initiate DNA syn-
thesis, removal of the terminal RNA primer at the 5" ends of
newly replicated strands leaves a gap that cannot be filled in by
the canonical DNA replication machinery. As a result, telomeric
DNA sequences become shorter with each round of DNA repli-
cation. In most eukaryotes, this loss of telomeric DNA is coun-
teracted by a ribonucleoprotein enzyme called telomerase, which
uses its RNA component as a template to add telomere repeats
at the telomeric 3’ overhang in a reverse transcriptase reaction.’?
In mammalian cells, the minimal catalytic core of telomerase
consists of the telomerase reverse transcriptase (TERT) and the
telomerase RNA (TERC). In Saccharomyces cerevisiae, the telom-
erase consists of the reverse transcriptase Est2, the template RNA
TLCl, and two accessory proteins Estl and Est3.?

Telomeres can function both as tumor suppressors by lim-
iting the number of cell divisions and as tumor promoters by
inducing genome instability. Although telomerase is continu-
ously expressed in unicellular eukaryotes, its expression is down-
regulated in most human somatic tissues.* The inability of the
replication machinery to fully replicate DNA ends, coupled with
low/absent telomerase activity, results in progressive telomere
shortening that causes cells to stop dividing in a process called
replicative senescence.”® This phenomenon was first described
by Hayflick and Moorhead, who reported that cultured human
fibroblasts undergo only a limited number of cell divisions and
then stop dividing.” Similarly, elimination of telomerase in S.
cerevisiae leads to progressive telomere shortening and loss of
viability within approximately 60-80 population doublings,
indicating that replicative senescence also occurs in this uni-
cellular eukaryote.® In both organisms, loss of telomeric DNA
repeats results in telomere uncapping that activates a DNA dam-
age checkpoint response, which in turn leads to cell cycle arrest
and senescence.”"? In the absence of other genetic changes, these
cells can remain in a quiescent state that essentially functions
as an anticancer mechanism for long-lived species like humans.
However, genetic alterations that cause a failure to activate the
checkpoint response may allow additional cell divisions, during
which the dysfunctional telomeres continue to erode until they
eventually become too short to protect the chromosome termini
from unscheduled DNA repair events. The cells then enter a
period called “crisis”, during which the chromosomes ends
undergo end-to-end fusion events and enter a breakage-bridge
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fusion cycle that leads to genomic instability. Although cells
entering this state can be eliminated by apoptosis, most cancer
cells exhibit upregulation of telomerase activity, indicating that
rare surviving cells can avert senescence and crisis by restabiliz-
ing telomeres.'* In this review, we discuss the mechanisms by
which telomeres are capped in S. cerevisiae and mammals and
the consequences of telomere uncapping for genome stability
and carcinogenesis.

The Cellular Response to a DSB

The presence of telomeres distinguishes natural chromosome
ends from internal chromosome breaks, which are potent stimu-
lators of the DDR. The DDR comprises pathways that repair
DNA lesions and surveillance mechanisms called DNA dam-
age checkpoints that inhibit cell cycle progression until DSBs
16 Repair of DNA DSBs can occur by either non-
homologous end joining (NHE]), which results in ligation of the

are repaired.

broken ends, or homologous recombination (HR), which uses a
homologous DNA sequence to restore the genetic information
lost at the break site. The choice of pathway for DSB repair is
regulated during the cell cycle, with HR occurring preferentially
during S/G2. This cell cycle specificity is mediated by cyclin-
dependent kinases (Cdks), which promote the nucleolytic deg-
radation (resection) of the 5" DSB ends to yield 3’-ended single-
stranded DNA (ssDNA) tails that initiate HR and concomitantly
inhibit NHE].”

When a DSB occurs, the MRX/MRN' complex (Mrell-
Rad50-Xrs2 in yeast; Mrell-Rad50-Nbsl in mammals) and
the Ku70/Ku80 heterodimer (hereafter referred to as Ku) are
recruited to the break site. Ku allows NHE] by promoting the
binding of NHE] factors'® and by protecting the DSB ends from
degradation during the G1 phase of the cell cycle.”” The MRX/
MRN complex, in combination with the Sae2/CtIP protein,
is important for initiating resection of the DSB ends to gener-
ate 3"-ended ssDNA overhangs that direct repair toward HR.?
Subsequent extensive nucleolytic degradation of the DSB ends
is performed by two pathways, one of which is dependent on the
5'-3" exonuclease Exol, while the other depends on the nucle-
ase/helicase Dna2 acting in conjunction with the RecQ helicase
Sgsl/BLM.**

DSBs also elicit a checkpoint response; key players in this
response include the protein kinases Mecl and Tell in S. cere-
visiae, or the respective mammalian orthologs ATR and ATM.'
Tell or ATM is recruited to unprocessed or minimally pro-
cessed DSBs via the MRX/MRN complex.?”? Upon generation
of ssDNA, the replication protein A (RPA) complex binds and
promotes recruitment of Mecl/ATR.* Mecl/ATR kinase activ-
ity is additionally boosted by the heterotrimeric 9-1-1 complex
(Rad17, Mec3, and Ddcl in S. cerevisiae), which is loaded onto
RPA-coated ssDNA by the Rad24-RFC complex.’* Once Tell/
ATM and/or Mecl/ATR are activated by damaged DNA, their
checkpoint signals are propagated through the protein kinases
Rad53 and Chkl (Chk2 and Chkl in mammals, respectively),
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whose activation requires conserved mediator proteins, including
the BRCT domain containing protein Rad9 and its metazoan
ortholog 53BPL1." In turn, both S. cerevisiae Rad9 and human
53BP1 limit the generation of ssDNA at the DSB ends by acting

as barriers toward end-processing enzymes.>?’

Once recruited to DSBs, Tell/ATM facilitates the activa-
tion of Mecl/ATR,*° possibly by facilitating generation of the
ssDNA that transforms the DSB ends from Tell/ATM substrates
to Mecl/ATR substrates.>**' In turn, S. cerevisiae Mecl/ATR
inhibits the generation of ssDNA at DSBs, thus preventing exces-
sive nucleolytic degradation of the DSB ends.?>33 As the single-
stranded 3’ overhangs increase in length, Mecl/ATR activation
is coupled with ssDNA-dependent loss of Tell/ATM activation,
and this resection-mediated switch from Tell- to Mecl-depen-
dent signaling activity ensures proper termination of the check-
point response.*

Capping of Chromosome Ends

The ends of eukaryotic chromosomes are not subjected to
DNA repair events and do not activate the DDR, despite being
physical DNA ends. Several studies on S. cerevisiae and mam-
mals have revealed that protein complexes with specificity for
double-stranded and single-stranded telomeric DNA prevent
the natural chromosome ends from being recognized as intra-
chromosomal DSBs (Fig. 1)."%* In S. cerevisiae, the telomeric
ssDNA is bound by Cdcl3, which can be found with Stnl and
Tenl in a heterotrimeric complex called CST. CST protects
telomeric DNA from degradation; exposure of cells harboring
cdcl3, stnl, or tenl conditional alleles to restrictive conditions
causes telomere degradation by progressive resection of the
5'-ended strand and a checkpoint-dependent cell cycle arrest.?
The 5'-3" exonuclease Exol appears to be the major nuclease that
degrades telomeres in cdel3 mutants.” As Cdcl3 binding to the
single-stranded telomeric DNA reduces the association of Mecl
with these DNA ends*® and the CST complex bears a structural
resemblance to the RPA complex,” CST binding to the telomere
has been proposed to prevent RPA recruitment and subsequent
Mecl activation. A CST-like complex (Ctcl-Stnl-Tenl) has
recently been identified in S. pombe, plants, and humans and
shown to perform a similar function in telomere capping and
telomerase regulation.?

Double-stranded telomeric DNA in S. cerevisiae is bound by
the Rapl-Rif1-Rif2 complex. Loss of function of this complex
has less catastrophic consequences than CST inactivation; dys-
function of Rapl or Rif2 leads to increased amounts of telomeric
ssDNA and NHE]J-mediated fusion events.**' Generation of
telomeric ssDNA in cells defective for Rif2 or Rapl requires the
MRX complex,” suggesting that Rapl and Rif2 prevent resec-
tion at telomeric ends by interfering with the association between
MRX and telomeres. On the other hand, inactivation of Rapl or
Rif2 does not leads to checkpoint activation, ' suggesting that
the exposed telomeric ssDNA is still covered by Cdcl3, which
limits association of Mecl with telomeres. Unlike Rif2 and Rapl,
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Rifl is not involved in the prevention of telomeric fusions by
NHEJ? and plays a very minor role in protecting telomeres from
degradation.“*? Instead, Rif1 prevents short telomeric ends from
activating checkpoint-mediated cell cycle arrest by inhibiting
the recruitment of checkpoint proteins to these ends.>* Fur-
thermore, it plays a unique role in supporting cell viability**#4
and prevents nucleolytic degradation in mutants defective in the
CST complex.* Interestingly, both CST and Rifl physically
and genetically interact with components of the polo-primase
complex,™*® raising the possibility that Rif1 might promote the
ability of CST to fill in the exposed telomeric ssDNA through
activation/recruitment of the lagging-strand DNA replication
machinery.

Degradation of telomeric DNA is also counteracted by the Ku
complex,” which acts in a different pathway from Rif2.9° In fact,
while MRX is primarily responsible for nucleolytic degradation
of telomeres in 7if2A cells, "' Exol is the nuclease that degrades
telomeric DNA in yku70A G1 cells.” Interestingly, Ku protects
telomeres in the G1 phase of the cell cycle, when the protective
function of CST is dispensable.*!

In vertebrates, telomeres are protected from eliciting the DDR
and undergoing degradation or fusion events by a specialized
group of proteins collectively called shelterin, which includes
TRF1, TRF2,RAP1, TIN2, TPP1,and POT1 (Fig. 1).! Although
the shelterin complex represents a functional unit, the individual
components have specific protective functions.“ Inactivation of
TRF2 in mouse embryo fibroblasts by either gene deletion or
overexpression of a dominant-negative variant causes activation
of ATM," as well as accumulation of telomere-induced foci
formed by DDR factors such as 53BP1, MRN, ATM, and the
histone variant YH2AX.""* Moreover, TRF2 also protects telo-
meres from NHE]J-mediated fusion events.” In mammals, the
telomeric single-stranded overhang can fold back on the double-
stranded part of the telomere to form a lariat structure, called a
t-loop, which is predicted to prevent the binding of DNA repair/
checkpoint proteins to the telomeric DNA. As TRF2 is required
for the formation and/or maintenance of t-loops,”® TRF2-depen-
dent remodeling of telomeres into t-loop structures might explain
how TREF2 represses NHE] and ATM signaling at telomeres.

Repression of ATR is performed by POT1 in humans and
POT1a in mice.’>? Based on the finding that POT1 specifically
recognizes the telomeric ssDNA overhangs, it has been proposed
that POT1 and POT1la block ATR activation by preventing
RPA binding to the telomeric ssDNA.? This switch from RPA
to POT1 on telomeric ssDNA is promoted by the heterogeneous
nuclear ribonucleoprotein Al (hnRNPA1) protein through a
mechanism that is regulated by telomeric repeat containing RNA
(TERRA), a non-coding RNA that is transcribed from the telo-
meric C-rich strand.”® Inhibition of RPA binding by POT1 may
also play an important role in preventing HR, which is repressed
at telomeres in a redundant manner by POT1 and RAP1.>%%

Even when mouse telomeres are stripped of shelterin and
Ku, complete loss of telomeric DNA does not occur unless the
DNA damage response protein 53BP1 is also depleted,” suggest-
ing that multiple pathways act in a highly redundant manner to
block telomere degradation.
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S. cerevisiae
TGT GT! GG GT! %QG 3‘ G-strand
ACA CA ¢ A
Rif2 Rap1 Rif1 CST
Resection Resection
NHEJ Mec1
Human
TTAGGGT! GTTA AG 3 G-strand
AATCCCARA T
TRF1 RI RAP1 POT1
ATM  HR ATR
NHEJ HR

Figure 1. Capping activities at S. cerevisiae and human telomeres. In S.
cerevisiae, Rap1 and Rif2 inhibit 5’-3' resection of the telomeric DNA ends
and also repress the NHEJ repair pathway. Rif1 supports the function of
the CST complex in preventing excessive resection at telomeric ends and
Mec1-dependent checkpoint activation. In humans, TRF2 represses ATM
signaling and the NHEJ pathway, whereas POT1 prevents ATR activa-
tion by inhibiting the binding of the ssDNA-binding protein RPA. POT1
and RAP1 block HR. ATM, ataxia telangiectasia mutated; ATR, ataxia tel-
angiectasia and Rad3-related protein; CST, Cdc13, Stn1, and Tenl; HR,
homologous recombination; NHEJ, non-homologous end joining; RPA,
replication protein A.

Consequences of Telomere Uncapping

A major focus in telomere biology is to understand the struc-
tural changes occurring in the switch from a protected to a depro-
tected state. Telomere deprotection can occur by either altering
the activities of proteins with capping functions or by erosion
of the telomeric DNA that occurs spontaneously in human cells
with each cell division. Both conditions lead to dramatic changes
in the epigenetic pattern and the nucleosome organization.””
Furthermore, both elicit a DNA damage checkpoint response

that leads to cell cycle arrest (Fig. 2).213

However, although
depletion of shelterin leads to acute deprotection that results in
telomere fusions and rampant genome instability, the checkpoint
elicited by critically short telomeres in aged human cells initi-
ates replicative senescence, during which telomeres accumulate
YH2A and 53BP1 but do not undergo fusion events.”® To explain
this difference, a three-state model of chromosome protection
has been proposed.” In this model, the “closed” state corresponds
to a shelterin- and length-dependent structure that protects
chromosome ends from eliciting the DDR. Telomere shorten-
ing disrupts this structure leading to an “intermediate” state, in
which telomeres are recognized as DNA damage and induce the
DDR, but retain sufficient shelterin proteins to prevent NHE]-
mediated fusions. Further shortening results in an “uncapped”
state, in which the amount of shelterin is not sufficient to prevent
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Figure 2. Telomere deprotection in carcinogenesis. Although intrachromomal double-strand breaks
(DSBs) elicit a checkpoint response and can be repaired, the natural chromosome ends are protected
from fusion and degradation and do not activate the checkpoint. This protective function, referred to
as capping, is due to proteins that bind the telomeric DNA. Loss of capping due to either deficiences in
capping proteins or loss of telomeric DNA induces a DNA damage checkpoint response that leads to cell
cycle arrest and senescence, thus providing a potent anticancer mechanism. However, rare failure to acti-
vate the checkpoint may allow cells to undergo cell divisions during which uncapped telomeres can be
subjected to unscheduled DNA repair events. The resulting genomic instability, coupled with activation

stimulated at the shortest telomeres,®*
suggesting that an excessive amount
of ssDNA at telomeres could be the
signal triggering checkpoint activa-
tion and senescence initiation. Con-
sistent with this hypothesis, replica-
tive senescence is regulated by proteins
that modulate generation of ssDNA
at the DSB ends.®*® In fact, the onset
of senescence is delayed when the
MRX complex, which is known to
transiently increase the generation of
ssDNA at telomeres, is defective.64

In contrast, senescence is acceler-

ated in the absence of Rif2,% which
is known to inhibit MRX-mediated
resection at telomeres by competing
with Tell for binding to Xrs2.7¢
Finally, this severe senescence pheno-
type is reversed by the loss of MRX
or Tell.® Together, these data suggest
that short telomeres become more
accessible to the action of nucleases
and thus accumulate ssDNA that
activates the checkpoint.

Moreover, telomeres might have
a role in senescence establishment
independent from their shorten-

of telomere restabilizing mechanisms, can drive the oncogenic process.

ing/uncapping functions. Telomeric

chromosome end-to-end fusions. In agreement with the existence
of an intermediate state, telomeres from senescent cells retain suf-
ficient telomeric DNA to bind TRF2 and confer protection from
NHE].**% In addition, telomere fusions only occur in cells that
have bypassed senescence as a result of checkpoint deactivation.’®
Interestingly, it has recently been shown that two distinct regions
within TRF2 are required to inhibit ATM signaling and NHE],
respectively.® While ATM is inhibited by the TRFH dimeriza-
tion domain, NHE] repression depends on the C-terminal region
of the hinge domain, which acts by inhibiting the ubiquitin ligase
RNF168 that is necessary for the recruitment of 53BP1.

The signal(s) that trigger the checkpoint response in senescent
cells are far from being fully understood. In mammals, senes-
cence is not determined by the average telomere length, but by
the presence of telomeres that are short enough to trigger the
DDR.? Analysis of dysfunctional telomeres with increased pop-
ulation doubling in a variety of human primary cells has shown
that the threshold of DNA damage signaling corresponds to an
average of five dysfunctional telomeres.’® Critically short telo-
meres are also the major determinant of senescence onset in .
cerevisiae, in which the artificial shortening of a single telomere
is sufficient to accelerate the onset of senescence in cells lacking
telomerase activity.®

Analysis of telomeres of different lengths in S. cerevisiae cells
deprived of telomerase activity has shown that 5’-3" resection is
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DNA has been shown to resist DNA
damage repair and trigger persistent
DDR, possibly through the inability to repair DNA lesions.®*%
These data raise the possibility that telomeres might act as sinks
of DNA damage that are capable of triggering senescence in non-
proliferating tissues.

Telomere Uncapping and Cancer

The occurrence of telomere erosion in cancer is evidenced by
typically short telomeres in most human cancers relative to nor-
mal tissues.”” Although telomerase is constitutively expressed in
unicellular eukaryotes, its expression is downregulated in most
somatic human tissues, resulting in progressive reduction of telo-
mere repeats at each DNA replication cycle. When telomeres
become critically short, cells can undergo one of two opposing
fates (Fig. 2). Dysfunctional telomeres can activate a DNA dam-
age checkpoint response that causes cell cycle arrest and entry
into senescence, thus preventing cell proliferation."** This limit
to the number of cell divisions represents an important barrier
against cancer because it reduces the risk of accumulating muta-
tions that could lead to malignant transformation. On the other
hand, rare cells that have inactivated the checkpoint response
overcome the senescence barrier and continue to divide, resulting
in total loss of telomere function. Continued telomere erosion
could result in high genomic instability that generally results in
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cell death and therefore constrains full malignant progression.
However, the very few cells capable of surviving this period can
display a procarcinogenic mutator phenotype.”*”? Thus, although
telomere shortening and repression of telomerase can represent
protective mechanisms against cancer development, the associ-
ated genome instability has a cancer promoting activity and the
stepwise removal of telomere protection provides a mechanism to
block cell division before excessive telomere shortening endan-
gers genome stability.”’

Indeed, experiments to measure genome stability during telo-
mere shortening demonstrate that S. cerevisiae cells lacking telom-
erase exhibit increased chromosome rearrangements compared
with telomerase-positive cells, with sequence losses being more
frequent at the ends of the chromosomes than at internal sites.”
Furthermore, telomere dysfunction in aging telomerase-deficient
p53 mutant mice promotes the development of epithelial cancers
by a process of fusion-bridge breakage.” Finally, high-resolution
analysis of telomere length at different stages of the hematologic
malignancy chronic lymphocytic leukemia have shown that telo-
mere erosion and fusion events can be detected in the early stages
of the disease and strongly correlate with disease progression.”

Although tumors may arise from cells with eroded telomeres,
indicating that telomere dysfunction can drive early stages of
cancer development, almost all human cancer cells acquire mech-
anisms to elongate their telomeres and overcome senescence,
suggesting that subsequent restoration of telomere function is
critical for malignant progression. Most human cancers main-
tain their telomeres through reactivation of telomerase but on
rare occasions telomeres can be elongated through a homologous
recombination-mediated process called alternative lengthening
of telomeres (ALT).”® The existence of a telomerase-indepen-
dent telomere maintenance mechanism was first demonstrated
in telomerase-negative S. cerevisiae cells.”” This mechanism was
found to be dependent on HR, although other mechanisms have
been identified.”®

Supporting the view that telomerase serves as an active driver
of cancer progression in cells displaying telomere-based genome
instability, expression of an engineered inducible version of
telomerase in mouse models of prostate cancer and T-cell lym-
phoma leads to aggressive cancers with rearranged genomes and
new tumor biologic capabilities (i.e., bone metastases).””** Upon

subsequent telomerase extinction tumor growth eventually slows,
suggesting that tumor progression is constrained by the lack of

telomerase.®°

However, growth can subsequently resume as
80 suggesting
that therapies targeting telomere maintenance in cancer should

encompass inhibitors of telomerase and inhibitors of ALT.

tumors activate ALT and other adaptive responses,

Conclusions

There is mounting evidence for the existence of important
links between telomeres and cancer. Uncapping of telomeres as a
result of repressed telomerase activity in humans represents a pro-
tection mechanism against cancer because it activates the DDR
that arrests the cell cycle and initiates senescence. However, pro-
liferation beyond this limit may drive genomic instability that,
coupled with the activation of telomere maintenance mecha-
nisms, can lead to malignant transformation. An outstanding
gap in our knowledge is the role of telomerase activation in the
suppression of genome instability. If telomerase activation pro-
vides stability to the genome of a cancer cell, telomerase-based
therapies might be effective strategies to limit tumor progres-
sion specifically in cancer cells. However, as tumor cells lacking
telomerase might activate alternative pathways to maintain their
telomeres and gain immortal growth capacity, development of
successful therapeutic strategies targeting telomere maintenance
in cancers requires a deep understanding of how these mecha-
nisms are activated.
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