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Abstract
Intrinsic limits on cellular proliferation in human somatic tissue serves as a tumor suppressor
mechanism by restricting cell growth in aged cells with accrued pre-cancerous mutations. This is
accompanied by the potential cost of restricting regenerative capacity and contributing to cellular
and organismal aging. Emerging data support a model where telomere erosion controls
proliferative boundaries through the progressive change of telomere structure from a protected
state, through two distinct states of telomere deprotection. In this model telomeres facilitate a
controlled permanent cell cycle arrest with a stable diploid genome during differentiation and may
serve as an epigenetic sensor of general stress in DNA metabolism processes.

Introduction
Fifty years after Leonard Hayflick’s seminal discovery we are still working to understand
the molecular mechanisms that limit cell proliferation and their contributions to cellular and
organismal aging [1,2]. There is a consensus that various cellular stressors in primary human
cells induce “senescence”: a permanent state of cell cycle arrest where cells remain viable
and metabolically active [3]. In the absence of exogenous insult or oncogene activation,
senescence in human somatic cells is associated with increasing total accumulated cell
divisions (i.e. replicative aging). Inactivation of the p53 and Retinoblastoma (Rb) tumor
suppressor pathways confers insensitivity to senescence, allowing for a short period of
proliferative lifespan extension and continued cell division. This ends at “crisis” when cells
exhibit a marked increase in genomic instability and cell death. It has been known for
sometime that telomeres, the protective terminal structures at eukaryotic chromosome ends,
contribute to the regulation of proliferative boundaries. Recent studies have established a
model where progressive telomere deprotection through two different structural states
facilitates first the orderly removal of viable diploid cells from the cell cycle at senescence
and if this is unsuccessful, kills precancerous cells at crisis. In this article we discuss the
molecular mechanisms underlying telomere-dependent control of cellular proliferation in
human tissues and postulate that telomeres may serve as an epigenetic sensor of general
stress in DNA metabolism to regulate a controlled proliferative arrest at senescence.
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Telomeres and replicative aging
Telomeres delineate naturally occurring chromosome ends from double-strand breaks. This
is an essential function as illicit telomere ligation results in dicentric chromosomes that if
pulled to opposite spindle poles during mitosis can result in genomic instability and
aneuploidy. Human telomeres are 4-15 kb of chromatinized 5′-TTAGGG-3′ repeats that
typically terminate in a 50-300 nt single-strand 3′ overhang of the G-rich sequence, which
are bound extensively by a specific six-subunit protein complex termed “shelterin” (Figure
1) [4,5]. Telomeres can adopt a higher-order telomere-loop (t-loop) structure where the 3′
overhang strand invades a proximal region of the same chromosome end [6]. In vitro studies
suggest t-loop formation and protection is controlled by the shelterin protein TRF2 [6,7] and
likely assisted by other shelterin and accessory factors [8,9]. T-loops are known to function
in a mechanism that negatively regulates telomere length at overextended telomeres by
resolving the t-loop junction into a free telomeric DNA circle and a shortened chromosome
end [10,11]. While the percentage of looped telomeres is unclear to date, the requirement for
sequestration of the 3′ overhang within the duplex telomeric DNA and the conservation of t-
loops in a diverse variety of species strongly support a putative role for t-loops in
chromosome end protection [6,12-14].

The majority of data pertaining to shelterin function were generated in a series of studies
where individual or multiple shelterin components were deleted in murine models lacking
p53 activity. In general, deleting shelterin components results in acute phenotypes where the
chromosome ends elicit either an ATM- or ATR-dependent DNA damage response (DDR)
and the telomeres are subjected to homologous recombination or fusion via non-homologous
(NHEJ) or alternative end joining (alt-NHEJ) [4,15,16]. TRF2 is the shelterin component
most responsible for inhibiting end fusions, as its deletion results in NHEJ-dependent
ligation of almost every chromosome end [17]. RAP1, which localizes to telomeres by
binding TRF2, may also contribute to NHEJ prevention, though the exact mechanisms
remain unresolved [18,19]. The invaluable experiments performed in mouse models have
established the evolved protective functions of shelterin proteins. However, murine models
of acute telomere deprotection do not recapitulate the process of spontaneous telomere
deprotection resulting from replicative aging in human cells.

Spontaneous telomere deprotection in aging human cells coincides with erosion of the
telomeric DNA without concomitant loss or mutation of shelterin components. A small
amount of terminal DNA sequence is lost with each round of DNA replication and most
human somatic tissues lack the mechanisms to maintain telomere length homeostasis.
Human telomeres, therefore, progressively erode until senescence, or in the absence of p53
and Rb, until crisis. Cells that emerge from a telomere length crisis in mouse models
invariably suffer from fusion-bridge-breakage cycle driven genome instability, which is a
major hallmark of cancer [20]. Upregulation of telomerase, which catalytically adds
telomere repeats to chromosome ends, or ALT, which maintains telomere length via
homologous recombination, stabilizes telomere lengths and confers an indefinite replicative
potential (i.e. cellular immortality). The correlations between shortening telomeres and
proliferative arrest, and the observations that immortalized human stem and cancer cells
actively maintain their telomere lengths via telomerase or ALT, indicates telomere-length is
a contributing factor to replicative aging [21,22]. Telomere deprotection resulting from
replicative aging in mice also appears to contribute to organismal aging though the
activation of p53, which leads to compromised mitochondrial and metabolic function
[23-25].

Telomere length, however, can ultimately be dissociated from senescence in human cells by
altering shelterin function [26,27]. Disconnecting telomere length from telomere-dependent
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growth arrest implies that it is eventually the alteration of a telomere structure, which is
dependent on sufficient telomere length and shelterin function, that is the causative factor
driving telomere-dependent senescence. The outcome of telomere structural change at
senescence is the activation of a localized DNA damage response (DDR) at a subset of
chromosome ends and ATM and/or ATR-activation of p53-dependent growth arrest [28].

Spontaneous telomere deprotection in human cells
Deprotected chromosome ends subjected to a DDR are cytologically visible as
colocalizations between telomeric proteins or DNA and DDR markers, such as
phosphorylated histone H2AX (γ-H2AX) or 53BP1 in “telomere-deprotection induced foci
(TIFs)” [29]. While it is difficult to accurately quantify absolute TIF numbers in interphase
nuclei this can be overcome by visualizing metaphase-TIFs on cytocentrifuged metaphase
spreads stained for telomeric DNA and γ-H2AX [30,31]. Metaphase-TIFs are present in
small numbers in young primary human cells and increase in number with accumulated cell
divisions [32]. Whereas, some cancer and immortalized human cell lines lacking p53
activity carry an excessive burden of DDR(+) telomeres without any apparent negative
consequences on cell growth [30]. Consistent with the telomeric DDR being suppressed by a
telomere length dependent structure, direct comparison of telomere lengths at DDR(+) and
DDR(-) chromosome ends revealed that while the total number of DDR(+) telomeres in a
cell population was inversely proportional to telomere length, it was not uncommon for
individual DDR(+) telomeres to be of equal or greater length than other DDR(-) telomeres in
the same metaphase [30,31]. The probability that a telomere will form a protective structure,
therefore, increases with telomere length but it is not an absolute correlation.

Despite numerous DDR(+) chromosome ends, spontaneous end-to-end chromosome fusions
were not observed in aged primary cells preceding senescence [32]. Moreover, > 98% of
DDR(+) chromosome ends were fusion resistant in immortalized cell lines with numerous
DDR(+) telomeres indicating most spontaneously occurring DDR(+) telomeres are resistant
to end joining [30]. When senescence was prevented in primary cells by inhibiting p53 and
Rb, spontaneous fusions occurred only after extensive telomere erosion as the cells
approached crisis [32,33].

A three-state model of chromosome-end protection
Observations of spontaneous telomere deprotection during replicative aging and terminal
differentiation are consistent with a three-state model of chromosome end protection (Figure
2) [30]. In this model “closed-state” telomeres are a structure-dependent solution that protect
chromosome ends from a DDR. Failure to adopt the closed-state structure results in
“intermediate-state” telomeres where the chromosome end is exposed as a substrate to the
DDR. However, retention of TRF2 at intermediate-state telomeres prevents NHEJ at the
DDR(+) chromosome ends. Spontaneous chromosome end-to-end fusions result from
“uncapped-state” telomeres that retain insufficient levels of TRF2 to repress end joining.

The molecular identity of closed-state telomeres remains enigmatic. A t-loop fits the model,
though this remains to be determined experimentally. Chromatin marks, telomeric chromatin
compaction or some other structural feature may also serve to protect the chromosome end
from the DDR. If the closed-state telomere structure is a t-loop, this implicates TRF2 in
separate end-protection functions regulating: 1) protection against the DDR by promoting t-
loop structure and 2) prevention of NHEJ at DDR(+) telomeres by directly binding to the
telomeric DNA. The shelterin protein TIN2 may also contribute to closed-state telomere
structure as TRF2 overexpression in TIN2 null cells results in a phenotype consistent with
intermediate-state telomeres [34].
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Spontaneous telomere deprotection during the cell cycle
In order to conceptualize how telomere deprotection results from replicative aging it is
important to consider the DNA metabolic activities at chromosome ends during progression
through the cell cycle (Figure 3). Protected telomeres are arranged into closed-state
structures in G1 phase cells. During the process of DNA replication the closed-state
structure is expected to unfold, either as a passive response to the passage of the replicative
DNA polymerase [9,35] or through active unwinding by the RTEL helicase [36]. It is
common for replication forks to encounter difficulties when replicating repetitive G-rich
telomeric DNA and as a result, proteins that restart stalled replication forks or unwind
structural impediments to replication commonly associate with the telomeric DNA during S
or G2-phase [9,35-42]. TRF1 is the shelterin member that is primarily responsible for
regulating efficient replication through the mammalian telomeric sequence [38,43]. Because
telomeres are unidirectionally replicated from mostly subtelomeric origins [44], resolution
of stalled telomeric DNA replication is necessary to prevent loss of telomeric sequences
distal to the stalled replication fork. Telomeres are replicated throughout S-phase [45] and
late-replicating intermediate-structures in the telomeric DNA are resolved by the BLM
helicase [46]. Telomeric chromatin is also established during DNA replication. After
replication is complete, the shelterin proteins POT1 and TRF2 direct processing of the 3′-
overhangs into their mature form in coordination with Apollo and the CST complex
[39,47-50]. Finally, the telomeres are re-packaged into the protective closed-state by TRF2
and potentially other shelterin and recombination proteins [9]. When the process of
reestablishing the closed-state fails, we anticipate that the chromosome end will be exposed
to the DDR as an intermediate-state telomere in G2 and/or M-phase and visible as a
metaphase-TIF.

Most spontaneous intermediate-state telomeres affect only one sister chromatid of a
metaphase chromosome, consistent with spontaneous DDR(+) chromosome ends resulting
from a replicative or post-replicative failure in chromosome end protection [30,32]. In aged
primary human cells there is no bias for metaphase-TIFs on the leading- or lagging-strand
replicated telomere, suggesting that the telomere refolding process occurs independently on
sister-chromatid telomeres after DNA replication is complete [32].

However, while the majority of telomeric DNA metabolism occurs during S and G2,
replicative senescence arrests cell growth in G1, suggesting that spontaneous intermediate-
state telomeres are passed from S, G2 and/or M through cell division, before eliciting cell
cycle arrest in the subsequent G1-phase daughter cells. Because some intermediate-state
telomeres are present in young primary cells and cancer cells with wild type p53 without
initiating cell cycle arrest, it appears an aggregate number of deprotected telomeres are
necessary to arrest cell growth. Calculations of the expected number of G1-phase
intermediate-state telomeres at replicative senescence is consistent with around five DDR(+)
chromosome ends [32]. Lack of p53 activity represses the G1/S checkpoint, which is what
presumably allows cells in the lifespan extension period (or cancer and immortalized cells
without p53 function) to propagate with impunity despite having > 5 G1-phase intermediate-
state telomeres. This is until the telomeres shorten sufficiently to enter the uncapped-state
and the resulting chromosome fusions lead to cell death at crisis.

Intermediate- and uncapped-state telomeres thus appear to independently regulate the
senescence and crisis proliferative boundaries, with replicative senescence being an active
response that protects genomic stability by arresting growth in viable cells with a diploid
genome, while crisis is a passive response that kills cells as a result of genomic instability
induced by end-to-end chromosome fusions. The importance of the tumor suppressive
functions of telomere-dependent proliferative boundaries was reiterated in recent work
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showing that telomere-dependent mechanisms drive aneuploidy during lifespan extension
[51,52] or in p53 deficient mouse models with acute telomere deprotection [53], and that
conditionally re-activating telomerase in ATM or p53 deficient late-generation telomerase
knockout mice with accrued genomic instability results in highly aggressive tumors [54,55].

A mitotic duration checkpoint regulated by intermediate-state telomeres
A surprising recent observation was the discovery of a telomere-dependent prolonged
mitotic arrest checkpoint in human cells regulated by the transition of closed- to
intermediate-state telomeres [56]. For sometime it had been known that a prolonged mitotic
arrest causes p53-dependent cell cycle arrest through an unknown mechanism [57]. Our
laboratory discovered that during prolonged mitotic arrest, an Aurora B dependent
mechanism results in an ATM-dependent telomeric DDR in the absence of telomere
shortening which induces a p53-dependent G1-phase cell cycle arrest. During this process
some TRF2 is dissociated from the chromosome ends but enough protein remains to prevent
end joining, consistent with intermediate-state telomeres. In agreement with a threshold
number of deprotected telomeres being required to arrest the cell cycle, the duration of a
prolonged mitosis necessary to induce p53-activity coincides with the appearance of around
12 DDR(+) telomeric chromatids that when separated by random segregation would
correspond to 6 DDR(+) telomeres in the subsequent G1-phase daughter cells.

Telomeres as epigenetic sensors of cellular stress
Unlike double strand breaks, which must be repaired for cell viability, it is deleterious to
“repair” intermediate-state telomeres by end joining. Through its putative dual functions,
TRF2 establishes the unique environment of the chromosome end by allowing activation of
a DDR to arrest the cell cycle at senescence, but preventing fusions and genomic instability.
This is evident in the persistent DDR foci that go unrepaired in senescent cells, consistent
with their likely telomeric origin. Moreover, when DNA breaks are introduced by irradiation
in senescent cells, DDR foci at genomic sequences disappear with time as the chromatin is
repaired, while breaks induced in telomeric sequences remain DDR(+), owing to TRF2
dependent repression of end joining [58,59]. In the three-state model of telomere protection
discussed here, the DDR at shortened telomeres does not occur because telomeres are
damaged per se, but because the telomeres are no longer arranged into protective structures
resulting in exposure of the chromosome ends.

In this view, it is a possibility that telomeres also serve as a general sensor of genomic
health. The process of constructing and maintaining closed-state telomeres requires several
consecutive DNA metabolic activities: efficient telomeric DNA replication, resolution of
late-replicating structures, establishment of the telomeric chromatin, processing of the
chromosome end into a 3′ overhang, shelterin and potentially recombination-dependent
formation of a closed-state structure, and efficient progression through mitosis. Disturbance
at any of these steps could result in intermediate-state telomeres. These DNA metabolic
functions are not exclusive to the telomeres, but unlike the telomeric sequence, genomic
sequences must be efficiently repaired for cellular viability. When disturbances in the above-
mentioned processes are manifested in genomic regions, compensatory mechanisms likely
function to minimize genomic instability. Whereas in the telomeres, disturbances in DNA
metabolic processes may result in chromosome ends that fail to form a protective closed-
state and register a DDR.

The telomere-dependent prolonged mitotic arrest checkpoint is a pertinent example. Here
difficulties in mitotic progression, a problem seemingly unrelated to telomere protection,
result in the transition of closed- to intermediate-state telomeres inducing cell cycle arrest.
Telomeres in this context serve as an epigenetic sensor for a larger cell-wide disturbance,
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and become deprotected to ensure growth arrest without the risk of genome instability.
Similarly, activated oncogene-induced senescence was previously shown to result from a
hyper DNA replication-dependent DDR [60] and recent evidence suggests this might be
primarily manifested in telomeric regions [61]. As DDR(+) telomeres accumulate through
various means the aggregate stress signals emitted intermediate-state telomeres drive global
changes in histone production and chromatin architecture that enforce the senescence
program [62].

It will be interesting to determine if other apparently telomere-independent cellular stresses
exert similar telomere-dependent mechanisms to restrict cell growth, and whether telomeres
influence other pan-nuclear responses as during aging.

Intermediate-state telomeres in stem cells
The dynamics of spontaneous intermediate-state telomeres in immortalized, cancer and
somatic cells suggest that an intermediate-state telomere in one cell cycle may be closed-
state in the next [30,32,63]. The aggregate nature of around five DDR(+) telomeres being
necessary to induce p53 dependent arrest in fibroblast cultures suggest some tolerance in
somatic tissues to the spurious occurrence of small numbers of DDR(+) chromosome ends.
However, it is unclear how the telomeric DDR is exerted in stem cells. While stem cells
maintain telomere length by telomerase activity, perturbation in other DNA metabolic
processes might lead to deprotected chromosome ends. The sensitive nature of the stem
niche may be less tolerant to DDR(+) chromosome ends and quickly upregulate p53 activity
with fewer intermediate-state telomeres. This may explain why p53 is a boundary to induced
pluripotent stem cell generation [64]. This also may explain why disease mutations in
Dyskeratosis congenita that affect telomere elongation by telomerase [65] and disease
mutations in Coats Plus that affect efficient telomeric DNA replication and 3′ overhang
processing [41,66-69], result in over-lapping pathogenic manifestations effecting highly
proliferative tissues .

Conclusions
In this article we have chosen to describe DDR(+) telomeres arising from normal biological
processes as “deprotected” instead of “dysfunctional”. Dysfunction suggests an
inappropriate or absent function. Whereas, spontaneous telomere deprotection is a vital and
normal tumor suppressive function of human telomeres that removes aged or damaged cells
with a diploid genome from the cell cycle to prevent genomic instability. In concordance
with a telomere-structure dependent solution to prevent a DDR, we suggest a strict interest
in telomere length is short sighted when considering the contribution of telomeres to human
aging and disease. We speculate that putative variations in the expression of shelterin
components and the efficiency of DNA metabolic activities between individuals may result
in different telomere lengths being protective against a DDR from person to person. While
telomere length is undoubtedly the major underlying regulator of telomere-dependent
proliferative boundaries and therefore for differentiation, it is necessary to remember that it
is one of many factors contributing to telomere protection. A more systemic view of
telomere health is likely a better measure of telomere function than a singular view of
telomere length.
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Highlights

• Human telomeres are protected from the DDR by a higher-order structure

• Intermediate-state telomeres are susceptible to a DDR and regulate senescence

• Uncapped-state telomeres are susceptible to fusions and induce crisis

• Intermediate-state telomeres regulate the prolonged mitosis checkpoint

• Telomeres may serve as epigenetic sensors of cellular stress
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Figure 1.
Graphical representation of human telomeres arranged in both linear and t-loop
configuration. The shelterin components are expanded on the right and a micrograph of a
metaphase chromosome with the DNA counterstained blue and the telomeres stained in
green is shown on the left.
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Figure 2.
Graphical representation of closed-state, intermediate-state and uncapped-state human
telomeres as predicted to occur during replicative aging or following experimental
disruption of TRF2. The closed-state telomere is shown as a t-loop though this remains
hypothetical. Intermediate-state telomeres are depicted as the result of excessive telomere
shortening where steric constraints prevent formation of the protective closed state, and at an
elongated telomere that has failed to form a closed-state due to partial depletion of TRF2.
The activated DDR is indicated by a starburst. To the left is an example of a human
metaphase chromosome with the DNA counterstained blue, the telomeres stained green, and
γ-H2AX stained red. Chromatid-type metaphase-TIFs are evident on both arms of this
chromosome. Uncapped-state telomeres are shown as the result of excessive shortening that
has eroded all TRF2 binding sites, consistent with spontaneous fusions at crisis, and at
elongated telomeres following experimental TRF2 deletion. The predicted fusion events are
demonstrated in the middle. To the right are examples of fused chromosomes from human
cells during lifespan extension that do not retain telomere repeats, and fused chromosomes
in cells lacking TRF2 where telomeric repeats are evident within the dicentric chromosome.

Cesare and Karlseder Page 13

Curr Opin Cell Biol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Graphical representation of the DNA metabolic activities that occur normally at human
telomeres in the context of the cell division cycle as described throughout the article text.

Cesare and Karlseder Page 14

Curr Opin Cell Biol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


