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Definition
To survive and reproduce, living organisms must maintain homeostasis both in unchallenged (normal)
and challenged (stressful) contexts. This requires the evolution of powerful stress response
mechanisms adapted to a particular ecosystem and to regular environmental ﬂuctuations. Thus, these
mechanisms may be very diverse within the tree of life. The pioneering work of Miroslav Radman on
the stress response in bacteria demonstrated the rapid and adaptive value of changing mutation rates
for rapid evolution (the mutator eﬀect). In other words, to facilitate the survival of a species, whether
it be to respond to a replication blockade or to a stressful environment, it is better to rapidly evolve by
generating more mutations, some being possibly lethal, than to die immediately. We believe that this
principle applies to the complex dynamics of telomeres in eukaryotes, which become altered in
response to stress.

1. Telomeres: Basic Molecular Mechanisms in an Evolutionary
Context
Telomeres are nucleoprotein structures at the ends of linear chromosomes that are required to maintain
genome stability by providing a terminal cap

[1].

Their function and replication require a complex interplay

between specialized and general factors involved in replication and the DNA damage response. Strikingly,
their structures change during an organism’s lifetime, both as a result of developmentally regulated
programs and external factors. This, together with signiﬁcant variability among organisms in telomere
structure and regulation, raises several fundamental questions regarding telomere evolution and their
contribution to development, life history, aging, disease susceptibility and the stress response. To
understand fully the “telomere logic” in the stress response, it is necessary to understand the molecular
challenges that these structures must face and the evolutionary solutions adopted by diﬀerent organisms.

1.1. Challenge 1: The End-Stability Problem
In eukaryotes, the linearity of chromosomes requires the need to distinguish natural DNA termini from
accidental breaks, to avoid unwanted recombination, karyotype instability and unwanted cell cycle arrest.
The solution to this stability problem is the speciﬁc association of chromosome termini with protective
factors including non-coding RNA (Telomeric Repeat-containing RNA or TERRA), and specialized proteins,
for which the shelterin complex represents the paradigm

[1].

In most eukaryotes, the telomeric DNA sequence is composed of G-rich DNA repeats ending at
chromosome termini with a single-stranded DNA G-rich 3′-overhang (or G-tail)

[2][3][4].

This 3′ overhang

allows the formation of a telomeric DNA loop (t-loop) resulting from the invasion of the 3′ overhang into
the internal duplex DNA. The formation of this t-loop is required to maintain telomere stability in a large
range of organisms and in many diﬀerent types of cells. Its formation is assisted by the shelterin subunit
TRF2

[5].

The shelterin complex consists of proteins bound to the double-stranded part of telomeric DNA (e.g., TRF1
and TRF2 in chordates; Rap1 in Saccharomyces cerevisiae; DNT-1 and DNT-2 in Caenorhabditis elegans)
[1][6]

and single-stranded telomeric DNA (e.g., POT1 in humans; POT-1/POT-2 in nematodes). Finally, some

shelterin subunits create a bridge between the duplex and the 3′ overhang nucleoprotein shelterin
complexes (e.g., TPP1/ACD and TIN2 in mammals), or simply bind to speciﬁc other subunits (for example,
mammalian RAP1 binds to TRF2) (Figure 1). One notable exception to this scheme is Drosophila
melanogaster telomeric DNA, which is composed of long arrays of the non-long-terminal-repeat

retrotransposons HeT-A, TART and TAHRE, bound by the Terminin protein complex that has no clear
evolutionary relationship with shelterin and is elongated by retrotransposition, but also by recombination
and gene conversion

[7][8]

.

Figure 1. Brutal and progressive telomere DNA shortening. Telomere replication at the leading or lagging
strands is not similarly regulated. At the G′-rich lagging strand, due to the end-replication problem, the
parental strand is not completely replicated, triggering a 3′-overhang. At the leading strand, there is a
blunt end or 5′protruding that is eroded in a manner coupled to replication by the TRF2-dependent
recruitment of the 5′-exonuclease Apollo. Next, at both strands, the Exo1 exonuclease prolongs the 3′overhang. Finally, POT1 recruits the CST complex (CTC1-STN1-TEN1) to replenish the 5′-strands. The
brutal appearance of critically short telomeres that cannot be explained by the progressive telomere
shortening was ﬁrst observed in yeast
[10][11]

[9].

They are likely to stem from intra-telomeric recombination

or the collapse of DNA replication forks. Indeed, it is known that telomeric repeats can form

recombinogenic t-loops

[12][13]

and are diﬃcult to replicate [14][15][16].

1.2. Challenge 2: End Replication Problem
The full replication of the terminal DNA cannot be achieved by conventional replication machinery
[17][18][19][20]

. On the lagging telomeres, the G-tail formation may result simply from the removal of the

last RNA primer. On the leading telomeres, the end product is either blunt or 5′ protruding. Since in many
organisms a G-tail can be detected at both daughter telomeres, a 5′ resection activity must take place to
convert it into a 3′ overhang. Indeed, coupled with replication, TRF2 targets the leading telomere with the
5′-exonuclease Apollo, which initiates the 5′ resection. At the lagging strand, POT1 inhibits Apollo
resection

[21].

At both ends, the Exo1 nuclease elongates the 3′ overhangs by pursuing a 5′ resection. It

remains unknown how this resection is controlled. Finally, POT1 recruits the single-stranded DNA-binding
trimeric complex CST (CTC1-STN1-TEN1) to reﬁll the 5′-strands [21] (Figure 1).
There are several processes that compensate for this unavoidable shortening. One such mechanism relies
on telomerase, a specialized reverse transcriptase with an RNA template that elongates the G-rich strand
using the 3′ overhang as a substrate. Telomerase is composed of two subunits: TERT, the telomerase

reverse transcriptase, and TERC, the telomerase RNA template. Using a single telomere length system
and monitoring telomere DNA length (TL) evolution in budding yeast, it was shown that telomerase
activity is reduced by over elongated telomeres: excess of Rap1p at the long yeast telomeres triggers a
progressive cis-inhibition of telomerase [22]. This indicates that it is important to keep TL within a
regulated range of size.
In mammalian species with large body mass, including humans and some birds, the level of telomerase
expression is much higher in germ, stem and progenitor cells than in somatic diﬀerentiated cells. In some
species, such as laboratory mice, telomerase expression is less repressed and more evenly distributed
within cell types than in humans, but still higher in the germ and stem cell compartments

[23][24][25]

.

Importantly, the amount of telomerase present in adult somatic stem cells and progenitors is generally
not enough to replenish telomeric DNA fully when these cells divide to regenerate the corresponding
tissue or to respond to external stimuli.
In many vertebrates, TL is subjected to a progressive erosion cadenced by cell divisions and the residual
level of telomerase activity. There are also exceptions to this scheme; for instance, in the long-lived bat
species Myotis myotis, mean TL does not shorten with age but changes with the environment [26]. In fact,
the rate of telomere shortening in blood cells during development and aging is not strictly related to the
level of telomerase activity

[4][27]

. This suggests that telomerase may have functions other than

regulating telomere length and that TL might be regulated independently of telomerase. Indeed, the
mean TL is the net result of shortening and elongation rates, rendering it diﬃcult to interpret TL changes
only in terms of telomerase-dependent elongation

[22]

. One interesting hypothesis is that the rate of

telomere DNA shortening, but not the absolute length, controls the aging process

[27]

. It is not yet known

whether there exist developmentally regulated mechanisms, independently of telomerase activity, that
modulate the rate of TL shortening.
Interestingly, eukaryotic cells are able to use a telomerase-independent mechanism, ALT (alternative
lengthening of telomeres), which is based on homologous recombination

[28]

. It is activated in a number

of human tumors, in human cells immortalized in culture, and also in normal somatic tissues [29]. In
plants, the ALT mechanism is activated upon telomerase dysfunction and possibly also during the earliest
stages of normal plant development
colleagues

[4]

[30]

. At the organismal level, ALT was suggested by Gomes and

for koala and wombat telomeres, based on the presence of long and interrupted telomere

repeats and the absence of telomerase expression. However, it is not known whether these ALT-like
telomeres use the same process of maintenance as the ALT + cancer cells. Along this line, a recent work
that revealed the existence of an ALT-like mechanism in Terc knock-out (KO) mouse stem cells, with a
unique non-telomeric sequence (mTALT)

[31].

This process might be related to the one used in wombat.

Hence, ALT or ALT-like mechanisms could give an advantage in the context of species with no telomerase.
In order to avoid cancer development, we can imagine ALT process is ﬁnely regulated in species using
only this pathway to preserve their telomeres.

1.3. Challenge 3: The Hard-to-Replicate Problem
In addition to the end-replication problem, the progression of the replication fork through telomeric
chromatin is diﬃcult and may result in fork collapses leading to the loss of a large part of the telomeric
DNA. This is prevented by speciﬁc mechanisms involving the shelterin subunits TRF1 and TRF2: TRF1
manages classical stalled forks leading to ATR activation and TRF2 manages topologically-constrained
stalled forks

[16][32]

(Figure 1).

Interestingly, the function of TRF2 in this process requires the same factor, Apollo, as the one favoring the
progressive shortening of the leading strand
severe progeroid syndrome in humans

[33].

[16]

. Inhibiting TRF2-Apollo interaction is associated with

The long-lived giant tortoises Chelonoidis abingdonii and

Aldabrachelys gigantea carry an Apollo variation within the TRF2 binding domain that is not conserved in
other reptiles, ﬁshes or mammals and, thus, could contribute to the extreme longevity of these organisms
[34]

. Altogether, these ﬁndings suggest an evolutionary advantage, at least in some organisms, to control

progressive shortening due to the end replication problem. This hypothesis seems at odds with the wealth
of studies showing that TL is positively associated with improved healthspan and lifespan in vertebrates
[35][36]

. Usually, short telomeres are associated with chronological aging, cardiovascular and age-related

diseases and poor prognosis [37]. However, long telomeres are not as beneﬁcial as was initially thought:
several studies have shown an association between long telomeres and some types of cancer. Actually, in
a genome-wide association study, nine cancers out of 35 (including glioma, neuroblastoma and
endometrial cancer) were associated with increased TL

[38]

. To understand the “raison d’être” of these

diﬀerent telomere trajectories between organisms and individuals, and their consequences for health, we
need to understand more fully the complex interplay between genetic and environmental determinants
regulating the response of telomeres to stress during development and aging.

2. Telomere Response to Stress
A stressor can be deﬁned as a factor that leads to a rupture in homeostasis, whether it be at the cellular,
systemic or organismal level. Thus, the environment can be deﬁned as the combination of stressful
situations to which individuals are exposed during their lifetime, including lifestyle, climate, pollutants,
pathogens and social relationships. Organisms have evolved mechanisms to cope with their environments
and predictable environmental ﬂuctuations. Abnormal exposure to stressors is a well-known risk of agerelated disease and premature aging

[39]

. Diﬀerent types of stressors also lead to an acceleration of TL

shortening, leading to critically short telomeres and cellular senescence, a mechanism that could explain
the link between stress and aging. To give an example, the telomere shortening rate can increase by
roughly ﬁve times in ﬁbroblast cultured in hyperoxia compared to normoxia [40]. The rapidity by which
these changes are signaled to the cells is not well understood. One can imagine two non-mutually
exclusive modes of signaling. On one hand, shortened telomeres are phenotypically “silent” until they
reach a critically short length that triggers senescence. On the other hand, even small changes in
telomere length variation can have an impact, even before cells reach senescence. In the following
paragraphs, we discuss how various stresses can modulate telomere structure and function (Figure 2).

Figure 2. Stressors aﬀect telomere homeostasis. Several stresses such as changes in pH or temperature,
exercise, irradiation, pathogens infection, reproduction/breeding eﬀorts, exposure to chemicals or

psychological pressure, among others, can aﬀect telomere integrity. The most described mechanisms
induced by several of these stressors include telomerase inhibition and an increase of ROS, that
preferentially oxidizes the telomeric DNA, a process that we dubbed teloxidation

[41]

. Upon challenge,

telomeric alterations induce the DNA damage response activation (DDR), senescence, transcriptional
changes and mitochondrial dysfunction.
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