Linking functional decline of telomeres,
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The study of human genetic disorders and mutant mouse models has provided evidence that genome
maintenance mechanisms, DNA damage signalling and metabolic regulation cooperate to drive the ageing
process. In particular, age-associated telomere damage, diminution of telomere ‘capping’ function and
associated p53 activation have emerged as prime instigators of a functional decline of tissue stem cells and

of mitochondrial dysfunction that adversely affect renewal and bioenergetic support in diverse tissues.
Constructing a model of how telomeres, stem cells and mitochondria interact with key molecules governing
genome integrity, ‘'stemness' and metabolism provides a framework for how diverse factors contribute to ageing

and age-related disorders.

Medical advances over the past century have produced a near dou-
bling of human life expectancy in industrialized countries. This lon-
gevity boom — due primarily to improved neonatal care, to prevention
and treatment of infections and to interventions for cardiovascular and
endocrine diseases — is expected to lead to a population of 1.2 billion
individuals aged 60 years or older by the year 2025. For medical tech-
nology to have a meaningful impact on the continued health and well-
being of this ageing population, there is an increasingly urgent need
for a more complete understanding of the molecular pathways and
biological processes underlying ageing and age-related disorders.

Our progress in understanding the details of the ageing process
has been hampered by issues such as the gradual and heterogeneous
onset of tissue and organismal decline, the complexity and diversity of
phenotypic presentations, and the lack of adequate biomarkers capa-
ble of quantifying the ‘degree’ of ageing at the molecular and cellular
levels. Further complicating matters, the pace of mammalian ageing is
influenced by external factors such as dietary intake, intrinsic stresses
such as reactive oxygen species (ROS) and telomere erosion, and germ-
line variation in genetic elements governing DNA repair, among other
processes"”. Studies in organisms ranging from yeast to primates have
highlighted the importance of metabolic flux through the phosphatidyl-
inositol-3-OH kinase (PI(3)K) pathway, as well as the activity of the
master metabolic regulators such as sirtuins, the preservation of genome
integrity by means of an efficient DNA repair and oxidative defence
apparatus, the levels of genotoxic stress resulting from eroded telomeres
or excessive ROS, the activation of the p53 and p16 tumour suppressor
pathways, the robustness of mitochondrial reserve or function, and the
integrity of a normal extracellular milieu and cytokine profile’*. How-
ever, how these pathways and processes act together either to promote
or to retard the ageing process is not entirely clear.

Increasing evidence points to telomeres and p53-mediated DNA
damage signalling being core components that drive the senescent or
apoptotic depletion of tissue stem-cell reserves and age-related tissue
degeneration. Although such cellular checkpoint mechanisms contrib-
ute to the functional decline of highly proliferative tissues, how they
would adversely affect the more quiescent tissues that are equally rav-
aged by the ageing process (such as heart, brain and liver) has been more

difficult to rationalize. Here, we put forth a speculative model that posits
a connection linking telomere damage and p53 activation with stem-cell
and mitochondrial dysfunction. This model offers a unifying explana-
tion of how telomeres influence the health of the ageing organism across
diverse tissues with wide-ranging proliferative profiles.

The ageing phenotype

Regardless of the precise underlying molecular mechanisms, the fun-
damental defining manifestation of ageing is an overall decline in the
functional capacity of various organs to maintain baseline tissue homeo-
stasis and to respond adequately to physiological needs under stress™.
In many aged tissues, these declines are gradual and modest in middle
years but accelerate rapidly late in life and become particularly apparent
under conditions that challenge the organism to overcome various stres-
sors with a robust physiological or regenerative response. At the anatomi-
cal and physiological levels, diminished tissue cellularity and inadequate
regenerative responses seem to be intimately linked to many of the classic
age-associated medical maladies, such as muscle atrophy, anaemia, feeble
immune responses and impaired wound healing (Box 1).

In accordance with this functional decline, age is the major risk factor
for the development of chronic medical conditions. In the United States,
nearly 50% of individuals over the age of 65 develop cardiovascular dis-
ease; 35% develop arthropathies; 15% develop type 2 diabetes; and 10%
develop pulmonary disease. Some of these conditions are particularly
debilitating and extract a significant social and economic toll. Stroke
and dementia, the most common causes of long-term institutionali-
zation of individuals over 65, cost the US health-care system alone
$21 billion per year — a cost projected to rise by 14%, to $24 billion,
in 2010 (ref. 6). Advancing age is also the major risk factor for the
development of cancer. Specifically, between ages 40 and 80, there is
arapid increase in cancer incidence that produces an overall lifetime
cancer risk of nearly one in two individuals in industrialized nations’.
Thus, diseases of the aged collectively constitute the major causes of
human suffering and consume the bulk of our health-care resources.
From this perspective, the need to understand the nature of ageing
and how its consequences can be managed, and possibly reversed, has
never been greater.
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Tissue stem cells and age-related disorders

Our bodies possess a remarkable ability for extensive and sustained tis-
sue renewal throughout a lifetime. This continuous self-renewal capac-
ity is maintained by reservoirs of somatic tissue stem cells*”. These tissue
stem cells have garnered increasing attention in ageing and regenerative
research given accumulating evidence that age-associated physiologi-
cal decline, particularly in highly proliferative organs, parallels blunted
proliferative responses and misdirected differentiation of resident tis-
sue stem cells (Fig. 1). At the same time, these long-lived renewable
reservoirs may also negatively affect the health of aged individuals by
providing a preferred cellular compartment for malignancy’.

Tissues have widely varying levels of baseline proliferative activity and
regenerative potential. In high-turnover tissues, resident stem cells have
been documented to generate large numbers of specialized cell progeny
and thereby maintain tissue cellularity and functionality over a lifetime.
In tissues with lower proliferative or regenerative capacity, such as the
heart, the identification of stem cells has been more difficult, although
their existence in some low-proliferative-capacity organs such as the
brain has been documented"’. Intuitively, it would seem reasonable to
posit that preserving an adequate pool of tissue stem cells with robust
potential for renewal would be vital to maintaining organ function with
advancing age. Such a view is supported by the premature ageing pheno-
types observed in mice with conditional deletion of the genes encoding
ATR (ataxia telangiectasia and Rad3 related), FOXO transcription fac-
tors or ATM (ataxia telangiectasia mutated); these mice exhibit tissue
stem-cell defects or diminished oxidative defence and ROS-induced
stem-cell depletion (Box 2). Although these genetic models are sugges-
tive, a major question remains about whether numerical or functional
decline in tissue stem cells contributes to declining health in the elderly
and underlies at least some aspects of ageing. In this regard, an age-
related analysis of well-defined stem-cell types in three organ systems
— haematopoietic, neural and muscular — with varying regenerative
profiles has proven particularly instructive.

Haematopoietic system

The ageing human and murine haematopoietic systems experience a
well-documented age-dependent functional decline of stem cells due
to cell-autonomous and microenvironmental (niche) factors’. These
haematopoietic system changes coincide with alterations across all blood
effector lineages. There is decreased competence in the innate immune
system (decreased natural-killer activity, decreased phagocytic ability of
neutrophils and macrophages, and a pro-inflammatory state) and the
adaptive immune system (decreased numbers of naive B and T cells, and
increased numbers of memory B and T cells), as well as expansion of the
myeloid lineage and mild to moderate normocytic anaemia''. Most nota-
bly, retrospective analysis of bone marrow transplantations in patients has
established that donor age is the only parameter significantly associated
with survival of the transplant recipients, and this evidence is consistent
with a cell-autonomous compromise in the function of haematopoietic
stem cells (HSCs) from aged donors'™. Importantly, these observations
in ageing humans are supported by studies in ageing mice that clearly
document a decrease in the number of functionally competent HSCs, as
well as a preferred differentiation towards myeloid lineages over lymphoid
lineages through a cell-autonomous process’.

Neural system

In the human and mouse brain, continued neurogenesis has been
documented throughout adulthood. These new neurons derive from
neural stem cells (NSCs) residing in the subventricular zone and in
the subgranular zone of the hippocampal dentate gyrus". Progeny of
stem cells located in the subventricular zone travel through the rostral
migratory stream into the olfactory bulb to differentiate into inter-
neurons, whereas progeny from the subgranular zone of the dentate
gyrus migrate to the granular layer, where they integrate with its resi-
dent cells”. Although a few studies have demonstrated that the human
brain experiences a decline in neurogenesis with ageing, much of our
understanding of age-associated changes in neurogenesis comes from

Box 1| Organ-specific changes associated with advancing age

The anatomical and physiological changes associated with advancing
age emerge with variable onset, pace and severity in individuals, and
they affect organs and tissue types both with highly mitotic profiles and
with quiescent profiles. The hallmarks of ageing include loss of muscle
mass (sarcopenia), decreased musculoskeletal mobility, reductionin
bone mass (osteoporosis), and thinning and reduced elasticity of skin
(wrinkling). The ageing haematopoietic system exhibits progressive
normocytic anaemia and altered immune-cell profiles such as
increasing CD8"/CD4" T-cell ratios and accumulating myeloid cells in
the bone marrow. Other tissues, such as the brain, liver and kidneys,
experience a low degree of cellular loss and overall reduction in mass.
These age-progressive tissue cytoarchitectural changes are intimately
linked to a functional (physiological) decline at baseline, a marked
inability to mount responses to various stresses and an increased risk
of disease development. This functional decline is most prominent in
the musculoskeletal system, where there are decreased activity levels,
strength and range of motion owing to stiffness and development of
arthropathies. Additionally, healing and proliferative stress responses
are universally blunted in the aged, as evidenced by impaired wound
repair on injury or surgery and by feeble immune-cell proliferative
responses in the face of infection. Aged individuals also show a
decreased capacity of the liver and kidneys to metabolize drugs and a
diminished cardiovascular reserve driven by declines in maximal heart
rates, cardiac contractility and lung capacity'.

rodent studies. Old mice (>2 years of age) experience a twofold reduc-
tion in the number of NSCs relative to young mice, a loss that mirrors
the respective numbers of neurospheres derived from young and old
mouse brains'*"®. Accompanying this age-associated decline is an over-
all drop in the number of newly generated neurons, a drop that has
apparent functional consequences. For example, in the ageing mouse
brain, the decline in neurogenesis is associated with an impairment of
olfactory discrimination due to the presence of fewer NSCs in the sub-
ventricular zone and, thus, a diminished ability to replenish the olfac-
tory epithelium continually".

Muscular system

Skeletal muscle also experiences a decline in regenerative potential
with ageing, which is manifested by decreased generation of myogenic
fibres and their replacement with fibrous tissue in humans, as well as in
invertebrate species'’. Diminished regeneration is most apparent after
injury, with a protracted and incomplete recovery in aged humans'®.
The regenerative impairment is thought to result from compromised
resident stem cells, the so-called satellite cells. With ageing, there are
documented decreases in proliferative and differentiation capacity,
as well as possible decreases in numbers of satellite stem cells in both
mice and humans'”"”. Age-associated changes in satellite cells seem
to be driven predominantly by an ‘aged microenvironment’ because
the functional capacity of satellite cells from aged muscles can be fully
restored if exposed to the milieu of young muscles in parabiotic (surgi-
cally conjoined) mice®.

Molecular pathways in ageing

Mechanistic analyses of stem cells from these three representative tissues
have linked several molecular pathways to age-associated changes. First
is the PI(3)K pathway, which can profoundly alter both the numbers
and activity of stem cells and is strongly linked to ageing and lifespan
regulation. For example, disruption of FOXO proteins, which are key
downstream components of the PI(3)K pathway, results in the ROS-
induced depletion of tissue stem cells***. Similarly, deletion of another
downstream pathway component, TSCI (a negative regulator of mam-
malian target of rapamycin (mTOR)), causes profound HSC failure in
association with increased ROS concentrations and inappropriate mobi-
lization from the bone marrow niche”. The importance of this TSC1-
mTOR signalling axis has been validated at the pharmacological and
genetic levels: the hyperproliferative HSC phenotype and consequent
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Figure 1| Haematopoietic stem cells experience functional decline

with ageing. Major differences between young (left) and old (right)
haematopoietic stem cells (HSCs) are shown, exemplifying general
mechanisms that may occur with age in stem cells, including decreased
regenerative potential and dysregulated differentiation. Cell-extrinsic
and cell-intrinsic factors contribute to the overall functional decline of
ageing HSCs. Although the self-renewal capacity might be increased in
aged HSCs, there is decreased functional regenerative capacity, particularly
under stress conditions. Importantly, aged HSCs have an altered
differentiation programme with reduced output of common lymphoid
progenitors (CLPs), whereas common myeloid progenitors (CMPs) are
produced at the same rate as by young HSCs. The decrease in numbers of
CLPs and mature B and T cells (‘immunosenescence’) is in contrast to the

bone marrow failure in Pten knockout mice can be reversed by treat-
ment with rapamycin, an mTOR inhibitor**, and the deletion in mice of
the gene encoding ribosomal protein S6 kinase 1 (Rps6kbI), a down-
stream mediator of mMTOR activity, can extend lifespan with decreased
age-related pathologies™.

Second are the DNA repair pathways. Specifically, mice that are defec-
tive in DNA repair capacity age prematurely and experience neuro-
degeneration and loss of various stem-cell compartments, including

Box 2 | Genetic models of stem-cell compromise and ageing

Adult mice lacking ATR show an initial pronounced depletion of
tissue-specific stem and progenitor cells in the skin, intestine and bone
marrow, among other systems, resulting in widespread tissue atrophy.
Within months, rare ATR-proficient stem cells restore sufficient tissue
function, but the animals still experience diverse ageing phenotypes,
consistent with the possibility that intensive regenerative demands can
precipitate premature ageing; however, perturbations of the stem-cell
niche cannot be ruled out®’. FOXO proteins, which are regulators of
lifespan in less-evolved organisms, can regulate expression of oxidative
defence genes that detoxify intracellular ROS?"??. Their deletion in the
mouse germline causes progressive depletion of haematopoietic stem
cells (HSCs) and neural stem cells (NSCs). The FOXO-deficient HSCs
show poor transplant potential, and the FOXO-deficient NSCs show
poor renewal potential in vitro and decreased ability to support the
production of new neurons in the brain®#2, Similarly, mice deficient in
ATM show progressive bone marrow failure in adulthood. HSC failure
in both the ATM and FOXO mutant models is shown to be mediated

by increased concentrations of ROS, as treatment with antioxidative
agents rescues HSC function and bone marrow failure?**>,
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increased frequency of common granulocyte-macrophage progenitors
(GMPs) and, consequently, granulocytes and macrophages. Numbers

of megakaryocyte-erythrocyte progenitors (MEPs) are not altered.
Possible cell-extrinsic alterations relevant for HSC function include
altered stromal compositions and altered cytokine profiles that favour
specific differentiation programmes such as decreased lymphopoiesis and
increased myelopoiesis. Other age-related changes could affect osteoblast
and endothelial cells that have been shown to modulate HSC function. The
relevance of systemic factors in modulating stem-cell function has been
shown in parabiosis studies: the regenerative capacity of muscle satellite
cells in aged mice was increased by exposure to the circulatory system of
young mice through the restoration of Delta-Notch signalling™. LRPs,
lineage-restricted progenitors.

HSCs, although the precise nature of the affected DNA repair pathway
dictates the outcome. For example, nucleotide excision repair defects
lead to progeroid syndromes, whereas mismatch repair defects increase
the cancer risk but do not produce accelerated ageing. DNA damage in
the form of telomere dysfunction has also been shown to precipitate pre-
mature ageing and diminish lifespan, causing widespread tissue atrophy
with depletion of almost all tissue stem-cell reserves examined. This loss
of stem cells is due largely to p53-mediated proliferative arrest, senes-
cence and/or apoptotic elimination, as discussed in detail below”*””.The
relevance of p53 activation in ageing is reinforced by florid premature
ageing phenotypes and diminished stem-cell function in certain strains
of mice engineered with germline alleles of hyperactive mutant p53 (the
gene encoding p53, which is also known as Trp53)**.

Third are cellular mortality pathway molecules such as the p16
tumour suppressor, which, judging from increased p16 expression in
aged human and mouse tissues, including in HSCs, NSCs and islet
B-cells in mice™, seems to be involved in the ageing process. Accord-
ingly, mice lacking p16 show enhanced HSC, NSC and islet B-cell func-
tion with age®. Last are the mitochondrial pathways. There is increasing
recognition that intact mitochondrial function is crucial for the main-
tenance of stem cells, as evidenced by compromised HSC function,
profound anaemia and lymphopenia in mice expressing a mutant form
of mitochondrial DNA polymerase-y that is associated with increased
mitochondrial DNA mutations™. Recent evidence also indicates that
loss of BMI1, a negative regulator of the Ink4a/Arf locus (also known
as Cdkn2a), is associated with decreased mitochondrial function mani-
festing as decreased electron transport flux, resulting in increased ROS
concentrations and stem-cell compromise™. ROS have also been shown
to accelerate telomere shortening and activate the p53-p21 axis, as well
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as modulate signalling pathways essential for maintaining HSC and NSC
quiescence, as revealed by loss of oxidative defence in the setting of
FOXO deficiency"**.

In summary, studies derived mainly from animal models but also
from corroborating human correlative studies have demonstrated that
stem cells of different organs show compromised proliferative and differ-
entiation potential with advancing age and that this may not be reflected
in a decrease in their numbers. This functional decline parallels compro-
mised organ function, inadequate physiological responsiveness under
stress and increased incidence of disease. Mechanistically, a wide range
of genetic factors and pathways seem to contribute to the ageing process
through their regulation of stem-cell and mitochondrial function. It is
particularly notable that many of these genetic factors connect one way
or another to genotoxic stress and the response to such DNA damage,
as we discuss below.

Telomeres and ageing

Telomeres are specialized structures that adorn the ends of human
chromosomes. Early studies showed the essential role of telomeres
in the integrity of chromosomes™ *’. These nucleoprotein caps are
maintained by the enzyme telomerase® *’. The importance of adequate
telomerase activity and maintenance of telomere length for both repli-
cative potential in culture and ageing in organisms was initially inferred
from studies of primary human fibroblasts. In culture, division of fibro-
blasts results in progressive telomere attrition, culminating in a state of
proliferative arrest — or cellular senescence — after a finite number
of cell divisions, a barrier known as the Hayflick limit"'. Proliferation
beyond this limit drives further telomere erosion, ultimately triggering
rampant chromosomal instability driven by chromosome breakage-
fusion-breakage events®.

In a seminal series of decisive studies, enforced expression of TERT,
the catalytic subunit of telomerase, in cultured human fibroblasts stabi-
lized telomere length and endowed the cells with unlimited replicative
potential without engendering malignant properties***. The remarkable
capacity of experimentally induced telomerase activity to circumvent
senescence and allow indefinite growth has been documented in many
other human cell types. These compelling cell culture studies and com-
plementary studies in telomerase knockout mice (see below) have since
inspired significant efforts to determine whether telomere dynamics
bear relevance to the processes of ageing and/or various degenerative
diseases in humans.

Human population studies have correlated decreased telomere length
in peripheral blood leukocytes with higher mortality rates in individuals
who are more than 60 years old; however, a recent large cohort study
found no such correlation but did report a positive link between telo-
mere length and years of healthy life*>*°. By contrast, a recent study in
centenarians and their offspring found a positive link between telomere
length and longevity; in particular, those with longer telomeres had an
overall improved health profile (with decreased age-associated disease
and better cognitive function and lipid profiles) relative to controls”.
Corroborating these observations in humans are recent studies showing
evidence, albeit preliminary, that telomeres are also relevant to normal
ageing in mice (Box 3).

With respect to the role of telomeres in disease, a remarkable twist
comes from the observations that telomere reserves parallel the levels of
psychological stress and risk for development of psychiatric disease** ™.
In women aged 20-50 years, those with the highest levels of psychologi-
cal stress had the shortest telomeres and the lowest telomerase activity in
peripheral blood leukocytes, and showed the highest levels of oxidative
stress”. The connection is particularly intriguing because individu-
als subject to chronic psychological stress show a shortened lifespan
and more rapid onset of diseases typically associated with ageing, such
as cardiovascular disease and accelerated ageing of the immune sys-
tem™. The activation of autonomic and neuroendocrine systems, and
the subsequent glucocorticoid-driven increase in ROS, might underlie
accelerated telomere erosion and damage telomeres directly’*>. More
speculatively, such damaged telomeres may not be repaired efficiently,

Box 3 | Relevance of telomeres to normal ageing in wild-type mice

In Tert transgenic mice on a cancer-resistant background (a mouse
model made by introducing extra copies of wild-type p53 and the
Ink4a/Arf gene locus), it was shown that TERT overexpression can
result in an increase in median lifespan, accompanied by a more
youthful profile characterized by increased epidermal thickness,
reduced dermatitis, reduced gastritis and enteritis with improved
intestinal and epidermal barrier function in vivo, as well as enhanced
clonogenic activity of epidermal stem cells in vitro®*. Although telomere
dysfunction is presumably not present in this model, it is reasonable
to speculate that TERT overexpression operates to stabilize telomeres
in epidermal stem cells, suggesting a role for telomere length in stem-
cell activity in wild-type mice. Indeed, recent studies in wild-type mice
have accumulated evidence, albeit preliminary evidence, supporting
the thesis that telomere shortening is important for ageing of these
mice. These studies have shown that telomere shortening does occur
in mice of both the Mus spretus (with short telomeres) and the Mus
musculus C57BL/6 (with longer telomeres) strains across different
tissues, to variable degrees®*. In the M. musculus C57BL/6 strain,
telomere shortening occurs precipitously when mice reach the age

of two years and affects differentiated, as well as progenitor-cell,
populations, leading to decreased functional capacity®. Furthermore,
telomerase overexpression in mice with long telomeres prevents age-
related telomere shortening and delays associated functional decline
in epidermal and intestinal stem cells, although a telomere-length-
independent mechanism of TERT overexpression has not been ruled
out®®* Finally, with increased telomere shortening, CAST/EiJ mice
with naturally occurring short telomeres (~15 kilobases) that are either
haploinsufficient or intact for telomerase succumb to degenerative
decline in highly regenerative organs, including the intestine (villous
atrophy) and testes (hypocellularity) and in the haematopoietic
system (pancytopenia)®®®,

owing to low levels of telomerase activity and an inherent shielding of
telomeres from DNA repair machinery. As such, damaged telomeres
may provide a reservoir of persistent DNA damage signals and con-
sequent sustained p53 activation with senescent sequelae.

The importance of telomeres in the maintenance of a healthy human
lifespan is also inferred from the study of a variety of inherited degenera-
tive disorders. For instance, patients with autosomal dominant dyskera-
tosis congenita are now known to carry mutations in either the catalytic,
TERT, component of telomerase or in the gene, TERC, that encodes its
RNA template™. These patients have shortened telomeres and reduced
lifespan, and they show signs of accelerated ageing and bone marrow
failure with increased risk of life-threatening infections™. Additional
evidence of the relevance of telomeres to the ageing process comes from
the analysis of patients, and derivative cells, afflicted with premature-
ageing conditions such as Werner syndrome and ataxia telangiectasia
(Box 4). However, TERC or TERT mutations have been linked to more
organ-restricted dysfunction as well, for instance to idiopathic pulmo-
nary fibrosis (a progressive fatal lung disease with excessive scarring)™
and bone marrow failure syndromes™, highlighting the complex and
tissue-specific manifestation of telomere length maintenance defects.
Beyond inherited genetic disorders, telomeres also seem to be relevant to
‘acquired’ degenerative conditions associated with chronically elevated
tissue turnover. The most notable example is liver cirrhosis, the seventh
most common cause of death by disease in humans worldwide™, which
shows a progressive decline in telomere reserves with increased hepa-
tocyte turnover, leading to sustained hepatocyte proliferative arrest and
apoptosis culminating in liver failure.

Taken together, evidence from the study of a wide range of human
degenerative diseases, both inherited and acquired, points to limiting
telomeres as key pathogenetic elements driving degenerative pathologies,
increasing cancer risk and shortening lifespan. In this light, the sizes of
telomere reserves and their level of persistent damage or, better, measure-
ments of their capping status may prove useful as biomarkers of disease
progression and may offer new opportunities for proactive therapeutic
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Box 4 | Premature ageing (progeroid) syndromes associated with telomere dysfunction

A number of single-gene mutations have been shown to induce
premature ageing to variable degrees. These genetic syndromes

can be classified into two categories on the basis of whether they
affect multiple organs and tissues (segmental progeroid syndromes)
or predominantly a single organ (unimodal progeroid syndromes).
Segmental progeroid syndromes include Werner syndrome, ataxia
telangiectasia, dyskeratosis congenita, Hutchinson-Gilford progeria
syndrome and Bloom syndrome. Unimodal progeroid syndromes
include familial Alzheimer's disease, familial Parkinson's disease and
attenuated familial polyposis®.

Werner syndrome is a rare autosomal recessive disorder that affects
1in 100,000 individuals and results from a deficiency of the WRN
protein, which is a RecQ DNA helicase involved in DNA repair, DNA
recombination and telomere maintenance. The hyper-recombination
and multiple chromosomal aberrations in Werner syndrome cells
suggest that accelerated ageing and increased cancer susceptibility
stem from the failure to suppress illegitimate recombination events
and global genome instability. Importantly, Werner syndrome
fibroblasts show accelerated telomere attrition and undergo premature
senescence that can be rescued by enforced TERT expression. These
patients develop normally until puberty, at which time they stop
growing and begin to manifest multiple progressive premature ageing

pathologies, including senile cataracts, osteoporosis, skin atrophy,

hair greying, myocardial infarction and cancer. These patients have a
markedly decreased life expectancy (with a median of 47-48 years)
mainly owing to development of myocardial infarction and cancer®.

Ataxia telangiectasia is an autosomal recessive disorder that
causes the development of progressive cerebellar degeneration, skin
abnormalities (telangiectasia, atrophy, pigmentary abnormalities
and hair greying), immunodeficiency and a wide range of malignant
neoplasms. The disease results from various crippling mutations in the
ATM gene, which has key roles in DNA damage signalling, DNA repair
and telomere maintenance. Ataxia telangiectasia cells that experience
marked telomere attrition show increased chromosomal instability
and premature senescence that can be rescued by enforced TERT
expression®”.

Strikingly, the Wrn-null and Atm-null mouse models both fail to show
the classic degenerative pathologies observed in the human conditions.
However, once WRN-deficient or ATM-deficient mice are placed on a
telomerase-deficient background with limiting telomeres, these mice
exhibit a host of degenerative pathologies associated with accelerated
ageing. Such observations emphasize the fact that limiting telomeres
are prominent rate-limiting pathogenetic elements governing the onset
of age-related phenotypes in these genetic disorders®.

interventions involving transient somatic activation of endogenous
telomerase to replenish or repair telomeres.

The telomerase knockout mouse

The in vivo relevance and specific roles of telomeres in the processes
of ageing, degenerative diseases and cancer development were initially
defined by the generation and characterization of laboratory mice null
for either the Terc or Tert gene. Remarkably, mice null for either Terc
or Tert seemed healthy and phenotypically unaffected, establishing
that telomerase activity is dispensable for life””**. This notable lack of a
phenotype was postulated to be due to generous telomere reserves that
retain capping function in first-generation (G,) Terc”” mice”. Indeed,
successive generations of Terc'~ mice had critically short telomeres and
chromosomal end-to-end fusions. Coincident with cytogenetic evidence
of telomere dysfunction (signal-free ends and end-to-end fusions),
late-generation (G, and beyond) Terc”” mice had a shortened lifespan,
overall frailty, decreased fecundity and tissue atrophy with impaired
organ function® (Fig. 2). The widespread tissue degenerative pheno-
types included anaemia and lymphopenia, kyphosis and osteoporosis,
mild glucose intolerance and other classic age-related phenotypes™. The
severity of these degenerative phenotypes parallels the degree of telo-
mere dysfunction in successive Terc’~ generations, as measured by the
number of chromosomal fusions and anaphase bridges and, in a more
recent study, the number of DNA damage foci at telomeres®*'". More-
over, the relevance of telomeres to the ageing process was reinforced by
the strikingly muted ageing phenotypes of mice engineered with classic
human degenerative-disease mutations (for example WRN and ATM),
unless such mutant mice were rendered telomerase deficient and pos-
sessed short, limiting telomeres®®.

What are the underlying mechanisms of these striking telomere-asso-
ciated degenerative phenotypes? For highly proliferative organs that rely
on resident tissue stem cells for organ renewal and homeostasis, there
is clear evidence that reserves of stem and progenitor cells across vari-
ous tissue types of the late-generation Terc "~ mice are depleted and/or
functionally compromised through various processes such as increased
apoptosis, senescence and impaired differentiation. For example, the
degree of intestinal atrophy in aged, late-generation Terc”"~ mice paral-
lels high levels of p53-dependent apoptosis in the stem-cell-rich and
progenitor-cell-rich crypt compartment™. Additionally, late-generation
Terc’~ HSCs have been shown to be severely disadvantaged in competi-
tive transplantation experiments and show pronounced differentiation
towards the myeloid lineage, a profile similar to that in aged humans®*®,
In the skin, late-generation Terc’~ epidermal stem cells are also impaired
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in their proliferative capacity and ability to move out of the hair follicle,
defects that may underlie delayed wound healing, hair greying and hair
loss in these mice®. Even the brain, an organ of relatively low prolifera-
tive activity, shows a compromise of NSC renewal and differentiation
capacity in late-generation Terc '~ mice®’. The molecular pathways that
sense telomere dysfunction and activate cellular checkpoint responses
leading to these stem-cell defects and tissue degeneration phenotypes
are not completely understood, although p53 has been shown to have a
prominent role (see below).

Telomerase and stem-cell homeostasis

Although much of our understanding of telomerase in degenera-
tive conditions and cancers has been rooted in studies of telomerase
knockout mice and focused on its telomere capping function, there
is emerging evidence of a role for telomerase in stem-cell biology that
does not involve its telomere maintenance function. In a series of
transgenic studies, enforced TERT expression in the skin was shown
to activate quiescent hair-follicle stem cells and stimulate hair growth.
This TERT-induced stem-cell activation effect is not related to TERT’s
classic telomere synthesis activities, as it can occur on a telomerase-
deficient background (Terc ") or with an enzymatically inactive TERT
transgene®. These observations point to telomere-independent func-
tion of TERT in tissue stem-cell homeostasis, an area that gains added
significance in light of the ability of human TERT to bind the RNA com-
ponent (RMRP) of the ribonucleoprotein endoribonuclease (the RNase
MRP complex)®. In the context of our model, this report is intriguing
because the RNase MRP complex is involved in diverse cellular and
mitochondrial functions; moreover, patients with mutations in RMRP
develop cartilage-hair hypoplasia syndrome that is characterized by
premature multi-organ failure mainly in highly proliferative organs,
consistent with possible stem-cell failure. Thus, there is a growing
appreciation that the activities of TERT beyond telomere maintenance
may affect age-relevant processes linked to optimal mitochondrial and
stem-cell function.

The p53 tumour suppressor and genome maintenance

The importance of genome integrity in ageing is apparent from genetic
studies of patients with defects in the DNA repair machinery. Genetic
studies in mice have reinforced the importance of DNA repair processes
in ageing and degenerative diseases. The essential role of p53 signal-
ling in response to DNA damage and consequent degenerative ageing
phenotypes is underscored by the rescue — in fact the near-complete
reversal — of these phenotypes on its deletion.
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Genome maintenance

Syndromes with defective genome maintenance are often associated with
accelerated ageing in humans. Mice engineered with analogous muta-
tions demonstrate an essential role for intact DNA repair machinery in
stem-cell maintenance and ageing processes. In young mice deficient in
KU80 (also known as XRCC5) or XPD (also known as ERCC2), HSCs do
not show significant DNA damage or functional decline; however, HSCs
from the corresponding aged mice show an accumulation of DNA dam-
age foci and are significantly compromised in their repopulation capac-
ity in the transplantation setting®. The relevance of these experimental
findings to normal ageing is not clear, although it is notable that greater
numbers of DNA damage foci and increased functional impairment are
observed in HSCs of aged wild-type mice®™. Several other engineered
mouse lines with defects in the DNA repair machinery, including mice
with a hypomorphic ligase IV allele and mice in which Msh2 and Fancd1
(also known as Brca2) have been knocked out, also experience increased
DNA damage and stem-cell decline®. Hyperactivation of the DNA dam-
age response pathway, apparently in the absence of excess DNA damage,
can also induce stem-cell attrition, as demonstrated in mice possess-
ing a hypermorphic Rad50 allele; these mice experience bone marrow
failure by four weeks of age as a result of increased apoptosis™. A recent
study indicates that ionizing-radiation-induced DNA damage leads to
melanocyte stem-cell attrition, although in this cell type the basis for
depletion relates to accelerated exit from quiescence and enhanced dif-
ferentiation rather than to apoptosis and senescence’’. Furthermore, it is
worth noting that some DNA repair proteins, including RAD50, KU70
or KU80, ATM and WRN, are essential for telomere maintenance. One
notable protein that is essential for DNA stability and repair is SIRT6, a
member of the sirtuin family of proteins that associates with telomeres.
The deletion of the gene encoding SIRT6 induces telomere dysfunction
with end-to-end chromosomal fusions, resulting in increased cellular
senescence, pronounced acceleration of ageing phenotypes and a life
expectancy of only three weeks’>”*. Together, these engineered mouse
models with defective DNA repair machinery provide convincing
genetic evidence linking maintenance of genome integrity to the pro-
cess of organismal ageing.

@——m Terc or Tert
© @

Telomeres intact

Telomere loss and
end fusions

Figure 2 | Telomerase knockout mice with dysfunctional telomeres develop
premature ageing. Telomerase knockout mice (G,) are viable, with intact
chromosomes, and have minor physiological abnormalities in the case

of long telomeres (top image; arrow); however, with advanced age, they
develop degenerative symptoms sooner than do age-matched mice with
wild-type Terc. Continuous interbreeding of telomerase knockout mice
leads to subsequent generations of mice (G,, G; and so on) with telomeres
of decreasing length. Mice with dysfunctional telomeres have chromosomal
abnormalities (bottom image; arrows point to loss of telomere signal,

The p53 tumour suppressor

As ‘guardian’ of the genome, p53 is a major cellular stress sensor that is
activated in response to DNA damage such as telomere dysfunction and
to other adverse stimuli such as ROS, oncogene activation and hypoxia.
The cellular consequences of p53 activation include growth arrest and
repair or apoptosis and senescence, depending on the degree of acti-
vation”. In keeping with this role, germline deletion of p53 in mice
with critically short telomeres results in a marked decrease in apoptosis
and a significant increase in proliferation across many tissues”. The
reversal of cellular attrition in the setting of p53 deficiency correlates
with improved functionality in organs such as the testes, intestine and
skin and in the haematopoietic system. In the skin of late-generation
Terc”"p53”" mice, there is improved wound healing, hair growth and
skin renewal, to levels comparable to those of wild-type mice, as well
as increased epidermal stem-cell numbers and improved mobilization
capacity”. Similarly, late-generation Terc p53”~ HSCs show improved
repopulation capacity in transplantation studies®. Collectively, these
data indicate that the p53-dependent telomere checkpoint operates in
diverse stem-cell types.

Although p53 deletion improves stem-cell function in mice with
short dysfunctional telomeres, it does not enhance their overall lon-
gevity, owing to an increased incidence of cancer. In contrast to late-
generation Terc”’”p53"'" mice, late-generation Terc”’ p53™"~ (or p53*'")
mice showed increased tumour incidence and, importantly, an altered
tumour spectrum’®. Instead of the typical lymphoma-dominated and
sarcoma-dominated tumour spectrum in p53~'~ mice with intact telo-
meres, telomere-dysfunctional Terc” p53~ mice developed epithelial
cancers of the skin, gastrointestinal tract and breast, a spectrum highly
reminiscent of that seen in the aged population in humans’. The impact
of p53 deficiency on ageing and cancer phenotypes of telomere-dys-
functional mice is in contrast to the impact of deletion of Ink4a/Arf,
which encodes the cyclin-dependent kinase inhibitor p16™*** and
the p53 activator p19*** (ref. 30). Ink4a/Arf deletion did not attenu-
ate the degenerative phenotypes elicited by telomere dysfunction nor
lead to an increase in the number of epithelial tumours. Instead, the
late-generation Terc ™" Ink4a/Arf™"~ mice succumbed to the lymphoma

Post-mitotic tissues
No overt degenerative condition
Near-normal lifespan
Proliferative organs
Modest stem-cell dysfunction

Post-mitotic tissues
Cardiomyopathy
Insulin resistance

Proliferative organs
Stem-cell dysfunction
Organ atrophy
Diminished stress response
Modest increase in cancer

Markedly decreased lifespan

resulting in fused chromosomes), and they develop multiple ageing-
associated degenerative disorders in highly proliferative organs, as well as in
post-mitotic tissues. Highly proliferative organs such as the intestine, skin
and testes are characterized by atrophic changes indicating stem-cell-based
failure. Functional decline in post-mitotic tissues (such as cardiomyopathy)
and age-associated metabolic changes (such as insulin resistance) have been
noted in mice with dysfunctional telomeres. Such mice have a shortened
lifespan and a modest increase in cancer, in line with the role of telomeres in
preventing illegitimate recombination events.
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Figure 3 | A model of interaction between DNA damage, p53 activation and
mitochondrial dysfunction. In this model, genotoxic stress brought about
by telomere attrition, impaired DNA repair, ultraviolet (UV) radiation,
ionizing radiation (IR), chemicals, ROS and other mechanisms activates
P53 and induces cellular growth arrest (in proliferating compartments),
senescence or apoptosis. We also propose that p53 can impair
mitochondrial function either directly or indirectly (through regulation of
ROS-detoxifying enzymes). This p53-mediated mitochondrial dysfunction
triggers a cycle of DNA damage, p53 activation, mitochondrial compromise
and increased ROS levels leading to additional DNA damage, and so on.
The mitochondrial compromise could contribute to organ dysfunction
through decreased ATP generation, as well as changes in mitochondrial
metabolism. The interplay between p53 and other pathways implicated in
ageing is also indicated. Caloric restriction (CR) activates SIRT1, which
decreases p53 activity. Also, SIRT1 (and possibly SIRT6) activates PGC-1a
and boosts mitochondrial biogenesis’. PGC-1a increases antioxidant
defence through upregulation of antioxidants*, whereas p53 has been
shown to increase or decrease the expression of antioxidants depending

on cellular ROS concentrations®. BMI1 loss has been shown to induce
mitochondrial dysfunction directly and induce upregulation of p16/ARF
(refs 30, 32). ARF increases p53 activity through interaction with MDM2,
the negative regulator of p53.

and sarcoma spectrum expected for Ink4a/Arf™"" mice, albeit with a

longer latency””. These contrasting studies not only underscore how the
genetic context can dramatically dictate the role of telomeres in ageing
and cancer but also pinpoint the importance of p53, as the preservation
of DNA-damage-induced signalling and p53 activation may underlie the
lack of a rescue with Ink4a/Arf deficiency”. Indeed, p53 activation and
associated increased apoptosis has been documented in tissues of late-
generation Terc”~Ink4a/Arf”™ mice that show testicular and intestinal
atrophy, as well as impaired haematopoiesis”’. Whether these defects
are specifically associated with depletion of tissue stem cells is not yet
known, but they warrant further investigation.
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The complete lack of attenuation in the telomere-driven degenerative
phenotypes in the setting of Ink4a/Arf deficiency was somewhat at odds
with the reported role of the Bmil-Ink4a/Arfaxis in stem-cell mainte-
nance”, as Ink4a/Arf deficiency has been shown to rescue the HSC-NSC

INK4A
6

depletion phenotype of Bmil deficiency and specific loss of p1
through targeted mutation of Ink4a can enhance the regenerative poten-
tial of ageing HSCs, NSCs, lymphocytes and islet f-cells”. That said, the
stem-cell depletion phenotype of Bmil deficiency has been linked not
only to upregulated Ink4a/Arf expression (BMI1 is a repressor of the
Ink4a/Arflocus) but also to increased mitochondrial dysfunction that
results in increased ROS concentrations and subsequent activation of the
DNA damage response pathway . Thus, it is tempting to speculate that
these increased ROS concentrations in the setting of Bmil deficiency
may further drive telomere damage and erosion, and the consequent
enhanced p53 activation, thereby overriding any ameliorative impact of
Ink4a/Arf deficiency on the stem-cell and progenitor-cell compartments
of late-generation Terc”~Ink4a/Arf "~ mice. The molecular basis of how
Bmil-Ink4a/Arfregulates mitochondrial biology remains an important
area for continued investigation.

Further evidence of a role for activated p53 in organismal ageing comes
from two genetically engineered mouse alleles of hyperactive mutant
p53: such mice experience premature ageing and are significantly cancer
resistant’™®”. As they age, different tissues derived from these hyper-p53
mice develop increased numbers of senescent cells; furthermore, their
HSCs exhibit decreased activity in competitive transplants, as well as
decreased engraftment capacity’. These observations are in line with the
capacity of p53 deficiency to rescue many accelerated ageing phenotypes
in various models engineered with deletion of Terc (as above), Brcal,
Zmpste24 (a mouse model for Hutchinson-Gilford progeria syndrome,
which is a human progeroid syndrome) or Ku80 (refs 79, 80); see Box 4
for other progeroid syndromes. However, transgenic mice carrying one
extra copy of the intact (wild-type) p53locus, the Ink4a/Arf locus or both
are found to have a normal or extended lifespan (up to 16% longer), with
delayed onset of the ageing phenotype, a result that has been attributed
to lower ROS concentrations and ROS-related damage to proteins and
lipids®'. Further highlighting the complexity of p53 signalling, mice with
ahypomorphic allele of Mdm2, the major negative regulator of p53, have
notbeen reported to develop overt signs of premature ageing in the pres-
ence of enhanced p53 activity®. Finally, inactivation of p53 may not be
sufficient to sustain viability in the setting of extremely severe telomere
dysfunction and rampant chromosomal stability™**,

The two apparently divergent aspects of p53 function — pro-ageing
and anti-ageing — are probably non-exclusive and relate to the activity
levels of p53, the kinetics of its activation and the cellular or genetic
context. Although deletion of p53 is able to reverse many of these cel-
lular and organismal ageing phenotypes, the beneficial impact of p53
inactivation on ageing and stem cells is offset by the increased risk of
cancer. These results highlight the need for an improved understand-
ing of the circuitry of the p53-mediated checkpoint network, as such
insights may provide avenues for improved management of the ageing
consequences while suppressing the development of cancer. Along these
lines, it is notable that deletion of p21, a p53 target and a negative cell-
cycle regulator, attenuates tissue degeneration in a number of organs
in late-generation Terc”~ mice without increasing the risk of cancer®.
Thus, further systematic dissection of the network of p53 may illuminate
novel therapeutic avenues for the optimal management of ageing and
cancer risks.

Perspectives

Genotoxic stress — particularly from damaged telomeres — would
seem, on the surface, less relevant as a basis for age-progressive func-
tional decline in relatively quiescent organs, such as the heart and
liver. However, cardiomyopathy is a prominent phenotype in the
late-generation Terc”’~ mouse model®. Thus, to describe these highly
metabolic organs, we propose a model whereby mitochondrial dys-
function underlies an escalating cycle of genotoxic damage leading
to, in turn, p53 activation, mitochondrial dysfunction, increased ROS
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concentrations and, consequently, further DNA damage’. In particu-
lar, decreasing mitochondrial reserves and function as documented in
aged human and mouse tissues would result in increased ROS produc-
tion, owing mainly to complex I and complex III dysfunction. This
boost in ROS production would set in motion a detrimental cycle of
increased genotoxic damage with rapid erosion of telomeres, followed
by sustained activation of p53, further mitochondrial decline, more
ROS generation and so on™. This downward spiral might also explain
the cumulative and precipitative nature of ageing symptoms observed
late in life.

We note that the cellular response to p53 activation during this cycle
of damage and response might be dependent on threshold concentra-
tions of ROS. Under conditions of low oxidative stress, p53 activation
preferentially induces expression of antioxidant genes; however, when
ROS production is high, p53 instead activates pro-oxidant genes®.
This contrasting action of p53 might allow either cell-cycle arrest and
repair under conditions of modest DNA damage or more robust cellular
responses of senescence or apoptosis and/or mitochondrial dysfunc-
tion in cells with more substantial DNA damage, thus leading to tissue
atrophy and functional decline™.

In this genotoxic stress model of ageing (Fig. 3), the core telomere-
P53 axis integrates well with almost all genetic elements proven to be
important in the ageing process. First, it accounts for the premature age-
ing phenotypes common to both telomere-dysfunctional mice and those
with germline p53 hyperactivation®®?. Second, it explains why mice
lacking SIRT1 or SIRT6 — proteins that attenuate p53 activity — develop
premature ageing”. Third, it could account for the observed connec-
tions between mitochondria and key ageing factors such as PGC-1aq,
PGC-1B, FOXO proteins and BMI1; mice null for each of the genes
encoding these proteins experience accelerated tissue degeneration and
mitochondrial dysfunction.

The integration of mitochondria into this core ‘axis of ageing’ is
supported by the premature ageing conditions shared by telomere-
dysfunctional or hyper-p53 mice, as well as mice that have excessive
mitochondrial DNA mutation or are deficient in PGC-1a or PGC-1,
which are the master regulators of mitochondrial biogenesis and metabo-
lism***, although the precise molecular basis for this commonality in
premature ageing phenotypes remains to be elucidated. The marked
decline in the function of largely post-mitotic organs in the telomer-
ase knockout mouse prompts us to speculate that activated p53 may
result in a decline in mitochondrial biogenesis and/or function through
mechanisms that are as yet unknown. The identification of the specific
molecular components and mechanisms linking p53 and mitochondrial
dysfunction would provide a unifying basis for a central axis of ageing,
linking genotoxic stress to stem-cell compromise, mitochondrial decline
and, ultimately, organ atrophy, functional decline and the diminished
energy production that typifies essentially all aspects of cellular and
physiological decline in ageing organisms. Indeed, this mitochondrial
perspective gains added appeal when one considers that a hallmark fea-
ture of ageing is generalized frailty, which may derive from a fundamental
inability to produce adequate levels of cellular ATP. This genotoxic stress
model of ageing emphasizes the need to develop a better understand-
ing of the factors that influence telomere erosion, the genes that protect
cells against ROS-induced damage, the signals that regulate p53 activity
and the pathways that maintain mitochondrial reserves and function. It
remains to be established how these various pathways are differentially
activated during ageing and how they might be interconnected. Deci-
phering these networks could yield ageing biomarkers and advance thera-
peutic strategies (including stabilization of telomeres through transient
telomerase reactivation, p53 modulation, improvement in mitochondrial
function and biogenesis, and modulation of the mTOR and PI(3)K path-
ways) designed to rejuvenate both proliferating and quiescent tissues in
the aged. ]
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