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Abstract

Progressive DNA damage and mitochondrial decline are both considered to be prime instigators of
natural ageing. Traditionally, these two pathways have been viewed largely in isolation. However,
recent studies have revealed a molecular circuit that directly links DNA damage to compromised
mitochondrial biogenesis and function via p53. This axis of ageing may account for both organ
decline and disease development associated with advanced age and could illuminate a path for the
development of relevant therapeutics.

Ageing and its inevitable companions — disease and death — have fascinated mankind for
millennia and have spurred the search for eternal youth. Long believed to be unchangeable,
life expectancy and ‘healthspan’ have increased dramatically over the past two centuries.
This has been fuelled by advances in medical science, improved hygiene and nutrition, and
significant declines in mortality rates among the young?.

Now, the question is: can lifespan be further increased, or have we reached a biologically
determined maximum lifespan? Scientists have long tried to identify pathways that are
relevant for ageing, but it was not until the 1990s that the first genetic foothold was
established in ageing: a loss-of-function mutation in gaf-2 (which encodes an insulin/insulin-
like growth factor 1 (IGF1)-like receptor) doubled the lifespan of worms2. Since then, the
interest in the molecular pathways that control ageing has exploded, and many more
mutations in metabolic pathways have been shown to affect lifespan in different model
systems, ranging from yeast to mice3. Studies suggest that these pathways are also relevant
for human lifespan, but how they might extend lifespan is not entirely clear*®. However,
among others, maintenance of mitochondrial function has been suggested to be an important
mechanism of extending lifespan, as decreased mitochondrial function, impaired ATP
generation and increased reactive oxygen species (ROS) levels have been implicated in
driving the ageing process®.

In addition to the role of metabolic pathways, telomere maintenance has been shown to be
linked to ageing’. Cultured human fibroblasts divide a finite number of times before
entering a non-dividing state called senescence8. Subsequent work established that the ends
of chromosomes, or telomeres, became shorter with each round of replication. These
observations fuelled speculation that the loss of telomeres represents a type of molecular
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clock that drives ageing®-12. These studies underscored the general importance of DNA
integrity, as dysfunctional telomeres are recognized as DNA damage and activate the DNA
damage response pathway, which leads to the activation of p53 (REFS 13,14). p53, in turn,
induces growth arrest, apoptosis and senescence in stem and progenitor cells1>-18,

“a model of how different pathways ... intersect and converge on mitochondria”

Recent studies have uncovered additional mechanistic insights into telomere-mediated
ageing, in which telomere shortening and associated DNA damage responses promote
mitochondrial dysfunction, diminished oxidative defence and compromised energy-
generating processes. This general decline in energy maintenance could account for the
decline seen in stem and progenitor cells as well as in post-mitotic tissues?®.

In this Opinion article we present a model of how different pathways — DNA damage and
metabolic pathways — intersect and converge on mitochondria to compromise energy
maintenance and drive ageing. This integrated view provides a better understanding of the
mechanisms that control the fundamental process of ageing and may open new avenues for
therapeutic interventions for ageing and age-associated diseases.

Metabolic pathways in ageing

Several metabolic pathways and molecules regulate lifespan in response to nutrient
availability and balance energy expenditure with mitochondrial function (BOX 1; FIG. 1).
The insulin and IGF1 pathway was the first evolutionarily conserved pathway shown to
regulate lifespan. Mammalian target of rapamycin (mTOR) signalling has also been
implicated320 (BOX 1). There is increasing recognition that these metabolic pathways are
intimately interconnected. For instance, AMP-activated protein kinase (AMPK), which is a
central sensor of energy homeostasis that modulates mTOR signalling, activates forkhead
box O (FOXO) transcription factors, which are targets of insulin and IGF1 signalling. This
increases the expression of genes that are involved in stress resistance and energy balance?!,
AMPK also activates PPAR~y co-activator 1a (PGCla), which is a central regulator of
mitochondrial biogenesis and function. Similarly, AMPK induces sirtuin 1 (SIRT1), which
activates PGC1a and FOXO transcription factors?2. There is also a close relationship
between FOXO proteins and PGCla, as FOX0O1 and FOXO3 have been shown to increase
PGCla activity, and PGCla itself can augment the transcriptional activity of FOXO3
(REFS 23-25). SIRT1 also inactivates the ‘guardian of the genome’, p53 (REFS 26,27). p53
itself intersects with several different longevity pathways, including insulin and IGF1,
mTOR and AMPK28, The activation of AMPK and the repression of the insulin and IGF1
pathway and the mTOR pathway by p53 demonstrate the ability of p53 to positively regulate
pathways that are essential for cell integrity and longevity28.

How these pathways, alone or in combination, regulate lifespan is being extensively
investigated, and many different mechanisms seem to be involved322, Among these,
mitochondrial function and ROS defence are considered to be important modulators of
lifespan. Along these lines, decreased activity of the insulin and IGF1 pathway is associated
with improved mitochondrial function, as demonstrated in long-lived Ames mice (which
have very low levels of IGF1) and in mice with decreased levels of insulin receptor substrate
2 (IRS2)3%:31 Reduced insulin and IGF1 signalling results in the activation of FOXO
transcription factors, which induce the expression of antioxidants, such as manganese
superoxide dismutase (MnSOD) and catalase; accordingly, FOXO-deficient mice display
increased levels of ROS and stem cell depletion32-34, Decreased mTOR activity during
dietary restriction is also associated with improved mitochondrial function, and lifespan
extension in this model depends on increased levels of respiration3°. Furthermore, mice
lacking S6 kinase (S6K), which is a downstream component of mTOR signalling, are long
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lived and show increased oxidative phosphorylation (OXPHOS) and oxygen consumption36.
AMPK enhances SIRT1 activity (through increased NAD™ levels) and this, in turn,
stimulates PGC1la and subsequently increases levels of OXPHOS and mitochondrial
biogenesis3’.

Further evidence for an essential and direct role of the maintenance of mitochondrial
function in lifespan comes from mice expressing a proofreading-deficient mitochondrial
DNA polymerase-y (Poly) variant that causes a premature ageing syndrome with shortened
lifespan (the ‘mutator mice’)38:39, Overexpression of the antioxidant enzyme catalase
specifically in mitochondria reduces ROS-induced damage and significantly improves age-
related cardiac decline in both wild-type and mutator mice*%:41. However, many other ROS-
related studies have yielded conflicting results and question the role of increased ROS levels
for the ageing process#243, Subjecting mutator mice to continuous exercise potently rescues
the premature ageing phenotype, which indicates that mitochondrial biogenesis and turnover
(both of which are quality control mechanisms) are important for slowing down the ageing
process in these mice®4.

Although these studies indicate that mitochondrial decline drives ageing, other studies show
a more complex picture, as mild impairment of mitochondrial function can extend lifespan
in yeast, worms and mice345-49, This dichotomous role of mitochondria in lifespan has also
been noted with other molecules that are involved in ageing, including p53 and AMPK?50-52,
Thus, a more detailed view of how these key molecules are tightly regulated in the context
of mitochondrial biology is required to optimally control the molecular circuitry of ageing.

Telomeres and ageing

A separate line of extensive research has implicated telomere integrity as a major regulator
of longevity®3°4, Telomeres are repetitive TTAGGG sequences that cap chromosomes and
prevent the ends from being recognized as DNA damage®®. Most human cells lack adequate
levels of telomerase to maintain telomeres, and this results in telomere shortening with each
round of replication®11:56_ The importance of telomere length in ageing was initially
inferred from seminal studies carried out in primary human fibroblasts in the early 1960s by
Hayflick and Moorhead8. These cells divide a finite number of times /7 vitro and undergo
telomere shortening with continuous passaging and, eventually, senescence8. Telomerase
reactivation elongates telomeres and allows fibroblasts to bypass senescence and grow
indefinitely, which demonstrates the causal role of shortened telomeres in cellular ageing®’.

Indeed, telomere length has been shown to gradually decline with age in many human
tissues, including proliferative compartments and more quiescent tissues!1:58-60,
Interestingly, even cells that express telomerase undergo telomere shortening over time,
which points towards a complex regulation of telomere length61. Moreover, many studies
have found a positive correlation between telomere shortening in human peripheral
leukocytes and the risk of typical age-associated diseases®2.

Further support for the role of telomeres in ageing comes from patients with loss-of-function
mutations in genes that are crucial for telomere length maintenance, as these mutations
predispose individuals to accelerated ageing. Mutations in TERC (the RNA component of
telomerase) and TERT (the catalytic component of telomerase) are found in patients with the
premature ageing syndrome dyskeratosis congenita®. Mutations in the genes encoding
Werner syndrome ATP-dependent helicase (WRN) and ataxia telangiectasia mutated (ATM)
cause Werner syndrome and the neurodegenerative disorder ataxia telangiectasia,
respectively®4. In addition to these multisystem disorders, TERC and TERT loss-of-function
mutations are associated with the development of more organ-restricted diseases such as
liver fibrosis, idiopathic pulmonary fibrosis and bone marrow failure syndromes®3. The
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manifestation of degenerative phenotypes in telomere maintenance conditions depends on
the degree of telomere dysfunction, as evidenced by the earlier and more severe occurrence
of pathologies in subsequent generations of patients with dyskeratosis congenita, who have
shorter telomeres (known as the anticipation effect)%. Although these studies of telomere
maintenance disorders have provided evidence for the importance of telomeres for organ
integrity and lifespan regulation, some pathologies seen in these patients are not typically
observed during normal ageing and caution against a simple extrapolation of these findings
to normal ageing. The exacerbated phenotypes in these patients might relate to excessive
telomere shortening beyond what is seen in many proliferative and more static tissues during
normal ageing in humans and may also be driven by environmental factors.

A link between telomeres and ageing has also been obtained from studies in mice. There is
increasing recognition that telomere length and integrity are compromised during ageing in
wild-type mice86:67_ Interestingly, the presence of one or a few dysfunctional telomeres in
cells seems to be sufficient to trigger a DNA damage response, and this could underline the
development of pathologies®:6%. Accordingly, overexpression of telomerase can delay some
age-associated changes in mice that have been engineered to be resistant to cancer’0.
Furthermore, the role of telomeres for organismal fitness and lifespan has been substantiated
in mice lacking telomerase activity, which develop numerous age-associated degenerative
phenotypes once their telomeres become short and die prematurely’1:72, Moreover, mouse
models of Werner syndrome and ataxia telangiectasia develop classical human-like
pathologies only when their telomeres are short, which demonstrates the essential role of
critically short telomeres in disease manifestation6:73.74, Finally, telomerase overexpression
can reverse age-associated decline in multiple tissues in mice with established degenerative
phenotypes’®.

These studies indicate that telomere dysfunction can drive the functional decline of tissues,
promote ageing and shorten lifespan and, importantly, that the ageing process can be
prevented or even be reversed by telomerase reactivation. However, it is clear that currently
there is only an elemental understanding of the precise role of telomeres in natural ageing
and how telomeres might influence age-associated pathologies.

Telomere—-mitochondrion connection

How do waning telomeres precipitate such widespread degeneration? One clue comes from
the observation that patients with dyskeratosis congenita, Werner syndrome and ataxia
telangiectasia, and mice with dysfunctional telomeres, develop organ failure particularly in
highly proliferative organs such as the intestines, skin and bone marrow’6-78, These organs
rely on continuous regeneration, which is mediated by resident stem and progenitor cells.
This observation has led to the hypothesis that telomere-based ageing is primarily a stem
cell defect caused by the activation of p53 and the induction of growth arrest, senescence
and apoptosis in these cellular compartments’®. Indeed, telomere shortening is accompanied
by increased p53 activity in these cells and, consequently, high levels of apoptosis1®-18,
Mice lacking p53 or its downstream targets show functional rescue of stem and progenitor
cells in the haematopoietic system, skin and gastrointestinal tract, as well as concomitant
rescue of tissue pathologies!®18:80_ Although the stem cell theory of ageing helps to
rationalize the failure of highly regenerative tissues, it does not readily explain age-
dependent changes in more quiescent tissues that dependent less on stem and progenitor cell
activity for tissue homeostasis.

Indeed, general metabolic disorders and functional decline in mostly post-mitotic tissues
such as the heart, liver and pancreas are well-recognized features in the aged, in patients
with telomere maintenance disorders and in telomere-dysfunctional mice®®-81, For instance,
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individuals with dyskeratosis congenita, Werner syndrome and ataxia telangiectasia are
prone to develop insulin resistance and diabetes®°-82:83, Moreover, cardiomyopathy has been
recognized in patients with dyskeratosis congenita, in telomere-dysfunctional mice and in
mouse models of ataxia telangiectasia®1-8485, Liver fibrosis and pulmonary fibrosis
represent other pathophysiological manifestations in patients with dyskeratosis congenita.
Hepatic toxicity is a major side effect in patients with dyskeratosis congenita, who receive
cytotoxic chemotherapy for aplastic anaemia-related bone marrow transplantation®®.
Quiescent tissues such as the heart and liver have also been reported to undergo age-
dependent telomere shortening, the basis for which is unclear®®:60, Together, these
observations suggest additional mechanisms of telomere-induced ageing beyond traditional
p53-dependent checkpoint responses of apoptosis and senescence.

Some clues for additional mechanisms have surfaced from recent work in TERT-deficient
mice with telomere dysfunction. This study reported a marked compromise in mitochondrial
biogenesis and function in diverse tissues, including liver, heart and haematopoietic stem
cells, which raises the possibility that a fundamental problem in energy maintenance might
contribute to the premature ageing phenotypes in these micel?. These marked mitochondrial
changes seem to be caused by the combined suppression of the transcriptional co-activators
PGCla and PGC1p and their downstream targets (FIG. 2). This is mediated by direct
binding of p53 to the promoters of PGCla and PGC1; accordingly, telomere-dysfunctional
mice lacking p53 have normal PGC expression, increased mitochondrial DNA (mtDNA)
content, improved gluconeogenesis and blunted doxorubicin-induced cardiomyopathy. In
line with the important role of PGCs in regulating diverse processes, TERT-deficient mice
show reduced expression of genes that are essential for gluconeogenesis, f-oxidation and
ROS defence, and they have greatly compromised OXPHOS, with reduced ATP generation,
impaired gluconeogenic capacity and age-dependent cardiomyopathy. Of note, these
changes are more pronounced with increasing telomere dysfunction. Importantly,
overexpression of TERT or PGCla in mice with telomere dysfunction improves
mitochondrial respiration and gluconeogenesis, which confirms that the phenotype of
TERT-deficient mice is caused by PGC suppression!®. This telomere—mitochondrion link is
also suggested by other studies, including those demonstrating increased ROS levels and
mitochondrial dysfunction in cultured human fibroblasts, in fibroblasts overexpressing a
mutant form of TERT and in heart tissues of TERT-deficient mice86-88, The basis for these
defects has been suggested to be secondary to the activation of the p21-transforming growth
factor-p (TGFp)—p53 pathways and increased mtDNA damage86-88, Moreover, a recent
study found reduced mitochondrial membrane hyperpolarization and impaired Ca2* influx in
telomere-dysfunctional mice, which leads to reduced insulin release in p-cells®®.

Previous studies have suggested that TERT has telomere elongation-independent
functions®%-%4. However, TERC-deficient mice, which lack telomerase activity but have
intact TERT expression, showed similar robust changes centred on PGC and mitochondrial
suppression, which indicates that telomere dysfunction is the determining factor driving
these changes!®. Moreover, Tert- and Terc-knockout mice have indistinguishable
phenotypes and similar transcriptomic profiles®. That said, these genetic studies were not
designed to rigorously exclude more subtle telomere-independent roles of TERT. Indeed,
continued study is warranted, as TERT has been shown to localize to mitochondria, retain
reverse transcriptase activity, carry out different mitochondrial functions (such as
modulating mtDNA integrity, improving respiratory chain function and affecting ROS
production) and to potentially activate other pathways such as the WNT pathway (although
this has been questioned recently) 88.96-100,

Furthermore, aged tissues often demonstrate concomitant telomere dysfunction, increased
DNA damage and p53 activity as well as reduced PGC levels and mitochondrial function’.
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Importantly, studies in cells derived from patients and mouse models corroborate this link
between telomeres and mitochondrial®1-103, For example, cells derived from patients with
Werner syndrome have compromised mitochondrial function and increased ROS levels193,
Although these observations support the importance of the telomere—p53-mitochondrion
axis of ageing, more work is required to assess whether mitochondrial biogenesis and
function are consistently impaired in human telomere-shortening conditions.

An integrated view of ageing

The connection between telomeres and mitochondria supports a model for ageing whereby
DNA damage-induced p53 activation leads to mitochondrial dysfunction through the
suppression of the master regulators of mitochondrial biogenesis and function, PGC1la and
PGC1p.

The telomere—p53-mitochondrion model of ageing integrates many factors that have been
shown to be important in the ageing process. On the genomic level, it accounts for ageing
driven by DNA damage. This damage can stem from telomere shortening or from a decrease
in the expression of genes that mediate DNA stability and DNA repair. Second, the model
accounts for ageing syndromes documented in mice with hyperactive 7p53alleles and
mouse models that show increased DNA damage owing to mutations in 7erc, Tert, the DNA
repair genes Ku80 (also known as Xrce5) and breast cancer 1 (Brcal), and Zmpste24, which
encodes a metalloproteinase involved in lamin A maturation (lamin A is a crucial
component of the nuclear envelope, and mutations of this metalloproteinase lead to
premature ageing)194.195, Finally, the model accounts for ageing phenotypes that stem from
mitochondrial dysfunction, as mice lacking PGC1la, PGC1p, BMI (a negative regulator of
p16 that is upregulated in many tissues) or FOXO develop accelerated tissue degeneration
and mitochondrial dysfunction106-109,

This model could also explain both the slow but progressive physiological decline and the
precipitous nature of the ageing process (FIG. 3). Ensuing mitochondrial dysfunction
sustains a feed-forward cycle of DNA damage and further mitochondrial dysfunction
through the generation of DNA-damaging ROS and possibly other mitochondrion-derived
factors, such as iron—-sulphur (Fe-S) clusters and NADH/NAD. This boost in ROS
production fuels a detrimental cycle of increased genotoxic damage, particularly to the G-
rich sequences of telomeres, followed by sustained activation of p53, further mitochondrial
decline, more ROS generation, and so on110:111 Increased ROS levels also damage other
cellular components, including mtDNA, which further sustains this feed-forward spiral of
damage by suppressing the expression of mtDNA-encoded genes for OXPHOS. Under
conditions of severe nuclear or mtDNA damage, however, this cycle could be bypassed, and
the premature ageing phenotype could be driven by increased apoptosis across different
tissues, as reported in mutator mice (which carry a mutant form of Poly; see above)38:39,

The continuous, escalating nature of this cycle could explain the differential effect of p53 on
ageing in response to varying degrees of DNA damage. Under low levels of genotoxic
stress, p53 induces the expression of antioxidants, thereby favouring cell survival. By
contrast, increasing levels of DNA damage promote the expression of pro-oxidants, which
further promote cell damagel12. Similarly, p53 has been shown to promote mitochondrial
function and biogenesis in wild-type mice or in cells with low levels of p53, but under
conditions of genotoxic stress p53 is associated with impaired mitochondrial
function19:113-115 There is also evidence that p53 either does not change lifespan (as
demonstrated in mice with a hypomorphic MdmZ2allele and in transgenic mice carrying an
extra copy of the wild-type 7p53locus) or delays ageing (which was shown in mice carrying
one extra copy of 7p53and increased copies of the tumour suppressor Arf(also known as
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Cuakn22))116:117_ Furthermore, studies in worms have demonstrated that the p53 orthologue
CEP-1 can extend or decrease lifespan depending on the degree of mitochondrial
impairment, which indicates that the dichotomous role of p53 might be preserved during
evolution118,

In the presented model, mild DNA damage and mild or moderate levels of p53 activation
would allow repair and maintenance of cellular function, whereas excessive DNA damage
and p53 activation would eliminate cells that are not fit to survive or carry too much
damage. These genetic findings also highlight the differential effects of mitochondrial
function on lifespan observed in worms, flies and mice and indicate that the functional
consequences of mitochondrial impairment could also depend on the activity levels of p53.
The mild inhibition of mitochondrial respiration could activate longevity pathways
(including those governed by p53), whereas more pronounced impairment of mitochondrial
respiration with additional defects in biochemical processes, such as p-oxidation, could
trigger a lifespan-shortening programme.

How p53 switches from a pro-survival to a pro-ageing protein is largely unknown, but the
intersection of p53 with the insulin and IGF1, mTOR and AMPK pathways might provide
some clues?®. p53 suppresses the insulin and IGF1 pathway and the mTOR pathway through
direct transcriptional upregulation of the negative regulators phosphatase and tensin
homologue (PTEN), IGF1-binding protein 3 (IGF1BP3) and tuberous sclerosis protein 2
(TSC2; also known as tuberin), and p53 activates AMPK through direct transcriptional
upregulation of its B-subunit28. Interestingly, prematurely aged mice with increased levels of
DNA damage or with p53 hyperactivation show suppression of the insulin and IGF1
pathway and the mTOR pathway!19.120, These paradoxical findings can be reconciled by the
view that the activation of these pathways represents a compensatory mechanism to
maintain and prolong lifespan in the setting of ongoing DNA damage®20. However, it is not
clear whether the activation of these longevity pathways in the context of DNA damage
leads to the same transcriptional and cellular changes as seen in long-lived carriers of
mutations in these pathways. For example, the prolonged activation of AMPK seen under
energy stress leads to p53-dependent cellular senescence and apoptosis, which indicates that
AMPK activation can accelerate cellular ageing under specific conditions®2. Similarly, IGF1
concentration decreases with age, and this has been linked to functional decline in different
stem cells!?L, These findings further support the notion that the effects of classical ageing
pathways might be context dependent.

The model presented here acknowledges the existence of other, yet to be identified pathways
that are involved in mediating mitochondrial and metabolic compromise, as p53 deficiency
in mice with dysfunctional telomeres only partially restores PGC levels and ameliorates
mitochondrial defects. Other p53 family members are prime candidates, in particular p63,
which has been shown to be involved in organismal ageing and cellular senescencel22:123,
Sirtuins may also have a role, as they associate with telomeres and regulate p53 and
PGC1al?4, Indeed, SIRT1 activity has been found to decrease in aged tissues, and this
might contribute to the increased p53 activity and suppressed PGCla activity seen in aged
mouse and human tissues’106. However, recent reports have questioned the relevance of
SIRT1 in lifespan regulation125, which emphasizes the need for studies that focus on the role
of sirtuins and their linkage to this axis in ageing and age-related pathologies. Another
potential candidate is the BMI-p16 pathway, as it is highly implicated in ageing, and loss of
BMI impairs mitochondrial function1%7. Finally, p21-dependent signalling has been
suggested to induce mitochondrial dysfunction in cultured human fibroblasts with critically
short telomeres, although it should be noted that fibroblasts depend less on mitochondria and
OXPHOS for ATP production and mainly use glycolysis to generate ATP®5. In this context,
it is important to note here that telomere-dysfunctional yeast display increased expression of
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OXPHOS genes and proliferation of mitochondria (although the functionality of the
mitochondria was not tested), and senescent fibroblasts with dysfunctional telomeres have
been reported to have increased mitochondrial biogenesis26:127, These studies highlight not
only the cell-specific effects of telomere dysfunction on mitochondrial biology but also the
differences between mice and yeast, which might be related to growth conditions and yeast-
specific regulation after telomere dysfunction.

In this model, the cellular phenotypes induced by mitochondrial dysfunction would range
from functional impairment (for example, decreased ATP generation) to classical cellular
phenotypes of growth arrest, senescence and apoptosis. The link between impaired
mitochondrial function and cellular senescence has been demonstrated /n vitro. decreasing
the expression of Rieske Fe—S protein (RISP) of complex 111 or pharmacological inhibition
of the electron transport chain and OXPHOS are sufficient to trigger senescencel?8, The
combined effects of these non-exclusive phenotypes would include cellular and tissue
compromise and functional failure.

“Deciphering these ageing networks could advance the development of therapeutic
strategies”

Conclusion

The integrated model of ageing presented in this Opinion article focuses on the intersection
of DNA damage and metabolic pathways and how they might converge on a common
effector, mitochondria, to drive ageing. Although this model centres on mitochondria, other
important effectors of ageing, such as dysregulated autophagy, translation and protein
folding, no doubt conspire to bring about and/or reinforce the ageing processt29-131, |t
remains to be established whether and how these different effectors are commonly used by
DNA damage and metabolic pathways to drive ageing. Similarly, how these effectors are
interconnected merits further studies in different ageing model systems.

It is largely unclear how mitochondria, p53 and other players of the ageing process can both
extend and shorten lifespan. It will be crucial to establish the molecular mechanisms that
determine different outcomes, which may involve cell-type-specific actions of p53 and/or
various isoforms of the p53 family members. In this regard, it will be essential to
characterize what other mitochondrial biochemical pathways (beyond ROS production and
OXPHOS) are impaired and might contribute to cellular and organismal ageing.

Deciphering these ageing networks could yield biomarkers of ageing and advance the
development of therapeutic strategies designed to rejuvenate both proliferating and
quiescent tissues in the aged. These therapeutic strategies might include: stabilizing
telomeres through transient telomerase reactivation; attenuation of p53 activation or
neutralization of specific p53 targets that are specifically involved in ageing; and enhancing
PGC activity to promote mitochondrial biogenesis and function. Along these lines, a small
molecule activator of telomerase has been reported to prolong healthspan in female mice
without increasing the risk of cancer'32, Moreover, PGCla overexpression in skeletal
muscle ameliorates age-associated decline of muscular function in wild-type micel33,
Similarly, other interventions known to improve mitochondrial biogenesis and function,
such as physical activity or administration of resveratrol (which is a putative sirtuin
activator), have been shown to improve age-associated decline134135 It is intriguing that
sirtuins can deacetylate p53 (which decreases its activity) and PGCs (which increases their
activity), thereby differentially modulating two key components in the pathway that
connects DNA damage signalling and mitochondrial decline. Beyond ageing, recent studies
have also uncovered the importance of the telomere—p53—-mitochondrion axis for cancer,
which suggests that this pathway could be targeted for cancer therapy236,
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The discovery of the molecular circuitry of ageing has positioned the field to develop
rational strategies for ageing, a ‘disease’ with 100% penetrance and 100% mortality.
Although it remains to be determined whether natural ageing can be blocked or even be
reversed, as recently demonstrated in the premature ageing setting’®, therapeutic
manipulation of this pathway may hold promise for the reduction of age-related diseases,
which have become more prevalent with marked increases in life expectancy worldwide.
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Box 1
Metabolic pathways and genes implicated in lifespan regulation
Evolutionary conserved insulin and | GF1 signalling pathway

The insulin and insulin-like growth factor 1 (IGF1) pathway was the first evolutionarily
conserved pathway shown to regulate lifespan in Caenorhabditis elegans. Components of
this pathway include phosphoinositide 3-kinase (PI3K; AGE-1 in C. elegans), 3 -
phosphoinositide-dependent kinase 1 (PDK-1), AKT (also known as PKB) and forkhead
box O (FOXO) family transcription factors (DAF-16 in C. elegans). In response to
insulin and IGF-1, PI3K activates PDK-1, which in turn activates AKT. AKT
phosphorylates multiple downstream targets to promote cell survival and cell growth (see
the figure, part a). Decreased activity of the insulin and IGF-1 pathway owing to loss-of-
function mutations in genes that encode key components of this pathway or proteins that
regulate its activity, such as growth hormones, extends lifespan in many species. The
lifespan extension effect in these mutants is mediated by several transcription factors and
their transcriptional targets, including DAF-16, heat shock factor 1 (HSF-1) and SKN-1
(a transcription factor involved in the oxidative stress response), which stimulate the
expressign of genes that increase stress resistance, oxidative defence and mitochondrial
function®.

mTOR signaling

Mammalian target of rapamycin (mTOR) is an evolutionarily conserved protein kinase
that exists in two complexes, mMTORCL1 (see the figure, part b) and mTORC2 (not
shown). mTORC?2 is involved in cytoskeletal remodelling, whereas mTORCL1 is a potent
regulator of cellular growth and lifespan. mMTORCL activates the ribosomal protein S6
kinase (S6K) and inhibits eukaryotic translation initiation factor 4E-binding protein 1
(4EBP1; a negative regulator of translation) to stimulate translation and cell growth37.
Inhibition of mMTOR through caloric restriction, rapamycin treatment or genetic means
extends lifespan in species ranging from yeast to mice2°. Similarly, inhibiting S6K
increases lifespan in worms and flies, and female mice lacking S6K have prolonged
lifespan and are protected from age-related pathologies such as insulin resistance,
immunological decline and motor dysfunction32°, Lifespan extension in these S6K-
deficient mice seems to be mediated by AMP-activated protein kinase (AMPK), which is
a central sensor of energy homeostasis36. AMPK is potently activated by an increased
AMP/ATP ratio, turns off anabolic pathways through indirect inhibition of mMTORC1 and
switches on catabolic pathways to generate ATP under energy stress. AMPK increases
ATP levels by stimulating mitochondrial biogenesis and function, as well as fatty acid
oxidation, among others38, Activation of AMPK in mice with metformin (an
antidiabetic drug) enhances lifespan, and deletion of the AMPK orthologue aak-2in C.
elegans abrogates the lifespan extension induced in gaf-2 mutants, which supports the
notion that the regulation of energy pathways and preservation of mitochondrial function
is integral to longevity3:2°,
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Figure 1. Proposed causes of ageing

Major cellular pathways are implicated in the ageing process. Increased DNA damage, p53
and p16 activity and mitochondrial dysfunction have been shown to promote functional
decline and ageing. By contrast, decreased activity in the mammalian target of rapamycin
(mTOR), S6 kinase (S6K) and the insulin and insulin-like growth factor 1 (IGF1) pathways
increase lifespan in different organisms.
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Figure 2. Telomerep53-PGC pathway
p53 induced by telomere dysfunction binds to the promoters of PPARy co-activator 1a
(PGC1a) and PGC1p and represses the expression of PGC1A and PGCI1B. The repression
of both co-activators impairs overall mitochondrial biogenesis and function and leads to
defective ATP generation and increased levels of reactive oxygen species (ROS). PGCs are
also involved in energy metabolism by regulating different biochemical pathways such as
fatty acid oxidation, gluconeogenesis, glucose uptake and oxidation. The compromise in
mitochondrial function and other biochemical pathways might equally lead to functional
decline in tissue stem cells and post-mitotic tissues and drive ageing. Telomerase

reactivation or PGC overexpression can reverse PGC-associated metabolic and

mitochondrial changes in mice with established telomere dysfunction. Telomere dysfunction
may also lead to compromised mitochondrial function and energy metabolism through other
pathways (dashed arrows).
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Figure 3. A unified theory of ageing

In this model, increased DNA damage (for example, owing to telomere attrition, impaired
DNA repair and increased reactive oxygen species (ROS) levels) activates p53, and
increasing levels of p53 ultimately lead to compromised mitochondrial function through the
repression of PPARy co-activator 1la (PGCla) and PGC1B (which promote mitochondrial
biogenesis). This p53-mediated mitochondrial dysfunction triggers a cycle of DNA damage
(by affecting the production of ROS, iron—sulphur (Fe-S) clusters and NADH/NAD), which
in turn leads to further p53 activation and mitochondrial compromise. This feed-forward
loop could also account for the divergent and opposite effects of many players in the ageing
process. Under mild stress conditions, several components depicted here (p53, mitochondria
and AMP-activated protein kinase (AMPK)) have been shown to preserve cellular function
but to promote cellular ageing under more severe stress conditions (see text). The interplay
between p53 and other pathways that have been implicated in ageing is also indicated. p53
represses the activity of the insulin and insulin-like growth factor 1 (IGF1) pathway and the
mammalian target of rapamycin (mTOR) pathway and activates AMPK. How the altered
activity of these pathways modifies mitochondrial function and the ageing process in the
setting of increased DNA damage is not clear. Other p53-dependent and p53-independent
pathways might cooperate in inducing mitochondrial dysfunction. For example, BMI1
indirectly inhibits p53 activation, and BMI1 loss upregulates p16 expression, which
increases p53 activity indirectly (dashed arrow) by interacting with MDMZ2, the negative
regulator of p53 (not shown). BMI1 has also been shown to induce mitochondrial
dysfunction (probably indirectly). In addition, loss of sirtuins may contribute to
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mitochondrial dysfunction, as active sirtuin 1 (SIRT1) decreases p53 activity, and loss of
SIRT1 promotes p53 activation and its downstream functions. SIRT1 also activates PGCla
and thereby boosts mitochondrial biogenesis. The consequences of mitochondrial
dysfunction are, when mild, functional impairment (for example, decreased ATP generation
and p-oxidation) without cell loss. However, under increased stress conditions,
mitochondrial dysfunction leads to functional impairment and concomitant loss of
parenchymal mass owing to increased apoptosis and senescence.
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