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Abstract

Introduction

ACKGROUND: There is probably no single way

to age. Indeed, so far there is no single accepted

explanation or mechanisms of aging (although
more than 300 theories have been proposed). There is an
overall decline in tissue regenerative potential with age,
and the question arises as to whether this is due to the
intrinsic aging of stem cells or rather to the impairment of
stem cell function in the aged tissue environment.

CONTENT: Recent data suggest that we age, in part,
because our self — renewing stem cells grow old as a result
of heritable intrinsic events, such as DNA damage, as well
as extrinsic forces, such as changes in their supporting
niches. Mechanisms that suppress the development of
cancer, such as senescence and apoptosis, which rely on
telomere shortening and the activities of p53 and pl16™**
may also induce an unwanted consequence: a decline in
the replicative function of certain stem cells types with
advancing age. This decrease regenerative capacity appears
to pointing to the “stem cell hypothesis of aging”.

SUMMARY: Recent evidence suggested that we grow
old partly because of our stem cells grow old as a result
of mechanisms that suppress the development of cancer
over a lifetime. We believe that a further, more precise
mechanistic understanding of this process will be required
before this knowledge can be translated into human anti —
aging therapies.
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Nascimur uno modo, multis morimu (“in one way we are
born, in many ways we die”), and there is probably no
single way to age. Indeed, so far there is no single accepted
explanation or mechanism of aging (although more than
300 theories have been proposed (l). and controversy
reigns on whether aging is the expression of a specific
genetic programme or the simple consequence of a lifelong
accumulation of random molecular damage (2).

A diminished capacity to maintain tissue homeostasis
is a central physiological characteristic of aging. As stem
cells regulate tissue homeostasis, depletion of stem cell
reserves and/or diminished stem cell function have been
postulated to contribute to aging (3). It has further been
suggested that accumulated DNA damage could be a
principal mechanism underlying age-dependent stem cell
decline (4).

Stem cell functional capacity was severely affected
under conditions of stress. leading to loss of reconstitution
and proliferative potential, diminished self-renewal,
increased apoptosis and, ultimately, functional exhaustion.
Moreover, evidence that endogenous DNA damage
accumulates with age in wild-type stem cells. These data are
consistent with DNA damage accrual being a physiological
mechanism of stem cell aging that may contribute to the
diminished capacity of aged tissues to return to homeostasis
after exposure to acute stress or injury (3).

Many theories have been put forth to explain the
decline of cell and tissue function with age, but a main
challenge for researchers who study aging is to distinguish
among potential causal influences, virtually all of which
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interact with one another and lead to organismal aging. The
free-radical theory of aging proposes that reactive oxygen
species, which are by-products of normal metabolism,
are responsible for damage to many cellular components,
including DNA (6).

Several mechanisms of DNA repair that are essential
for healthy tissues and long life (7) have evolved in cells
of higher organisms. In humans or mice, mutations in
genes encoding DNA repair enzymes may lead to dramatic
increases in the incidence of cancer and the shortening of
lifespan (8).

Mechanisms that suppress the development of cancer,
such as senescence and apoptosis, which rely on telomere
shortening and the activities of p53 and p16™%*42 may also
induce anunwanted consequence: a decline inthe replicative
function of certain stem-cell types with advancing age.
This decreased regenerative capacity appears to contribute
to some aspects of mammalian aging (9).

What is Aging

Aging is commonly characterized as a progressive,
generalized impairment of function, resulting in an
increasing vulnerability to environmental challenge and a
growing risk of disease and death (10). Aging occurs at least
in part as a consequence of this imperfect maintenance,
rather than as a genetically programmed process. Although
aging may involve damage to various cellular constituents,
the imperfect maintenance of nuclear DNA likely represents
a critical contributor to aging. Unless precisely repaired,
nuclear DNA damage can lead to mutation and/or other
deleterious cellular and organismal consequences. Damage
to both nuclear DNA. which encodes the vast majority of
cellular RNA and proteins. and mitochondrial DNA have
been proposed to contribute to aging (11).

Ecological factors such as hazard rates and food
availability influence the trade-offs between investing in
growth, reproduction, and somatic survival, explaining
why species evolved different life spans and why aging
rate can sometimes be altered, for example, by dietary
restriction (10). Almost every aspects of organism’s
phenotype undergoes modification with aging, and this
phenomenological complexity has led. over the years, to a
bewildering proliferation of ideas about specific cellular and
molecular causes. An attempt by Medvedev to rationalize
the multiplicity of hypotheses resulted in a listing more
than 300 “theories” of aging. Fortunately. recent advances
have resulted in significant simplification of the theoretical
underpinnings of aging research (12)
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There are many sources of DNA damage. In addition to
external sources, such as ionizing radiation and genotoxic
drugs. there are also cell — intrinsic sources. such as
replication errors, spontaneous chemical changes to the
DNA., programmed double — strand breaks (DSBs) (in
lymphocyte development), and DNA damaging agents that
are normally present in cells. The latter category includes
reactive oxygen species (ROS), such as superoxide anion,
hydroxyl radical, hydrogen peroxide, nitric oxide, and
others. Major sources of cellular ROS production are the
mitochondria, peroxisomes, cytochrome p450 enzymes,
and the antimicrobial oxidative burst of phagocytic cells.
ROS can cause lipid peroxidation, protein damage, and
several types of DNA lesions: single — and double — strand
breaks. adduct. and crosslinks. The situation in which ROS
exceed cellular antioxidant defenses is termed oxidative
stress. As normal byproducts of metabolism, ROS are a
potential source of chronic, persistent DNA damage in all
cells and may contribute to aging (13).

ROS and many other DNA-damaging agents can
cause cells to enter a state of irreversible cell cycle arrest
accompanied by characteristic morphologic and functional
alterations, termed senescence (14). The induction of
senescence depends on pathways involving the p53 and Rb
proteins. Cellular senescence has been best characterized
in cultures of human fibroblasts and mouse embryo
fibroblasts (MEFs). which cease expanding after repeated
passage in culture, a process termed replicative senescence.
Replicative senescence has been employed as a cellular
model for aging; many mutations in DNA repair genes that
cause premature aging phenotypes also confer premature
replicative senescence (7).

At the cellular level, it has been known for 40 years
that normal, differentiated cells such as fibroblasts have
a limited division potential before undergoing so-called
“replicative senescence.” This is in contrast to malignantly
transformed cells, which can divide indefinitely. In human
cells, the difference is largely due to the presence or
absence of telomerase, suggesting that normal cells may
be programmed to undergo senescence, perhaps as a
protection against tumor formation (10). Stress-induced
DNA damage appears to be more important than the end
replication problem for determining the rate of telomere
erosion (15).

Two general models have been proposed to explain
how cellular senescence may contribute to aging (16).
First, senescence of progenitor or stem cells themselves
could impair tissue renewal. In this regard, the Polvcomb
group repressor Bmil appears to comtrol levels of
hematopoietic stem cells via negatively regulating the
induction of senescence specifically in these stem cells.
Second, senescent cells secrete proteases and other factors
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that may disrupt tissue function. In this regard, senescence
has a complex relationship with neoplasia. Senescence has
been postulated to occur as a tumor suppressor mechanism,
whereby cells that have undergone a genotoxic insult and
therefore possess the potential for neoplastic transformation
enter a state in which they are incapable of dividing.
However, senescent stromal cells can actually promote
the growth of epithelial cancers. malignancies that occur
with increased incidence in the elderly. Senescence has
been offered as an example of “antagonistic pleiotropy.”
a process that is beneficial in young organisms but
deleterious later in life: senescence suppresses cancer by
preventing potentially tumorigenic cells from dividing
but may potentially contribute to organ dysfunction in
the aged through a variety of mechanisms, perhaps even
contributing to neoplasia in this setting. However. a causal
relationship between cellular senescence and organismal
aging has yet to be proved (16).

The hypothesis that nuclear DNA, a critically important
cellular constituent that cannot be replaced. is an important
target of age-related change is supported by evidence that
nuclear DNA damage and mutations accumulate with age.
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While ROS are likely to be one important source of this
damage,there arenumerousother cellularandenvironmental
sources of damage, and the impact of such lesions may be
enhanced by age-related compromise of DNA repair. In the
latter context, most premature aging syndromes are caused
by mutations in genes encoding proteins involved in DNA
repair. Accumulation of mutations in critical genes may
be one general mechanism by which compromised DNA
repair could contribute to aging. In addition, p53-mediated
senescence and apoptosis, in response to DNA damage,
also likely contribute to aging (11).

In the three main pathways of conserved pro —
aging pathways, the Insulin/insulin — like growth factor
1 signaling (IIS), Target of Rapamycin (TOR) and
mitochondrial pathway, are indicated. The pro-aging
activities of these pathways are conserved across species.
such as AMPK, as potentially
important hubs in the complex networks that integrate them.

with energy sensors,

However, it is important to note potential dissimilarities
among species as well. Most. if not all, defects in the
mitochondrial respiratory chain are lethal or cause disease
in humans®?, but can increase lifespan in nematodes or
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Figure 1. Potentially conserved pro — aging pathways (Adapted with permission from Nature Publishing Group).
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yeast. In mammals, mitochondria play an important part in
signalling apoptosis, which can either drive or retard aging,
depending on the cell type. There is evidence that many
longevity signals converge on members of the FOXO and
sirtuin protein families, which can interact. Note that SIR
proteins can both activate and repress FOXO. Moreover,
the effects of FOXO and SIR2 in cells can be either
beneficial (for example, increasing antioxidant defence) or
detrimental (for example, apoptosis), and may or may not
promote organismal survival. For example. in mammals,
SIRT1 dampens apoptosis by repressing FOXO, but also
by repressing BAX activation, thereby preventing its
oligomerization into the mitochondria outer membrane
(cross), which normally triggers permeabilization of the
membrane and release of soluble apoptogenic factors,
such as cytochrome c, into the cytosol. Apoptosis can be
beneficial, for example. by eliminating damaged cells and
preventing cancer, or can be detrimental, by eliminating
irreplaceable cells, such as neurons (17).

In theory, interventions could be designed to alter the
orchestrated networks of cell-cell interaction to increase
lifespan. This is essentially what evolution has done to
produce long-lived species. The question is, can we mimic
the evolutionary process to the extent that senescence
becomes essentially negligible? At this stage. the answer
must be that we do not know. Although there is no
scientific reason for not striving to cure aging —similar to
what we profess to do for cancer and other diseases— our
current understanding makes it impossible to assert that
indefinite postponement is feasible. Rather, we need to
use the current momentum to intensify research aimed at
resolving major outstanding questions that hinder a more
complete understanding of basic aging mechanisms and
their relationship to disease. Only this will allow us to
generate sophisticated, integrated strategies to increase
human health and lifespan (17).

Theories of Aging

Nearly a century ago it was noted that animals with
higher metabolic rates often have shorter life spans. These
observations led to the formulation of ‘the rate-of-living
hypothesis’. which states that the metabolic rate of a
species ultimately determines its life expectancy. Initially,
the mechanistic link between metabolism and aging was
unknown.

At the molecular level, evidence suggests that several
of the most important mechanisms involve damage to
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macromolecules. Some of the major theories that have
been proposed to explain aging are the following:

SOMATIC MUTATION THEORY

Numerous studies have reported age-related increases
in somatic mutation and other forms of DNA damage,
suggesting that the capacity for DNA repair is an important
determinant of the rate of aging at the cell and molecular
level. There is a general relationship between longevity and
DNA repair. This is particularly well illustrated by studies
on the enzyme poly(ADP-ribose) polymerase-1 (PARP-1),
which 1s a key player in the immediate cellular response to

stress-induced DNA damage (20.21).

TELOMERE 1L.OSS THEORY

In many human somatic tissues, a decline in cellular
division capacity with age appears to be linked to the fact
that the telomeres, which protect the ends of chromosomes,
get progressively shorter as cells divide. This is due to
the absence of the enzyme telomerase, which is normally
expressed only in germ cells (in testis and ovary) and in
certain adult stem cells (23).

MITOCHONDRIAL THEORY

Animportantconnection betweenmolecularstressandaging
is suggested by the accumulation of mitochondrial DNA
(mtDNA) mutations with age (23). Age-related increases
in the frequency of cytochrome ¢ oxidase (COX)-deficient
cells, which are associated with mtDNA mutation, have
been reported in human muscle (24,25), brain (26,27), and
gut (27). Cells in which mtDNA mutation reaches a high
level are likely to suffer from impaired ATP production,
resulting in a decline in tissue bioenergenesis.

ALTERED PROTEINS THEORY

AND WASTE ACCUMULATION THEORY

Protein turnover is essential to preserve cell function by
removing proteins that are damaged or redundant. Age-
related impairment of protein turnover is indicated by
the accumulation over time of damaged proteins, and
there 1s evidence that an accumulation of altered proteins
contributes to a range of age-related disorders. including
cataract, Alzheimer’s disease. and Parkinson’s disease.
With aging, there is evidence for functional declines in
the activities of both proteasomes (28) and chaperones
(29). These declines may be part of a more general failure,
throngh overload, of cellular “waste disposal” processes
(30).

NETWORK THEORIES OF AGING
Much of the early proliferation of aging theories arose from
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a tendency to see the different hypotheses as competing
to explain how aging occurs. The disposable soma theory
suggests that multiple kinds of damage will accumulate
in parallel within cells, since the same logic limits the
investmentin each of a wide range of maintenance and repair
functions. Although the multiplicity of aging mechanisms
is now widely acknowledged, the reductionist nature of
experimental techniques means that, in practice, most
research is still narrowly focused on single mechanisms.

This has led to recent initiatives to develop “network™
theories of aging in which the contributions of the various
mechanisms are considered together, thereby allowing for
interaction and synergism between different processes (31).
Furthermore, such network models can highlight important
differences between “upstream” mechanisms that set a
process in train and “end stage” mechanisms that dominate
the cellular phenotype at the end of its life (32).

In summary. current theoretical understanding
suggests that, as cells age, they tend to accumulate damage.
The rate at which damage arises is dictated, on the average,
by genetically determined energy investments in cellular
maintenance and repair, at levels optimized to take account
of evolutionary trade-offs. Long-lived organisms make
greater investments in cellular maintenance and repair than
short-lived organisms, resulting in slower accumulation of
damage. In order to manage the risk presented by damaged
cells, particularly the risk of malignancy. organisms have
additionally evolved mechanisms, such as tumor suppressor
functions, to deal with damaged cells. The actions of such
“coping” mechanisms will frequently involve a second tier
of trade-offs (10).

Apging is, above all. about the failure of living systems
to keep going. Such systems do not, as a rule, give up the
stiuggle easily, and we may anticipate that, in learning
how aging erodes and eventually overwhelms our survival
mechanisms, we will learn a great deal more about how
these mechanisms are organized (10).

H,0, as Determinant of Lifespan

The free-radical or oxidative-stress hypothesis is one of
the most accepted theories of aging. It states that oxidizing
species are produced during aerobic metabolism. which
consequently causes molecular damage and, over time,
cell and tissue dysfunction, ultimately increasing the risk
of disease.

ROS induce cell senescence and apoptosis: and finally,
ROS, senescence and apoptosis are mechanistically linked
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to aging-associated degenerative diseases (2). Despite
its popularity, one fundamental aspect of this theory still
remains puzzling: how and why are dangerous pro-oxidant
species generated during oxidative metabolism? It is
generally thought that ROS are generated accidentally as
by-products of the aerobic metabolism, and mitochondria
are the major source of intracellular ROS. Recent findings,
however, demonstrate that one specific ROS, hydrogen
peroxide (H,0,). is produced by mitochondria through a
specialized enzyme to control cellular growth and death. As
genetic models of longevity indicate that H,O, is a crucial
determinant of lifespan, aging should be considered as the
expression of a selected genetic programme that generates
H,0, as a signalling molecule (33).

Recently. it became evident that H,O, is directly
implicated in the physiological regulation of the signal
transduction events that are triggered by activated growth-
factor receptors. The intracellular level of H,O, is regulated
by various growth factors (such as epidermal growth
factor (EGF), platelet derived growth factor (PDGF) and
insulin), and H,O, itself inhibits crucial phosphatases that
are involved in the attenuation of signal propagation from
activated growth-factor receptors. It appears, therefore,
that H,O, directly regulates the intensity of growth-factor
signaling in cells (34).

H,0O, can function as a signaling molecule owing to
its ability to induce fully reversible protein modifications.
It has been demonstrated that H,O, directly oxidizes
cysteinyl thiol, inducing the formation of disulphide bonds
and sulphenic acids, and induces glutathionylation of Cys
residues or sulphoxidation of Met residues in various
targets.

H,O, functions as a signaling molecule in the intra-
cellular propagation of both physiological and oncogenic
growth signals. The induction of cell proliferation by
several growth factors (such as EGF, PDGF, nerve growth
factor (NGF) and insulin) correlates with a transient
increase of intracellular H,O,. whereas antioxidant
treatments prevent DNA synthesis (35). Similarly, cellular
transformation following the expression of activated
oncogenes (such as mutated Ras (36) or overexpressed
myc) (37) is associated with increased intracellular H,0O,
and is prevented by treatment with antioxidants (38.39).
Furthermore, H,O,mediates angiogenic signalling and has
been implicated in the so-called angiogenic switch, which
allows non-invasive and poorly vascularized tumours to
become highly invasive and angiogenic tumours (through
direct activation of the transcription factor hypoxia-
inducible factor (HIF) (40).The function of H,0, as a
mitogenic or angiogenic signaling molecule is supported by
its documented activity on various well established signal
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Figure 2. A model for H,0, as a determinant of lifespan (Adapted with permission from Nature Publishing Group).

transduction proteins that are involved in mitogenesis or
angiogenesis.

ROS have also been implicated in apoptosis (34)
and cellular senescence (41). Whereas the ability of ROS
to trigger senescence is thought to be secondary to their
ability to induce hyperproliferation and the activation of
a p53-dependent checkpoint, H,0, itself is instead a direct
and potent inducer of apoptosis (42). The dual character
of H,0, as a mediator of growth and apoptosis suggests
specificity in its biological activity. Specificity could be
determined by the intensity of the pro-oxidant challenge or
the intracellular site of production. the latter of which further
increases the complexity of redox signalling. Treatment of
different primary cells with increasing doses of exogenous
H,0, induces proliferation, senescence or apoptosis. As
H,0, is generated by many compartmentalized enzymes,
local variations in the concentration of H,O, could also be
crucial for the activation of specific targets (33).

In regard to H,O, scavenging. overexpression of
catalase or GPX together with SOD has been demonstrated
to increase oxidative-stress resistance and lifespan in some
transgenic models of C. elegans and D. melanogaster
(43). Remarkably, transgenic mice that overexpress
catalase in mitochondria show a specifically increased
scavenging activity in mitochondria and a prolonged
lifespan (44). Likewise, deletion of p66.5hc in mice results
in the decreased formation of mitochondrial H,O,. which
correlates with delayed aging (45.46), a reduced incidence
of aging-associated degenerative diseases (46-49) and
increased lifespan (49).

Aging is a multifactorial process: protein turnover is
impaired, telomeres shorten, somatic mutations increase
and chromatin modifications (as well as global changes in
gene expression) become progressively evident (51). There

is no evidence that a single factor dominates during the
aging process, and it seems that the different factors each
contribute, perhaps in varying combinations. This may
explain the enormous variability of the aging phenotype
and of individual lifespan in the same species, even when
genotypes and environment are controlled.

A crucial question remains unanswered: are various
molecular mechanisms of aging triggered by common
initiating events? H,O, by itself is a powerful inducer of
all of the above-mentioned aging mechanisms (Fig. 2),
which suggests that it may represent a key mediator of
aging. Rates of mitochondrial H,O, generation are directly
related to the basal metabolic rate and inversely related to
the maximum lifespan of different mammalian species,
which is consistent with the oxidative-stress hypothesis
of aging (51). Moreover, reverse genetic models have
demonstrated that altering intracellular levels of H,O,
modulates lifespan.

Klotho, an Anti-Aging Hormone

Over the past 15 years it has become clear that mutations
in genes that regulate endocrine signalling pathways can
prolong lifespan. Lifespan can be increased by altered
endocrine signalling in a group of cells or a single tissue,
which indicates that crosstalk between tissues functions to
coordinate aging of the organism (52).

In addition to insulin and IGF1, one potential mediator
of crosstalk between tissues in mammals 1s KLOTHO, a
transmembrane protein with homology to [}-glycosidases.
Although KLOTHO lacks a clear antecedent in lower
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metazoans (53), recent work has shown that Klotho
overexpression in a subset of tissues is sufficient to
prolong lifespan (54). A fragment of the KLOTHO protein
circulates in the blood, which suggests that it might act as
a hormone.

The Klotho gene was identified serendipitously
through a hypomorphic allele that results in severe
early degenerative changes and short lifespan (53). The
homozygous mutant animals develop normally until 3
weeks of age, then exhibit severe growth retardation,
osteoporosis, ectopic calcification, arteriosclerosis,
emphysema and atrophy of the skin, thymus, testes and
ovaries, and die at an average age of 61 days.

Overexpression of Klotho inhibits both insulin and
IGF]1 signalling and prolongs lifespan. Whether KLOTHO
inhibits aging directly in all target tissues or acts indirectly
through a cell non-autonomous mechanism (for example,
by inhibiting insulin signalling in fat tissue) is not known
(52).

The extracellular domain of KLOTHO is detectable
in the blood and cerebrospinal fiuid of mice and humans,
which suggests that KLOTHO could function as a hormone
(54.55). Transgenic overexpression of Klothe in the brain
and testes is sufficient for rescue of the growth defect and
accelerated aging phenotypes of Klotho-deficient mice,
further supporting the hypothesis that KLOTHO can
function as a humoral factor (53.54).

Consistent with the hypothesis that KLOTHO
prolongs lifespan at least in part by inhibiting insulin/IGF1
signalling . heterozygous deletion of IRS1 partially rescued
the reduced lifespan of male Klotho deficient animals and
prevented the morphological changes that were reminiscent
of aging (54).

KLOTHO might be an anti-aging hormone that
functions by modulating insulin/IGF1 signalling and the
activity of FGF23 on its receptors. In addition to these
hormonal meodulators, cell non-autonomous aspects of
several aging pathways suggest that other endocrine
regulators of aging remain to be identified (52).

DNA Damage and Aging

It 1s widely accepted that aging is the consequence of
stochastic damage accumulation (10). Aging is unique in
that it does not seem to be subject to evolutionary selection,
as it occurs after the reproductive phase, suggesting that
it may occur by default (57). Nevertheless. it 1s apparent
from studies in many systems that aging is subject to
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regulation by evolutionarily highly conserved molecular
pathways (58-60). As such. damage drives functional
decline with advancing age; however, the existence of
universal mechanisms that are able to promote longevity
may set the pace on how rapidly damage builds up and
function is lost.

‘Within the complex chemical machinery of each cell,
all biomolecules (proteins, lipids and nucleic acids) are
subject to indiscriminate damage caused by spontaneous
reactions (mostly hydrolysis) and by numerous endogenous
and exogenous reactive agents. It is therefore plausible
that damage to multiple cellular constituents accounts for
aging (10). However, damage to certain macromolecules
may play a more prominent part than damage to others.
The almost exclusive link between an extending class
of syndromes with phenotypes resembling accelerated
aging in many, but not all, organs and tissues (segmental
progeria), and inborn defects in DNA metabolism points to
genomic damage as a major culprit in the aging process.

In spite of its enormous length and explicit
physicochemical vulnerability, cellular function relies
on the integrity of the somatic genome, which must be
preserved during the entire lifetime of an organism. This
is why nature has invested heavily in an intricate genome
maintenance apparatus, consisting of several sophisticated
DNA damage repair, tolerance and checkpoint systems,
as well as effector machinery that enables cell survival or
triggers senescence or cell death when DNA is damaged.
This elaborate network also includes intricate machineries
to maintain telomeres (the ends of chromosomes), systems
to repair mitochondrial DNA and as yet largely unexplored
processes that maintain the epigenetic code. These
mechanisms ensure that genetic information remains
functionally intact for extended periods and is faithfully
transmitted. Besides exogenous sources of DNA damage,
such as UV and 1onizing radiation. and numerous chemicals,
there are also inescapable enemies from within. The
culprit is the organism’s own metabolism, which generates
reactive oxygen species (ROS), including superoxide
anions. hydrogen peroxide and hydroxyl radicals and their
numerous subsequent reaction products: lipid peroxidation
products, cestrogen metabolites, reactive carbonyl species,
endogenous alkylating agents, spontaneous hydrolysis and
deamination products (60).

Cells respond through a battery of DNA repair
and genome surveillance systems that counteract
DNA damage, thereby ensuring that their vital genetic
information is preserved and faithfully transmitted to
progeny. Nevertheless, a fraction of the damage escapes
repair and accumulates, resulting in mutations, senescence
or cell death and cellular dysfunction. Too much persisting
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DNA damage interferes with normal DNA metabolism,
such as transcription, and triggers suppression of the
growth hormone/IGF1 somatotropic axis, which is known
to decline with age. Dampening of the insulin/IGF1
pathway and oxidative metabolism is thought to reduce the
induction and effects of DNA damage by shifting the energy
equilibrium from growth and proliferation to pathways that
preserve somatic maintenance and thus attempt to extend
lifespan (survival response) (61).

In humans, several defective DNA-repair pathways
can cause accelerated aging (progeroid) syndromes. On
the other hand. certain mouse strains with defective DNA-
repair systems accumulate high levels of DNA damage
and yet have a normal lifespan (7). Similarly, a reduction
in SOD levels in mice leads to increased oxidative DNA
damage but does not affect the aging process (62). Recent
work suggests that certain types of DNA damage can
significantly alter the gene-expression profile of an organ
and that these changes — rather than DNA damage directly
— might be the cause of organ decline and aging (63). Little
1s known about how defective DNA repair or increased
oxidative stress may cause such global gene expression
changes, and more work is needed to fully understand the
role of DNA damage in aging.

Despite convincing evidence for DNA damage as a
trigger of transcriptional changes (63.64). it is conceivable
that a change in the transcription status of a gene determines
its susceptibility to DNA damage. A comprehensive
(computational) analysis or the genomewide mapping
of sites of DNA damage and localization of chromatin-
remodelling enzymes may shed light on the complex
interplay between transcriptional activity and DNA
damage. Several findings suggest that DNA damage is a
main trigger of nuclear aging, supporting the free-radical
theory of aging (2).

Genomic Instability and Aging

Chromosomes are arguably the most difficult structures
a cell has to maintain over a lifetime. The DNA in each
chromosome experiences thousands of chemical alterations
and DNA breaks in a single day. and the information each
encodes requires strict regulation to maintain cellular
identity and function. To manage these tasks, eukaryotes
have evolved a complex packaging system known as
chromatin, in which DNA is wrapped around a protein core
of four different histone dimers and forms a nucleosome,
the basic building block of chromatin. Recent studies
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have indicated that chromatin is a highly dynamic form
of nuclear organization that influences DNA stability and
gene-expression patterns (65,66).

In the late 1990s, a few researchers proposed that
changes in chromatin organization underlie aging-related
changes in gene expression and the aging process (67.68).
Changes in gene expression were already known to
contribute to cellular senescence (69), a possible cause
of aging, and may provide an explanation for the age-
related decline in organ and tissue function in complex
organisms.

Recently, a growing appreciation for the importance of
chromatin in regulating gene expression and maintaining
genomic integrity in complex organisms has reinvigorated
interest in the link between chromatin alterations and
aging. In the past 10 years, advances in nuclear imaging
technologies have revealed a high level of chromatin
organization that is known as the nuclear architecture
(71).

The long-term maintenance of the nuclear architecture
1s vital for the normal functioning of cells and tissues over
a lifetime. The dramatic effect of a disturbed nuclear
architecture is exemplified by Hutchinson—Gilford progeria
syndrome (HGPS), in which a mutation that disrupts the
nuclear architecture leads to a disease with symptoms that
resemble aspects of normal human aging, such as loss of
hair, restricted joint mobility and atherosclerosis (72). Even
cells from normal individuals undergo significant nuclear
architecture changes in response to stress (73), and there
are early hints that normal human aging is associated with
alterations in nuclear architecture (74).

Sinclair propose that a conserved DNA-damage
response induces cumulative changes in chromatin structure
and nuclear architecture that are important driving forces
behind the inexorable changes that occur in organisms over
time. These changes include a decline in genomic integrity,
alterations in gene transcription and a loss of vitality — the
series of changes we commonly refer to as aging (71).

Epigenetic Balance Hypothesis

Aging results from accumulation of unrepaired cellular
and molecular damage through evolved limitations in
somatic maintenance and repair functions. Such damage
accumulates throughout life (from the time when somatic
cells and tissue first begin to form).

Longevity is controlled primarily through genes that
regulate the levels of somatic maintenance and repair
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functions. Note that there is no necessary assumption that
these genes switch to lower levels of maintenance and
repair (which would smack of programmed aging); rather,
it is the set point of the genes that determines the rate at
which damage accumulates (10).

In mammals, aging has been associated with large-
scale changes in both nuclear architecture and chromatin
structure. How might these changes contribute to the aging
process? Because numerous genes are either directly or
indirectly regulated by (nearby) heterochromatic regions. it
1s possible that changes in the epigenetic make-up of a cell
might alter its gene-expression patterns, thereby changing
its genomic identity (66).

Numerous epigenetic changes in nuclear architecture
and gene expression have been associated with aging.
More than a decade ago, Imai and colleagues showed
that collagenase, a gene associated with cellular aging,
is differentially regulated during cellular senescence — a
phenomenon that is often referred to as cellular aging (75).
This effect appears to be due to changes in the subnuclear
localization of the collagenase gene as cells undergo
senescence.

As mentioned earlier, the formation of transient
heterochromatic foci around sites of DNA damage may
explain how DNA damage might directly mediate gene
repression (73). Consistent with this notion, many of
the gene-expression changes that are observed in aged
individuals occur in a stochastic fashion, as does most
DNA damage (64, 76). It is also conceivable that certain
genomic regions are more prone to damage than others,
which could explain some of the predictable. co-regulated
changes that are observed between aged individuals of the
same species.

The ‘epigenetic balance hypothesis’ proposed that age-
related gene-expression changes are manifestations of the
redistribution of chromatin modifiers from one genomic
locus to another. The model also encompasses the idea that
DNA damage mediates chromatin remodelling and changes
in nuclear architecture that occur over a lifetime, which fits
with evidence that oxidative stress and DNA damage can
accelerate the aging process (71).

A redistribution of chromatin modifiers is a natural,
protective response to DNA damage. but may lead to
epigeneticchanges thataffect genomic integrity and . thereby
(at least in part), account for changes in gene expression
that appear to be a hallmark of the aging process. Although
this epigenetic balance hypothesis presents an appealing
explanation of what we currently know about age-related
changes in nuclear architecture and gene expression, it is
certainly not the only way to explain the observed effects
of aging.
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Cellular Senescence and Aging

After a finite number of divisions, primary cell cultures
enter a state of replicative senescence in which they
are growth-arrested and refractory to further mitogenic
stimulation. Although the relevance of in vitro senescence
to organismal aging remains controversial, several studies
indicate that oxidants are important in the development of
the senescent phenotype. Early studies with human diploid
fibroblasts revealed that cells grown in low oxygen tension
exhibit a prolonged life span (77). In contrast, cells grown
in the presence of high oxygen concentrations have a
reduced life span and show an accelerated rate of telomere
Similarly,
treatment of cultures of primary fibroblasts with moderate,

shortening per population doubling (78).

non-lethal doses of exogenous hydrogen peroxide activates
a rapid, senescence-like growth arrest (79).

What is the relationship between cellular senescence
and aging? The evidence that cellular senescence actually
plays a role in aging is correlative: senescent cells
accumulate in vivo in mammals with increasing age and
at sites of pathology (80), and many mouse and human
models of premature aging are accompanied by premature
cellular senescence in vitro

DNA damage and telomere dysfunction appear to
activate the classical tumor-suppressor mechanisms of
senescence and apoptosis. Senescence requires activation of
the retinoblastoma (RB) and/or p53 proteins and expression
of their regulators, most prominently p16™*and ARF (81-
83). The notion that senescence prevents cancer is well-
supported and is not controversial (84.85). The expression
of markers of senescence such as senescence-associated
[-galactosidase and pl6INK4a markedly increases with
aging in many tissues from disparate mammalian species
(85). Caloric restriction (CR) potently slows aging in
rodents, and CR and its related dietary changes retard or
even abolish the age-induced increase in the expression of
senescence markers. including the expression of pl6TEH
(86-88).

Provocatively, CR, similar to pl 6™**deficiency (89),
enhances stem-cell function with aging (90), which suggests
the possibility that CR may slow aging in mammals by
decreasing the activation of senescence in self-renewing
compartments.

Various lines of evidence suggest that p53 plays
opposing roles in the aging process. While p53 suppresses
the onset of malignancy and thereby extends life span, at
the same time it promotes cellular senescence and apoptosis
in response to DNA damage, potentially contributing to the
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clinical changes of aging. Thus, p53 function may display
antagonistic pleiotropy (91).

The senescent state appears to be a universal process
that is a reaction of mammalian cells to certain kinds of
damage,including telomere shortening. Cellular senescence
presents a puzzle in terms of evolutionary biology. The
kinds of damage that cause cells to enter senescent state
are very similar to those types of damage that cause other
cells to enter apoptosis. From the point of view of organism
and the genome, making cells undergo apoptosis makes
sense because the damage cells and its progeny, carrying
potentially damaged copies of the genome, are removed
from the body. One may consider cells to be very cheap
in terms of the overall economy of the body — millions of
cells are born and die every day and there would seem to be
no reason why cells should be preserved by means of the
cellular senescence process, rather than killed off by means
of apoptosis (92).

Cancer and Aging

In accordance with the evolutionary theory of the 'disposable
soma’ (93). anti-aging and anti-cancer mechanisms have
adapted their respective strengths to the natural lifespan of
each species and, in this manner, these mechanisms ensure
that most individuals are aging-free and cancer-free for as
long as they are useful or beneficial to their species. By
comparing short-lived mammals, such as mice, with long-
lived ones. such as humans. it becomes clear that humans
must have more stringent cancer protection and anti-aging
mechanisms than mice. It is therefore important that anti-
aging and anti-cancer mechanisms must evolve in parallel
and accommodate the natural lifespan of the species.

Cancer and aging are both fuelled by the accumulation
of cellular damage. Consequently, those mechanisms
that protect cells from damage simultaneously provide
protection against cancer and aging. By contrast, cancer
and longevity require a durable cell proliferation potential
and, therefore. those mechanisms that limit indefinite
proliferation provide cancer protection but favour aging.
The overall balance between these convergent and
divergent mechanisms guarantees fitness and a cancer-free
life until late adulthood for most individuals (94).

The co-evolution of cancer and aging protection
seems to have deeper roots than just the parallel adaptation
of two independent processes. Indeed, recent research
has unveiled convergent mechanisms that simultaneously
provide cancer resistance and aging resistance, thus

The Stem Cell Hypothesis of Aging (Meiliana A, et al.)
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coupling their co-evolution. These convergent mechanisms
act on common causes of cancer and aging, most notably
on the generation and accumulation of cellular damage. It
is well established that cellular damage is at the origin of
both cancer and aging. Accordingly. those mechanisms that
prevent cellular damage impinge on these two processes
and provide anti-cancer and anti-aging protection. Among
these mechanisms are those that improve the efficiency of
energy consumption, therefore decreasing the generation of
reactive oxygen species (ROS). which are considered to be
a main source of endogenous damage. In addition, p53 1s
a master sensor of damage that triggers repair and defence
responses. As discussed below, there is evidence indicating
that those mechanisms or interventions that decrease ROS
or improve p53 activity converge in providing protection
against cancer and aging (94).

However, other 'divergent' mechanisms have also been
discovered that have opposing effects on cancer and aging;
specifically, protecting from cancer but promoting aging.
These mechanisms include telomere shortening and the
derepression of the INK4a/ARF locus. Their purpose is to
prevent excessive cellular proliferation, and this produces
conflicting effects on cancer and aging: while cancer
protection benefits from these safeguard mechanisms,
long-term regeneration and longevity become limited. As
we argue below, divergent mechanisms could be mainly
designed to prevent cancer, rather than to promote aging
(94).

Current data indicate that senescent cells can be
efficiently cleared fromthe organismand. therefore it should
not be assumed that senescence-inducing mechanisms
are necessarily pro-aging. Along these lines, apoptosis-
inducing mechanisms may or may not be deleterious for
the organism. Conceivably, elimination of damaged cells,
either by senescence or apoptosis, can be anti-aging or pro-
aging depending on the magnitude of these responses and
the regeneration capacity of the damaged tissue (95).

There is a general consensus that the accumulation
of cellular damage is the initiating event of both cancer
and aging. Tumorigenesis is fuelled by the accumulation
of genetic and epigenetic damage. Similarly, aging
occurs, at least in part, because of the accumulation of
macromolecular damage, which initially affects cellular
proteins, lipids and DNA. but eventually impairs tissue
regeneration. According to this, those mechanisms that
protect cells from damage could, in principle, protect from
cancer and from aging simultaneously. In this regard, it
is important to keep in mind the general observation that
long-lived organisms are, in general terms, more resistant
to stress (96).
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A common endpoint for these major tumor suppressor
mechanisms is senescence. This specialized form of
terminal differentiation is induced by a variety of stimuli
including alterations of telomere length and structure, some
forms of DNA damage (for example, oxidative stress), and
activation of certain oncogenes (98 .99). Senescence requires
activation of the Rb and/or p53 protein. and expression of
their regulators such as p16™%4, p21, and ARF (81-83). An
important form of senescence is induced by p53, which has
several antiproliferative activities including stimulation of
the expression of p21. a cyclin-dependent kinase inhibitor
(CDKI). CDKIs inhibit progression through the cell cycle
by inhibiting cyclin-dependent kinases that phosphorylate
and thereby inactivate Rb and related proteins pl07 and
pl130 (11). The activity of p53 is predominantly mediated
by inhibiting its murine double minute 2 protein (MDM?2)—
mediated degradation, and p53 is stabilized by diverse
stimuli including DNA damage signals (e.g., resulting from
oxidative stress or telomeric shortening) and oncogene
activation (102-104).

The stabilization of p53 by oncogenes is in part
mediated by ARF (also designated pl9**F in the mouse),

X-rays
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which is induced by inappropriate cell cycle entry
(105-107). and binds to MDM2, thereby inhibiting the
destruction of p53 (105,108-110). Another CDKI, pl16™&=
increases markedly in senescent cells, and correlates with
increasing Rb hypophosphorylation during this process
(82.83). The regulation of pl6™¥* in senescence is not
as well understood as that of p53. although it appears
to be induced by several stimuli including MAP kinase
signaling, oncogene activation, and growth in culture
(113.114). Either p53-p21 or p16™** are able to produce
Rb hypophosphorylation and initiate senescence. Some
senescence-inducing stimuli (e.g., activation of the RAS
oncogene) appear to induce both pathways, while others
(e.g., DNA damage) appear to preferentially activate one
or the other (97).

Damaged DNA activates checkpoint responses that are
mediated by the p53 and p16-Rb pathways and that result
in apoptosis or cellular senescence. If these events occur
in stem/progenitor cells, tissue homeostasis is altered —
a phenomenon that might contribute to aging. If, instead,
DNA mutations that inactivate these checkpoint pathways
accumulate, then cancer can arise (115).

stress
Telomere %
dysfunctionfy

Checkpoint activation -,

" DNAdamage |

Others

Oxidative
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Accumulation™
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Figure 3. DNA damage accumulates as the consequence of endogenous (telomere dysfunction, oxidative stress) or exogenous
(oxidative stress, y-irradiation, UV light, and others) attacks (Adapted with permission from The American Society for Clinical Investigation).
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Telomere Shortening and
Stem Cell Aging

Telomeres form high-order chromatin structures that cap the
ends of eukaryotic chromosomes. They contain thousands
of double-stranded repeats (TTAGGG) and terminate
with a single-stranded 3’-extension, which, together with
specific telomeric proteins, participates in the formation of
the terminal loop structure (telomere cap). Telomeres are
synthesized by telomerase, a cellular reverse transcriptase
that adds TTAGGG repeats onto preexisting telomeres.
In cells that do not express telomerase, TTAGGG repeats
are lost at each cell division, and. when telomeres reach a
critical length, a checkpoint is triggered that drives cells
into a metabolically active state of irreversible growth
arrest, termed replicative senescence. Therefore. telomere
shortening has generally been regarded as a counting
mechanism that limits the mitotic potential of any cell
type. In this view. cellular senescence can be considered a
potent tumor-protection mechanism (115).

Cellular senescence, however. might also contribute
to a decline in tissue homeostasis by exhausting the
supply of progenitors or stem cells, which suggests that
organism aging 1s the trade-off of the evolved adaptation to
tumor suppression (antagonistic pleiotropy). As expected
from their high replicative potential, stem cells express
telomerase.

Recent findings shed new light on the molecular
pathways associated with the execution of the cellular
senescence program and sug gest that the tumor-suppressive
mechanisms involved may directly contribute to organismal
aging, possibly acting at the level of stem/progenitor cells
(1497.116.,117).

Telomerase is expressed in a restricted subset of normal
cells: germ cells, stem/progenitor cells, and proliferating
lymphocytes. Stem/progenitor cells have a long lifespan,
and the machinery for self-renewal is already activated.
Therefore, as compared with differentiated cells, they have
greater risks of accumulating mutations and may require
fewer events to sustain uncontrolled growth (115).

Mammalian aging occurs in part because of a decline
in the restorative capacity of tissue stem cells. These
self-renewing cells are rendered malignant by a small
number of oncogenic mutations. and overlapping tumor
suppressor mechanisms (e.g.. pl6™%% Rb, ARF-p53. and
the telomere) have evolved to ward against this possibility.
These beneficial antitumor pathways, however, appear
also to limit the stem cell life span. thereby contributing
to aging (41).

The Stem Cell Hypothesis of Aging (Meiliana A, et al.)
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Cell-intrinsic checkpoints limit the proliferative
capacity of primary cells in response to telomere
dysfunction. It is not known. however, whether telomere
dysfunction contributes to cell-extrinsic alterations that
impair stem cell function and organ homeostasis.

The  dysfunctional limited the
engraftment of transplanted wild-type hematopoietic
stem cells (HSCs). Dysfunction of the hematopoietic
environment was age dependent and correlated with

environment

progressive telomere shortening in bone marrow stromal
cells. Telomere dysfunction impaired mesenchymal
progenitor cell function, reduced the capacity of bone
marrow stromal cells to maintain functional HSCs, and
increased the expression of various cytokines, including
granulocyte colony-stimulating factor (G-CSF). in the
plasma of aging mice (118).

The accumulation of DNA damage has been associated
with aging and stem cell decline (119). Telomere shortening
leads to the induction of DNA damage signaling when
capping function is lost at chromosome ends (120,121);
such shortening occurs in most human tissues during aging
and is accelerated in response to chronic diseases (122).
Telomerase gene mutations limit telomere maintenance
and organ homeostasis. and reduce lifespan in mice and
humans (123-125).

The role for telomerase in the HSC is to partially
counter the rate of telomere shortening during division
of HSCs. thereby preventing premature loss of telomere
function and providing added replicative capacity (126).

Stem Cell Hypothesis of Aging

With age, there is a gradual decline in the regenerative
properties of most tissues due to a combination of age-
dependent changes in tissue-specific stem cells and in the
environmental cues that promote those cells to participate
in tissue maintenance and repair (127).

These rare and specialized adult stem cells are required
for tissue replacement throughout the human lifespan. and
appear to be characterized by a few specific physiological
and biochemical properties, particularly the capacity for
self-renewal (97,128.,129).

Recent evidence supports the model that stem cells
in several tissues are largely retained in a quiescent state
but can be coaxed back into the cell cycle in response to
extracellularcues,evenafterprolongedperiodsof dormancy.
Once stimulated to divide, stem cells yield undifferentiated
progeny. which in turn produce differentiated effector
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cells through subsequent rounds of proliferation. This
‘hierarchical’ differentiation scheme makes sense from
the perspective of organismal longevity — it permits the
production of large numbers of differentiated cells from
a single stem cell by combining subsequent steps in
differentiation with proliferation (130,131). Therefore,
this approach balances the high rates of homeostatic
proliferation that are required in tissues like the bone
marrow and intestine with the long-term need to protect stem
cells from mutagenic insult and carcinogenesis. Indeed,
under homeostatic conditions. there 1s limited proliferative
demand on the self-renewing stem cells themselves and
so these cells divide infrequently, sparing stem cells the
perils of DNA replication and mitosis. Additionally, as
stem cells appear to be less metabolically active in their
quiescent state, they may be subjected to lower levels of
DNA-damage-inducing metabolic side products such as
reactive oxygen species (ROS) (132).

Self-renewal comes with some danger for the
organism; in particular, a risk of malignant transformation
(97.133.134). Unrepaired genetic lesions in stem cells are
passed on to their self-renewing daughters and accumulate
with aging in this way. Functional mutations that provide
a growth or survival advantage in turn produce positive
selection for the mutant stem-cell clone, with full-fledged
cancer resulting from the accumulation of multiple cancer-
promoting events. To offset this possibility, stem cells
appear to have evolved multiple reinforcing mechanisms
that are aimed at maintaining genomic integrity beyond that
of other proliferating cells (97.128,129). When mutations
occur despite these error prevention capacities, potent
tumour-suppressor mechanisms such as senescence and
apoptosis exist to sense damaged stem-cell genomes with
malignant potential and limit replicative expansion or cull
such clones. This relationship between self-renewing cells
and cancer raises the possibility that — while carrying out a
beneficial, anti-cancer function — these tumor-suppressor
mechanisms may inadvertently contribute to aging by
causing stem-cell arrest or attrition.

According to ‘cancer—aging hypothesis’. cells
within a tissue are compromised by these anti-cancer
mechanisms, that growth inhibitory molecules such as
the cyclin-dependent kinase inhibitor pl6™&4 and the
tumor suppressor pS53 exert their pro-aging effects in
part through their activation in specific self-renewing
compartments such as tissue-specific stem cells. Findings
from a series of recently published human association
analyses that suggest a link between the INK4/ARF locus
(also called CDKN2a and CDKN2b) and the onset of
distinct human age-associated phenotypes. These recent
observations, together with the findings in genetic model
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systems, provide experimental support for the concept that
the activation of tumor-suppressor mechanisms in self-
renewing compartments contributes to the aging processes
in humans (9).

The hematopoietic system would be our choice
source of stem cells to examine the effects of aging. The
hematopoietic system is the best characterized of any stem
cell-driven organ and. given the massive output throughout
life. its degeneration is probably a major limiting factor to
longevity (135).

Numerous studies have shown that aging alters
HSC function with regard to mobilization (136), homing
(132,136-139) and lineage choice (132,138.139). In
particular. there is a loss of lymphoid lineage potential
with a skewing toward myeloid lineages in HSCs from old
mice, and old HSCs demonstrate reproducible changes in
gene expression with age, including increased expression
of myeloid lineage transcripts (132). Therefore, the
preponderance of evidence suggests that HSCs undergo
cell-intrinsic aging. although there is also emerging
evidence that the aging HSC microenvironment may
influence HSC function in an extrinsic manner.

The most clinically significant aspect of age-dependent
hematopoietic dysfunction, however, is the dramatically
increased incidence of leukemias and other hematological
diseases that accompany aging. Interestingly. whereas
pediatric leukemias predominantly involve lymphoid
lineages, the leukemias that manifest in old age are largely
myeloid in origin, suggesting that the malignant capacity
of different hematopoietic progenitors changes with age
(132).

Hematopoietic stem cells from early-aging mice
expressing a mutant p53 allele reveal that aging of stem
cells can be uncoupled from aging at an organismal level.
These studies show that hematopoietic stem cells are not
protected from aging. Instead, loss of epigenetic regulation
at the chromatin level may drive both functional attenuation
of cells, as well as other manifestations of aging, including
the increased propensity for neoplastic transformation
(140).

Evidence in support of the notion that DNA damage
attenuates stem-cell function with age has been provided
by the study of HSCs from mice that harbour alterations in
the DNA-damage response. Significant functional defects
are seen in HSCs from mice that are deficient in DNA-
repair proteins such as FANCDI1(141), MSH2 (142) or
ERCCI1 (143). A mouse strain with a viable, hypomorphic
allele of the DNA-repair protein DNA ligase IV that was
recently identified through a mutagenesis screen exhibits a

marked, age-induced decline in HSC number and function
(144).



DOI: 10.18585/inabj.v2i1.108

RAS mutation,
P53 loss

/ Telomere

Transformation

The Stem Cell Hypothesis of Aging (Meiliana A, et al.)
Indones Biomed J. 2010; 2(1): 26-44

Cancer

Regenerative failure,
SA-SP

o dysfunction Senescence
Stem Cell\
Tissue dysfunction
; =g — | and failure
Unrepaired DSBs
Apoptosis
: Tissue dysfunction
m ; and failure
Y-chromosome < {for example, MDS)
or 5g-loss Dysfunction

Figure 4. Fates of damaged stem cells (Adapted with permission from Nature Publishing Group).

These data suggest that several forms of DNA repair
are needed to maintain HSC genomic integrity, and that
activation of a response to DNA damage compromises
HSC function (9).

In the ‘DNA-damage accrual’ model of aging,
unrepaired (or improperly repaired) genomic damage
accumulates with aging in stem-cell compartments. At
some point, accumulated damage perturbs normal stem-
cell biology. driving stem cells to a few possible fates:
transformation, senescence, apoptosis or dysfunction; for
example, a loss of the ability to robustly produce progeny
or an impaired potential for multilineage differentiation
(Fig. 4). As this process proceeds with time, depleted and/
or dysfunctional stem-cell compartments cannot match
the regenerative needs of a given organ and homeostatic
failure ensues.

Related observations have likewise suggested a
proaging role for p53 and its effectors in mice (145-147)
and humans (148). The case for p53. however, appears
to be more complicated because p53 and its downstream
effectors such as p21°® also have important roles in
regulating the DNA-damage response.

Additionally. HSCs
demonstrate premature exhaustion (149). consistent with
the notion that a p53- and p21“®-dependent cell-cycle pause
in response to DNA damage may be important for stem-cell

from p21°F-deficient mice

longevity in vivo. These results suggest that p53 activation
can be both pro-aging and antiaging depending on the
nature and duration of the stress behind its activation.

As stem cells are essential for tissue homeostasis
and repair throughout life. three groups (5,140.144) have
explored what factors influence alterations in their function
with age. These studies, together with previous work,
suggest that the story is complex, involving interactions
between different networks and at several levels. At the
genomic level, both internal and environmental factors
cause alterations in individual genes, groups of genes
throngh epigenetic changes, and chromosomes, at least
some of which arise from direct damage to DNA. At the
levels of cells and tissues, functional changes in stem cells
and other cells in the tissue influence each other and are. in
turn, influenced by systemic changes that may be conveyed
from one tissue to another via the circulation. All of these
may contribute to the possible development of cancer

39



The Indonesian Biomedical Journal, Vol.2, No.1, April 2010, p.26-44

in tissues throughout the body. The ultimate outcome is
organismal aging.

The extent to which the effects of aging on the resident
stem cells determine the phenotype of an aged tissue
is likely to correlate with the extent to which stem cells
are responsible for normal tissue homeostasis and repair.
Along this spectrum, tissues generally fall into one of three
categories. First, tissues with high turnover (such as blood,
skin and gut) have a prominent stem-cell compartment
and, by definition, have high regenerative capacity.
Second, tissues with low turnover but high regenerative
potential might use different strategies to ensure effective
repair in the setting of acute injury. In skeletal muscle, for
example, differentiated myofibres are unable to proliferate
to generate new tissue, so muscle must rely on resident
stem cells for all turnover and repair (150). For the liver,
it seems that differentiated hepatocytes can proliferate
sufficiently to mediate effective tissue remodelling, repair
and replacement normally (151), whereas stem cells might
be recruited in the setting of severe injury (152). Third,
tissues with low turnover and low regenerative potential
might have stem cells that mediate only limited tissue
repair. Although there is much interest in harnessing the
potential of stem cells in the brain (153) and heart (154)
for therapeutic purposes. for example. there is limited
endogenous repair capacity of these tissues following
acute injuries.

Clearly, tissue — specific stem cells are responsible
for the restorative aspect of these tissue dynamics. As
loss of tissue function is one of the hallmarks of aging,
it may be that a loss of this “maintenance” function of
resident progenitor cells is tantamount to tissue aging.
Understanding the environmental cues that instruct
resident stem cells to participate in the normal maintenance
function may suggest interventions that would slow the
age — related decline in tissue structure and function by
enhancing the ability of resident stem cells to maintain
the youthful phenotype of the tissue. To the extend that
there are irreversible biochemical changes with age, the
gradual loss of tissue function may be inevitable but may
be slowed. thereby to achieve the goal of healthy aging.

Conclusion

A diminished capacity to maintain tissue homeostasis is a
central physiological characteristic of aging. As stem cells
regulate tissue homeostasis. depletion of stem cell reserves
and/or diminished stem cell function have been postulated to
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contributed to aging. Accumulated DNA damage could be a
principle mechanism underlying age — dependent stem cell
decline. and anti — cancer mechanisms such as senescence
and apoptosis, which rely on telomere shortening and/or
P53 and pl6™%# activation appear to promote stem cells
aging, just as their failure is associated with cancer.
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