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Abstract

Introduction

ACKGROUND: There 15 probably no sinsle way
to age, Indeed, so far there 15 no single accepted
explanation or mechanisms of agmg (although
more than 3 theories have been proposed). There 15 an
overall declime in tissue repenerative potential with age.
and the question anses as to whether this is due to the

milAnsie Hging of stem eells or rather o the itnl:r.-n'nuunl ol

stern cell fonetion 1w the aged tissue envirormient.

CONTENT: Becent data spmggest that we age. in pat,
because our s2lf - renewing stem cells prow old as & resulr
of heritable intrinsic events. such as DNA damage. as well
as extrinsic forces. soch as changes i their supporting
miches, Mechamizms that suppress the development of
cancer, such as senescence and apoptosis, which rely on
telomere shortening and the activities of p53 and plo™™*
miy also indioce an unwanted consequence: a dechine m
the replicative function of certain stem cells types with
advancing age. This decrease regenerative capacity appears
ta poinfing to the “stem cell hypothesis of aging™,

SUNMMARY: Becent evidence sugpested that we prow
old partly beeause of our stem cells grow old as a result
of mecham=ms that suppress the development ol cancer
over -a lifetime. We believe that a furher, more precise
mechamistic understanding of this process will be required
before this knowledze can be translated into human auti —
aging therapies,

EEYWORDS: Srem cellz, zenescence. telomere, DINA
damage, eplgensetic, aging.

Neseimr ey mode, mualtis morfmn (Min one way we are
born, in many ways we die™). and there i= probably no
single way 1o age. Indead. so far there is no single accepted
explanation or mechamsm of asine (althovzh more than
300 theories have besn proposed (1), and controversy
reigns on whether aging is the expression of a specific
genstic programme of the simpls consequance of a lifzlong
accomulation of random molecular damage (2.

A diminished capacity to maintain tisspe homeostasis
15 a central physiclogical charactenstic of aging. As stem
cells regulate fissue homneostasis, depletion of stem cell
rezerves and/or diminished stem cell funcrion have been
postulated o confribute fo aging (3. It has further been
sugpested thal accummlated IDNA damage could be a
prmcipal mechammsm underlying age-dependent stem cell
decline (4).

Stem cell funetional capacity was severely affacted
unider conchitions of siress, leading ta loss of reconstitution
and preliferative  potential, dimdnished  self-renewal.
increased apoptosis and. ultimately. finetional exhavstion.
Morecver, evidence that endozenous DNA  damasze
accumulates with age in wild-type stem cells. These data are
conzistent with DNA damage accrual being a phyvsiological
mechanizm of stem cell azing that may contribute to the
diminizhed capacirty of aged tiszues to retorn to homeostasis
after exposure to acute stress or njury (3.

Many theores have been put forth to explain the
dechine of cell mul tssue hmchion with age, bol a2 main
challenge for researchers who study agzing is to distinzuish
ameng potential cansal mfluences, 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 oxvzen
species, which are by-products of nommal metabolizm,
are responsilie for dimpage o many cellular components,
melnding DNA {6).

Several mechanisms of DINA repanr that are essenhial
for healthy Hssues and long life (7) have evolved moeells
of ngher orgamsms: In humans or nuce, motations n
genes encoding DNA repadt enzymes may lead to dramatic
incteaszes in the incidence of cancer and the shortening of
lifesl}au (8).

Mechamsms that sappress the development of cancer,
such as sepescence and apoptosis. which rely on telomers
zhortening and the activiries of p33 and pL6™* may also
indues anunwanted consequence; adecline inthe replicative
function of certain stem-cell types with advancing age.
This decreased regencrative capacily appears o contribite
to some aspects of manumalian agme (),

What is Aging

Aging iz commonly chavacterized as a progressive,
eeneralized impaiment of fonction, resultine in an
increasing vulnerability to environmental challenge and a
growing risk of disease and death (10). Aging oconrs at least
in part as a consequence of rhiz imperfect maintenance,
rather than as a genetically prozrammed process, Although
azimg may imvolve damage to varnons cellnlar constituents,
the imperfect maintenance of nuclear DN A likely represents
a cribical contrilnitor o aging, Unless precisely rclr.-'lin::tlr
nuclear DNA damage can lead to muration and/or other
deleterious cellular and orgamismal consequences. Damage
1o both nuclear DNA, which encodes the vast magority of
cellular BNA and protems, and motochondnal DNA have
been proposed to contrbute to aging (11).

Ecological factors such as hazard rates and food
availability mfuenee the rade-offs between mvesting in
growth, reproduction: and somatic survival, explaining
why species evolved dfferent life spans and why aging
rate can sometimes be altered, for example, by dietary
restuetion (100, Almest every aspects of orcanism’s
phenotype nndergoes modification with aging. and this
phenomenoloeical complexity has led. over the vears, to a
bewildering proliferation of ideas about specific cellnlar and
malecular canses, An attempt by Medvedev to rationalize
the multplicity of hypotheses resulted i a listimg more
than 300 “theores™ of agimg, F':MHHHI;::I}', recenl advances
have resulted in siznificant simplification of the theoretical
nnderpinmngs of aging research (12}
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There are many sources of DNA damage, In addition to
exterual soawees, such as tomizmg radiation and genotoxie
drugs. there are also cell — intrinsic sources. such as
replicatiom emors, spomtanecus chemical changes o the
DNA, programmed double — strand breals (DSBs) (i
lvmphecyte development). and DMNA damaging agents that
are normally present in cells. The latter catezory includes
reactive oxveen species (ROS5), such as superoxide anion,
hydroxyl radical, hwdrogpen peromide, nitnc omide, and
others, Major sources of cellular RS production are the
mitochondra, peroxisomes, cytochrome pd50 enzymes,
and the antimicrobial oxidative burst of phagooytic cells.
ROS can canse lipid peroxidation, protein damage, and
several Dvpes of DMNA lesions: sangle — anl donbile — strancd
breaks, adduct, and crosslinks, The simation in which ROS
exceed cellular aptioxidant defenses is tenmed oxidative
stress, As nomnal byprodocts of metabohsm, ROS are a
potential source of cloonie, persistent DNA damage moall
cells and may contribute to aging (13).

ROS5 and many other DNA-damaging agents can
canse cells to enter a state of nreversilile cell evele arrest
accompanied by characteristic morphologic and fimetional
alterations, termed senescence (14). The indoction of
senescencs depends on pathways involving the p33 and Bb
proteins. Cellular sensscence has been best characterized
i cultures of human fbroblasts and mouse embryo
fibroblazts (MEFs), which cease expanding after repeated
passage in culture, A process termed replicative senescence.
Replicative senescence has been emploved as a cellular
mode] for aging; many mutations in DMNA repair zenes that
canse premalure aging phenolypes also conler prematiore
replicative senescence (7).

At the eellufar level, it hias been known for 40 years
thal nommal, dilterentated cells such as hbroblasts have
a hnted division potential belore mdergoing so-called
“replicative senescence.” This i in contrast to malignantly
tratsformed cells, which can divide indefinitelv, Tin hunman
cells, the difference 15 largely dug fo the presence or
absence of telomerase. suggesting that nommal eells may
be programmmed to undergo senescence, perhaps as a
protection aganst mmor formation (L), Stress mduced
DNA damage appears to be more important than the end
replication problem for determining the rate of telomers
erosion {15}

Twio general models have been proposed to explain
how cellular senescence mayv contribute to aging (15).
First, semescemce of prozenitor or stem cells themselves
could impair tissae renewal, In this regand, the Fodveomil
sroup repressor Bl
hematopoietic stem cells via negatively mesulating the

appears o conleol levels of

milnchon ol senescence *i.Imn;:i_liu:-ﬂ]:,' 1 these stem cells.

Secomd. senescent cells secrete proteases and other Factors
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that may disrupr tissne function. In this regard. senescence
has a complex relaticnship with neoplasia. Senescence has
been postulated to ocour as a tunor suppressor mechanism,
whereby cells that have npderzone a genotoxic msult and
therefore possess the potential for neoplastic tanstormation
enfer a state in which thev are incapable of dividing,
However, senescent stromal cells can actnally promote
the crowth of epithehal cancers, malignancies that oceur
with mereased ncidence m the elder]y. Senescence Tias
been offered as an example of “antagonistic pleiotropy,”
a process that 15 bencheal m young oreamsms b
deleternons later m life: senescence suppresses cancer by
preventing potentially nomemgenic cells from dividmg
but may potennally contnbute to organ dysfunction in
the aged throwmgh a variety of mechanizms, perhaps even
contributing to neoplasia in this serting, However, a causal
relationehap between callnlar senescence and organismal
aging has yet to be proved {16).

The hvpothesisthat noclear DINA |, a criticallv important
celinlar constitnent that cannot be replaced, is an important
target of age-related change is snpported by evidence that
nuclear DMNA damage and mmations acenmudate with age.
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While ROS are likely to be one impostant source of this
damage, there are numercusothercellular and environmental
sonrces of damage. and the impact of such lesions may be
enhanced by age-related compromise of DNA repair. In the
latter context, most premanie aging svndromes are cavsed
by mutations in genes encoding proteins involved o DNA
repair. Accumulation of mtations in critical genes may
be one general mechanism by which compromised DNA
n:piiir conld contmbite 1o Hg'i'[lg. In addition, Iﬁ_"r-mcd:mh:d
senescence and apoptosis, In responsa to DNA damage,
also likely contobute to agme (111,

In 1he teee mam pallyaays of conserved pro —
aging pathways, the Insulinfmeulm — hke growth factor
| signaling (IIS). Target of Rapamycin (TOR) and
mitochoddrial pathway, are indicated, The pro-azing
activities of these patliways are conserved across species,
with energy censees, such as AMPK. as potentially
impottant hinbs in the complex networks that integrate them,
However, it 15 mnportant to note potential dissimilarities
among species as well. Most, if not all, defects in the
mitochondral respiratory chain are lethal or canse disease
in humans®, bt can increase hfespan in nematodes or

Mitochondria and mitochondrial
respiratory chain

Genotoxic strass

Cell oycle arrest
Cellular

Apoptosis TEED) Cell survival
Antioxidant defence - FOMO | ¢ | proteins] Fat mobilization
Giluconeogenssis ™ : Gluconeogenesis

28

N

Cell fate, stress resistance,
metabolic functions
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veast, In mammals, mitochondrna play an unportant part in
signalling apoptosis, which can either dove or retard aging,
depending on the cell type. There 15 evidence that many
Tomgevity sigmals comverge on members of (he FOXO and
sirtiun protemn fanmbes. whach ean miteract. Note that SIR
proteins can both activate and repress FOXO. Maoreover,
the affecrs of FOXO and STR2 o eells can be either
beneficial (for example, increasing antroxidant defence) or
detrimental (for example. apoptoas). and may or may not
promote cegatismal survival. For example, in mamimals,
SIRT1 dampens apoptosis by repressamg FOXO, but also
by repressing BAX activation. thereby preventing its
oligomerization into the mitochondria outer membrane
[cross), which pomally triggers permeabilization of the
membrane and release of scluble apoptogenic factors,
such as evtochrome ¢, nto the cytosol. Apoptosis can be
bensficial, for example, by eliminating damaged cells and
preventing cancer. or can be détrimental, by eliminating
irreplaceable cells, such as neurons {171,

In theory, interventions could be designed to alter the
orchestrated networks of cell—eell mterachon 1o neTease
hfespan. Tlis 15 essentially what evolution has done to
produce Iong-lived species. The guestion 15, can we mimic
the evolutionary process o the extent that semescence
becomes essentially neghgble At thas stage, the answer
must be that we do oot keow. Althoungh there 15 no
scientific reason for not steiving to cure aging —sunilar to
what we profess to do for cancer and other diseases - oar
crrent understanding makes 1t impossible to assert that
indefinite postponement is feasible. Rather. we need to
uze the corrent momentmn to intensify ressarch aimed ar
resolving major ontstanding questions that hinder a more
complete understanding of basic agmme mechanizms and
their relationship o diseaze. Ooly thes will allow vs to
senerate sophisticated, inteprated strategies to lncrease
human health and lifespan {17).

Theories of Aging

Mearly a century ago it was nofed that animals with
higher metabolic rates often have shorter life spans. These
obsarvations led to the formulation of “the rate-of-living
hyvpothesis’. which states that the metabolic rate of a
species ultimately determines its life expectancy. Initially,
the mechanistic link betwesn metabolism and aging was
nmkriowT,

Al the molecular level, evidence suggests (hat several

of the most important mechanisms mvolve damage o
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macromolecules, Some of the major theones that have
been proposed to explain aging are the following:

SOMATIC MUTATION THEORY

MNumerous studies have reporfed aze-related increases
m soanatic mutation and other forms of DNA damage,
suggeshing thal the capacily for DNA repair 15 an importan|
determmnant of the rate of agmg at the cell and molecular
level. There is a general relationship between longevity and
DMNA repair. This 15 particolady well illnstrated by studies
ou the enzyme poly{ ADP-nibose) polymerase-1 (PARP-1),
which 15 a key player in the immediate cellular response to
stress-induced DNA damage (20 21),

TELOMERE LOSS TIIEORY

In many hwman somatic tissues, a decline im cellular
division capacity with aze 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 engyme telomerase, which 15 nonnally
expressed omly m germ cells (in lests and ovary) and m

certam adult stem cells (230,

MITOQCHONDRIAL THEORY
Anmmportanteotnectionbelweeninolecularsiress andaging
it sugzested by the accumulation of mitochondral DNA
(mtDNA) mutations with age {23). Ape-related increases
inn the frequency of cytochrome ¢ oxidase (COX) deficient
cells, which are associated with miDNA mmtanon, have
been reported in livinan muscle (24 25). brain {26.27), and
gut {27). Cells in which ntDMNA mutation reaches a high
level ara likely to suffer from impaired ATP production,
resulfing i a decline 1n tizsue moenarsenesis.

AITERFEL FROTEINS TIIEQERY

AND WASTE ACCUMULATION THEORY

Protein tmrnover is essential to preserve cell function by
removing proteims that are damaged or redundant. Age-
related impainnent of protem himover 15 andicated by
the accwmitlation over fime of damaged proteins, and
there 15 evidence that an accinmdation of altered proleins
contributes tooa range of age-related disorders, meluding
cataract. Alzheimer's disease, and Parkinson's disease.
With aging, there i3 evidence for functional declines in
the activities of both proteasomes (28) and chaperones
(29}, These dechines may be part of 2 more peneral falure.
throngh overload. of cellular “waste disposal” processes
(30).

NETWORK THEQRIES OF AGING
Much of the early proliferation of aging thearies arose from
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a tendency to see the different hypotheses as competing
to emplain how aging occurs, The disposable soma theory
suggests thal muliple kinds of damage wall accmmulate
in parallel watlon cells, simee (he same loge lmits the
wivestment in each of 2 wide range of mamtenance and repan
fumctions. Although the multiplicity of aging mechamisms
5 now widely acknowledged, the reductionmst! mature of
experimental techmigques means that, m practice, most
research is still narrowly focused on single mechandsms,

This has led to recent initiatives to develop * network™
theones of agmg i whach the coninbulions of the varons
mechanisms are considersd together, thereby allewing for
wnteraction and synergism between different processes (1)
Furthermore, such network medels can highlight important
differences betwsen “upstream” mechanisms that set a
process in train and “end stage” mechanisms that dominate
the cellular phenotype at the end of its life (323,

In summary, cwrent theorstical understanding
sugeests that, as cells aze, they tend to accumitlate damage.
The rate at whach damage arses 15 dictated, on the average,
by genetically determimed energy mvestments m cellular
maimtenance and repaar, at levels optinmzed 1o take account
of evolutionary trade-offs. Long-lived orzanisms make
greater mvestments meellular mamitenanee and regsir than
short-hved orgamans, resulling 1 slower scoumulation of
damage. In ceder to manage the nsk presented by damaged
cells. particularly the rsk of malignancy, organisms have
additionally evolved mechanizms. such as mmor suppressor
functions, to deal with damaged cells. The actions of such
“eoping” mechanisms will frequently involve a second tier
of trade offs (107,

Aping 15, above all, about the failure of living swstems
to keep going. Such systems do not, as a mole, give up the
stmegle easily, and we mayv anticipate that, in learnine
how aging erodes and eventually overwhelms our suinvival
mechamisms, we will learn a great deal more abouat how
these mechamsms are organized (107,

H,O, as Determinant ot Litespan

The free radical or cmidative stress hyvpothesis 15 one of
the most accepted theories of azing. It states that oxidizing
species are produced during asrobic metabolism, which
consequently causes molzenlar damage and, over time,
cell and tissue dvsfunction, nltimarely increasing the risk
of disease,

ROS induce cell senescence and apoptosis; and finally,
RO, senescence and apoplosis are mechamshically huked
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to agimg-associated degenerative diseases (2). Despire
its popularity, one fundamental aspect of this theory stll
remains puzzling: how and why are danzerous pro-oxidant
spectes geperated dunpog oxidative metabolism? It is
generally thought that ROS are generated accidentally as
byv-products of the acrobic metabolism, and mitochondria
are the 11L;4|j[1r soiree of imtracelludar ROS, Recen ﬁ'!ld‘i:l]_g!i:
however, demonstrate that eme specific ROS, hydrogen
peroxide (FLOL), is produced by omtochondra through a
spacialized enzyme to contrel callular growth and death. As
egeneric models of longevity indicate that H.Oh is a crucial
determninant of lifespan, aging should be considered as the
expression of a selected genstic progranune that gensrates
H,0O, as asignalling molecule (33).

Recently, it became evident that I1O, is dirsctly
implicated in the physiological regulation of the siznal
transduction events that are tnpgered by activated growth-
factor receptors. The intracellular level of ILO, s regulated
by vanous prowth factors (such as epidermal prowth
factor (EGE), platelet derved growth Factor {PIXGE) and
msulind, and H O, disell inhibits crucial phosphatases hat
are mvolved w the attenuation of signal propagation fron
activated prowth-factor receptors. It appears, therefore,
that H,O, direetly repulates the imtensity ol prowih-Tactor
s.i;naliﬂg i cells (34

H,0, can function as a signabing molecule owing to
its ability to induce fully reversible protein modifications.
It has bzen demonstrated that HO, directly oxidizes
cvsreiny] thiol, inducing the formation of disulphide bonds
and sulphenic acids, and induces glutathionylaticn of Cys
residves or sulphomidation of Met residuez m varions
taroets

H.O, functions - as a signaling melecule in the intra-
celinlar propagation of both physiolozical and oncopeme
growih signals. The mdoction of cell proliferation by
several growth factors (such as EGFE, PDGF, nerve growth
factor (NGF) and mswolin} correlates with a transient
merease o mbracellular H.:{'],_._. whereas  anboxidant
treatments prevent DNA synthesis (35). Sinnlarly, cellular
tranzformation following the expression of activated
oncogenes {such as mutated Ras (36) or overexpressed
wved (37) 1s associated wath increased imiracellular H,O,
and is prevented by treatment with antioxidants {38 .39).
Forthermors, H.O mediates angiogenic signalling and has
been mmplicated in the so called angiogemic switch, which
allows non-invasive and poordy vascularized tomours to
become highly invasive and angiogenic fumours (through
direct activation of the wanscription factor hvpoxia
inducible factor (HIT)Y (40).The fonction of ILO, as a
mutogenic or angiceenic signaling molecule is supported by
its documenited activity on various well established sizual
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LIfespan
detenninants

i
! Plasma membrane

Figure 2. A model for H.0, as a determinant of ffespan (Adapted with permisston from Nature Pubfishang Group).

transducton proteins thal are involved in milogenesis or
angiogenesis,

ROS have also been implicated in apoptosis (34)
and cellular senescence (A1) Whereas the ability of ROS
o trgger senescence s thought 1o be secondary 1o ther
ability to mduce hyperproliferation and the activation of
a p33-dependent checkpomt, H, 0, iteelf is instead a direct
anel potent mducer of apoptosts (123 The dual clamacter
of H,O, as a mediator of growth and apopiosis suggests
specificity in its biclegical activity. Specificity could be
determined by the intensity of the pro-oxidant challengs or
the intracellular site of produoction, the latter of which further
increases the complexity of redox signalling, Treatment of
different primary cells with increasing dozes of exozenous
I1D, induces proliferation, seuescence or apoptosis. As
H.0, is zenerated by many compartimentalized enzymes,
local varations i the concentration of H,(, conld also be
erucial For the activation of :i.pt:::iI]L' targels (33

In regard to HAO, seavenging, overexpression of
catalase or GPX together wath S5O0 has been demonstratod
b merease oxidative-stress resistance and Tifespan in some
transgetac models of O. elegans amd D, melanogaster
(43), Bemarkably, mrancgenic mice thal overexpress
catalase i mitochondria show a specifically ineteased
scavenging activity i nutochondria and a prolonged
lifespan (44). Likewise, deletion of p668ke in mice results
1 the decreased formation of mitochondrial HO,, which
correlates with delayed aging (45 46}, a reduced incidence
of aginz-assoclated degenerative diseases (46-49) and
mcreased lifespan (49),

Aging 15 a multifactorial process: protein tormover 15
unpaired, telomsres shorten. somatic mutations increase
and chromatin modifications (as well as global changes in
gene expression} become progressively evident (31). There

15 mo 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
explion the enommaons vanability of fhe agmg phenolyp
and of individual Tifespan m the same species, even when
genotypes and enviromanent are controlled.

A crueial tlm::-'.li[:-n TemEIng tnanswered: are vanous
molecular mechamans of agmg mggerad by conmmon
mittating events? H.0, by itself 1= a powerful inducer of
all of the above-mentionsd aging mechanisms (Fig. 2),
which suggests that it may represent a key mediator of
aging. Rates of mitochondrial 11,0, zensration are directly
related to the basal metabolic rate and inversely related to
the maximom lifespan of different mammalian species,
which iz consistent with the oxidative stress hvpothesis
of aging (51). Moreover, reverse gemetic models have
demonstrated that altening wtracellular levels of HO,
mumlnlales lifl:ﬁpm:.

Klotho, an Anti-Aging Hormone

Chver the past 15 wears it has become clear that mntations
in genes that regulate endocrine siznalling pathways can
prolong lifespan. Lifespan can be mncreased by altersd
endocrine siznalling in a gronp of cells or a single tissue,
which mdicates that croasralk between fissues functions to
coordinate aging of the organism (52},

In addition to insulin and 1GF1, one potential mediator
of crosstalk between tizsues wn mammals 13 KLOTIIO, 3
transmembrane protein with homelogy to fi-glycosidases.
Althongh KLOTHCO facks a clear antecedent in lower
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metazoans (33, recent wotk haz shown that Klodho
overexpression in a swbzet of tiszmes is sufficient to
prolong lifespan (54), A fragment of the KLOTIIC protein
circulares in the blood, which suggests that it might act as
a hommone.

The Klothe gene was identified serendipivously
thromgh a hypomorphic allele that results n severe
carly degenerative changes and shont lifespan (53). The
homcey gons muwlanl animals develop nomoally wntil 3
weeks of ape, then exlubil severe growth retardation,
OEICOPOTOSIS,

emphysema and atrophy of the sk, thytnus, lestes and

ectopic caloifcation,  arlerosclerosis,
ovanes, s die at an average age of 61 days.

Owererpression of Klotho inhibits both mesulin and
IGF| signalling and prolongs lifespan. Whether KLOTHO
inhibits agine directly in all tarest tissnes or acts wdirectly
through a cell non-autonomons mechanism (for example,
by inkibiting msulin signalling in fat tissoe) 13 not known
(52},

The extracellular domain of KLOTIIO 15 detectable
in the blood and cerebrospinal finid of mice and hwunans,
which suggests that KLOYTHCY could fimchon as a honmone
(54.55). Transgenic overexpression of Klodio in the brain
and testes 15 sufficient for rescue of the growth defect and
accelerated azimg phenotypes of Klotho-deficient mice,
fimher sopporting the hypothess (hat KLOTHO can
fanction as & lnonoral factor (533 54).

Comsistent with the hypothesis that KLOTHO
profongs Hfespan ol Teast i part by inhibiting insalin/1GE]
sgmalling, heteroeygous deletnion of TRS1 partially resoued
the redoced lifespan of male Klowie deficient aniimals and
prevented the morphological changes thar were remindscent
of agine (54},

ELOTHO muglht be an anti-aging hotmone  that
fonctions by modulating mnsnlin/TGE] signalling and the
activity of FGF23 on its receptors. In addition to these
hormonal modulators, cell non-antonomons aspects of
several aging pathways sogoest that other endocrine
regulators of aging remnan to be identibied (52),

DNA Damage and Aging

It is wulely accepted that aging 15 the consequence of
stoclastic damage accumidation (10). Aging 15 omgoe 1
that it does not seein to be subject to evolutionary selection,
as it eceurs after the reproductive phase, suggesting that
it iy ocour by defalt (57). Nevertheless, 1t 15 apparent

froan stucies o many svstems that aging is subjeet to
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eegnlation by evolutionaily highly conserved molecular
pathways (58 60). As such., damage drives funcrional
decline with advancing age: however. the existence of
vniversal mechanisms that are able to promote longevity
mav set the pace on how rapidly damage builds up and
function is lost.

Within the complex chemical machmery of each cell,
all biomolecules (proteins, lipids and nucleic acids) are
subject to indiscriminate damage caused by spootanecus
reactions (mostly hydrolysis) and by numerous endogenors
and cxopenous reactive agents, I is therefore plausihle
il damiage 1o multple cellular constiluents aceounls For
agig (10, However, damage to certam macromolecules
may play a more promunent part than damage to others.
The almest exclesive link belween an exlending class
of syidemnes with phenotypes resembling  accelerated
agg 1o many, but not all, organs and tssnes {segmental
progeria). and inborn defects wm DNA metabolism pednts to
eepomic damage as a major culprit o the aging process,

In spite of its enommnous length and explicat
physicochemical smlnerability, cellular function relies
on the integrity of the somatic gencme, which must be
preserved during the entire lifefime of an organism. This
15 why nature has 1nvested heavily in an intricate genoine
maintenance apparahis, consisting of several sophisticated
DMNA damage repawr, tolerance and checkpoint systems,
as well as effector machinery thar enables cell survival or
triggers senescence of cell death when DNA 15 damaged.,
This elaborate network also inchedes mincate machinenes
to inainitaim telomeres {the ends of chromosomes), systems
to repair mitochondiial DNA and as vet largely mexplored
processes  (hat mamlbaan the epigenetic code. These
mechisms  ensure  that genetic mfonmation temaims
funetionally mtact for extended periods and 15 fathfully
transmitted. Besides exogenous sources of DNA damage,
suchas UV and ionizing radiation, and nomerons chemicals,
there are also mnescapable enenmes from within The
culprit is the organism's own metabolism., which generates
practive oxygen species (ROS), incloding superoxide
anions, hydrogen peroxide and hydroxs radicals and their
numerons subsequent reaction products; lipid peroxidation
products, oestrogen metabolites, reactive carbonyl species,
endozenons allkylatine agents, spontansons hydrolysis and
deamination products (G0},

Cells respond thromgh a bhattery of DNA repair
anil  penome surveillanoce coamberact
DNA damage. thereby ensurng that their vital genetic
mformation 15 preserved and fadthfully  transmitted to
progeny. Mevertheless, a fraction of the damape escapes

syslems  that

pepair atdd accumlates, resulting m mulalions, snescence
or cell death and cellular dysfunction. Too much perdsting



DOI: 10.18585/inabj.v2i1.108

DNA damage interferes with normal DNA metabolism,
such as tramscription, and tngegers suppression of the
erowth hommone/1GE] somatotropic axis, which 1s known
iy ddechine with age. Dampening of the msulin/IGF]
pathway mul oxadative metabohsn s thought to reduce the
induoction and effects of DMNA damage by shifting the cnerezy
ecqihbran rome grovadh and prolileration o pathoways that
preserve somatic nsnntenance and thue attempt to extend
lifespan (survival response) (61).

In humems, several defective DNA-repair pathways
can cause accelerated aging (progeroid) syndromes. On
the other hand. certain monze strams with defective DNA-
repair systems accumulate high levels of DNA damage
and ver have a pormal lifespan (7). Similarly, a reduction
in 30D levels in mice leads to ncreased omidative DNA
damage bt does not affect the aging process (62). Recent
work suggests that certain types of DINA damage can
significantly alter the gene-expression profile of an orzan
and that these changes — rather than DNA damage directly
— miight be the canse of organ decline and aging (G3). Lattle
is koo abont how defective DNA repair or ancreased
oxidabive stress ay canse such global gene expression
changes, and more work is needed 1o Adly understand fhe
tole of DNA damage i agmg.

Despate convincing evidence for DNA danage as a
trigger of transeriptional changes (63 84). it is conceivable
that a change in the transeription status of a gene deternunes
its susceptibility to DNA damage. A comprehensive
(computational) analyss or the genomewide mapping
of sites of DNA damage and localization of chromatin-
remodelling enzymes may shed licht on the complex
interplay between ftranscriptiomal activity and DNA
damagze, Several findinzs suzzest that DNA damage is a
main tigeer of nuclear azing, supporting the free radical
theoaw of aging (2],

Genomic Instability and Aging

Chromosomes are arguably the most difficult structores
a cell has to maintain over a lifetime. The DMNA in each
chromosome experiences thovsands of chemical alterations
and DA breaks in a single day. and the information each
encodes requires strict regulation to maintain cellular
identitv and fonction, To manage these tasks, eukarvotes
have evolved a complex packazing system known as
chromatin, in which DNA 1= wrapped around a protein core
of four different histone dimers and forms a nuclecsome,
the basic building block of chromatin, Fecemt studies

The Stem Cell Hypothesis of Aging (Meiliana A, et al.)
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have indicated that chromatin is a highly dynamic form
of mclear organization that infiuences DINA stability and
pene expression pattzons (65 66),

In the late 19%90s, a few researchers proposed that
changes in chromatin crzanization wnderhie aging-related
changes in pene expression and the aging process (67 G8).
Clhamges o gene expresston were already  known o
contrbite to cellular  senescence (69), a possible canse
of aging, and may provide an explamation for the age-
related dechne 1 organ and Gssoe fimchion 1 complex
OT ZATIIAITS.

Recently, a growing appreciation for the importance of
chromatin in regulating zene expression and maintaining
senonic intesrity in complex organisms has reinvizorared
meerest in the hnk between clwomatin alterations and
agitz. In the past 10 years. advances in owclear imaging
technolozies have revealed a hugh level of chromatin
arganization that 15 known as the muclear architectures
(71).

The lone term mamtenance of the nuclear architectore
is wital for the normal functioning of cells and tissues over
a lifetime, The dramatic effect of a disturbed nuclear
architecture 15 exemplified by Hutchinson—{Gilford progeria
syndrome (HGPS), o whach a natation that disrugds the
nwlear arclutective leads (o a disease wath syinplons dial
resembie aspects of nommal lnman aging, such as loss of
b, restreted jomt molality and altherosclerosis (720, Even
cells fromn vornal isdividuals inderpo sgmificant nuclear
architectore changes i response to stress (73). and there
are early hinrs that notmal human aging is assoctated with
alterations in miclear architacture (74).

Sinclair propose that a conserved DMA-damage
respotise induces curnnlanve changes in chromatin structurs
and poclear architectore that are important doving forces
behind the inexorable changes that occur in organisms over
time, These changes inglude a decline in senomic intepricy,
alterations in gene twanscription and a loss of vitality -~ the
seres of changes we commonly refer to as aging (71

Epigenetic Balance Hypothesis

Apmg results from acenmdation of anrepaired cellular
and molecular damage hrough evolved hmatations in
sofmatic maintenance and repair functions. Such damage
accimmdates thronghout Tite (from the tme when somatic
cells mud tissue first begin to forn),

Lemgevity is contralled primarily through genes that
pegilate the levels of somatic mamtenance and repair
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functions. Mote that there 15 no necessary assumption that
these genes switch to lower levels of maintenance and
repatr {which would smack of programmed aging); rather,
1 15 the sel ]_J{:I'i'[ll of e seres Tl deterrmnes the tate al
whach damage acommulates (109

In mammals, aging has been associated with large-
seale changes m both nuclear archalechme and chrmmatin
stroctore. How mmght these changes contribute to the aging
process? Becanse numerous genes are either directly or
indirectly regulated by (nearby) heterochromatic regions. it
15 possible that changes i the epigenetic make-up of a eell
might alter it gens-expression patterns, thereby changing
its genomic identity (66),

MNumerous epizenstic chanses 1o ouclear architecturs
and gene expression have besn associared with aging.
More than a decade apo, Imai and colleagues showed
that collagenase. a gene associated with cellular aging,
is differentially regulated dunng cellular senescence — a
phenomencon that is often referred to as cellular aging (75).
This effect appears to be diue to changes in the submiclear
localization of the collagenase geme as cells imdergo
SEUELCETICE.

As mentioned earher, the formatiom of transent
hieterochrommabie foor aroimd sites of DNA damage may
explant how DNA damage maght direetly mediate pene
repression (73). Consistent with this netion, many of
the gene-expression changes that are observed in aged
individuals ccenr in a stechastic fashion, as does mest
DMNA damage (64, 76). It 15 also conceivable thar certain
genonue reglons are more prote to damage than others.
which could explain some of the predictable, co resnlated
changes that are observed between aged individuals of the
sdAIMe species,

The “epizgenstic kalance hypothesis’ proposed that age
related pene expression changes are manifestations of the
redistribution of chromatin modifiers from one zenonue
locus te-another. The model also encompasses the idea that
DMA damage mediates choomatin remodelling and champes
i nielear arclntectire that occur over a hifetime, wluch fits
with evidence that oxidative stress and DMNA damage can
accelerate the aging process (71,

A redismbonem of chromatin modifiers 15 a natral,
protective response to DNA damage. but may lead to
epigeneticchangesthat affect genomic integrity and thereby
{at lzast 10 part), account for changes in gene expression
that appeat to be a hallmark of the aging process, Although
thiz epigenetic balance hypothesis presents an appealing
explanation of what we currently know about age related
changes in nuclear architecture and zene 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 cultores
enter & state of replicative senescence in which thew
are growth-arrested and refractory to further mitogenic
stipnnlation. Althongh the relevance of in vitro senescance
o orzanismal aging remains controversial, several studies
wdicate that oxidants are umportant in the development of
the senescent phenotype. Early studies with human diploid
fibroblasts revealed that cells grown in low oxyegen tension
extnbil a prolomged life span (77), In conirasl, cells grown
in the presence of high oxyzen concentrations have a
reduced lite span and show an accelerated rale of telomere
shorlenmg  per  population cluuhlhig (TR S'iT]I'”ill’]}',
treatiment of cultures of prmary fibmoblasts with mosderate,
non-lethal doses of exogenous hydrogen peroxide activates
a vapid, senescence-lke mrowth arrest (793,

What 15 the relatronship between cellular senescence
aiud aging? The evidence that cellular senescence actially
plays a rele in aging is correlative! senescent cells
accommulate i vivo o mammals with increasing ase and
at sites of pathology (807, and many monse and human
models of prematoee aging are accompanied by premature
cellular senescence in vitro

DMA damage and telomere dysfunction appear to
activate the classical tomor-suppressor mechamsms of
sencacence and apoptosis. Sencscence requites activation of
the retimoblastona (BB andfor p33 proteims and expression
of their regulators, most prominently pl 6% and ARFE (81-
&3}, The notion thai senescence prevents cancer 15 waell-
supported and 15 not controversial (84 83, The EXPTLSS10]
of markers of senescence such as senescence-associated
[i-galactosidase and ploINE4a mackedly increases with
aging in many tissnes from disparate mammalian species
(83). Caloric restriction (CR) potently slows aging in
rodents, and CR and its related dietary changes retard o
even abolish the age-induced mncrsase in the expressicn of
senescence markers, ncluding the expression of ple™™
(86-88).

Provecatively, CR., similar to pl6™* deficiency (89),
enthances stem-cell function withaging (90, which sug gests
the possibility that CRE. may slow aging in mammals by
decreasing the activation of senescence 1 self-renevwing
compartments.

Various Tmes of evidence suggest that p33 plays
opposig roles in e aging process. While p53 suppresses
the cnset of malignancy and thereby extends life span. at
the sanne tane 1t proanotes cellalar senescence ancd apoptosis

e vespomse fo DNA damage, potentially contnboting o the
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clinical changes of aging, Thus, p53 fanction may display
anlagomistic pleiotropy (911

The senescent state appears to be a umiversal process
that is-a reaction of mammalian cells to certain kinds of
damage ncluding telomere shortening . Cellular senescence
presents a puzzle i terms of evolutonary biology. The
Einds of damage that canse ezlls to enter sensscent stats
are very sumilar to those types of damage that cavse other
cells to euter apoptosis. From the point of view of organism
and the zenome, making cells undergo apoptosis makes
sense becanse the damage cells and its progeny. carrying
potentially damaged copies of the genome, are removed
from the body. One mav consider cells to be very cheap
in terms of the overall economy of the body — mllions of
cells are bom and die every day and there would scem to be
ner reason why cells should be preserved by means of e
cellular senescence process, rather than killed off by means
of apoptosis {92},

Cancer and Aging

Inaccordance with the evoloticnary theory of the 'disposable
soma” (93} anti-agang and anfi-cancer mechansms have
adapted their respective strengths to the natral lifespan of
each species and, in this manner, these mechanizms ansues
that most wndividuals are aging-free and cancer-free for as
long as they are usefnl or beneficial to their species. By
comparme shert-lived manunals, such as mice, with long-
lived onez, such as humans, it becomes clear that humans
must have more stringent cancer protection and anti-aging
mechamisms than muce. [t 13 therefore important that anti-
agmy and anb-cancer mechamsms must evolve m paraliel
and aceomnodate the natural hifespan of the speces.

Canger and aging are both fuelled by the accmmulation
of cellular damage. Consequently, hose  mechamsms
it protect cells from damage shnultaneously  provade
protection against cancer and agme. By contrast. cancer
and longevity require a durable cell proliferation potential
and, therefore, these mechanismes thar linmit indefinite
profiferation provide cancer protection but favour aging.
The overall balance between these cowvergent and
divergent mechanizsms gnarantess fitness and a cancey free
life until late adulthood for most individuals (943,

The co-evolufion of cancer and aging protection
seeins to have deeper roots than just the parallel adaptation
of two independent processes. Indeed, recent research
has nnveiled convergent mechamsms that simultaneousliy
provide cancer resistance and aging resistance, thus

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

conpling their co-cvohition. These convergent mechanisms
act om commnon canses of cancer and aging, most notably
on the generation and accnmulation of cellular damage. It
15 well established that cellular damage is at the orizin of
bath camcer and aging. Accordingly, those mechanisms thal
preveul cellular damage mmpinge on these two processes
and provide anti-cancer and anti-aging protection. Among
these mechanisms are those that improve the efficiency of
eneryy constmnption, therefore decreasing the generation of
reactive oxygzen spectes (RO5) which are considered to be
a mat source of endogenons damage. In addition. p53 is
a master sensor of damagze that rigeers repair and defence
responses. As discussed below, there is evidence indicating
that those mechamisms or interventions that decrease ROS
or improve p33 activity converze in providing protection
azalnst cancer and aging (34,

However, other 'divergent’ mechamizms have also been
discovered thal have opposing cllects on camoer and aging;
specifically, protecting from cancer but promoting aging,
These mechamsms include felomere shortening and the
derepression of the INK4x/ARF Tocus. Their poopose 15 fo
prevenl excessive cellular proliferation. and this produces
conflicting effects on cancer and aging: while cancer
protection benefits from these safeguard mechanizms,
lomg-tenn regenemation and longavity become lmmted. As
we argire below, divergent mechaizms could be mainly
designed to prevent cancer. rather than to promote aging
(24,

Cuorrent data indicate that senescent cells can be
efficientiycleared fromithe organism and, therefore it should
not be  assemed that senescence mducing mechanisms
are necessarily pro-aging, Along thess lines, apoptosis-
mducing mechanisms may of may not be deleterions for
the orgamism. Concervably, elimnation of damaged cells,
cilher by senescence or apoplosis, can be ab-agimg or pro-
aging dependimg on the magmitude of these responses and
the regeneration capacity of the damaged tissoe (85),

There 15 a peneral consensns (hat the accunndation
of cellular damage 15 the matatng event of both cancer
and agimg. Tomorigenasis iz foelled by the accnmnlation
of genstic and epizenetic damage. Sundlarly. aging
cocts, al least in part, because of he accumulation of
nmcromolecular dmnage, whaich mitially affects cellular
proteins, lipids and DNA, bot evenmally impaws tissue
regeneration. Accordine to this, thosze mechanizms that
protect cells from damage could, in primciple, protect from
cancer and from aging simultanecnsly, In this regard, it
iz important to keep in mind the general observation that
long-lived oreanisms are, in general rerms, more resistant
ko stress (9G],
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A commen endpoint for these major tumor suppeessor
mechanisms is sensscence, This specialized form of
termuinal differentiation is induced by a vanety of stimuli
including alterations of telomere length and structure, some
forms of DNA damage (for example, oxidative stress), and
activationof certain oncozenss (95 .99 Sepescence requires
activation of the Bb andfor p53 protein, and exprassion of
their regulators such as p16™ 2, p21, and ARF (81-83). An
i‘nuxrrl:-ml forn of senescence 15 avcdcesd by 1}53, wihich has
several subiproliferative activities imcluding stimualation of
the expression of p2l.a cyclin-dependent kinase mbabator
(CDELDL. CBEL mmhilht progressaom through the cell eyele
by inhibiting eyehn-dependent kinases that phosphorylate
and thereby inactivate Bb and related proteins pl07 and
130 (LL}. The activity of p53 i3 pradomanantly mediated
by inhibating its murine double mimmte 2 protein (MDLI2)
mediated degradation, and p&3 is stabilized by diverse
stimnl incloding DNA damage signals (e.g. resulting from
cmidative stress or telomeric shorening) and oncogense
activation (102- 104,

The stabilization of p533 by oncogenes 15 in part
mediated by ARF (also designated pl®%F i the monse),
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which is induced by inappeopriate cell cwele entry
¢105-107), and binds to MDM?2, therebv inhibiting the
destruction of pS3 (105,108-1107, Another CDEIL. pl&™+
mereazes markedly m senescent cells. and correlates with
mereasing Bh hypophosphorylation donng this process
(32,83), The resulation of plo™* in sepnescence i3 ot
as well nnderstood as that of p33,. although it appears
t0 be mdnced by several stimuli incloding MAP kinase
sigu:-ﬂﬁlg, T T activation, and grnwlh 1 cultlire
(113,114}, Eathier p53-p21 or pl6™™2 are able to produce
Rb hypophosphorylation and nitiate senescence. Some
sencscence-nilcing. stonli (g, actvation of the BAS
oncogene) appear o mduce both pathways. while others
(e.g, DMNA damage) appear to preferentially activate ome
or the other (97).

Damaged DMNA activates checkpoint responses that are
mediated by the p53 and pl6-Eb pathways and that result
i apoptosts or cellular senescence. If these events oconr
in stemdprogenitor cells, rissne homeostasis i3 alterad
a phenomencn that misht contribute to aging, If, mstead,
DMNA mutations that inactivate these checkpoint pathways
accammlate, then cancer can anse (113),

_ Figure 3. DNA damage accumuiates as the consequence of

{telomere dysfunction, cxidative stress) or

endogenous BXOGENOLS
{oxidative stress, y-imadiation, UV light, and others) altacks [Adapted with permission from The American Society for Clinical Investigation).
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Telomere Shortening and
Stem Cell Aging

Telonneres form high-ur:h:r chromnatin strchimes that cap the
ends of enkarvotic chromosomes. They contain thousands
of donble-stranded repeats (1T'TAGGG) and  terminate
with @ single-stranded 3 -extension, wlich, together walh
specific telonene protens, participates in the formation of
the temmunal loop stcture (telomere cap). Telomeres are
synthesized by lelomerase, a cellular reverse transeriplise
that adds TTAGGG repeals onto preexisting telomeres.
In cells that do not express telomerase, TTAGGG repeats
are lost at each cell divizion, and, when telomeres reach a
critical lensth, a checlkpoint 1= trizgered that drives cells
imto a metabolically active state of imeversible growth
arrest. termed replicative senescence. Therefore, telomers
shomening has zenerally been regarded as a counting
mechanizsm that limits the mitotic potenfial of any cell
type. In this view, cellular senescence can be considered a
potent tumor-prodection mechamism (115).

Cellular senescence. however, naght also contnlute
to a decline in tissne homeostasis bv exhansting the
supply of progemitors or stem cells, which snpgests that
OTEATINST Hging 15 the trade-olT of the evolved adaptahon 1o
tmet suppression (antagomstic pleiotropy). As expected
from their high replicative potential. stem cells express
telomherase.

Recent findings shed new light on the molecular
pathways associated with the execution of the cellular
senescence program and suggest that the nuner-suppressive
mechanisms involved may directly contribute to oreanismal
azing, possibly acting at the level of stem/progenttor cells
(1497 116 11T,

Telomerase is empressed in a restricted subset of normal
cells: serm cells, stenvprogenitor cells, and proliferating
Ivmphocytes. Stemyprogenitor cells have a long lifespan,
and the machinery for self-remewal 15 already activated.
Therelore, s compared with differentated cells, they have
ereater rsks of acoumulating mmtations and mayv reguire
fewer events to sustain uncontrolled srowth (115

Mammmalian aging ocours i parl becanse of a decline
i e restoraive :apa:ilj-‘ af nssne stein cells. These
self-renewing cells are rendered malipnant by a <mall
nmmber of encogenic nuiations. and overlapping numor
suppressor mechamsms (eg, pl6TE Rh, ARF p53, and
the telomers) have evolved to ward azainst this possibilicy,
These beneficial antitmner pathways. howsver. appear
alzo to limit the stem cell life span. thershy contributing
to azing (41,

The Stem Cell Hypothesis of Aging (Meiliana A, et al.)
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Cell-intrinsic  checkpoints lumit the proliferative
capacity of primary cells in response to telomers
dysfunction. It is not known, howesver, whether telomere
dysfunction contributes to cell-extrinsic alterations that
impair steim cell fumetion and orzan homeoostasis,

The dwvsfuoctional eovieonment limted  the
engraftment of transplamted wild-tvpe hematopoistic
stem cells (H3Cs), Dwshmction of the hematopeictic
envirommen!  was  ape  dependent and  comelated watl
progressive telomers w_-.hmteuing m bone marrow stroanal
Telomere  dysfunction

progemtor cell fimchon, rediced the r:.-!pm::it}' of bomne

cells. mipaired  mesenchymal
marrow siromal cells o mamtan hmenonal HSCs, and
mersased the expression of vanous cytokines. mclading
granulocyte coloay-stimulating facter (G-CSF). in the
plasma of aging mice (118},

The acenmmiation of DINA damage has been associated
with aging and stemn cell decline (119). Telomers shortening
leads to the induction of DMNA damage signaling when
capping function is lost at chromosome ends (120,121);
such shortening occurs 1 maest human tissues during aging
and 15 accclerated 1 response to chrome diseases (122).
Telomerase gene mutations limit telomers maintenance
and organ homeostasis, and redoce lifespan v muice and
homans (123-125).

The role for telomerase m the HSC 5 1o partally
counter the rate of telomere shorlemmg dimng division
of H5Cs, thereby preventing premature loss of telomere

functiom and prosubmg added replicative capacity (1200

Stem Cell Hypothesis of Aging

With A, thers 15 a gradual dechne 1w the tc:ge:nm[irc
properiies of mest tissues due to a combination of age-
dependent changes m lisc:-;m:-ﬁpcr_'ili:: stemt cells and o the
environmemal cnes that promote those cells to participate
ml hssie mantenance and repair (127).

These rare and specialized adult stem cells are required
for tissue replacement throwghout the human lifespan. and
appear to be characterized by a few specific physiological
and biochemucal properties. particnlarly the capacity for
self renewal (97.128.129),

Eecent evidence supports the model that stem cells
m several tissnes are largely retained in a quiescent state
bt can be coaxed back mito the cell cycle in response to
exmracellularcues evenafterprolonzed penodsof dormancy.
Omee shimulated to divide, stem cells yield nndifferentiated
progeny, which o tum prodoce differentiated effector
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cells through subsequent rounds of proliferation. This
‘Tierarchical” differeniiation scheme makes sense from
the perspective of organismal longevity — it permits the
production of large mumbers of differentated cells trom
a smgle stem cell by comlnmmg  subsequent sleps m
differentiation with proliferation (130,131). Therefore,
this approach balances the lugh rates of homeostatic
proliferation hal are required o Hssues ke the bone
marrow andmtestine with the long-termneed toprotect stem
cells from mutagenic insult and carcinogenesis: Indeed,
nnder homeostatic conditions. there 1s limited proliferative
demand on the self repewing stem cells themselves and
s0 these cells divide infrequently, sparing stem cells the
perils of DNA replication and mitosis. Additionally. as
stem cells appear to be less metabalically active in their
quiescent state, they may be subjected o lower levels of
DNA-damazge-inducing metabeolic side produocts such as
reactive oxygen species (ROS) (132).

Self-renewal comes with
organism; in particular, a risk of malignant wansformation
(97,133,134, Unrepaired genetic lesions in stem cells are

some dlamger  for the

passed on to thewr self-renewing danghilers mul acctunulale
with aging in this way. Functienal omitations that provide
a growth or survival advantage m tom prodoce positive
selection for the mutant stem-cell clone. with full-fladgad
cancer resulting from the acciumulabon of multiple cancer-
promoting events. To offset this possibality, stem cells
appear to have evolved multipls reinforcing mechanisms
that are aimed at mamtaming sencmic iteerity beyvond that
of other proliferating calls (97,128 129}, When mutations
occur despite these etror prevention capacities. potent
mmour suppressor machanisms such as senescence and
apoptosis exist to sense damaged stem-cell genomes with
malignant potential and limit replicative expansion or cull
siich clones. This relatonship between self-renewing cells
and camcer Taises the possihibity thal — whale carmying out 3
beneficial, anti-cancer function — these tumor-suppressor
mechanisms may inadvertently contribute o aging by
causing stem-cell amest or atlntion.

Accordimg 1o hypothesis’,  cells
within a hsswe ate compromused by these anti-cancer
mechamisms, that growth inhibitory molecules such as
the cyclin-dependent kinase mhibator plo™F2 and the
tumor suppressor p53 exert their pro-aging effects in
part through their activation in specific self-renewing
compartinents such as tissne-specific stem cells, Findings
from a seres of recently published hinnan association
analyses that sugeast a link between the INKFHARF locus
(alzo called COANZa and CLRENZE) and the omset of
dhstnet homan agu—axﬁucimmi phemnolypes. These recent

observations, together with the fosdings m genetic model

‘cancer—aging
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systems, provide experimental support for the concept that
the activation of honor-siuppressor mechamsans m self-
renewing comparhinents contributes to the aging processes
in hrmans (9.

The hematopodetic system would be our choice
sotree of stem cells to examine the etfects of aging. The
hematopoietic system is the best characterdzed of any stem
cell-driven organ and, given the massive cutput throughont
life. its dezeneration 15 probably a major lindting factor to
longevity {135},

Momerous stadies have shown that aging alters
HSC function with resard to mobilization {136), homine
(132,136-139) and lineage choice (132,138.139). In
particular, there is a loss of Iymphoid lineage potential
with a skewing towand myelod hineages i H5CU's from old
mice, el ald HSCs demonstrale reproducible changes o
gene expression with age, icluding increased expression
of myelmd lineage transcnpts (132). ‘Therefore, the
preponderance of evidence sugpests that H5Cs wmulergo
cellantrnsie apng. although there 15 also emerging
evidence that the agmng HSC muercenvironment sy
influence HSC function in an extrinsic manner.

The most elimmeally significant aspect of age-dependent
hematopoietic dysfunction, however, 15 the dramatically
increased mcidence of leukemias and other hematological
diseases that accompany aging. Interestingly, whereas
pediatric  lenkemias predominantly nvolve lymphoid
linsages, the lenkemias that manifest in old age are largely
myeloid 1w origin. suegesting that the malignant capacity
of different hematopoietic progenitors changes with age
(132}

Hematopoietic stem cells from  early-aging mmee
expressing a wndant p33 allele reveal thal aging of sten
cells can be uncoupled from aging at an oreanismal level.
These studies show that hematopoictic stem cells are not
protected Fromm agmg. Instead, Toss of epigenctic regulation
at the chimmmatin level may dove both fimctional attenuation
of cells, as well as other manifestations of aging . inelnding
the increased propensity for neoplastic transformation
(14m.

Evidence m support of the notion that DNA damage
attermates stem-cell function with age has been provided
b the smdy of HSCs from mice that harbor alterations in
the DINA-damage response. Significant functional defects
are sgen in H5Cs from mice that are deficient in DINA-
repair proteins soch as FANCDII(I41), MEHZ (142) or
ERCCL (143}, A miousze straim with a viable, hvpomorphic
allele of the DNA-repair protein DNA ligase IV that was
recently identified throngh a mutagenesis screen exlubits a
marked. age-midnced declhine m HS5C number and humetion
(1443,
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These data suzeest that several forms of DNA repair
are needed o madntain HSC zenomic integrity. and that
activation of a response o DMA damapge compromizes
H5C function (93,

In the "DNA-damaze accrual”® model of aging,
unrepaired {or improperly repaired) genomic damage
accunvlates with aging in stem-cell compartments. At
some point, accumulated damage perturbs normal stem-
cell bhiology, drpving stem cells to a few possible fates:
transformation, senescence, apopdosis or dysluncton; lor
example. a loss of the alnhity to robustly prodioce progeny
ot an impaired potential for multilineage differentiation
(Fig. 43, As this process proceeds wilth Gme, depleted imd!
or dysfumctional stem-cell compartments canmal analch
the regenerative needs of a given cegan and homeostatic
failure ensues.

Belated observations lhave hkewise sugpested a
proaging ole for p53 and its effectors in muce (145-147)
and humans (148). The case for p53, however. appears
to be move complicated becanse p33 and its downstream
effectors such as p21°7 also have important roles in
regulating the DNA-damage response.

Additionally, HSCs from p2l1™"-deficient mice
demeonstrate premature exhanstion (149), consistent with
the notion thata p53 - and p21™™-dependent cell-cycle pause
in response to DNA damage may be inportant for stem-cell
longevity in vivo. These results sngeest that p53 activation
can be hoth pro-aging and anfiaging depending on the
nature and duration of the stress Belind 1ts activation,

Asg stem cells are essennal for tssue homeosiasis
and feparr thronghout life, three gronps (5.140,144) have
explored whanl Factors imfluence alteralions i (heir funelion
with age. These studies. together with previous work,
suggest that the story is complex. invelving interactions
between different nerworke and at several levels. Ar the
genonue level, both mternal and envivonmental factors
cause alterations m mdividual genes, groups of genes
through epigenstic changes. and choomosomes. at least
some of which arise from divect damage to TINA. At the
levels of cells and tissues, fonctional chanezes n stem calls
and other cells in the tizsue influence ach other and are, in
turn, infinenced by systemic changes that may be conveyed
from one tissue to ancther via the circulation. All of these
may contribute to the possible development of cancer
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i tissues threnrghout the body. The ultmate ontoome 15
crganismal aging.

The extent to which the effects of aging on the resident
stem cells determine the phenotype of am aged tissue
is likely to comrelate with the extent to which stem cells
are responsible for normal tissve homeostasis and repair.
Along this spectrum, tissnes generally fall into one of thres
catezories, Fivst, tissnas with high tumover (such as blood.,
skn and gut) have a promupent stem-cell compartment
and, by defimition. have high regeneratve capacity.
Second, tissues with low tornover but high recenerative
potential mizght nse different stratezies to ensure effective
repair in the setting of acute mjury. In skeletal mmscle, for
example, differennated |1|:,'nﬁlrrc.~i are imabile 1o Imﬂiﬁ:r:lll:
o penerate tew hHssue, so muscele must rely on resulent
stein cells for all tornover and repair (150). For the liver.
it seems thal differentialed hepatocyles can proliferale
sufficiently to mediate effective ssue remodelling, repar
and replacement normally (1513, whereas stem cells might
be recruited in the sefting of severs injury (E52). Thied.
tizzues with low fummeover and low regenerative potential
muight have stem cells that mediate only lmated tissue
repair. Althongh there 1= much interest in hamessing the
potential of stem cells in the brain (153) and heart (154)
for therapeuntic purposes, for example, there is limited
endogenous repair capacity of these tissues followine
acute pjurics.

Clearly, tissue — specific stem cells are responsible
for the restorative aspect of these tissue dvpamics. As
loss of bssue fonction 15 one of the hallmarks of aging,
it may I that a loss of this “mamlewance”™ fmction of
resident progenitor cells 15 antamomnt 1o Hsgoe aging.
Understanding  the environmental cues that  instroct
resdent stem cells to participate m the nommal manmlenance
fumction may suggest mlerventions (hat would slow the
age — related decline m fissue structure and function by
enhancing the ability of resident stem cells 1o maintain
the youthiul 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 fissne homeostasis isa
central physiological characienstic of agimg. As stem cells
regilate tissie homeostasis, depletion of stem cell veserves
and/or diminished stem cell function have been postulated to
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contributad to agmg. Acconmlated DNA dantage could e a
principls mechanism underlying age — dependent stem esll
decline, and anti — cancer mechanisms such as senescence
and apoplosis, which rely on telomere shortenang andlor
P53 and plE™EE activation appear to promote stem cells
aging, just as thelr fadlore is associated with cancer.
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