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Cell divisions and mammalian
aging: integrative biology
insights from genes that
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Summary

Despite recent progress in the identification of genes that
regulate longevity, aging remains a mysterious process.
One influential hypothesis is the idea that the potential
for cell division and replacement are important factors
in aging. In this work, we review and discuss this
perspective in the context of interventions in mammals
that appear to accelerate or retard aging. Rather than
focus on molecular mechanisms, we interpret results
from an integrative biology perspective of how gene
products affect cellular functions, which in turn impacton
tissues and organisms. We review evidence suggesting
that mutations that give rise to features resembling
premature aging tend to be associated with cellular
phenotypes such as increased apoptosis or premature
replicative senescence. In contrast, many interventions
in mice that extend lifespan and might delay aging,
including caloric restriction, tend to either hinder apop-
tosis or result in smaller animals and thus may be the
product of fewer cell divisions. Therefore, it appears
plausible that changes in the number of times that cells,
and particularly stem cells, divide during an organism’s
lifespan influence longevity and aging. We discuss
possible mechanisms related to this hypothesis and
propose experimental paradigms. BioEssays 30:567—
578, 2008. © 2008 Wiley Periodicals, Inc.
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Introduction

Aging is a major yet mysterious biological process. In humans
and other mammals, aging is characterized by a gradual
functional decline of virtually every tissue system, increased
vulnerability and an increased susceptibility to numerous
diseases. Over the years, many hypotheses have been put
forward to explain this complex problem.!" These include
damage-based hypotheses, such as the free radical and DNA
damage hypotheses of aging, and programmed hypotheses,
such as those related to endocrine decline. With the advent of
modern genetics, researchers have tested these hypotheses,
and several genes have been associated with longevity
and aging in animal models, including rodents,®* and with
premature aging syndromes in man.® The fact that mutations
in single genes can accelerate or retard multiple components
of the aging process is of immense interest to dissect the
mechanisms of aging, yet the interpretation of these results is
not straightforward.®=® Genes that regulate longevity, and
that might also determine aging, have been associated with a
variety of functions that often span the different hypotheses of
aging.® Itis unsurprising then that research has so far failed to
identify the underlying mechanism(s) causing aging, suggest-
ing that new integrative hypotheses may be necessary to
elucidate the biological basis of aging.

Cells are the building blocks of life and it is not surprising
that they have been associated with aging. One influential
hypothesis in the science of aging is the idea that cell
division, particularly in the context of replicative senescence,
is a primary mechanism of organismal aging.®='® In
recent years, however, the association between replicative
senescence, its associated pathways (e.g. telomere short-
ening) and aging in vivo has come under attack.('*~'® Rather
than discuss specific mechanisms of cellular senescence,
though, our goal in this work is to review the association
between cell division and organismal aging by primarily
focusing on genes reported to influence longevity and aging
in vivo. In other words, instead of following a reductionist
approach based on molecular mechanisms, one original
feature of this review is that we follow an integrative biology
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approach to explore how interventions that may modulate the
aging process, such as certain genetic manipulations and
dietary interventions like caloric restriction, impact on cells,
which interact to affect tissues that in turn affect organisms.
The basic hypothesis that we explore in this review is that
the amount of divisions cells—and perhaps stem cells in
particular—undergo in vivo has an effect on aging differences
between individuals of the same species. For instance, one
common element in mice with defects in DNA repair that
result in premature aging syndromes is at the level of cellular
responses to the increased DNA damage, such as an in-
creased vulnerability to apoptosis, which in turn may lead to an
imbalance between cell loss and cell replacement.!"**® We
review and discuss evidence for this interpretation from what
at first may seem disparate molecular pathways shown to
impact on longevity and aging in vivo. Lastly, we offer ideas for
future research directions on the relationship between cell
divisions and aging, including experimental paradigms.

Cell divisions and organismal aging: more

than a correlation?

In recent years, a number of studies have shown that it is
possible to manipulate longevity, multiple components of the
aging process and possibly even the mammalian aging
process as a whole by manipulating the expression of one or
two genes (Tables 1 and 2). These genes have been related to
a variety of functions, including neuroendocrine systems and
DNA repair, which in turn can be interpreted as evidence
that DNA damage and hormonal alterations are involved in
aging.®* Nevertheless, it is possible that many of these
genes, albeit related to different molecular functions, impact
on aging through common cellular processes, a hypothesis
that we explore below.

Mouse models of accelerated or premature aging
Tables 1 and 2 include a selection of major cases of
accelerated or premature aging—also called segmental
progeroid syndromes—in mice (Table 1) and humans (Table 2)
and what is known of their impact on cellular systems. Most of
the genes involved are related to DNA repair/metabolism,
which can be used to argue that DNA damage plays a causal
role in aging.) An alternative interpretation, though, is that
failure to repair DNA damage and allow transcription to
proceed may trigger programmed cell death or prevent cell-
cycle progression which in turn impacts on aging."*® There-
fore, what follows is a non-exhaustive review of recent results
interpreted from a cellular, rather than molecular, perspective.
One key player in DNA repair, cell cycle and apoptosis—
among other functions—is the tumor repressor p53. Mice with
an activated p53, called p53+/’" mice, begin to display signs of
premature aging at about 18 months of age. Although their
body mass is normal at one year of age, p53"™ mice feature
an early loss of body mass presumably due to a decrease in

overall cellularity. It has been proposed that the premature
aging in p53™™ mice is due to stem cells undergoing
premature replicative senescence, which causes a premature
exhaustion of their proliferative capacity and in turn a lack of
organ homeostasis.'”) This strain exemplifies some key
trends observed in many mouse models of accelerated or
premature aging. Most notably, they feature cellular alte-
rations, such as increased apoptosis or premature replicative
senescence, which may be linked to exhaustion of stem-cell
self-renewal and may also help explain the often-observed
reduced body weight (Table 1). A few more examples may be
helpful.

A somewhat similar phenotype to p53*"™ mice is observed
in late-generation mice with disrupted Terc (the RNA com-
ponent of telomerase) and Atm, the ataxia telangiectasia
mutated gene whose product appears to be related to DNA
repair and cell-cycle control. These animals exhibit a slower
growth rate and signs of premature aging starting at about
6 months of age accompanied by increased apoptosis,
diminished precursor/stem-cell reserves and widespread
cellular proliferation defects.('® Late-generation mice with
disrupted Terc and WRN, the gene responsible for Werner
syndrome (see below), have lower body weights from birth and
show premature aging phenotypes only a few weeks after
birth. At the cellular level, increased apoptosis and premature
replicative senescence have been reported.'® Whether late-
generation mice with disrupted Terc, but wild-type for WRN
and Atm, also display signs of premature aging is debat-
able,®® yet it does appear that further disruption of WRN
and Atm emphasizes the premature aging phenotype.
Strikingly, disruption of the cell-cycle inhibitor p21WAF! has
been recently reported to prolong the lifespan and improve
the repopulation capacity and self-renewal of hematopoietic
stem cells of late-generation Terc-deficient mice, perhaps
by rescuing p21-dependent cell-cycle arrest in stem and
progenitor cells.®"

Brcal, or breast cancer 1, is a cell-cycle checkpoint
possibly involved in DNA repair. Most Brcal hypomorphic
mice (Brca1*'"2"") die at embryonic stages, yet Brca1*'"A1!
mice heterozygous for p53 show increased cellular senes-
cence accompanied by signs of premature aging starting at
about 8 months of age. They are also smaller than controls due
to slower growth rates.®® Recently, it has been shown that
loss or haploid loss of Chk2, involved in DNA damage
response and cell-cycle arrest, also enables Brca1®'"A"!
mice to survive to adulthood and display signs of premature
aging.®® Brca1*""A""Chk2~~ mice outlived Brca1®'"
A115537~ mice and showed signs of premature aging at about
18 months of age. Importantly, the levels of apoptosis were
lower in Brea1*""2""Chk2~ mice than in Brca1*'"21"p53+/~
mice. Brca1®""A""Chk2~/~ mice, though, were smaller than
controls and their fibroblasts displayed a premature senes-
cence phenotype. Cao et al.®® suggested that absence of
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Common or

Table 2. Major segmental progeroid syndromes in humans

Gene name® alternative name Ageing Phenotype Growth Cellular phenotype Primary reference®
CSA Cockayne Syndrome  Possible premature aging due Growth failure early in life  Reduced growth potential 27
Type | to recessive mutation
WRN Werner syndrome Possible accelerated aging Growth failure in Slow growth rate and 103
due to recessive mutation teenage years limited proliferation
LMNA Hutchinson-Gilford Possible premature aging due Growth failure at about Hyperproliferation and 104
syndrome to dominant mutation age 2 increased apoptosis

genomics.senescence.info/genes/.

#Gene name in accordance with the primary reference. Only the most important segmental progeroid syndromes were selected.
bOnly the most relevant reference is featured. For additional references please see the text and consult the GenAge database at http:/

Chk2 attenuated p53-dependent apoptosis and growth arrest,
possibly in stem/progenitor cells and delayed the onset of
premature aging.

Premature aging phenotypes in mice are not solely the
result of alterations in DNA repair pathways. PASG is a SNF2-
like factor that facilitates DNA methylation. It is expressed in
rapidly dividing cells and has been linked to cell proliferation.
Most PASG-null mice die shortly after birth. In those that
survive, signs of premature aging and growth retardation have
been reported, though these animals are not known to com-
monly live more than a month which may make any analysis of
aging-related traits difficult. At the cellular level, premature
replicative senescence associated with the expression of
senescence-associated genes, decreased proliferation—but
not increased apoptosis—were also observed.®¥

One final example comes from mitotic checkpoint proteins,
which have also been reported to impact on aging. Mice
haploinsufficient for BubR1? or for Bub3 and Rae1®?® have
increased cellular senescence and an early onset of aging-
associated phenotypes. BubR 1" mice were growth impaired
but not Bub3™~Rae1*’~ mice, though the latter showed a
reduced body weight at about two years of age. At the
cellular level, fibroblasts from both these strains showed
premature senescence and BubR1™" fibroblasts also
showed early growth inhibition. Strikingly, though, complete
disruption of BubR1, Bub3 or Rael results in embryonic
lethality. 2529

There are many short-lived mouse strains and even those
exhibiting signs of premature or accelerated aging do so to
different degrees, making it difficult to determine whether they
are cases of premature aging or of premature pathology.
Nonetheless, one major trend, as pointed out by others,("*®
is for segmental progeroid mouse models to exhibit a reduced
body size, often accompanied by stem-cell exhaustion.
Importantly, increased apoptosis, premature replicative
senescence and/or reduced cellular proliferation also tend to
be common hallmarks of animals exhibiting premature signs
of aging (Table 1). Therefore, increased cellular loss and/or

inefficient cell replacement may, at least in part, mediate
accelerated aging phenotypes in mice.

Human segmental progeroid syndromes

Even if segmental progeroid syndromes in man—as in mice—
are not exact representations of accelerated aging, because
they modulate multiple components of the aging process, they
can provide insights into the mechanistic basis of human aging
and age-related disease. The same trend described above of
premature aging syndromes in mice being associated with
defects in mechanisms related to cellular homeostasis is
also observed in human segmental progeroid syndromes.
Patients with Werner syndrome, Hutchinson-Gilford syndrome
and Cockayne syndrome type |, arguably the three main
segmental progeroid syndromes caused by single gene
mutations, show growth retardation (Table 2). In Cockayne
and Hutchinson-Gilford syndromes, growth failure is a typical
clinical manifestation in the first years of life and patients
usually die in their second decade of life with features
resembling premature aging.®2”?® Though a slow growth
rate is also frequent in children with Werner syndrome, clinical
manifestations of the disease typically appear later in life and
include the lack of a teenage growth spurt.® Patients then go
on to display features resembling accelerated aging.

At the cellular level, premature cellular senescence
and/or increased apoptosis have been reported in the
three major human segmental progeroid syndromes.®®
Fibroblasts from patients with Cockayne syndrome show
reduced growth potential,®® and fibroblasts from patients
with Werner’s syndrome exhibit slow growth rates, probably
due to rapid rates of exit from the cell cycle and into
senescence, and a limited proliferative ability.®*® In contrast,
fibroblasts from patients with Hutchinson-Gilford syndrome
show hyperproliferation and increased apoptosis.®®3" |n-
deed, it has been proposed that Hutchinson-Gilford syndrome
is the outcome of this increased apoptotic cell death to
levels that exhaust the ability of tissues for stem-cell-driven
regeneration.®
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Therefore, one hypothesis is that at least some of the signs
of premature aging observed in these pathologies are not due
to DNA damage accumulation per se but a result of changes in
cellular homeostasis. This is illustrated in the most striking
segmental progeroid syndrome—i.e. that which most strongly
resembles premature aging—Werner syndrome in which it
has been argued that it is the increase in somatic cell
senescence that primarily contributes to its phenotype,m as
further discussed ahead. Although what is considered
premature aging remains controversial, other syndromes
featuring such signs also tend to be characterized by similar
growth defects and cellular alterations, as observed in patients
with Bloom syndrome in which apoptosis has been reported to
play an important role.®

Mammalian models of life extension and delayed aging
Following the above rationale, it is possible that genetic
manipulations increasing lifespan in rodents exert their
effects, at least partly, at the cellular level. Mutations in GHR/
BP, Pit1 and Prop1 increase lifespan and may delay aging in
mice.®34736) The resulting strains, respectively, Laron, Snell
dwarf and Ames dwarf mice, are all considerably smaller than
controls with evidence of growth retardation. Although
segmental progeroid syndromes are also often associated
with stunted growth, the cellular and physiological mecha-
nisms are likely very different from those resulting in life
extension. Considering that reduced insulin/insulin-like signal-
ing also extends lifespan in nematodes and fruit flies,®” the
prevailing hypothesis is that mutations in these long-lived
mouse strains impact on aging through suppression of growth
hormone (GH), insulin and insulin-like growth factor 1 (IGF1)
signaling.®® GH and IGF1, though they are involved in
multiple processes, are essentially mitogens that have a
profound impact on cellular growth and division. Insulin, too, is
a mitogenic hormone. Lower levels of these hormones, or
resistance to GH, appear to prolong lifespan and maybe delay
aging. The possibility that transgenic mice overexpressing GH,
which show increased postnatal growth and are 30 to 60%
bigger than controls, suffer from accelerated aging is also in
line with the idea that cell proliferation and aging are
related.®® At least, overexpression of GH in mice reduces
lifespan.®® QOverall, while it would be naive to assume that
changes in body size or growth rates alone explain the
extended lifespan observed in these models,“® a correlation
between diminished cellular proliferation and life extension in
mouse models appears to exist.

Though it is sometimes unclear whether life extension is
related to aging or due to the amelioration of some specific
pathology,® there are other long-lived mouse strains whose
phenotypes may be mediated by cellular mechanisms, such
as the melk1*/~ mouse. Cells from mclk1-null mice are more
resistant to stress and DNA damage and exhibit a slow growth,
yet animals die at embryonic stages. In mclk1™~ mice,

however, hepatocytes that lost mclk1 expression undergo
clonal expansion. Interestingly, mclk1*/~ mice are slightly, 15
to 30%, longer lived.*" Another long-lived mouse model is the
p66°"°-null mouse, which has been reported to live 30% longer
than controls and whose cells are more resistant to apoptosis.
p66°™° is a splice variant of SHC, involved in signal trans-
duction and transmission of mitogenic signals.“? Similarly,
overexpression of human thioredoxin extends lifespan in
transgenic mice by about 35%.“® Thioredoxin is a redox-
active protein implicated in cell growth and apoptosis
inhibition.“* Lastly, it has been recently reported that mice
with type 5 adenylyl cyclase knocked out have an about 30%
increase in median lifespan and their cells are resistant to
stress and apoptosis.“® Major genes extending lifespan in
mice are recapped in Table 3.

In addition to genetic manipulations, one major intervention
capable of delaying aging in model organisms is caloric
restriction or CR,“®) which can also be interpreted in terms of
tissue-level alterations. Succinctly, atleastin some tissues, CR
leads to a decrease in cellular proliferation.“” For example, a
reduced proliferative capacity of lens epithelial cells has been
associated with increased age of mice and is delayed by CR
both in vitro and in vivo.“*® In CR animals apoptosis has been
reported to be attenuated in some tissues,“® but maybe notin
others.®® Importantly, CR mammals are considerable smaller
than controls, as observed in rodents and rhesus monkeys.®"
In fact, Clive McCay’s groundbreaking experiments on CR
were based on the hypothesis that stunted growth extends
lifespan within species.®® While this interpretation appears to
be overly simplistic,“®5? it is interesting to note that CR does
not appear to extend lifespan in smaller mouse strains,®®
including in wild-derived mice that tend to live longer and be
smaller and lighter than laboratory-adapted strains.®®* As
argued before,®®® and supported by experimental results,®®
CR may exhibit its effects at least partly by suppression of the
GH/IGF1 axis. Therefore, itis not surprising that one proposed
explanation for CR is that endocrine mechanisms, including
lower IGF1 levels, decrease the stimulus for cell replication.(57)
In fact, it has been proposed that hormones regulate growth
and lifespan in CR and long-lived rodent mutants by exerting
their actions on cell-cycle regulation during the course of the
lifespan.®®

In mammals, body size may be affected by many factors
(such as fat accumulation) but it is primarily a result of the
number of cells in the body. Certainly, numerous factors can
affect the final cell number of an organism or organ such as the
number of starting cells, rate of cell division and cell death, and
the timing of differentiation to terminate cell division. None-
theless, all other things being equal, a larger number of cell
divisions will result in a bigger organism. Intriguingly, a number
of results have accumulated in recent years associating, within
a given species, small body size with a longer lifespan.“?
Bigger animals tend to die young and vice-versa. This is clear
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Table 3. Major genetic interventions that appear to retard aging in mice or at least considerably extend lifespan
Common or Cellular Primary

Gene name® alternative name Ageing Phenotype Growth phenotype reference®

AC5 type 5 adenylyl cyclase Increase in median lifespan by Old animals have a Increased resistance 45
about 30% reduced body weight to apoptosis

clk-1 mclk1 15-30% increase in lifespan in Normal 41
heterozygous mice

GHR/BP Laron mouse Increase in lifespan of 40—-50% Slower growth rate 35
in homozygous knock-outs

GHRHR little mouse Increase in lifespan of about Reduced body weight 36
25% in homozygous
knock-outs

p66°"° SHC1 Roughly 30% increase in Apparently normal weight Increased resistance 42
lifespan in -/- mice to apoptosis

Pit1 Snell dwarf mouse Lifespan increase of 42% in Small body size 36
homozygous mice

Prop1 Ames dwarf mouse Homozygous mice show over Small body size 34
50% increases in lifespan

TRX thioredoxin Overexpression increases Normal weight 43
lifespan by about 35%

2Gene name in accordance with the primary reference. Only the most relevant genes were selected.

POnly one major reference is featured. For additional references please see the text and consult the GenAge database at http:/genomics.senescence.info/

genes/.

in mice in which growth appears to have a negative effect
on lifespan, and body weight is a significant predictor of
longevity.“%®*2 Moreover, in F, hybrids between wild-derived
and laboratory-derived stocks, lifespan negatively correlated
with body weight.®® The notion that smaller animals of
the same species live longer than larger ones has been
consistently observed among mammals and even some non-
mammalian species.*” Smaller breeds of dogs live longer
and their fibroblasts show an increased cellular growth
potential,®® and there is anecdotal evidence that smaller
breeds of horses also live longer.*?)

In humans, a negative correlation between height and
longevity also appears to exist. Findings based on millions of
deaths suggest that shorter, smaller bodies have lower death
rates®” and female carriers of a variant GH allele were
reported to have a shorter body height and a reduced
mortality.®® These results are even more significant because
of the observed negative correlation between height and
coronary heart disease.®®® One hypothesis is that, just like
people with short stature may tend to have narrower coronary
arteries that predispose to heart disease, faster growth may
increase the incidence of specific diseases without having an
impact on aging as a whole. For instance, smaller animals with
lower levels of IGF1 and fewer cells may be expected to be less
cancer-prone.(4°) Nonetheless, this observation alone does
not explain the phenotype of dwarf mice because at least some
strains actually appear to age slower.®3® Therefore, though
the relationship between size and number of cell divisions is
not simple, the possibility exists that individuals whose cells
divided more during the lifespan have a shorter lifespan not

just because of tissue-specific failures but because of
alterations in the basic aging process.

Cell divisions and aging: a perspective

Our goal herein is to review how gene products integrate into
cells to interpret models of mammalian aging from a cellular
perspective. As described above, genetic alterations that
appear to regulate longevity and may alter the aging process
tend to have an impact on cellular phenotypes, which may help
explain the observed organismal phenotypes and suggest an
association between cell division in vivo and longevity (Fig. 1).
Many, perhaps most, mutations that give rise to signs of
premature aging in mice or men appear to increase cell loss
by, for instance, increasing apoptosis or by reducing the
proliferative capacity of cells and triggering premature cellular
senescence (Tables 1 and 2). Mice and patients with such
diseases also appear to suffer from growth defects, thoughiitis
unclear whether the diminished ability to replace lost cells
due to cell death is a causal mechanism. Similarly, loss of
tissue mass is also observed during normal aging and
some age-related pathologies, even if it is not known
whether this is due to an imbalance between lost cells
and new cells.®® Be it as it may, similar mechanisms may
ultimately contribute to premature aging phenotypes. In
contrast, mutations and interventions that increase lifespan
and may delay aging in mice appear to either hinder apoptosis
or result in smaller animals that may be the result of
fewer cell divisions (Table 3). Smaller individuals of the same
species, including humans, also tend to live longer. Therefore,
diminished cellular proliferation may contribute to a longer
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maintenance of tissue homeostasis and to an extended
lifespan (Fig. 1).

All of the above examples highlight the crucial point in this
work that molecular functions and pathways might not be the
best way to interpret these phenotypes. Just as to appreciate
the beauty of a painting one cannot look too closely, perhaps to
understand how genes modulate aging and longevity we must
look away from the molecular mechanisms and observe the
cellular- and tissue-level alterations. This is further supported
by several lines of evidence.

In contrast to the aforementioned late-generation mice with
disrupted Terc and WRN, WRN-deficient mice, albeit having
more tumors, do not show signs of premature aging.®* Cells
from WRN-deficient mice are susceptible to DNA-damaging
agents, yet because of differences in telomere metabolism
between mice and humans, they do not exhibit premature
cellular senescence. In contrast, cells from late-generation
mice with disrupted Terc show accelerated replicative
senescence. These observations have been suggested as

evidence that it is not the molecular functions of WRN that are
critical for the observed signs of premature aging but their
impact on cellular senescence.” In fact, increased genomic
instability is observed in some mouse strains displaying
signs of premature aging but not in others.®® Moreover,
several other mutations disrupting DNA repair do not cause
accelerated aging but only impact on cancer.® Interestingly, it
has been proposed that differences at the level of damage
and DNA-damage response, which in turn determines the
outcome of the cell (e.g. whether cells survive or trigger
apoptosis), explain whether disruption of DNA-repair path-
ways have an impact on aging or not.®®® The hypothesis that
cellular proliferation per se impacts on aging is supported by
the observation that elimination of 80-90% of proliferating
cells by disruption of ATR (involved in DNA-damage response
and cell-cycle regulation) results in several age-related
phenotypes in young adult mice accompanied by a depletion
of stem and progenitor cells and exhaustion of tissue renewal
and homeostatic capacity.®”

Cell division

Attenuated GH/IGF-1
signaling

o —
asmnr

Cell division

/

Increased cellular
senescence or cell death

T

Impaired DNA repair or cell
cycle checkpoint

Lifespan . .
- = = = = = = —p Normal lifespan and aging

Impact on tissue homeostasis

Reduced apoptosis

/

Fewer cell divisions

— times delayed aging

Lifespan

....___...>

More cell divisions

Increased GH levels

Figure 1. Overview of our cellular perspective of genetic interventions that impact on longevity and aging in mammalian species. Our
rationale is based on the hypothesis that cell division throughout the lifespan contributes, at least to some degree, to aging and age-related
pathologies. Mutations that result in reduced cell death (e.g. due to reduced apoptosis without interfering with normal physiological
functions) or attenuated GH/IGF1 signaling will result in cells undergoing fewer divisions in the same amount of time of the organism’s life,
possibly contributing to an extended lifespan and, in some cases, a delayed aging process. On the contrary, in mutations that—through
whatever molecular mechanism—result in increased cell death or replicative senescence or higher GH levels, the amount of cell divisions
for the normal development of organisms must be higher, in the former, to compensate for the cell death or quiescent cells, which as a
consequence can contribute to a shorter lifespan with early-aging symptoms.

Longer lifespan and at

Shorter lifespan and
putative premature aging

\

BioEssays 30.6 573



Review articles

In light of these observations, it appears plausible that
changes in the amount of times cells must divide or in their
capacity to divide during the lifespan have an impact on
longevity and possibly on aging (Fig. 1). This is in agreement
with the hypothesis, inspired by replicative senescence,® that
as cells divide during the lifespan some form of cellular
changes occur that contribute to a gradual disruption of tissue
homeostasis.

Unanswered questions and future perspectives
Certainly, not all mutations that modulate apoptosis, cellular
senescence and tissue homeostasis in vivoimpact onaging. In
many cases, alterations of these pathways disrupt normal
processes that result in severe deleterious effects and often
death atearly ages. Forinstance, mice lacking caspase 9 show
reduced apoptosis yet most die perinatally.®® Probably, an
organism’s development is based on genetically determined
parameters for cell death, replacement and division.
Any change in these parameters can potentially be lethal
and mask any effects genes involved in these processes may
have on aging. Further examples are abundant: Ku86 '~ mice
show signs of premature aging, as they do in a p53"/~
background despite a higher cancer incidence. In a P53~
background, however, the lifespan is too short (due to cancer
induction) to determine whether there is any impact on
aging.®® On the contrary, well-controlled apoptosis can
contribute to increased longevity by limiting cancer, as
elegantly demonstrated in the cancer resistance and in-
creased survival of mice with ubiquitous expression of the
cancer-specific pro-apoptotic domain of the Par-4 tumor-
suppressor protein.”’? Therefore, while molecular mecha-
nisms that increase cell loss may contribute to premature
aging, the relationship between apoptosis and aging is not
simple and the benefits of elevated apoptosis in some contexts
might explain why in certain tissues CR appears to increase
apoptosis.®?

The idea that aging has a cellular basis is an old
one.1213.71=73) This work highlights how cellular phenotypes
may at least partly mediate the effects of different genes
regulating longevity. Intriguingly, one possible explanation
is the presence, at least in some tissues, of a cell division
counting mechanism (i.e. a timekeeper) that plays an under-
lying role in the aging process. Telomere shortening, a
mechanism limiting replicative lifespan in vitro, at least in
some cell lines, demonstrates how precise genetically
determined molecular clocks can limit cell division. In fact,
early postnatal growth retardation has been associated
with increased longevity and longer telomeres in rats.”¥
Nonetheless, a causal relation between replicative senes-
cence/telomere maintenance and human aging is not
obvious.(12:15:16)

We speculate that other clocks may exist, even if the
essence of these is not clear yet and might depend on localized

controls of cell proliferation. For example, one mechanism
typically regulating the pace of development is the control of
the rate of cell division”® and thus developmentally regulated
mitotic clocks may exist. One mechanism that has been
associated with lifespan and developmentin invertebrates and
can impact on cell division, is microRNAs,"®"” the role of
which in mammalian aging (e.g. in the abovementioned long-
lived mouse models) merits further investigation. In addition,
some evidence suggests an association between mitotic age
and methylation,”® hence it is possible that higher order
chromatin and methylation changes can potentially impact on
proliferation and differentiation. Lastly, there is increasing
evidence that the TOR signaling pathway, involved in nutrient
sensing and cell growth, also regulates lifespan, at least in
invertebrates,”™ and this an area of great interest for future
research in mammals.

Restraints on cell division may not necessarily be due to a
counting mechanism. Cell division may contribute to damage
orchanges, e.g. the accumulation of some protein or molecule,
which in turn lead to a gradual loss of cell function and/
or renewal, proliferative ability, or to the accumulation of
senescent cells that disrupt tissue function and structure. In
fact, many plausible mechanisms have been proposed by
which cell division can lead to a disease state due to “altered
proliferative homeostasis”.®® One appropriate example is
p16™NK42 3 cell-cycle regulator that has been associated with
cellular aging in vitro."® Recent results from mice suggest that
increasing p16'™K42 levels limit the self-renewal and regenera-
tion ability in islets, forebrain progenitors and haematopoietic
stem cells. Mice deficient in p16™%4® showed a smaller age-
related decline in self-renewal potential.®"

Assuming that a lack of balance between cell loss and cell
replacement can contribute to aging, loss of tissue homeo-
stasis could be due to widespread cellular changes or due to
changes in the proliferation capacity of specific cell popula-
tions, such as stem cells.®® In other words, the relation
between cell divisions and aging can be mediated by a
declining ability to recruit cells from stem or progenitor cell
niches or by dysfunction in the differentiation pathways.”
Some premature-aging syndromes in mice have been asso-
ciated with the depletion of stem-cell stocks which impairs
tissue self-renewal.'”'823 Moreover, in mice, intrinsic
changes appear to occur during aging of hematopoietic stem
cells® and in muscle satellite cells.®* Intrinsic age-related
changes have also been reported in human mesenchymal
stem cells, including increases in p53 expression accom-
panied by increased apoptosis and reduced proliferation
and osteoblast differentiation.®®® Though a definitive causal
relation between stem-cell decline (in numbers and/or
function) and organismal aging has not yet been established,
the idea that aging stem cells contribute to aging in several
organ systems remains a powerful one,®28® and further
research is warranted (see below).

574 BioEssays 30.6



Review articles

Not only are tissues the product of interactions between
different cell types but whole organisms are the result of
different interacting tissues. As such, changes in one tissue
may be a result of systemic alterations whose underlying
mechanism occurs only in another tissue. For example, it has
been suggested that the high incidence of cardiovascular
disease observed in Werner syndrome patients is not caused
by intrinsic changes in the cells of the cardiovascular system
but rather by systemic perturbations, for example due to
visceral fat accumulation and/or high circulating levels of
cytokines.® In fact, systemic effects of fat tissue on the levels
of hormones, cytokines and complement factors have been
suggested to play a role in the benefits of CR,®”) though fat
metabolism alone does not explain the life extension observed
in long-lived mice. Moreover, massive cell death might over-
whelm the immune system and lead to autoimmune conditions
and/or inflammatory states associated with age-related
pathologies while senescent cells may secrete inflammatory
cytokines that disrupt tissue homeostasis even affecting
postmitotic cells.®®)

Although we discussed mostly results from mammals, it is
remarkable that reducing insulin/IGF1 signaling in nematodes
and fruit flies can also extend lifespan.®®” Even though these
are mostly postmitotic animals as adults, some results also
suggest that cell division may play a role in life-extension
phenotypes observed in invertebrates. Succinctly, the insulin
receptor and insulin-like peptides appear to regulate cell size
and number in fruit flies,®® as well as stem-cell prolifer-
ation.®®”) Development in nematodes follows a pattern of cell
divisions,®® yet interestingly the arrested development phase
known as “dauer”’ is long lived and can be triggered by
suppression of insulin/IGF1 signaling.®” Moreover, verte-
brate homologs of the DAF-16 protein, often required for life
extension in roundworms, downregulate genes promoting cell-
cycle progression.(37) The evolutionary conservation of these
signals in affecting lifespan and their role in cell proliferation
suggest that reduced cell division may be a step in the
life extension of different species by the GH—insulin—IGF1
pathway.

Throughout this work, we focused on intraspecies dif-
ferences. As detailed above, the tendency, at least in
mammals, is for individuals of the same species with a small
body size to live longer. We hypothesize that certain mouse
strains are long lived in part due to molecular and/or genetic
alterations that decrease the amount of cellular divisions
necessary to produce a viable adult organism. While such
hypothesis might partly explain differences in longevity
between individuals of the same species, it does not explain
differences between species.(‘“)) In fact, it seems to clash with
the observation that comparatively small laboratory mice do
not commonly live more than 4 years while medium-sized dogs
live over 20 and human beings can live over 100 years. This
correlation between body size and longevity between species

indicates there must be developmentally determined growth
and proliferation limits intrinsic to cells that are different
between mice, dogs and humans.'® Identifying the underlying
causes of such differences between species is of great interest
to understand mammalian aging (see below).

Future experimental paradigms

As detailed above, and reviewed by others,(*® the role of
cellular mechanisms has been studied in a considerable
number of mouse and human models of accelerated or
premature aging. There have been surprisingly few such
studies, however, in long-lived mouse models. Apart from a
small number of studies in CR animals and one study
suggesting decreased p16™¥*2 levels in GHR/BP knock-out
mice,®" the impact of cellular division and the possible role of
stem cells have been largely unexplored in long-lived mouse
models. We suggest that studying the role of cell division
and stem-cell self-renewal in long-lived models is an area of
potential interest that merits further attention. For example,
even studying cellular senescence biomarkers in long-lived
mice, as has been recently done for baboons,®? would be a
potentially important first step, though we acknowledge that
a good marker for cellular senescence is lacking. Studying
stem-cell renewal, as has been done in normal mice and DNA
repair-deficient mice,® and the mitotic index of cells in vivo
would be additional lines of research.

To test the hypothesis that cell divisions alone contribute to
aging in vivo, we require a model where only the amount of cell
divisions is altered. Pygmy mice, a result of disruption of the
HMGAZ2 gene, might be adequate in that respect. They have
a small body size as adults even though HMGA2 is not
significantly expressed after weaning.®® Interestingly, one
study in mice found a QTL associated with maximum lifespan
encompassing the region of the HMGA2 gene®® and this
gene has been recently associated with height in humans.
Moreover, there are no reported alterations in the GH/IGF1
axis in pygmy mice, suggesting that HMGA2 perhaps acts by
regulating the cell cycle, maybe through higher-order chro-
matin modifications. On the contrary, mice with disrupted
p27XP1 involved in cell-cycle regulation, exhibit increased cell
proliferation and gigantism. Because they have normal GH
and IGF1 levels, these mice could be an interesting model to
study the impact of increased cell proliferation in aging, though
they often develop pituitary tumors.®® Overall, we think
both these strains are potentially adequate choices to test
whether cell division alone can have an impact on longevity
and aging.

For reasons outlined above, we believe that the relation-
ships between cell division, longevity and aging may be
evolutionary conserved to a large extent, yet the correlation
between body size and longevity among species indicates
major species-specific differences in cellular processes such
as apoptosis, proliferation and differentiation®® For example,
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if changes during cell division contribute to aging then large
mammals like whales must have evolved different patterns for
how these changes occur or different rates of cell division and
turnover that offset intrinsic cellular changes. Similarly, small
but long-lived animals like birds, bats and naked mole-rats
must feature key differences in terms of cell turnover and
replication that allow them to live longer and avoid age-related
diseases like cancer. Therefore, comparisons between spe-
cies of parameters like cell growth and proliferation, apoptosis
and differentiation (and comparisons of pathways associated
with these processes) may yield clues about which and how
cellular changes and processes contribute to aging. In the
same context, it may be valuable to create transgenic mice
with key genes (e.g. apoptotic or cell cycle regulators) replaced
by the homologs from long-lived species of similar body size,
such as naked mole-rats, to gain insights into cellular
mechanisms and genes that could have contributed to the
evolution of longevity.

Conclusions

Finding common themes between genes altering aging is
important to understand this complex process, particularly
now that more and more genes are being associated with
aging in animal models. As reviewed above, genes that
regulate longevity and appear to modulate aging have a wide
range of molecular functions but many tend to have common
effects at a cellular level (Fig. 1). This has been particularly
well-described in segmental progeroid syndromes in mice and
man in which marked cellular alterations have been frequently
described, often affecting stem and progenitor cells (Tables 1
and 2). In long-lived mouse strains, even though some results
associate cellular processes (e.g. apoptosis) with life exten-
sion, the evidence is more modest (Table 3). If cellular
processes like proliferation, apoptosis and replicative sen-
escence are causal mechanisms of normal aging then they
should be as important in delaying aging as they appear to be
in models of accelerated aging. Thus, further cell biology
studies in long-lived mice are warranted and, one might argue,
essential to assess the value of current cellular models in
understanding the mammalian aging process.

Overall, the idea that the amount of divisions that cells
undergo in vivo contributes to aging and influences the
longevity of individual organisms, perhaps by some sort of
cellular clock(s), remains a promising hypothesis. It is not our
purpose, however, to claim that differences in cell division
explains all observations or are the sole major driving force of
aging. For example, results from parabiotic pairings between
young and old mice suggest the presence of both systemic and
intrinsic factors in aging.®” Nevertheless, we think the cellular
perspective developed herein, bringing together different lines
of experimentation, can be helpful to interpret and guide the
study of aging at a cellular and organismal level. Finally, we
propose experimental paradigms to study the role of cell

division in aging, including the use of pygmy mice and p27<P?
knockouts as models of potential interest.
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