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Maintaining Genetic Integrity in Aging: A Zero Sum Game
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ABSTRACT

Aging of somatic cells can be defined as the gradual loss of the information embedded in the global and local
properties of complex macromolecular networks. This loss of information may reflect the dynamic interplay
between stochastic factors, such as the accumulation of unrepaired somatic damage, and gene-encoded pro-
grammatic responses. This would ultimately result in loss of function, impaired response to environmental
challenge, and a progressively increased incidence of disease. Here the authors present the case for aging as a
continuous battle between maintaining genomic integrity and ensuring sufficient cell functional mass. Focus-
ing on aging of the liver in rodents, evidence is presented that normal aging is associated with a gradual accu-
mulation of random alterations in the DNA of the genome as a consequence of imperfect DNA repair and a de-
crease in the rate of DNA damage-induced apoptosis. Apoptosis is the cell’s genome maintenance mechanism
of last resort and an imbalance towards apoptosis can contribute to manifestations of aging-related pheno-
types, as exemplified by mouse models of premature aging due to genetic defects in genome maintenance.
Prospects to reset the clock in this zero sum game between survival and the maintenance of phenotypic in-
tegrity will be discussed. Antioxid. Redox Signal. 8, 559-571.

INTRODUCTION

TIME-DEPENDENT ALTERATIONS in complex networks of
macromolecular interactions, such as protein—protein,
protein—DNA, and protein—RNA interactions, could disrupt
the cell’s organizational principles, resulting in degenera-
tion, disease, and death. A long-term goal of the science of
aging is to understand the basic mechanisms underlying the
decline of the many complex, functionally interacting, sub-
systems in the somatic cells of metazoa after the period of
first reproduction.

Whereas the ultimate cause of aging is now generally
sought in the greater relative weight placed by natural selec-
tion on early survival and reproduction than on maintaining
vigor at later ages (49), our understanding of its proximal
causes is still very limited. Thus far, the facets of aging that
have been most deeply explored involve sets of functional re-
sponses occurring over time through the coordinated action

of the products of multiple genes. While such gene-encoded
programmatic responses are important and can explain a fair
number of physiological changes observed in aging organ-
isms, the proximal causes of aging should most likely be
sought in stochastic effects of damaging agents, from both
endogenous and environmental sources. Indeed, the evolu-
tionary theory of aging essentially rules out a genetic pro-
gram to drive the aging process (49).

The stochastic component of aging is often conveniently
ignored, since it cannot be as easily studied as its program-
matic component. In spite of the early realization of the sin-
gle cell as the universal foundation of all living organisms, bi-
ological processes have been studied almost exclusively in
populations of cells or tissues. The focus of attention was in-
variably on responses common to all or most cells in the tis-
sue. This is exemplified by current gene expression profiling
of aging using microarrays, which has resulted in the identifi-
cation of several organ and tissue-specific functional signa-
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tures of aging in multiple organisms, such as increased stress
responses (68). Although individual patterns of aging with a
role of chance events, interacting with genes and the environ-
ment, are increasingly appreciated (30), the interplay between
stochastic mechanisms of aging and its programmatic compo-
nents is virtually unexplored. In the absence of a genetic pro-
gram to drive the aging process, it is not clear how consistent
patterns of gene expressional changes with age, observed in
many species, can explain the aging phenotype.

An example as to how stochastic factors can interact with
programmatic responses in causing aging involves the inter-
play between DNA damage and programmed cell death
(apoptosis). Of all the damage inflicted on macromolecular
complexes, DNA damage is likely to be the most critical. In-
deed, DNA damage gives rise to genome sequence alter-
ations, for example, through erroneous DNA repair. In con-
trast to damage to proteins or lipids, genome sequence
alterations are irreversible, except when the genetically al-
tered cell is eliminated (i.e., through apoptosis). The latter
represents a programmatic response to an inherently stochas-
tic problem and serves to maintain phenotypic integrity.
However, it cannot but lead to cell depletion, which on the
long term may greatly reduce organ function. This continuous
balance between maintaining phenotypic integrity and ensur-
ing cell functional mass is essentially a zero sum game. We
first discuss the evidence for increased genomic instability
with age, and the mechanism through which this could lead to
age-related functional alterations and disease. We will then
provide evidence for apoptosis as a critical factor in deter-
mining the balance of the organism’s phenotypical integrity
and cell functional mass.

SOMATIC MUTATIONS
AS A CAUSE OF AGING

Somatic mutagenesis, a stochastic process par excellence,
has since long been considered as a major causal factor in
age-related cellular degeneration and death (29, 79, 86). Mu-
tations (i.e., irreversible changes in DNA sequence organiza-
tion) are inextricably linked to the evolution of different life
forms by providing the substrate of natural selection. How-
ever, too many mutations, without a mechanism to escape
their adverse effects, can be harmful to a cell population. In
this respect, mutagenesis is a two-edged sword. Indeed, as has
been demonstrated in unicellular organisms, increased muta-
tion loads decrease fitness and, at least in the absence of sex
or recombination, can lead to senescence-like phenomena
and population extinction (3, 4, 48). The effect of random
mutations on the fitness of a cell population is well illustrated
by the work of Elena and Lenski, who compared average fit-
ness (i.e., growth rate) for three groups of E. coli strains: har-
boring one, two or three randomly introduced insertion muta-
tions. Average fitness was found to decline with the number
of mutations (28).

Populations of Escherichia coli cells are obviously not the
same as organs and tissues of mammals, and a similar experi-
ment as done by Elena and Lenski is difficult to carry out
with mammalian cells in view of their much larger genomes
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and different genomic organization. Nevertheless, similar
to small populations of unicellular organisms without the
opportunity for sexual reproduction, the somatic cells of mul-
ticellular organisms are also vulnerable to deleterious muta-
tions. It is conceivable that genome-wide mutation accumula-
tion can cause deleterious changes in cells which may
ultimately result in organ dysfunction. In contrast to unicellu-
lar organisms, which represent both germ line and soma, so-
matic cells of metazoa do not need to maintain genetic varia-
tion to provide for evolutionary change. Therefore, in theory,
maximization of genome maintenance mechanisms, only for
their somatic cells, could prevent any significant mutation ac-
cumulation in such organisms. However, evolutionary theory
would not predict a further optimization of cellular mainte-
nance and repair than strictly necessary to reach the age of
first reproduction (50). Hence, it is likely that already at re-
productive maturity the maximum number of somatic muta-
tions compatible with optimal fitness will have been reached.
Even slight increases of the mutation load above this thresh-
old may then already begin to adversely impact on the struc-
ture and function of an organism.

A most likely cause for the majority of somatic mutations
arising in aerobic organisms is oxidative DNA damage. Den-
ham Harman was the first to recognize the role of free radi-
cals as a most logical explanation for the various forms of cell
and tissue damage observed to occur during aging (36). As
by-products of oxidative phosphorylation and other biologi-
cal and physiological processes, oxygen radicals can induce a
variety of damages into cellular DNA and other biological
macromolecules like proteins and lipids. The lesions induced
in DNA by free radicals are diverse and include a variety of
adducts, as well as abasic sites, cross links, and DNA single
and double strand breaks. While virtually all of such lesions
are repaired by the cell’s intricate complex of genome mainte-
nance systems (38), some result in mutations (i.e., irre-
versible changes in the DNA sequence). Mutagenesis can
occur, for example, through errors in replicating or repairing
a damaged template. Hence, while most DNA damage is tem-
porary, mutations represent an irreversible loss of genome in-
tegrity, sometimes with phenotypic consequences.

DETECTING GENOMIC MUTATIONS
IN THE AGING MOUSE

In order to begin testing the hypothesis that mutation ac-
cumulation affects fitness in mammals, methods are needed
to quantify and characterize spontaneous genomic mutations
in different tissues and organs. Mutations can vary from point
mutations, involving single or very few base pairs to large
deletions, insertions, duplications, and inversions. In organ-
isms with multiple chromosomes, DNA from one chromo-
some can be joined to another and the actual chromosome
number can be affected. Other types of permanent stochastic
changes that can impact on normal patterns of gene expres-
sion involve epigenetic changes, such as alterations in meth-
ylation patterns and changes in the histone code (81). Be-
cause genomic mutational events are rare and do not affect
DNA chemical structure, they are not easy to detect and the
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total number of mutations in the average cell of an aged tissue
cannot be quantified. The same is true for most epigenetic al-
terations. Hence, while we know that DNA damage induces a
variety of cellular responses, the possible impact of its sto-
chastic endpoint, that is, the spectrum of alterations in the
genome’s information content, on the aging process is
unknown.

In the past, mutation detection in vivo has been limited to
cytogenetic analysis of actively proliferating cells, such as
lymphocytes, for the occurrence of chromosomal aberrations.
Later, also smaller mutations, such as point mutations, could
be detected in such cells, using selectable marker genes, the
most popular being the HPRT locus test (1). Both cytogenetic
tests and the HPRT assay have indicated the accumulation of
mutations with age in lymphocytes from both humans and
mice (20, 41, 82). However, these results have been inter-
preted with caution in view of the fact that the assays used
could only be applied to actively proliferating cells. This may
offer a poor reflection of the in vivo system where the major-
ity of adult human and animal cells only rarely undergo cell
division. In order to extend these studies to the in vivo situa-
tion, transgenic mouse models have been developed harbor-
ing chromosomally integrated bacterial mutation reporter
genes, which can be recovered from their integrated state,
transferred to E. coli and then analyzed for mutations (34).
One of these models, based on chromosomally integrated
plasmids containing the lacZ reporter gene (Fig. 1), has made
it possible to quantify and characterize a wide range of so-
matic mutations (including large genome rearrangements) at
a neutral, nonexpressed marker locus in various mouse or-
gans and tissues as the animals age (5). Using these mice it
has been demonstrated that mutations at the lacZ locus accu-
mulate with age in most organs and tissues, albeit at greatly
different rates (23, 24).

It is possible that ROS, considered as a major cause of
aging (42), are the main proximate cause of such increasing
genomic instability. Apart from certain signature mutations,
most notably GC to TA transversion mutations, ROS is also
known to induce large genomic mutations, possibly through
erroneous repair of double-strand breaks. Especially the liver
is highly vulnerable to oxidative damage in view of its high
oxygen metabolism. Indeed, in mice with an engineered ge-
netic defect in the removal of the major oxidative base, 8-
0x0G, this oxidative modification was found greatly elevated
in liver (where it accumulated with age), but not in other or-
gans (65). Liver is also the main target organ in mice with a
CuZnSOD deficiency, which rapidly develop hepatocellular
carcinomas (27).

We have demonstrated a significant increase of mutations
at the lacZ locus in liver of normal mice during aging (23). A
sizable fraction of the mutations found to accumulate ap-
peared to be large genome rearrangements, the relative fre-
quency of which is strongly accelerated at the end of life
(Fig. 2). Such large genomic mutations can be detected
through restriction enzyme digestion of the lacZ-plasmid re-
covered from a mouse tissue and scored as a mutation on the
selective plate (Fig. 1). Mutations that do not alter the re-
striction pattern are point mutations, that is, single base
changes or small deletions or insertions. Most of the muta-
tions that cause changes in the restriction pattern are dele-
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tions and other types of rearrangements, with one breakpoint
in a lacZ gene of the plasmid cluster and the other breakpoint
elsewhere in the mouse genome. Physical characterization of
a number of such events in liver and other organs of old
mice, indicated intrachromosomal deletions or inversions,
varying from smaller than 100 kb to 66 Mb, as well as
translocation events (33). At the time, we considered a re-
duced apoptosis rate as a possible explanation for the sharp
increase in genome rearrangements in the liver at the end of
life. Indeed, these mutational events likely result from erro-
neous repair of DNA double-strand breaks, a highly toxic
type of lesion that can be induced by ROS. DNA double-
strand breaks and the resulting increased genomic instability
likely leads to increased apoptosis, which would result in
organ dysfunction (see below).

Increased genomic instability with age is likely to con-
tribute to the exponential increase in cancer incidence with
age. However, apart from inducing cellular responses, such as
apoptosis, random DNA damage and mutations can also be
expected to contribute to aging-related organ dysfunction by
causing changes in genes or in their expression levels. In the
past, such a role was considered unlikely in view of the pre-
sumed extremely low frequency of mutational events and the
relatively small fraction of the genome that was considered
functionally relevant. Indeed, almost immediately after the
somatic mutation hypothesis was first presented (79),
Maynard-Smith argued against it on this basis (58). However,
at that time mutations were mainly seen as gene inactivating
events. Since protein-coding genes make up only slightly
more than 1% of the genome sequence, direct gene inactiva-
tion through random mutagenesis is unlikely to occur at high
frequency.

It is now estimated that up to 50% of the mammalian
genome is transcribed (72). It is assumed that this noncoding
transcribed part of the genome has a regulatory role, which
is greatly facilitated by the unique single-stranded nature of
RNA. Therefore, while only few spontaneous mutations are
likely to hit protein-coding genes, at least half of the sponta-
neous mutation load of an aging mammalian cell would be
expected to occur in gene regulatory regions. Even a rela-
tively small number of mutations could therefore exert some
adverse effect on the cell. This is especially true for large
mutational events, such as chromosomal aberrations and
aneuploidy. Such random mutations could influence patterns
of gene regulation through gene dose effects or position ef-
fects of regulatory sequence interactions (87). As mentioned
above, a substantial fraction of the spontaneous mutations at
the lacZ locus, found to accumulate in liver during aging are
genome rearrangements (Fig. 2) (e.g., deletions, inversions,
and translocations). Their total number per diploid genome
has been estimated through extrapolation from their fre-
quency at the lacZ transgene locus to the genome overall. In
liver, they increase from an average of 9 in young animals to
27 per diploid genome in old mice (25). They can be ex-
pected to result in partial haploidization of genomic regions
or the loss of spatial interactions between regulatory se-
quences and promoter regions. This could lead to variations
in gene expression.

Due to the large size of many rearrangements, even at low
absolute numbers, the effects of such mutations would far ex-
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FIG. 1. Schematic depiction of the LacZ-plasmid mouse model for mutation analysis ir vivo.

In this system, plasmids are

excised from genomic DNA with HindIII, followed by their separation from the mouse genomic DNA using magnetic beads, pre-
coated with a lacI repressor protein. The plasmids are then ligated and transferred to Escherichia coli C (AlacZ, galE~) using elec-
trotransformation. A small amount of transformants is plated in medium with X-gal to determine the total number of plasmids
rescued. The remainder is plated on medium containing the lactose analogue p-gal. In the presence of p-gal, the mutation in its
galE gene prevents E. coli cells with a wild-type lacZ gene to grow. Hence, only the cells harboring a lacZ mutant plasmid sur-
vive. The mutation frequency is the ratio of the colonies on the selective plate versus the colonies on the titer plate (times the dilu-

tion factor).

ceed the effects that can be expected from single base muta-
tions. The perturbed transcriptomes resulting from these large
genomic events would greatly alter cellular networks control-
ling a variety of subtle functions. Moreover, any functional
effect of such a rearrangement on the activity of a gene would
be enormously enhanced through epistatic effects. For exam-

ple, it has recently been demonstrated that haploinsufficiency
of the Nkx3.1 locus in the mouse increases the probability of
stochastic activation or inactivation of its target genes (56).
The results of this study, which involved over 50 Nkx3.1 tar-
get genes in the mouse prostate, revealed a spectrum of
dosage sensitivity, varying from relative insensitivity to


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2006.8.559&iName=master.img-000.jpg&w=383&h=471

GENETIC INTEGRITY IN AGING

35

30 -
e All

25 © Genome rearrangements

20

15 -

10 -

Mutant frequency (x10)

-1 4 9 14

563

19 24 29 34 39
Age (months)

FIG. 2. Increased mutation frequencies at the lacZ reporter locus in liver of C57Bl/5 mice with age.

After an initial in-

crease, the frequencies of all mutations (closed symbols) reach a plateau, until they rise further at late age. This is especially true
for large genome rearrangements (open symbols), that is, mutations with one breakpoint in a lacZ gene and the other elsewhere in
the mouse genome (see text), which increase very rapidly at old age. Each determination point represents the liver of one animal.

Nkx3.1 dosage to complete loss of expression even in the
Nkx3.1 heterozygotes.

Hence, the gradual accumulation of large genomic alter-
ations in aging organs and tissues may affect patterns of gene
regulation in a stochastic manner, resulting in a mosaic of
cells, varying from cells that escaped significant damage, to
cells with severe dysfunctions, transformed cells, and cells
that are dying. Such a process of slow genomic breakdown
would be greatly accelerated by declining DNA repair activi-
ties with age. However, it would occur even without such a
decline. Indeed, as mentioned above, genome maintenance is
imperfect and not designed for periods far beyond the repro-
ductive age. Hence, some DNA damage will inevitably es-
cape the scrutiny of the repair systems and persist over time
or will be converted into mutations, including large genome
rearrangements. However, there is an ultimate cleansing
mechanism in the form of apoptosis, to which we will now
turn.

CELL SURVIVAL VERSUS CELL
DEATH IN NORMAL AGING

The recognition that tumor development involves an im-
balance between cell proliferation and apoptotic cell death is
a relatively recent concept in cancer biology. In the steady-
state condition of the organism, cell division must be counter-
balanced by cell death (70). The term apoptosis was origi-
nally introduced by Kerr to describe a form of hepatocellular
cell death occurring in ischemic liver disease (45). Hepato-
cytes in adult rodents have a long lifespan and rarely divide

under normal conditions. However, in certain situations of
pathophysiological stress, such as partial hepatectomy, viral
infection, or chemical injury, these cells are able to divide in
order to restore the loss of liver mass (80). For example, after
partial hepatectomy, remaining hepatocytes proliferate to re-
store the mass of the organ within days to weeks, showing a
tremendous capacity to proliferate (21, 61). Rodent liver has
offered one of the best models to study effects of environ-
mental or endogenous variables on growth control, apoptosis,
and carcinogenesis (43, 60). It has been shown that sponta-
neous apoptosis increases in the liver of rodents subjected to
caloric restriction, a condition known to extend lifespan and
retard the incidence of spontaneous and chemically induced
tumor formation (9, 35, 39, 40). This suggests that an effi-
cient apoptotic response to endogenous damage plays a pro-
tective role against cancer, a major aging-related disease.

A direct correlation between apoptosis rates and cancer
susceptibility has been demonstrated using the rat as a model
organism after treatment with the organ-specific carcinogenic
agent, methyl methanesulfonate (MMS) (76). MMS is a
strong inducer of brain tumors, whereas it is a weak hepato-
carcinogen, even in the regenerating liver of rats (78). The tis-
sue specificity of the carcinogenic effect of MMS is of partic-
ular interest because MMS does not require metabolic
activation and should yield equal amounts of DNA damage in
different tissues. Indeed, the initial amount of DNA damage
caused by MMS was shown to be similar in the liver and brain
of rats following intraperitoneal injection (90). Therefore, the
cellular responses induced by damaged DNA, such as apopto-
sis or activation of signaling systems, not the DNA damage
itself, are likely to determine the tissue-specificity of tumor
formation by MMS. Indeed, MMS induces apoptosis in the
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nontarget tissue liver but not in the target tissue brain of rats,
demonstrating a strong correlation between the ability of a
tissue to undergo apoptosis and its resistance to carcinogene-
sis (76). These results suggested that induction of apoptosis is
involved in the protective response in the liver to prevent
tumor development by eliminating alkylation damaged cells
after exposure to MMS. This may explain why MMS does not
induce tumors in the liver even during regeneration after par-
tial hepatectomy (13).

The robust induction of apoptosis in the liver after MMS
injection provided a unique opportunity to investigate
whether deregulation of apoptotic responses to genotoxic
stress occurs in vivo with age. To investigate if the capacity to
remove damaged cells is maintained throughout life, apop-
totic potential in the liver of young versus old rats was as-
sessed after treatment with MMS. The results indicated that
the apoptotic potential is dramatically reduced in the liver of
old rats after MMS treatment (Fig. 3) (77), suggesting that
the livers of old rats are resistant to apoptosis in response to a
moderate dose of genotoxic stress compared to their young
counterparts. Since young and old animals differ signifi-
cantly in body composition and general metabolism, it is con-
ceivable that the downregulation of apoptosis in the liver of
old rats is really due to a lower or delayed induction of DNA
damage. However, this possibility is unlikely since the initial
amount of DNA damage induced by simple alkylating agents
is not lower and persists longer in the liver of old as compared
to young animals (31). Therefore, the observed age-
dependent decline in apoptosis most likely indicates a gen-
uine decline in apoptotic response during aging.

Alkylation damage, such as induced by MMS, is a major
form of spontaneous DNA damage (51). Therefore, the ob-
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FIG. 3. Induction of apoptosis in the liver of young but not
in old rats after MMS treatment (77). Female Fischer 344
rats of 2 months (young) and 26 months (old) were treated with
1.5 mmol/kg body weight MMS. The numbers of apoptotic
cells for each animal were microscopically determined after in
situ labeling of nuclear DNA fragmentation (TUNEL). Each
determination point is the average of three animals. Bars indi-
cate the standard deviations. The increase in the rate of apopto-
sis in young rats was significant by #-test (**p < 0.001, *p <
0.05).
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served age-related defect in apoptotic response to MMS-in-
duced DNA damage could have important implications for
the capacity of aged individuals to withstand genotoxic stress
from both endogenous and exogenous sources. In this respect,
it is tempting to speculate that decreased apoptotic potential
contributes to the increased incidence of liver cancer in old
rodents (8). Moreover, this age-related down-regulation of
apoptosis provides a potential mechanism for the aforemen-
tioned accelerated increase of genome rearrangements at the
lacZ reporter gene in old mice (23). However, it should be
emphasized that this result could well be tissue-specific, pos-
sibly being characteristic of mitotic tissues, but not postmi-
totic tissues. Indeed, in contrast to liver, no MMS-induced
apoptotic response has been observed in the brain, either at
young or old age ((76); Suh, unpublished results). Moreover,
in contrast to liver, genome rearrangements in brain are infre-
quent at both young and old age (23).

Little is known about the possible molecular signaling de-
fect(s) that might be responsible for the age-related dysfunc-
tion of apoptosis in response to genotoxic damage. Among
the major pathways involved in regulating cellular responses
to genotoxic stress, we have focused on the mitogen-activated
protein kinase (MAPK) signaling pathways. MAPKs play a
critical role in the regulation of cell proliferation, differentia-
tion, and apoptosis. MAPKs comprise a ubiquitous family of
tyrosine/threonine kinases and include extracellular signal-
regulated kinases (ERKs), c-Jun NH,-terminal kinases
(JNKs) and p38 MAPKs (12, 63, 67). The JNKs and p38
MAPKSs are collectively termed the stress-activated protein
kinases (SAPKs) because they are activated by similar stress-
related stimuli (44, 67). DNA damaging agents such as ultra-
violet light, ionizing radiation, 1-B-D-arabinofuranosylcyto-
sine (araC), cis-platinum, mitomycin C, chemotherapeutic
drugs, and alkylating agents are known to activate MAPKSs in
cultured mammalian cell lines (46, 47, 52, 64, 66, 71). Acti-
vation of ERKSs has been primarily implicated in cell prolifer-
ation and survival, whereas activation of SAPKs is involved
in growth arrest and apoptosis (12, 67).

Recently, we have shown no significant changes in activa-
tion of ERKs after MMS treatment in the liver of young ani-
mals, whereas MMS strongly induces activation of both ERK
isoforms in the liver of old animals (Suh et al., unpublished
results). We suggest that activation of ERKs in the liver of old
but not young rats after MMS treatment may play a role in
downregulation of apoptosis and increased carcinogenesis at
old age by inducing survival and proliferation of cells with
MMS-damaged DNA. Because aging did not significantly
alter INK signaling pathways in the liver (74), we hypothe-
sized that the balance between survival (ERK) and death
(JNK and p38) signaling pathways may be critical in deter-
mining cellular fate, and that MMS-induced differential acti-
vation of each MAPK pathway ultimately determines the
functional outcome (74, 75) (Fig. 4). The age-related changes
in MMS-induced activation of MAPKs may shift the balance
toward survival and proliferation. Maintaining apoptosis rates
in an organ as the liver, exposed to progressively increasing
ROS levels, would protect genome integrity, but they would
undoubtedly do so at the cost of an acute loss of organ capac-
ity. While an age-related increase in liver cancer has been
documented in rodents (8), it is not a major cause of death,
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unless some upstream defense mechanism, such as DNA re-
pair or antioxidant defense are defective (see below). It is
therefore expected that a more general decline in organ ca-
pacity due to the progressive increase of cells harboring a
structurally compromised genome is preferred over a more
acute loss of organ capacity.

With respect to aging, apoptosis should be considered as a
double-edged sword, acting in a cell type-specific manner.
While diminished responses to cell death signaling in prolif-
erative tissues would lead to accumulation of damaged cells
that could be a significant factor in the development of can-
cer, increased rates of apoptosis in postmitotic cells, such as
neurons, could contribute to functional decline of organs due
to excessive cell loss (75). Indeed, increased apoptosis is
known to contribute to age-related pathologies in postmitotic
tissues, such as brain (57). High levels of apoptosis in an
organ as the liver would protect against cancer, but possibly at
the cost of dramatic losses of liver capacity. In this zero sum
game, it is ironic that increased apoptosis may provide in-
creased protection against cancer, a major age-related dis-
ease, but only at the cost of accelerating many other signs and
symptoms of aging. For the organism to survive, lost cells
must be replaced. The rate of cell loss and the rate of renewal
will determine the normal tissue function. When loss exceeds
replacement, it will lead to a decline in organ function and ul-
timately organ failure. Therefore, adult mammals require ex-
tensive proliferation and tissue replacement to survive over
longer periods of time. Recent evidence has identified signif-
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icant capacities for repair and regeneration even in organs
once thought to be postmitotic such as the pancreatic islets
and the brain (73).

CANCER AND AGING: IMBALANCE
BETWEEN CELL SURVIVAL AND
CELL DEATH

Recently a number of mutant mice harboring specific de-
fects in one or more DNA repair or genome maintenance
pathways has been shown to display multiple phenotypes of
accelerated aging (37, 55). There is evidence that in most of
these models there is an imbalance between genome mainte-
nance, which is diminished, and apoptosis or cellular senes-
cence, which are accelerated. We will discuss two of the best
described models to illustrate how the zero sum game of
aging, maintaining the balance between genomic integrity
and cell functional mass, can quickly acquire new standards
upon interference in the species’ genetic make-up. The first
model is a mouse harboring a hypomorphic mutation in a
gene participating in both transcription and repair. The sec-
ond involves a mouse with a defect in double-strand break
repair.

DNA repair and transcription

Transcription of genes occurs regardless of the cell’s pro-
liferative status and during all phases of the cell cycle, except
during mitosis when transcription is suppressed due to the
condensation of chromatin. Compared to replication, which
takes place only in proliferating cells and only during S-phase
of the cell cycle, the transcription machinery renders itself
easy access to scan DNA integrity and to monitor the levels
of DNA damage. Therefore, transcription is increasingly rec-
ognized as a damage dosimeter, where the severity of dam-
age, the ability to remove the lesions and the kinetics of
mRNA synthesis recovery determine whether the cell lives or
dies (53, 59).

DNA lesions blocking transcription can have severe conse-
quences for the cell through the induction of apoptosis. Tran-
scription-coupled repair (TCR) is a specialized form of re-
pair, removing transcription blocking lesions in currently
active genes. Cells from patients with defects in TCR have
defects not only in the recovery of RNA synthesis following
UV-irradiation, but also in general transcription (6, 53). Ex-
posure studies have indicated the link between the deficiency
of TCR and the efficiency of apoptosis. For example, human
fibroblasts that are deficient in the removal of transcription
blocking lesions were shown to be more susceptible to induc-
tion of p53 and apoptosis after treatment with DNA damaging
agents, compared to their TCR-proficient counterparts (2,
84). Moreover, the triggering mechanism for p53 accumula-
tion and apoptosis in response to genotoxic stress was depen-
dent upon persistent lesions specifically in the transcribed
strand of active genes (26, 54, 92). These results suggest that
blockage of transcription might be involved in p53 signaling
and in the induction of apoptosis. Similarly, in mouse models
with defects in TCR, the development of sunburn as a result
of apoptosis occurs at much lower doses of UV light than in
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wild type littermates (7, 14—17), although the level of sponta-
neous apoptosis in these mice has not been determined.

The XPD gene encodes the 5’ to 3" DNA helicase subunit
of basal transcription factor TFIIH, which is involved in
TCR, but also in global genome nucleotide excision repair
(GG-NER), which mainly removes helix-distorting types of
DNA lesions from the genome overall (38). Complete inacti-
vation of the XPD helicase is not viable in the mouse or in
cells. Mutations in this gene in humans can cause tricho-
thiodystrophy, a segmental progeroid syndrome, resembling
Cockayne syndrome, which is much better known. Mice car-
rying a TTD type of mutation (Arg722Trp) in the XPD gene
revealed a striking correspondence with the complex
pleiotropic human phenotype (17). This includes the hall-
mark of the disorder, reduction of hair-specific cysteine-rich
matrix proteins resulting in brittle hair, as well as growth
delay, reduced fertility and lifespan, skin abnormalities, UV
sensitivity, and a partial NER deficiency. At the level of
DNA repair the XPDTTP mutation causes a partial defect in
both GG-NER and TCR. In contrast to human TTD, XpdTT>
animals display a mild UV-induced skin cancer predisposi-
tion, which may be attributed to the inability of rodents to re-
pair certain types of UV-induced DNA lesions by global
genome repair.

A systematic life span study of XPDTTD animals, in com-
parison with littermate controls, revealed a host of premature
aging phenotypes, on top of the TTD features (14). Due to the
defect in GG-NER, the XPDTTP cells can be expected to suf-
fer from increased DNA damage in their global genome,
which can lead to increased genomic instability and mutation,
a risk factor of malignant transformation. On the other hand,
due to the defect in TCR and general transcription, the
XPDTID cells are prone to apoptosis through signals mediated
by the stalled RNA polymerase II at the lesion (69, 85), which
may counterbalance the effect on increased mutation loads by
removing damaged cells. Indeed, it is conceivable that while
the about 30% remaining GG-NER activity would be able to
sufficiently suppress mutations, the combined defect in TCR
and transcription may shift the balance towards apoptosis, a
condition promoting aging.

We investigated the impact of the Xpd mutation on the
physiology of liver, the central metabolic organ of the body
and a major target organ of oxidative DNA damage, and dem-
onstrated a strong induction of apoptotic cells as compared to
the wild type controls (Table 1; Suh et al., unpublished obser-
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vations). It is possible that the increased apoptosis underlies
some forms of age-related phenotypes observed in the
XPDTT0 mouse (i.e. reduced body weight and the reduced in-
cidence of cancer). Indeed, after crossing these mice with the
lacZ-reporter mice no evidence for increased genomic insta-
bility was observed (93). This was in contrast to a mouse
model with a completely inactivated nucleotide excision re-
pair system, that is, Xpa null mice (19), in which mutations
were found to accumulate substantially more rapidly than in
the controls (32). This increase in mutation accumulation in-
volved only point mutations; genome rearrangements were
not or hardly affected (93). The increased mutation accumula-
tion in liver of the Xpa mutants was accompanied by a slight
increase in apoptosis, but much less severe than in the Xpd
animals (Table 1) (Suh ef al., unpublished results). Taken to-
gether, these results suggest that the tumor suppression facili-
tated by a strong increase in the apoptotic response outweighs
the contribution of a repair defect to genomic instability in
the XPDTTD mice. Clearly, the imbalance between cell sur-
vival and elimination caused by the genetic defect alters the
rules of the zero sum game and is the most likely cause of the
premature aging phenotype in these animals.

DNA repair of DNA double-strand breaks

Double-strand breaks in DNA are highly toxic lesions that
can be created through a variety of mechanisms, including ef-
fects of reactive oxygen species. Double-strand breaks are re-
paired by either of two mechanistically distinct DNA repair
pathways, homologous recombination (HR) or nonhomolo-
gous end-joining (NHEJ) (83). A key factor of DSB repair by
NHEJ is the DNA end-binding Ku70/Ku80 heterodimer. Mice
harboring a null mutation in the Ku80 gene have a signifi-
cantly shorter life span and display a range of premature
aging phenotypes (89), many of which overlap with the Xpd
mutant mice discussed above.

While in the XPDT™ mice the dramatic premature aging
phenotype is mainly caused by the transcription defects (the
nucleotide excision repair process itself cannot be very im-
portant in aging in view of the lack of a premature aging phe-
notype of the Xpa null mice), the importance of the Ku80
mice lies in the critical process of NHEJ. Indeed, in view of
the importance of ROS as a main causal factor in aging,
double-strand breaks are expected to be prominent among the
DNA lesions naturally accumulating with age. Also in this

TABLE 1.  GENOMIC INSTABILITY, APOPTOSIS, CANCER, AND AGING
Mouse Genomic Cancer Premature
model Defective function instability Apoptosis  predisposition aging
XpdITO/TID TCR, Transcription - +++ l )
Ku80-/~  NHEJ of DSBs + +— l T
Xpa—/~  NER + + T 0
Sod-/~ Antioxidant defense +++ + ™7 T

DSB, double strand break; NER, nucleotide excision repair; NHEJ, nonhomologous end joining;

TCR, transcription coupled repair.
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mutant mouse we observed an increased apoptosis rate in
liver, but substantially less dramatic as in the XPDTTD mouse
(Table 1). However, in this case also an increase in genomic
instability at the lacZ reporter locus was observed (Table 1).
In contrast to the Xpa null mice, in which mainly point muta-
tions were found to increase with age, the genomic instability
in the Ku80 mutant exclusively involved genome rearrange-
ments (22) (Busuttil et al., unpublished results). Moreover, in
contrast to the XPDTTD mice, cells from Ku80 mutant mice
also display increased cellular senescence (89). Hence, in this
case accelerated aging is also a consequence of an imbalance
between survival and apoptosis, but caused by the genomic
instability itself rather than interference in transcription.

Assuming that ROS are the main driving force of the in-
creased DNA damage that becomes fatal to these mutants due
to their defects in DNA repair, genetic defects in antioxidant
defense could likely result in a similar premature aging phe-
notype. This does not appear to be the case. For example,
mice that are deficient in CuZn superoxide dismutase un-
dergo persistent and widespread oxidative DNA damage,
have a reduced life span and undergo hepatocarcinogenesis
later in life (27). Mild symptoms of premature aging have
been observed in this mouse model (Huang, personal commu-
nication).

Interestingly, after crossing the SOD1-defective mice with
the lacZ reporter mice, a highly elevated mutation frequency
in liver as compared to control mice, was already observed as
early as 2 months of age (Table 1) (94). Like in the Xpa mu-
tant mice, which also show an increased incidence of liver
cancer at old age (18), most of these mutations were point
mutations. In the SOD1 null mouse virtually all point muta-
tions were GC to AT transitions and GC to TA transversions,
signature mutations of oxidative damage. Apoptosis rate in
liver was slightly increased (Table 1) (94).

A general conclusion that can be drawn from the examples
presented is that imbalance towards apoptosis leads to prema-
ture aging, especially if another DNA damage response, cellu-
lar senescence, is also elevated. This can happen without any
observable increase in mutation rate, but it can also be driven
by increased genome rearrangements, as in the Ku80 mouse
model. In fact, other DNA repair defective mouse models, in-
cluding the BRCA1 defective hypomorph (10) and the com-
bined Atm/Terc and Wrn/Terc deficient mice, also display ac-
celerated aging in the presence of increased apoptosis and
gross chromosomal alterations (11, 91). These examples dem-
onstrate that re-writing the rules of the zero sum game of
aging, by altering the balance between cell survival and cell
elimination, can greatly accelerate senescent changes in organs
and tissues.

GENERAL DISCUSSION
AND FUTURE PROSPECTS

In the presence of proficient genome maintenance sys-
tems, aging depends on a delicate balance between cell sur-
vival and cell elimination. Since genome maintenance is
never perfect and damage in biological macromolecules accu-
mulates at relentless pace, cell elimination is an attractive op-
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tion, especially at young age, to prevent cancer depending on
the cellular context of organ or tissue. High levels of apopto-
sis in an organ as the liver would protect against cancer, but
possibly at the cost of dramatic losses of liver capacity. To
maintain biological stability, redundancy has possibly
emerged as a major mechanism during evolution. Indeed, al-
though an age-related increase in liver cancer has been docu-
mented in rodents (8), it certainly is not a major cause of
death. At old age, the balance may shift towards cell survival,
which could be important to maintain liver function at the
cost of increased cancer risk. In the zero sum game of aging,
whichever option will be selected, one necessarily goes at the
cost of the other with organ dysfunction as the inevitable re-
sult. We have schematically depicted this quandary of the
aging cell in Figure 5.

As we have shown, genetic defects in a cell’s repertoire of
genome maintenance systems often result in premature aging
phenotypes and a reduced lifespan. In practically all these
cases the accelerated aging phenotypes appear to be due to
premature organ dysfunction as a consequence of increased
cellular responses to the genetic defects, which may involve
accelerated accumulation of DNA damage. This imbalance is
indicated in Figure 5. In these DNA repair-deficient mouse
models, accelerated aging is likely to result from a shift in the
zero sum game of aging towards cell elimination. Indeed, in
these mouse models p53 is often constitutively activated, a
situation that is now considered as a pro-aging state (95). An
accelerated loss of functional cells leading to organ dysfunc-
tion in these mouse models is a likely explanation for the ob-
served premature aging symptoms, such as osteoporosis, at-
rophic skin, hypogonadism, muscle atrophy, and anemia (96).
It should be noted that organ dysfunction during normal
aging could be due to an increased number of cells harboring
functional defects; while in the accelerated aging mice it is
likely the loss of functional cells that causes the problem. The
difference would be due to a change in the rules of the zero
sum game of aging caused by altering the genetic make-up of
the organism.

Is it possible to intervene in a manner so as to reset the en-
tire balance between cell survival and cell death in a way that
delays aging of a species? There are obviously large differ-
ences in natural lifespan between species, which are likely
due to differences in somatic maintenance. However, inter-
ventions in the processes that interface at the cell’s eventual
decision level between survival and death are likely to cause
side effects, the consequences of which are difficult to pre-
dict. Still, evidence has emerged that lifespan—within a
species—is more flexible than previously thought. Genetic
mutations downregulating activities of growth, reproduction,
or nutrient sensing have now been demonstrated to signifi-
cantly increase longevity in a wide range of multicellular or-
ganisms, from nematodes to mice (88). There is evidence that
the mechanism of such life extension involves interference in
the generation of somatic damage, the upregulation of mech-
anisms that protect against such damage, or both. Some po-
tential master regulators of the seemingly orchestrated upreg-
ulation of cellular defense have been identified, including the
forkhead/winged helix transcription factor FOXO (DAF-16
in nematodes) and the NAD-dependent histone deacetylase
SIRT1 (Sir2 in yeast, in which it was originally identified)
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FIG. 5. Consequences of imbalance between cell survival and death: cancer or aging. Cellular responses are triggered by
DNA damage, including DNA repair, cell cycle checkpoints, and apoptosis. Defects in DNA repair and cell cycle checkpoints re-
sult in genomics instability, a condition promoting cancer. DNA damage signaling induces apoptosis when DNA damage is too
severe or in response to cytotoxic lesions (i.e., replication- or transcription-blocking lesions), leading to the death of damaged
cells, a condition promoting organ-degenerative aspects of aging. Any changes in homeostatic balance between cell survival and
death will manifest as phenotypic consequences. The continuous balance between maintaining phenotypic integrity and cell func-

tional mass during aging is essentially a zero sum game.

(55). It has been demonstrated that SIRT1 is capable of
deacetylating FOXO, increase its ability to induce cell cycle
arrest, raise its resistance to oxidative stress, but inhibit its
ability to induce cell death (62). This suggests that there may
be pathways that can downregulate cellular responses against
somatic damage without uprooting the cell’s genome in-
tegrity. Interestingly, we recently demonstrated decreased ge-
nomic instability at the lacZ reporter locus in Ames dwarf
mice, harboring a mutation that greatly reduces growth hor-
mone levels and downregulates insulin signaling, similar to
the longevity mutants in worms and flies (Garcia et al., un-
published observations). These animals live 40% longer, pos-
sibly also due to a general upregulation of cellular defense
systems. Hence, based on our increased insight in such mech-
anisms we may once succeed in beating the zero sum game of
aging, by resetting the balance to the advantage of cell sur-
vival at no cost for genomic integrity.
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