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Abstract

Aging is a pleiotropic and stochastic process influenced by both genetics and environment. As a
result the fundamental underlying causes of aging are controversial and likely diverse. Genome
maintenance and in particular the repair of DNA damage is critical to ensure longevity needed for
reproduction and as a consequence imperfections or defects in maintaining the genome may
contribute to aging. There are many forms of DNA damage with double-strand breaks (DSBs) being
the most toxic. Here we discuss DNA DSBs as a potential causative factor for aging including factors
that generate DNA DSBs, pathways that repair DNA DSBs, consequences of faulty or failed DSB
repair and how these consequences may lead to age-dependent decline in fitness. At the end we
compare mouse models of premature aging that are defective for repairing either DSBs or UV light-
induced lesions. Based on these comparisons we believe the basic mechanisms responsible for their
aging phenotypes are fundamentally different demonstrating the complex and pleiotropic nature of
this process.

1. Introduction

For mammals, aging is the time-dependent deterioration of an individual that decreases fitness
and ultimately causes death and is caused by many factors that are influenced by both genetics
and environment. Aging is not greatly influenced by natural selection since evolutionary
pressure subsides once the individual has lived long enough for procreation (Kirkwood,
2002). Thus, aging is subject to little regulation making the aging process appear highly
variable, stochastic and pleiotropic. As a result age-related decline is subject to a large number
of potential influences and identifying these influences can be difficult and controversial. One
potential aging target is nuclear DNA since it is a permanent blueprint that controls cellular
processes. Thus, DNA replication and genome maintenance mechanisms are highly regulated
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to ensure faithful reproduction and maintenance of the blueprint and these pathways assure
sufficient longevity for procreation and survival of the species. There are many of these
longevity assurance mechanisms that are necessary to maintain this blueprint and imperfections
in any of them can cause lasting changes called mutations. Therefore, aging may be a
consequence of imperfect longevity assurance mechanisms designed to protect the genome
from damage and to prevent the accumulation of mutations. The most deleterious damage to
DNA is a DSB; thus, presenting the intriguing possibility that imperfections or defects in DSB
repair pathways contribute to the aging process.

that generate DNA DSBs

There are two general types of DNA damage: single-strand DNA (ssDNA) and double-strand
DNA (dsDNA) lesions. ssDNA lesions include base lesions, intrastrand crosslinks and single-
strand breaks (SSBs) while dsDNA lesions include DSBs and interstrand crosslinks (ICLS).
Therefore, a wide range of DNA lesions exist and any of them may contribute to the aging
process, but DSBs and ICLs are much more toxic than ssSDNA lesions because they are
incompatible with DNA replication (Bessho, 2003). A replication fork will stall and may
collapse when encountering a DSB, a catastrophic event that can lead to translocations, death
or senescence (Michel et al., 2007). During mitosis DSBs can lead to cancer-causing instability
(Lobrich and Jeggo, 2007). In addition, faulty repair of DSBs can lead to genomic
rearrangements that are incompatible with mitosis. For example, a rearrangement that that joins
two centromeres into a single chromosome (called a dicentric) will be torn apart during mitosis.

Agents that cause DNA breaks may come from endogenous and exogenous sources. Common
endogenous agents are reactive oxygen species (ROS), by-products of oxygen metabolism that
are produced in the mitochondria and peroxisomes. ROS include superoxide, hydrogen
peroxide and hydroxy radicals and are important for multiple biological processes that include
cell signaling (Valko et al., 2007). However, ROS are highly reactive due to unpaired electrons
that can react with biomolecules including DNA. These reactions may cause a wide range of
genetic damage (Friedberg et al., 1995), mostly base lesions and DNA single-strand breaks
(SSBs) but also an occasional DSB. Exogenous sources also give rise to many agents that cause
genetic damage including DNA DSBs. These agents are everywhere from water, air and soil
and may be both natural and man made (White, 2007). Some well known exogenous agents
include anti-cancer chemotherapeutics (Wyrobek et al., 2005), cigarette smoke (Wu et al.,
2004) and ionizing radiation (Benkhaled et al., 2007; Lucas, 1998). In addition to agent-induced
genetic damage, DSBs may occur as a consequence of closely aligned SSBs on complementary
DNA strands, intermediates of DNA repair, eroded telomeres and replication errors. For
example H,O, commonly causes thymidine glycols that may lead to DSBs at a replication
fork. In addition, DSBs may be generated by site-specific endonucleases important for
developmental programs like DSBs induced by the Rag heterodimer (composed of Rag-1 and
Rag-2) in lymphocyte precursors. Rag-1 and Rag-2 expression is largely restricted to
developing T and B lymphocytes (Yamamoto et al., 1992) and Rag induces a DSB at the
recombination signal sequences to initiate V/(D)J [Variable(Diverse)Joining] recombination
for assembling antigen receptor genes (Lieber et al., 2004). Rag is also capable of generating
multiple nicks at non-B DNA structures at the major breakpoint region in the Bcl-2 gene
(Raghavan etal., 2005; Raghavan et al., 2004). Thus, DNA DSBs may come from many sources
and are inescapable; therefore, pathways must exist to repair them to ensure longevity.

3. Pathways that repair or suppress DNA DSBs

DNA repair pathways correct DNA lesions to prevent mutations and preserve genomic integrity
(Hoeijmakers, 2001). These pathways are regarded as longevity assurance mechanisms
important for suppressing tumor-causing mutations. Specific pathways are specialized for
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repairing specific damage, even though there is some functional overlap. For example, a variety
of excision repair pathways correct sSDNA lesions including BER (Almeida and Sobol,
2007; Barnes and Lindahl, 2004), nucleotide excision repair (NER) (de Boer and Hoeijmakers,
2000) and mismatch repair (MMR) (Kolodner and Marsischky, 1999). Of these, BER is
prominent for repairing ROS-induced DNA damage, NER is important for repairing UV light-
induced lesions and MMR is critical for postreplication repair. The major pathways that repair
DNA DSBs are homologous recombination (HR) and nonhomologous end joining (NHEJ).
HR is an error free pathway that utilizes the sister chromatid as a template during S/G, phase
(West, 2003) while NHEJ is considered to be an error prone pathway that joins ends together
without a template and functions during both G; and S phases (Lieber et al., 2003). Both
pathways are frequently used in mammalian cells (Jasin, 2000) and disruption of either leads
to gross chromosomal rearrangements (GCRs) that may cause cancer (Hoeijmakers, 2001) and
perhaps aging (Hasty et al., 2003; Lombard et al., 2005; Vijg and Dolle, 2002). In addition,
telomere length maintenance ensures chromosomal ends do not become open DSBs. These
pathways are critical for ensuring sufficient health span for reproduction. Some data shows
they decline as mammals age suggesting a causal factor for aging (Gorbunova et al., 2007).
For this review, we focus on pathways that repair or suppress DNA DSBs: HR, NHEJ and
telomere maintenance.

HR repairs DNA DSBs by using ahomologous template to ensure fidelity; therefore, HR occurs
primarily during S or G, (West, 2003). There are many proteins required for efficient HR and
many more that influence its function. Central to HR is Rad51, a homolog to the prokaryotic
recombination protein, RecA. The ends of a DSB are resected to expose single strands and
Rad51 forms a nucleoprotein filament on these strands to induce invasion to a homologous
template usually provided by the sister chromatid but potentially provided by either the
homologous chromosome or by a repeat on the same or different chromosome. Invading strands
serve as primers for DNA replication and subsequent intermediates may be resolved in a
noncrossover plane such that the DSB is repaired without recombination or in a crossover plane
such that the DSB is repaired in addition to recombination (Fig. 1). While HR repairs DNA
DSBs with fidelity, it may also be mutagenic if it occurs between repeats on the same or a
different chromosome to generate inversions, deletions or translocations. In addition, HR
between homologous chromosomes may induce loss of heterozygosity by gene conversion
since the ends are resected and since heteroduplexes are formed (Luo et al., 2000). Thus, HR
must be tightly monitored to prevent these mutations. Thus, it is possible an age-related decline
in this regulation contributes to aging.

There is some evidence that HR regulation changes with age. For example, the Drosophila
male germline shows an age-dependent increase in HR. However, there is little evidence for
increased or decreased HR in mammals probably because the majority of cells in an adult
mammal are postmitotic and HR does not function in Gp/G1 cells. Yet, the levels of nonallelic
homologous recombination appear to increase with age since rearrangements in human blood
cells are elevated from newborns to adults (Flores et al., 2007). Thus, it is possible these
rearrangements accumulate with age due to diminished HR regulation.

NHEJ repairs DNA DSBs by joining open ends together without the aid of a homologous
template and can therefore occur during G, in addition to S phase. In mammals, at least seven
proteins are required: Ku70, Ku80, DNA-PKcs, Artemis, Xrcc4, DNA Ligase IV (Lig4) and
Xrccd-like factor (Lieber etal., 2004). Ku70 and Ku80 form a heterodimer called Ku that binds
to DNA ends (Walker et al., 2001) and together with a PI-3 kinase catalytic subunit, DNA-
PKcs, forms aholoenzyme referred to as DNA-PK (DNA dependent — protein kinase). Artemis
opens hairpins and processes overhangs in a complex with DNA-PK¢g and these ends are
ligated by the Xrcc4-Lig4 heterodimer in a complex with Xrcc4-like factor (Ahnesorg et al.,
2006; Buck et al., 2006). Mice deleted for Ku or Xrcc4/Lig4 exhibit phenotypes that result
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from defective repair of DNA DSBs such as hypersensitivity to clastogenic agents and GCRs
(Ferguson et al., 2000; Gu et al., 1997; Lim et al., 2000; Nussenzweig et al., 1996). NHEJ also
repairs the DSBs formed during the assembly of V(D)J [Variable(Diverse)Joining] segments
of antigen receptor genes; thus, NHEJ-deletion causes failed lymphocyte development
resulting in severe combined immunodeficiency (scid).

There is evidence that NHEJ functionally declines with age suggesting a process that limits
life span and contributes to aging (Gorbunova et al., 2007). As rats age Ku levels diminish in
the testis and Ku70 or Ku80 levels are differentially expressed in various tissues (Um et al.,
2003). Similarly as humans age, Ku nuclear localization and DNA binding is impaired in blood
mononuclear cells (Doria et al., 2004; Frasca et al., 1999) and Ku70, but not Ku80, levels
decline in lymphocytes (Ju et al., 2006). By correlation, Ku levels decline and their cellular
distribution is altered as human fibroblasts approach senescence (Seluanov et al., 2007b). In
keeping with these results, NHEJ function declines in the brains of aging rats (Ren and de
Ortiz, 2002; Vyjayanti and Rao, 2006) and in Alzheimer's patients (Shackelford, 2006) and
becomes less efficient and more error-prone in senescent cells (Seluanov et al., 2004). Thus,
NHEJ declines with age supporting the possibility that defective NHEJ will lead to early aging.

Telomeres are important structures that cap and maintain chromosome ends by forming higher
order structures called telomeric loops (de Lange, 2002). This cap is composed of many
TTAGGG repeats that end in a single-stranded overhang used by a telomere-specific enzyme,
telomerase, as a template to extend and maintain telomere length. This means the natural ends
of chromosomes are not the same as DNA DSBs. However, when telomeres erode the
chromosomal end is much like a DSB and available for end joining by NHEJ such that
chromosomes can become fused together (Artandi et al., 2000; Chin et al., 1999). Similar to
HR, telomerase is important for proliferating cells and telomerase activity is restricted to only
a few cells in an adult, the germ cells and stem cells (Flores et al., 2006); thus, telomerase can
only impact these cell types with age. Importantly, telomerase activity is insufficient to protect
telomeres in stem cells suggesting that tissue renewal can become compromised with age due
to eroded telomeres that may appear as DSBs.

Some species, but not all, express telomerase at very low levels in quiescent somatic cells in
the adult permitting speculation that low telomerase levels may be important for determining
the health of quiescent cells with age. However, telomerase expression may also promote
cancer by enabling cellular proliferation since eroded telomeres induce anti-tumor responses
that either kill the cell or stop proliferation. Recent data show telomerase levels in quiescent
somatic cells are inversely proportional to species body mass with no correlation to life span
(Seluanov et al., 2007a). Thus, the larger the body mass the less telomerase is expressed in
adult quiescent cells indicating that extra measures are needed to prevent cancer for species of
increased body mass. This is likely the reason somatic cells express low levels of telomerase
in mice but not humans. Therefore, human somatic cells that express low telomerase levels are
cancer prone.

Besides telomerase, there are many proteins needed to maintain telomeres including the NHEJ
proteins Ku70, Ku80 and DNA-PKs. These NHEJ proteins are proposed to maintain
telomeres since they associate with telomeres (d'Adda di Fagagna et al., 2001; Hsu et al.,
1999), suppress telomere fusions (Bailey et al., 1999; Hsu et al., 2000; Li et al., 2007; Samper
et al., 2000) and impact telomere length maintenance (d'Adda di Fagagna et al., 2001; Espejel
etal., 2002). Thus, Ku70, Ku80 and DNA-PK g are important for both DSB repair and telomere
maintenance. Since these protein levels decline with age it is possible that telomere
maintenance, as well as NHEJ, undergoes an age-dependent decline.
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4. Accumulation of damage/mutations

Increasing evidence demonstrates that DNA damage and mutations accumulate with age in
mice and humans including the type of damage/mutations that result from imperfect DSB
repair. For example unrepaired DNA DSBs (Sedelnikova et al., 2004) and GCRs (Dolle et al.,
1997) accumulate in a variety of tissues as mice age. In addition, GCRs (both spontaneous and
H»0, induced) appear in replicating and quiescent cells while point mutations (both
spontaneous and UV-induced) are highly replication-dependent (Busulttil et al., 2007a; Busuttil
et al., 2007b). These data suggest that GCRs, unlike small mutations, are not influenced by
DNA replication suggesting that DSBs and GCRs could be more important for age-related
decline since most cells are postmitotic in adult mammals. Naturally, accumulation of both
point mutations and GCRs could be important for aging stem cells.

Interestingly, in human and mouse cells (lymphocytes, kidneys, liver, skin) the frequency of
chromosomal aberrations (Crowley and Curtis, 1963; Li et al., 2007; Martin et al., 1985;
Ramsey et al., 1995; Tucker et al., 1999), as well as mutations at the HPRT locus (Dempsey
etal., 1993; Jones et al., 1995a), increases with age as a function of their life span rather than
chronological time. This suggests that age-dependent mutation accumulation is related to the
rate of aging and could be a function of repair capacity (Hart and Setlow, 1974). Indeed,
mutation accumulation at HPRT has been found to accelerate in a mouse model of premature
aging (Odagiri et al., 1998) and decelerate in mice whose life span is extended by caloric
restriction (Dempsey et al., 1993). Deletion of either Ku70 or Ku80 causes early aging and
cells derived from these mice show an early onset of chromosomal aberrations that also increase
in control mice with age (Li et al., 2007). Thus, DNA damage and mutations increase as a
function of biological age (not chronological time) suggesting that genetic damage and
mutations contribute to aging.

5. DNA damage defective mammalian models of aging

A number of premature aging syndromes have been described in humans called segmental
progeroid syndromes. These syndromes are called segmental since they display only a subset
of age-related pathologies and were described based on clinical observations. Therefore, it is
striking that most of them result from defective chromosomal metabolism. A complete
description of these syndromes and their phenotypes has been provided (Bohr, 2002).

The best-known segmental progeroid syndrome is Werner's syndrome (WS) (Goto et al.,
1997). An inactivating mutation in WRN, a homolog of the E. coli RECQ gene, causes WS
(Yuetal., 1996). WRN is both a 3'>5’ DNA helicase and a 3'—5’ DNA exonuclease (Huang
etal., 1998) and is likely important for several DNA metabolic pathways including replication
and repair including homologous recombination (Otterlei et al., 2006). Cells deficient in WRN
exhibit genetic instability that includes large chromosomal deletions suggesting a defect in
DSB repair. Individuals with WS develop, two to three decades prematurely, atrophic skin,
thin gray hair, osteoporosis, type Il diabetes, cataracts, arteriosclerosis, and cancer.
Interestingly, about half the cancers are mesenchymal in origin, in contrast to cancers that
develop in normal individuals, of which 90% are epithelial in origin. WS individuals typically
die in the fifth decade of life, primarily of cardiovascular disease or cancer. There are five
RECQ-like genes in mammals. All encode 3'—5’ DNA helicases, and at least three, WRN,
RTS (Rothmund Thomson syndrome) and BLM (Bloom syndrome gene) are associated with
premature aging and/or cancer prone syndromes in humans (Mohaghegh and Hickson, 2001).

A variety of genetically altered mice have also been described with early aging phenotypes
(Hasty et al., 2003; Lombard et al., 2005). Many of these mice were originally generated in an
attempt to better understand cancer predisposition and like in humans are defective for DNA
repair. These DNA repair pathways include those that repair double-stranded lesions: HR,
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NHEJ and cross-link repair (CLR). Defects in specific genes that result in premature aging
include Brcal for HR (Cao et al., 2003); Ku80 (Holcomb et al., 2007; VVogel et al., 1999), Ku70
(Li et al., 2007), Xrcc4 (Chao et al., 2006) and DNA-PK s (Espejel et al., 2004b) for NHEJ,
and Erccl and Xpf for CLR (Tian et al., 2004; Weeda et al., 1997). Furthermore, telomere
attrition is similar to a DSB and telomere-defective mice exhibit an aging phenotype, especially
when crossed with Atm-mutant (Wong et al., 2003), Wrn-mutant (Chang et al., 2004; Du et
al., 2004) and NHEJ-mutant mice (Espejel et al., 2004a). Epimutations may also play a role in
aging since a defect in PASG, a SNF-2-like protein that facilitates methylation, induces an
early aging phenotype similar to mice defective for repairing DNA DSBs (Sun et al., 2004).
In addition, histone acetylation may influence the repair of DNA DSBs since Ku80- and DNA
ligase 1V-mutant cells are hypersensitive to a histone deacetylase inhibitor (Yaneva et al.,
2005). Phenotypes for these aging models have been reviewed and will not be discussed in
detail here (Hasty et al., 2003; Hofer et al., 2005; Lombard et al., 2005; Warner and Sierra,
2003). Briefly, there are common phenotypes that include reduced stress resistance, kyphosis,
skin atrophy, skin ulcers, poor wound healing and premature cellular senescence for fibroblasts.
In addition, a variety of these aging models exhibit reduced haematopoietic stem cell function
(Nijnik et al., 2007; Rossi et al., 2007).

6. DNA damage responses and cytotoxicity

DNA damage checkpoints respond to many forms of DNA damage, including DSBs, to
facilitate repair or removal of these lesions (Campisi and d'Adda di Fagagna, 2007). These
checkpoint machineries monitor the genome for problems that adversely affect DNA
replication or mitosis and halt cell cycle progression when such problems are encountered to
allow time for the damage to be repaired. If damage is severe or irreparable, these machineries
engage either cell death (apoptosis) or cellular senescence pathways. The latter is a condition
that refers to the limited proliferation potential (replicative life span) and eventual permanent
arrest exhibited by primary cells in tissue culture (Hayflick, 1965). These responses are anti-
cancer pathways utilizing classical tumor suppressors. Both apoptosis and cellular senescence
occur in response to oxidative stress, DNA damage and telomere erosion (Collado et al.,
2007; Parrinello et al., 2003; Reed, 1999; Sharpless and DePinho, 2007) and are important for
reducing mutations (Busulttil et al., 2003; Collado and Serrano, 2006; Sharpless and DePinho,
2005). DNA damage responses to replication associated DSBs may also induce cellular
senescence to inhibit tumorigenesis (Bartkova et al., 2005; Bartkova et al., 2006; Di Micco et
al., 2006). These same or similar responses may contribute to aging by reducing the population
of healthy cells (Bree et al., 2002; Campisi, 1997; Campisi, 2000; Pelicci, 2004). Therefore,
apoptosis and cellular senescence are important anti-cancer mechanisms needed to ensure
longevity and may contribute to aging by depleting or altering cells with age (Janzen et al.,
2006; von Zglinicki et al., 2005).

It is possible these responses contribute to aging more than the accumulation of DNA damage
and mutations. Evidence for this possibility comes from human and mouse aging models that
display similar phenotypes even though they are defective for different DNA repair pathways.
For example, premature cellular senescence is observed for fibroblasts derived from aging
models defective for NHEJ (Lim et al., 2000), ICL repair (Grillari et al., 2007) or telomere
maintenance (Chin et al., 1999). Furthermore, NHEJ suppresses premature cellular senescence
and apoptosis caused by exposure to a histone deacetylase inhibitor (Yaneva et al., 2005). This
likely occurs since the status of histone acetylation influences the repair of DNA DSBs in
Saccharomyces cerevisiae (Choy and Kron, 2002) (Jazayeri et al., 2004) and possibly
mammals (Ikura et al., 2000). Elevated responses are also observed in aging models that are
defective for aspects of DNA metabolism not directly involved in repairing dSDNA lesions.
For example, apoptosis is elevated for early aging mice expressing a defective mitochondrial
DNA polymerase (Kujoth et al., 2006). In addition, premature cellular senescence along with
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elevated levels of the cell cycle regulator p16'NK4a occur in early aging mice defective for a
SNF2-like factor that facilitates DNA methylation called PASG (Sun et al., 2004). Thus,
defects in any one of a number of genome integrity pathways may cause a similar aging
phenotype suggesting that responses common to a diverse range of DNA conditions can cause
premature ageing.

Even though deficits in diverse DNA repair pathways increase various types of DNA damage,
cellular responses to these different types of damage have a similar outcome; that is, they induce
either apoptosis or cellular senescence. The question is do these responses normally contribute
to aging? Some evidence analyzing the tumor suppressor p53, suggests they do not. p53 is well
known for inducing checkpoints in response DNA damage that can lead to either apoptosis or
cellular senescence (Meek, 2004). Complete deletion of p53 function enhances tumor
susceptibility and reduces longevity in mice (Donehower et al., 1992) while overexpression of
full-length p53 genomic sequences from a BAC lowers cancer incidence but does not influence
aging (Garcia-Cao et al., 2002) and overexpression of Arf/p53 extends life span by improving
cancer resistance (Matheu et al., 2007). In addition, mice with constitutively high p53 caused
by reduced MDM2 are resistant to tumor formation but do not exhibit early aging (Mendrysa
et al., 2006). Thus, overexpression of p53 reduces cancer without negatively impacting life
span or accelerating aging.

However, other data suggests that overexpression of tumor suppressors is toxic supporting the
hypothesis that cellular responses designed to prevent cancer-causing mutations contribute to
aging (Bree et al., 2002; Campisi, 2000; Pelicci, 2004). Strangely enough, support for this
hypothesis also comes from p53. Studies show that p53 levels influence cellular replication
capacity since p53-deletion increases replicative potential (Harvey et al., 1993) while p53
overexpression decreases replicative potential and promotes cellular senescence (Sugrue etal.,
1997). In fact diminished negative regulation of p53 is extremely toxic since deletion of a p53
negative regulator, MDM2 or MDM4, is embryonic lethal and this lethality is rescued by
deletion of p53 (Jones et al., 1995b; Montes de Oca Luna et al., 1995; Parant et al., 2001). The
role p53 dosage plays in aging is most clearly shown for Brcal-mutant mice because their early
aging phenotype is only seen in a p53-heterozygous mutant background (Cao et al., 2003). In
a p53 wild type background Brcal-defective mice die early during embryogenesis while in a
p53-homozygous mutant background they exhibit a high cancer incidence (Xu et al., 2001).
Furthermore, p53 is required for premature replicative senescence and low tumor incidence
associated with Ku80-deletion (Holcomb et al., 2006; Lim et al., 2000) and for the adverse
cellular and organismal problems and low cancer incidence associated with telomere erosion
(Chin et al., 1999). These observations suggest conditions that initiate a p53-dependent
checkpoint, like DNA damage, induce cell cycle arrest that may ultimately result in apoptosis
or cellular senescence, especially if the DNA damage persists. Therefore, p53 activity may be
mildly increased in DNA repair deficient humans and mice that exhibit precocious aging.

In human, the p53 gene encodes a variety of isoforms that are expressed in a tissue-specific
manner (Bourdon et al., 2005) and the ratio of these isoforms may contribute to cancer
prevention and aging. To support a role for isoforms in cancer prevention, variable expression
of these isoforms is observed in breast tumor compared to normal breast. These isoforms may
be important for DNA damage responses since at least one human-specific isoform is essential
for the ATR-intra-S phase checkpoint in response to DNA damage (Rohaly et al., 2005). Some
of these isoforms may be important for aging as suggested by two mouse models that express
N-terminally truncated p53 (Maier et al., 2004; Tyner et al., 2002). Both models exhibit
increased cancer resistance but decreased life span accompanied by an early onset of aging
phenotypes similar to the DNA repair deficient mice. One of these models expresses an
artificial C-terminal p53 fragment called the M protein (Tyner et al., 2002) while the other
expresses a naturally produced isoform called p44 (mouse) or A40p53 (human) (Maier et al.,
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2004)(Scrable et al., 2005). For both mouse models full-length p53, in combination with the
N-terminal deleted p53, is required to observe early aging. Since p53 naturally forms a tetramer,
it is likely these truncated isoforms associate with full-length p53 to influence its function. In
support, the M protein interacts with wild-type p53, increases its stability, and facilitates its
nuclear localization in the absence of stress (Moore et al., 2007). Another isoform stabilizes
p53 in the presence of Mdm2 and alters the expression levels of p53-induced gene products
(Yin et al., 2002). Thus, overexpression of these p53 isoforms likely increase some aspects of
p53 function that reduces tissue function or regeneration which is consistent with an accelerated
loss of stem cell functional capacity (Dumble et al., 2004). Therefore, these mouse models
suggest that activation of p53 by a dominant-N-terminally truncated isoform accelerates the
aging process perhaps in response to DNA damage and highlights the importance of p53
isoform ratios.

7. Comparison of GCRs to small mutations

Are dsDNA lesions and GCRs more likely to impact aging than ssDNA lesions and point
mutations? Both GCRs and point mutations increase with age in a tissue specific manner, so
either could be important for at least some tissues. However, current data suggests that GCRs
are more important. For example, aging does not always correlate to point mutation levels since
mice defective for antioxidant defense clearly show elevated point mutations but do not show
signs of early aging with the exception of cancer (Busuttil et al., 2005). Even though cancer is
an age-related disease, it is the outcome of a single altered cell while general aging is wide
spread cellular decline. Thus, point mutations by themselves do not mandate general
widespread cellular decline. However, GCRs may. At this time the data are uncertain, but GCRs
appear to correlate with aging since they increase with age (Dolle et al., 1997; Vijg and Dolle,
2002) and defects that increase GCRs frequently accelerate aging in both mouse and human
(Hasty et al., 2003; Lombard et al., 2005). Large deletions would obviously cause
haploinsufficiency of many genes and this reduced dosage may impair cell function, especially
in areas of imprinted genes. To support this possibility age-associated deletions have been
observed in mammalian ribosomal RNA genes (Strehler, 1995). In addition, one could imagine
GCRs impacting more than just the genes within a deletion or at the junctions of the
translocation or inversion. The GCRs may influence mitosis and induce mitotic checkpoints.
BubR1, Bub3 and Rael are mitotic checkpoint proteins that impact aging (Baker et al., 2004;
Baker et al., 2006). Mice deleted for BubR1 die early during development (Wang et al.,
2004); however, expression of a hypomorphic allele results in reduced life span and an early
onset of aging features similar to some DNA repair deficient mice. Combined
haploinsufficiency for Bub3/Rael show a similar but more sever phenotype. These mice
exhibit both increased aneuploidy and cellular senescence with elevated levels of p53 and other
stress response proteins, but the severity of their aging phenotype correlates with cellular
senescence not aneuploidy. Thus, alterations in chromosome structure could induce senescence
and aging by enhancing mitotic checkpoints (Fernandez-Capetillo and Nussenzweig, 2004).

Comparing NHEJ-defective mice that suppress GCRs to NER-defective mice that suppress
point mutations suggest that the mechanisms leading to their aging phenotypes are
fundamentally different. Early aging is observed in NER-defective mice with a subtle defect
in Xpd, a helicase for transcription factor I1H (de Boer et al., 2002). Deletion of Xpd is lethal,
however, subtle changes that hinder but do not ablate function cause an aging phenotype in
humans (trichothiodystrophy, xeroderma pigmentosum combined with Cockayne syndrome)
as well as in mice (Andressoo et al., 2006; de Boer et al., 1998). On the surface, the Xpd- and
NHEJ-defective mouse phenotypes appear similar including kyphosis and early loss of
reproductive function. However, there are also important differences. First, fibroblasts derived
from NER-defective mice do not undergo premature cellular senescence; thus, there is no
evidence for a p53-mediated DNA damage response (Kipling and Faragher, 1997; van de Ven
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et al., 2006). By comparison NHEJ-defective fibroblasts undergo rapid senescence that is
dependent on p53 (Lim et al., 2000). Second, NER-mutant fibroblasts are not hypersensitive
to acute oxidative stress unlike NHEJ-mutant fibroblasts (Parrinello et al., 2003). Third, there
is no correlation to genomic instability and aging for NER-defective aging models (Dolle et
al., 2006) while Ku70- and Ku80-mutant mice exhibit an early onset of chromosomal
aberrations that are similar to aged control mice (Li et al., 2007). Fourth, NER aging models
exhibit modest reductions in life span (Wijnhoven et al., 2005) compared to mice deleted for
either Ku70 or Ku80 (Li et al., 2007). This is surprising considering their early onset of aging
pathologies occurs at about the same time. Fifth, NER-mutant mice, but not Ku80-mutant mice,
exhibit a temporary adaptive stress response at 2 weeks that is similar to the constitutive
response shown by long-lived endocrine defective mice and calorie-restricted mice including
reduced post natal growth, hypoglycemia, and perturbation of the growth hormone/insulin-like
growth factor 1 neuroendocrine axis (van de Ven et al., 2006). This adaptive stress response
is designed to aid survival during a period of stress and may also share underlying mechanisms
of extended longevity with calorie restriction. Thus, the fundamental cause of these aging
phenotypes is likely different for the NER- and NHEJ-defective aging models highlighting the
possibility that multiple mechanisms may cause age-related decline. For the NHEJ-mutant
mice the cause of early aging appears to be a combination of GCRs and induced anti-cancer
responses (Figure 2). However, the cause of early aging in the NER-defective mice is less clear
since the aging phenotype is not associated with mutations and since these genetic defects do
not induce cellular senescence. It is possible that impaired transcription contributes to aging
due to the intimate relationship between NER and transcription. With age there is increased
transcriptional variation between cells (Bahar et al., 2006); yet this could occur for many
reasons including deficient NER, GCRs or cellular senescence. Therefore, the future goal will
be to determine the relationship of these underlying causes found in NER- and NHEJ-deficient
mice to that of control mice and humans keeping in mind that aging is likely influenced greatly
by both genetics and environment.

8. Summary

Aging is a pleiotropic and stochastic process heavily influenced by genetic and environmental
factors making aging-related processes difficult to understand and controversial. Here we argue
that DNA repair pathways are essential for longevity and imperfections or defects in these
pathways have the potential to cause early aging. As a result DNA damage and mutations may
heavily influence the aging process either directly or perhaps indirectly by inducing either
apoptosis or cellular senescence. DNA DSBs may be particularly harmful for longevity because
they are more cytotoxic than other forms of damage and can lead to GCRs that negatively
impact cell viability or promote cancer. Mice defective for NHEJ and other DNA repair
pathways support the notion that DNA repair is important for longevity and delaying aging.
However, a close comparison of mice defective for NHEJ and NER suggest the fundamental
basis for aging is different in each model highlighting the complexity of aging and the need
for deeper analysis.
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Fig. 1.

Homologous recombination and gene conversion. (a) Homologous templates are aligned. This
usually occurs between sister chromatids during DNA replication, but may also occur between
chromosomes as shown here. The red chromosome has a DSB and a sequence difference (*)
located close to the break. (b) The ends are resected to form single-strands. Note the sequence
difference from the bottom red strand is removed. (c) The red single-strands invade the blue
homologous template to form a joint molecule and primers for DNA replication (green arrows).
Note the blue strands are used as templates for DNA replication; therefore, the green strands
contain the same information as the blue strands. This means sequence differences on the
resected red strand are lost (gene conversion). (d) The formation of Holliday junctions (a mobile
attachment between four strands of DNA) and heteroduplexes (double-strand DNA composed
of a strand from each homologue). Note the sequence difference is lost for one strand and a
mismatch is formed for the other strand. (e) Noncrossover resolution of the Holliday junctions.
Horizontal black lines represent locations where strands are cut. (f) The final products. For this
diagram the top chromosome contains a mismatched that may be resolved by MMR. (g)
Crossover resolution. The left Holliday junction is resolved as shown for the noncrossover
event; however, the outer strands are cut to resolve the right Holliday junction. (g) The final
products showing the chromosomes recombine. The heteroduplex and mismatch are the same
as described for the noncrossover.
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Fig. 2.

DSBs as a causative factor in aging. DSBs are generated by a variety of sources including
exposure to genotoxins and telomere erosion. Telomerase suppresses telomere erosion while
HR and NHEJ repair DNA DSBs. Unrepaired DSBs induce anti-cancer responses that may
induce apoptosis or cellular senescence. As an indirect consequence these responses may
contribute to aging. DSBs may be incorrectly repaired to generate gross chromosomal
rearrangements (GCRs). These rearrangements may lead to cancer but may also contribute to
aging by inducing mitotic checkpoints or increasing transcriptional variation.
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