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1. INTRODUCTION

Aging is associated with the progressive functional decline of the body’s tissues and organs, resulting in an increasing
chance of death at any time point. As such it is a major risk factor for developing age-related pathologies including can-
cer, cardiovascular diseases, autoimmune diseases, and neurodegenerative diseases. The increasing fraction of the elderly
within human populations has made aging a primary health concern. Studies on aging in various model systems, from
unicellular organisms (such as yeast) to mammals (such as mice) have revealed several common molecular traits that are
associated with aging. These include altered epigenetic profile, mitochondrial dysfunction, altered protein homeostasis, cel-
lular senescence, reduced stem cell function, changes in inter- and intracellular signaling, genomic instability, and telomere
shortening [1].

While there is evidence that supports roles for all of these in aging, there is also extensive interplay between the different
processes. For instance, mitochondrial dysfunction is characterized by reduced mitochondrial biogenesis, increased respira-
tory rates, or dysfunction of the electron transport chain, resulting in increased generation of mitochondrial reactive oxygen
species (ROS) with age. ROS can in turn cause oxidative damage to the macromolecules within the cell [2].

The “somatic mutation accumulation theory of aging” postulates that accumulation of mutations with age results in
functional decline and ultimately leads to an increasing chance of death at any given time point [3,4], and was later modified
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into the “DNA-damage accumulation theory of aging.” As mentioned previously, organismal aging is caused by a complex
interplay of different molecular changes affecting the various tissues within the organism and resulting in their functional
deterioration. While keeping this in mind, there is extensive evidence that indicates a central role of DNA-damage accumu-
lation and resulting genomic instability in aging.

2. AGE-RELATED ACCUMULATION OF DNA DAMAGE AND GENOMIC INSTABILITY

The “somatic mutation accumulation theory of aging” was originally put forward by Failla to explain the increasing
death rate within the male population of New York with increasing age [3], and by Szilard as a testable theory to
explain why organisms age [4]. The central idea of these theories is that the genetic material acquires mutations at a
steady rate. While these mutations are random, the risk to accumulate an amount of mutations that is no longer com-
patible with survival increases with age. According to this theory, aging would result in increased cell death due to
mutation accumulation and would thereby promote functional decline. As the role of DNA as genetic material became
better understood, this theory evolved into the “DNA-damage theory of aging,” which considers the role of DNA
damage and its molecular and cellular consequences in the process of aging. In agreement with this theory, different
types of DNA damage including DNA double-strand breaks (DSBs) and oxidative DNA damage accumulate with age
in various model organisms [5].

When considering the amount of DNA lesions that are detected in a cell at a given time point, it is important to keep in
mind that this represents a reflection of the steady state. While DNA damage is reversible, products of faulty DNA repair
and replication are irreversible and promote genomic instability. Genomic instability is commonly triggered at sites of
single-stranded DNA gaps and DSBs and frequently results in point mutations, microsatellite contractions or expansions,
copy number variation, loss of heterozygosity, or large genome rearrangements. However, their detection in the context of
a whole genome is not entirely straightforward, as these events are rare at the scale of a whole tissue.

2.1 Accumulation of Point Mutations, Insertions, and Deletions

Most of the evidence for the accumulation of smaller somatic mutations, such as point mutations, small insertions, and
deletions, was obtained by using reporter assays. These are commonly based on altered phenotypes caused by mutation of
either an endogenous gene (such as the hypoxanthine phosphoribosyl transferase (HPRT) locus [6]) or a transgene (such
as a lacZ reporter [7]). While scoring mutation frequencies using an endogenous reporter system relies on the suitability
of the cells under study for cultivation, transgene-based scoring of mutation frequencies can be performed by excising the
transgene and determining the mutation frequency in Escherichia coli. Results from such studies have provided evidence
for increasing mutation rates with age [8].

2.2 Accumulation of Large Chromosomal Aberrations

Due to their easier detection, large chromosomal abnormalities have been observed in aging cells quite early on. Large
chromosomal abnormalities accumulate in proliferating as well as in postmitotic cells with increasing age [9]. For instance,
human brain cells accumulate high levels of aneuploidy with increasing age [10].

3. CAUSES OF AGE-DEPENDENT ACCUMULATION OF GENOMIC INSTABILITY

The accumulation of mutations with age is the result of a balance between lifelong exposure to DNA-damaging agents
and subsequent repair of the lesions. DNA is exposed to various intrinsic and extrinsic sources of DNA damage, including
chemicals, radiation, pathogens, ROS, hydrolysis, and DNA replication and repair errors. The predictability of patterns of
aging symptoms points to a central role of intrinsic factors in the process. Therefore, intrinsic factors that affect the level
of genomic instability in a cell will be discussed in the following sections, while keeping in mind that extrinsic damaging
factors may accelerate the accumulation of DNA damage additionally.

3.1 Oxidative Stress

Among the intrinsic damaging agents, ROS are considered central contributors to human aging as formulated in the “free
radical theory of aging” [11]. This theory is based on the observation that metabolic activity negatively correlates with life
span, which may be mediated by increased ROS production and consequent oxidative damage.
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The most prominent ROS are superoxide, hydrogen peroxide, hydroxyl radicals, and singlet oxygen, which are mainly
produced during oxidative phosphorylation in the inner mitochondrial membrane.

Exposure of DNA to ROS can result in the oxidation of bases, and formation of abasic sites, DNA single-strand breaks
(SSBs), and DSBs. Unlike damaged proteins or lipids, damaged DNA cannot simply be replaced. Therefore, the cell needs
efficient repair mechanisms; otherwise, these lesions can cause replication stress or result in point mutations through repair
errors. For instance, 8-oxo-guanine, which is one of the most frequent types of oxidative damage, can result in GC—TA
transversions through mispairing during DNA replication [12].

Under normal physiological conditions, cells employ various strategies for detoxification of ROS, including enzymes,
such as catalases, glutathione peroxidases, and sodium dismutases, and molecules with antioxidant properties, such as
vitamins and glutathione.

Nonetheless, several lines of evidence support a role of oxidative damage in the aging process. First, several studies
reported an accumulation of oxidative DNA damage with age [5]. Second, mitochondrial ROS generation increases with
age, due to increased respiratory rates or dysfunction of the electron transport chain [2]. On the other hand, studies on the
effects of mutations affecting antioxidant enzymes on life span have yielded contradictory results.

As previously mentioned, many tissues in different species have been shown to accumulate oxidative DNA damage
with increasing age. An analysis of urinary excretion rates of oxidized nucleotides has shown decreasing rates of excretion
with increasing age, suggesting that the rate of oxidation decreases with the decreasing metabolic rate during aging [13].
However, cells in the aging organism still accumulate oxidative DNA damage at steady rates, indicating reduced capacity
for repair of oxidative damage with increasing age. In line with this, the repair of oxidative damage is more efficient in cells
from young when compared to aged subjects [14] (see Section 3.4).

Although the exact role of oxidative damage in aging is not completely clear, it is unarguably an important internal
source of DNA damage contributing to the age-associated accumulation of DNA damage and genomic instability.

3.2 Depurination, Depyrimidination, and Deamination

In addition to ROS, DNA is abundantly exposed to water, which can induce spontaneous hydrolysis of the glycosylic bond,
resulting in abasic sites. This occurs at up to 10,000 sites per cell per day [15]. If not repaired before DNA replication, these
sites can be subject to mispairing and are therefore potentially mutagenic. However, whether this contributes significantly
to age-associated genomic instability remains to be tested.

While not that frequent, deamination also contributes to the accumulation of point mutations. In particular, deamination
of 5-methylcytosine to thymine creates potentially mutagenic G-T base pairs. Since deamination of 5-methylcytosine cre-
ates thymine, which is a normal nucleotide, it is not as easily detected as damage. Therefore, 5-methylcytosine deamination
constitutes a significant source of mutation [16]. Due to the important role of CpG methylation in epigenetic regulation,
such deamination may not only affect the DNA sequence per se, but also its regulation. While a role of this mutagenicity in
cancer is well established, no significant accumulation of C—T transitions has been detected in mouse livers with increasing
age [17]. This is likely due to the activity of a thymine glycosylase (MBD4) that specifically recognizes and repairs G-T
mispairs that are preferably located in a CpG sequence context [18].

Thus, while both spontaneous hydrolysis of glycosylic bonds and deamination of bases are internal sources of DNA
damage, their role in human aging is unclear.

3.3 Replication Errors and Replication Stress

In general, genomic DNA is most vulnerable during DNA replication and is subject to replication errors and replication
stress that can cause secondary damage.

While DNA polymerases replicate DNA with very high fidelity, faulty incorporation of nucleotides occurs in about 1
in 100,000 bases, of which 99% are fixed by proofreading. The remaining mismatches rely on repair by mismatch repair
(MMR) [19]. In addition to mismatches, replication slippage contributes to length variations of repetitive sequences, which
is a result of misalignment of the template and the newly synthesized DNA strand, thus introducing either small insertions
or deletions [20].

While the fidelity of DNA replication seems to be unaltered with age [21], changes in the activity of MMR may poten-
tially contribute to the accumulation of mutations caused by replication errors (see Section 3.4).

In addition, several conditions can result in slowing or stalling of replication forks, which is termed replication stress.
These include reduced nucleotide pool, unrepaired DNA damage, frequency of initiation of DNA replication, impaired
de novo nucleosome assembly, and mutations in genes required for replication [22]. Upon prolonged fork stalling, the
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replication fork can collapse or regress, resulting in the formation of mutagenic Holliday junctions [23], and can induce
several types of genomic instability, including SSBs and DSBs. The major repair mechanism to process DSBs generated at
stalled replication forks is homologous recombination (HR), but in the absence of HR, nonhomologous end joining (NHEJ)
can repair the lesion, potentially resulting in genomic instability in the form of large genome rearrangements [24]. Process-
ing of breaks generated at stalled replication forks can further result in sister chromatid exchange, and chromosome loss or
fragility. Thus, this process is very tightly coordinated with cell cycle regulation and damage checkpoints.

Mice with defects in Mcm?2 exhibit reduced licensing of DNA-replication origins, severe problems in proliferative cells,
such as stem cells, and have a drastically reduced life span [25]. In addition, several human premature aging syndromes,
including Werner syndrome (WS), Bloom syndrome (BS), and Rothmund-Thomson syndrome (RTS), are caused by muta-
tions in DNA helicases of the RECQ family, which play a role in stabilizing stalled replication forks, checkpoint activation,
and preventing and resolving mutagenic intermediate structures at stalled replication forks [26]. Taken together, this indicates
that DNA-replication stress may contribute to aging by contributing to genomic instability, particularly in proliferating cells.

3.3.1 Werner Syndrome

WS is the human premature aging syndrome that recapitulates the most traits that are also associated with normal human
aging, including increased risk for age-related diseases, such as atherosclerosis, osteoporosis, diabetes, and cancer, as well
as other symptoms of aging, such as hair loss and cataracts [27] (Table 29.1). It is caused by a mutation in RECQ-like
DNA helicase and exonuclease, which is involved in various processes including DNA replication and recombination, with
a major role in the reinitiation of stalled replication forks [28]. In line with this, cells from WS patients accumulate DNA

TABLE 29.1 Human Premature Aging Syndromes and Associated Impairments in Genome Maintenance

Role in Genome

Syndrome Mutation Maintenance Traits of Aging References
Trichothiodystrophy TFIIH, XPB, TC-NER, Neurologic and skeletal degeneration, [46]
(TTD) XPD transcription osteoporosis, ichthyosis, early graying of hair,
infertility, and brittle hair and nails
Cockayne syndrome CSA or CSB TC-NER Cachexia, neuronal degeneration, loss of retinal [46]
(CS) cells, poor growth, cataracts, photosensitivity,
atherosclerosis, diabetes, hypertension
Xeroderma XPA-XPC NER CS symptoms and in addition: hypersensitivity to UV [46]
pigmentosum (XP) exposure, pigment alterations, and high
incidence of skin cancer
Ataxia ATM DDR Progressive cerebellar degeneration, severe ataxia, [51]
telangiectasia (AT) growth retardation, dilated blood
vessels, immunologic defects, and cancer
Rothmund- RECQL4 DNA repair Growth deficiency, gray hair, cataracts, [28]
Thomson syndrome poikiloderma, osteosarcomas, and skin cancers
(RTS)
Werner syndrome WRN Telomere Atrophic skin, thin gray hair, osteoporosis, type Il [27,28]
(WS) maintenance, DNA diabetes, autoimmunity, skin and muscle atrophy,
recombination and poor wound healing, cataracts, atherosclerosis,
repair hypogonadism, and cancer
Bloom syndrome BLM Mitotic Growth retardation, sun sensitivity, immune [28]
(BS) recombination deficiency, genomic instability, cancer, and diabetes
Hutchinson-Gilford LMNA Nuclear lamina Alopecia, sarcopenia, atherosclerosis, osteolysis, [59]
progeria syndrome function prominent scalp veins, loss of subcutaneous fat,
(HGPS) vascular problems, limited sexual development, and
high-pitched voice
Dyskeratosis DKCT Telomere mainte- Growth retardation, microcephaly, cerebellar [72]

congenita (DC)

nance

hypoplasia, mental retardation, progressive
combined immune deficiency, and aplastic anemia
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damage, such as DSBs, and genomic instability in the form of instability of repetitive loci, chromosomal aberrations and
mutations, and telomere instability [29].

3.3.2 Bloom Syndrome

BS is caused by mutations in BLM, which also belongs to the family of RECQ helicases (Table 29.1). BLM helicase resolves
Holliday junction-like recombination intermediates, blunt-ended DNA duplexes with internal bubbles, and G-quadruplexes
that are prevalent within telomeric DNA [28]. BS cells are characterized by the accumulation of chromosomal aberrations,
including sister chromatid exchanges, polycentric chromosomes, breaks, and translocations [30].

3.3.3 Rothmund-Thomson Syndrome

RTS is triggered by a mutation in a RecQ-like helicase RECQL4 [31]. The molecular functions of RECQLA4 are less under-
stood, but it has been associated with function in DSB repair, DNA replication, and telomere maintenance [28]. Further,
RTS cells also exhibit chromosomal aberrations that mainly include large chromosomal rearrangements and isochromo-
some formation [32]. However, although patients present with signs of premature aging, most patients seem to have a
normal life span (Table 29.1).

3.4 Deterioration of Genome-Maintenance Mechanisms

In addition to mechanisms that generate DNA damage, there is evidence that DNA-repair pathways deteriorate with increas-
ing age, mainly due to the reduced expression and/or activity of several key enzymes. However, the role of deteriorating
genome-maintenance mechanisms in aging is still controversial. The observation that polymorphisms in DNA-repair genes,
such as ATM and XPD, are associated with longevity in human populations [33,34] supports a role for genome maintenance
in preventing functional deterioration.

On the other hand, experimental reduction of DNA damage does not consistently result in life span extension. There-
fore, defects in single DNA-repair pathways may have tissue-specific effects rather than affecting organismal aging.

3.4.1 Mismatch Repair

MMR mainly repairs DNA lesions caused by faulty DNA replication or repair, resulting in mismatches or small inser-
tion and deletion loops, or deamination of 5-methylcytosine. Failure of MMR is often associated with point mutations or
microsatellite instability (Fig. 29.1). Both elevated rates of microsatellite instability with increasing age [35,36], and the
reduced capacity of cell extracts from old donors to repair induced mismatches [37], indicate an age-dependent decline in
MMR activity.

Replication, FIGURE 29.1 DNA damage and age-related
homologous L changes in DNA repair. Different DNA-damaging
recombination, Oxidative agents that cause different types of DNA damage
5Met-C danﬁag?, UV, oxidati are listed on top, the repair pathways responsible to
deamination deamination,  |onizing radiation ~ Cancer drugs goRlaatve fix them in the middle and possible consequences of
methylation damage their dysfunction on the bottom. Arrows next to the

repair pathways indicate functional decline with age.

l The gray circle indicates DNA damage in the form

of bulky adducts. Modified from Hoeijmakers JH.

3 X /—_.\\ Genome maintenance mechanisms for preventing
w /’\\ cancer. Nature 2001,411(6835):366-74.

Backup NHEJ 2

Microsatellite Point mutations Deletions, Genomic
instability rearrangements instability
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Further, mutations in MMR genes in humans are associated with cancer susceptibility [38]. This may indicate a role for
age-dependent decline in MMR in the increasing cancer susceptibility with increasing age.

3.4.2 Base Excision Repair

Base excision repair (BER) is responsible for fixing damaged DNA bases, such as products of oxidative damage, deamina-
tion, and SSBs. Failure to repair these types of lesions can result in point mutations (Fig. 29.1). BER activity decreases
with age in several organs, including the brain, likely due to the reduced activity of several DNA glycosylases and DNA
polymerase 8 [39].

Assessing the effect of mutations in BER genes on life span in mammalian model organisms is difficult, since most
of them are embryonic lethal. Milder defects in BER genes, on the other hand, result in elevated cancer incidence—for
instance, in mice with haploinsufficiency of DNA polymerase f [40]. Although, when tested in yeast, mutations in BER
genes result in life span shortening and this effect is cumulative [41], suggesting that functional BER is required to prevent
aging.

Since BER is an important repair pathway to repair oxidative damage, cells with high metabolic activity and ROS gen-
eration may be particularly sensitive to declining BER activity with age. In line with this, BER deficiency has been detected
in brains of Alzheimer’s disease (AD) patients [42], and mutations in AP endonucleases were associated with amyotrophic
lateral sclerosis (ALS) [43]. Thus, increased oxidative stress paralleled with impaired repair of oxidative damage seems to
contribute to age-related neurodegeneration and neurodegenerative disorders.

3.4.3 Nucleotide Excision Repair

Nucleotide excision repair (NER) excises and repairs nucleotides that are modified by bulkier adducts, including oxidative
damage and cyclobutane pyrimidine dimers caused by UV exposure. Defective NER contributes to the accumulation of
point mutations (Fig. 29.1).

There is evidence that NER activity decreases with age, based on the observation that the repair of UV-induced damage
in normal skin fibroblasts declines and becomes more mutagenic with increasing donor age [44]. A possible reason may be
the reduced expression of NER genes in older individuals [45].

Mutations in several NER genes cause premature aging syndromes in humans, indicating an important role of NER in
preventing age-dependent functional decline. These include trichothiodystrophy (TTD), which is caused by a mutation in
the TFIIH helicase that is involved in NER, Cockayne syndrome (CS), which is caused by mutations in the CSA or CSB
genes that function in the transcription-coupled NER pathway, and xeroderma pigmentosum (XP), which is caused by
mutations in the XPA-G genes that are also involved in the NER pathway (Table 29.1) (Chapter 25) (for review see Ref.
[46]). CS cells exhibit extensive chromosomal instability, however this does not make patients more prone to developing
cancer, possibly due to their higher propensity to undergo apoptosis in response to UV damage [47]. In contrast, XP cells
also exhibit defects in global genome NER, thus resulting in the accumulation of genome-wide mutations. XP patients
show dramatically increased the rate of skin cancer and accelerated aging limited to areas of the body that are exposed to the
sun [48]. Further, the effect of mutations in NER genes on aging is cumulative, indicating that functional NER is required
to prevent functional decline.

3.4.4 Double-Strand Break Repair

DSBs are particularly toxic lesions that can be generated as a result of exposure to ionizing radiation, oxidative damage, or
during replication, and if left unrepaired, they may result in loss of chromosomal segments. Errors in repair of DSBs can
also be detrimental as they can result in translocations, ring chromosomes, and end fusions.

There are two major pathways involved in DSB repair: homologous recombination (HR) and NHEJ. HR uses stretches
of extensive sequence homology as templates for repair and is therefore considered a precise repair mechanism. NHEJ, on
contrary, rejoins the ends at a DSB with little or no consideration for homology and is therefore considered error prone.

Relative pathway usage depends on cell-cycle stage and sequence context. HR is mostly limited to S and G2 phases
of the cell cycle; therefore, NHEJ is the main pathway for DSB repair during G1 phase including in nonproliferating and
senescent cells. HR frequency increases if DSBs occur in close proximity to repetitive sequences [49]. Overall, the use of
NHE]J exceeds the use of HR by orders of magnitude.

The initial step in both mechanisms involves DNA-damage signaling and rapid recruitment of ataxia telangiectasia
mutated (ATM) [50], which induces downstream repair. The importance of this in maintaining genome integrity and
preventing aging is accentuated by the fact that loss of function of ATM causes ataxia telangiectasia (AT), which shares
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several features of normal aging. For instance, cells from AT patients have unstable telomeres and enter premature cel-
lular senescence. This may be due to the function of ATM in the formation of the telomeric T-loop that protects chromo-
some ends [51].

In addition to the DNA-damage response, the repair mechanisms that repair DSBs are also affected by aging, as is dis-
cussed in the following sections.

3.4.4.1 Nonhomologous End Joining

NHE] ligates two broken ends together, thereby frequently resulting in small insertions and deletions. However, postmitotic
cells rely on NHEIJ for repairing DSBs. Failure to faithfully repair DSBs can result in point mutations, deletions, and large
genome rearrangements (Fig. 29.1). However, NHEJ activity and fidelity decline with age [52], which may be in part due to
altered expression levels, activity, and distribution of key repair enzymes [53]. Further, mutations in NHEJ genes including
Ku70 and Ku80 have been associated with shortened life spans in mice [54]. In addition, defects in DNA-PKcs resulted in
impaired telomere maintenance and shortened life span in mice [55]. Taken together, these lines of evidence suggest that
NHEIJ plays an important role in preventing age-related increase in genomic instability and functional decline.

3.4.4.2 Homologous Recombination

HR is a precise mechanism of DSB repair that makes use of homologous sequences to repair the lesion. However, the
recombination of misaligned sequences can result in chromosome rearrangement and copy number variants. In fact, the
frequency of such nonallelic recombination resulting in increasing frequency of genomic rearrangements increases with
age [56]. This increase in HR seemed to be tissue specific, due to limited capacity of cells that underwent rearrangements
to clonally expand, for instance, in skin [57].

In summary, most genome-maintenance mechanisms have been shown to become less active and/or less precise with
increasing age, contributing to age-associated genomic instability. Moreover, genetic impairments in DNA-repair pathways
are often associated with shortened life span and increased cancer susceptibility, further indicating that faithful and efficient
DNA repair is crucial in preventing age-related disease and functional decline.

3.5 Altered Nuclear Architecture

The role of the nuclear architecture and organization in aging has only become appreciated in recent years. By segregat-
ing genomic DNA into regions of euchromatin and heterochromatin, active transcription and repression, and sites of
active DNA repair, the overall nuclear organization has profound effects on gene expression patterns, but also on DNA
stability.

Perturbation of the nuclear architecture caused by a mutation in the lamin A (LMNA) gene is a hallmark of the Hutchinson—
Gilford progeria syndrome (HGPS). The most common LMNA mutation results in missplicing of the LMNA transcript,
resulting in the accumulation of a truncated protein, which is called progerin [58]. Nuclei from HGPS patients are charac-
terized by the loss of interaction of heterochromatin with the nuclear lamina as well as general perturbation of heterochro-
matin, which results in induction of transcription of pericentric satellites III. HGPS cells further exhibit impairments in the
DNA-damage response, recruitment of repair proteins to DNA-damage sites, and DNA repair, which is reflected in elevated
genomic instability. The LMNA splicing defect also leads to inappropriate localization of telomeres within the nucleus,
resulting in a loss of heterochromatin at telomeres, telomere shortening and genomic instability, thereby contributing to the
establishment of premature cellular senescence (for review see Ref. [59]). Taken together these observations indicate that
the integrity of the nuclear membrane and its role in nuclear organization are crucial to maintaining genome integrity and
preventing aging.

Changes in nuclear architecture have also been observed during normal human aging. For instance, progerin also accu-
mulates in human cells during normal ageing [60] and is associated with similar changes to nuclear organization as in HGPS
cells. In addition, senescing cells accumulate senescence-associated heterochromatin foci (SAHF), which are formed de
novo for instance at E2F-target promoters and silence proliferative genes, thereby promoting cell-cycle exit [61]. SAHF
formation is promoted by senescence-dependent reorganization of the nuclear lamina and associated chromatin [62]. This
is paralleled with heterochromatin relaxation at perinuclear repetitive DNA sequences, which may promote instability of
these regions.

Further, since the DNA-damage response promotes alterations in chromatin that can extend up to megabases around
the break site [63], the accumulation of unrepaired DNA damage during aging may also contribute to age-related changes
in chromatin structure. This can affect expression patterns of genes around the damaged site. For instance, persistent
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oxidative damage in promoter regions is associated with gene repression in the cortex of the human brain [64], suggesting
that break-induced changes in gene expression may contribute to age-related alterations of the gene-expression profile and
thus contribute to functional changes in cells and tissues.

In summary, it seems that altered nuclear organization and chromatin structure play a crucial role in maintaining genome
integrity and preventing age-associated changes, while, on the other hand, accumulation of DNA damage affects chromatin
structure, potentially resulting in age-associated changes in gene-expression profiles. A better mechanistic understanding
of the establishment and role of altered nuclear organization in aging will clarify the significance of epigenetic changes in
genomic instability during the aging process.

3.6 Selection

Evidence presented in the previous paragraphs indicates that the accumulation of unrepaired and misrepaired DNA dam-
age and resulting genomic instability is promoted by several active mechanisms that either generate or fail to repair DNA
lesions. In addition, passive accumulation through a shift in selection that limits survival of cells in the presence of DNA
damage may occur as well.

Selection requires a quality check system, which in the case of proliferating cells is given by cell-cycle regulation and
checkpoints that monitor genomic stability and ensure that a cell only propagates in the absence of DNA damage.

Early in life, when a large amount of cell divisions is required to form tissues and organs of the growing organism, DNA
damage also accumulates [65]. Unrepaired DNA damage leads to checkpoint activation and cells with erroneous genomes
either repair the damage or get eliminated, which can be detrimental to organismal survival. This is evidenced by the obser-
vation that the majority of spontaneously aborted embryos carry chromosomal abnormalities [66]. On the other hand, in
the older organism many tissues contain large number of postmitotic cells that do not undergo the same quality control any
longer and therefore passively accumulate unrepaired damage and genomic instability [67]. Thus, while the accumulation
of DNA damage early in life can be detrimental, the accumulation later in life is more tolerated and interferes with tissue
function rather than with organismal survival.

In summary, numerous internal sources of DNA damage, in particular oxidative damage, along with lifelong expo-
sure to external sources of DNA damage, contribute to the accumulation of DNA damage throughout life. While several
genome-maintenance mechanisms are in place to cope with the damage, these deteriorate with increasing age. In addi-
tion, alterations in nuclear architecture affect chromatin organization, which in turn influences the appropriate local-
ization, stability, and regulation of genome regions. Lastly, nonproliferative cells with unrepaired DNA damage may
accumulate in tissues of older organisms due to the lack of selective mechanisms that eliminate them. Taken together,
this can explain the observed accumulation of point mutations and larger chromosomal abnormalities observed in tissues
of aging organisms.

4. GENOMIC REGIONS WITH VARIOUS SUSCEPTIBILITY TO GENOMIC INSTABILITY

When considering the consequences such accumulation of DNA damage and resulting genomic instability may have, this
depends on the affected sequence and the type of instability. In addition to protein-coding sequences, the genome consists
of a large fraction of repetitive sequences, which are inherently more difficult to replicate and repair, and are therefore com-
mon targets for genomic instability.

Moreover, genomic DNA consists of nuclear DNA, which encodes the large majority of all protein-coding genes and
exists in one diploid copy per cell, and mitochondrial DNA (mtDNA), which encodes 37 genes that mostly encode mito-
chondrial components and exists as two to five copies of circular, supercoiled DNA in hundreds to thousands of mitochon-
dria per cell. The unique challenges these different sequence contexts present to the maintenance of genome integrity and
their consequences for the aging process are discussed in the following sections.

4.1 Nuclear DNA

Nuclear DNA encodes the majority of genes that are required for life. The nuclear DNA consists of protein-coding
sequences, which account for 2% of the total DNA, and noncoding sequences that include RNA-coding sequences,
structural components, regulatory sequences, but also extensive repetitive DNA sequences. While a point mutation
affecting a protein-coding gene or its regulatory elements may affect the function of this particular protein and the
molecular network it plays a role in, larger aberrations like rearrangements may affect the functionality of a larger
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number of genes and thereby have further reaching physiological consequences. If a mutation is introduced at a
specific locus in a specific cell within a tissue, this may not have a significant effect on the tissue. However, clonal
expansion of cells that carry mutations can lead to an amplification of the phenotypic outcome and affect tissue func-
tion to a greater extent [68].

On the other hand, about 30% of the nuclear DNA consists of highly repetitive sequences, such as telomeres, ribosomal
DNA (rDNA), microsatellites, and minisatellites that are difficult to replicate and repair. Thus, they are more susceptible
to the accumulation of genomic instability and seem to play more specific roles in cellular senescence and aging, as will
be discussed in the following sections.

4.1.1 Telomeric DNA

Human telomeres consist of TTAGGG repeats that can extend more than 10 kilobases at the linear ends of DNA.
Telomeric DNA is protected by the shelterin complex to prevent nucleolytic degradation, constant activation of DNA-
damage signaling, and unscheduled DNA repair at the unprotected ends, which could otherwise result in end-to-end
fusions [69].

However, during the replication of linear DNA, 50 to 200 base pairs are lost from the ends in each cycle. Thus, in the
absence of mechanisms that resynthesize them, telomeres shorten with every cell division. When telomeres become criti-
cally short and exposed, DNA-damage signaling is activated and triggers growth arrest [70].

In addition, due to their G-rich sequence, telomeres form G-quadruplex structures, which can interfere with normal
DNA-replication fork progression [71] and contribute to replication stress and genomic instability.

While a role of telomere shortening in cellular senescence is widely accepted, there is also ample support for a role of
telomere shortening in organismal aging. For instance, mutations that result in compromised telomere maintenance are
associated with human premature aging syndromes, such as WS, HGPS, and dyskeratosis congenita (DC). DC patients
carry mutations in DKCI, which is a structural part of RNP complexes including telomerase [72] (Table 29.1).

Further, telomere shortening also occurs during normal aging. For instance, leukocyte telomere length decreases over
time in most people [73] and reduced telomere length correlates with the development of several age-related deficiencies,
such as atherosclerosis and risk for development of cardiovascular disease [74].

As telomeres shorten with each cell division, cells that are highly proliferative cells, such as stem cells and immune
cells, are particularly sensitive to telomere shortening [75]. Thus, telomere shortening may play a role in age-associated
functional decline through inducing senescence in highly proliferative tissues.

4.1.2 Ribosomal DNA

rDNA constitutes another large region of repetitive DNA sequence within nuclear DNA. Due to its repetitive nature,
rDNA is susceptible to recombination and as a consequence to deletion/insertions, which makes rDNA one of the
largest fragile sites of the genome. In addition, rDNA constitutes a common site for replication fork arrest due to the
presence of multiple replication fork barriers [76], which serve to prevent collisions between DNA replication and
transcription.

The role of rDNA instability in aging is well characterized in yeast (for review see Ref. [77]). Yeast senescence is asso-
ciated with increased recombination within rDNA, resulting in rDNA circle excision, which is likely caused by the relax-
ation of heterochromatin in this region. However, mutant yeast that exhibit rDNA instability without accumulating rDNA
circles have a shorter life span than wildtype, suggesting that rDNA instability is sufficient to promote aging. In line with
this, rDNA instability was identified as one of the major reasons that affected life span in genetically diverse yeast strains.
Based on this, Kobayashi has put forward the “rDNA theory of aging,” which postulates that rDNA is the region within
the genome that is most sensitive to age-dependent accumulation of DNA damage and thereby may act as a DNA-damage
sensor within the genome [78].

In contrast to yeast cells, human somatic cells do not express telomerase for the maintenance of telomeres. Therefore,
telomere instability seems to play a more prominent role in human cellular senescence and aging than rDNA instability.
However, some evidence for increased rDNA instability with age in humans exists. For instance, nondividing cells such as
nerve, heart, and skeletal muscle tissues exhibit extensive loss of rDNA with increasing age [79]. Similarly, the accumula-
tion of extrachromosomal rDNA with age has also been described in normal human cells [80]. In addition, cells from BS
patients show extensive rDNA instability due to aberrant recombination [81], which may contribute to the increased cancer
susceptibility. However, while rDNA also exhibits instability during human aging and in cells from patients with premature
aging disorders, its role in human aging is still unclear.
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4.1.3 DNA Repeats

Other DNA repeats, such as retrotransposons, micro- and minisatellites, are also prone to genomic instability. Such repeti-
tive sequences are prone to random expansions and deletions due to faulty replication or repair, or in the case of retrotrans-
posons to mutagenesis by excision and integration.

Transposable elements make a considerable fraction of the total genomic DNA sequence of humans. There are three
major families of retrotransposons—L1, Alu, and SVA, and they make up for about 50% of the human genome. These
sequences are usually silenced by heterochromatin; however, it was shown that, for instance, during differentiation of brain
cells, retrotransposons can be activated and integrate into protein-coding genes, thereby modulating their expression [82].
Further, as cells become senescent, heterochromatin in regions of constitutive heterochromatin is increasingly reduced and
results in the expression of transposable elements and ultimately in retrotransposition [83]. In addition to modifying expres-
sion levels, retrotransposons have also been shown to contribute to genomic instability by causing the DSBs [84], and due to
their high frequency within the genome, they can also provide substrates for unequal recombination, resulting in sequence
loss, inversions, or duplication [85].

Although less abundant, micro- and minisatellites and satellite DNA sequences constitute about 3% of the genomic
DNA sequence in humans. Microsatellites are tandemly repeated sequences, which consist of units that are 1-6 base pairs
long. Repeats of longer units are classified as microsatellites or satellites, such as centromeric tandem repeats. It was shown
that the mutation rate within microsatellite regions increases with age in humans [86]. Mutation of microsatellite sequences
is often in the form of small expansions or deletions, which are the result of DNA-replication slippage. Increased micro-
satellite instability was also detected in hematopoietic stem and progenitor cells and T-cell clones from human subjects
with increasing age and correlated with reduced expression of MMR gene MLH]1 [36], and may contribute to replicative
senescence and tumorigenesis.

4.2 Mitochondrial DNA

In contrast to nuclear DNA, mtDNA is not associated with histones and is therefore much more accessible to DNA damage.
Due to the close proximity to the respiratory chain, mtDNA is also highly exposed to oxidative damage. This is countered
by a much less efficient repair system than that in place at the nuclear DNA, as mtDNA repair is limited to BER [87] and
MMR [88]. Similar to nuclear BER, mitochondrial BER activity also declines with age [89], and mtDNA has also been
shown to accumulate small deletions with increasing age. In addition, replication errors have also been determined as a sig-
nificant source of point mutations in mtDNA, and mitochondrial deletions are thought to occur in a replication-dependent
manner through mispairing between direct repeats within mtDNA. However, DSBs may also promote mtDNA deletions by
unknown molecular mechanisms (for review see Ref. [90]).

On the other hand, every cell contains several hundreds to thousands of mitochondrial genomes, possibly allowing for
complementation [91]. Also, every single mitochondrial genome can tolerate a certain extent of mutations and deletions
before inducing mitochondrial dysfunction. Thus, while being more prone to the accumulation of genomic instability, mito-
chondrial genomes also seem to be very resistant to its consequences.

However, several specific point mutations reach very high copy numbers in individuals of increasing age. Clonally expanded
mitochondrial mutations of the COX gene accumulate in single muscle fibers with age, leading to functional deterioration,
and in neurons within the substantia nigra, resulting in impaired respiration within the affected neurons [90]. The absence of a
human progeroid syndrome that is characterized by mtDNA instability suggests that mtDNA instability is not a central cause
of human aging. However, since clonally expanded mtDNA mutations affect cells within tissues with high respiratory require-
ments by resulting in respiratory impairments, they may contribute to the functional decline of these tissues.

5. ROLE OF GENOMIC INSTABILITY IN AGING?

As discussed thus far, there is ample evidence for DNA-damage accumulation with increasing age, which is a result of
lifelong exposure to DNA-damaging agents, including intrinsic exposure to oxidative stress, and deteriorating genome-
maintenance mechanisms coupled with altered selection. If this constitutes a driving force to human aging, this must trans-
late into functional deterioration of tissues and organs in a somewhat predictable way.

Since the function of cells, tissues, organs, and organisms relies on complex regulatory networks, mutations that affect
any point of these networks are expected to impede the appropriate function of the entire network. Therefore, many dif-
ferent mutations may result in a similar phenotype. Such mutations occurring in highly differentiated postmitotic tissues
are very likely to negatively affect cell function and thereby contribute to the functional decline of the tissue. On the other
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hand, genomic instability also interferes with cell physiology; for instance, the accumulation of unrepaired DNA damage
can result in cell death or cellular senescence and interfere with tissue homeostasis.

5.1 Effect of Genomic Instability on the Gene Expression Profile

Aging is characterized by extensive changes to the gene expression profile. Some of these changes have been linked to
oxidative damage—induced repression of affected promoters. For instance, DNA damage—induced epigenetic silencing of
promoters of genes required for cognitive function may play a role in cognitive decline associated with aging [64]. Such
DNA damage-induced silencing is usually reversed upon faithful repair of the lesion; however, in a fraction of cells the
lesion remains unrepaired resulting in permanent silencing of the locus [92].

5.2 Physiological Consequences

Further, in cells that divide actively, unrepaired DNA damage or telomere dysfunction triggers DNA-damage signaling and
activation of DNA-damage checkpoints. Depending on the severity of the damage, cells can enter a terminal cell-cycle
arrest or undergo apoptosis, both of which can interfere with tissue homeostasis and contribute to the functional decline.

While apoptosis contributes to the loss of functional cells, the consequences of cells entering senescence likely depend
on the cells or cell types undergoing senescence. While senescence is a feature of the differentiated cells in most organs,
senescence of the stem cells that are responsible for tissue renewal and repair is likely detrimental to the function of the
tissue. In line with this, hematopoietic stem cells were shown to accumulate DNA damage with increasing age, which con-
tributes to dysfunction of stem cells and the functional decline of the hematopoietic tissue [93]. However, while a decreas-
ing functionality of stem cells with age is observed, it is still unclear whether this is due to stem cell aging or whether it is
a result of the changing environment for stem cells within the aging tissue. A 2014 study supports an active role of stem
cell aging in the age-dependent functional decline, by showing that adult quiescent muscle stem cells switch to irreversible
senescence in muscles of geriatric mice [94].

The accumulation of senescent cells in tissues can result in altered microenvironment through altered secretion profiles
[95], which can also disrupt tissue homeostasis and even stimulate proliferation of premalignant cells [96], or interfere with
tissue regeneration [97]. Thus, the altered microenvironment within aging tissues may contribute both to the functional
decline of the tissue as well as to the increased cancer incidence with increasing age.

On the other hand, immune cells are differentiated cells that rely on proliferation in order to perform their function.
After several rounds of clonal selection, T-cells can become replicatively senescent in vitro, and T-cells with senescence-
like features are also found in vivo [98]. This is thought to contribute to immunosenescence—the age-related deterioration
of the immune system.

6. CONCLUSION

Genomic instability has long been considered to be a central driving force in aging, and extensive evidence has accumulated
over the years supporting DNA-damage accumulation with age and its role in genomic instability. The findings that com-
promised genome-maintenance results in shortened life spans of model organisms or in human premature-aging syndromes
suggest that genome maintenance is indeed a central antiaging mechanism.

However, aging of an organism is a very complex process, during which different tissues gradually functionally deterio-
rate. Since each tissue has its own characteristics and challenges, it is likely that their functional deterioration also follows
individual patterns. Vijg and Dolle have put forward a model, according to which aging is not a clonal phenomenon, but
rather arises from increasing heterogeneity of the cells in a tissue [99]. At the level of cells, accumulation of random muta-
tions can contribute to this heterogeneity. At the level of tissues, different challenges to genomic integrity may promote
aging. For instance, neural cells, which have high respiratory requirements, may be more susceptible to the accumulation of
oxidative damage and cell death, whereas T cells that rely on continued proliferation may be more susceptible to senescence
caused by telomere shortening.

If genomic instability is considered as a mechanism driving this age-associated mosaicism by contributing accumula-
tion of mutations and promoting downstream outcomes such as altered gene expression, cell-cycle arrest, or cell death
(Fig. 29.2), a better mechanistic understanding of what triggers age-related deterioration of genome-maintenance mecha-
nisms or changes in nuclear architecture may provide valuable insights into the role of genomic instability in aging. In
addition, a better understanding of interactions between cells and tissues in the aging organism will help in determining a
hierarchy of age-related changes.
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FIGURE 29.2 Mechanisms contributing to genomic instability and their role during aging. Gray bubbles represent DNA lesions, arrows indicate
contributions of processes to the given outcomes, and two-directional arrows indicate interplay between two processes.

GLOSSARY

Cellular senescence Terminal cell-cycle arrest of normal diploid cells.

Chromosomal abnormalities Missing, additional, or irregular DNA sequence within chromosomes, including aberrations in chromosome number.
G-quadruplex Four-stranded structure in DNA or RNA formed through hydrogen bonds between four guanines.

Haploinsufficiency The presence of only one functional copy of a gene is not sufficient to produce the wild-type phenotype.

Isochromosome Chromosome with two identical arms, either two short arms or two long arms.

Large chromosomal rearrangements Large structural changes to chromosomes including duplications, deletions, inversions, and translocations.
Microsatellites Short sequence of tandem repeats of a 25 base pair-long motif.

Minisatellites Repetitive sequence consisting of repeats of a 10-60 base pair—long motif.

Replication origin licensing Assembly of required factors that allows replication origin to start DNA replication.

Replication stress Slowing or stalling of replication forks caused by several conditions including unrepaired DNA damage.

T-loop Structure formed at the telomere ends by looping back of single-stranded overhangs and annealing with double-stranded telomeric sequence.

LIST OF ABBREVIATIONS

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
AT Ataxia telangiectasia

ATM Ataxia telangiectasia mutated
BER Base excision repair

BS Bloom syndrome

CS Cockayne syndrome

DKC Dyskeratosis congenita

DSB Double-strand break

HGPS Hutchinson—Gilford progeria syndrome
HR Homologous recombination
MMR Mismatch repair

nDNA Nuclear DNA

NER Nucleotide excision repair
NHEJ Nonhomologous end joining
PD Parkinson’s disease

rDNA Ribosomal DNA

ROS Reactive oxygen species

RTS Rothmund-Thomson syndrome
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SAHF Senescence-associated heterochromatin foci
SSB Single-strand break

TTD Trichothiodystrophy

WS Werner syndrome

XP Xeroderma pigmentosum
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