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Knowledge about the different mechanisms underlying the aging process has increased exponentially in the last decades. The fact
that the basic mechanisms involved in the aging process are believed to be universal allows the use of different model systems, from
the simplest eukaryotic cells such as fungi to the most complex organisms such as mice or human. As our knowledge on the aging
mechanisms in those model systems increases, our understanding of human aging and the potential interventions that we could
approach rise significantly. Among the different mechanisms that have been implicated in the aging process, DNA repair is one of
the processes which have been suggested to play an important role. Here, we review the latest investigations supporting the role
of these mechanisms in the aging process, stressing how beneficial the use of different model systems is. We discuss how human
genetic studies as well as several investigations on mammalian models and simpler eukaryotic organisms have contributed to a
better understanding of the involvement of DNA repair mechanisms in aging.

1. Introduction

Our cells are constantly exposed to endogenous and exoge-
nous agents that induce damage to the cellular macromole-
cules such as DNA, RNA, proteins, and lipids. The sources
of this damage include a broad range of agents such as
industrial chemicals and combustion products present in our
environment, UV radiation from the sun, and endogenous
metabolic byproducts. In contrast to damaged lipids and
proteins, damaged DNA, which carries the inherited genetic
information of the cell, cannot be replaced. Therefore,
formation of DNA lesions can have profound consequences
for genomic stability due to the effect that these lesions can
have on polymerase fidelity and processivity. Spontaneous
reactions, such as hydrolysis, are the major sources of DNA
damage. They can lead to deaminated bases and abasic sites
in the DNA. Another very prominent type of endogenous
DNA damage, oxidative DNA damage, is caused by reactive
oxygen species (ROS), which are formed continuously as a

consequence of normal aerobic metabolism during mito-
chondrial respiration but also by inflammatory responses.
ROS can also be formed by a number of external fac-
tors including UV- and ionizing radiation and chemical
mutagens. DNA repair mechanisms have evolved to remove
the majority of all DNA lesions, but if these mechanisms
are not sufficiently efficient, it will lead to DNA damage
accumulation, which is likely to result in mutations and
cellular dysfunction. Due to close proximity of the mito-
chondrial DNA to the inner mitochondrial membrane, the
mitochondrial genome is more heavily exposed to ROS
than the nuclear DNA and therefore also more likely to
experience DNA damage. Thus, the mitochondrial free
radical theory of aging [1] postulates that organisms age
due to the accumulation of DNA damage and mutations
in the mitochondrial DNA, leading to mitochondrial and
eventually cellular dysfunction. This paper explores some of
the recent research, which has been performed in order to
uncover the relationship between DNA damage, DNA repair
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mechanisms, and the aging process, and emphasis is given to
the use of eukaryotic model systems for this area of research.

2. DNA Damage and Aging

Among the wide variety of known DNA lesions, 8-oxo-
deoxyguanosine (8oxoG) has received a lot of attention due
to its mutagenicity and because of the possible correla-
tion between its accumulation and pathological processes
like cancer, degenerative diseases, and aging. However, an
increasing number of studies also include other types of DNA
lesions. Numerous studies report measurement of DNA
damage in nuclear and mitochondrial DNA from tissues of
young and old organisms, with variable outcomes. Although
still controversial, several careful studies do show that 8oxoG
accumulates with age. Thus, in a recent study Gan and
coworkers used a sensitive LC-MS/MS method to demon-
strate that 8oxoG increases with age in DNA in a number
of different mouse tissues, with the largest age-dependent
increase in brain [2]. Likewise, it was shown in another
recent study that the oxidative DNA lesion 8,5′-cyclopurine-
2′-deoxynucleoside accumulates with age in a tissue spe-
cific manner in mouse [3]. Using a high-performance
liquid chromatography—electrochemical—detector Lee and
coworkers showed a positive correlation between the level
of 8oxoG in DNA and age in human gastric tissue [4].
Importantly, Hudson and coworkers have shown that 8oxoG
increases three-fold with age in mitochondrial DNA of rat
heart [5] and a number of other studies have reported
similar results for mitochondria of other tissues including
postmitotic tissues (reviewed in [6]).

Beside being exposed to endogenous ROS, the DNA
of for example skin cells may also be heavily exposed to
environmental factors such as UV irradiation due to sun light
exposure. Photodamage leads to thymine dimers, 6–4 pho-
toproducts, and ROS that damage genomic DNA and give
rise to mutations in coding or regulatory DNA sequences of
critical genes. The protective repeated DNA sequences at the
end of our chromosomes, the telomeres, are disproportion-
ately damaged by both UV and ROS, due to their greater
proportion of target TT and G bases compared with the chro-
mosomes overall. Such damage is postulated to disrupt the
telomeric loop, expose the TTAGGG overhang, and promote
aging (reviewed in [7]). UV radiation produced ROS may
also activate cell surface receptors, which eventually leads
to reduced dermal matrix formation. In dermal fibroblasts,
UV irradiation also induces mitochondrial DNA deletions,
leading to compromised synthesis of mitochondrial proteins,
further increase of reactive oxygen species (ROS), and de-
creased ability of the cell to generate energy.

Epidemiological studies suggest that smoking is another
important environmental factor in skin aging. Exposure to
tobacco smoke causes DNA single-strand breaks, aromatic
adducts, and oxidative damage to DNA, chromosome aber-
rations, and micronuclei (reviewed in [8]). ROS in tobacco
smoke also increases the expression of matrix metallopro-
teinases, and the elevated enzyme levels are suggested to lead
to the degradation of collagen and elastic fibers in the skin

[9]. Finally, DNA double strand breaks pose severe problems
for cells and this type of DNA damage also seems to increase
with age in various tissues [10, 11].

3. Nuclear and Mitochondrial DNA
Repair Pathways

Due to the serious consequences that DNA damage accumu-
lation may have on cellular function and survival, different
pathways of DNA repair have evolved in order to prevent it.
DNA repair pathways have mainly been investigated in the
nucleus; however, some of the known pathways have also
been described in mitochondria (Figure 1).

3.1. Nucleotide Excision Repair (NER). In nuclear DNA, the
NER mechanism can remove numerous types of helix dis-
torting and bulky lesions. Additionally, NER is central for
the repair of DNA cross-links. Briefly, the NER pathway
includes damage recognition, opening of the DNA helix,
incision of the nucleotides surrounding the lesion, gap filling
replication, and ligation. NER has two subpathways with
different ways of detecting lesions: the global genome (GG)
NER and transcription coupled (TC) NER.

Damage recognition of the NER is accomplished through
sequential actions of multiple proteins. For GG-NER destabi-
lization of the base pairing is detected by xeroderma pigmen-
tosum complementation group C (XPC) protein in complex
with the human homologue Rad23B (hHR23B) protein,
which is suggested by many studies to be the first protein fac-
tor to arrive at the lesion, and it ensures a broad spectrum
of substrate specificity. Additionally, UV-damaged DNA-
binding protein (UV-DDB) recognizes particular types of
lesions, such as UV-induced photoproducts, thereby recruit-
ing XPC and extending the substrate specificity [12]. For
TC-NER, damage recognition is believed to be caused by
the blockage of the transcribing RNA polymerase II on
the damaged DNA template. TC-NER is then initiated by
the Cockayne Syndrome complementation group B (CSB)
protein, later followed by the CSA gene product. In both GG-
NER and TC-NER, the lesion recognition step is followed
by recruitment of TFIIH. The XPB and XPD helicases from
the 10-subunit TFIIH complex unwind the DNA around
the lesion. The initial open complex is stabilized by XPG
and XPA, verifying the lesion, and by RPA, which binds the
opposite intact single-stranded DNA. The structure-specific
endonucleases XPG and ERCC1/XPF cleave 3′ and 5′of the
lesion, respectively. The resulting 24–32 nucleotide fragment,
containing the lesion, is removed and the remaining single-
strand gap filled by the replication machinery and the
resulting nick is sealed by ligase I or ligase III [13, 14]. NER
does not seem to take place in mitochondria (reviewed in
[15]).

3.2. Base Excision Repair (BER). The BER pathway is respon-
sible for the repair of a broad spectrum of DNA base adducts.
BER takes place both in nuclei and mitochondria and is
therefore the main guardian against endogenously derived
DNA lesions in the nucleus as well as the mitochondria
[16, 17]. Thus, the BER pathway is very critical for the
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Figure 1: Nuclear and mitochondrial DNA repair mechanisms. DNA repair lesions are represented in red and DNA repair mechanisms are
coded with specific colors. Only the central proteins involved in each pathway are represented. Enzymes involved in mitochondrial DNA
repair are in some cases splice variants of the corresponding nuclear DNA repair enzymes. More detailed information about the different
pathways is included in the text. BER: base excision repair; NER: nucleotide excision repair; MMR: mismatch repair; HRR: homologous
recombinational repair; NHEJ: nonhomologous end joining; ETC: electron transport chain; ROS: reactive oxygen species.
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maintenance of genomic stability [18]. As described in the
introduction, one of the most prominent theories of aging,
the mitochondrial free radical theory of aging, states that
free radicals generated in mitochondria are involved in the
intrinsic aging process, mainly due to the accumulation of
oxidative damage and derived mutations in mtDNA [19, 20].
The relevance of BER mechanisms have been highlighted by
studies in yeast and animal models reporting that defects
in BER enzymes shorten chronological life span and are
associated with aging or age-related diseases [21, 22].

Briefly, the BER pathway is initiated by removal of the
modified base by a lesion-specific mono- or bifunctional
DNA glycosylase, which leaves an apurinic/apyrimidinic site
(AP site). AP sites are incised by AP endonuclease 1 (APE1)
generating single-strand breaks (SSBs). End processing of
SSBs is necessary, since they contain obstructive 3′ or 5′

termini, and this is performed by polymerase β (Polβ), APE1,
or polynucleotide kinase 3′-phosphatase (PNKP) depending
on the specific terminus. Completion of the BER pathway is
performed by either of two subpathways: short-patch BER
or long-patch BER [23]. In the nucleus, the final steps of
the short-patch BER pathway include filling of the single
nucleotide gap by Polβ assisted by the scaffold protein
XRCC1, and subsequently ligation by ligase 3α. In the long-
patch BER pathway, one or two polymerases (Polβ and
Polδ/ε) fill in the 2–13 nucleotides gap assisted by additional
proteins (PCNA, RFC, and Fen1) followed by ligation by
ligase I. Recently, both subpathways have been described to
take place in mitochondria as well [24, 25]. In mitochondria,
the only polymerase in charge of the gap filling is the
polymerase γ (polγ) (reviewed in [18]).

3.3. Mismatch Repair (MMR). Mismatched nucleotides
cause genomic instability and are generated when errors of
DNA polymerase escape their proofreading activity or, for
example, polymerase slippage occurs at repetitive sequences.
The MMR pathway was previously considered exclusively to
take place in the nucleus, but several reports have indicated
some form of mitochondrial MMR activity (reviewed in
[15]). Briefly, the eukaryotic nuclear MMR pathway can
be divided into four consecutive steps. (i) Recognition
and binding of a mismatch by either a MSH2-MSH6
or MSH2-MSH3 heterodimeric ATPase complex. MSH2-
MSH6 preferentially recognizes base-base mismatches and
insertion-deletion loops of 1-2 nucleotides while MSH2-
MSH3 has preference for larger insertion-deletion loops. The
mismatch-bound MSH2-MSH6 (or MSH2-MSH3) complex
recruits the MLH1-PMS2 complex in order to form a ternary
complex. A proliferating cell nuclear antigen (PCNA) clamp
recruits MMR proteins to the replication fork while the
clamp loader replication factor C (RFC) loads PCNA. A
strand-specific nick or gap, which may reside either 5′ or
3′ to the mismatch, is sufficient to direct repair in 5′- and
3′-directed MMR, respectively. (ii) Excision is performed by
the exonuclease EXO1 in both 3′- and 5′-directed MMR.
RPA binds to protect the single-stranded DNA during the
excision and to facilitate the following DNA repair synthesis.
(iii) Repair synthesis is accurately performed by Polδ. (iv)

Ligation of the remaining nicks after DNA synthesis is
performed by ligase I (reviewed in [26]). MMR proteins
have been identified in yeast and coral mitochondria but
MMR complexes, as we know them from the nucleus, have
not yet been detected in human mitochondria. Still, human
mitochondria do seem to have mismatch-repair activity,
which involves proteins distinct from nuclear MMR. One of
these proteins is the repair factor YB-1 [27].

3.4. Recombinational Repair. DNA double-strand breaks
(DSBs) are some of the most hazardous DNA lesions, since
they can lead to genome rearrangements. The DSB repair
pathway is regulated by several phosphorylation events, start-
ing immediately after DSB formation, where large numbers
of the histone protein H2AX are phosphorylated (γH2AX)
and accumulate in the chromatin around the break [28, 29].
Several DSB damage response proteins accumulate in foci
around DSBs and send signals via signal transducers to a
set of downstream effectors, which affect events like DNA
repair, cell cycle checkpoints, telomere maintenance, and
transcription. Two major mechanisms exist to repair DSBs:
homologous recombinational repair (HRR) and nonhomol-
ogous end joining (NHEJ). The main difference between the
two major DSB repair pathways is the error-prone nature of
NHEJ in contrast to the error-free HRR. The balance between
the DSB repair pathways differs among species, cell types,
and during the phases of the cell cycle [30].

The NHEJ pathway takes place throughout the cell cycle,
whereas HRR repairs DSBs during the S and G2 phase of
the cell cycle [31]. Recognition of DSBs in NHEJ is per-
formed by the Ku70/80 heterodimer, which also recruits
DNA PKcs forming a DNA PK complex on both sides of
the DSB [32, 33]. The DNA ends are processed followed by
autophosphorylation of DNA PKcs that regulates the final
ligation [34]. HRR uses homologous sequences in sister
chromatids to repair DSBs, especially those formed at col-
lapsed replication forks. Phosphorylation of BRCA1 (by
ATM, ATR, and CHK2) regulates the MRN end processes.
Then the 3′ssDNA ends are bound to RPA, and following
several phosphorylation steps and the action of different
enzymes (Rad52, BRCA2, and CDKs), the 3′ssDNA ends
are bound to Rad51 leading to the formation of a nucleo-
protein filament that invades a homologous sequence. The
invading and complimentary strands extend and once all
intermediates are repaired, the HRR pathway is terminated.
DSBs are believed to contribute to mtDNA rearrangements
observed during aging [35]. Although some reports have
suggested mitochondrial recombinational repair in model
organisms (yeast and Drosophila melanogaster) [36–38], our
knowledge of mammalian mtDNA recombination is still
limited (reviewed in [39]).

4. Human Aging and Single-Nucleotide
Polymorphisms (SNPs) in Genes Related to
DNA Repair Mechanisms

The involvement of genetic factors on longevity has been
investigated by heritability studies using twin cohorts. The
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concept of heritability is valuable for identifying to which
extend individual genetic differences contribute to observed
individual differences for a specific trait in a study population
[40]. Several of those heritability studies have suggested that
additive genetic factors account for a quarter to one-third
of the variation in human lifespan [41–43]. Thus, epidemi-
ological geneticists have been searching for genes involved
in longevity, and recent population studies have investigated
correlations of numerous single-nucleotide polymorphisms
(SNPs) with longevity in order to identify longevity genes.
One gene that has been described to strongly relate to
longevity is the forkhead box O3A (FOXO3) [44, 45], which
is a transcription factor involved in apoptosis and protection
from oxidative stress [46]. Additionally, FOXO3 regulates the
stress resistance of cells by facilitating the repair of damaged
DNA [47].

Similar studies with other genes have led to the con-
clusion that it may be possible to identify genetic variants
that affect lifespan, inspiring human geneticists to investigate
different candidate genes that may be involved in human
longevity. Genes related to the maintenance of DNA stability
are among those candidate genes.

Initial findings were obtained by analyzing single or a few
SNPs in selected candidate genes. The human exonuclease 1
(EXO1) gene was identified as a potential longevity candidate
gene by investigating SNPs in approximately 400 German
and French centenarians [48]. EXO1 is a 5′-3′ exonuclease
participating in MMR and homologous recombination [49].
Interestingly, EXO1 also interacts with the WRN protein. As
will be described in more detail later, WRN protein is crucial
for the maintenance of genomic stability [50]. Additionally,
an association study on SNPs in the WRN gene suggested
associations between WRN polymorphisms, longevity, and
age-associated diseases in Mexican and Finnish populations
[51]. Hence, WRN is suggested to be a longevity candi-
date gene. The antioxidant enzymes superoxide dismutases
(SOD1 and SOD2) are responsible for converting superoxide
radicals, which are harmful to macromolecules and to oxygen
and hydrogen peroxide. Variations in SOD1 and SOD2 were
shown to influence human longevity, and thus also suggested
as candidate genes for longevity [52].

Despite that some studies suggest central DNA repair
and antioxidant genes as candidate longevity genes, it has
been difficult to replicate these findings in independent
study populations. Thus, identification of universal longevity
polymorphisms is a difficult task, due to the fact that genetics
of longevity seems to be extremely complicated.

It is now widely accepted that complex traits, such as
longevity, are determined by numerous genes with small
effects, and results from single SNP analysis provide limited
biological insight. Instead of analyzing single SNPs, recent
studies have investigated combined effect of a group of SNPs
located in genes involved in the same biological pathway.
Successive to the HapMap project [53], the tagging SNP
approach is considered a stronger approach than investigat-
ing few gene variations, since the most common gene varia-
tions in the entire gene is covered. The most comprehensive
study of large collections of longevity candidate variations

to date has identified novel SNPs to be associated with
human longevity [54]. By a case control design, including
1089 oldest-old and 736 middle-aged, Danes, Soerensen and
coworkers investigated several rare allele variants in genes
involved in DNA metabolism, such as BER genes (NTHL1,
Polβ, and WRN) and DSB repair genes (RAD52, H2AFX,
XRCC5, and WRN). By a longitudinal study approach, SNPs
located in genes coding for DNA repair and antioxidant
gene products were identified to associate with longevity
[54]. Rare allele variants of MLH1, involved in MMR, and
XRCC5, involved in DSB repair, as well as rare allele variants
of XDH and TXNRD1, pro- and antioxidant enzymes, were
advantageous, whereas the presence of rare allele variants in
H2AFX, related to nucleosome formation and DNA damage
signaling, appeared disadvantageous for longevity. Together,
the studies suggest new candidate variations for human
longevity located in pro-/antioxidant, DNA damage signal-
ing and DNA repair genes, and highlight the importance
of functional studies of the molecular effects of these newly
presented candidate variants [54].

Increased telomere length has been associated with
longevity in human leukocytes [55], and decreased telomere
length in leukocytes has been associated with increased
mortality [56]. At the telomere ends, T-loops are formed,
which stabilize the telomeric region and prevent the ends
from being recognized as DNA breaks by DNA repair
proteins. The shelterin complex holds the T-loop together,
protecting the telomeres [57]. Absence of T-loops will allow
NHEJ at the telomeric ends, resulting in chromosomal
fusion. The telomere length is regulated by telomerases and
associated factors [58]. Recent studies have investigated the
associations between telomere length and SNPs in telom-
erase and shelterin genes [55, 59–62]. The most promising
results have been reported in relation to TERC and TERT
genes; interestingly two of these studies have also described
associations between the TERT and TERC genes and human
longevity [55, 61].

5. Age Regulation of DNA Repair in
Human Population Studies

Previous studies investigating SSBR in peripheral blood
mononuclear cells (PBMCs) from differently aged donors
suggest minor or no effect of age [63–66]; however, the
endogenous level of SSBs was found to be significantly higher
at old age [67–69]. An age-related decline of NHEJ functions
in brain tissue has been suggested from animal studies [70,
71]. In line with these results, PBMCs from elderly humans
showed reduced nuclear localization and DNA binding of
the NHEJ specific Ku70/80 complex compared to PBMCs
from young humans [72]. In another study, PMBCs showed
an age-related decline of Ku70 levels [73], and a different
study reported declining levels of Ku80 with age [74]. Using a
host cell reactivation assay, Wei and coworkers found that the
human NER capacity in PMBCs declines with approximately
0.6% per year [75]. Together, these studies suggest biological
changes in DNA repair with age, while powerful functional
studies are missing.



6 Oxidative Medicine and Cellular Longevity

6. Animal Models as a Useful Approach to
Human Aging

As previously described, DNA repair pathways have evolved
as important systems for maintenance of DNA stability and
cell survival. Proteins in the main DNA repair pathways are
highly conserved [76, 77], and such high degree of conser-
vation indicates that DNA repair pathways are fundamental
mechanisms in cell survival. As observed in other DNA repair
pathways, many of the genes involved in the BER pathway are
highly conserved from bacteria to humans [78–80].

Since aging mechanisms have been proposed to be uni-
versal [81], animal models have become an excellent tool for
investigation of the molecular mechanisms involved in the
human aging process, including DNA repair pathways. One
of the main advantages of animal models is that most of them
have relatively short life span and that genetic modification
is possible. Along with mammalian models, aging research
studies and DNA metabolism include unicellular organ-
isms and multicellular eukaryotes such as D. melanogaster,
Caenorhabditis elegans, [82–85], or filamentous fungi like
Podospora anserina [80, 86]. Investigations in these models
have contributed notably to the understanding of the role
of DNA repair mechanisms in the aging process in humans,
particularly those taking place in mitochondria.

One of the first studies using mammalian models for
investigating the relation between aging and DNA repair
mechanisms was the one performed by Hart and Setlow
[87]. They investigated the repair of UV-light induced
DNA damage in fibroblasts of different mammalian species,
reporting that DNA repair activity was inversely correlated
to the maximum life span potential (MLSP) [87]. In a
similar recent investigation on C. elegans strains showing
different longevities, long-lived strains showed higher rates
of UV-induced DNA damage repair than the wildtype nema-
todes [83]. Comparative studies using different mammalian
species have also been used in order to investigate the
correlation between BER mechanisms and MLSP. Brown and
Stuart reported no correlation, when nuclear BER activities
were analyzed in mammalian dermal fibroblasts [88]. Up
to now, no investigation has been performed analyzing the
correlation between mitochondrial BER and MLSP.

Compiling evidence supports that during aging alter-
ations in BER capacity occur, age-related deficiencies in those
mechanisms play an important role in cell function and
survival, particularly in postmitotic tissues. As mentioned
above, the mtBER pathway is highly conserved among mam-
malian species, and mice are widely used for investigating
the role of mtBER in the aging process. Mitochondrial BER
capacity has been described to be organ-specific, with the
brain being one of the tissues with the lowest capacity
[89]. Various studies have investigated the role of changes
in mitochondrial BER in age-related functional decline,
showing tissue specific age-related changes. Although some
studies have observed a reduction in mtBER with aging
in rat liver mitochondria [90], most of the investigations
in murine mitochondria from hepatic and cardiac tissues
have reported increases in APE1 activity and increases or no
changes in DNA glycosylase activities during aging [91–93].

On the other hand, a general decline in DNA glycosylase
activity has been observed in brain cortical mitochondria in
rats [94] and mice [95, 96]. These results support the idea
that mtBER plays a critical role in the maintenance of the
central nervous system during aging [97]. We have reported
significant differences in mtBER among various mouse
brain regions during aging. Thus, we found that in cortical
mitochondria, DNA glycosylase activities peaked at middle
age followed by a significant drop at old age. However, only
minor changes were observed in hippocampal mitochondria
during the whole lifespan of the animals. Mitochondrial
AP endonuclease activity increased in old animals in both
brain regions [96]. The cortical region and the cerebellum
have been described to accumulate less mtDNA lesions
with aging and to be more resistant to oxidative stress
conditions [98–100]. Interestingly, those regions showed
higher BER capacity than hippocampus, which has been
described to be a much more vulnerable region in the brain
[98, 99]. A recent investigation also supports the relevance
of mtBER in brain aging and stresses the importance of
the central nervous system heterogeneity in these processes,
since the age-related decline in brain mtBER seems to occur
specifically at the synapses [101]. Although investigations
on mtBER in humans are scarce, results obtained on mito-
chondrial, nuclear, or total BER from central nervous system
cell cultures or even postmortem neuronal human tissue
suggest that the results obtained from mouse studies can be
transferred into humans. Thus, increasing Ogg1 activity in
mitochondria from oligodendrocytes after targeting hOGG1
into mitochondria increases cell survival and protects against
induced-oxidative stress [102]. Moreover, Weissman and
coworkers reported that a significant decline in total BER
takes place in the cortical area of Alzheimer’s patients [103].
Postmitotic tissues are specially affected during aging, and
an age-related decline has also been reported in mtBER in
skeletal muscle [104], which has been suggested to contribute
to age-related sarcopenia. Studies in the aging model P.
anserina have also shown that aging is associated with a
decrease in mitochondrial BER [80], likely contributing to
the observed mtDNA instability in the aged fungi [105].

An important approach in the study of the role of DNA
repair in the aging process is the development of several
knockout (KO) mice. Among them, those models being
deficient in essential enzymes in the BER pathway have
resulted in embryonic lethality, such as APE1 or Polβ or ligase
III [106–108], revealing the importance of these enzymes in
cellular survival. Since DNA glycosylases have a certain grade
of overlapping activity, KO mice for these enzymes generally
result in elevated levels of DNA lesions but no apparent aging
phenotype, although some KO mice show higher incidence
of cancer [109–111].

Mice mutated in Ku70 or Ku80, proteins involved in
repair of DSBs, display an early aging phenotype [112], and
are therefore an interesting model for studying the role of
NHEJ in aging. Also, Ercc1 and Xpf mutant mice, with a
defect in NER and cross-link repair, display reduced lifespan
and a broad range of aging-associated changes at an early age,
and thus provides another valuable model for studying the
role of DNA repair mechanisms in aging [113]. Mice carrying
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a specific XPD point mutation found in several patients
suffering from trichothiodystrophy (TTD) recapitulate the
human disorder to a great extent, but in addition they display
pathology consistent with accelerated aging (reviewed in
[114]).

A mouse model developed in the last decade, the mito-
chondrial mutator mouse, appears as an interesting model
in which to investigate the causative link between mtDNA
mutation accumulation and aging, and the role that mtBER
may play in the process [115, 116]. Moreover, the generation
of this knock-in mouse expressing proof-reading deficient
Polγ, but conserved replicative function, is considered by
some authors as an important support of accelerated mtDNA
mutation rate resulting in increased aging rate [117, 118].
In various tissues of this mouse model, mtDNA point
mutations as well as mtDNA deletions accumulate at a much
higher rate than in the wildtype mice [115, 116]. However,
whether it is the accumulation of mtDNA deletions or point
mutations that drive the premature aging phenotype and the
precise mechanisms are still discussed [119, 120].

Some animal models have also been used in order to
investigate the role of DNA repair mechanisms on age-
related diseases, mainly age-related neurodegenerative dis-
eases. Thus, different mouse models have been created in
attempts to elucidate the underlying molecular mechanisms
for disorders such as Alzheimer’s (AD), Parkinson’s (PD),
or Huntington’s disease (HD), and some of them have been
used to investigate the potential role of DNA repair in
those disorders [14, 121]. Investigations of age-related neu-
rodegenerative diseases on humans are normally limited to
postmortem tissue samples; consequently, animal models of
those diseases are very valuable. However, the results ob-
served in animal models do not always match those found in
humans. For instance, although a general decline in BER has
been described in postmortem cortical tissue in AD patients
[103], no changes have been observed in BER mechanisms
when the investigations have been performed in the APP
and 3xTgAD mouse models [101, 122]. Interestingly, these
particular models, unlike humans, do not display neurode-
generation despite the fact that both amyloid-β plaques
and neurofibrillary tangles accumulate. Two well-established
mouse models for HD have related DNA repair mechanisms
with the progression of the disease. Whereas investigations
on the HdhQ111 knock-in mice have supported the role
of mismatch repair proteins in HD [123, 124], studies on
R6/1 mice have revealed the contribution of BER enzymes,
particularly OGG1, to CAG expansion in somatic cells that
takes place in HD [121]. A recent report suggests that CSB
may also be involved in promoting CAG repeat expansion in
HD [125, 126].

7. Premature Aging Syndromes

Finally, another important approach to human aging is the
study of genetically inherited premature aging syndromes.
Such syndromes have been widely used as valuable tools
in understanding the normal aging process [127]. Similarly
to age-related neurodegenerative diseases, the investigation
of human tissues in these syndromes is limited due to

scarcely available tissue samples. Thus, research on mouse
models and established human cell lines has been critical
for understanding some of the mechanisms involved in
premature aging syndromes and furthermore increased the
understanding of the normal aging process in humans.
The DNA repair defective disease Cockayne syndrome
(CS), which is a segmental premature aging syndrome, is
associated with severe developmental deficiencies and neu-
rodegeneration. Although transcription coupled NER (TC-
NER) is a prominent DNA repair pathway affected in this
syndrome, an increasing number of investigations indicate
that BER is affected as well [128]. In the last years, the
investigations that have been carried out on different models
of CS, particularly on the models of CSB, have dramatically
improved our knowledge about this syndrome and the
several roles that the CSB protein plays in genomic stability
and cellular survival. Along with the alterations in TC-
NER, deficiency in the repair of 8oxoG was initially reported
both in whole cell extracts [129] and in mitochondria from
mammalian CSB-deficient cells [130]. Moreover, CSB seems
to play a role in general mitochondrial maintenance [131].
In accordance, the CSB protein, which was thought to be
present exclusively in the nucleus, has recently been shown
to localize to mitochondria [132]. This investigation suggests
that CSB protein plays a direct role in mtBER by interacting
and stabilizing BER proteins in the protein-DNA complexes
associated with the inner mitochondrial membrane when
mtDNA repair takes place. In addition, it has recently been
reported that CSB-deficient cells show higher free radical
production and accumulation of damaged mitochondria
together with altered mitochondrial autophagy [133]. Thus,
the authors suggest that CSB may act as an mtDNA damage
sensor, inducing mitochondrial autophagy in response to
stress.

Werner syndrome (WS) is another genetically inherited
premature aging syndrome, which has been studied intensely
with regard to the molecular role of the affected gene
product, WRN. The syndrome is characterized by premature
graying and thinning of hair, cataracts, diabetes mellitus,
osteoporosis, and a number of other typical age-associated
deficiencies. The affected WRN protein is a member of
the so-called RecQ helicases and orthologs exist in a
wide variety of organisms such as Saccharomyces cerevisiae,
Schizosaccharomyces pombe, C. elegans, and Xenopus laevis
(reviewed in [134]). Based on cellular and biochemical
studies of WRN-deficient cell lines, the WRN protein has
been suggested to have multiple roles in DNA repair. Hence,
the protein interacts with several DNA repair proteins,
which are involved in BER, NHEJ, or HHR. This is in
agreement with the fact that WS cells show phenotypes
such as nonhomologous chromosome exchanges and large
chromosomal deletions, caused by deficiency of DSBR [135],
and accumulation of, for example, Fapy lesions, which are
induced by ROS [136].

In conclusion increasing evidence suggests that DNA
repair mechanisms are involved in the aging process. Addi-
tional studies using various model systems will help us gain
an even better understanding on the functional relationship
between these associations.
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