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Abstract

The aging process and several age-related neurodegenerative disorders have been linked to
elevated levels of DNA damage induced by ROS and deficiency in DNA repair mechanisms. DNA
damage induced by ROS is a byproduct of cellular respiration and accumulation of damage over
time, is a fundamental aspect of a main theory of aging. Mitochondria have a pivotal role in
generating cellular oxidative stress, and mitochondrial dysfunction has been associated with
several diseases. DNA base excision repair is considered the major pathway for repair of oxidized
bases in DNA both in the nuclei and in mitochondria, and in neurons this mechanism is
particularly important because non-diving cells have limited back-up DNA repair mechanisms. An
association between elevated oxidative stress and a decrease in BER is strongly related to the
aging process and has special relevance in age-related neurodegenerative diseases. Here, we
review the role of DNA repair in aging, focusing on the implications of the DNA base excision
repair pathways and how alterations in expression of these DNA repair proteins are related to the
aging process and to age-related neurodegenerative diseases.

Keywords
Aging; DNA repair; oxidative damage; oxidative stress; neurodegeneration; Alzheimers disease

1) Introduction

The aging process can be described as a progressive impairment of organismal function with
increasing vulnerability to environmental changes and heightened risk of disease and
mortality (Kirkwood and Austad 2000, Kirkwood 2005). Significant effort has been
undertaken to understanding the molecular basis of aging. However, many key aspects of the
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process remain unclear. Considerable circumstantial evidence show that genomic instability
has a central role in age-related decline, potentially due to the accumulation of somatic DNA
damage in aged cells and this evidence will be further discussed in this review.

Genomic instability occurs upon exposure to exogenous and endogenous DNA damaging
agents that can generate chemical modifications in DNA (Pages and Fuchs 2002). An
important factor related to the age-dependent exacerbation of genomic instability is chronic,
elevated oxidative stress. Oxidative stress is a result of the loss of equilibrium between
reactive oxygen species (ROS) formation and the antioxidant defense mechanisms within the
cell.

Several mechanisms of protection are available to cells subjected to the deleterious action of
ROS depending on the nature of ROS and its subcellular site of generation. The cell can
elicit specific antioxidants, in the form of enzymes that sequester ROS before the free
radicals can damage other molecules (Lu and Holmgren 2014). In mammalian cells, the
initial defense against ROS is mediated by antioxidants which include the thioredoxin
(NADPH, thioredoxin reductase and thioredoxin), and glutathione-glutaredoxin system,
(NADPH, glutathione reductase, GSH, Glutaredoxin) which make up the two major thiol-
dependent antioxidant systems in the cell (Lu and Holmgren 2014). Cells that are not able to
maintain this homeostatic ROS equilibrium are susceptible to deleterious effects of DNA
damage induced by ROS which can include a multitude of DNA modifications including
base oxidation and DNA strand breaks (Dizdaroglu 1991). There are more than 100 base
modifications caused by DNA oxidation (Dizdaroglu 1991, Croteau and Bohr 1997) which
have the potential to cause mutagenic and cytotoxic lesions (Lindahl 1993).

Mechanisms to repair DNA damage are numerous and overlapping. In mammalian cells
these DNA repair pathways include: direct repair, base excision repair (BER), nucleotide
excision repair (NER), mismatch repair (MMR), homologous recombination repair (HR)
and non-homologous end-joining repair (NHEJ) (Bjelland and Seeberg 2003, Sancar,
Lindsey-Boltz et al. 2004). The failure of these DNA repair mechanisms has been associated
with several human diseases. Table 1 shows central nervous system diseases associated with
dysfunctional DNA repair. The following is a discussion of the role of these DNA repair
mechanisms in age-related diseases.

There are two major direct repair mechanisms, the repair of UV-induced pyrimidine dimers
mediated by photolyase and repair of O8-methylguanine lesions by methylguanine DNA
methyltransferase (MGMT). MGMT is present in human cells (Sancar, Lindsey-Boltz et al.
2004) and is a suicide protein that recognizes the damage and acts by transferring the methyl
group to an active cysteine site in an irreversible reaction (Pegg 1990, Daniels and Tainer
2000). It was observed that a decrease in MGMT activity occurs during the aging process
(Anisimov 2001). Further, the overexpression of this protein correlates with an increased life
span in mice (Qin, Zhang et al. 2000).

There is extensive evidence supporting that MMR has importance in the aging progress and
that levels of MMR proteins decrease with age (Ben Yehuda, Globerson et al. 2000,
Krichevsky, Pawelec et al. 2004, Neri, Gardini et al. 2005). This DNA repair pathway plays
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a role in removing unpaired bases resulting from replication error (Jiricny 2006),
recombination imperfections and deamination of 5-methyl-cytosine. It has been suggested
that MMR plays a role in oxidized DNA damage repair but the mechanisms involved are not
yet clear (Skinner and Turker 2005). It has been reported that the induction of base-pair
substitutions caused by oxidative stress may further oxidized DNA promoting mutagenesis
(Diaz-Llera, Podlutsky et al. 2000). Thus, decline or deficiency in MMR can lead to
heightened susceptibility to disease.

NER is a DNA repair pathway that involves multiple protein complexes. The specific role of
the pathway is to remove bulky DNA lesions. This damage includes chemical compounds
and covalent linkages between adjacent pyrimidines caused by exposure to UV light
(Hanawalt 2002). The role of NER in the aging process has been extensively studied and
there is significant evidence that supports the function of this pathway in longevity
(Gorbunova, Seluanov et al. 2007). The importance of the pathway is seen from mutations in
NER genes leading to rare human diseases such as Cockayne’s Syndrome (CS) and
Xeroderma Pigmentosum (XP) (see Table 1). These diseases have premature aging features
including extensive neurological symptoms (Menck and Munford 2014). Despite these
diseases having progeria symptoms, there is not a consensus whether NER capacity
decreases in normal human aging. For example, it was reported that cyclobutane pyrimidine
dimers (CPD) induced by UV radiation were reduced in senescent skin fibroblast but not in
young cells when cultured in media with serum. However, under culture conditions where
cells are serum-starved there is a reduction in CPD removal in young cells (Boyle, Kill et al.
2005), thus the authors suggested that the results are related to age-related decline in NER
capacity in proliferative cells. However, other studied have shown that aged human
fibroblasts and trabecular osteoblasts also treated with UV radiation were as efficient as
young cells in the removal of CPD lesions (Christiansen, Stevnsner et al. 2000). These
conflicting results may be explained by different cell culture conditions and cell cycle
distribution along the treatment (Al-Baker, Oshin et al. 2005). Most studies seem to
converge on the notion that NER declines with age.

Double strand breaks (DSB) are lethal DNA lesions in a replicating cell and are repaired by
HR or NHEJ (Sancar, Lindsey-Boltz et al. 2004). When DSBs are not repaired, chromosome
segments can become displaced leading to chromosome rearrangements and a drastic
reduction in cell survival (Gorbunova, Seluanov et al. 2007). The role of DSB repair in the
aging process has also been extensively studied and disruption of genes involved in this
pathway leads to premature aging phenotypes such as those observed in Werner syndrome
and Ataxia telangiectasia (Gorbunova and Seluanov 2005) (see Table 1). Werner syndrome
is caused by a mutation in a RecQ DNA helicase/nuclease (WRN). Werner patients show
increased risk for atherosclerosis, osteoporosis, diabetes, cancer, and also present with early
characteristics of the normal aging process including loss of hair and cataracts (Epstein,
Martin et al. 1966, Goto 1997). WRN interacts with many common components of DSB
repair (Bohr 2002, Croteau, Popuri et al. 2014) and also is a substrate for DNA-PK, a protein
that has a central role in NHEJ (Yannone, Roy et al. 2001, Karmakar, Piotrowski et al.
2002). Several reports show that dysfunction in DSB repair pathways during aging correlates
with an increase in genomic rearrangements (Dolle, Giese et al. 1997, Vijg and Dolle 2002).
In support, knockout of NHEJ genes causes accelerated aging as observed in DNA-PK
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deficient mice that have shorter lifespan, loss of bone density and early onset lymphomas
(Espejel, Martin et al. 2004).

While each of the pathways described above have commanding roles in the repair of a wide
range of lesions, it is DNA damage induced by ROS that is most commonly attributed to the
advancement of aging pathology. Base excision repair (BER) is considered the dominant
mechanism responsible for averting deleterious effects of DNA damage modifications
caused by ROS in both mitochondrial and nuclear DNA (nDNA) (Mitra, Boldogh et al.
2001, Wallace 2002). This review will focus on the role of BER age-related
neurodegenerative diseases.

2) Base Excision Repair (BER)

BER is an indispensable mechanism for repair of oxidized DNA bases. All aerobic
organisms are continually exposed to endogenous ROS formation as a by-product of
respiration hence proteins of the BER pathway are highly conserved. BER preferentially
repairs non-bulky, non-helix distorting lesions, removing and repairing damage sustained by
deamination, alkylation or the oxidation process (Sancar, Lindsey-Boltz et al. 2004). The
BER mechanism can be broken into general steps that include: lesion recognition and
excision by a DNA glycosylase forming an intermediate abasic site; subsequent incision of
the resulting abasic site by an AP-endonuclease (APE1) or AP-lyase action; and
phosphodiesterase activity to convert the 5’ -dRP fragment; gap filling by a DNA polymerase
and finally a DNA ligase seals the nick and restores the continuity of the phosphodiester
backbone (Dianov, Bischoff et al. 1998, Wilson and Kunkel 2000, Kim and Wilson 2012).

There are two major BER sub-pathways in mammalian cells, long and short patch BER (LP-
BER, SP-BER respectively) (Figure 1). Short-patch BER employs a single mechanism of
nucleotide replacement using the core proteins: APE1, DNA Polymerase p (Pol B), DNA
ligase 111 (LIG3) and X-ray repair cross-complementing protein 1 (XRCC1). In contrast, LP-
BER uses APE1 to make a5’ incision at the AP-site and a combination of DNA
Polymerases B/&/e, proliferating cell nuclear antigen (PCNA) and flap endonuclease (FEN1)
displaces the strand 3" to the nick producing a flap of 2—10 nucleotides, and then FEN1
endonuclease is responsible for cutting the junction of the single to double strand transition.
Pol &/e in conjunction with PCNA synthetizes the oligonucleotide and ligation is performed
by Ligase | (LIG1) (Frosina, Fortini et al. 1996, Klungland and Lindahl 1997, Sancar,
Lindsey-Boltz et al. 2004). Interestingly, Pol B can also have an essential role in LP-BER,
since in the absence of replicative polymerases it becomes responsible for strand
displacement synthesis (Dianov, Prasad et al. 1999), in combination with the nuclease FEN1
(Prasad, Dianov et al. 2000, Podlutsky, Dianova et al. 2001, Liu, Beard et al. 2005). In post-
mitotic tissue, LP-BER utilizes a PCNA independent sub-pathway catalyzed by Pol B/FEN1
that occurs via a “hit and run” mechanism (Liu, Beard et al. 2005). The PCNA-independent
LP-BER is important in neurons. The 5”-blocked termini may be refractory to Pol  dRP
lyase activity and requires the action of FEN1. Hence, the lack of replicative proteins in
post-mitotic cells may result in a higher proportion of alternative PCNA-independent LP-
BER repair events (Wei and Englander 2008). It was observed that neurons rely heavily on
this PCNA independent pathway for repair of oxidized DNA damage with damaged termini,
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however the lesion processing is comparatively slow (Wei and Englander 2008). Single
strand break repair (SSBR) is considered a BER sub-pathway, an attenuated version of SP-
BER. The pathways include specialized termini “clean-up” proteins many of which have
been associated with neurodegenerative diseases. SSBR and SP-BER represents the major
BER pathways in the brains however residual LP-BER activity is present in neuronal cells
(Wei and Englander 2008, Akbari, Pena-Diaz et al. 2009).

When comparing differentiated and undifferentiated cells, Montecucco et al. observed a
decrease in DNA ligase | mMRNA levels in non-proliferating cells relative to proliferative
cells in a variety of cell types including human lymphocytes, rat neurons and mouse
fibroblasts (Montecucco, Biamonti et al. 1992). In another study it was observed that mouse
differentiated myotubes showed increases in oxidative damage markers and a decrease in
BER activity compared to proliferating myoblast (Narciso, Fortini et al. 2007). Akibari et al.
demonstrated that only proliferating lymphocytes (stimulated by phytohemaglutin A) had
capacity for LP-BER compared with human non-proliferating lymphocytes (Akbari, Pena-
Diaz et al. 2009). They also saw differences in BER pathways for keratinocyte cell lines
(HaCaT cells) in proliferating versus non-proliferating conditions. These results and others
establish that LP-BER is associated with replicative synthesis, this aspect has direct
ramifications for post mitotic, highly differentiated cells such as neurons.

Sykora et al. used mitotic and post-mitotic human neuroblastoma cells to clarify the changes
in BER pathways in neurons. Their study showed that the modulation of BER depends on
the differentiation status of the cell (Figure 2). It was observed that post-mitotic neurons
were more susceptible to oxidative stress than mitotic cells despite no difference when cells
were treated with an alkylating agent. A decrease in LP-BER proteins, FEN1, PCNA, Pole
and LIG1, was observed resulting in an overall reduced LP-BER capacity after neuronal
differentiation (Sykora, Yang et al. 2013). Therefore, oxidative stress-induced DNA damage
may be better tolerated in replicative cells than in non-proliferative cells due to a more
robust LP-BER activity able to modulate repair of substrates more efficiently.

3) Mitochondrial DNA damage, repair, and aging

Mitochondria are membrane-enclosed organelles that are essential in cellular homeostasis.
Due to their central role in energy metabolism, they are also the most abundant source of
endogenous ROS (Kowaltowski, de Souza-Pinto et al. 2009). Mitochondria have their own
genome, an artifact from the organelles proteo-bacteria origins (Lang, Burger et al. 1997,
Gray, Burger et al. 2001). ATP generation in mitochondria depends on the transport of high-
energy electrons using the electron transport chain in the inner mitochondrial membrane.
Electron leak from this process can react with O, generating ROS. The proximity of the
ROS formation exposes mitochondrial DNA (mtDNA) to higher levels of oxidative stress.
DNA damage induced by ROS in mtDNA can cause dysfunction in mitochondrial oxidative
phosphorylation (OXPHOS), leading to an induction of ROS, and provoking more mtDNA
damage, beginning a vicious cycle (Sanz, Caro et al. 2006) (Figure 3, Point 4). The levels of
damage induced by ROS in mtDNA may be higher (Richter, Park et al. 1988, Hudson,
Hogue et al. 1998), more persistent and more extensive (Yakes and Van Houten 1997) than
in nDNA in human cells.
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In 1956, Harman suggested an association between free radical-dependent cellular damage
accumulation and the aging process by introducing the mitochondrial free radical theory of
aging (Harman 1956, Harman 1981). This theory assumes a connection between
mitochondrial OXPHOS, oxygen free radical induction, and cellular damage, leading to the
age-related deterioration of organisms (Sohal and Brunk 1992). It has received significant
support and is now cited as a major theory of aging (Harman 1981). However, some research
has questioned Harman’s theory (Stuart, Maddalena et al. 2014). For example, it has been
showed that simply decreasing ROS production (Labinskyy, Csiszar et al. 2006, Lambert,
Boysen et al. 2007, Brown, McClelland et al. 2009), or increasing antioxidant defense
(Salway, Page et al. 2011) is not enough to increase an organism’s life-span. These results
are suggestive of ROS playing a crucial role in alternate metabolic and/or signaling
pathways and suggest caution when labeling ROS solely as a damaging agent. Thus, further
elucidation of this theory and its contribution to the aging process is required (Stuart,
Maddalena et al. 2014).

Considering the importance of nDNA repair it is perhaps not surprising that the
mitochondria can also repair mtDNA using similar mechanisms to those observed in nDNA.
However, there are considerable differences between DNA repair pathways in mitochondria
and in the nucleus. mtDNA relies on MMR (de Souza-Pinto, Mason et al. 2009) and BER
(mtBER). BER is the best characterized DNA repair process among mtDNA repair
mechanisms and was the first to be identified in mitochondria (Muftuoglu, Mori et al. 2014).
mtBER proteins are not encoded in the mitochondria but are found as isoforms or splice
variants of the nuclear BER (nBER) proteins (Nilsen, Otterlei et al. 1997, Nishioka, Ohtsubo
et al. 1999, Chattopadhyay, Wiederhold et al. 2006). Several DNA glycosylases have a
mitochondrial isoform, including oxoguanine glycosylase (OGG1) and uracil-DNA
glycosylase (UDG) (Svilar, Goellner et al. 2011). After excision of the damaged DNA base,
APEL is responsible for the incision of the abasic site but it is unclear whether the same
form of this protein operates in both nBER and mtBER (Tell, Damante et al. 2005). DNA
polymerase -y (Pol y) is an exclusively mitochondrial polymerase responsible for repair and
replication events in mitochondria (Kaguni 2004). For the nick sealing in mitochondria, an
alternative LIG3 isoform is the sole enzyme and, unlike in the nucleus, the mitochondrial
form is not dependent on XRCC1 (Lakshmipathy and Campbell 1999). Until recently LP-
BER was believed to be present only in the nucleus, however recently LP-BER components
were found in mitochondria (Akbari, Visnes et al. 2008, Liu, Qian et al. 2008, Szczesny,
Tann et al. 2008). For example, FEN1 was found in mammalian mitochondrial extracts (Liu,
Qian et al. 2008, Szczesny, Tann et al. 2008). Despite the obvious similarities between nBER
and mtBER, mtBER does have distinct proteins. Transcription factor A-mitochondrial
(TFAM) is an essential component of mitochondrial nucleoids, and participates in mtBER
(Canugovi, Maynard et al. 2010). TFAM can modulate mtBER by binding DNA. TFAM
preferentially binds to DNA containing 8-oxo Guanine (8-0xoG) /n vitro, and lysates from
TFAM knockdown cells had higher 8-0xoG incision activity but increased mtDNA damage
accumulation compared to the control cells (Canugovi, Maynard et al. 2010). An age-
dependent decline of mtBER activities was observed in rat cerebral cortices as well as a
decrease in expression of OGGL1 and Pol -y enzymes (Chen, Cao et al. 2002), and it was also
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reported that there was an age-dependent decrease of mtDNA glycosylases activities in five
different mouse brain regions (Imam, Karahalil et al. 2006).

Mitochondrial dysfunction may also have a commanding role in Down’s syndrome (DS) or
trisomy 21. This disorder has a complex phenotype characterized by developmental delay
(Roizen and Patterson 2003) and symptoms of accelerated aging (Tiano and Busciglio
2011). One particularly important feature of DS is an early onset of Alzheimer’s disease
(AD) by middle age (Coyle, Oster-Granite et al. 1986, Mann 1988). Interestingly, DS
fibroblasts were impaired in mitochondrial DNA repair after induction of damage by the
damaging oxidative agent menadione (Druzhyna, Nair et al. 1998). And, similar to other
diseases associated with DNA repair deficiency, DS is also associated with elevated levels of
oxidative stress and mitochondrial abnormalities including reduced mitochondrial membrane
potential, reduced ATP production and decreased oxido-reductase activity (Brooksbank and
Balazs 1984, Arbuzova, Hutchin et al. 2002). In DS the accelerated aging process may be
related to oxidative stress and mitochondrial dysfunction as can occur in some senile
neuropathies and also in the normal aging process (Tiano and Busciglio 2011). The
premature aging syndrome CS is characterized by progressive neurological dysfunction,
leukodystrophy, cachexia and growth retardation (Nance and Berry 1992, Koob, Laugel et
al. 2010, Natale 2011). It is caused by mutations in the cockayne syndrome group B (CSB)
protein (80% of the cases) or the group A protein (CSA) (20% of the cases) that participate
in multiple pathways involved in genomic integrity including transcription coupled NER
(Anindya, Mari et al. 2010), transcription (Le May, Mota-Fernandes et al. 2010) and BER
(Stevnsner, Muftuoglu et al. 2008). CSB may also have a direct role in mtDNA maintenance
(Aamann, Sorensen et al. 2010, Kamenisch, Fousteri et al. 2010, Scheibye-Knudsen,
Ramamoorthy et al. 2012). In support, CSB can exert a role as an accessory factor to BER
enzymes APE1 (Wong, Muftuoglu et al. 2007) and neil-endonuclease VIl1-like 1 (NEIL1)
(Muftuoglu, de Souza-Pinto et al. 2009), suggesting a possible additional role for CSB in
mtBER. CSB deficient cells show deficient mitophagy, causing accumulation of damage in
mitochondria, which can be reversed by the addition of lithium chloride and rapamycin to
cell culture medium (Scheibye-Knudsen, Ramamoorthy et al. 2012).

4) BER and neurodegeneration

Aging is the strongest risk factor for most common neurodegenerative diseases including
AD and Parkinson’s (PD). Age-related neurodegeneration can lead to functional or structural
neuronal loss culminating in a decline in the quantity of neurons, a consequence of elevated
apoptotic activation (Jeppesen, Bohr et al. 2011) but may also include autophagy and
necrosis. (Yuan, Lipinski et al. 2003). Since BER is considered the major DNA repair
pathway in neurons (Wei and Englander 2008), BER deficiencies have been highlighted as
an important factor in neurodegenerative disorders.

Reduced DNA repair was observed in tissue of old (24-month) compared to young (4-
month) mice measuring /n vitro BER activity. The authors tested brain, liver, spleen and
testes and observed a significantly reduced capacity of BER (50-75%) in the 24 month
group (Cabelof, Raffoul et al. 2002). Moreover, the observed decline in BER activity
correlates with a decrease in levels of enzymatic activity of Pol 8, as well a decrease in
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transcript and protein levels of this DNA polymerase (Cabelof, Raffoul et al. 2002). A
decrease in DNA repair activity was also observed in extracts from neurons taken from old
rats (Rao, Annapurna et al. 2000, Rao, Annapurna et al. 2001), and proof-of-principle was
shown by supplementing Pol B to recover this activity. Further, the ability to repair DNA
damage was also measured in young (3 month) compared to old (30 month) old mice when
exposed to isobaric hyperoxia, a condition that elevates ROS levels in the brain and
increases apoptosis. Six hours after the exposure, an induction of APE1 was observed in the
hippocampus and basal forebrain of young but not old mice (Edwards, Rassin et al. 1998).
The importance of BER proteins is also noted in results from knock-out studies. The knock-
out of many core BER genes results in severe defects in embryonic development resulting in
early gestational lethality in mice. Human mutations in two peripheral SSBR proteins ataxia-
oculomotor apraxia-1 (AOA1) and tyrosyl-DNA phosphodiesterase 1 (TDP-1) clearly show
the importance of BER in human neuronal maintenance.

Ataxia oculomotor apraxia-1 (AOAL) is an autosomal recessive neurodegenerative syndrome
associated with progressive cerebellar atrophy caused by a severe loss of Purkinje cells, late
axonal peripheral motor neuropathy, ataxia, oculomotor apraxia and variable age of onset
(Date, Onodera et al. 2001, Moreira, Barbot et al. 2001) Moreover, patients show cognitive
impairments, hypoalbuminaemia, and hypercholesterolaemia (Madabhushi, Pan et al. 2014).
The disease is associated with mutations in the APT.X gene. The APTX gene product,
aprataxin, is involved in the resolution of 5"-AMP ligation intermediates. It was observed
that AOAL cells were sensitive to hydrogen peroxide (H>0O5) and methyl methanesulfonate
(MMS) that can induce strand breaks (Clements, Breslin et al. 2004, Gueven, Becherel et al.
2004). However, aprataxin might have an important role in the repair of both single strand
breaks (SSBs) and double strand breaks (DSBs) (Ahel, Rass et al. 2006, Rass, Ahel et al.
2008), as suggested by the interaction of aprataxin with phosphorylated XRCC1 and
XRCC4 (Clements, Breslin et al. 2004, Gueven, Becherel et al. 2004). It remains unclear
what the specific role of aprataxin is in DSB remediation.

Spinocerebellar ataxia with axonal neuropathy-1 (SCAN1)is another rare autosomal
recessive neurodegenerative disease characterized by progressive cerebellar atrophy and
peripheral neuropathy (Takashima, Boerkoel et al. 2002). SCAN1 patients show no cognitive
impairment (Takashima, Boerkoel et al. 2002). In SCANL1, the mutated gene encodes TDP1,
an enzyme responsible for hydrolysis of a phosphotyrosyl protein linkage at the 3" ends of
DNA SSBs and DSBs (Yang, Burgin et al. 1996). Phosphotyrosy! linkage results from
abortive activity of the topoisomerase (TOP1) that catalyzes the relaxation of DNA
supercoils formed ahead of polymerases (Pourquier, Waltman et al. 2001). SCAN1 cell lines
are also defective in the repair of SSBs caused by the treatment with H,O, ionizing
radiation and camptothecin (EI-Khamisy, Saifi et al. 2005, Katyal, el-Khamisy et al. 2007).

It remains unclear why mutations in these two relatively obscure SSBR genes result in
largely neurological symptoms. Further, unlike mutations in other DNA repair related genes
these patients do not appear to present with elevated cancer incidence. It has been suggested
that proliferating cells are more capable of repairing SSBs because they can be converted to
DSBs and then repaired by HR in S/G2 phase, whereas neurons, as post-mitotic cells, do not
have this option (Rulten and Caldecott 2013). Alternatively, back-up DNA repair pathways
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for the specific lesion thought to accumulate in the diseases may be absent in post-mitotic
cells. For AOAL1 this DNA repair pathway is most likely to be LP-BER using the action of
the replication dependent enzyme FENL1 to clear the damaged termini, this enzyme has
severely reduced levels in post-mitotic neurons (Sykora, Yang et al. 2013).

5-Age related neurodegenerative diseases

Age-associated neurodegenerative disorders such as AD and PD have also been linked to
higher DNA damage induced by ROS and decreased DNA repair capacity. These conditions
are distinct in pathology, yet common features between them are oxidative stress and
mitochondrial dysfunction (Canugovi, Misiak et al. 2013). PD is a neurodegenerative
disorder associated with loss of substantia nigra cells in the mid brain normally responsible
for producing dopamine (Dauer and Przedborski 2003, Jankovic 2008), leading to motor
dysfunction and dementia. The PD neurons show accumulation of Lewy bodies that are
proportional to the severity of the symptoms (Schulz-Schaeffer 2010). The importance of
oxidative stress and genomic instability in PD was observed in several studies (Fukae,
Takanashi et al. 2005, Arai, Fukae et al. 2006, Bender, Krishnan et al. 2006). Increased
levels of mtDNA deletions were detected in PD individuals (Bender, Krishnan et al. 2006).
These deletions may be related to respiratory chain deficiency and have been identified as an
important factor for neuronal loss (Bender, Krishnan et al. 2006). In addition,
immunohistochemistry and biochemical studies on brain tissue from patients with PD show
up-regulation of the human MutY homolog (hMUTYH) which removes mis-incorporated
adenine opposite 8-0xoG in DNA (Arai, Fukae et al. 2006). Therefore, oxidative stress and
genomic instability plays a role in PD disease progression.

Alzheimer’s disease is a chronic, senile neurodegenerative disease considered the most
common elderly form of dementia and the 6th leading cause of death in the US. According
to the Policy Brief for Heads of Government: The Global Impact of Dementia 2013-2050,
the number of people living with dementia worldwide in 2013 is estimated at 44.35 million,
reaching 75.62 million in 2030 and 135.46 million in 2050. Considering the daunting
incidence of AD incidents, we are yet to find a definite way to prevent, pause or cure AD
progression. In AD, the disease histological hallmarks are extracellular deposits of
oligomerized amyloid-p precursor protein (ABPP) caused by abnormal processing and
intracellular tau tangles (Tiraboschi, Hansen et al. 2004). Other characteristics in AD include
loss of neuronal cells, mitochondrial dysfunction, aberrant calcium regulation and
inflammation (Hirai, Aliev et al. 2001, Wyss-Coray and Mucke 2002, Caspersen, Wang et al.
2005, Isaacs, Senn et al. 2006). In addition, deregulation of DNA repair mechanisms have
been reported in AD, including elevated levels of DNA breaks, reduction of DSB repair
proteins and a decline in BER activity (Mullaart, Boerrigter et al. 1990, Adamec, Vonsattel
etal. 1999, Hirai, Aliev et al. 2001, Wyss-Coray and Mucke 2002, Jacobsen, Beach et al.
2004, Caspersen, Wang et al. 2005, Isaacs, Senn et al. 2006, Shackelford 2006)

Another important characteristic of AD is the accumulation of oxidized DNA bases that is
considered one of the earliest sign of AD (Mecocci, MacGarvey et al. 1994, Gabbita, Lovell
et al. 1998, Wang, Xiong et al. 2005, Wang, Markesbery et al. 2006, Lovell, Soman et al.
2011). Several studies have shown an increase in oxidized DNA bases in AD brains, both in
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nDNA and mtDNA (Mecocci, MacGarvey et al. 1994, Gabbita, Lovell et al. 1998, Wang,
Xiong et al. 2005). In Mild Cognitive Impairment (MCI) patients, considered a transitional
zone between normal aging and dementia, especially AD (Wolf, Hensel et al. 2004),
elevated levels of oxidized DNA marker 8-0xoG were also detected both in mtDNA and
nDNA. (Wang, Markesbery et al. 2006). The authors suggest that oxidized DNA bases
appears early in AD pathology and it can be an important factor in neurodegeneration.

Peripheral tissues of AD individuals also showed increased levels of ROS induced DNA
damage, as was demonstrated in peripheral leukocytes of AD and MCI patients (Migliore,
Fontana et al. 2005). Furthermore, it was observed that human fibroblasts treated with H,O»
or menadione to stimulate oxidative stress showed a gene expression pattern similar to AD-
patient-derived fibroblasts (Ramamoorthy, Sykora et al. 2012). Several studies have also
observed gene expression changes in DNA repair genes in AD tissue. A study of OGG1
activity, an enzyme responsible for excision of 8-0xoG, demonstrated a decrease in
enzymatic activity in four different AD brain regions, suggesting impairment in the
capability of repair of 8-oxoG in AD (Lovell, Xie et al. 2000). UDG was found down-
regulated in AD patients when compared to age-matched individuals (Weissman, Jo et al.
2007). MTH1, an enzyme with important roles in processing oxidized DNA bases in the
dNTP precursor pools, was found to be decreased in hippocampus of AD brains compared
with controls (Furuta, lida et al. 2001). Alterations in Pol § and APE1 regulation were also
observed in AD tissues (Tan, Sun et al. 1998, Copani, Hoozemans et al. 2006).

A study of BER capacity in brain tissue from sporadic AD patients and normal age-matched
controls indicated an impairment of BER function in AD that is related to a reduction in Pol
B activity as well as a decrease in glycosylase UDG (Weissman, Jo et al. 2007) (Figure 4).
MCI brains also showed deregulation in DNA repair whereas BER activity was inversely
correlated to severity of the disease (Weissman, Jo et al. 2007). Moreover, BER impairment
was not restricted to the regions damaged in AD, it was observed in affected and non-
affected regions, suggesting defective BER as a general feature of AD brain pathology. BER
activity was also measured in mitochondrial extracts of post-mortem brain inferior parietal
regions, sampled from AD and normal aging individuals (Figure 4). The results showed that
5-hydroxyuracil incision and ligase activities were lower in AD brains, however uracil
incision, abasic site cleavage and deoxyribonucleotide triphosphate incorporation activities
were normal (Canugovi, Shamanna et al. 2014). Further, Gredilla et al. measured repair of
oxidized DNA base in mitochondria extracts derived from synaptosomes of mouse brain
using normal aging mice models and 3XTgAD mice that carry PS1p146v, APPsye, and
Taupzgq transgenes (Oddo, Caccamo et al. 2003). They observed a decline in BER capacity
during the normal aging process comparing animals with 5 weeks, 5 months and 23 months,
which was associated with a decrease in the level of BER proteins, however, there was no
difference between pre-symptomatic and symptomatic 3xTgAD mice (Gredilla, Weissman et
al. 2012). The results suggest that BER dysfunction is associated with synaptic dysfunction
during the aging process. In humans, Silva et al. compared hippocampi of patients with
clinical and pathological AD and also individuals with AD neuropathology but no evidence
of cognitive impairment, to normal aging individuals. They observed reduced levels of DNA
repair and cell-cycle inhibition markers, as well as elevated levels of cell cycle progression
markers and cell death in post-mitotic neurons of clinical and pathological AD patients
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compared to age matched controls. Patients with just AD neuropathology presented an
expression profile similar to normal aging individuals (Silva, Santos et al. 2014). These
experiments provide preliminary evidence that cognitive impairment may be associated with
deregulation in DNA damage repair and cell cycle maintenance.

7) Final considerations

The research described in this review highlights the reliance of an organism on DNA repair
to thwart, not only normal aging, but also age-related neurodegenerative diseases. We
consider the fundamental role of mitochondria in ROS formation and the importance of
these organelles, with dysfunction clearly linked to onset and progression of neurological
disorders. The evidence highlights that further research is required to understand the
implication of BER deficiencies in aging and neurodegenerative process. Moreover, it is
important to determine the influence of the BER mechanisms in the aging brain, only then
we can more completely address the neurodegenerative problems common to the aging
population.
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Highlights
1. DNA repair can protect against aging and age-related neurodegenerative
disorders.
2. Mutations of key DNA repair proteins can cause rare ataxias.

Alzheimer’s disease has elevated oxidized bases and DNA repair decline.
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Figure 1. Base Excision Repair Pathway
BER is responsible for the repair of cellular oxidative DNA damage. Depending on the

lesion, the process begins with the action of one of many glycosylases (listed left not
comprehensive), creating an intermediate AP site. This site is processed by the major human
AP endonuclease, APE1. BER then branches into two major sub-pathways, Short and Long
patch BER (SP-BER and LP-BER respectively). SP-BER comprises of four core BER
proteins; APEL, Polf (incorporation)and XRCC1/Ligase Il (ligation). Knock down of any
of the core SP-BER genes results in embryonic lethality. Alternatively, replicating cells have
access to a second robust LP-BER pathway. In comparison to SP-BER, the proteins involved
in LP-BER are primarily attributed to replication but are able to carry out repair function
giving the cells alternate overlapping repair response.
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Figure 2. BER is dependent on cellular proliferative status
Mitotic/undifferentiated cells have a BER system that uses three different DNA polymerases

providing a robust repair response with substrate overlap. As an example, a neuroblast goes
through the process of differentiation to become a terminally differentiate neuron. The
neuron has a significantly changed BER system compared to the neuroblast that relies
heavily on DNA polymerase B with replicative polymerase &/e strongly attenuated. This
may leave the neuron more vulnerable to certain forms of DNA damage preferentially
repaired by LP-BER in replicating systems. Also see Sykora etal. 2013, Neurobiology of

aging.
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Figure 3. Mitochondrial dysfunction can trigger a positive feedback loop
The mitochondrial theory of aging states that oxidation can damage DNA leading to less

efficient oxidative phosphorylation thus creating more ROS, further damaging DNA. (1)
ROS is not only a damaging agent but an important signaling molecule. Even under normal
mitochondrial function ROS is released but anti-oxidant enzymes are able to sequester the
free radicals before DNA damage occurs. (2) Mitochondrial dysfunction can occur when the
amount of ROS produced in the mitochondria exceeds the anti-oxidant capacity of the cell.
The proximity of mtDNA to ROS production means that it is more likely to be damaged (3)
With persistent elevation of ROS the nDNA can also come under oxidative attack. Since the
majority of mitochondrial genes are nuclear encoded, this can accelerate mitochondrial
deterioration leading to the (4) positive feedback cycle which is the foundation of the
mitochondrial theory of aging, ROS formation exposes mtDNA to increased oxidative stress
and the subsequently oxidized bases in mtDNA causes dysfunction in mitochondrial
oxidative phosphorylation that induces ROS formation leading to more mtDNA damage.
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Figure 4. Patients with Alzheimer’s (AD) or mild cognitive impairment (MCI) have reduced
repair capacity

(A) Short post-mortem interval brain tissue was taken from 10 AD, 9 MCI and 10 age
matched patients and measured for repair capacity. Using oligonucleotide substrates we
found that uracil incision, polymerase dNTP incorporation and overall BER repair capacity
was reduced in MCI samples and further reduced in samples from AD patients. This
reduction in repair capacity correlated with the level of cognitive impairment. Adapted from
Weissman etal. NAR, Vol.35, No.6, 2007. Graph shows median results as a percentage of
control activity set at 100%. (B) Mitochondrial BER was also reduced in AD patient brain
extracts. Polymerase activity, Uracil incision and total ligation activity were reduced in AD
post mortem brain samples compared to age matched controls. Adapted from Canugovi,
NAB, Vol. 35, 2014. Graph shows mean results as a percentage of control activity.
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Table 1

Diseases of the CNS associated with DNA instability

Diseases of the CNS

Defective gene

Pathway

Alzheimer’s disease

Huntington disease

Amyotrophic lateral sclerosis
Parkinson disease

Hereditary spastic paraplegia
Friedreich ataxia

Ataxia with oculomotor apraxia 1
Spinocerebellar ataxia with axonal neuropathy
Xeroderma pigmentosum
Trichothiodystrophy

Cockayne syndrome

Ataxia telangectasia

Nijmegan breakage syndrome
Fanconi anemia

Werner syndrome

Bloom syndrome

Ataxia with oculomotor apraxia2

FEN1

Aprataxin
TDP1

XP

XP

Cs
ATM/MRE1
NBS1

FA

WRN

BLM

Senataxin

MRN complex/NHEJ/BER/mtDNA mutations
BER*/mtDNA deletion
BER*/mtDNA deletion
BER/mtDNA deletion

mtDNA deletion

mtDNA deletion

BER/SSBR

BER/SSBR

NER

NER

BER/NER

Double strand break recognition

Double strand break recognition

Helicase
Helicase

Helicase
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