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A large amount of energy, in the form of ATP, is required to maintain basic brain functions,
such as maintenance or re-establishment of membrane potential, signaling and essential
cellular activities. This ATP is supplied by consuming large amounts of oxygen and glucose
via oxidative phosphorylation in mitochondria (MacKenna et al., 2012). However, highly
reactive oxygen species (ROS), such as superoxide anions, hydrogen peroxide or hydroxyl
radicals are generated by reduction of oxygen or by the leakage of electrons from the
electron transport chain in mitochondria (Kang et al., 1999; Nunnari and Suomalainen, 2012).
Reactive nitrogen species (RNS), such as nitric oxide (NO), are physiologically generated
upon neural excitation or during the inflammatory responses of glial cells, which are
activated during infection or inflammation in the brain. In the presence of superoxide anions,
NO can be converted into peroxynitrite, a highly RNS. RO/NS are highly reactive and attack
various biomolecules, such as lipids, proteins, carbohydrates, and nucleic acids. This
outcome induces various chemical modifications in these molecules, including oxidation,
nitration, S-nitrosylation, deamination, and glutathionylation (Cobb and Cole, 2015). There
are many defense mechanisms that minimize the toxic effects of RO/NS, including
antioxidant enzymes, such as superoxide dismutase (SOD), catalase and glutathione
peroxidase; however, the brain is constantly exposed to endogenous RO/NS produced during
normal brain functions (Dasuri et al., 2013).

The toxicity of endogenous RO/NS has been demonstrated in the brains of SOD-
and NO synthase (NOS)-deficient mice. Mice deficient in the mitochondrial form of SOD
(SOD2) in the brain exhibit spongiform neurodegeneration in the motor cortex, hippocampus,
and brainstem, accompanied by gliosis, severe growth retardation and perinatal death. In
addition, these mutant mice had markedly decreased mitochondrial complex II activity in the
brain, demonstrating that superoxide buildup, generated by mitochondrial respiration, is
highly toxic (Izuo et al., 2015). However, deficiency in either inducible NOS or neuronal
NOS protects against 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) toxicity in the
brain (Dehmer et al., 2000; Hoang et al., 2009), indicating that neuronal damage by ROS is

exacerbated by NO, whose mitochondrial production is known to be enhanced in



dopaminergic neurons after administration of MPTP.

Despite the many defense mechanisms that eukaryotic cells have evolved, various
oxidized lipids, proteins, carbohydrates and nucleic acids accumulate in the brains of
humans and experimental animals during aging or under pathological conditions. Lipids in
neuronal membranes are considered to be the principal targets of oxidation, and
accumulating evidence indicates that lipid peroxidation products, such as acrolein,
4-hydroxy-2-nonenal or malondialdehyde, are highly accumulated in neurodegenerated
brains, such as in Alzheimer disease (AD), Parkinson disease (PD) and Huntington disease
(HD) (Cobb and Cole, 2015). Peroxidation of membrane lipids results in increased
membrane rigidity and affects a variety of functions, such as decreased activity of
membrane-bound enzymes, impairment of membrane receptors, and altered permeability
(Sultana et al., 2013). Also, lipid peroxidation products cause modification of membrane
proteins and DNA, and induce lipid—protein and protein—protein crosslinking, and oxidative
DNA damage, all of which are highly accumulated in brains of various neurodegenerative
disease patients (Coppede and Migliore, 2015).

Among the nucleobases, guanine is the most susceptible to oxidation by hydroxyl
radicals or one-electron oxidants, and is modified to 8-oxo-7,8-dihydro-guanine (8-0xoG) or
2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-G). The former is one of the major
oxidized bases in the nucleotide pool or DNA. Under conditions of oxidative stress, 8-0xoG
can be further oxidized to spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) (Cadet
et al., 2010; Cooke et al., 2003; Dizdaroglu and Jaruga, 2012; Kasai and Nishimura, 1984).

Among these oxidized guanine derivatives, 8-0x0G is highly accumulated in AD,
PD and HD patient brains, as will be discussed in detail below. This raises the question of
whether 8-0xoG is a cause or consequence of the neurodegenerative process. There is
accumulating evidence for a causative association, especially from experiments with
genetically-manipulated animals, in which levels of 8-0xoG in the brain are artificially
altered, suggesting the possible mechanism(s) that underlies the neurodegeneration. In this

Chapter, I address these issues and discuss the roles of 8-0xoG and the enzymes involved in



processing 8-0xoG in the nucleotide pool and DNA during the process of neurodegeneration.

I also discuss possible therapeutic targets.

1. 8-0x0-G accumulation in the brains of patients with major neurodegenerative

diseases

1.1. AD

More than 35 million people worldwide suffer from dementia, and this number is expected
to exceed 115 million by 2050 because of the rapid increase in the elderly population.
Sporadic AD, also known as late-onset AD, is the most common dementia subtype,
accounting for between 60 to 80% of all dementia cases (Prince et al., 2013; Sosa-Ortiz et al.,
2012). It is thus important to identify the risk factors and to understand the roles of these
factors in the development of sporadic AD.

AD is characterized by accumulation in the brain of both senile plaques containing
aggregated amyloid B (AB) and neurofibrillary tangles (NFTs) consisting of aggregated
highly phosphorylated TAU protein. AP plaques can be present more than 20 years before
the onset of dementia in patients with dominantly inherited AD. Deposition of A is
considered to be an early event in sporadic AD cases, although the mechanism of how AP is
deposited is not yet known. AP is known to cause mitochondrial dysfunction as well as a
neuroinflammatory response in the brain, thus increasing ROS or RNS production in the AD
brain (Cobb and Cole, 2015; Yan et al., 2013).

As markers for oxidative damage in the AD brain, various oxidized bases in DNA
and lipid peroxidation products have been detected using high-performance liquid
chromatography with electrochemical detection or gas chromatography-mass spectrometry
(Bradley-Whitman et al., 2014; Gabbita et al., 1998; Gabbita et al., 2002; Lyras et al., 1997;
Lyras et al., 2002; Mecocci et al., 1994; Wang et al., 2006; Wang et al., 2005). Among the

various oxidized bases, such as 8-0xoG, 8-oxoadenine, 2-hydroxyadenine, Fapy-G, Fapy-A,



5-hydroxycytosine, 5-hydroxyuracil and thymine glycol, which have been detected in either
nuclear or mitochondrial DNA prepared from postmortem AD brains, 8-0xoG is recognized
as the most pronounced marker in AD brain, accumulating in both nuclear and mitochondrial
DNA. Immunohistochemical examination of postmortem AD brains revealed that
cytoplasmic accumulation of 8-0xoG is evident in hippocampal CA1 and CA3 pyramidal
neurons (Song et al., 2011), and in neurons of the temporal cortex (de la Monte et al., 2000),
where AP is also highly accumulated. Accumulation of 8-0x0G in the AD brain is likely to
be an early event, occurring before onset of dementia (Coppede and Migliore, 2015; Lovell

and Markesbery, 2007).

1.2. PD
PD is the second most common age-related neurodegenerative disease after AD, with about
95% of PD cases being sporadic and the rest inheritable. It has been estimated that the
number of individuals with PD over the age of 50 in Western Europe’s five most populous
and the world’s 10 most populous nations, which in 2014 account for 62.7% of the world’s
population, was between 4.1 and 4.6 million in 2005 and will double to between 8.7 and 9.3
million by 2030 (Dorsey et al., 2007; Wirdefeldt et al., 2011). PD is primarily characterized
by a selective loss of dopaminergic neurons in the substantia nigra pars compacta (SNc), and
the presence of intracytoplasmic proteinaceous inclusions termed Lewy bodies and
dystrophic neurites (Lewy neurites). PD patients suffer from various motor impairments,
including bradykinesia, tremors and rigidity, and the appearance of such symptoms is
thought to require the loss of 50-60% of SNc dopaminergic neurons and an 80-85%
dopamine deficiency in the putamen (Dauer and Przedborski, 2003; Wirdefeldt et al., 2011).
To date, 17 genes or loci have been associated with PD
(http://www.genenames.org/genefamilies/PARK), and individuals with disease alleles at
these loci often exhibit early-onset PD. However, up to 95% of PD cases are sporadic and
late onset, indicating that there must be other factors, including occupational and

environmental factors, that trigger PD pathology. Studies of postmortem brains show that



both inherited and sporadic PD brains exhibit oxidative damage and partial deficiencies in
mitochondrial complex I in the nigrostriatal pathway, and thus many investigators propose
that oxidative damage and mitochondrial dysfunction contribute to the selective loss of
dopaminergic neurons in PD (Dauer and Przedborski, 2003; Moore et al., 2005). Indeed,
several types of oxidative damage have been demonstrated in midbrain tissue from PD
patients, including increased levels of iron, decreased levels of reduced glutathione, and the
increased appearance of lipid, protein, and DNA oxidation products (Jenner, 2003). We and
others have reported that PD patients have significantly increased levels of 8-0xoG in
mitochondrial DNA and cytoplasmic RNA in the remaining dopaminergic neurons of the
substantia nigra (SN) (Alam et al., 1997; Shimura-Miura et al., 1999; Zhang et al., 1999).
Recently, it has also been shown that apurinic/apyrimidinic (AP or abasic) sites are highly
accumulated in mitochondrial DNA, especially in the dopaminergic neurons of the SN, but
not in cortical neurons from postmortem PD specimens (Sanders et al., 2014), implying high

accumulation of base damage in the mitochondrial DNA of SN dopaminergic neurons.

1.3. HD

HD is an autosomal dominant and progressive neurodegenerative disorder caused by an
expanded CAG repeat in the huntingtin gene, which encodes an abnormally long
polyglutamine repeat in the huntingtin (HTT) protein (Ross and Tabrizi, 2011).
Meta-analysis revealed an overall prevalence of HD in Europe, North America, and
Australia of 5.70 per 100,000, while the prevalence is significantly lower in Asia (0.4 per
100,000) (Pringsheim et al., 2012). The clinical and pathophysiological hallmarks of HD are
spontaneous choreiform and dystonic movements, frontal-type cognitive deficits, and
progressive heterogeneous striatal degeneration with cytoplasmic aggregates and nuclear
inclusions of mutant HTT protein throughout the brain (Ross and Tabrizi, 2011). Although it
is not clear how mutant HTT protein causes pathology, mitochondrial dysfunction and

increased oxidative modification of proteins, as well as increased accumulation of 8-0x0G in



both nuclear and mitochondrial DNA have been demonstrated in the HD brain (Browne et al.,

1997; Polidori et al., 1999; Siddiqui et al., 2012; Sorolla et al., 2008).

2. Defense mechanisms minimizing 8-0xoG accumulation in DNA

There are two pathways for the accumulation of 8-0xoG in DNA (see also Chapter 2). One is
the result of incorporation of 8-0xo-dGTP from the nucleotide pool and the other is the result
of direct oxidation of guanine in DNA (Figure 1A). Recent studies of the sanitization of the
nucleotide pool, as well as DNA repair, have revealed that the impact of dGTP oxidation is
unexpectedly large, in comparison with the direct oxidation of DNA (Nakabeppu, 2014;
Nakabeppu et al., 2010). 8-OxoG pairs with adenine and cytosine with equal efficiency,
because it prefers the syn-configuration, while guanine mostly takes the anti-configuration
and exclusively pairs with cytosine (Figure 1B). 8-Oxo-dGTP can therefore be inserted

opposite template adenine as well as cytosine in DNA (Figure 1C).

2.1. MTHI, an 8-oxo-dGTPase

Human and rodent cells have strong 8-oxo-dGTP hydrolyzing activities, and the major
enzyme involved is MTH1 (also known as NUDT1), a homolog of Escherichia coli MutT.
MTHI1 efficiently hydrolyzes 8-0xo-dGTP to 8-oxo-dGMP and pyrophosphate.
8-Ox0-dGMP is further converted to the nucleoside, 8-oxo-2'-deoxyguanosine (8-0xo0-dG),
thus avoiding incorporation of 8-0x0-dG into DNA (Sakumi et al., 1993) (Figure 1C).

The human MTH1 gene is located on chromosome 7p22, and consists of five major
exons; two alternative exon 1 sequences, namely exon la and 1b, and three contiguous exon
2 segments (exon 2a, 2b, and 2c¢), which are alternatively spliced (Furuichi et al., 1994; Oda
et al., 1997). This gene structure enables MTH1 to produce seven mRNAs encoding three
different human MTH1 isoforms, namely MTH1b (p22), MTHI1c (p21) and MTH1d (p18).
Most of the major form of MTHI (p18) protein is localized in the cytoplasm with about 5%

in the mitochondrial matrix, and thus MTH1 plays an important role in maintaining the



quality of the nucleotide pool for both the nuclear and mitochondrial genomes. There are two
major single nucleotide polymorphisms (SNPs) in MTHI: 1rs1139425 [GT/GC, global minor
allele frequency (GMAF)=0.0112, http://www.ncbi.nlm.nih.gov/snp/] is located at the
beginning of exon 2c¢, while rs4866 (GTG/ATG, GMAF = 0.0206) is located in exon 4. The
GT/GC polymorphism modifies patterns of alternative splicing and the minor allele (GC)
encodes a fourth isoform, MTH1a (p26), in addition to the three known isoforms. The
GTG/ATG polymorphism replaces amino acid residue valine 83 in MTH1d with methionine
(Oda et al., 1999). This substitution was found to increase the thermolability of the enzyme
and its a-helix content (Yakushiji et al., 1997); however, MTH1d(Val83) exhibits less
efficient mitochondrial localization compared with MTH1d(Met83). Interestingly, MTH1a
(p26), which carries an additional 41 residues in its amino terminal region, is more
efficiently localized in mitochondria than MTH1d (Sakai et al., 2006). Furthermore,
molecular epidemiological studies have revealed that the allele frequencies of Met83 with
the GC polymorphism were higher in patients with hepatocellular carcinoma, gastric cancer
and lung cancer compared with healthy volunteers (Kimura et al., 2004; Kohno et al., 2006),

supporting the suggestion that MTH1d(Met83) harbors a functional defect.

2.2 OGGI, an 8-oxoG DNA glycosylase

Once 8-0x0G has been formed or incorporated into DNA, 8-0x0G opposite cytosine is
mainly excised by a DNA glycosylase/AP lyase encoded by OGG, thus initiating base
excision repair (BER) (Figure 1C). The DNA glycosylase activity of OGG1 preferentially
excises 8-0x0G or Fapy-G opposite cytosine, and to a lesser extent, thymine, but not when
either is opposite guanine or adenine (Boiteux and Radicella, 2000). The human OGG/ gene,
containing eight exons, is located on chromosome 3p25, a region frequently showing loss of
heterozygosity in lung and kidney tumors (Aburatani et al., 1997; Boiteux and Radicella,
2000). There are more than seven alternatively spliced forms of OGGI mRNA, and these
have been classified into two types based on their last exons (type 1 with exon 7: 1a and 1b;

type 2 with exon 8: 2a to 2e) (Nishioka et al., 1999). Types 1a and 2a are the major OGG/
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transcripts in various human tissues, and encode OGG1-1a (also known as a—OGG1) and
OGG1-2a (B—Oggl) isoforms, respectively (Boiteux and Radicella, 2000). OGGI1-1a has a
nuclear localization signal at its C-terminal end and is therefore located in the nucleus,
whereas OGG1-2a, which has a unique C-terminal region consisting of two distinct regions,
an acidic region (amino acid residues Ile** to Asp®®!) and a hydrophobic region (the last 20
residues), is located exclusively in mitochondria. Both OGG1-1a and OGG1-2a carry a
relatively weak mitochondrial targeting sequence (MTS) in their N-terminal region. This
sequence consists of residues 9-26, and its targeting capacity is not sufficient to localize
nuclear OGG1-1a within mitochondria. Conversely, OGG1-2a is dependent on its unique
C-terminal region for association with the mitochondrial inner membrane and BER
machinery (Nishioka et al., 1999; Stuart et al., 2005).

rs1052133 is a high-frequency polymorphism in OGGI (GMAF=0.3021), which
causes a Ser326 to Cys326 (minor allele) substitution in OGGIl-la (Dherin, 1999).
OGG1-1a(Cys326) is prone to form dimers via disulfide bonding between Cys326 and other
cysteines in the polypeptide especially under oxidative conditions, resulting in decreased
OGGT repair activity in vivo (Hill and Evans, 2006; Morreall et al., 2015; Simonelli et al.,
2013). In addition, the repair activity of the Cys326 form is more vulnerable to NO exposure
than the Ser326 form (Jaiswal et al., 2001; Moritz et al., 2014). Thus, the OGGI Ser326Cys
polymorphism may be a risk factor for several cancers, including of the lung, digestive

system and head and neck (Zhou et al., 2015).

2.3. MUTYH, an adenine DNA glycosylase

DNA polymerases may insert adenine into the nascent strand when they encounter 8-oxoG
in the template strand during DNA replication, thus increasing the likelihood of G:C to T:A
transversions. A DNA glycosylase encoded by the MUTYH gene excises adenine inserted
opposite 8-0xoG in the template strand (Figure 1C), and MUTYH appears to possess no AP
lyase activity (Slupska et al., 1999; Tominaga et al., 2004). MUTYH interacts with

replication-associated proteins, such as RPA, MSH2, and PCNA (Parker et al., 2001).
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Moreover, MUTYH also interacts with the Rad9-Rad1-Hus! checkpoint clamp (Hwang et
al., 2015) and the BER enzyme, APE1 (Luncsford et al., 2013).

The human MUTYH gene is located on the short arm of chromosome 1 between
p32.1 and p34.3, and consists of 16 exons (Slupska et al., 1996). There are three major
MUTYH transcripts in human cells, namely types o, 3, and y. Each transcript has a different
5" sequence or first exon, and each is alternatively spliced, thus multiple forms of human
MUTYH are present in nuclei and mitochondria (Ohtsubo et al., 2000). Human MUTYH
encoded by the type oo mRNA possesses a MTS consisting of 14 N-terminal residues, which
are required for its localization in mitochondria (Takao et al., 1998), while MUTYH encoded
by type B and y mRNAs lacks the MTS and is localized in the nucleus (Ohtsubo et al., 2000).
The subcellular distribution of MUTYH in human cells indicates that mitochondrial DNA is
an important target for BER initiated by MUTYH, as well as OGGl1 (see Chapter 19),
particularly in response to increased oxidative stress (Oka and Nakabeppu, 2011).

Familial mutations in MUTYH are causative for certain types of autosomal recessive
colorectal adenomatous polyposis (Al-Tassan et al., 2002; Jones et al., 2002). The colorectal
phenotype of MUTYH-associated polyposis (MAP) resembles that of attenuated familial
adenomatous polyposis; usually from 10 to a few hundred adenomas occur, and the mean
age at diagnosis is 45 years. Although patients with MAP have no germ-line mutation in the
adenomatous polyposis coli (4PC) gene, somatic mutations in the APC gene were found
exclusively in tumor tissue and most of them were G:C to T:A transversions, a hallmark of
8-0x0G driven mutagenesis. A similar spectrum of KR4S mutations was also found in
patients with MAP, indicating that MUTYH prevents such mutational events (Knopperts et

al., 2013; Sieber et al., 2003).

3. Alterations of MTH1, OGG1 and MUTYH in neurodegenerative diseases

3.1. MTHI
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Immunohistochemical examination of human postmortem brains from non-neurological
subjects revealed that MTH1 protein is most highly expressed in the stratum lucidum of the
CA3 hippocampal subfield corresponding to mossy fiber synapses, followed by perikarya of
granular neurons of the dentate gyrus (DG) and pyramidal neurons of the entorhinal cortex
(Furuta et al., 2001). Weaker expression is seen in the cytoplasm of CA1 and CA3 pyramidal
neurons (Song et al., 2011).

In AD subjects, MTH1 synaptic immunoreactivity in CA3 as well as cytoplasmic
immunoreactivity in CA1l and CA3 neurons were significantly decreased, whereas increased
immunoreactivity was observed in the entorhinal cortex (Furuta et al., 2001; Song et al.,
2011); decreased MTHI1 levels in CA1 and CA3 neurons correlated with increased 8-oxoG
levels in these neurons (Song et al., 2011). It is noteworthy that expression profiles of DNA
repair and stress response genes in lymphocytes of AD patients revealed that MTH1 levels
were significantly decreased in AD samples, suggesting that protective responses against
oxidative damage in DNA may be compromised even in peripheral lymphocytes in AD
patients (Leandro et al., 2013).

In contrast, significantly increased levels of MTHI1 were seen in the SN neurons of
PD patients, a brain region that also accumulated high levels of 8-0xoG in mitochondrial
DNA (Shimura-Miura et al., 1999). Because MTH1 expression was barely detectable in over
90% of SN neurons in non-neurological subjects or patients with multiple system atrophy,
increased oxidative stress in the PD brain may cause significant induction of MTHI
expression as a protective response, and thus only neurons with high levels of MTH1 can
survive.

It has been suggested that the MTH1 Ile45Thr polymorphism might be associated
with sporadic PD in Chinese males (Jiang et al., 2008). These patients exhibit a higher
frequency of the Thr45 allele than control subjects (0.073 vs. 0.019, corrected p value =
0.050); however, there has been no functional analysis of this allele or replication of this

finding.
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3.2. 0GGI

Western blot analysis of nuclear and mitochondrial fractions prepared from non-neurological
postmortem human brains revealed that substantial levels of both nuclear and mitochondrial
forms of OGGI are expressed in frontal, temporal and parietal lobes and cerebellum. Protein
levels of nuclear OGG1 in the frontal lobes from patients with late-stage AD (LAD) were
significantly decreased, while nuclear OGG1 in temporal lobe and cerebellum from patients
with mild cognitive impairment (MCI) were significantly increased. There was no
significant difference in mitochondrial OGG1 levels among control, MCI and LAD cases.
Irrespective of the alteration in OGG]1 protein levels in MCI or LAD brains, 8-0xoG DNA
glycosylase activity was significantly decreased in nuclear fractions and to a lesser extent in
mitochondrial fractions from MCI and LAD brains (Shao et al., 2008). Shao et al. (Shao et
al., 2008) also found that both nuclear and mitochondrial forms of OGG1 are modified by
4-hydroxynonenal, a neurotoxic by-product of lipid peroxidation in aged brains. This
modification of mitochondrial OGGl1 is likely to be elevated in MCI, perhaps underlying the
decreased mitochondrial OGGI activity in MCI.

In preclinical brains from subjects showing no overt clinical manifestations of AD,
but with significant AD pathology at autopsy, quantification of OGG1 showed significantly
elevated levels of mRNA in superior and middle temporal gyri and a trend toward elevated
protein levels in hippocampus/parahippocampal gyri (Lovell et al., 2011). These
observations suggest that an increase in OGG/ expression occurs early in the pathogenesis
of AD to counteract accumulation of 8-oxoG, which is also observed as an early event
before the onset of dementia (Coppede and Migliore, 2015; Lovell and Markesbery, 2007).

Immunohistochemical examination of non-diseased postmortem human brains
using an antibody specific to the mitochondrial form of OGG1 (OGGI1-2a or B-OGG1)
revealed that OGG1-2a is strongly expressed in the superior occipital gyrus, orbitofrontal
gyrus and entorhinal cortex, is at much lower levels in CA1, CA3 and CA4, and is absent
from the DG. In LAD brains, immunoreactivity to OGG1-2a was associated with NFTs,

dystrophic neurites and reactive astrocytes. suggesting that OGG1-2a in part, may not be
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properly targeted into mitochondria in LAD brains (Iida et al., 2002).

It is noteworthy that levels of OGGI mRNA are not altered between LAD and
control brains (Hokama et al., 2014), suggesting that the levels of OGGI proteins might be
post-translationally regulated, especially in late stages of the disease. It has been shown that
NO or peroxynitrite, for example, inhibits OGG1 activity by the formation of S-nitrosothiol
adducts and loss/ejection of zinc ions from its core zinc finger motif (Jaiswal et al., 2001).
Moreover, Hill et al. (Hill et al., 2008) showed that OGGI is degraded by calpain, a cysteine
protease shown to be highly activated in AD brains (McBrayer and Nixon, 2013;
Yamashima, 2013).

Mutations in OGGI (C796 deletion, Ala53Thr, Ala288Vval) specific to AD
patients have been reported (Mao et al., 2007). Mutant OGG1-1a protein with the C756
deletion has an altered carboxy terminal sequence (267aa to 345aa), resulting in complete
loss of 8-0x0G DNA glycosylase activity. The two other missense mutations (Ala53Thr and
Ala288Val), which are likely to be rare polymorphic variants, conferred significantly
reduced repair capacity to OGGl-1a, as well as reduced binding capacity to its partner
proteins, poly(ADP-ribose) polymerase 1 (PARP-1) and X-ray repair cross-complementing
protein 1 (XRCC1) (Jacob et al., 2013). All three mutations also alter the amino acid
sequence of OGGI1-2a (C796 deletion alters 267aa to 424aa). This suggests that both the
nuclear form (OGGI1-1a) and the mitochondrial form (OGG1-2a) lose repair capacity. The
most frequent polymorphic variant, OGGl-la (Ser326Cys), is not associated with AD
(Coppede et al., 2007), despite the fact that the protein has been demonstrated to have
impaired functionality (Hill and Evans, 2006; Morreall et al., 2015; Simonelli et al., 2013).
The SNP rs1052133 (Ser326Cys) only affects the nuclear form, OGGIl-1a, and not the
mitochondrial form, OGG1-2a; therefore, impairment of mitochondrial OGG1-2a may be
responsible for AD.

Expression levels of mitochondrial OGG1-2a in SN neurons are significantly
higher in the short-duration group of PD patients (less than 10 years) compared with aged

matched controls, but not in PD patients in the long-duration groups (Fukae et al., 2005).
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Up-regulation of OGG1-2a in the early phase of PD is therefore likely to be a protective
response to the neurodegenerative process. The increased oxidative stress in mitochondria
causes modification and degradation of OGG1 proteins as described above, thus leading to a
decreased level in the late phase of PD.

In HD patients, bearers of the polymorphic Ser326Cys allele tend to have an
increased number of CAG repeats in the expanded huntingtin allele. Moreover, bearers of at
least one copy of the mutant Ser326Cys allele, mainly heterozygous subjects, showed a
significantly earlier disease onset than Ser326 homozygous individuals, suggesting a
possible role of the OGG1 Ser326Cys polymorphism in the HD phenotype (Coppede et al.,
2010). Expansion of the CAG trinucleotide repeat sequences within the coding region of the
huntingtin gene located within the nuclear genome is likely to be affected by 8-oxoG and its
repair reactions (Ayala-Pena, 2013; Kovtun et al., 2007) (see Chapter 14), and the
Ser326Cys polymorphism only alters the function of nuclear OGGI-1a as noted above. This
observation suggests that the roles of the OGG1 proteins in HD pathology are different from

those in AD and PD.

3.3. MUTYH

To date, no association of a MUTYH polymorphism with any neurodegenerative disorder has
been reported. Only in PD patients has the expression of MUTYH protein been studied (Arai
et al., 2006). Up-regulation of MUTYH expression was observed in the mitochondria of SN
neurons of PD brains. Western blot analysis detected a 47 kDa MUTYH protein in midbrain
samples from both controls and PD patients; however, its level was significantly increased in
PD patients. RNA analysis revealed MUTYH transcript variant a4 as the major MUTYH
mRNA. Interestingly, this a4 MUTYH transcript encodes a MUTYH protein lacking more
than 100 residues from its N-terminus, which harbors a DNA minor groove reading motif
and a MTS. This MTS is present in the MUTYH proteins (54-57 kDa) encoded by transcript
variants a.1-3. These results suggest that the 47 kDa MUTYH protein expressed in the

midbrain may have a different function from the other variants, although further study is
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needed.

4. 8-Ox0G and its repair in animal models of neurodegenerative disease

4.1. AD models

Many mouse models for familial AD have been established (Puzzo et al., 2015). Some of the
more commonly employed are the transgenic (Tg)-APPA™S"¢ mice which carry three
substitutions (Arctic mutation, APPA™: Glu693Gly, Swedish mutation, APPSV¢: Lys670Asn
and Met671Leu), and the APP/PS1 mice, which carry APPs¥® and .PS1 lacking exon 9
(PSTAE9). In many of these models, increased cytoplasmic immunoreactivity for 8-oxoG
has been observed in brain samples (Aliev et al., 2003; Duffy and Holscher, 2013; Song et
al., 2011; Xiong et al., 2011). In most cases, it is likely that 8-0xoG is being detected in
mitochondrial DNA or cytoplasmic RNA. These observations support the existence of
oxidative stress as a feature of the current mouse models of AD, consistent with what has
been observed in AD patient brains.

In the Tg-APPA™S% mouse model, OGGI mRNA levels are transiently increased
4-fold or more in the hippocampus, frontal cortex, cerebellum and other regions in
4-month-old mice compared to the levels measured in 6-week-old Tg-APPA™SWe and
wild-type mice; and the levels are 2—3-fold higher than those detected in 4-month-old
wild-type mice. The OGGI mRNA levels in 12-month-old Tg-APPA™S%¢ mouse brains are
significantly decreased in all brain regions examined and are equivalent to the levels in
6-week-old mouse brains (Lillenes et al., 2013). The Tg-APPA™S"¢ model has early onset
senile plaque formation (4—6 months) and increased intraneuronal AP} aggregation (1 month)
prior to extracellular AP deposition, suggesting that the increased expression of OGGI is
likely to be a protective response to oxidative damage caused by the accumulation of
intraneuronal A aggregation, as seen in preclinical AD brains. Moreover, such a protective

response is likely to be diminished in late stages of AD pathology, as found in LAD patient
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brains.

It has been shown that exercise induces neuroprotection of the hippocampus in
APP/PS1 transgenic mice, and the protection is associated with increased levels and repair
activity of mitochondrial OGG1 (Bo et al., 2014), suggesting a protective role of OGGI in
AD pathology. This possibility should be examined using AD mouse models with
OGG1-deficiency.

MTHI1 and MUTYH have not yet been investigated in any AD mouse model;
however, it would be interesting to examine their expression levels in AD mouse models and
to determine whether progression of AD pathology can be altered in AD mouse models with

MTHI1 or MUTYH deficiency.

4.2. PD models
The loss of dopamine neurons in the SNc, a PD specific pathology, can be induced in
rodents and primates by the administration of several neurotoxins, such as
6-hydroxydopamine, paraquat, rotenone or MPTP (Dauer and Przedborski, 2003). Systemic
administration of MPTP to wild-type mice (10-week-old) induces the accumulation of
8-0x0G in nuclear DNA in dopamine neurons in the SN and also in mitochondrial DNA in
the SN nerve terminals in the striatum. These changes are associated with decreased MTH1
protein levels in the striatum. MTHI1 deficiency did not enhance MPTP-induced loss of
dopamine neurons; however, a significantly exacerbated degeneration of striatal nerve
terminals of dopamine neurons, associated with significantly increased 8-oxoG accumulation
in mitochondrial DNA in the striatal nerve terminals of dopamine neurons, was observed
(Yamaguchi et al., 20006).

Systemically administered MPTP is converted to 1-methyl-4-phenylpryridinium
(MPP™), mostly in glial cells, and can be specifically taken up by dopaminergic neurons
through the dopamine transporter (DAT). MPP" in dopaminergic neurons binds to complex I
of the respiratory chain in mitochondria and blocks electron transport, and also releases

dopamine from synaptic vesicles, thus increasing ROS levels especially in striatal nerve

16



terminals of dopamine neurons. In MTH1-deficient mice, it is likely that 8-oxo-dGTP, at
increased levels in the nucleotide pool due to the oxidative stress, is incorporated into
replicating mitochondrial DNA in striatal dopaminergic nerve terminals, resulting in
mitochondrial dysfunction and dopamine depletion (Nakabeppu et al., 2007).

Aged OGGl-deficient mice (26-month-old) show decreased spontaneous
locomotor behavior, a decrease in striatal dopamine levels, a loss of dopamine neurons in the
SN, and an increase in ubiquitin-positive inclusions in their remaining SN neurons compared
with age-matched wild-type mice. In addition, young OGG1-deficient mice (3-month-old)
are more susceptible to MPTP-induced dopamine depletion and loss of dopamine neurons
than wild-type mice (Cardozo-Pelaez et al., 2012). These observations in mouse models of
PD, taken together with the altered expression of mitochondrial OGG1 in PD patient brains,
indicate that age-related accumulation of 8-0xoG in dopamine neurons with decreased
OGG1 expression may be critical in the progression of PD pathology.

MUTYH has not been investigated in PD mouse models; however, it would be
interesting to examine its expression levels in these models, and also whether progression of
PD pathology can be altered in PD mouse models with MUTYH deficiency, because

increased levels of a MUTYH variant were observed in PD patient brains.

4.3. HD models
An irreversible inhibitor of mitochondrial succinate dehydrogenase, 3-nitropropionic acid
(3-NP), a naturally occurring plant or fungal toxin, causes striatal degeneration and motor
impairments in humans and animals similar to those seen in HD. Systemic administration of
3-NP to rodents and non-human primates replicates most of the clinical and
pathophysiological hallmarks of HD, including spontaneous choreiform and dystonic
movements, frontal-type cognitive deficits, and progressive heterogeneous striatal
degeneration involving apoptosis (Brouillet, 1999).

Mitochondrial DNA damage with 8-0xoG accumulation is a hallmark of the

3NP-induced HD model and is also seen in the HD transgenic model, R6/2, which carries a
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transgenic huntingtin gene containing 115-150 CAG repeats (Acevedo-Torres et al., 2009).
Increased expression of human MTH1 in mouse striatum efficiently suppresses 8-oxoG
accumulation in mitochondrial DNA in the striatum induced by 3-NP, resulting in a dramatic
protection against the HD-like symptoms of weight loss, dystonia and gait abnormalities,
striatal degeneration, and death (De Luca et al., 2008; Ventura et al., 2013). This finding
indicates that 8-oxo-dGTP accumulation in the nucleotide pool in striatal neurons induces
mitochondrial dysfunction resulting in striatal degeneration.

In mouse striatum, MTH1 and OGG1 are mainly expressed in medium spiny
neurons and localized in nuclei and cytoplasm or mitochondria. Mutant mice lacking MTH1
and/or OGG1 exhibit severe striatal neurodegeneration after 3-NP administration, with
significantly increased 8-0xoG accumulation in the mitochondrial DNA of striatal neurons,
indicating that OGG1 and MTHI1 are protective for 3-NP-induced striatal neurodegeneration
(Sheng et al., 2012). Mutant mice lacking MUTYH, which is also localized in mitochondria
of medium spiny neurons, and OGG1/MUTYH-double deficient mice are resistant to
3-NP-induced striatal neurodegeneration, indicating that MUTYH promotes
neurodegeneration. MUTYH excises adenine inserted opposite 8-0xoG in template DNA,
thus initiating a BER response to reduce 8-oxoG-driven mutagenesis (Figure 1C). Thus,
8-0x0G accumulation in mitochondrial DNA causes neurodegeneration through a
MUTYH-mediated BER mechanism (Sheng et al., 2012), which will be described in the next

section.

4.4. Models for other neurodegenerative diseases

Cerebral ischemia and reperfusion is known to be associated with brain damage induced by
ROS (Chan, 1994; Chan, 2001), and can be experimentally reproduced in rodents. Liu et al
(Liu et al., 1996) have shown that levels of 8-0xo0G in mouse cortical DNA are increased
2—4-fold during a 10-20 min reperfusion, after 30 min of forebrain ischemia. Furthermore,
OGG1 protein together with OGG1 repair activity is up-regulated in mouse cortex after

forebrain ischemia, while OGGI mRNA remained unchanged (Lin et al., 2000).
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OGG1-deficient mice develop larger cortical infarcts and behavioral deficits after permanent
middle cerebral artery occlusion compared with wild-type mice, with increased
accumulation of oxidative DNA base lesions (8-0x0G, Fapy-G) in nuclear DNA of the brain
(Liu et al., 2011), indicating that OGGI1 protects neurons under ischemic conditions.
OGG1-deficient mice exhibit enhanced post-natal neurodevelopmental deficits,
including a deficit in learning and memory, and moreover, when exposed in utero to ethanol,
OGGl1-deficient progeny exhibit higher levels of 8-0xoG in fetal brain and more severe
postnatal neurodevelopmental deficits than wild-type littermates. These results suggest that
increased 8-0xoG accumulation in fetal brain contributes to neurodevelopmental deficits
caused by in utero ethanol exposure, and that OGG1 plays a role in protecting the

developing brain against such insults (Miller-Pinsler et al., 2015).

5. Molecular mechanisms of neurodegeneration induced by 8-0x0G accumulated in
DNA

Observations in neurodegenerative postmortem brains and studies using animal models for
various neurodegenerative diseases have revealed that 8-oxoG accumulation in nuclear or
mitochondrial DNA in neurons under oxidative conditions somehow results in
neurodegeneration, and that MTH1 and OGGI, but not MUTYH, protect neurons by
preventing 8-0xoG build-up. Instead, MUTYH promotes neuronal cell death, especially
during 3-NP-induced striatal degeneration in MTH1 and/or OGG1-deficient animals (Sheng
et al., 2012).

Oka et al. (Oka et al., 2008) demonstrated that accumulation of 8-0xoG in nuclear
and mitochondrial DNA triggers two distinct cell death pathways that are independent of
each other. Both pathways are initiated by the accumulation of MUTYH-generated
single-strand breaks (SSBs) in nuclear or mitochondrial DNA (Figure 2A). When 8-0xoG
accumulates to high levels in nuclear DNA, PARP binds to the SSBs generated by

MUTYH-initiated BER. This increases poly(ADP-ribose) polymer resulting in nicotinamide
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adenine dinucleotide (NAD") and ATP depletion, followed by nuclear translocation of
apoptosis-inducing factor (AIF). AIF then executes apoptotic cell death. Thus, 8-oxoG
accumulation at high levels in mitochondrial DNA causes degradation of mitochondrial
DNA through MUTYH-initiated BER, resulting in mitochondrial dysfunction and activation
of calpains, which in turn cause lysosomal rupture and cell death (Oka and Nakabeppu,
2011).

In the early phase of 3-NP-induced striatal degeneration, MTH1 and/or
OGGl1-deficient medium spiny neurons accumulate high levels of 8-oxoG and SSBs in
mitochondrial DNA in an MUTYH-dependent manner, resulting in calpain activation and
neuronal death. In the later phase, dead neurons or damaged neurons activate microglia,
which produce ROS, and activated microglia consequently accumulate high levels of
8-0x0G and SSBs in nuclear DNA. In activated microglia, accumulated SSBs in nuclear
DNA cause activation of the PARP-AIF pathway in a MUTYH-dependent manner, thus
exacerbating microgliosis and neurodegeneration (Sheng et al., 2012) (Figure 2B).

It has been observed that under conditions of oxidative stress, 8-0xoG significantly
builds-up in mitochondrial DNA, but not nuclear DNA, in neurons, and that 8-oxoG
accumulation in mitochondrial DNA is efficiently suppressed by increased expression of
MTHI1 (De Luca et al., 2008; Leon et al., 2016; Sheng et al., 2012). These observations
indicate that 8-0xoG accumulation in mitochondrial DNA is derived from high levels of
8-0x0-dGTP in the nucleotide pool under oxidative conditions, and not from direct oxidation
of guanine in DNA, because only mitochondrial DNA and not nuclear DNA is replicating in
post-mitotic neurons. Nonetheless, microglial proliferation can be induced during
inflammatory responses in the brain with increased production of ROS, such that microglia
accumulate 8-0x0G in nuclear DNA.

Administration of a calpain or PARP inhibitor significantly ameliorated
3-NP-induced striatal degeneration and decreased microgliosis in MTH1/OGG1-deficient
mice, indicating that calpain-dependent neuronal death causes microgliosis, and that

microgliosis indeed exacerbates neurodegeneration (Sheng et al., 2012). It is noteworthy that
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activation of calpain and PARP is a hallmark of neurodegeneration under oxidative
conditions, not only in animal models, but also in brains of patients with neurodegeneration
(Esteves et al., 2010; Gladding et al., 2012; Kauppinen and Swanson, 2007; Martire et al.,
2015; Saito et al., 1993; Yamashima, 2013). Calpain and PARP are therefore considered to
be general therapeutic targets for various neurodegenerative diseases. Accumulation of
8-0x0G in neurons and microglia in the brain should be considered an activator of calpain
and PARP in neurodegenerative disorders. Thus, proteins involved in BER and related DNA
metabolic events should be considered novel therapeutic targets.

BER is a complex mechanism for repair of various base lesions in DNA, and there
are many other factors playing essential roles during BER, such as AP endonucleases, DNA
polymerases, Fenl, XRCCI1, and DNA ligase and so on (Iyama and Wilson, 2013). DNA
polymerase B deficiency in 3xTg-AD mice is reported to exacerbate AD pathology (Sykora
et al., 2015), altered stoichiometry of BER proteins, especially FEN1 and DNA polymerase
B correlates with increased somatic CAG instability in striatum over cerebellum in HD
model mice (Goula et al., 2009), and DNA polymerase 3 may mediate MPTP-induced
neuronal death in PD model (Zhang et al., 2014). These findings indicate that BER system is
involved in neurodegenerative process in different manners, and further study is required to

delineate the entire roles of BER in neurodegeneration.
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(A) Oxidation of guanine by ROS. ROS preferentially attack free nucleotides (dGTP)
compared with guanine bases in DNA, thereby generating 8-oxo-dGTP in the nucleotide
pool. dGTP mainly takes the anti-configuration; however, 8-0xo-dGTP is in equilibrium
between anti- and syn- configurations.

(B) 8-Ox0G (syn) forms a base pair with adenine as well as with cytosine in DNA.

(C) Mutagenesis caused by 8-0xoG and mammalian defense systems. 8-0xo0G (GO)
accumulates in DNA via the incorporation of 8-0x0-dGTP from the nucleotide pool or due to
direct oxidation. This outcome increases the occurrence of A:T to C:G or G:C to T:A
transversion mutations after two rounds of replication. Dark red line: mutagenic pathway. In
the defense systems, MTH1 hydrolyzes 8-0xo-dGTP to 8-0xo-dGMP and pyrophosphate.
8-0x0-dGMP is further converted to nucleoside, 8-oxodeoxyguanosine (8-0xo-dG), thus
preventing its incorporation into DNA. 8-0x0G DNA glycosylase (OGG1) removes 8-0xoG
to initiate BER. OGG1 preferentially excises 8-0xoG opposite cytosine. MUTYH excises the
adenine inserted opposite 8-0xoG in the template strand. Once cytosine is inserted opposite
8-0x0G during BER initiated by MUTYH, OGGl1 can remove the 8-0xoG residue opposite
cytosine. However, adenine can be reinserted opposite 8-0xoG during BER (dashed dark red
line). In mammals, the mismatch repair (MMR) machinery recognizes 8-0xoG opposite
adenine in template DNA and excises the 8-0xoG containing nascent strand (green line).
Thus, in the absence of MTH1, OGG1, and MUTYH, only G to T transversion mutations are
increased (Ohno et al., 2014). OGG1 may enhance A to C transversions if it excises 8-0xoG
opposite a cytosine that had been inserted opposite 8-0xoG paired with the adenine in the

template DNA (dashed dark red line). Blue lines: BER pathways.
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Fig. 2. 8-Ox0G causes neurodegeneration during MUTYH-mediated BER.

(A) MUTYH is a molecular switch for programmed cell death under conditions of oxidative
stress. Under oxidative conditions, 8-0xoG may be highly accumulated in DNA. During
replication, adenine can be inserted opposite 8-0xoG in template DNA, and MUTYH

initiates BER by excising the adenine residue. MUTY H-initiated BER might induce a futile
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BER cycle (red arrows), because an adenine can be reinserted opposite an 8-0xoG during
repair by DNA polymerases, such as POL, thus increasing accumulation of SSBs in the
nascent strand. 8-OxoG accumulation in nuclear DNA triggers PARP-AIF-dependent
apoptosis, while accumulation in mitochondrial DNA causes calpain-dependent cell death,
as shown in B.

(B) Two distinct cell death pathways induced by MUTYH-dependent BER cause a complex
process of neurodegeneration. When neurons accumulate high levels of 8-0xoG under
oxidative conditions, SSBs build-up substantially in mitochondrial DNA in a
MUTYH-dependent manner, resulting in calpain activation and neuronal death. “Eat me
signals” released from dead or damaged neurons activate microglia, which produce RO/NS.
Activated microglia accumulate significant quantities of 8-0xoG in nuclear DNA during
their proliferation, and subsequently SSBs in nuclear DNA in a MUTYH-dependent manner,
thus activating the PARP-AIF pathway to induce apoptosis. Consequently, microgliosis is

further exacerbated resulting in severe neurodegeneration.
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