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Abstract
Reactive oxygen species (ROS), generated endogenously during respiration or exogenously by
genotoxic agents, induce oxidized bases and single-strand breaks (SSBs) in DNA that are repaired
via the base excision/SSB repair (BER/SSBR) pathway in both the nucleus and mitochondria.
Tightly regulated BER/SSBR with multiple sub-pathways is highly complex, and is linked to the
replication and transcription. The repair-initiating DNA glycosylases (DGs) or AP-endonuclease
(APE1), control the sub-pathway by stably interacting with downstream proteins usually via their
common interacting domain (CID). A nonconserved CID with disordered structure usually located
at one of the termini, includes the sequences for covalent modifications and/or organelle targeting.
While the DGs are individually dispensable, the SSBR-initiating APE1 and polynucleotide kinase
3′ phosphatase (PNKP), are essential. BER/SSBR of mammalian nuclear and mitochondrial
genomes share the same early enzymes. Accumulation of oxidative damage in nuclear and
mitochondrial genomes has been implicated in aging and various neurological disorders. While
defects in BER/SSBR proteins have been linked to hereditary neurodegenerative diseases, our
recent studies implicated transition metal-induced inhibition of NEIL family DGs in sporadic
diseases. This review focuses on the recent advances in repair of oxidatively damages in
mammalian genomes and their linkage to aging and neurological disorders.
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1. Introduction
The genomes of all organisms are constantly exposed to damage whose efficient repair is
critical for maintaining genome integrity and cell survival. Oxidative damage represents the
major class of insult to aerobic organisms due to continuous generation of reactive oxygen
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species (ROS) in vivo as by-product of mitochondrial (mt) oxidative phosphorylation and a
variety of external insults including environmental toxins, chemotherapeutic drugs, UV
light, ionizing radiation and inflammatory response (Lindahl, 1993; Mitra et al., 2001). ROS
including O2

•- (superoxide radical), OH• (hydroxyl radical) and H2O2 (hydrogen peroxide),
generate a plethora of oxidized DNA bases, oxidized abasic (AP) sites, base deamination
products, oxidized sugar fragments and DNA strand breaks (SSBs) (Dizdaroglu et al., 2002;
Hegde et al., 2008a). It is generally estimated that ~105 DNA lesions are produced in a
mammalian cell genome each day from spontaneous decay, replication errors and cellular
metabolism alone (Hoeijmakers, 2009) among which ~104 lesions are oxidized bases and
single-strand breaks (SSBs) (Lindahl, 1993). This is likely to be a gross underestimate
because of continuous repair, thus the actual damage level may be much higher,
underscoring the importance of their efficient repair for maintaining genome integrity. Many
oxidized lesions and abasic (AP) sites could be transcribed or replicated by replicative or
translesion DNA synthesis polymerases and are generally mutagenic in addition to being
cytotoxic. For example, C→ 5-OHU lesion causes G-C → A-T transition; G→8-oxoG
lesion causes G-C → T-A transversion (Shibutani et al., 1991). Furthermore, SSBs
generated directly by reaction of deoxyribose with oxygen radicals or as intermediates
during repair of oxidized bases contain various nonligatable termini including 3′
phosphoglycolate, 3′ phosphoglycoladehyde, 3′ phosphate (3′ P) and/or 5′ OH, 5′
phosphosugar derivative such as deoxyribonolactone (Hegde et al., 2008a; Mitra et al.,
2001). Persistent oxidative genome damage or their defective or inefficient repair has been
etiologically implicated in several human diseases in particular cancer, and inherited and
acquired neurological disorders including Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease, amyotrophic lateral sclerosis (ALS) and also in aging (Acevedo-
Torres et al., 2009; Aguirre et al., 2005; Alam et al., 1997; Bogdanov et al., 2000;
Dorszewska et al., 2007; Lyras et al., 1997; Polidori et al., 1999; Yasuhara et al., 2007). In
this review we discuss the recent advances in our understanding of oxidized genome damage
repair and its role in preventing aging and neurological disorders.

2. Basic mechanism of DNA base excision/single-strand break repair (BER/
SSBR)

The evolutionarily conserved BER pathway is responsible for repairing alkylated and
oxidized DNA bases, as well as AP sites, while SSBs with various nonligatable termini are
repaired via the SSBR pathway. BER was first identified in E. coli, and until a few years
ago, believed to be the simplest and most characterized among various DNA repair
pathways (Friedberg et al., 2006). However, recent studies suggest BER/SSBR, particularly
in higher organisms, to be far more complex, involving a network of repair sub-pathways
utilizing various noncanonical proteins. The basic BER reaction comprises four minimal
steps: (i) base lesion recognition and excision by a DNA glycosylase (DG), and cleavage of
the resulting AP site in a concerted reaction by the DG itself (for bifunctional DG) or by
APE1 (for monofunctional DGs), (ii) cleaning of 3′ blocked termini at the strand break by
APE1 and/or polynucleotide kinase 3′ phosphatase (PNKP) and 5′ blocking
phosphodeoxyribose by DNA polymerase β (Polβ), (iii) gap filling by a DNA polymerase,
and (iv) nick sealing by DNA ligases to complete the repair. While alkylated bases and
uracil are excised by a monofunctional DG, all oxidized base-specific DGs are bifunctional
with an intrinsic AP lyase activity (Mitra et al., 2001). Five oxidized base-specific DGs have
been characterized in human cells so far, belonging to two families: Nth and Nei, named
after their prototypes in E. coli. The first discovered 8-oxoguanine DNA glycosylase
(OGG1), and NTH1 belong to the Nth family (McCullough et al., 1999). More recently
discovered (by us and others) NEIL1 and NEIL2 belong to the Nei group (Bandaru et al.,
2002; Hazra et al., 2002a; Hazra et al., 2002b; Takao et al., 2002). Recently, a fifth Nei
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family member NEIL3 was identified but its functions have not been completely
characterized (Liu et al., 2010). MYH, a DG and ortholog of E. coli MutY, excises the
normal base A from the 8-oxoG•A pair in DNA (Lu and Chang, 1988). Concerted lesion
excision and strand cleavage activity of oxidized base specific DGs result in an SSB with
two types of blocked 3′terminus: OGG1 and NTH1 carry out AP β lyase reaction and
generate 3′ phospho-α,β-unsaturated aldehyde (3′PUA, also referred to as 3′ dRP) and 5′ P
groups, while NEIL1 and NEIL2 catalyze βδ elimination to generate 3′ P and 5′ P termini
(Wiederhold et al., 2004). In the next step, the 3′ dRP and 3′ P are removed by APE1 and
PNKP, respectively. Furthermore, AP sites generated by monofunctional DGs in human
cells are primarily processed by APE1 generating strand breaks with 3′OH and 5′
deoxyribosephosphate (5′ dRP) end. In mammalian cells, DNA polymerase β (Polβ) with
intrinsic 5′ dRP lyase activity removes the dRP residue to generate ligatable 5′ P terminus
(Sobol et al., 2000) and also incorporates the missing nucleotide (nt) at the 3′OH terminus.
The resulting nick is sealed by a DNA ligase to complete single nucleotide incorporation
(SN)-BER. However, an oxidized 5′ dRP residue is resistant to the lyase activity of Polβ. In
this case 2 to 8 upstream nts are displaced by the DNA polymerase generating a 5′ overhang
flap that is removed by flap endonuclease 1 (FEN-1), an essential enzyme involved in the
removal of Okazaki fragment primers during lagging strand DNA replication. A second flap
endonuclease, DNA2, has recently been discovered in both nucleus and mitochondria of
human cells that acts in concert with FEN-1 in processing long flap structures (Duxin et al.,
2009; Zheng et al., 2008). Gap filling synthesis then produces a longer repair patch. This
alternative repair pathway with repair patch of 2 to 8 nts was named long-patch (LP)-BER.
Thus, the nature of the 5′ terminus may dictate the choice between SN-vs. LP-BER
pathways. BER in the nucleus utilizes two major DNA polymerases, Polβ and replicative
Polδ (and possibly Polε); the former normally carries out SN-BER in non-dividing cells,
while latter along with other components of DNA replication machinery including the
sliding clamp PCNA, clamp loader replication factor-C (RF-C) participate in LP-BER (Dou
et al., 2008; Hegde et al., 2008b; Prasad et al., 2000). However, Polβ has been shown to
participate in LP-BER in vitro in co-ordination with FEN-1 (Liu et al., 2004). The
involvement of DNA replication proteins with LP-BER suggests that LP-BER could be the
preferred pathway during DNA replication, irrespective of the 5′ terminal group. The final
step of nick sealing during nu BER/SSBR utilizes two DNA ligases: DNA ligase IIIα
(LigIIIα) or DNA Ligase 1 (LigI). LigI’s primary role is in DNA replication and LigIII’s in
BER, presumably in non-replicating cells where SN-BER is predominant. However LigI
could also be involved in LP-BER in replicating cells which utilizes other replication-
associated proteins. (Ellenberger and Tomkinson, 2008). Furthermore, LigIII has nu and mt
isoforms but only the nu isoform is stabilized by XRCC1, the scaffold for assembling the
BER complex (Caldecott et al., 1994), The mt isoform of LigIII, essential for mt DNA
replication and repair, is not in a complex with XRCC1 (Lakshmipathy and Campbell,
2000). Recent studies demonstrated that LigIII is essential for mt DNA integrity but
dispensable for nuclear DNA repair where LigI takes over LigIII functions in the latter’s
absence (Gao et al., 2011; Simsek et al., 2011).

2.1. Diverse end-processing for SSBR
In addition to the common gap-filling and nick sealing in the BER/SSBR pathways, SSBR
additionally involves several end-processing enzymes to remove multiple blocked termini
generated by ROS (Hegde et al., 2008a). The most common block at ROS induced SSB is 3′
′phosphoglycolate or 3′ phosphoglycolaldehyde, which is removed by APE1. Tyrosyl DNA
phosphodiesterase 1 (TDP1), another 3′ end-processing enzyme, cleaves Top1(Tyr)-
crosslinked to 3′ P at the strand break generated by abortive topoisomerase 1 (Top1)
reaction. The resulting 3′ P is then removed by PNKP (El-Khamisy et al., 2005; Pouliot et
al., 1999; Yang et al., 1996), which also phosphorylates the 5′OH generated at an SSB. A
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unique type of 5′ blocking groups is formed as intermediates during abortive DNA ligation,
namely, adenylate linked via 5′•5′ bond to the 5′P terminus at an SSB. Aprataxin releases
5′AMP to restore the 5′ P terminus (Ahel et al., 2006; Caldecott, 2007). Some blocked 3′
termini could also be removed by ERCC1/XPF nuclease, a functional homologue of the
yeast Rad1/Rad10 complex proposed to conduct this role in the budding yeast (Guzder et al.,
2004). Thus, end cleaning is perhaps the most diverse enzymatic step in BER/SSBR, due to
the variety of termini generated. The various end processing enzymes and their substrate are
listed in Table 1.

3. Diversity of early BER reaction
3.1. Substrate specificity and dispensability of individual DGs

Damage recognition in highly condensed chromatin is a critical step particularly for the
oxidized base lesions whose structures may not be significantly different from the parent
base and which often retain near normal base pairing properties with only minor
perturbations in DNA helix (Hegde et al., 2010a). The mechanism of base excision by a DG
involves its extrahelical flipping of the base into the catalytic pocket of the enzyme (Parker
et al., 2007; Slupphaug et al., 1996). Thus, DG’s specificity results from the fit of the
substrate lesion into the binding pocket where the binding is stabilized by various types of
interactions. However, because a number of oxidized bases (>20) are repaired by only four
(or five) DGs in the mammalian cells, the DGs usually possess broad, overlapping substrate
range. For example, while OGG1’s primary substrate is 8-oxoG, it also excises ring-opened
purine, formamidoguanine (FapyG). The NEILs initially shown to excise oxidized
pyrimidines, were later observed to efficiently excise purine-derived lesions including 8-
oxoG and hydantoins (Krishnamurthy et al., 2008). NTH1 is primarily responsible for the
repair of oxidized pyrimidines including 5-OHU, 5-OHC, 5-formylC etc. It is likely that
plasticity of DGs’ catalytic pockets allows induced fit of diverse substrates. This could also
explain the low turnover, a hallmark of most DGs. Furthermore, the overlapping substrate
specificity of DGs is consistent with the general observation that their individual
requirement is not essential as deficiency of an individual DG is not lethal. Neither OGG1 or
NTH1 null mice nor embryonic fibroblasts derived therefrom has a significant phenotype
(Klungland et al., 1999; Minowa et al., 2000; Osterod et al., 2001). Although an increase in
cancer incidence was observed in OGG1-null mice after exposure to bromate (Arai et al.,
2002), the lack of immediate effect was unexpected, particularly because the lack of
downstream BER proteins, such as APE1, XRCC1 or Polβ, induces embryonic lethality (Gu
et al., 1994). Recent studies have shown that in spite of broad substrate specificity, DGs
have distinct preferential and back-up functions (Hegde et al., 2008a). DGs and their
preferred substrates are represented in Table 2.

3.2. Repair in replicating and non-dividing cells: unique functions of NEILs
While OGG1 and NTH1 are active only with the duplex DNA, we showed that NEILs are
more active with single-stranded (ss) DNA structures like those present in a bubble or a
fork, than with the duplex DNA, which led us to hypothesize that NEILs preferentially
function in the repair during DNA replication or transcription (Dou et al., 2003). We
subsequently characterized the role of NEIL2 in preferential repair of transcribed genes,
where NEIL2 functionally interacts with RNA polymerase II and hnRNP-U, a component of
the transcription machinery (Banerjee et al., 2011). Unlike NEIL2, NEIL1 is induced in S
phase cells and functionally interacts with DNA replication proteins including PCNA,
replication protein A (RPA) FEN-1 and Werner’s helicase (WRN), based on which we
propose that NEIL1 is preferentially involved in replication-coordinated BER (Dou et al.,
2008; Hegde et al., 2008b; Theriot et al., 2010). Thus BER involves a network of distinct
cell cycle- and genome region-specific repair sub-pathways and utilizes several
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noncanonical proteins (Banerjee et al., 2011; Das et al., 2007b). While the sequence fidelity
of only the transcribed strand in functional genes is critical for maintaining information
fidelity in non-replicating, terminally differentiated cells like neurons, integrity of both
strands of genes should be essential for maintaining genome integrity in replicating cells.
Furthermore, oxidized bases generated due to oxidation of the dNTP pool could be
incorporated into DNA and induce mutations. Mutation due to incorporation of A opposite
8-oxoG in the template is prevented by MYH, an 8-oxoG/A specific glycosylase that excises
A from the progeny strand (Michaels and Miller, 1992). We proposed that removal of A in
the template opposite 8-oxoG in the nascent strand by MYH would be mutagenic, and
suggested a distinct repair process involving excision of 8-oxoG from the nascent strand
instead (Hazra et al., 1998). Similarly, a U:A mispair generated during replication via
incorporation of a U opposite an A, was shown to be repaired post-replicatively by UNG2,
the nuclear isoform of uracil-DNA glycosylase (UDG) (Otterlei et al., 1999). Both UNG2
and MYH associate with PCNA at the replication foci, where these glycosylases are
recruited to excise U and A in the nascent chain respectively to preserve genomic fidelity
(Kavli et al., 2002). Thus for oxidatively damaged bases such as 8-oxoG which are
generated in situ or incorporated into DNA from the deoxynucleotide pool, we postulate
distinct post-replicative vs. pre-replicative repair pathways in replicating genomes.
Coordination between DNA replication and repair ensures that the DNA replication-
associated proteins are co-opted during the S-phase to carry out repair synthesis following
excision of an oxidized base in the template (Dou et al., 2008; Parlanti et al., 2007).

4. BERosome-mediated repair of oxidized bases: a new paradigm
4.1. Stable interaction of DGs and APE1 with downstream repair proteins for sub-pathway
choice

The general view of BER as a series of sequential steps with individual repair enzymes
carrying out reactions independently of one another was initially proposed (Izumi et al.,
2003). However, recent studies have shown that early BER/SSBR enzymes (e.g., NEIL1 or
APE1) stably interact with downstream components including DNA ligase, via their
common interacting domain (Das et al., 2007a; Dou et al., 2008; Hegde et al., 2010a; Hegde
et al., 2008b; Mitra, 2009; Theriot et al., 2010; Wiederhold et al., 2004). NEIL1 and NEIL2
immunoprecipitates (IP) from human cells contain the SN-BER proteins PNKP, Polβ,
LigIIIα and XRCC1, with whom the NEILs also interact in a pairwise fashion. Recently we
have also shown NEIL1’s interaction with LP-BER specific DNA replication proteins
including PCNA, FEN-1 (Dou et al., 2008; Hegde et al., 2008b). Similarly, APE1 IP
contains Polβ, LigIIIα and XRCC1, and more importantly, is proficient in complete repair
activity in vitro for repairing tetrahydrofuran (AP site mimic)-containing duplex oligo
substrate [(Szczesny et al., 2008); Mantha et al., unpublished data]. This has led us to
propose a new paradigm in BER of collaboration of multiple proteins in coordinated fashion
involving dynamic protein-protein interactions for enhancing repair efficiency. Recent
studies provide evidence for a role of XRCC1 in the organization of BER into distinct
multiprotein complexes of different sizes (Hanssen-Bauer et al., 2011), in support of our
model. However, the concept of model of large preformed complex(es) raises the issue of
stoichiometry and steric interference. Thus detailed mapping of interaction interfaces among
these proteins is vital for unraveling the nature of these complexes. We propose that
interaction of DGs with the distal repair proteins (like DNA ligases) is involved in sub-
pathway selection.

4.2. Common, disordered interaction interface of early BER proteins
Mammalian DGs possess unique structural features compared to their homologs in lower
organisms; namely, an unfolded extension or tail which participates in subcellular
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translocation and more importantly in protein-protein interactions [reviewed in (Hegde et al.,
2010a)]. The sequence alignment of human (h) NTH1 with Nths from E. coli, archea and
other lower organisms shows that the mammalian NTH1 has an N-terminal extension,
absent in E. coli or archea. This N-terminal segment (residues 1-95) contains putative nu and
mt localization signals (Sarker et al., 1998). It was also shown that hNTH1 has reduced
activity compared to E. coli Nth (Ikeda et al., 1998; Thayer et al., 1995) likely due to the
inhibitory role of the N-terminal tail by reducing the rate of product release without
affecting base excision or AP lyase activities (Liu and Roy, 2002). The crystal structure of
catalytically active deletion construct of hNEIL1 (lacking 56 C-terminal residues) and
PONDR (Predictor Of Naturally Disordered Regions in proteins) modeling indicated that
hNEIL1 has an unfolded C-terminal extension (~100 residues) which is absent in E. coli Nei
(Doublie et al., 2004; Hegde et al., 2010a). We have previously shown that NEIL1 interacts
with downstream SN-BER proteins, including Polβ, LigIIIα and XRCC1 via its unfolded C-
terminal extension (between residues 289-349) (Wiederhold et al., 2004). We similarly
identified nonconserved N-terminal disordered segment (~65 residues) in hAPE1 that is
absent in its counterpart in E. coli, involved in protein-protein interactions (Chattopadhyay
et al., 2008; Hegde et al., 2010a; Vascotto et al., 2009). The terminal disordered segments in
NEIL1 and APE1 and their interacting partners are shown in Fig. 1. It is intriguing how
NEIL1 or APE1 could simultaneously bind multiple proteins with high affinity and
specificity via a small common interaction interface. Recent studies have indicated that such
a phenomenon is not uncommon for mammalian “hub” proteins, whose binding segments
invariably have disordered structure (Hegde et al., 2010a). The flexibility of the disordered
domain could facilitate interaction with diverse partners via induced fit mechanism.

4.3. Covalent modifications of BER proteins
The functions of DNA repair proteins are often regulated via their posttranslational
modifications including phosphorylation by kinases such as ATM, ATR and DNA-PK,
acetylation by p300 and CBP, mono- or poly-ADP ribosylation, mono- and poly-
ubiquitylation, sumoylation, methylation among others. Such modifications that regulate
stability, interactions, intracellular distribution have been identified in many BER/SSBR
proteins [reviewed in (Seet et al., 2006)]. Among the DGs, acetylation of NEIL2 and OGG1
have characterized (Bhakat et al., 2004; Bhakat et al., 2006). We showed that about 20%
OGG1 in unstressed HeLa cells is acetylated at Lys338 and 341 which enhances OGG1
turnover by decreasing its affinity for the product (Bhakat et al., 2006). Moreover, oxidative
stress increases the level of acetylated OGG1, most likely as a result of ROS-induced
activation of p300. We have speculated that OGG1 acetylation provides a mechanism for
rapid repair response without requiring de novo synthesis of the enzyme when enhanced
repair is promptly needed for increased lesion load in cell genomes after exposure to
oxidative stress. This is further supported by our observation that the repair of 8-oxoG is
correlated with the level of acetylated OGG1. We have also shown acetylation of NEIL2
predominantly at Lys49 and 153 (Bhakat et al., 2004). Moreover, acetylation of Lys49 but
not Lys153 strongly inhibits NEIL2 activity. Lys49 in NEIL2 is conserved and its mutation
to Arg or other amino acids inactivates the enzyme. We proposed that acetylation at Lys49
acts as a regulatory switch for NEIL2’s activity, while Lys153 acetylation regulates its
interactions (Bhakat et al., 2004).

APE1 was shown to be acetylated, phosphorylated as well as ubiquitylated in vitro and in
cells (Busso et al., 2009; Izumi et al., 2003; Yacoub et al., 1997). Hsieh et al. provided first
in vivo evidence for PKC-mediated phosphorylation of APE1 (Hsieh et al., 2001). APE1 can
be phosphorylated in vitro by casein kinase I and II (CK1 and CK2) at various sites
including consensus sequences for CKI, CKII and protein kinase C (PKC) (Bhakat et al.,
2009; Yacoub et al., 1997). Interestingly, phosphorylation of APE1 by CKII abolished DNA
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repair activity in vitro, while by CKI or PKC had no such effect (Yacoub et al., 1997).
Furthermore, phosphorylation of APE1 by CKII enhances trans-activation of the AP-1
transcription factor with no effect on its DNA repair activity (Fritz and Kaina, 1999).
Recently another phosphorylation (Thr232) site in APE1 has been shown to affect its AP
enodonuclease activity and has been implicated in PD and AD (Huang et al., 2010). We
showed APE1 acetylation at Lys6 and Lys7 by the p300 both in vivo and in vitro (Izumi et
al., 2003). The in vitro studies with recombinant WT APE1 or K6R/K7R or K6L/K7L
mutants and p300, identified the acetyl-acceptor residues as Lys6 and Lys7 (Izumi et al.,
2003), but mass spectroscopic analysis of in vitro acetylated APE1 (AcAPE1) could not
detect diacetylated APE1 that could be explained by the possible steric effects of acetyl
groups attached to -amino groups during second acetylation (Izumi et al., 2003). Thus, our
data indicate that either Lys6 or Lys7 but not both can be acetylated in the same APE1
molecule. It is interesting to note that while Lys6 and Lys7 are conserved in most
mammalian APE1 including human, mouse, and bovine, Lys7 is not conserved in rat and
Chinese hamster suggesting that acetylation of Lys6 is more critical for APE1’s function. In
addition, we showed that APE1 acetylation stimulates the formation of nCaRE-B complex
which also contains hnRNP-L and HDAC1 (Izumi et al., 2003). Thus, it appears likely that
acetylation-mediated conformational change in the disordered N-terminal segment (~40
residues), which is dispensable for APE1’s endonuclease activity, modulates protein-protein
interactions. APE1 stably interacts with Y-box-binding protein 1 (YB-1) and acetylation
further enhances its binding with YB-1 both in vivo and in vitro (Chattopadhyay et al.,
2006) leading to the activation of multi drug resistance (MDR1) gene. Recently, we have
established the molecular basis of APE1’s acetylation-dependent regulatory function in
inducing MDR1-mediated drug resistance (Sengupta et al., 2010). The physiological
importance of APE1 acetylation became more evident with our findings that the levels of
acetylated APE1 is increased in response to variety of cellular stress or changes in
intracellular Ca2+ or bacterial infection to gastric epithelial cells (Bhattacharyya et al., 2009;
Sengupta et al., 2010). The S-nitrosation of APE1 has been also shown to occur in vivo.
Treatment of S-nitroglutathione, an S-nitrosating agent, stimulated nu export of APE1
through S-nitrosation of Cys93 and Cys310 in a CRM1-independnent manner (Caldecott,
2007). Furthermore, a recent study demonstrated APE1’s ubiquitylation, which could act as
a signal for APE1’s degradation by maintaining its subcellular localization (Busso et al.,
2009). These studies clearly show that posttranslational modifications of key BER/SSBR
proteins play an important role in regulation of its specific activity, modulate interactions
with other repair proteins and altering their subcellular distribution.

Alteration of APE1’s expression has been implicated in several neurodegenerative diseases
including Alzheimer’s (AD) and amyotrophic lateral sclerosis (ALS) (Davydov et al., 2003;
Tan et al., 1998) and hyperoxia (100% oxygen) was shown to stimulate APE1 expression in
the hippocampus and basal forebrain of young rats, but not in aged rats (Edwards et al.,
1998; Quach et al., 2005). However, how altered APE1 levels or whether alteration of its
modification is etiologically linked to these diseases is not known. Thus despite evidences
for a critical role of posttranslational modifications of BER/SSBR proteins in regulation of
their repair functions, and association of these proteins (depletion or functional deficiency)
with aging and neurodegenerative diseases, as discussed later in this review, there is
inadequate information on the status and role of posttranslational modifications linked to
these end points. Future investigations should focus on these issues which we believe would
be critical in developing novel therapeutic perspectives.

5. Repair of mitochondrial genome
ATP synthesis is often considered to be the major function of mitochondria, although its role
in programmed cell death, lipid metabolism, biogenesis of steroids, calcium homeostasis, are

Hegde et al. Page 7

Mech Ageing Dev. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also essential for normal cellular functions (Kakkar and Singh, 2007). Thus, maintaining mt
homeostasis as well as the integrity of its genome may be critical for cellular survival. A
single mammalian cell contains up to several thousands copies of duplex, circular 16.5 kb
mt genome localized within 80-700 mitochondria, depending on the cell type (Miller et al.,
2003). The mtDNA encodes 13 essential subunits of the respiratory chain, 22 tRNA and 2
rRNAs, all of which are critical for maintaining oxidative phosphorylation (OXPHOS;
Anderson et al., 1981). OXPHOS consumes about 85% of oxygen utilized by the cell and
early measurement indicated that ~5% of consumed oxygen escape OXPHOS to form ROS
under physiological conditions (Turrens, 2003). Therefore, the mitochondria are considered
as the major site for continuous ROS generation (Cadenas and Davies, 2000). Due to close
proximity to the site of ROS generation, nonchromatinized state and lack of protective
histones in the mt genome, the mutation rate of human mtDNA is 20-100-fold higher than
that in the nu DNA (Pesole et al., 1999). Continuous ROS exposure to the mt genome
induces multiple types of oxidized bases, AP sites, and SSBs containing 3′ and 5′ blocking
groups in mtDNA, which cause mutations and impair mt as well as overall cell functions
(Cooke et al., 2003). Although the mt genome is also susceptible to UV damage in contrast
to the nu genome, no repair of UV induced pyrimidine photoproducts has been observed in
mtDNA from mouse L cells, human KB or HeLa cells. It was proposed that the lack of NER
activity in the mitochondria warrants efficient mtDNA replication in order to dilute out
pyrimidine photoproduct-containing mtDNA molecules (Clayton et al., 1974). On the other
hand, purified human mitochondria were shown to possess mismatch repair activity in vitro
(Mason et al., 2003); however, whether MSH2, the critical mismatch repair recognition
protein, is present in the mitochondria is not settled (Berneburg et al., 2006; Larsen et al.,
2005). YB1 was proposed as a mt counterpart of MSH2 (de Souza-Pinto et al., 2009).
Similarly, the mitochondria isolated from Chinese hamster ovary cells were shown to be
capable of repairing double strand breaks, and human mt extracts were able to catalyze
homologous recombination of different DNA substrates (LeDoux et al., 1992). The presence
of critical homologous recombination proteins in human mitochondria were recently
reported (Sage et al., 2010). In contrast to the uncertainty of NER, mismatch repair and
homologous recombination in the mt genome, the repair of alkylated and oxidized base
lesions via the BER pathway was unequivocally established (Croteau and Bohr, 1997;
Driggers et al., 1993). The first clear evidence for BER in the mitochondria came from the
ability of mt extracts from rat liver to repair uracil (Miller et al., 2003; Stierum et al.,
1999b). Complete repair uracil occurred solely via SN-BER and repair synthesis was carried
out by DNA polymerase gamma (Polγ; Fig. 2A). Since additional mt BER enzymes were
characterized including OGG1 (Nishioka et al., 1999), uracil DNA glycosylase (UDG)
(Anderson and Friedberg, 1980), thyminglycol glycosylase (TDG) (Stierum et al., 1999a;
Takao et al., 1998), APE1 (Chattopadhyay et al., 2006; Tell et al., 2001), Polγ (Bolden et
al., 1977; Hubscher et al., 1979) and DNA ligase III (Lakshmipathy and Campbell, 1999).
Recent reports documented the presence of TDP1 and aprataxin in mitochondria
underscoring the importance of end-processing activity in mt genome maintenance (Das et
al., 2010; Sykora et al., 2011). It should be mentioned that among the 16 known eukaryotic
DNA polymerases, Polγ is the only one detected in mammalian mitochondria and should
hence be involved in both DNA repair and replication (Graziewicz et al., 2006). Similarly,
the sole mt DNA ligase III, a product of alternative translational initiation site of the ligase
III gene, is involved in both mt DNA replication and repair (Lakshmipathy and Campbell,
1999).

Recently, we (Szczesny et al., 2008) and others (Akbari et al., 2008; Liu et al., 2008b)
independently reported the presence of LP-BER activity in mt extracts from mouse and
human cell lines. While the broad conclusions were similar, these studies did not agree on
the identity of the mt 5′ exonuclease involved in 5′end processing. Our group (Szczesny et
al., 2008) and Akbari et al., (Akbari et al., 2008) concluded that mt LP-BER does not require

Hegde et al. Page 8

Mech Ageing Dev. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FEN-1 involved in nu LP-BER. Repair of uracil by the mt extract was shown to involve
incorporation of several-nucleotides in concert with the 5′ flap processing but the involved
enzyme was not identified (Akbari et al., 2008; Fig. 2B). We detected the 5′ exo/
endonuclease activity which generated very short DNA fragments in mammalian
mitochondria, distinct from the product of FEN-1 activity (Szczesny et al., 2008). Moreover,
our results support the model of mt LP-BER where polγ incorporates nucleotides in vitro
both upstream and downstream to the damage possibly due to robust 3′ exonuclease
(proofreading) activity of Polγ (Longley et al., 1998). We speculated that due to
proofreading activity of Polγ, repair of all oxidative lesions in mtDNA occurs via
incorporation of multiple nucleotides (Szczesny et al., 2008; Fig. 2D). In contrast, Liu et al.,
have shown that repair of 2-deoxyribonolactone (dL), a common AP site oxidation product,
was dependent on FEN-1 activity although the presence of an additional flap-removing
enzyme was also suggested (Liu et al., 2008b). Subsequently DNA2, a helicase/nuclease,
which plays a versatile role in processing of nu DNA intermediates in yeast genome during
replication and repair, was shown to be present in the human mitochondria, and was
proposed to process 5′ flap intermediates in DNA synergistically with FEN-1 during mt
replication and repair (Zheng et al., 2008; Fig. 2C). Initially, unlike yeast DNA2 that is
present both in nucleus and mitochondria, human DNA2 was detected only in mitochondria
but subsequent studies shown its nu localization as well (Duxin et al., 2009). HDNA2
depletion led to a modest decrease in mt replication intermediates and inefficient repair of
mt genome damage but surprisingly resulted in the appearance of aneuploid cells together
with formation of internuclear chromatin bridges, indicating human DNA2’s important role
in maintaining stability of the nu genome (Duxin et al., 2009). Thus, establishing the precise
role of hDNA2 in maintaining integrity of nu and mt genomes needs further investigation. In
addition, another mt-specific 5′ exo/endonuclease, EXOG, was identified as a paralog of
Endonuclease G, with nuclease activity towards ssDNA; however its role in the maintenance
of mt genome and possible role in mt BER was not investigated until recently (Cymerman et
al., 2008; Kieper et al., 2010; Fig. 2D). Interestingly, EXOG generates mainly a di-
nucleotide excision product, similar to what we had observed in repair with mt extract
(Szczesny et al., 2008). We recently demonstrated that EXOG, which is unique to the
mitochondria unlike FEN1 or DNA2, has been implicated in the removal of the 5′-blocking
residue and is required for repairing endogenous SSBs in the mt genome (Tann et al., 2011).
Further, EXOG depletion induces persistent SSBs in the mtDNA, enhances ROS levels, and
causes apoptosis in normal cells but not in mt genome-deficient (rho0) cells, suggesting that
persistent SSBs in the mt genome alone could provide the initial trigger for apoptotic
signaling in mammalian cells.

We should stress here that a big challenge in identification of new mt proteins including
DNA repair proteins is to provide unequivocal evidence for their mt localization when it is
extremely difficult to purify mitochondria completely devoid of nu, cytosolic or
endoplasmic reticulum (ER) contamination. There is growing evidence that DNA repair
proteins are not only present in the nucleus and mitochondria but also in cytoplasm and ER
(Szczesny and Mitra, 2005).

6. BER/SSBR defects in central nervous system (CNS) in aging and
neurodegenerative diseases

The CNS includes the brain and spinal cord consisting of multiple cell types including
neurons and glial cells (astrocytes, oligodendrocytes and microglia). A distinct feature of
neurons is that replication-associated DNA repair cannot occur in these terminally
differentiated, postmitotic cells (Hanawalt, 2008). Thus, the major challenge for neuronal
function is genome repair associated with transcription (Nouspikel and Hanawalt, 2002).
The genomes of neurons are particularly susceptible to oxidative damage because of the
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abundance of ROS generated due to high O2 consumption and relatively weak anti-oxidant
defense system (Liu et al., 2002).

Because the brain is generally protected from environmental genotoxins by the blood-brain
barrier, endogenous ROS-induced genome damage is the most critical threat to neuronal
cells (Chen et al., 2002; Liu et al., 1996). BER/SSBR activities have been characterized in
the brain cells (Chen et al., 2002; Englander et al., 2002; Liu et al., 1996). Among the DGs,
OGG1 expression decreased during rat brain development (transition from non-
differentiated to differentiated neurons), while NEIL1 and NEIL2 levels increased (Wilson
and McNeill, 2007). This is consistent with high transcriptional activity in the brain (Lu et
al., 2004) and likely involvement of the NEILs in transcription-associated repair (Banerjee
et al., 2011; Dou et al., 2003; Dou et al., 2008; Hegde et al., 2008a; Hegde et al., 2008b).
Among other BER proteins, NTH1 showed comparable expression and activity in brain,
testes, liver and kidney, but OGG1 activity was low in the brain relative to other tissues.
PNKP and APE1 are generally highly expressed in the brain. Polβ is ubiquitously expressed
in different brain regions, and appears to be the major DNA polymerase in neurons (Wilson,
1998) whose activity decreases with age (Rao et al., 2001). Further, DNA replication/repair
proteins FEN-1, Polδ/ε, PCNA, and Lig I levels are low in adult neurons, while XRCC1 and
Lig IIIα are highly expressed in the brain compared to other tissue types (Wilson and
McNeill, 2007). These studies suggest that the neurons are deficient in LP-BER activity with
SN-BER being the predominant mode of repair. However, a comparison among tissues/cell
types for protein expression may not provide insight into the repair capacity per se, and the
published studies only confirm the presence of BER/SSBR proteins in the neurons.
Furthermore, the lack of a detailed picture of genome repair in brain could be attributed to
the fact that human brain genome damage/repair can only be studied in postmortem samples
and difficulty in examining these processes in individual cell type-specific manner, which
would be critical because of likely differences in damage tolerance in these cell types.

6.1. Aging
The oxidative stress theory of aging proposes that accumulation of oxidative DNA damage
over the life span of an organism leads to gradual decline of cellular functions and eventual
death (Bohr, 2002). This model is supported by several circumstantial evidences including
the observation that lower free radical production and/or antioxidant treatment protects
against age-related deterioration, and cognitive decline (Lemon et al., 2003). Further, deficit
or decrease in the repair of oxidative DNA damage appears to correlate with premature
aging and age-related diseases (Bohr et al., 2007). It appears likely that overall genome
repair, specifically the balance between DNA damage and its repair is a major determinant
of the longevity and cell viability. A specific defect in processing 5′dRP residue at the
strand break in Sir2 (SIRT6 homolog)-deficient mice displayed age-related degenerative
phenotype (Mostoslavsky et al., 2006). The activities of DGs OGG1, NTH1 and uracil DNA
glycosylase (UNG) in brain mitochondria decrease significantly with age (Gredilla et al.,
2010).

6.2. Inherited neurological disorders
Some 200 neurological disorders with diverse etiologies have been reported in humans,
many of which have been linked to inherited defect in various DNA repair pathways.
Mutations or altered expression of BER [e.g., OGG1, XRCC1; (Coppede et al., 2010a;
Dogru-Abbasoglu et al., 2007; Qian et al., 2010)], SSBR [e.g., TDP1, aprataxin, PNKP;
(Ahel et al., 2006; El-Khamisy et al., 2007; Shen et al., 2010)] and DSBR (e.g., ATM,
NBS1) proteins have been observed in humans predisposed to various hereditary
neurodegenerative diseases [see review and references therein (Caldecott, 2008)].
Deficiencies in OGG1 or APE1, combined with exposure to oxidative stress could lead to

Hegde et al. Page 10

Mech Ageing Dev. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neurodegenerative symptoms. XRCC1 was linked to autosomal recessive spinocerebellar
ataxias with various neurological symptoms (Paulson and Miller, 2005; Taroni and
DiDonato, 2004). Further, defects in end-processing proteins, aprataxin and TDP1, have
been shown to be associated with ataxia with oculomotor apraxia 1 and spinocerebellar
ataxia with axonal neuropathy, respectively (El-Khamisy et al., 2007; Hirano et al., 2007;
Rass et al., 2007). A recent study linked mutations in PNKP to autosomal recessive disease
characterized by severe neurological abnormalities including microcephaly, early-onset,
intractable seizures and developmental delay [denoted MCSZ; (Shen et al., 2010)]. While
compelling evidences link SSBR deficiency to neurodegenerative disorders (Katyal and
McKinnon, 2008), similar association with early BER proteins (DGs, APE1) has not been
established. A common OGG1 Ser326Cys polymorphic variant with reduced activity and
linked to increased cancer risk was weakly associated with HD and ALS risk (Coppede et
al., 2007a), but not with AD or PD (Coppede et al., 2010a; Coppede et al., 2007b; Coppede
and Migliore, 2009). Asp148Glu polymorphism in APE1 with lower repair activity was
associated with increased ALS risk (Hayward et al., 1999). Association between the XRCC1
Arg399Gln polymorphism and ALS risk was also reported (Coppede et al., 2010b). Taken
together, these studies suggest association of BER/SSBR gene SNP variants with
predisposition to neurodegenerative diseases.

6.3 Reduced BER/SSBR activity in sporadic neurodegenerative diseases - inhibition of
repair by transition metals

Decreased capacity to repair oxidized DNA damage was observed in brain cell extracts in
sporadic neurodegenerative diseases which constitute >80 % of disease incidences, with
unknown etiology (Weissman et al., 2007; Wilson and McNeill, 2007). Significant BER
deficiency was observed in brains of AD patients which is due to limited DNA base damage
excision by DGs and reduced repair synthesis by Polβ (Weissman et al., 2007). Similarly,
decreased mt Polγ activity was observed in neurons affected with neurodegenerative
diseases (Adlam et al., 2005). Reduction of total BER capacity in sporadic diseases has not
been correlated with the expression of BER enzymes in brain tissues which suggested
involvement of additional mechanisms in BER defects.

Excessive accumulation of transition metals, particularly Cu and Fe, have been implicated in
AD, PD and also other human neurodegenerative diseases like Huntington’s disease and
Wilson’s disease (Dawson et al., 1993; Hegde et al., 2004; Rao, 1999). The toxicity issue of
metals which are essential micronutrients for normal physiological processes is very
complex because these metals are typically sequestered in vivo in catalytically inactive form
by metal storage proteins such as ferritin, transferrin, or cerruloplasmin (Dorszewska et al.,
2007). However, in PD brains, increased iron is often accompanied with decreased ferritin
synthesis, resulting in free iron overload (Alam et al., 1997). Furthermore, redox-cycling
iron and copper could generate ROS which oxidize cellular components including DNA. We
have recently shown that Fe/Cu significantly inhibit the activity of NEIL1 and NEIL2, but
not OGG1 at physiological levels both in neuronal cells and in vitro (Hegde et al., 2010b;
Hegde et al., 2011). The metals affected both base excision and AP lyase activities of NEILs
and inhibited NEIL1’s interaction with downstream repair proteins like Polβ, and FEN-1,
further inhibiting the overall repair. Fe(II) and Cu(II) stably bind to the NEILs with high
affinity, affecting their secondary structure. The lack of OGG1 inhibition under similar
conditions suggested binding specificity and eliminates the metal ions’ direct binding to
DNA. These results showed for first time that Fe/Cu overload associated with
neurodegenerative diseases could act as a double-edged sword by both increasing oxidative
genome damage and inhibiting its repair. Previously, divalent metal forms of Fe(II) and
Cu(II) were found to be elevated specifically in early phase of neurodegenerative disorders
and Fe(III) accumulates in the later phase presumably due to dyshomeostasis of metals
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(Hegde et al., 2009; Hegde et al., 2011; Rao, 1999). Thus our results showing that the NEIL-
initiated BER is preferentially compromised by Fe(II) and Cu(II) raises the possibility that a
similar situation could occur in the early phase of neurodegenerative disorders. Many other
BER/SSBR proteins are also inhibited by transition metals. Whiteside et al., showed that Cd
and Cu inhibit both phosphatase and kinase activities of PNKP with human cell extracts and
recombinant protein (Whiteside et al., 2010). Heavy metals could delay SSB rejoining in
mammalian cells (De Boeck et al., 1998; Lynn et al., 1997). It was shown earlier that APE1
endonuclease activities are inhibited by heavy metals lead, iron, and cadmium (McNeill et
al., 2004). Another study revealed that elevated Fe levels caused reduction in FEN-1 and Lig
III activities due to interference of repair protein binding to their DNA substrates (Li et al.,
2009). Thus metal mediated genotoxicity could involve induction of oxidative genome
damage via free radical generation, direct DNA binding; and inhibition of DNA repair via
inhibition of key BER/SSBR enzymes, and affecting protein-protein interactions among the
repair proteins. Thus reduced or defective oxidized genome damage repair due to
inactivating mutations in the repair enzymes, as well as their inhibition by transition metals
leading to an imbalance in genome damages and their repair has been proposed to play a
vital role in the pathogenesis of neurodegenerative diseases.

Interestingly, metal chelators (e.g., EDTA, desferrioxamine) could reverse Fe(II) mediated
inhibition of NEILs but a reducing agent (TCEP or DTT) was required for the reversal of
Cu-mediated inhibition (Hegde et al., 2010b; Hegde et al., 2011). Based on these
observations, we proposed distinct mechanisms for Fe and Cu mediated inhibition: Cu
inhibition involves oxidation of cysteine residues in NEIL1. Further, curcumin, a natural
spice component with both metal chelation and reducing activities, was able to reverse the
metal induced inhibition of NEILs both in vitro and in neuronal cells (Hegde et al., 2010b).

7. Conclusions
Repair of oxidative genome damage that include base lesions, AP sites and their oxidation
products (Greenberg et al., 2004), and SSBs via BER/SSBR pathway both in the nucleus,
and mitochondria is critical for maintaining genomic integrity and cell survival particularly
in aerobic organisms that are continuously exposed to endogenous ROS. Multiple BER/
SSBR pathways have evolved in mammalian cells to ensure efficient repair of a variety of
base lesions and SSBs with multiple, ROS-induced termini. These repair sub-pathways have
preferential as well as back up functions, thus providing versatility particularly at the first
step of repair. The importance of BER/SSBR in prevention of neurodegenerative diseases
was initially questioned by the lack of linkage between accumulation of oxidized bases, AP
sites and SSBs and human diseases. Recently, defective BER/SSBR machinery is being
increasingly linked to these diseases. An overall reduction in DNA repair activity has been
associated with aging in human brain suggesting it to be a normal aspect of the aging
process. Furthermore, our recent studies showing specific inhibition of NEIL-initiated BER
by transition metals suggested that similar scenario could prevail in neurodegenerative
diseases. Future studies should focus on the interplay of BER/SSBER components with
specific pathologies associated with these diseases and how repair of neurons’ genomes in
specific brain regions are affected in various CNS disorders.
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Abbreviations

DG DNA glycosylase

AP abasic

APE1 AP endonuclease 1

PNKP polynucleotide 5′kinase/3′phosphatase

ROS reactive oxygen species

AD Alzheimer’s disease

PD Parkinson’s disease

Pol DNA polymerase

Lig DNA ligase

FEN-1 flap endonuclease 1

BER base excision repair

SSB single-strand break

SSBR SSB repair

mt mitochondrial

nu nuclear
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Highlights

• This review focuses on the broad repair mechanisms for oxidative damage in
mammalian nuclear and mitochondrial genomes.

• Multiple repair sub-pathways involving distinct repair complexes.

• Role of disordered terminal extensions and posttranslational modifications in the
early BER proteins are summarized.

• The impact of BER/SSBR deficiency in central nervous system (CNS) on aging
and neurodegenerative diseases is discussed.
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Fig.1.
Disordered extension in human (and other mammalian) NEIL1 or APE1 that is absent in the
E. coli prototype, and is involved in interaction(s) with downstream repair proteins or other
noncanonical proteins as indicated.
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Fig. 2.
Models of mitochondrial BER pathways. A) Early model of uracil-initiated single-
nucleotide BER proposed by (Stierum et al., 1999b). B) Repair of uracil via multi-nucleotide
incorporation in LP-BER (Akbari et al., 2008). C) Multi-nucleotide BER of 2-
deoxyribonolactone (dL) (Liu et al., 2008a; Zheng et al., 2008). D) Repair of
tetrahydrofuran (THF) via multi-nucleotide BER [(Szczesny et al., 2008); Tann et al
unpublished data].
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Table 1

Major end processing enzymes for BER/SSBR in mammalian cells and their reaction mechanism. Blocking
groups are represented in red.

End-processing enzymes Substrate → Product

(i) 5′ end processing enzymes
PNKP (5′ kinase) →

Polβ (5′ dRP lyase) →

Aprataxin
(5′adenylate•5′P cleavage) →

(ii) 3′ end processing enzymes
APE1 (3′dRP lyase)
(also removes 3′phosphoglycoladehyde)

→

PNKP (3′phosphatase) →

TDP1
(removes Topl(Tyr)-linked
3′ termini to form 3′P which is then
removed by PNKP)

→
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Table 2

Mammalian oxidized base-specific DNA glycosylases and their preferred substrates. Oxidative modifications
are indicated in red.

OGG1 NTH1 NEIL1 NEIL2

(i) 8-oxoG
(i) Thymine glycol (i) 5-OHU (and 5-OHC)

(i) Guanidinohydantoin

(ii) FapyG

(ii) 5-OHU
(ii) FapyA (and FapyG)

(ii) 5-OHU

(iii) 5-OHC
(iii) 8-oxoG

(iii) Dihydrouracil (DHU)

(iv) 5-formy1U (iv) Thymine glycol
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