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DNA repair mechanisms in dividing and non-dividing cells

Teruaki Iyama and David M. Wilson III*
Laboratory of Molecular Gerontology, National Institute on Aging, National Institutes of Health,
251 Bayview Blvd. Baltimore MD, 21224 USA

Abstract
DNA damage created by endogenous or exogenous genotoxic agents can exist in multiple forms,
and if allowed to persist, can promote genome instability and directly lead to various human
diseases, particularly cancer, neurological abnormalities, immunodeficiency and premature aging.
To avoid such deleterious outcomes, cells have evolved an array of DNA repair pathways, which
carry out what is typically a multiple-step process to resolve specific DNA lesions and maintain
genome integrity. To fully appreciate the biological contributions of the different DNA repair
systems, one must keep in mind the cellular context within they operate. For example, the human
body is composed of non-dividing and dividing cell types, including, in the brain, neurons and
glial cells. We describe herein the molecular mechanisms of the different DNA repair pathways,
and review their roles in non-dividing and dividing cells, with an eye towards how these pathways
may regulate the development of neurological disease.

Keywords
DNA repair; Neural cells; Neurological disorder; Dividing and non-dividing; Endogenous DNA
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1. Introduction
The genomes of all organisms are constantly being modified by reactive molecules that are
produced endogenously, primarily via mitochondrial respiration, or by environmental/
exogenous physical, chemical and biological agents, which include ultraviolet (UV) light,
ionizing radiation (IR), heavy metals, air pollutants, chemotherapeutic drugs and
inflammatory responses [1]. In fact, it is estimated that ~105 DNA lesions are produced in a
mammalian genome each day as a result of spontaneous decay, replication errors and
cellular metabolism [2]. Among the range of lesions formed, which consists of modified
bases (bulky and non-bulky), abasic sites, various strand breaks, intra- and interstrand
crosslinks and protein-DNA adducts (Figure 1), ~104 are oxidized bases and DNA single
strand breaks (SSBs) [1]. Persistent DNA damage can induce mutagenesis, such as base
substitutions and small insertions/deletions, as well as gross chromosomal rearrangements.
Such genome instability is an essential step in the development of cancer, and likely
contributes to aging and age-related disease. In addition, DNA damage can promote cell
death responses that presumably underlie pathologies that involve tissue atrophy, such as
neurodegeneration. Thus, constant genome maintenance is essential for the viability and
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longevity of a healthy organism. Cells have therefore evolved multiple DNA repair
pathways to preserve genome integrity when damage arises.

The tissues and organs of mammals consist of various cell types, including those that are
dividing and those that are non-dividing. In adults, most cells, such as myocytes, adipocytes,
skin cells and neurons, are in the non-dividing state, i.e. terminally-differentiated. Terminal
differentiation is the process by which cells during the course of development become
specialized, taking on specific structural, functional, and biochemical properties and roles.
The brain is composed of both non-dividing and dividing cells. Specifically, differentiated
neurons are in a post-mitotic state and cannot re-enter the cell cycle. Glial cells (e.g.,
astrocytes, oligodendrocytes, and microglia) are in either a proliferative or non-proliferative
state, depending on their differentiation status and possible re-entry into the cell cycle.
Because both neurons and glial cells are required to establish functional clusters and to carry
out the various higher-order brain functions, such as language, thinking, learning and
memory, it is critically important to maintain the different cell types in an appropriate
number and configuration. In recent years, increasing findings have demonstrated that DNA
repair plays an important role in preserving brain cell viability and nervous system function
[2-7]. Indeed, several neurodegenerative disorders are linked to defects in DNA SSB repair
(SSBR) or double strand break repair (DSBR) [2-4,6,8,9]. In this review, we provide an
overview of the major DNA repair mechanisms and discuss their roles in safeguarding the
proper operation of dividing and non-dividing cell populations.

2. DNA repair pathways
2.1 O6-methylguanine-DNA methyltransferase (MGMT)

O6-methylguanine (O6-meG) is a major mutagenic and cytotoxic DNA lesion, produced by
various endogenous and exogenous methylating agents [10-14]. During DNA replication,
O6-meG efficiently blocks elongation in vitro [15-17], although this outcome is not
generally thought to occur in vivo. Biochemical studies have instead revealed that O6-meG
can be bypassed by translesion synthesis DNA polymerases, such as polη, polκ and polζ,
often pairing with thymine to drive G-C to A-T transition mutations [18]. During
transcription, O6-meG partially blocks human RNA polymerase II (RNAPII) elongation. In
situations where full-length RNA is obtained by bypass, cytosine and uracil are incorporated
opposite the lesion at a 3:1 ratio, producing a fraction of mutant RNA molecules [19].
Depending on the location of the base substitution, resulting transcripts could alter the
primary amino acid sequence content of the encoded protein and lead to defective protein
function in cells [20]. While primarily considered a mutagenic lesion, O6-MeG can be
cytotoxic in certain circumstances, such as when paired with thymine, as this abnormal base
pair can be detected and processed in a futile and ultimately lethal cycle via the mismatch
repair (MMR) pathway that will be described later [21,22].

To prevent the above deleterious outcomes, most organisms are equipped with a specific
repair protein termed MGMT. MGMT directly removes, for instance, O6-alkylation adducts
in a one-step reaction that transfers the alkyl group from the O6-position of guanine to a
cysteine residue within its active site pocket, thereby restoring guanosine to its undamaged
state and in turn inactivating the MGMT “suicide” protein. The inactivated alkylated
MGMT is subsequently ubiquitinated [23] and degraded by the proteasome [24]. As would
be expected for a repair protein, MGMT is localized in the nucleus. Here, MGMT is often
observed in small foci, termed nuclear speckles or embedded structures, which are presumed
to be sites of active transcription [25]. O6-meG produced by treatment of cells with low
doses of N-methylnitrosourea (MNU) rapidly disappeared in these speckles [25], leading to
the speculation that MGMT is tightly coupled to the transcription machinery.
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The expression and activity of MGMT are quite variable among the different tissues and
tumor types [26]. For example, the human MGMT protein is highly expressed in the liver
and colon, yet is expressed at comparatively low levels in the brain [26]. The lower MGMT
activity in the brain was inferred from the observation that O6-meG, produced by
administration of N-ethyl-N-nitrosourea or MNU, is removed from rat brain genomic DNA
more slowly than from the liver or kidney genome [27-29]. The expression of MGMT seems
to be dictated mainly by the methylation status of the promoter and also by different
transcription factors that can activate expression upon exposure to alkylating agents, X-rays
or glucocorticoid hormone treatment (review in [26]). In addition, analysis of MGMT
activity using cell extracts from human cell lines and mouse embryo cells suggested that
there is a significant reduction in MGMT prior to or early in S-phase, followed by a
recovery during the G2/S phase [30,31]. However, the mRNA level during the cell cycle has
been reported not to change in normal human fibroblasts, indicating that there is perhaps not
a strict cell cycle regulation of MGMT expression [32].

As can be concluded from the above discussion, MGMT plays a protective role against the
harmful effects of DNA alkylating agents in mammalian cells and tissues. In particular,
while MGMT null mice (Mgmt−/−) are viable, fertile, outwardly normal and have a normal
lifespan [33], these animals display an increased level of cell death in rapidly proliferating
tissues, such as the bone marrow, intestine, thymus and spleen, as well as a tremendous loss
of leukocytes and platelets in the hematopoietic stem cell compartment, following treatment
with a high dose of the alkylating agent MNU [33]. When Mgmt−/− mice were exposed to
MNU at a low dose, a large number of thymic lymphomas as well as lung adenomas were
detected, likely due to errant replicative bypass of unrepaired O6-meG adducts [34]. While
the role of MGMT in the prevention of O6-meG-induced carcinogenesis is well established
in actively replicating cells [34-37], one might predict an important role for this protein in
non-dividing cells given that spontaneous DNA alkylation products are common due to
reactions with the endogenous co-substrate, S-adenosylmethionine.

Evidence indicates that unrepaired O6-meG adducts can promote cell death in non-dividing
cells [38]. For example, neuronal development and motor function are severely disrupted in
Mgmt−/− mice following alkylating agent treatment, a phenotype that is not observed in the
wild-type counterparts. Moreover, primary cultured neurons from Mgmt−/− mice are more
sensitive than wild-type neurons to the alkylating agents methylazoxymethanol (MAM) and
nitrogen mustard (HN2), suggesting a requirement for O6-meG repair in non-dividing cell
survival [39]. It seems plausible that accumulated O6-meG lesions will lead to interrupted
transcription events or would be recognized by the MMR system, resulting in activation of a
cell death response, although the exact mechanism for O6-meG-induced killing in non-
dividing cells needs to be resolved.

2.2 Nucleotide excision repair (NER)
The NER pathway resolves numerous DNA lesions, particularly base modifications that
distort the normal helical structure of duplex DNA [40]. Examples of NER substrates
include: cyclobutane pyrimidine dimers (CPDs) and pyrimidine-(6,4)-pyrimidone
photoproducts (6-4PPs) generated by UV radiation; base adducts created by exogenous
chemical agents such as cisplatin and benzopyrene; base lesions produced by reactions with
endogenous lipid peroxidation products, e.g. the malendialdehyde-related pyrimidopurinone
adduct (M1G); and reactive oxygen species (ROS)-induced base modifications such as the
cyclopurines. These “bulky” DNA alterations typically impede progression of a replicating
or transcribing polymerase, resulting in replication fork collapse or stalled transcription, but
in some circumstances can be bypassed in an error-prone manner. The NER response
involves four primary steps: i) recognition of the damage, ii) incision on both sides of the
lesion and removal of the damage-containing oligonucleotide fragment, iii) gap-filling

Iyama and Wilson Page 3

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



synthesis to restore a damage-free DNA duplex, and iv) ligation to seal the remaining nick.
The classic NER pathway involves roughly thirty proteins operating in a coordinated
manner. In addition to functioning in global genome repair (GG-NER) [41], NER maintains
a specialized pathway, termed transcription-coupled NER (TC-NER), which specifically
deals with lesions on the transcribed strand of DNA that block RNA polymerase (RNAP)
progression [8]. These two pathways of NER are thought to differ only at the step of
recognition, but utilize common machinery to execute the final steps of the repair response
(Figure 2). Defects in NER are genetically linked to a group of associated autosomal
recessive human diseases (discussed in greater detail below): xeroderma pigmentosum (XP),
Cockayne syndrome (CS) and a photosensitive form of trichothiodystrophy (TTD). Each of
these disorders is characterized by extreme UV radiation sensitivity, and in some cases,
neurological dysfunction is observed [8,42]. We summarize the molecular mechanisms of
GG-NER and TC-NER, and discuss the role of the pathways in dividing and non-dividing
cells, particularly as it relates to the pathology of the three human disorders.

2.2.1 Global genome NER (GG-NER)—As the name implies, GG-NER removes helix-
distorting “blocking” lesions located throughout the genome, presumably in a cell cycle-
independent manner (reviewed in [41]). XPC–RAD23B initiates the repair response by
recognizing a damage-induced structural change in DNA, binding the strand opposite the
lesion and not the chemical adduct itself [43-45]. Once bound, XPC–RAD23B mediates the
recruitment of the transcription factor II H (TFIIH) complex, which contains ten subunits,
including two helicases XPB (3’-5’) [46] and XPD (5’-3’) [47,48]. Through the activity of
the helicase subunits, TFIIH promotes opening of the DNA duplex around the lesion,
creating a “bubble” platform for recruitment of XPA and replication protein A (RPA), and
assembly of the pre-incision complex. XPA promotes the release of the TFIIH component,
the cyclin-dependent kinase (CDK)-activating kinase (CAK) subcomplex [49], and the
association of RPA with the single-stranded damaged DNA [50,51]. The dissociation of
CAK is thought to facilitate the recruitment of the XPF–excision repair cross
complementing 1 (ERCC1) complex and XPG, as well as the release of XPC–RAD23B. The
XPF–ERCC1 complex is recruited to the lesion via a direct interaction with XPA [52,53],
while XPG is specifically engaged via an interaction with TFIIH and stabilization of the pre-
incision complex [54]. The two endonucleases, XPF–ERCC1 and XPG, are then responsible
for carrying out incision 5’ and 3’, respectively, to the DNA damage. After the dual incision
event and removal of the damage-containing oligonucleotide fragment, DNA polymerases δ,
ε or κ carry out gap-filling repair synthesis in cooperation with replication factor C (RFC)
and proliferating cellular nuclear antigen (PCNA) [55,56]. Finally, the nick is sealed in
dividing cells by either a X-ray repair cross-complementing protein 1 (XRCC1)–DNA ligase
III (LIG3) or a flap endonuclease 1 (FEN1)–DNA ligase I (LIG1) complex [55,57], or in
non-dividing cells by XRCC1–LIG3α [58].

2.2.2 Transcription-coupled nucleotide excision repair (TC-NER)—Except for the
initial damage recognition step, TC-NER engages many of the same protein components as
GG-NER. Although not as well understood mechanistically, the current model proposes that
TC-NER is initiated by stalling of an elongating RNAP at a lesion on the transcribed strand
within an active gene. This arrested RNAP serves as a critical signal via an unknown
mechanism to engage the CS proteins, CSA and CSB, which facilitate the eventual removal
of the damage and restart of transcription. After recruitment of the TFIIH complex, the same
protein machinery as described for GG-NER is presumably called upon for incision,
excision of the lesion-containing strand, gap-filling and nick ligation. As with GG-NER,
TC-NER appears to function independent of the cell cycle, but as will be discussed later,
may have a more prominent role in non-dividing cells.
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As mentioned above, the CS proteins have been proposed to play critical roles in TC-NER.
This conclusion is based on considerable biochemical and biological data. For instance,
chromatin immunoprecipitation (ChIP) experiments have revealed that CSB can interact
with chromatin-bound RNAPII following in vivo formaldehyde crosslinking [59]. In this
study, UV irradiation enhanced the association between these two proteins, presumably
reflective of a DNA damage-induced cooperative response [59]. Furthermore, co-
immunoprecipitation experiments using whole cell extracts from CS1AN SV40-transformed
CSB patient cells, which had been complemented with HA-/His6-double–tagged CSB, found
CSB to exist in a complex with RNAPII [60]. Gel filtration studies using extracts from CSB-
expressing CS1AN or HeLa cells have also suggested that CSB and RNAPII are together in
high molecular weight protein complexes [60]. In addition, in an in vitro transcription assay,
CSB stimulated transcriptional elongation by RNAPII, promoting the addition of one
nucleotide to the nascent transcript, implying a functional interaction between the two
proteins [60-62]. Finally, kinetic experiments in live cells using a photobleaching technique
have shown that CSB transiently interacts with the transcription machinery [63]. It is
thought that the association of CSB with a stalled RNAPII is responsible for recruitment of
the various NER factors needed to carry out TC-NER. The endogenous DNA lesions that
invoke a TC-NER response, however, are still being determined, yet likely include the
cyclopurines and other bulky oxidative base modifications noted earlier.

CSB is a member of the SWI2/SNF2 family of DNA-dependent ATPases, and contains the
RecA-like helicase motif found in both DNA and RNA helicases [64,65]. While purified
recombinant CSB protein has not been shown to possess classic helicase activity, the protein
has been reported to display chromatin remodeling [66] and strand annealing [67] activities,
although the precise biochemical role of CSB in TC-NER remains unclear. It is worth noting
that apparently independent of its functions in NER, CSB can interact with several members
of the base excision repair (BER) pathway (see below), including the strand break response
protein poly(ADP-ribose) polymerase-1 (PARP1) [68], endonuclease VIII-like 1 (NEIL1)
DNA glycosylase [69], and the apurinic/apyrimidinic (AP) endonuclease 1 (APE1) [70]. In
addition, emerging evidence indicates that CSB has a role in maintaining mitochondrial
DNA stability and mitochondrial function [71,72]. As for CSA, this protein contains five
WD-40 repeats that function as scaffolds for its protein interactions, physically associates
with DDB1, and forms a complex with cullin 4A (CUL4A) containing E3 ubiquitin ligase
[73-75]. In a mechanism that is not well understood, CSA translocates to the stalled
RNAPII–CSB complex at the DNA damage site in a CSB-dependent manner [59,76]. The
CSA-containing ubiquitin ligase complex has been implicated in ubiquitination and
subsequent degradation of CSB, as well as in termination of the TC-NER process and
restoration of transcription [77]. Work is still required to determine the most critical
biological roles and the precise biochemical activities of the CS proteins.

2.2.3 Xeroderma pigmentosum (XP)—XP is a rare, autosomal recessive disorder
characterized by sun sensitivity and markedly increased risk of UV radiation–induced skin
and mucous membrane cancers [78]. Moreover, XP patients exhibit an increased risk for
spontaneous internal cancers, such as brain tumors, leukemias, gastric carcinomas, and lung
cancers, implying the formation of endogenous DNA substrates for the NER pathway [79].
Eight different genetic complementation groups of XP are known, representing the core
components of NER (XPA to XPG) and a variant form that is defective in a specialized
translesion DNA polymerase (XPV). The loss of these proteins results in bulky base damage
accumulation, such as UV-induced photoproducts, and thus, (i) replication fork collapse or
mutagenesis in dividing cells and (ii) transcription problems in both dividing and non-
dividing cells. It is likely that the cancer predisposition of XP patients results from
mutagenic lesion bypass events that take place in the dividing cell population.
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Notably, approximately a quarter of XP patients develop neurological symptoms, including
microcephaly, mental deterioration, cerebellar ataxia, sensory deafness and peripheral
neuropathy, all of which appear to involve global brain atrophy [42,80]. This
neuropathology is observed in approximately 25% of XP patients with a mutation in XPA,
XPB, XPD, XPF or XPG, where the genetic mutation appears to adversely affect the TC-
NER pathway specifically [78,81-83]. XPC patients, which have a defect in GG-NER, but
not TC-NER, show little neurological impairment, although mild brain atrophy [84] and a
brain tumor [85] have been reported. Based on the collective data (see next section on CS as
well), it has been speculated that the TC-NER pathway is more critical for preserving non-
dividing cell and neural function in the face of normal endogenous DNA damage. Finally,
specific XPB, XPD, and XPG mutations are reported to result in a dual XP/CS phenotype
that entails differing degrees of neural, developmental, and skin abnormalities [42,86-88].

2.2.4 Cockayne syndrome (CS)—CS is a rare autosomal recessive disease that is
associated with mutations in either of two, what have been traditionally considered, TC-
NER genes: CSA and CSB. Recent clinical evaluation has classified CS patients into two
major categories: juvenile-onset, with varying degrees of severity (severe, moderate and
mild), and adult-onset, a relatively mild form of the disease [89]. Juvenile-onset CS is
characterized by photosensitivity, microcephaly, developmental delays, dwarfism,
sensorineural hearing loss, contractures, skill loss and gait ataxia, where the severity groups
correlate with physical size, milestones met and life expectancy (e.g., 5, 16 and 30 years,
respectively). The clinical course of CS typifies premature aging in many ways, and thus,
the disorder is considered a segmental progeria. Notably, unlike XP patients, individuals
with CS do not display elevated cancer risk, implying that the molecular defects of these two
diseases are distinct.

Cells from CS patients show an inability to recover RNA synthesis following UV
irradiation, a feature that is characteristic of failed TC-NER and used as a clinical diagnostic
for the disorder. It’s also important to emphasize the CS mutant cells exhibit normal GG-
NER activity. Notably, mouse models for CS diplay a milder phenotype compared with
human patients. For instance, Csa-/- mice exhibit UV-sensitivity and an age-dependent loss
of retinal photoreceptor cells, but fail to display the severe developmental and neurological
abnormalities of the human syndrome [90]. Csbm/m mouse fibroblasts, which harbor a
genetic mutation (K337X) found in a CS patient, display UV-sensitivity, impaired
transcription recovery after UV irradiation, a complete loss of TC-NER for CPDs, and
normal GG-NER. However, Csbm/m mice do not show pronounced symptoms, such as a
reduced life span, reproductive problems, or severe neurologic dysfunction [91]. The lack of
phenotypic resemblance to the human disease has been proposed to stem from the reduced
overall lifespan of mice, such that, the relevant pathologies have insufficient time to
develop. Of course, it may simply reflect unknown molecular differences between the two
mammals.

Recently, it was observed that Csa-/- and Csbm/m mice accumulate increased numbers of
activated microglial cells, which are a common indicator of an inflammatory response, in the
areas surrounding oligodendrocytes with myelinated axons [92]. This phenotype somewhat
resembles key features of the human disorder, in that patients with CS exhibit
demyelination, which is the loss of the myelin sheath that insulates nerve endings and
preserves function. Notably, activated microglia were not observed in mouse models of a
GG-NER-deficiency, i.e. in Xpc-/- animals. Combining defects in NER and TCR resulted in
progressive neuronal degeneration, disclosing a functional overlap and functional
complementarity between the two repair pathways. While the mechanistic reasons for the
disparate phenotypes of the mouse models (and the human patients for that matter) remain
largely unsolved, the overall picture supports the hypothesis that oxidative stress, possibly
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mediated through a hyperinflammatory response, and the associated oxidative DNA damage
gives rise to the CS neuropathologies. The identity of the DNA lesions and the precise
molecular mechanisms, however, await further investigation.

2.2.5 Trichothiodystrophy (TTD)—TTD patients show similar phenotypes to XP and
CS, as well as a wide variety of additional clinical features, including sulphur-deficient
brittle hair, which is often used as a diagnostic for this particular NER disorder (reviewed in
[93]). Besides the hair abnormality, other common clinical phenotypes include growth
defects, ichthyosis, ocular defects, increased infections, and photosensitivity
[8,42,78,82,86,88,93]. Notably, over 80% of TTD patients show neurological abnormalities,
namely microcephaly, mental retardation, deafness and ataxia [93]. Based on the
neuropathology, TTD mainly leads to dysmyelination, which is characterized by a defective
structure and function of the myelin sheaths, presumably stemming from impaired
biosynthesis or formation of myelin [42]. Like CS, TTD is associated with defective TC-
NER, originating from mutations in XPB, XPD, TTDA [78], or TTDN1, which is a gene of
unknown function [94]. TTDA encodes for a small subunit of the TFIIH complex [95], and
interacts with p52 and XPD and maintains TFIIH stability [95,96]). Notably, XP patients
with mutations in XPB or XPD exhibit increased risk of skin cancer, whereas TTD patients
harboring mutations in the same genes have not been reported to display cancer
predisposition. This observation (i) suggests that there exists separation-of-function
mutations that impact either GG-NER or TC-NER and (ii) supports the model that defects in
GG-NER are related to cancer risk, whereas defects in TC-NER are associated more with
neurological complications.

2.2.6 Transcription domains-associated repair (DAR)—It has been reported that
NER has a specialized pathway that functions after cellular differentiation. In particular, in
differentiated NT2 human neurons, GG-NER is strongly attenuated, with essentially no
general genome repair of CPDs and a markedly slower repair of 6-4PPs and bulky base
adducts [97]. However, in the same cells, transcribed genes remain proficiently repaired on
both the transcribed and non-transcribed strands. This apparently selective and targeted
corrective response was initially termed differentiation-associated repair, and later renamed
transcription domains-associated repair (DAR). SiRNA experiments in differentiated
monocytic leukemia THP1 cells indicate that XPC, but not CSB or XPG, is involved in this
specialized repair pathway [98]. However, the precise molecular mechanisms of DAR and
its biological relevance remain poorly defined. For more information regarding DAR, the
reader is directed to the following review articles [97,99].

2.3 Base excision repair (BER)
DNA base modifications are common damages caused by oxidation, deamination or
alkylation. In fact, there are >100 types of oxidative base modifications that can potentially
arise in DNA as the result of attack of ROS, which are mainly generated by normal
mitochondrial respiration. Among the base lesions, 8-oxo-dG is one of the most abundant
and well-characterized [100]. It has been estimated that about 180 guanines are oxidized to
8-oxo-dG per mammalian genome per day [1], and steady-state measurements using HPLC
or LC/MS-MS analysis have detected several thousand 8-oxo-dG residues in nuclear DNA
isolated from normal human tissue or cultured cells [101,102]. 8-oxo-dG is a potent
premutagenic lesion, because it can pair with adenine (as well as cytosine) during DNA
replication and cause G:C to T:A transversion mutations [103,104]. DNA containing 8-oxo-
dG can also give rise to mutant RNA transcripts [105]. Indeed, analysis of luciferase
expression from an 8-oxo-dG:C-containing DNA construct showed that aberrant mRNAs
generated during transcription can lead to the production of mutant proteins, suggesting that
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erroneous transcription can give rise to phenotypical changes with the potential to alter the
fate of mammalian cells [106].

Deamination is another potentially harmful spontaneous reaction, producing uracil, inosine
and xanthosine from cytidine, adenine and guanine, respectively. Uracil and inosine base
lesions, which can pair with adenine and cytidine, respectively, can lead to C:G to T:A and
A:T to G:C transition mutations. It has been estimated by LC-MS/MS analysis that the
levels of endogenous uracil and inosine residues in nuclear DNA are similar to the levels of
8-oxo-dG in human cells [107-110], suggesting that deaminated bases represent a mutagenic
threat that is comparable to 8-oxo-dG. In addition to potentially causing mutagenic
outcomes, base modifications have the ability to hinder or block DNA or RNA polymerase
progression and therefore activate cell death responses. Base lesions that appear to be
generally strong blocks to progressing polymerases include thymine glycol and 5-
hydroxyuracil.

To protect against the harmful consequences of non-bulky base damage, as well as abasic
sites and SSBs (see more below), the BER pathway has evolved to maintain genome
integrity. Given the frequent nature of oxidation, deamination and spontaneous hydrolysis,
BER expectedly operates during all stages of the cell cycle, and thus, serves a critical
function in both dividing and non-dividing cells [6]. The BER pathway engages various
enzymes and proteins and involves the following major steps: (i) recognition and excision of
an inappropriate base, (ii) incision at the resulting abasic site, (iii) replacement of the
excised nucleotide, (iv) processing of the terminal end(s), and (v) sealing of the final nick
(Figure 3) [3,6]. Conventional BER is initiated by a lesion-specific DNA glycosylase
(mono- or bi-functional), which recognizes and hydrolyzes the N-glycosidic bond of a
substrate base, creating an AP site intermediate. Monofunctional DNA glycosylases, such as
uracil-DNA glycosylase (UNG) and N-methylpurine-DNA glycosylase (MPG), possess only
glycosylase activity. Bifunctional DNA glycosylases, such as 8-oxoguanine DNA
glycosylase (OGG1), mutY homolog (MUTYH), endonuclease III-like 1 (NTH1) and
NEIL1, exhibit both glycosylase activity and an intrinsic 3′ AP lyase activity. Each
glycosylase has its own substrate selectivity [111], and in most cases, exists in multiple
isoforms that are directed to either the nucleus or mitochondria [6,112].

The monofunctional DNA glycosylases produce a hydrolytic (natural), non-coding AP site
by removing the substrate base. Such AP sites, which can also be formed at high frequency
by spontaneous or damage-induced hydrolysis of the N-glycosidic bond, are then incised by
APE1. APE1 is a class II AP endonuclease that cleaves the DNA backbone immediately 5’
to the abasic lesion, creating a 5’-deoxyribose-5-phosphate (5’-dRP) and 3’-hydroxyl (OH)
strand break product [113,114]. DNA polymerase β (Pol β) is the main enzyme responsible
for removing the 5’-dRP moiety via an intrinsic lyase activity [115-117]. Following base
removal by a bifunctional DNA glycosylase, the protein can incise the DNA backbone
immediately 3’ to the AP site product via a β- or β,δ-elimination reaction, producing a SSB
with a 3’-phospho-α,β-unsaturated aldehyde (3’-PUA) or 3’-phosphate (3’-P) group,
respectively. APE1 removes the 3’-PUA residue generated by β-elimination via its 3’-
phosphodiesterase activity, while polynucleotide kinase 3’-phosphatase (PNKP) excises the
3’-P moiety [118,119], establishing a 3’-OH priming group for repair synthesis and ligation.

After generating the necessary 3’-OH and 5’-P termini, BER typically proceeds via the
short-patch (SP or single-nucleotide) pathway, which engages Pol β to replace the missing
nucleotide and the XRCC1–LIG3α complex to seal the remaining nick [112]. However, in
instances where the 5’-terminal moiety is not a substrate for the dRP lyase activity of Pol β,
or under circumstances when ATP concentrations are low (resulting in reduced ligation
efficiency) or during the S phase of the cell cycle (when replication-associated proteins are
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more highly abundant), BER can proceed via a long-patch (LP), strand-displacement
synthesis process [120]. LP-BER is most commonly carried out by Pol δ/ε in cooperation
with the clamp loading factor RFC and the processivity factor PCNA, and results in
synthesis of 2–13 nucleotides. At high concentrations or via stimulation by certain protein-
protein interactions, Pol β has the ability to perform strand-displacement synthesis as well
[121]. Whatever the case, the resulting 5’-flap structure generated during LP synthesis is
removed by the flap endonuclease FEN1 [121,122], and since LIG1 is physically associated
with PCNA [123,124], this ligase appears to be the major nick sealing enzyme for
completing the LP process [123]. We emphasize that given the involvement of several
replication-associated proteins in LP-BER, such as PCNA, FEN1 and LIG1, which are all
down-regulated in non-cycling cells, the SP pathway and Pol β likely take on an increased
role in non-dividing cells [125].

Despite the documented importance of this pathway in maintaining genome integrity, there
are only a few inherited disorders associated with a genetic defect in a classic BER
component. These disorders involve cancer predisposition (the MUTYH DNA glycosylase
and colorectal cancer [126];, immunological defects (the uracil DNA glycosylase UNG and
hyper-IgM syndrome V [127], and neurological abnormalities (see below). The fact that
homozygous knockout of the central, core BER participants (APE1, Pol β, XRCC1, LIG1
and LIG3) leads to embryonic or post-natal lethality underscores the frequent nature of
relevant endogenous DNA damage and suggests that complete elimination of the pathway is
incompatible with life. As such, several investigators are pursuing the hypothesis that more
subtle reductions in BER capacity are associated with disease risk, likely in an exposure-
dependent manner [111]. In fact, there have been reported associations between reduced
BER capacity and neuropathologies, such as Alzheimer disease [128-130]. Moreover, there
is emerging evidence that defects in BER give rise to increased susceptibility to stroke-
induced complications, presumably due to acute oxidative stress [131-133].

2.3.1 DNA single strand break repair (SSBR)—SSBs are one of the most common
DNA lesions, arising at an estimated rate of tens of thousands per cell per day [1,134]. SSBs
are formed via a variety of mechanisms, including as (i) direct products of reactions between
the deoxyribose sugar of DNA and endogenous ROS, namely the hydroxyl radical, (ii)
normal enzymatic intermediates of most repair pathways, including BER, and (iii) catalytic
intermediates of proteins, such as topoisomerase 1 (TOP1), which forms a temporary
covalent complex with DNA to resolve supercoiling that arises during replication and
transcription. Given the different mechanisms for SSB formation, it is not surprising that the
chemical composition of SSB ends can be quite diverse, ranging from 3’-P, -
phosphoglycolate (PG) and - protein/peptide lesions to 5’-OH and -adenosine
monophosphate (AMP) damaged termini. Persistent SSBs can lead to the collapse of
replication forks during chromosome duplication and the formation of one-ended DSBs, as
well as to blocked transcription events.

To prevent the deleterious consequences of SSB damages, including genomic instability and
the activation of cell death responses, cells are equipped with specialized enzymes, such as
APE1, PNKP, tyrosyl-DNA phosphodiesterase 1 (TDP1), aprataxin (APTX) and DNA
ligases, which work to generate the appropriate 3’ and 5’ termini and ultimately seal the
strand break interruption. Given the frequency with which relevant substrates are formed
endogenously, it is assumed that the above proteins are present throughout the cell cycle and
important to both dividing and non-dividing cells. Notably, defects in components of the
specialized SSBR pathways have been directly associated with maintaining proper brain
function. In particular, as will be discussed next, mutations in TDP1, APTX and PNKP are
genetically linked to specific neurological disorders that exhibit no apparent cancer
predisposition.
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2.3.2 Tyrosyl-DNA phosphodiesterase 1 (TDP1)—TOP1 is responsible for relaxing
higher order DNA structures during transcription and replication. As part of the enzymatic
mechanism, TOP1 forms a stable protein-DNA cleavage complex (TOP1cc), in which TOP1
becomes temporarily covalently bound to the 3’-terminus of the catalytically-generated
DNA strand break. Persistent or trapped TOP1cc are harmful to normal cellular functions, as
they block both DNA and RNA polymerases. TDP1, which was initially identified in yeast
[135], is responsible for removing stable TOP1cc by hydrolyzing the phosphodiester bond
between a 3′ end of the SSB and the catalytic tyrosyl residue of TOP1. This activity of
TDP1 leaves behind a 3′-P terminus, which is converted to a 3′-OH group by PNKP. PNKP
also phosphorylates the 5′-OH terminus generated by TOP1, thus facilitating gap-filling and
ligation by Pol β and the XRCC1–LIG3α complex, respectively. Studies also suggest that
TDP1 can remove 3’-PG damages formed by free radical attack of DNA, again creating a
3’-P that requires processing by PNKP [136]. Alternatively, APE1 or APTX can convert 3’-
PG residues to 3’-OH termini, with the different proteins likely serving as back-up enzymes
for each other, while exhibiting preferential activity on certain DNA arrangements (e.g.,
SSBs versus DSBs) [137,138]. Immunohistochemical analysis of TDP1 expression in the
human brain indicates that the protein is highly expressed in neurons, with very low levels in
glia cells.

Spinocerebellar ataxia with axonal neuropathy-1 (SCAN1) is an autosomal recessive
disorder with a progressive neurodegenerative phenotype that results from mutation of
TDP1 [139]. As detailed above, human TDP1 is required for repair of chromosomal strand
breaks that arise from abortive TOP1 reactions, which may be more prominent during
periods of oxidative stress and increased oxidative DNA damage [140]. Consistently, human
SCAN1 lymphoblastoid cells [140,141] and post-mitotic neurons from TDP1−/− mice [142]
accumulate topoisomerase-DNA complexes and hydrogen peroxide (H2O2)-induced SSBs.
The fact that SCAN1 exhibits severe neurological defects, yet displays no cancer
predisposition, has prompted the hypothesis that DNA strand break repair processes function
primarily to maintain viability of certain cell types, yet do not play a major role in
preserving genetic integrity, at least in the absence of exogenous challenges. The tissue-
selective nature of SCAN1, as well as ataxia with ocular motor apraxia (AOA1) and
microcephaly with early-onset, intractable seizures and developmental delay (MCSZ)
(discussed below), has been argued to stem from: (i) cells that are highly metabolically
active, e.g., neurons, likely generate a greater number of lethal oxidative DNA strand breaks
that require fully active repair mechanisms to avoid transcriptional arrest and apoptotic
signaling and (ii) replicating cells, unlike differentiated non-cycling neurons, utilize
compensatory pathways, e.g., homologous recombination (HR), to faithfully resolve any
unrepaired strand break interruptions.

2.3.3 Aprataxin (APTX)—APTX is a member of the histidine triad superfamily of
nucleotide hydrolases and transferases, but is unique from other family members in that it
operates on DNA, not nucleotide monophosphates linked to an amino acid or carbohydrate
[143]. Specifically, APTX possesses a DNA deadenylation activity, converting 5’-AMP
groups, which result from unsuccessful ligation reactions, to normal 5’-P ends at nicks or
breaks. Unrepaired 5’-AMP moieties at SSBs could pose a significant block to transcription
and replication, driving cellular dysfunction. APTX interacts with the XRCC1–LIG3α
SSBR complex via phosphorylated residues in XRCC1, and also appears to interact with
phosphorylated XRCC4 [144], suggesting a role in DSBR (see below) as well.

AOA1 is a rare autosomal recessive disorder caused by mutations in the APTX gene and is
characterized by early-onset slowly progressive ataxia, ocular motor apraxia, peripheral
neuropathy and hypoalbuminemia. Neuropathological examination reveals severe loss of
Purkinje cells and moderate neuronal loss in the anterior horn and dorsal root ganglia
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[145,146]. Moreover, as noted earlier, AOA1 does not show cancer predisposition and
genome instability [147]. APTX localizes in both the nucleoplasm and the nucleolus
[147,148], and recently, has been found to reside in the cytoplasm of Purkinje cells [149]
and the mitochondria of human neuroblastoma SH-SY5Y and primary human skeletal
muscle cells [150]. Several reports on the sensitivities of ATPX-deficient cells to genotoxic
agents are conflicting. In particular, a few studies have found that AOA1 lymphoblastoma
cells or APTX-knockdown HeLa cells are hypersensitive to methyl methanesulfonate
(MMS) or H2O2 [147,151]. However, in separate studies, cells from AOA1 patients and
Aptx knockout mice, as well as APTX-knockdown neuroblastoma SH-SY5Y cells, were not
found to be profoundly sensitive to MMS, H2O2 or menadione relative to comparable
controls [150,152,153]. As has been described above for SCAN1, a deficiency in nuclear
SSBR may be behind the tissue selectivity of the disorder. However, in light of the new
evidence for a role of APTX in mitochondrial DNA repair, a significant contribution of
mitochondrial dysfunction must be considered as well.

2.3.4 Polynucleotide kinase 3’-phosphatase (PNKP)—Multiple mutations in the
PNKP gene were recently identified by genome-wide linkage analysis to be tied to the
hereditary disease, MCSZ [154]. Clinical features of this disorder include microcephaly,
infantile-onset seizures, developmental delay and variable behavioral problems, especially
hyperactivity. Magnetic resonance imaging (MRI) of patient brains revealed microcephaly
with preserved brain structures, with no apparent neuronal migration or other structural
abnormalities, and no evidence of degeneration. This observation strongly implicates
decreased neurogenesis as the major reason for the manifestation of this disorder.
Significantly, there have been no observations of cancer or immunodeficiency associated
with MCSZ, features that are typical for a deficiency in DNA repair. Lymphoblastoid cells
isolated from MCSZ patients are sensitive to radiation and other DNA-damaging agents,
such as H2O2 and CPT, indicative of a direct involvement of PNKP in DNA damage
processing [154,155].

Whereas AOA1 and SCAN1 show a degenerative and progressive phenotype, MCSZ is
thought to be primarily a developmental disease. In particular, the pronounced microcephaly
of MCSZ syndrome likely stems from an inadequate generation of neurons during
development, although the remote possibility remains that the cellular loss occurs after
normal development. In situ hybridization indicates that human and mouse PNKP mRNA is
expressed in dividing neuronal precursors and in differentiated neurons, supporting both a
role for the protein in development and the maintenance of adult cells. In addition, siRNA
knockdown experiments in mouse E13.5 cerebral cortical cells reveals that there is a
significant increase in apoptosis in neuronal precursors and differentiated neurons deficient
for PNKP, suggesting that the neuropathology of MCSZ patients arises specifically from
DNA strand break-induced cell death. Thus, like other strand break repair enzymes, it
appears that the DNA processing activity of PKNP plays a critical role in non-dividing cell
populations.

2.4 Mismatch repair (MMR)
The architecture of the MMR pathway is well conserved from bacteria to mammals. This
system recognizes and repairs base-base mismatches and insertion-deletion loops (IDLs)
that arise primarily as errors or intermediates of DNA replication or HR [21,22]. In fact,
MMR leads to an ~100-fold increase in DNA replication fidelity by preventing base
substitutions or repeat sequence instability. The MMR response is broadly considered to be
comprised of two major components: MutS and MutL [156]. In eukaryotes, there exist two
functional equivalents of E. coli MutS (the so-called MSH proteins), i.e., MutSα or MutSβ.
MutSα, which is composed of MSH2 and MSH6, is responsible for recognizing single base-
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base mismatches and 1–2 base IDLs. The MutSβ complex, consisting of MSH2 and MSH3,
deals primarily with IDLs of two or more bases, with some overlap in substrate specificity
among the two MutS complexes.

Following substrate recognition by one of the MutS complexes, the eukaryotic MutL
homologs (MLH1 and PMS1) are recruited to help organize other proteins, such as PCNA,
at the damage site. The MutL equivalents in humans exist in three heterodimeric forms:
MutLα (MLH1–PMS2), MutLβ (MLH1–MLH3), and MutLγ (MLH1–PMS1). MutLα and
MutLγ have endonuclease activity, with the enzyme active site present in PMS2 and MLH3.
MutLα is the major MutL homolog that participates in MMR. MutLγ can contribute to the
repair of base-base mismatches and small IDLs to some extent in vitro, yet its in vivo
contribution appears to be minimal [157]. MutLβ has not been shown to take part in MMR
in vitro, and a role for this complex in the MMR response in vivo seems unlikely [158].

To preserve genome integrity, MMR must occur selectively on the newly synthesized strand
of DNA that contains the mispaired nucleotide. Thus, it is critical to discriminate between
the nascent and template DNA strands. In prokaryotes, the E. coli endonuclease, MutH,
recognizes the newly synthesized strand by its unmethylated status. In eukaryotic cells,
however, this does not appear to be the mechanism of strand discrimination. Instead, one
study found that the MMR machinery is associated with the replication apparatus,
suggesting that this interaction facilitates strand discrimination [159]. More recently, two
additional reports indicate that, for leading strand synthesis, bound PCNA determines the
orientation of MutLα incision, while enhancing its endonuclease activity [160]. For the
lagging strand, it was proposed that the 5’ ends of existing Okazaki fragments serve as
markers for strand discrimination [161]. After the appropriate strand has been selected and
incision has been performed, PCNA coordinates with Exo1, which harbors an intrinsic
double-strand 5’-3’ exonuclease activity, to excise the mismatch from the nascent strand,
generating a multi-nucleotide gap. The removed DNA segment is then resynthesized by
polymerase δ and the nicked sealed by LIG1 [156,162].

Perhaps not surprisingly in light of the discussion above, germ line mutations in the MMR
genes, namely MLH1, MSH2, MSH6 or PMS2, predispose to hereditary nonpolyposis
colorectal cancer (HNPCC) or Lynch syndrome [163-165]. In addition, aberrant MLH1
promoter methylation, which leads to gene inactivation, appears to underlie some sporadic
colorectal cancers [166-168]. A hallmark and common diagnostic of HNPCC or a MMR
defect is microsatellite instability, typically involving changes in the length of dinucleotide
repeats, which presumably arises due to inefficient resolution of loop structures that form
during DNA synthesis. Although the general cancer predisposition phenotype of the MMR-
deficient mice is similar to human patients (REFS 168, 169), the neoplasm spectrum differs
between the two species for reasons that are not presently clear [169]. Notably, the patients
and animal models deficient in MMR show no signs of neurological dysfunction.

It is well recognized that a major responsibility of MMR is in dividing cells, where it
functions to suppress genetic instability arising from replication errors and the consequent
carcinogenesis. The physical interactions of the MutSα and MutLα complexes with the
replication and repair factor PCNA, only further support the notion that MMR plays a more
pivotal role in dividing cells relative to non-dividing cells. Nevertheless, there are a few
reports indicating expression [170,171] and activity [172] of MMR in the brain. However,
whether any of the MMR components function in any significant way in preserving brain
function remains unclear. It is noteworthy that MMR proteins play a crucial role in not only
removing mispaired nucleotides and IDLs, but in recognizing certain forms of DNA damage
and eliciting a cellular response. In particular, MMR-deficient cancer cells and primary or
immortalized mouse embryonic fibroblasts (MEFs) have a reduced ability to carry out
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apoptosis induced by chemical carcinogens, UV light or oxidative stress [173-178]. It
therefore seems plausible that certain MMR factors may function as part of a damage-
specific signaling or apoptotic pathway in non-dividing cells, particularly in response to
certain forms of oxidative DNA damage, such as 8-oxo-dG [179].

2.5 Double strand break repair (DSBR)
DSBs are one of the most deleterious forms of DNA damage, activating cell death responses
if unrepaired and promoting genome instability, such as translocations, if misrepaired
[180,181]. DSBs can arise endogenously through the action of ROS that are produced by
normal cellular metabolism, or during certain scenarios of failed DNA replication or
juxtaposed repair events. DSBs are also formed as natural intermediates of V(D)J
recombination, a programmed phenomenon that occurs during antibody diversification, and
meiosis, the process employed by eukaryotes to generate genetic diversity within gametes.
In addition, DSBs are induced by exogenous sources such as IR or anti-cancer
chemotherapeutic agents. DSBR is divided into two major pathways: HR and
nonhomologous end joining (NHEJ) (Figure 4). HR operates in dividing cells and in S
phase, as it requires a homologous sister chromatid for execution, whereas NHEJ can
function in both dividing and non-dividing cells and independent of cell cycle. Several
human diseases have been reported to derive from deficiencies in HR or NHEJ, and these
exhibit neurological, immunological and developmental defects, as well as radiation
sensitivity, premature aging phenotypes and cancer predisposition [182-187].

2.5.1 Homologous recombination (HR)—HR resolves DSBs during the S and G2
phases of the cell cycle. The pathway appears to have mainly evolved to cope with the one-
ended DSBs that are formed upon replication fork collapse (we note that only two-ended
DSBR is shown in Figure 4), most commonly at a polymerase blocking lesion, during
duplication of chromosomal DNA in dividing cells. The repair mechanism is pivotal to
maintain replication fidelity and employs an intact sister chromatid as a template for
information exchange and faithful repair. HR has been proposed to be initiated by
recognition of the DSB by the MRN complex, which is comprised of the MRE11, RAD50,
and Nijmegen breakage syndrome 1 (NBS1) proteins [188]. This complex acts as a break
sensor and recruits the protein kinase, ataxia telangiectasia mutated (ATM), to DSB sites,
facilitating the subsequent steps of the recombination process [189-191]. While the detailed
molecular mechanisms of the HR pathway remain somewhat elusive, it was recently
reported that NBS1 ubiquitination by the SCF-Skp2 E3 ligase can promote ATM
recruitment/activation in response to DSBs induced by IR [192]. ATM – defective in the
rare human disease (AT) characterized by progressive cerebellar degeneration, extreme
cellular sensitivity to radiation and a predisposition to cancer – then transmits the DNA
damage signal to downstream targets, such as cell-cycle-checkpoint proteins, chromatin-
remodeling factors and other DNA repair components, which help to arrest ongoing
replication and promote execution of DSB resolution.

To carry out the key steps of HR, the MRN complex associates with the C-terminal binding
protein (CtBP)-interacting protein (CtIP), which is brought in to initiate 5′–3′ end resection
and generate the needed 3′ ssDNA overhang for strand exchange [193]. Although the MRN
complex participates in both HR and NHEJ (see more below), CtIP-dependent end trimming
appears to selectively commence HR, while suppressing NHEJ [194,195]. Following this
initial step, further resection is carried out by exonucleases (possibly EXO1 in cooperation
with Bloom syndrome (BLM) helicase) [196,197], and the resulting ssDNA is stabilized by
binding of RPA, which in turn activates ATR via an interaction with the ATR-interacting
protein (ATRIP) to signal the full checkpoint response. Subsequently, RAD52 promotes
replacement of RPA with Rad51 [198-200], assisting in the formation of the necessary
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Rad51 nucleoprotein filaments. Since BRCA2 stimulates the assembly of RAD51 onto the
RPA-ssDNA complex, BRCA2 seems to be a key mediator of HR [201]. RAD51-coated
ssDNA then enables strand invasion of the intact homologous DNA region, which provides
the genetic instruction for accurate repair [202-205].

Following exchange and invasion, the DNA strand is extended by a polymerase, most likely
polη [206], to create a D-loop. After D-loop formation, there are two predominant models
proposed for HR in mammalian cells. The first model involves the formation of a Holliday
junction, a complex DNA structure that needs to be resolved by DNA nucleases, such as
GEN1 [207] and SLX1/SLX4 [208,209], and DNA helicases, such as the RecQ family
members Werner syndrome (WRN) and BLM, two proteins that are genetically linked to
rare premature aging and cancer predisposition disorders [210,211]. The second, alternative
model, designated the synthesis-dependent strand annealing (SDSA) pathway, completes
DSBR via noncrossover products, without Holliday junction formation. These two distinct
mechanisms of DSB resolution after formation of a D-loop are reviewed more extensively in
these articles [212,213]. Since most studies have focused on the role of HR in dividing cells,
little information is available regarding the functions (if any) of HR-related proteins in non-
dividing cell populations. However, the existence of some HR factors, such as MRE11,
which is defective in a rare variant form of AT (i.e., the so-called AT-like disorder, ATLD),
has been documented in post-mitotic cells [214]. The replication-independent roles of HR-
related proteins (assuming found) in non-dividing cells would need to be elucidated. Lastly,
it is worth pointing out that like BER, core HR components appear to be essential for animal
viability [7,215].

A distinct form of DSB recombination is single-strand annealing (SSA), which has been
most intensely investigated in yeast. This pathway resolves two-ended DSBs positioned
between highly repetitive regions, such as rDNA loci or Alu elements, where two
homologous nucleotide stretches are on both sides of the break. As a result, this process does
not involve sister chromatid exchange. SSA is facilitated by RPA and RAD52, in a RAD51-
independent manner [203,216-218]. In particular, the procedure is initiated by the binding of
RPA to the 3′ end of the nuclease-derived single-stranded 3′ overhang and interaction of the
ssDNA-RPA complex with RAD52 [217,218]. Exposed complementary sequences upstream
and downstream of the DSB are then aligned and annealed by the RAD52-RPA-ssDNA
ternary complex, potentially creating flap or short-gap DNA intermediates. Nonhomologous
displaced 3′ flap tails are most likely removed by the action of the NER-associated nuclease
complex, ERCC1–XPF, which is equivalent to the yeast RAD1–RAD10 complex. After
further nuclease and/or polymerase processing to create ligatable ends, the break is sealed by
a DNA ligase. In the end, the SSA process leads to the deletion of the genetic material
between the repeat sequences, and is therefore error-prone. Since SSA does not require a
complementary sister chromatid, it is presumably functional in both dividing and non-
dividing cells, although a role for the pathway in non-dividing cells has not been explicitly
investigated to our knowledge.

2.5.2 Nonhomologous end joining (NHEJ)—NHEJ is the major DSBR system in
higher eukaryotes [219], particularly during phases of the cell cycle when a homologous
sister chromatid is absent. NHEJ proteins are also involved in introducing antibody diversity
via V(D)J recombination [220]. Some reports have recently described how NHEJ
contributes to the maintenance of telomere integrity as well [221-224]. NHEJ entails three
main steps, which ultimately culminate in the direct ligation of two DNA ends in close
spatial proximity: i) recognition of the two-ended DSB, ii) processing to remove non-
ligatable termini or other forms of DNA damage at the break and to reveal short stretches of
microhomology, and iii) joining of two suitable ends. In general, there is competition
between the recognition complexes of HR and NHEJ for DSB termini, with pathway
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selection mostly being influenced by the stage of the cell cycle. While NHEJ can operate
during all phases of the cell cycle, it is most active during G1 [225,226]. Due to the end
processing step, NHEJ often results in an error-prone outcome, with partial loss of genome
information at the site of the DSB.

To initiate NHEJ, the Ku70/Ku80 (Ku) heterodimer binds directly to the two DSB ends and
recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). This multiprotein
complex both stabilizes and aligns the DNA ends [227-229]. The interaction between two
DNA-PKcs positioned at each DSB terminus activates its intrinsic protein kinase activity,
leading to DNA-PKcs autophosphorylation and dissociation. Depending on the complexity
of the DSB and the nature of the ends, different processing factors are then recruited. In one
example, DNA-PKcs activates the endonuclease, Artemis, which trims the 3’ and 5’ single-
stranded overhangs at the DNA ends to reveal complementary nucleotide stretches [230].
After generation of terminal overhangs by Artemis, and prior to ligation, PNKP is recruited
via an interaction with the XRCC4–Ligase IV (LIG4) protein complex to remove any
existing 3′-P groups or add 5′-P residues [231,232]. In instances where short nucleotide
gaps remain after microhomology mediated annealing, DNA polymerases μ and λ function
to fill in the small gap segments [233,234]. Finally, once appropriate termini have been
generated, XLF-Cernunnos (XLF) can interact with the XRCC4–LIG4 complex to stimulate
end joining, the final step of the repair process [235]. In recent work, ATM has been
implicated in NHEJ as a signaling factor and may play a critical role in the repair of DSBs
within regions of heterochromatin [236].

In addition to the canonical NHEJ pathway described above, cells maintain an alternative
end-joining pathway that utilizes larger stretches of microhomology and engages various
factors that also function in HR or SSBR, such as the MRN complex, PARP-1, WRN, and
LIG1 [237,238]. The possible role of XRCC1 and LIG3 in alternative end-joining is
currently controversial. In particular, in one study, XRCC1 deficiency in either wild-type or
XRCC4-deficient (canonical NHEJ) activated B cells did not alter either class switch
recombination (CSR) or IgH/c-myc translocations, suggesting that XRCC1 is not involved
in the alternative end-joining pathway [239]. However, in a separate study, heterozygous
xrcc1+/- B cells showed a decreased length of microhomology at the switch junctions and
also a reduction in IgH/c-myc translocations during CSR, implying that XRCC1 does
participate in alternative NHEJ [240]. Additionally, XRCC1 was originally identified as part
of a biochemical alternative end-joining complex [241,242]. While further studies are
necessary to resolve these apparently conflicting results, the alternative NHEJ pathway
appears to have evolved as a back-up mechanism for classic NHEJ, and does not seem to be
active unless core end-joining proteins, such as the Ku factors, are deficient [242-247]. As
alternative end-joining is more error-prone than NHEJ, it is believed to play a significant
role in driving genomic instability, namely translocations, and thus the tumorigenic process.
At present, the degree to which alternative end-joining is influenced by a non-dividing
status, particularly in comparison to the canonical NHEJ pathway, and thus contributes to
DSBR in non-dividing cells is unknown.

Patients with a deficiency in certain NHEJ factors, such as Artemis [248], LIG4 [249] and
XLF [250], show a severe combined immunodeficient (SCID) phenotype, stemming from a
defect in V(D)J recombination, as well as radiosensitivity and microcephaly, presumably
due to defective DSBR. Similarly, mutant mouse models in Ku70, Ku80, DNA-PKcs and
Artemis show a dual radiosensitive/SCID phenotype (reviewed in [251]), which
interestingly, is not seen in mice lacking XLF [252]. In addition, deficiency in XRCC4 [253]
or LIG4 [253-257] in mice leads to embryonic lethality, in part, because of defective
neurogenesis and excessive apoptosis of neurons. In particular, it was found that most of the
apoptotic cell death in mice harboring a homozygous hypomorphic mutation in LIG4 (LIG4
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Y288C) occurs in the intermediate zone, which contains nonreplicating differentiated
neurons [258]. In a study using a mouse model for neuroretina, small molecule inhibition of
DNA-PK results in the death of neurons isolated from embryos at day 14.5, suggesting a
role for NHEJ in early retinal neurogenesis [259]. In the case of DNA-PKcs-deficient mice,
however, they exhibit no obvious neuropathology, suggesting normal neurogenesis in the
brain [260]. Moreover, cultured primary hippocampal neurons from DNA-PKcs-deficient
mice show normal neurite growth and survival, although the neurons are hypersensitive to
DNA-damaging and oxidative stress-inducing agents, which promote apoptosis [261,262].
These findings suggested that NHEJ factors play variable, albeit critical, roles in
maintaining viability of non-proliferating cells like neurons.

Recently, it was reported that NHEJ genes are expressed in terminally-differentiated
adipocytes [263], as well as in terminally-differentiated astrocytes established from murine
embryonic stem (ES) cell-derived neural stem cells (NSCs) [214]. The adipocytes, which
were created by differentiation of murine 3T3F442A pre-adipocyte cells, showed increased
expression of DNA-PKcs and enhanced DSBR capacity, as inferred by the disappearance of
γH2AX and DSBs (by pulse-field gel electrophoresis) after IR or treatment with the
radiomimetic drug calicheamicin γ1. Interestingly, while the HR related-gene MRE11 was
strongly downregulated in terminally-differentiated astrocytes compared with NSCs, the
NHEJ genes, DNA-PKcs, Ku70, Ku80, LIG4, and XRCC4, did not show any obvious
differences in expression between the two cell types [214]. In terminally-differentiated
astrocytes, DNA-PK inhibition resulted in a limited reduction in γH2AX foci after IR
treatment, further supporting the idea that the NHEJ pathway plays a more critical role in
non-dividing cells.

4. Concluding remarks
We have provided a general overview herein of the different DNA repair mechanisms, and
how they appear to function in dividing and non-dividing cells (summarized in Table 1).
Given the frequency of spontaneous hydrolysis, alkylation and oxidation of DNA, the
MGMT protein and the BER pathway expectantly play important roles in both cell types.
However, it is interesting that to date, only genetic mutations in proteins that operate in
SSBR (i.e., TDP1, APTX and PNKP), a sub-pathway of BER, have been directly linked to
neurological disorders. Such an observation indicates a critical and non-redundant role for
efficient SSB processing in non-dividing neuronal cells. Whether more subtle deficiencies in
the core components of BER associate with brain disease needs to be more thoroughly
clarified. Additionally, how unrepaired O6-meG lesions induce neuronal cell death needs to
be defined.

In the case of NER, GG-repair appears to be most critical to the viability and function of
replicating cells, as damage accumulation and replicative bypass is likely behind the
mutagenesis associated with the cancer development in XP patients. Defects in TC-NER
appear to underlie the cell loss and severe brain atrophy seen in at least a subset of XP, CS
and TTD patients. In this scenario, it is presumed that unrepaired endogenous DNA damage
in transcriptionally active genomic regions results in transcription arrest and subsequent
apoptotic cell death. It is noteworthy that for many of the disorders described herein,
including those stemming from a defect in either GG-NER or TC-NER, the precise DNA
lesion that drives the clinical pathologies is unclear. That said, it seems likely that some
form of oxidative DNA damage, such as either a simple base or sugar modification or a
more complex lipid peroxidation adduct, is the culprit.

The story for MMR is less clear. While it is evident that MMR plays a critical role in
suppressing genetic (microsatellite) instability and carcinogenesis in dividing cells, whether
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it functions in some capacity in non-dividing cells, perhaps as a damage-specific signaling
complex, requires further investigation. In terms of recombination, the two major pathways
of HR and NHEJ appear to have divided their responsibilities based on (i) the stage of the
cell cycle and (ii) the nature of the DNA DSB. In particular, HR mainly operates during S
phase and on replication-derived one-ended DSBs to faithfully resolve the damage, whereas
the more error-prone NHEJ process functions primarily during G1 and on frank, juxtaposed
two-ended DSBs. Mutations in the genes associated with HR or NHEJ give rise to range of
clinical phenotypes, including radiosensitivity, ataxia and other brain abnormalities,
immunodeficiency, cancer predisposition and premature aging characteristics. The role of
HR proteins (if any) and the relative contributions of the alternative and canonical end-
joining pathways in non-dividing cell viability and functional integrity awaits further
investigation.

It is important to note that non-dividing cells can exist in multiple forms in a human body. In
particular, as mentioned earlier, stem cells can be induced to terminally differentiate into
specialized, non-dividing cell types, such as neurons. In addition, cells can undergo an
essentially irreversible growth arrest that is simulated by a myriad of factors (e.g., telomere
loss), termed senescence, which in effect involves the limited ability of cells to proliferate. It
is thought that senescence represents an alternative response to apoptosis and has evolved to
suppress tumorigenesis, and thus, may contribute to aging. Moreover, cells can exist in a
state of quiescence, which entails G0 arrest, but unlike senescence, is a cellular process that
can be disengaged. Interestingly, brain adult NSCs are largely thought to be quiescent. We
have focused herein mainly on the roles of the different DNA repair processes in terminally-
differentiated cells within the brain. As such, how quiescence or senescence, or the
phenomenon of differentiation for that matter, affects DNA repair gene expression or
pathway function needs to be better elucidated.

Another important consideration regarding the disorders described within is the specific
involvement of developmental defects versus adulthood degeneration in the disease
manifestation. Specifically, many of the inherited neurological diseases, such as MCSZ,
appear to stem from faulty development of the nervous system, whereas others, such as XP,
seem to entail impaired protection of a fully mature nervous system from the harmful effects
of endogenous DNA damage. Distinguishing the roles of the various DNA damage
responses in either facilitating proper nervous system development or protecting against
adult cell loss (progressive degeneration) is an important research endeavor for the future.
Furthermore, more thorough characterization of the roles of the different DNA repair
mechanisms in the various brain cell types, such as neurons, astrocytes, oligodendrocytes,
microglia and Schwann cells, is another key focus going forward. How this information can
ultimately be used in designing strategic clinical interventions is a major challenge ahead.

Finally, in most eukaryotic cells, mitochondria are the major source of energy, generating
ATP via the process of oxidative phosphorylation. While mitochondria maintain their own
genome, most mitochondrial proteins are encoded by the nuclear genome. Nevertheless,
maintaining mitochondrial DNA integrity is critical for preserving mitochondrial function.
As such, it is becoming more and more evident that several DNA repair proteins that operate
within the nucleus, also function within mitochondria, often being translocated to this
organelle as a distinct protein isoform. Indeed, several of the human disorders described
above are now recognized as having mitochondrial dysfunction as part of the clinical
disease. For example, the CS proteins [71,72,264,265], TDP1 [266], Aprataxin [150] and
PNKP [267,268], have all been recently shown to reside in the mitochondria and contribute
to maintaining proper mitochondrial function. Determining the relative contribution of their
role(s) in the nucleus versus the mitochondria in terms of the disease etiology, particularly
the associated neuropathology, is a critical undertaking going forward. For further
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discussion of mitochondrial DNA repair, the reader is directed to several comprehensive
reviews [112,269,270].

Acknowledgments
We thank Drs. Peter Sykora and Magdalena Misiak for their critical reading of the manuscript. This effort was
supported entirely by the Intramural Research Program at the NIH, National Institute on Aging.

Reference List
1. Lindahl T. Instability and decay of the primary structure of DNA. Nature. 1993; 362:709–715.

[PubMed: 8469282]

2. Hoeijmakers JH. DNA damage, aging, and cancer. N Engl J Med. 2009; 361:1475–1485. [PubMed:
19812404]

3. Jeppesen DK, Bohr VA, Stevnsner T. DNA repair deficiency in neurodegeneration. Prog Neurobiol.
2011; 94:166–200. [PubMed: 21550379]

4. Kulkarni A, Wilson DM III. The involvement of DNA-damage and -repair defects in neurological
dysfunction. Am J Hum Genet. 2008; 82:539–566. [PubMed: 18319069]

5. Rass U, Ahel I, West SC. Defective DNA repair and neurodegenerative disease. Cell. 2007;
130:991–1004. [PubMed: 17889645]

6. Wilson DM III, Bohr VA. The mechanics of base excision repair, and its relationship to aging and
disease. DNA Repair (Amst). 2007; 6:544–559. [PubMed: 17112792]

7. McKinnon PJ. DNA repair deficiency and neurological disease. Nat Rev Neurosci. 2009; 10:100–
112. [PubMed: 19145234]

8. Diderich K, Alanazi M, Hoeijmakers JH. Premature aging and cancer in nucleotide excision repair-
disorders. DNA Repair (Amst). 2011; 10:772–780. [PubMed: 21680258]

9. Caldecott KW. Single-strand break repair and genetic disease. Nat Rev Genet. 2008; 9:619–631.
[PubMed: 18626472]

10. Loveless A. Possible relevance of O-6 alkylation of deoxyguanosine to the mutagenicity and
carcinogenicity of nitrosamines and nitrosamides. Nature. 1969; 223:206–207. [PubMed:
5791738]

11. Kang H, Konishi C, Kuroki T, Huh N. Detection of O6-methylguanine, O4-methylthymine and
O4-ethylthymine in human liver and peripheral blood leukocyte DNA. Carcinogenesis. 1995;
16:1277–1280. [PubMed: 7788843]

12. Kang H, Konishi C, Kuroki T, Huh N. A highly sensitive and specific method for quantitation of
O-alkylated DNA adducts and its application to the analysis of human tissue DNA. Environ Health
Perspect. 1993; 99:269–271. [PubMed: 8319641]

13. Xiao W, Samson L. In vivo evidence for endogenous DNA alkylation damage as a source of
spontaneous mutation in eukaryotic cells. Proc Natl Acad Sci U S A. 1993; 90:2117–2121.
[PubMed: 7681584]

14. Aquilina G, Biondo R, Dogliotti E, Meuth M, Bignami M. Expression of the endogenous O6-
methylguanine-DNA-methyltransferase protects Chinese hamster ovary cells from spontaneous
G:C to A:T transitions. Cancer Res. 1992; 52:6471–6475. [PubMed: 1423294]

15. Ceccotti S, Dogliotti E, Gannon J, Karran P, Bignami M. O6-methylguanine in DNA inhibits
replication in vitro by human cell extracts. Biochemistry. 1993; 32:13664–13672. [PubMed:
8257700]

16. Voigt JM, Topal MD. O6-methylguanine-induced replication blocks. Carcinogenesis. 1995;
16:1775–1782. [PubMed: 7634403]

17. Groth P, Auslander S, Majumder MM, Schultz N, Johansson F, Petermann E, Helleday T.
Methylated DNA causes a physical block to replication forks independently of damage signalling,
O(6)-methylguanine or DNA single-strand breaks and results in DNA damage. J Mol Biol. 2010;
402:70–82. [PubMed: 20643142]

18. Ito T, Nakamura T, Maki H, Sekiguchi M. Roles of transcription and repair in alkylation
mutagenesis. Mutat Res. 1994; 314:273–285. [PubMed: 7513059]

Iyama and Wilson Page 18

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



19. Dimitri A, Burns JA, Broyde S, Scicchitano DA. Transcription elongation past O6-methylguanine
by human RNA polymerase II and bacteriophage T7 RNA polymerase. Nucleic Acids Res. 2008;
36:6459–6471. [PubMed: 18854351]

20. Burns JA, Dreij K, Cartularo L, Scicchitano DA. O6-methylguanine induces altered proteins at the
level of transcription in human cells. Nucleic Acids Res. 2010; 38:8178–8187. [PubMed:
20702424]

21. Jiricny J. The multifaceted mismatch-repair system. Nat Rev Mol Cell Biol. 2006; 7:335–346.
[PubMed: 16612326]

22. Modrich P. Mechanisms in eukaryotic mismatch repair. J Biol Chem. 2006; 281:30305–30309.
[PubMed: 16905530]

23. Srivenugopal KS, Yuan XH, Friedman HS, Ali-Osman F. Ubiquitination-dependent proteolysis of
O6-methylguanine-DNA methyltransferase in human and murine tumor cells following
inactivation with O6-benzylguanine or 1,3-bis(2-chloroethyl)-1-nitrosourea. Biochemistry. 1996;
35:1328–1334. [PubMed: 8573590]

24. Xu-Welliver M, Pegg AE. Degradation of the alkylated form of the DNA repair protein, O(6)-
alkylguanine-DNA alkyltransferase. Carcinogenesis. 2002; 23:823–830. [PubMed: 12016156]

25. Ali RB, Teo AK, Oh HK, Chuang LS, Ayi TC, Li BF. Implication of localization of human DNA
repair enzyme O6-methylguanine-DNA methyltransferase at active transcription sites in
transcription-repair coupling of the mutagenic O6-methylguanine lesion. Mol Cell Biol. 1998;
18:1660–1669. [PubMed: 9488483]

26. Christmann M, Verbeek B, Roos WP, Kaina B. O(6)-Methylguanine-DNA methyltransferase
(MGMT) in normal tissues and tumors: Enzyme activity, promoter methylation and
immunohistochemistry. Biochim Biophys Acta. 2011; 1816:179–190. [PubMed: 21745538]

27. Goth R, Rajewsky MF. Persistence of O6-ethylguanine in rat-brain DNA: correlation with nervous
system-specific carcinogenesis by ethylnitrosourea. Proc Natl Acad Sci U S A. 1974; 71:639–643.
[PubMed: 4522778]

28. Kleihues P, Bucheler J. Long-term persistence of O6-methylguanine in rat brain DNA. Nature.
1977; 269:625–626. [PubMed: 917114]

29. Kleihues P, Cooper HK, Buecheler J, Kolar GF, Diessner H. Mechanism of perinatal tumor
induction by neuro-oncogenic alkylnitrosoureas and dialkylaryltriazenes. Natl Cancer Inst
Monogr. 1979:227–231. [PubMed: 481575]

30. Dunn WC, Foote RS, Hand RE Jr, Mitra S. Cell cycle-dependent modulation of O6-
methylguanine-DNA methyltransferase in C3H/10T1/2 cells. Carcinogenesis. 1986; 7:807–812.
[PubMed: 3698207]

31. Coccia P, Sen S, Erba E, Pagani P, Marinello C, D’Incalci M. O6-Alkylguanine-DNA
alkyltransferase content in synchronised human cancer cells. Cancer Chemother Pharmacol. 1992;
30:77–80. [PubMed: 1586985]

32. Bouziane M, Miao F, Bates SE, Somsouk L, Sang BC, Denissenko M, O’Connor TR. Promoter
structure and cell cycle dependent expression of the human methylpurine-DNA glycosylase gene.
Mutat Res. 2000; 461:15–29. [PubMed: 10980409]

33. Tsuzuki T, Sakumi K, Shiraishi A, Kawate H, Igarashi H, Iwakuma T, Tominaga Y, Zhang S,
Shimizu S, Ishikawa TeA. Targeted disruption of the DNA repair methyltransferase gene renders
mice hypersensitive to alkylating agent. Carcinogenesis. 1996; 17:1215–1220. [PubMed: 8681434]

34. Sakumi K, Shiraishi A, Shimizu S, Tsuzuki T, Ishikawa T, Sekiguchi M. Methylnitrosourea-
induced tumorigenesis in MGMT gene knockout mice. Cancer Res. 1997; 57:2415–2418.
[PubMed: 9192819]

35. Dumenco LL, Allay E, Norton K, Gerson SL. The prevention of thymic lymphomas in transgenic
mice by human O6-alkylguanine-DNA alkyltransferase. Science. 1993; 259:219–222. [PubMed:
8421782]

36. Liu L, Allay E, Dumenco LL, Gerson SL. Rapid repair of O6-methylguanine-DNA adducts
protects transgenic mice from N-methylnitrosourea-induced thymic lymphomas. Cancer Res.
1994; 54:4648–4652. [PubMed: 8062258]

Iyama and Wilson Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Nakatsuru Y, Matsukuma S, Nemoto N, Sugano H, Sekiguchi M, Ishikawa T. O6-methylguanine-
DNA methyltransferase protects against nitrosamine-induced hepatocarcinogenesis. Proc Natl
Acad Sci U S A. 1993; 90:6468–6472. [PubMed: 8341657]

38. Roos WP, Kaina B. DNA damage-induced apoptosis: From specific DNA lesions to the DNA
damage response and apoptosis. Cancer Lett. 2012

39. Kisby GE, Olivas A, Park T, Churchwell M, Doerge D, Samson LD, Gerson SL, Turker MS. DNA
repair modulates the vulnerability of the developing brain to alkylating agents. DNA Repair
(Amst). 2009; 8:400–412. [PubMed: 19162564]

40. Gillet LC, Scharer OD. Molecular mechanisms of mammalian global genome nucleotide excision
repair. Chem Rev. 2006; 106:253–276. [PubMed: 16464005]

41. Fagbemi AF, Orelli B, Scharer OD. Regulation of endonuclease activity in human nucleotide
excision repair. DNA Repair (Amst). 2011; 10:722–729. [PubMed: 21592868]

42. Kraemer KH, Patronas NJ, Schiffmann R, Brooks BP, Tamura D, DiGiovanna JJ. Xeroderma
pigmentosum, trichothiodystrophy and Cockayne syndrome: a complex genotype-phenotype
relationship. Neuroscience. 2007; 145:1388–1396. [PubMed: 17276014]

43. Min JH, Pavletich NP. Recognition of DNA damage by the Rad4 nucleotide excision repair
protein. Nature. 2007; 449:570–575. [PubMed: 17882165]

44. Maillard O, Solyom S, Naegeli H. An aromatic sensor with aversion to damaged strands confers
versatility to DNA repair. PLoS Biol. 2007; 5:e79. [PubMed: 17355181]

45. Scharer OD. Achieving broad substrate specificity in damage recognition by binding accessible
nondamaged DNA. Mol Cell. 2007; 28:184–186. [PubMed: 17964258]

46. Coin F, Oksenych V, Egly JM. Distinct roles for the XPB/p52 and XPD/p44 subcomplexes of
TFIIH in damaged DNA opening during nucleotide excision repair. Mol Cell. 2007; 26:245–256.
[PubMed: 17466626]

47. Mathieu N, Kaczmarek N, Naegeli H. Strand- and site-specific DNA lesion demarcation by the
xeroderma pigmentosum group D helicase. Proc Natl Acad Sci U S A. 2010; 107:17545–17550.
[PubMed: 20876134]

48. Sugasawa K, Akagi J, Nishi R, Iwai S, Hanaoka F. Two-step recognition of DNA damage for
mammalian nucleotide excision repair: Directional binding of the XPC complex and DNA strand
scanning. Mol Cell. 2009; 36:642–653. [PubMed: 19941824]

49. Coin F, Oksenych V, Mocquet V, Groh S, Blattner C, Egly JM. Nucleotide excision repair driven
by the dissociation of CAK from TFIIH. Mol Cell. 2008; 31:9–20. [PubMed: 18614043]

50. Camenisch U, Dip R, Schumacher SB, Schuler B, Naegeli H. Recognition of helical kinks by
xeroderma pigmentosum group A protein triggers DNA excision repair. Nat Struct Mol Biol.
2006; 13:278–284. [PubMed: 16491090]

51. Missura M, Buterin T, Hindges R, Hubscher U, Kasparkova J, Brabec V, Naegeli H. Double-check
probing of DNA bending and unwinding by XPA-RPA: an architectural function in DNA repair.
EMBO J. 2001; 20:3554–3564. [PubMed: 11432842]

52. Tsodikov OV, Ivanov D, Orelli B, Staresincic L, Shoshani I, Oberman R, Scharer OD, Wagner G,
Ellenberger T. Structural basis for the recruitment of ERCC1-XPF to nucleotide excision repair
complexes by XPA. EMBO J. 2007; 26:4768–4776. [PubMed: 17948053]

53. Orelli B, McClendon TB, Tsodikov OV, Ellenberger T, Niedernhofer LJ, Scharer OD. The XPA-
binding domain of ERCC1 is required for nucleotide excision repair but not other DNA repair
pathways. J Biol Chem. 2010; 285:3705–3712. [PubMed: 19940136]

54. Evans E, Moggs JG, Hwang JR, Egly JM, Wood RD. Mechanism of open complex and dual
incision formation by human nucleotide excision repair factors. EMBO J. 1997; 16:6559–6573.
[PubMed: 9351836]

55. Mocquet V, Laine JP, Riedl T, Yajin Z, Lee MY, Egly JM. Sequential recruitment of the repair
factors during NER: the role of XPG in initiating the resynthesis step. EMBO J. 2008; 27:155–
167. [PubMed: 18079701]

56. Ogi T, Limsirichaikul S, Overmeer RM, Volker M, Takenaka K, Cloney R, Nakazawa Y, Niimi A,
Miki Y, Jaspers NG, Mullenders LH, Yamashita S, Fousteri MI, Lehmann AR. Three DNA
polymerases, recruited by different mechanisms, carry out NER repair synthesis in human cells.
Mol Cell. 2010; 37:714–727. [PubMed: 20227374]

Iyama and Wilson Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



57. Araujo SJ, Tirode F, Coin F, Pospiech H, Syvaoja JE, Stucki M, Hubscher U, Egly JM, Wood RD.
Nucleotide excision repair of DNA with recombinant human proteins: definition of the minimal
set of factors, active forms of TFIIH, and modulation by CAK. Genes Dev. 2000; 14:349–359.
[PubMed: 10673506]

58. Moser J, Kool H, Giakzidis I, Caldecott K, Mullenders LH, Fousteri MI. Sealing of chromosomal
DNA nicks during nucleotide excision repair requires XRCC1 and DNA ligase III alpha in a cell-
cycle-specific manner. Mol Cell. 2007; 27:311–323. [PubMed: 17643379]

59. Fousteri M, Vermeulen W, van Zeeland AA, Mullenders LH. Cockayne syndrome A and B
proteins differentially regulate recruitment of chromatin remodeling and repair factors to stalled
RNA polymerase II in vivo. Mol Cell. 2006; 23:471–482. [PubMed: 16916636]

60. van Gool AJ, Citterio E, Rademakers S, van OR, Vermeulen W, Constantinou A, Egly JM,
Bootsma D, Hoeijmakers JH. The Cockayne syndrome B protein, involved in transcription-
coupled DNA repair, resides in an RNA polymerase II-containing complex. EMBO J. 1997;
16:5955–5965. [PubMed: 9312053]

61. Selby CP, Sancar A. Cockayne syndrome group B protein enhances elongation by RNA
polymerase II. Proc Natl Acad Sci U S A. 1997; 94:11205–11209. [PubMed: 9326587]

62. Proietti-De-Santis L, Drane P, Egly JM. Cockayne syndrome B protein regulates the transcriptional
program after UV irradiation. EMBO J. 2006; 25:1915–1923. [PubMed: 16601682]

63. Van DBV, Citterio E, Hoogstraten D, Zotter A, Egly JM, van Cappellen WA, Hoeijmakers JH,
Houtsmuller AB, Vermeulen W. DNA damage stabilizes interaction of CSB with the transcription
elongation machinery. J Cell Biol. 2004; 166:27–36. [PubMed: 15226310]

64. Troelstra C, Hesen W, Bootsma D, Hoeijmakers JH. Structure and expression of the excision repair
gene ERCC6, involved in the human disorder Cockayne’s syndrome group B. Nucleic Acids Res.
1993; 21:419–426. [PubMed: 8382798]

65. Troelstra C, van GA, de WJ, Vermeulen W, Bootsma D, Hoeijmakers JH. ERCC6, a member of a
subfamily of putative helicases, is involved in Cockayne’s syndrome and preferential repair of
active genes. Cell. 1992; 71:939–953. [PubMed: 1339317]

66. Citterio E, Van DBV, Schnitzler G, Kanaar R, Bonte E, Kingston RE, Hoeijmakers JH, Vermeulen
W. ATP-dependent chromatin remodeling by the Cockayne syndrome B DNA repair-
transcription-coupling factor. Mol Cell Biol. 2000; 20:7643–7653. [PubMed: 11003660]

67. Muftuoglu M, Sharma S, Thorslund T, Stevnsner T, Soerensen MM, Brosh RM Jr, Bohr VA.
Cockayne syndrome group B protein has novel strand annealing and exchange activities. Nucleic
Acids Res. 2006; 34:295–304. [PubMed: 16410611]

68. Thorslund T, von KC, Harrigan JA, Indig FE, Christiansen M, Stevnsner T, Bohr VA. Cooperation
of the Cockayne syndrome group B protein and poly(ADP-ribose) polymerase 1 in the response to
oxidative stress. Mol Cell Biol. 2005; 25:7625–7636. [PubMed: 16107709]

69. Muftuoglu M, de Souza-Pinto NC, Dogan A, Aamann M, Stevnsner T, Rybanska I, Kirkali G,
Dizdaroglu M, Bohr VA. Cockayne syndrome group B protein stimulates repair of
formamidopyrimidines by NEIL1 DNA glycosylase. J Biol Chem. 2009; 284:9270–9279.
[PubMed: 19179336]

70. Wong HK, Muftuoglu M, Beck G, Imam SZ, Bohr VA, Wilson DM III. Cockayne syndrome B
protein stimulates apurinic endonuclease 1 activity and protects against agents that introduce base
excision repair intermediates. Nucleic Acids Res. 2007; 35:4103–4113. [PubMed: 17567611]

71. Scheibye-Knudsen M, Ramamoorthy M, Sykora P, Maynard S, Lin PC, Minor RK, Wilson DM Iii,
Cooper M, Spencer R, de CR, Croteau DL, Bohr VA. Cockayne syndrome group B protein
prevents the accumulation of damaged mitochondria by promoting mitochondrial autophagy. J
Exp Med. 2012; 209:855–869. [PubMed: 22473955]

72. Kamenisch Y, Fousteri M, Knoch J, von Thaler AK, Fehrenbacher B, Kato H, Becker T, Dolle
ME, Kuiper R, Majora M, Schaller M, van der Horst GT, van SH, Rocken M, Rapaport D,
Krutmann J, Mullenders LH, Berneburg M. Proteins of nucleotide and base excision repair
pathways interact in mitochondria to protect from loss of subcutaneous fat, a hallmark of aging. J
Exp Med. 2010; 207:379–390. [PubMed: 20100872]

Iyama and Wilson Page 21

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



73. Scrima A, Fischer ES, Lingaraju GM, Bohm K, Cavadini S, Thoma NH. Detecting UV-lesions in
the genome: The modular CRL4 ubiquitin ligase does it best! FEBS Lett. 2011; 585:2818–2825.
[PubMed: 21550341]

74. Fischer ES, Scrima A, Bohm K, Matsumoto S, Lingaraju GM, Faty M, Yasuda T, Cavadini S,
Wakasugi M, Hanaoka F, Iwai S, Gut H, Sugasawa K, Thoma NH. The molecular basis of
CRL4DDB2/CSA ubiquitin ligase architecture, targeting, and activation. Cell. 2011; 147:1024–
1039. [PubMed: 22118460]

75. Groisman R, Polanowska J, Kuraoka I, Sawada J, Saijo M, Drapkin R, Kisselev AF, Tanaka K,
Nakatani Y. The ubiquitin ligase activity in the DDB2 and CSA complexes is differentially
regulated by the COP9 signalosome in response to DNA damage. Cell. 2003; 113:357–367.
[PubMed: 12732143]

76. Kamiuchi S, Saijo M, Citterio E, de JM, Hoeijmakers JH, Tanaka K. Translocation of Cockayne
syndrome group A protein to the nuclear matrix: possible relevance to transcription-coupled DNA
repair. Proc Natl Acad Sci U S A. 2002; 99:201–206. [PubMed: 11782547]

77. Groisman R, Kuraoka I, Chevallier O, Gaye N, Magnaldo T, Tanaka K, Kisselev AF, Harel-Bellan
A, Nakatani Y. CSA-dependent degradation of CSB by the ubiquitin-proteasome pathway
establishes a link between complementation factors of the Cockayne syndrome. Genes Dev. 2006;
20:1429–1434. [PubMed: 16751180]

78. DiGiovanna JJ, Kraemer KH. Shining a light on xeroderma pigmentosum. J Invest Dermatol.
2012; 132:785–796. [PubMed: 22217736]

79. Kraemer KH, Lee MM, Scotto J. Xeroderma pigmentosum. Cutaneous, ocular, and neurologic
abnormalities in 830 published cases. Arch Dermatol. 1987; 123:241–250. [PubMed: 3545087]

80. Mimaki T, Itoh N, Abe J, Tagawa T, Sato K, Yabuuchi H, Takebe H. Neurological manifestations
in xeroderma pigmentosum. Ann Neurol. 1986; 20:70–75. [PubMed: 3740815]

81. Bradford PT, Goldstein AM, Tamura D, Khan SG, Ueda T, Boyle J, Oh KS, Imoto K, Inui H,
Moriwaki S, Emmert S, Pike KM, Raziuddin A, Plona TM, DiGiovanna JJ, Tucker MA, Kraemer
KH. Cancer and neurologic degeneration in xeroderma pigmentosum: long term follow-up
characterises the role of DNA repair. J Med Genet. 2011; 48:168–176. [PubMed: 21097776]

82. Cleaver JE. Cancer in xeroderma pigmentosum and related disorders of DNA repair. Nat Rev
Cancer. 2005; 5:564–573. [PubMed: 16069818]

83. Compe E, Malerba M, Soler L, Marescaux J, Borrelli E, Egly JM. Neurological defects in
trichothiodystrophy reveal a coactivator function of TFIIH. Nat Neurosci. 2007; 10:1414–1422.
[PubMed: 17952069]

84. Anttinen A, Koulu L, Nikoskelainen E, Portin R, Kurki T, Erkinjuntti M, Jaspers NG, Raams A,
Green MH, Lehmann AR, Wing JF, Arlett CF, Marttila RJ. Neurological symptoms and natural
course of xeroderma pigmentosum. Brain. 2008; 131:1979–1989. [PubMed: 18567921]

85. Giannelli F, Avery J, Polani PE, Terrell C, Giammusso V. Xeroderma Pigmentosum and
medulloblastoma: chromosomal damage to lymphocytes during radiotherapy. Radiat Res. 1981;
88:194–208. [PubMed: 7302127]

86. Lehmann AR. DNA repair-deficient diseases, xeroderma pigmentosum, Cockayne syndrome and
trichothiodystrophy. Biochimie. 2003; 85:1101–1111. [PubMed: 14726016]

87. Scharer OD. XPG: its products and biological roles. Adv Exp Med Biol. 2008; 637:83–92.
[PubMed: 19181113]

88. de BJ, Hoeijmakers JH. Nucleotide excision repair and human syndromes. Carcinogenesis. 2000;
21:453–460. [PubMed: 10688865]

89. Natale V. A comprehensive description of the severity groups in Cockayne syndrome. Am J Med
Genet A. 2011; 155A:1081–1095. [PubMed: 21480477]

90. van der Horst GT, Meira L, Gorgels TG, de WJ, Velasco-Miguel S, Richardson JA, Kamp Y,
Vreeswijk MP, Smit B, Bootsma D, Hoeijmakers JH, Friedberg EC. UVB radiation-induced
cancer predisposition in Cockayne syndrome group A (Csa) mutant mice. DNA Repair (Amst).
2002; 1:143–157. [PubMed: 12509261]

91. van der Horst GT, van SH, Berg RJ, van Gool AJ, de WJ, Weeda G, Morreau H, Beems RB, van
Kreijl CF, de Gruijl FR, Bootsma D, Hoeijmakers JH. Defective transcription-coupled repair in

Iyama and Wilson Page 22

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cockayne syndrome B mice is associated with skin cancer predisposition. Cell. 1997; 89:425–435.
[PubMed: 9150142]

92. Jaarsma D, van dP I, de Waard MC, Haasdijk ED, Brandt R, Vermeij M, Rijksen Y, Maas A, van
SH, Hoeijmakers JH, van der Horst GT. Age-related neuronal degeneration: complementary roles
of nucleotide excision repair and transcription-coupled repair in preventing neuropathology. PLoS
Genet. 2011; 7:e1002405. [PubMed: 22174697]

93. Faghri S, Tamura D, Kraemer KH, DiGiovanna JJ. Trichothiodystrophy: a systematic review of
112 published cases characterises a wide spectrum of clinical manifestations. J Med Genet. 2008;
45:609–621. [PubMed: 18603627]

94. Nakabayashi K, Amann D, Ren Y, Saarialho-Kere U, Avidan N, Gentles S, MacDonald JR,
Puffenberger EG, Christiano AM, Martinez-Mir A, Salas-Alanis JC, Rizzo R, Vamos E, Raams A,
Les C, Seboun E, Jaspers NG, Beckmann JS, Jackson CE, Scherer SW. Identification of C7orf11
(TTDN1) gene mutations and genetic heterogeneity in nonphotosensitive trichothiodystrophy. Am
J Hum Genet. 2005; 76:510–516. [PubMed: 15645389]

95. Giglia-Mari G, Coin F, Ranish JA, Hoogstraten D, Theil A, Wijgers N, Jaspers NG, Raams A,
Argentini M, van der Spek PJ, Botta E, Stefanini M, Egly JM, Aebersold R, Hoeijmakers JH,
Vermeulen W. A new, tenth subunit of TFIIH is responsible for the DNA repair syndrome
trichothiodystrophy group A. Nat Genet. 2004; 36:714–719. [PubMed: 15220921]

96. Coin F, Proietti De SL, Nardo T, Zlobinskaya O, Stefanini M, Egly JM. p8/TTD-A as a repair-
specific TFIIH subunit. Mol Cell. 2006; 21:215–226. [PubMed: 16427011]

97. Nouspikel T, Hanawalt PC. Terminally differentiated human neurons repair transcribed genes but
display attenuated global DNA repair and modulation of repair gene expression. Mol Cell Biol.
2000; 20:1562–1570. [PubMed: 10669734]

98. Nouspikel TP, Hyka-Nouspikel N, Hanawalt PC. Transcription domain-associated repair in human
cells. Mol Cell Biol. 2006; 26:8722–8730. [PubMed: 17015469]

99. Nouspikel T. Nucleotide excision repair and neurological diseases. DNA Repair (Amst). 2008;
7:1155–1167. [PubMed: 18456575]

100. Dizdaroglu M, Jaruga P, Birincioglu M, Rodriguez H. Free radical-induced damage to DNA:
mechanisms and measurement. Free Radic Biol Med. 2002; 32:1102–1115. [PubMed: 12031895]

101. Gedik CM, Collins A. Establishing the background level of base oxidation in human lymphocyte
DNA: results of an interlaboratory validation study. FASEB J. 2005; 19:82–84. [PubMed:
15533950]

102. Ohno M, Miura T, Furuichi M, Tominaga Y, Tsuchimoto D, Sakumi K, Nakabeppu Y. A
genome-wide distribution of 8-oxoguanine correlates with the preferred regions for
recombination and single nucleotide polymorphism in the human genome. Genome Res. 2006;
16:567–575. [PubMed: 16651663]

103. Maki H, Sekiguchi M. MutT protein specifically hydrolyses a potent mutagenic substrate for
DNA synthesis. Nature. 1992; 355:273–275. [PubMed: 1309939]

104. Shibutani S, Takeshita M, Grollman AP. Insertion of specific bases during DNA synthesis past
the oxidation-damaged base 8-oxodG. Nature. 1991; 349:431–434. [PubMed: 1992344]

105. Bregeon D, Doetsch PW. Transcriptional mutagenesis: causes and involvement in tumour
development. Nat Rev Cancer. 2011; 11:218–227. [PubMed: 21346784]

106. Bregeon D, Peignon PA, Sarasin A. Transcriptional mutagenesis induced by 8-oxoguanine in
mammalian cells. PLoS Genet. 2009; 5:e1000577. [PubMed: 19629170]

107. Iyama T, Abolhassani N, Tsuchimoto D, Nonaka M, Nakabeppu Y. NUDT16 is a (deoxy)inosine
diphosphatase, and its deficiency induces accumulation of single-strand breaks in nuclear DNA
and growth arrest. Nucleic Acids Res. 2010; 38:4834–4843. [PubMed: 20385596]

108. Taghizadeh K, McFaline JL, Pang B, Sullivan M, Dong M, Plummer E, Dedon PC.
Quantification of DNA damage products resulting from deamination oxidation and reaction with
products of lipid peroxidation by liquid chromatography isotope dilution tandem mass
spectrometry. Nat Protoc. 2008; 3:1287–1298. [PubMed: 18714297]

109. Dong M, Dedon PC. Relatively small increases in the steady-state levels of nucleobase
deamination products in DNA from human TK6 cells exposed to toxic levels of nitric oxide.
Chem Res Toxicol. 2006; 19:50–57. [PubMed: 16411656]

Iyama and Wilson Page 23

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



110. Abolhassani N, Iyama T, Tsuchimoto D, Sakumi K, Ohno M, Behmanesh M, Nakabeppu Y.
NUDT16 and ITPA play a dual protective role in maintaining chromosome stability and cell
growth by eliminating dIDP/IDP and dITP/ITP from nucleotide pools in mammals. Nucleic
Acids Res. 2010; 38:2891–2903. [PubMed: 20081199]

111. Wilson DM III, Kim D, Berquist BR, Sigurdson AJ. Variation in base excision repair capacity.
Mutat Res. 2011; 711:100–112. [PubMed: 21167187]

112. Sykora P, Wilson DM III, Bohr VA. Repair of persistent strand breaks in the mitochondrial
genome. Mech Ageing Dev. 2012; 133:169–175. [PubMed: 22138376]

113. Demple B, Sung JS. Molecular and biological roles of Ape1 protein in mammalian base excision
repair. DNA Repair (Amst). 2005; 4:1442–1449. [PubMed: 16199212]

114. Wilson DM III, Barsky D. The major human abasic endonuclease: formation, consequences and
repair of abasic lesions in DNA. Mutat Res. 2001; 485:283–307. [PubMed: 11585362]

115. Mol CD, Izumi T, Mitra S, Tainer JA. DNA-bound structures and mutants reveal abasic DNA
binding by APE1 and DNA repair coordination. Nature. 2000; 403:451–456. corrected.
[PubMed: 10667800]

116. Wilson SH. Mammalian base excision repair and DNA polymerase beta. Mutat Res. 1998;
407:203–215. [PubMed: 9653447]

117. Bennett RA, Wilson DM III, Wong D, Demple B. Interaction of human apurinic endonuclease
and DNA polymerase beta in the base excision repair pathway. Proc Natl Acad Sci U S A. 1997;
94:7166–7169. [PubMed: 9207062]

118. Wiederhold L, Leppard JB, Kedar P, Karimi-Busheri F, Rasouli-Nia A, Weinfeld M, Tomkinson
AE, Izumi T, Prasad R, Wilson SH, Mitra S, Hazra TK. AP endonuclease-independent DNA base
excision repair in human cells. Mol Cell. 2004; 15:209–220. [PubMed: 15260972]

119. Rasouli-Nia A, Karimi-Busheri F, Weinfeld M. Stable down-regulation of human polynucleotide
kinase enhances spontaneous mutation frequency and sensitizes cells to genotoxic agents. Proc
Natl Acad Sci U S A. 2004; 101:6905–6910. [PubMed: 15100409]

120. Gary R, Kim K, Cornelius HL, Park MS, Matsumoto Y. Proliferating cell nuclear antigen
facilitates excision in long-patch base excision repair. J Biol Chem. 1999; 274:4354–4363.
[PubMed: 9933638]

121. Fan J, Wilson DM III. Protein-protein interactions and posttranslational modifications in
mammalian base excision repair. Free Radic Biol Med. 2005; 38:1121–1138. [PubMed:
15808410]

122. Levin DS, Vijayakumar S, Liu X, Bermudez VP, Hurwitz J, Tomkinson AE. A conserved
interaction between the replicative clamp loader and DNA ligase in eukaryotes: implications for
Okazaki fragment joining. J Biol Chem. 2004; 279:55196–55201. [PubMed: 15502161]

123. Levin DS, McKenna AE, Motycka TA, Matsumoto Y, Tomkinson AE. Interaction between
PCNA and DNA ligase I is critical for joining of Okazaki fragments and long-patch base-
excision repair. Curr Biol. 2000; 10:919–922. [PubMed: 10959839]

124. Montecucco A, Rossi R, Levin DS, Gary R, Park MS, Motycka TA, Ciarrocchi G, Villa A,
Biamonti G, Tomkinson AE. DNA ligase I is recruited to sites of DNA replication by an
interaction with proliferating cell nuclear antigen: identification of a common targeting
mechanism for the assembly of replication factories. EMBO J. 1998; 17:3786–3795. [PubMed:
9649448]

125. Akbari M, Pena-Diaz J, Andersen S, Liabakk NB, Otterlei M, Krokan HE. Extracts of
proliferating and non-proliferating human cells display different base excision pathways and
repair fidelity. DNA Repair (Amst). 2009; 8:834–843. [PubMed: 19442590]

126. Cheadle JP, Sampson JR. MUTYH-associated polyposis--from defect in base excision repair to
clinical genetic testing. DNA Repair (Amst). 2007; 6:274–279. [PubMed: 17161978]

127. Imai K, Slupphaug G, Lee WI, Revy P, Nonoyama S, Catalan N, Yel L, Forveille M, Kavli B,
Krokan HE, Ochs HD, Fischer A, Durandy A. Human uracil-DNA glycosylase deficiency
associated with profoundly impaired immunoglobulin class-switch recombination. Nat Immunol.
2003; 4:1023–1028. [PubMed: 12958596]

Iyama and Wilson Page 24

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



128. Mao G, Pan X, Zhu BB, Zhang Y, Yuan F, Huang J, Lovell MA, Lee MP, Markesbery WR, Li
GM, Gu L. Identification and characterization of OGG1 mutations in patients with Alzheimer’s
disease. Nucleic Acids Res. 2007; 35:2759–2766. [PubMed: 17426120]

129. Iida T, Furuta A, Nishioka K, Nakabeppu Y, Iwaki T. Expression of 8-oxoguanine DNA
glycosylase is reduced and associated with neurofibrillary tangles in Alzheimer’s disease brain.
Acta Neuropathol. 2002; 103:20–25. [PubMed: 11837743]

130. Gredilla R, Weissman L, Yang JL, Bohr VA, Stevnsner T. Mitochondrial base excision repair in
mouse synaptosomes during normal aging and in a model of Alzheimer’s disease. Neurobiol
Aging. 2012; 33:694–707. [PubMed: 20708822]

131. McNeill DR, Lin PC, Miller MG, Pistell PJ, de Souza-Pinto NC, Fishbein KW, Spencer RG, Liu
Y, Pettan-Brewer C, Ladiges WC, Wilson DM III. XRCC1 haploinsufficiency in mice has little
effect on aging, but adversely modifies exposure-dependent susceptibility. Nucleic Acids Res.
2011; 39:7992–8004. [PubMed: 21737425]

132. Liu D, Croteau DL, Souza-Pinto N, Pitta M, Tian J, Wu C, Jiang H, Mustafa K, Keijzers G, Bohr
VA, Mattson MP. Evidence that OGG1 glycosylase protects neurons against oxidative DNA
damage and cell death under ischemic conditions. J Cereb Blood Flow Metab. 2011; 31:680–692.
[PubMed: 20736962]

133. Endres M, Biniszkiewicz D, Sobol RW, Harms C, Ahmadi M, Lipski A, Katchanov J,
Mergenthaler P, Dirnagl U, Wilson SH, Meisel A, Jaenisch R. Increased postischemic brain
injury in mice deficient in uracil-DNA glycosylase. J Clin Invest. 2004; 113:1711–1721.
[PubMed: 15199406]

134. Moore DJ, Taylor RM, Clements P, Caldecott KW. Mutation of a BRCT domain selectively
disrupts DNA single-strand break repair in noncycling Chinese hamster ovary cells. Proc Natl
Acad Sci U S A. 2000; 97:13649–13654. [PubMed: 11095742]

135. Pouliot JJ, Yao KC, Robertson CA, Nash HA. Yeast gene for a Tyr-DNA phosphodiesterase that
repairs topoisomerase I complexes. Science. 1999; 286:552–555. [PubMed: 10521354]

136. Zhou T, Lee JW, Tatavarthi H, Lupski JR, Valerie K, Povirk LF. Deficiency in 3’-
phosphoglycolate processing in human cells with a hereditary mutation in tyrosyl-DNA
phosphodiesterase (TDP1). Nucleic Acids Res. 2005; 33:289–297. [PubMed: 15647511]

137. Suh D, Wilson DM III, Povirk LF. 3’-phosphodiesterase activity of human apurinic/apyrimidinic
endonuclease at DNA double-strand break ends. Nucleic Acids Res. 1997; 25:2495–2500.
[PubMed: 9171104]

138. Takahashi T, Tada M, Igarashi S, Koyama A, Date H, Yokoseki A, Shiga A, Yoshida Y, Tsuji S,
Nishizawa M, Onodera O. Aprataxin, causative gene product for EAOH/AOA1, repairs DNA
single-strand breaks with damaged 3’-phosphate and 3’-phosphoglycolate ends. Nucleic Acids
Res. 2007; 35:3797–3809. [PubMed: 17519253]

139. Takashima H, Boerkoel CF, John J, Saifi GM, Salih MA, Armstrong D, Mao Y, Quiocho FA,
Roa BB, Nakagawa M, Stockton DW, Lupski JR. Mutation of TDP1, encoding a topoisomerase
I-dependent DNA damage repair enzyme, in spinocerebellar ataxia with axonal neuropathy. Nat
Genet. 2002; 32:267–272. [PubMed: 12244316]

140. El-Khamisy SF, Saifi GM, Weinfeld M, Johansson F, Helleday T, Lupski JR, Caldecott KW.
Defective DNA single-strand break repair in spinocerebellar ataxia with axonal neuropathy-1.
Nature. 2005; 434:108–113. [PubMed: 15744309]

141. Miao ZH, Agama K, Sordet O, Povirk L, Kohn KW, Pommier Y. Hereditary ataxia SCAN1 cells
are defective for the repair of transcription-dependent topoisomerase I cleavage complexes. DNA
Repair (Amst). 2006; 5:1489–1494. [PubMed: 16935573]

142. Katyal S, El-Khamisy SF, Russell HR, Li Y, Ju L, Caldecott KW, McKinnon PJ. TDP1 facilitates
chromosomal single-strand break repair in neurons and is neuroprotective in vivo. EMBO J.
2007; 26:4720–4731. [PubMed: 17914460]

143. Martin J, St-Pierre MV, Dufour JF. Hit proteins, mitochondria and cancer. Biochim Biophys
Acta. 2011; 1807:626–632. [PubMed: 21316334]

144. Clements PM, Breslin C, Deeks ED, Byrd PJ, Ju L, Bieganowski P, Brenner C, Moreira MC,
Taylor AM, Caldecott KW. The ataxia-oculomotor apraxia 1 gene product has a role distinct

Iyama and Wilson Page 25

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from ATM and interacts with the DNA strand break repair proteins XRCC1 and XRCC4. DNA
Repair (Amst). 2004; 3:1493–1502. [PubMed: 15380105]

145. Moreira MC, Barbot C, Tachi N, Kozuka N, Uchida E, Gibson T, Mendonca P, Costa M, Barros
J, Yanagisawa T, Watanabe M, Ikeda Y, Aoki M, Nagata T, Coutinho P, Sequeiros J, Koenig M.
The gene mutated in ataxia-ocular apraxia 1 encodes the new HIT/Zn-finger protein aprataxin.
Nat Genet. 2001; 29:189–193. [PubMed: 11586300]

146. Date H, Onodera O, Tanaka H, Iwabuchi K, Uekawa K, Igarashi S, Koike R, Hiroi T, Yuasa T,
Awaya Y, Sakai T, Takahashi T, Nagatomo H, Sekijima Y, Kawachi I, Takiyama Y, Nishizawa
M, Fukuhara N, Saito K, Sugano S, Tsuji S. Early-onset ataxia with ocular motor apraxia and
hypoalbuminemia is caused by mutations in a new HIT superfamily gene. Nat Genet. 2001;
29:184–188. [PubMed: 11586299]

147. Gueven N, Becherel OJ, Kijas AW, Chen P, Howe O, Rudolph JH, Gatti R, Date H, Onodera O,
Taucher-Scholz G, Lavin MF. Aprataxin, a novel protein that protects against genotoxic stress.
Hum Mol Genet. 2004; 13:1081–1093. [PubMed: 15044383]

148. Becherel OJ, Gueven N, Birrell GW, Schreiber V, Suraweera A, Jakob B, Taucher-Scholz G,
Lavin MF. Nucleolar localization of aprataxin is dependent on interaction with nucleolin and on
active ribosomal DNA transcription. Hum Mol Genet. 2006; 15:2239–2249. [PubMed:
16777843]

149. Asai H, Hirano M, Shimada K, Kiriyama T, Furiya Y, Ikeda M, Iwamoto T, Mori T, Nishinaka K,
Konishi N, Udaka F, Ueno S. Protein kinase C gamma, a protein causative for dominant ataxia,
negatively regulates nuclear import of recessive-ataxia-related aprataxin. Hum Mol Genet. 2009;
18:3533–3543. [PubMed: 19561170]

150. Sykora P, Croteau DL, Bohr VA, Wilson DM III. Aprataxin localizes to mitochondria and
preserves mitochondrial function. Proc Natl Acad Sci U S A. 2011; 108:7437–7442. [PubMed:
21502511]

151. Luo H, Chan DW, Yang T, Rodriguez M, Chen BP, Leng M, Mu JJ, Chen D, Songyang Z, Wang
Y, Qin J. A new XRCC1-containing complex and its role in cellular survival of methyl
methanesulfonate treatment. Mol Cell Biol. 2004; 24:8356–8365. [PubMed: 15367657]

152. El-Khamisy SF, Katyal S, Patel P, Ju L, McKinnon PJ, Caldecott KW. Synergistic decrease of
DNA single-strand break repair rates in mouse neural cells lacking both Tdp1 and aprataxin.
DNA Repair (Amst). 2009; 8:760–766. [PubMed: 19303373]

153. Clements PM, Breslin C, Deeks ED, Byrd PJ, Ju L, Bieganowski P, Brenner C, Moreira MC,
Taylor AM, Caldecott KW. The ataxia-oculomotor apraxia 1 gene product has a role distinct
from ATM and interacts with the DNA strand break repair proteins XRCC1 and XRCC4. DNA
Repair (Amst). 2004; 3:1493–1502. [PubMed: 15380105]

154. Shen J, Gilmore EC, Marshall CA, Haddadin M, Reynolds JJ, Eyaid W, Bodell A, Barry B,
Gleason D, Allen K, Ganesh VS, Chang BS, Grix A, Hill RS, Topcu M, Caldecott KW,
Barkovich AJ, Walsh CA. Mutations in PNKP cause microcephaly, seizures and defects in DNA
repair. Nat Genet. 2010; 42:245–249. [PubMed: 20118933]

155. Reynolds JJ, Walker AK, Gilmore EC, Walsh CA, Caldecott KW. Impact of PNKP mutations
associated with microcephaly, seizures and developmental delay on enzyme activity and DNA
strand break repair. Nucleic Acids Res. 2012

156. Larrea AA, Lujan SA, Kunkel TA. SnapShot: DNA mismatch repair. Cell. 2010; 141:730.
[PubMed: 20478261]

157. Cannavo E, Marra G, Sabates-Bellver J, Menigatti M, Lipkin SM, Fischer F, Cejka P, Jiricny J.
Expression of the MutL homologue hMLH3 in human cells and its role in DNA mismatch repair.
Cancer Res. 2005; 65:10759–10766. [PubMed: 16322221]

158. Raschle M, Marra G, Nystrom-Lahti M, Schar P, Jiricny J. Identification of hMutLbeta, a
heterodimer of hMLH1 and hPMS1. J Biol Chem. 1999; 274:32368–32375. [PubMed:
10542278]

159. Wagner R Jr, Meselson M. Repair tracts in mismatched DNA heteroduplexes. Proc Natl Acad Sci
U S A. 1976; 73:4135–4139. [PubMed: 1069303]

Iyama and Wilson Page 26

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



160. Pluciennik A, Dzantiev L, Iyer RR, Constantin N, Kadyrov FA, Modrich P. PCNA function in the
activation and strand direction of MutLalpha endonuclease in mismatch repair. Proc Natl Acad
Sci U S A. 2010; 107:16066–16071. [PubMed: 20713735]

161. Nick McElhinny SA, Kissling GE, Kunkel TA. Differential correction of lagging-strand
replication errors made by DNA polymerases {alpha} and {delta}. Proc Natl Acad Sci U S A.
2010; 107:21070–21075. [PubMed: 21041657]

162. Yuan F, Gu L, Guo S, Wang C, Li GM. Evidence for involvement of HMGB1 protein in human
DNA mismatch repair. J Biol Chem. 2004; 279:20935–20940. [PubMed: 15014079]

163. Barnetson RA, Tenesa A, Farrington SM, Nicholl ID, Cetnarskyj R, Porteous ME, Campbell H,
Dunlop MG. Identification and survival of carriers of mutations in DNA mismatch-repair genes
in colon cancer. N Engl J Med. 2006; 354:2751–2763. [PubMed: 16807412]

164. Jacob S, Praz F. DNA mismatch repair defects: role in colorectal carcinogenesis. Biochimie.
2002; 84:27–47. [PubMed: 11900875]

165. Worthley DL, Walsh MD, Barker M, Ruszkiewicz A, Bennett G, Phillips K, Suthers G. Familial
mutations in PMS2 can cause autosomal dominant hereditary nonpolyposis colorectal cancer.
Gastroenterology. 2005; 128:1431–1436. [PubMed: 15887124]

166. Bettstetter M, Dechant S, Ruemmele P, Grabowski M, Keller G, Holinski-Feder E, Hartmann A,
Hofstaedter F, Dietmaier W. Distinction of hereditary nonpolyposis colorectal cancer and
sporadic microsatellite-unstable colorectal cancer through quantification of MLH1 methylation
by real-time PCR. Clin Cancer Res. 2007; 13:3221–3228. [PubMed: 17545526]

167. Peltomaki P, Vasen H. Mutations associated with HNPCC predisposition -- Update of ICG-
HNPCC/INSiGHT mutation database. Dis Markers. 2004; 20:269–276. [PubMed: 15528792]

168. Arnold CN, Goel A, Boland CR. Role of hMLH1 promoter hypermethylation in drug resistance
to 5-fluorouracil in colorectal cancer cell lines. Int J Cancer. 2003; 106:66–73. [PubMed:
12794758]

169. Prolla TA, Baker SM, Harris AC, Tsao JL, Yao X, Bronner CE, Zheng B, Gordon M, Reneker J,
Arnheim N, Shibata D, Bradley A, Liskay RM. Tumour susceptibility and spontaneous mutation
in mice deficient in Mlh1, Pms1 and Pms2 DNA mismatch repair. Nat Genet. 1998; 18:276–279.
[PubMed: 9500552]

170. Belloni M, Uberti D, Rizzini C, Ferrari-Toninelli G, Rizzonelli P, Jiricny J, Spano P, Memo M.
Distribution and kainate-mediated induction of the DNA mismatch repair protein MSH2 in rat
brain. Neuroscience. 1999; 94:1323–1331. [PubMed: 10625070]

171. Brooks PJ. DNA repair in neural cells: basic science and clinical implications. Mutat Res. 2002;
509:93–108. [PubMed: 12427533]

172. Brooks PJ, Marietta C, Goldman D. DNA mismatch repair and DNA methylation in adult brain
neurons. J Neurosci. 1996; 16:939–945. [PubMed: 8558262]

173. Yanamadala S, Ljungman M. Potential role of MLH1 in the induction of p53 and apoptosis by
blocking transcription on damaged DNA templates. Mol Cancer Res. 2003; 1:747–754.
[PubMed: 12939400]

174. Hardman CA, Afshari RA, Barrett JC. Involvement of mammalian MLH1 in the apoptotic
response to peroxide-induced oxidative stress. Cancer Res. 2001; 61:1392–1397. [PubMed:
11245440]

175. Wu J, Gu L, Wang H, Geacintov NE, Li GM. Mismatch repair processing of carcinogen-DNA
adducts triggers apoptosis. Mol Cell Biol. 1999; 19:8292–8301. [PubMed: 10567554]

176. Hickman MJ, Samson LD. Role of DNA mismatch repair and p53 in signaling induction of
apoptosis by alkylating agents. Proc Natl Acad Sci U S A. 1999; 96:10764–10769. [PubMed:
10485900]

177. Toft NJ, Winton DJ, Kelly J, Howard LA, Dekker M, te RH, Arends MJ, Wyllie AH, Margison
GP, Clarke AR. Msh2 status modulates both apoptosis and mutation frequency in the murine
small intestine. Proc Natl Acad Sci U S A. 1999; 96:3911–3915. [PubMed: 10097137]

178. DeWeese TL, Shipman JM, Larrier NA, Buckley NM, Kidd LR, Groopman JD, Cutler RG, te
RH, Nelson WG. Mouse embryonic stem cells carrying one or two defective Msh2 alleles
respond abnormally to oxidative stress inflicted by low-level radiation. Proc Natl Acad Sci U S
A. 1998; 95:11915–11920. [PubMed: 9751765]

Iyama and Wilson Page 27

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



179. Zeng M, Narayanan L, Xu XS, Prolla TA, Liskay RM, Glazer PM. Ionizing radiation-induced
apoptosis via separate Pms2- and p53-dependent pathways. Cancer Res. 2000; 60:4889–4893.
[PubMed: 10987303]

180. Bohgaki T, Bohgaki M, Hakem R. DNA double-strand break signaling and human disorders.
Genome Integr. 2010; 1:15. [PubMed: 21054854]

181. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature. 2009;
461:1071–1078. [PubMed: 19847258]

182. O’Driscoll M, Gennery AR, Seidel J, Concannon P, Jeggo PA. An overview of three new
disorders associated with genetic instability: LIG4 syndrome, RS-SCID and ATR-Seckel
syndrome. DNA Repair (Amst). 2004; 3:1227–1235. [PubMed: 15279811]

183. Sharpless NE, Ferguson DO, O’Hagan RC, Castrillon DH, Lee C, Farazi PA, Alson S, Fleming J,
Morton CC, Frank K, Chin L, Alt FW, DePinho RA. Impaired nonhomologous end-joining
provokes soft tissue sarcomas harboring chromosomal translocations, amplifications, and
deletions. Mol Cell. 2001; 8:1187–1196. [PubMed: 11779495]

184. D’Amours D, Jackson SP. The Mre11 complex: at the crossroads of dna repair and checkpoint
signalling. Nat Rev Mol Cell Biol. 2002; 3:317–327. [PubMed: 11988766]

185. Difilippantonio MJ, Petersen S, Chen HT, Johnson R, Jasin M, Kanaar R, Ried T, Nussenzweig
A. Evidence for replicative repair of DNA double-strand breaks leading to oncogenic
translocation and gene amplification. J Exp Med. 2002; 196:469–480. [PubMed: 12186839]

186. Hoeijmakers JH. Genome maintenance mechanisms for preventing cancer. Nature. 2001;
411:366–374. [PubMed: 11357144]

187. Lamb NE, Sherman SL, Hassold TJ. Effect of meiotic recombination on the production of
aneuploid gametes in humans. Cytogenet Genome Res. 2005; 111:250–255. [PubMed:
16192701]

188. Stracker TH, Petrini JH. The MRE11 complex: starting from the ends. Nat Rev Mol Cell Biol.
2011; 12:90–103. [PubMed: 21252998]

189. Lavin MF. ATM and the Mre11 complex combine to recognize and signal DNA double-strand
breaks. Oncogene. 2007; 26:7749–7758. [PubMed: 18066087]

190. Lee JH, Paull TT. Activation and regulation of ATM kinase activity in response to DNA double-
strand breaks. Oncogene. 2007; 26:7741–7748. [PubMed: 18066086]

191. Lavin MF, Kozlov S. ATM activation and DNA damage response. Cell Cycle. 2007; 6:931–942.
[PubMed: 17457059]

192. Wu J, Zhang X, Zhang L, Wu CY, Rezaelan AH, Chan CH, Li JM, Wang J, Gao Y, Han F, Jeong
YS, Yuan X, Khanna KK, Jin J, Zeng YX, Lin HK. Skp2 E3 Ligase Integrates ATM Activation
and Homologous Recombination Repair by Ubiquitinating NBS1. Mol Cell. 2012

193. Sartori AA, Lukas C, Coates J, Mistrik M, Fu S, Bartek J, Baer R, Lukas J, Jackson SP. Human
CtIP promotes DNA end resection. Nature. 2007; 450:509–514. [PubMed: 17965729]

194. Yun MH, Hiom K. CtIP-BRCA1 modulates the choice of DNA double-strand-break repair
pathway throughout the cell cycle. Nature. 2009; 459:460–463. [PubMed: 19357644]

195. Shibata A, Conrad S, Birraux J, Geuting V, Barton O, Ismail A, Kakarougkas A, Meek K,
Taucher-Scholz G, Lobrich M, Jeggo PA. Factors determining DNA double-strand break repair
pathway choice in G2 phase. EMBO J. 2011; 30:1079–1092. [PubMed: 21317870]

196. Nimonkar AV, Ozsoy AZ, Genschel J, Modrich P, Kowalczykowski SC. Human exonuclease 1
and BLM helicase interact to resect DNA and initiate DNA repair. Proc Natl Acad Sci U S A.
2008; 105:16906–16911. [PubMed: 18971343]

197. Gravel S, Chapman JR, Magill C, Jackson SP. DNA helicases Sgs1 and BLM promote DNA
double-strand break resection. Genes Dev. 2008; 22:2767–2772. [PubMed: 18923075]

198. McIlwraith MJ, Van DE, Masson JY, Stasiak AZ, Stasiak A, West SC. Reconstitution of the
strand invasion step of double-strand break repair using human Rad51 Rad52 and RPA proteins.
J Mol Biol. 2000; 304:151–164. [PubMed: 11080452]

199. McIlwraith MJ, West SC. DNA repair synthesis facilitates RAD52-mediated second-end capture
during DSB repair. Mol Cell. 2008; 29:510–516. [PubMed: 18313388]

200. Benson FE, Baumann P, West SC. Synergistic actions of Rad51 and Rad52 in recombination and
DNA repair. Nature. 1998; 391:401–404. [PubMed: 9450758]

Iyama and Wilson Page 28

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



201. Jensen RB, Carreira A, Kowalczykowski SC. Purified human BRCA2 stimulates RAD51-
mediated recombination. Nature. 2010; 467:678–683. [PubMed: 20729832]

202. Kass EM, Jasin M. Collaboration and competition between DNA double-strand break repair
pathways. FEBS Lett. 2010; 584:3703–3708. [PubMed: 20691183]

203. New JH, Sugiyama T, Zaitseva E, Kowalczykowski SC. Rad52 protein stimulates DNA strand
exchange by Rad51 and replication protein A. Nature. 1998; 391:407–410. [PubMed: 9450760]

204. Shinohara A, Ogawa T. Stimulation by Rad52 of yeast Rad51-mediated recombination. Nature.
1998; 391:404–407. [PubMed: 9450759]

205. Sung P. Function of yeast Rad52 protein as a mediator between replication protein A and the
Rad51 recombinase. J Biol Chem. 1997; 272:28194–28197. [PubMed: 9353267]

206. McIlwraith MJ, Vaisman A, Liu Y, Fanning E, Woodgate R, West SC. Human DNA polymerase
eta promotes DNA synthesis from strand invasion intermediates of homologous recombination.
Mol Cell. 2005; 20:783–792. [PubMed: 16337601]

207. Ip SC, Rass U, Blanco MG, Flynn HR, Skehel JM, West SC. Identification of Holliday junction
resolvases from humans and yeast. Nature. 2008; 456:357–361. [PubMed: 19020614]

208. Fekairi S, Scaglione S, Chahwan C, Taylor ER, Tissier A, Coulon S, Dong MQ, Ruse C, Yates JR
III, Russell P, Fuchs RP, McGowan CH, Gaillard PH. Human SLX4 is a Holliday junction
resolvase subunit that binds multiple DNA repair/recombination endonucleases. Cell. 2009;
138:78–89. [PubMed: 19596236]

209. Svendsen JM, Smogorzewska A, Sowa ME, O’Connell BC, Gygi SP, Elledge SJ, Harper JW.
Mammalian BTBD12/SLX4 assembles a Holliday junction resolvase and is required for DNA
repair. Cell. 2009; 138:63–77. [PubMed: 19596235]

210. Constantinou A, Tarsounas M, Karow JK, Brosh RM, Bohr VA, Hickson ID, West SC. Werner’s
syndrome protein (WRN) migrates Holliday junctions and co-localizes with RPA upon
replication arrest. EMBO Rep. 2000; 1:80–84. [PubMed: 11256630]

211. Karow JK, Constantinou A, Li JL, West SC, Hickson ID. The Bloom’s syndrome gene product
promotes branch migration of holliday junctions. Proc Natl Acad Sci U S A. 2000; 97:6504–
6508. [PubMed: 10823897]

212. Heyer WD, Ehmsen KT, Liu J. Regulation of homologous recombination in eukaryotes. Annu
Rev Genet. 2010; 44:113–139. [PubMed: 20690856]

213. San Filippo J, Sung P, Klein H. Mechanism of eukaryotic homologous recombination. Annu Rev
Biochem. 2008; 77:229–257. [PubMed: 18275380]

214. Schneider L, Fumagalli M, d’ Adda di FF. Terminally differentiated astrocytes lack DNA damage
response signaling and are radioresistant but retain DNA repair proficiency. Cell Death Differ.
2012; 19:582–591. [PubMed: 21979466]

215. Lee Y, McKinnon PJ. Responding to DNA double strand breaks in the nervous system.
Neuroscience. 2007; 145:1365–1374. [PubMed: 16934412]

216. Van DE, Stasiak AZ, Stasiak A, West SC. Visualization of recombination intermediates produced
by RAD52-mediated single-strand annealing. EMBO Rep. 2001; 2:905–909. [PubMed:
11571269]

217. Grimme JM, Honda M, Wright R, Okuno Y, Rothenberg E, Mazin AV, Ha T, Spies M. Human
Rad52 binds and wraps single-stranded DNA and mediates annealing via two hRad52-ssDNA
complexes. Nucleic Acids Res. 2010; 38:2917–2930. [PubMed: 20081207]

218. Rothenberg E, Grimme JM, Spies M, Ha T. Human Rad52-mediated homology search and
annealing occurs by continuous interactions between overlapping nucleoprotein complexes. Proc
Natl Acad Sci U S A. 2008; 105:20274–20279. [PubMed: 19074292]

219. Lieber MR. The mechanism of double-strand DNA break repair by the nonhomologous DNA
end-joining pathway. Annu Rev Biochem. 2010; 79:181–211. [PubMed: 20192759]

220. Soulas-Sprauel P, Rivera-Munoz P, Malivert L, Le GG, Abramowski V, Revy P, de Villartay JP.
V(D)J and immunoglobulin class switch recombinations: a paradigm to study the regulation of
DNA end-joining. Oncogene. 2007; 26:7780–7791. [PubMed: 18066091]

221. Rai R, Li JM, Zheng H, Lok GT, Deng Y, Huen MS, Chen J, Jin J, Chang S. The E3 ubiquitin
ligase Rnf8 stabilizes Tpp1 to promote telomere end protection. Nat Struct Mol Biol. 2011;
18:1400–1407. [PubMed: 22101936]

Iyama and Wilson Page 29

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



222. Deng Y, Guo X, Ferguson DO, Chang S. Multiple roles for MRE11 at uncapped telomeres.
Nature. 2009; 460:914–918. [PubMed: 19633651]

223. Guo X, Deng Y, Lin Y, Cosme-Blanco W, Chan S, He H, Yuan G, Brown EJ, Chang S.
Dysfunctional telomeres activate an ATM-ATR-dependent DNA damage response to suppress
tumorigenesis. EMBO J. 2007; 26:4709–4719. [PubMed: 17948054]

224. Denchi EL, de LT. Protection of telomeres through independent control of ATM and ATR by
TRF2 and POT1. Nature. 2007; 448:1068–1071. [PubMed: 17687332]

225. Takata M, Sasaki MS, Sonoda E, Morrison C, Hashimoto M, Utsumi H, Yamaguchi-Iwai Y,
Shinohara A, Takeda S. Homologous recombination and non-homologous end-joining pathways
of DNA double-strand break repair have overlapping roles in the maintenance of chromosomal
integrity in vertebrate cells. EMBO J. 1998; 17:5497–5508. [PubMed: 9736627]

226. Delacote F, Lopez BS. Importance of the cell cycle phase for the choice of the appropriate DSB
repair pathway, for genome stability maintenance: the trans-S double-strand break repair model.
Cell Cycle. 2008; 7:33–38. [PubMed: 18196958]

227. Getts RC, Stamato TD. Absence of a Ku-like DNA end binding activity in the xrs double-strand
DNA repair-deficient mutant. J Biol Chem. 1994; 269:15981–15984. [PubMed: 8206892]

228. Rathmell WK, Chu G. A DNA end-binding factor involved in double-strand break repair and
V(D)J recombination. Mol Cell Biol. 1994; 14:4741–4748. [PubMed: 7516471]

229. Taccioli GE, Gottlieb TM, Blunt T, Priestley A, Demengeot J, Mizuta R, Lehmann AR, Alt FW,
Jackson SP, Jeggo PA. Ku80: product of the XRCC5 gene and its role in DNA repair and V(D)J
recombination. Science. 1994; 265:1442–1445. [PubMed: 8073286]

230. Ma Y, Pannicke U, Schwarz K, Lieber MR. Hairpin opening and overhang processing by an
Artemis/DNA-dependent protein kinase complex in nonhomologous end joining and V(D)J
recombination. Cell. 2002; 108:781–794. [PubMed: 11955432]

231. Koch CA, Agyei R, Galicia S, Metalnikov P, O’Donnell P, Starostine A, Weinfeld M, Durocher
D. Xrcc4 physically links DNA end processing by polynucleotide kinase to DNA ligation by
DNA ligase IV. EMBO J. 2004; 23:3874–3885. [PubMed: 15385968]

232. Chappell C, Hanakahi LA, Karimi-Busheri F, Weinfeld M, West SC. Involvement of human
polynucleotide kinase in double-strand break repair by non-homologous end joining. EMBO J.
2002; 21:2827–2832. [PubMed: 12032095]

233. Andrade P, Martin MJ, Juarez R, Lopez de SF, Blanco L. Limited terminal transferase in human
DNA polymerase mu defines the required balance between accuracy and efficiency in NHEJ.
Proc Natl Acad Sci U S A. 2009; 106:16203–16208. [PubMed: 19805281]

234. Capp JP, Boudsocq F, Bertrand P, Laroche-Clary A, Pourquier P, Lopez BS, Cazaux C,
Hoffmann JS, Canitrot Y. The DNA polymerase lambda is required for the repair of non-
compatible DNA double strand breaks by NHEJ in mammalian cells. Nucleic Acids Res. 2006;
34:2998–3007. [PubMed: 16738138]

235. Ahnesorg P, Smith P, Jackson SP. XLF interacts with the XRCC4-DNA ligase IV complex to
promote DNA nonhomologous end-joining. Cell. 2006; 124:301–313. [PubMed: 16439205]

236. Goodarzi AA, Jeggo PA. The heterochromatic barrier to DNA double strand break repair: how to
get the entry visa. Int J Mol Sci. 2012; 13:11844–11860. [PubMed: 23109886]

237. McVey M, Lee SE. MMEJ repair of double-strand breaks (director’s cut): deleted sequences and
alternative endings. Trends Genet. 2008; 24:529–538. [PubMed: 18809224]

238. Symington LS, Gautier J. Double-strand break end resection and repair pathway choice. Annu
Rev Genet. 2011; 45:247–271. [PubMed: 21910633]

239. Boboila C, Oksenych V, Gostissa M, Wang JH, Zha S, Zhang Y, Chai H, Lee CS, Jankovic M,
Saez LM, Nussenzweig MC, McKinnon PJ, Alt FW, Schwer B. Robust chromosomal DNA
repair via alternative end-joining in the absence of X-ray repair cross-complementing protein 1
(XRCC1). Proc Natl Acad Sci U S A. 2012; 109:2473–2478. [PubMed: 22308491]

240. Saribasak H, Maul RW, Cao Z, McClure RL, Yang W, McNeill DR, Wilson DM III, Gearhart PJ.
XRCC1 suppresses somatic hypermutation and promotes alternative nonhomologous end joining
in Igh genes. J Exp Med. 2011; 208:2209–2216. [PubMed: 21967769]

Iyama and Wilson Page 30

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



241. Audebert M, Salles B, Calsou P. Involvement of poly(ADP-ribose) polymerase-1 and XRCC1/
DNA ligase III in an alternative route for DNA double-strand breaks rejoining. J Biol Chem.
2004; 279:55117–55126. [PubMed: 15498778]

242. Della-Maria J, Zhou Y, Tsai MS, Kuhnlein J, Carney JP, Paull TT, Tomkinson AE. Human
Mre11/human Rad50/Nbs1 and DNA ligase IIIalpha/XRCC1 protein complexes act together in
an alternative nonhomologous end joining pathway. J Biol Chem. 2011; 286:33845–33853.
[PubMed: 21816818]

243. Difilippantonio MJ, Zhu J, Chen HT, Meffre E, Nussenzweig MC, Max EE, Ried T, Nussenzweig
A. DNA repair protein Ku80 suppresses chromosomal aberrations and malignant transformation.
Nature. 2000; 404:510–514. [PubMed: 10761921]

244. Riballo E, Critchlow SE, Teo SH, Doherty AJ, Priestley A, Broughton B, Kysela B, Beamish H,
Plowman N, Arlett CF, Lehmann AR, Jackson SP, Jeggo PA. Identification of a defect in DNA
ligase IV in a radiosensitive leukaemia patient. Curr Biol. 1999; 9:699–702. [PubMed:
10395545]

245. Wang H, Rosidi B, Perrault R, Wang M, Zhang L, Windhofer F, Iliakis G. DNA ligase III as a
candidate component of backup pathways of nonhomologous end joining. Cancer Res. 2005;
65:4020–4030. [PubMed: 15899791]

246. Wang M, Wu W, Wu W, Rosidi B, Zhang L, Wang H, Iliakis G. PARP-1 and Ku compete for
repair of DNA double strand breaks by distinct NHEJ pathways. Nucleic Acids Res. 2006;
34:6170–6182. [PubMed: 17088286]

247. Sallmyr A, Tomkinson AE, Rassool FV. Up-regulation of WRN and DNA ligase IIIalpha in
chronic myeloid leukemia: consequences for the repair of DNA double-strand breaks. Blood.
2008; 112:1413–1423. [PubMed: 18524993]

248. Moshous D, Callebaut I, de CR, Corneo B, Cavazzana-Calvo M, Le DF, Tezcan I, Sanal O,
Bertrand Y, Philippe N, Fischer A, de Villartay JP. Artemis, a novel DNA double-strand break
repair/V(D)J recombination protein, is mutated in human severe combined immune deficiency.
Cell. 2001; 105:177–186. [PubMed: 11336668]

249. O’Driscoll M, Cerosaletti KM, Girard PM, Dai Y, Stumm M, Kysela B, Hirsch B, Gennery A,
Palmer SE, Seidel J, Gatti RA, Varon R, Oettinger MA, Neitzel H, Jeggo PA, Concannon P.
DNA ligase IV mutations identified in patients exhibiting developmental delay and
immunodeficiency. Mol Cell. 2001; 8:1175–1185. [PubMed: 11779494]

250. Buck D, Malivert L, de CR, Barraud A, Fondaneche MC, Sanal O, Plebani A, Stephan JL,
Hufnagel M, Le DF, Fischer A, Durandy A, de Villartay JP, Revy P. Cernunnos, a novel
nonhomologous end-joining factor, is mutated in human immunodeficiency with microcephaly.
Cell. 2006; 124:287–299. [PubMed: 16439204]

251. Hakem R. DNA-damage repair; the good the bad, and the ugly. EMBO J. 2008; 27:589–605.
[PubMed: 18285820]

252. Li G, Alt FW, Cheng HL, Brush JW, Goff PH, Murphy MM, Franco S, Zhang Y, Zha S.
Lymphocyte-specific compensation for XLF/cernunnos end-joining functions in V(D)J
recombination. Mol Cell. 2008; 31:631–640. [PubMed: 18775323]

253. Gao Y, Sun Y, Frank KM, Dikkes P, Fujiwara Y, Seidl KJ, Sekiguchi JM, Rathbun GA, Swat W,
Wang J, Bronson RT, Malynn BA, Bryans M, Zhu C, Chaudhuri J, Davidson L, Ferrini R,
Stamato T, Orkin SH, Greenberg ME, Alt FW. A critical role for DNA end-joining proteins in
both lymphogenesis and neurogenesis. Cell. 1998; 95:891–902. [PubMed: 9875844]

254. Shull ER, Lee Y, Nakane H, Stracker TH, Zhao J, Russell HR, Petrini JH, McKinnon PJ.
Differential DNA damage signaling accounts for distinct neural apoptotic responses in ATLD
and NBS. Genes Dev. 2009; 23:171–180. [PubMed: 19171781]

255. Orii KE, Lee Y, Kondo N, McKinnon PJ. Selective utilization of nonhomologous end-joining and
homologous recombination DNA repair pathways during nervous system development. Proc Natl
Acad Sci U S A. 2006; 103:10017–10022. [PubMed: 16777961]

256. Barnes DE, Stamp G, Rosewell I, Denzel A, Lindahl T. Targeted disruption of the gene encoding
DNA ligase IV leads to lethality in embryonic mice. Curr Biol. 1998; 8:1395–1398. [PubMed:
9889105]

Iyama and Wilson Page 31

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



257. Lee Y, Barnes DE, Lindahl T, McKinnon PJ. Defective neurogenesis resulting from DNA ligase
IV deficiency requires Atm. Genes Dev. 2000; 14:2576–2580. [PubMed: 11040211]

258. Gatz SA, Ju L, Gruber R, Hoffmann E, Carr AM, Wang ZQ, Liu C, Jeggo PA. Requirement for
DNA ligase IV during embryonic neuronal development. J Neurosci. 2011; 31:10088–10100.
[PubMed: 21734301]

259. Baleriola J, Suarez T, de la Rosa EJ. DNA-PK promotes the survival of young neurons in the
embryonic mouse retina. Cell Death Differ. 2010; 17:1697–1706. [PubMed: 20448641]

260. Gu Y, Sekiguchi J, Gao Y, Dikkes P, Frank K, Ferguson D, Hasty P, Chun J, Alt FW. Defective
embryonic neurogenesis in Ku-deficient but not DNA-dependent protein kinase catalytic subunit-
deficient mice. Proc Natl Acad Sci U S A. 2000; 97:2668–2673. [PubMed: 10716994]

261. Culmsee C, Bondada S, Mattson MP. Hippocampal neurons of mice deficient in DNA-dependent
protein kinase exhibit increased vulnerability to DNA damage, oxidative stress and
excitotoxicity. Brain Res Mol Brain Res. 2001; 87:257–262. [PubMed: 11245929]

262. Neema M, Navarro-Quiroga I, Chechlacz M, Gilliams-Francis K, Liu J, Lamonica K, Lin SL,
Naegele JR. DNA damage and nonhomologous end joining in excitotoxicity: neuroprotective
role of DNA-PKcs in kainic acid-induced seizures. Hippocampus. 2005; 15:1057–1071.
[PubMed: 16216017]

263. Meulle A, Salles B, Daviaud D, Valet P, Muller C. Positive regulation of DNA double strand
break repair activity during differentiation of long life span cells: the example of adipogenesis.
PLoS One. 2008; 3:e3345. [PubMed: 18846213]

264. Aamann MD, Sorensen MM, Hvitby C, Berquist BR, Muftuoglu M, Tian J, de Souza-Pinto NC,
Scheibye-Knudsen M, Wilson DM III, Stevnsner T, Bohr VA. Cockayne syndrome group B
protein promotes mitochondrial DNA stability by supporting the DNA repair association with the
mitochondrial membrane. FASEB J. 2010; 24:2334–2346. [PubMed: 20181933]

265. Berquist BR, Canugovi C, Sykora P, Wilson DM III, Bohr VA. Human Cockayne syndrome B
protein reciprocally communicates with mitochondrial proteins and promotes transcriptional
elongation. Nucleic Acids Res. 2012

266. Das BB, Dexheimer TS, Maddali K, Pommier Y. Role of tyrosyl-DNA phosphodiesterase (TDP1)
in mitochondria. Proc Natl Acad Sci U S A. 2010; 107:19790–19795. [PubMed: 21041670]

267. Mandal SM, Hegde ML, Chatterjee A, Hegde PM, Szczesny B, Banerjee D, Boldogh I, Gao R,
Falkenberg M, Gustafsson CM, Sarkar PS, Hazra TK. Role of human DNA glycosylase Nei-like
2 (NEIL2) and single strand break repair protein polynucleotide kinase 3’-phosphatase in
maintenance of mitochondrial genome. J Biol Chem. 2012; 287:2819–2829. [PubMed:
22130663]

268. Tahbaz N, Subedi S, Weinfeld M. Role of polynucleotide kinase/phosphatase in mitochondrial
DNA repair. Nucleic Acids Res. 2012; 40:3484–3495. [PubMed: 22210862]

269. Liu P, Demple B. DNA repair in mammalian mitochondria: Much more than we thought?
Environ Mol Mutagen. 2010; 51:417–426. [PubMed: 20544882]

270. Gredilla R, Bohr VA, Stevnsner T. Mitochondrial DNA repair and association with aging--an
update. Exp Gerontol. 2010; 45:478–488. [PubMed: 20096766]

Abbreviations

AOA1 ataxia with ocular motor apraxia 1

AP apurinic/apyrimidinic

APE1 AP endonuclease 1

APTX aprataxin

ATM ataxia telangiectasia mutated

CPDs cyclobutane pyrimidine dimers

CS Cockayne syndrome
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CSR class switch recombination

DAR transcription domains-associated repair

DNA-PKcs DNA-dependent protein kinase catalytic subunit

dRP deoxyribose-5-phosphate

DSBR DNA double strand break repair

ERCC1 excision repair cross complementing 1

FEN1 flap endonuclease 1

GG-NER global genome-NER

HNPCC hereditary nonpolyposis colorectal cancer

HR homologous recombination

IR ionizing radiation

MAP MUTYH-associated polyposis

MCSZ microcephaly with early-onset, intractable seizures and developmental delay

MGMT O6-methylguanine-DNA methyltransferase

MMR mismatch repair

MPG N-methylpurine-DNA glycosylase

MUTYH human mutY homolog

NEIL1 endonuclease VIII-like 1

NER nucleotide excision repair

NHEJ nonhomologous end joining

NTH1 endonuclease III-like 1

NSC neural stem cells

OGG1 8-oxoguanine DNA glycosylase

PARP1 poly(ADP-ribose) polymerase-1

PCNA proliferating cellular nuclear antigen

PG phosphoglycolate

PNKP polynucleotide kinase 3’-phosphatase

Pol β DNA polymerase β

RFC replication factor C

RNAP RNA polymerase

RPA replication protein A

SCAN1 spinocerebellar ataxia with axonal neuropathy-1

SCID severe combined immunodeficient

SDSA synthesis-dependent strand annealing

SSA single-strand annealing

SSBR DNA single strand break repair

Iyama and Wilson Page 33

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SSBs DNA single strand breaks

TC-NER transcription-coupled NER

TDP1 tyrosyl-DNA phosphodiesterase 1

TFIIH transcription factor II H

TOP1 topoisomerase 1

Top1cc Top1 cleavage complex

TTD trichothiodystrophy

UNG uracil-DNA glycosylase

XP xeroderma pigmentosum

XRCC1 X-ray repair cross-complementing protein 1

PUA phospho-α,β-unsaturated aldehyde

6-4PPs pyrimidine-(6,4)-pyrimidone photoproducts
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Highlights

A review of the contribution of the different DNA repair mechanisms in dividing and
non-dividing cells is provided.

The most recent findings on the molecular mechanisms of DNA repair in
proliferating and terminally-differentiated brain cells are described.

The relationship between a deficiency in a particular DNA repair pathway and
human disease, with an emphasis on neuropathologies, is reviewed.
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Figure 1. DNA damage and repair responses
DNA repair pathways (top) and examples of corresponding DNA damage (bottom). The
detailed molecular mechanisms for the repair responses are provided in text. APTX,
aprataxin; BER, base exicision repair; DSBR, DNA double strand break repair; HR,
homologous recombination; MGMT, O6-methylguanine-DNA methyltransferase; MMR,
mismatch repair; NER, nucleotide excision repair; NHEJ, nonhomologous end joining;
PNKP, polynucleotide kinase 3’-phosphatase; SSBR, DNA single strand break repair; SSBs,
DNA single strand breaks; TC-NER, transcription-coupled NER; TDP1, tyrosyl-DNA
phosphodiesterase 1; G-Me, O6-Methylguanine; TˆT, thymine dimer; I, inosine; U, uracil;
Go, 8-oxoguanine.
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Figure 2. Nucleotide excision repair pathways
Two subpathways of mammalian NER: GG-NER and TC-NER. (i) XPC-RAD23B
recognizes DNA damage-induced structural change as the initiation step of GG-NER. TC-
NER is initiated by stalling of an elongating RNAP at a blocking lesion on the transcribed
strand within an active gene. After these initial recognition steps, GG-NER and TC-NER
pathways involve many of the same protein components. (ii) Following recognition, the
TFIIH complex is recruited. Through the activity of the helicase subunits, XPB and XPD,
TFIIH promotes opening of the DNA duplex around the lesion, facilitating recruitment of
XPA and RPA. (iii) The XPF–ERCC1 complex is recruited to the lesion via a direct
interaction with XPA, while XPG is specifically engaged through an interaction with TFIIH.
The two endonucleases, XPF–ERCC1 and XPG, are responsible for carrying out incision 5’

Iyama and Wilson Page 37

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and 3’, respectively, to the DNA damage. (iv) After dual incision and removal of the
damage-containing oligonucleotide fragment, a DNA polymerase carries out gap-filling
repair synthesis in cooperation with RFC and PCNA. (v) Finally, the nick is sealed by either
XRCC1–LIG3α or a FEN1–LIG1 complex. CAK, the cyclin-dependent kinase (CDK)-
activating kinase; GG-NER, global genome-NER; RFC, replication factor C; RPA,
replication protein A; TC-NER, transcription-coupled NER; TFIIH, transcription factor II H.
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Figure 3. Base excision repair pathways
In BER, base damage is recognized and removed by a lesion-specific DNA glycosylase.
Monofunctional DNA glycosylases include UNG and MPG, whereas bifunctional DNA
glycosylases are OGG1, MUTYH, NTH1 and NEIL1. The monofunctional DNA
glycosylases create an AP site by removing the substrate base. Such AP sites are incised by
APE1, creating a 5’-dRP and 3’-OH strand break product. Pol β removes the 5’-dRP moiety
via an intrinsic lyase activity. Bifunctional DNA glycosylases excise a damaged base, and
can also incise the DNA backbone immediately 3’ to the AP site product and produce a SSB
with a 3’-PUA or 3’-P, respectively. APE1 removes the 3’-PUA residue, while PNKP
excises the 3’-P moiety. TOP1cc can be removed by TDP1, leaving behind a 3′-P and 5′-
OH terminus; both ends of this SSB are converted by PNKP to 3′-OH and 5′-P. APTX
processes 5’-AMP groups, resulting from a failed DNA ligation event, to normal 5’-P ends
at nicks or breaks. After creating the 3’-OH and 5’-P termini at a SSB, SP- or LP-BER
performs repair synthesis and ligation. In SP-BER, Pol β replaces the missing nucleotide and
the XRCC1 LIG3α complex seal the nick. In LP-BER, Pol δ/ε, RFC and PCNA incorporate
2–13 nucleotides and then FEN1–LIG1 completes the repair process. AMP, adenosine
monophosphate; AP, apurinic/apyrimidinic; APE1, AP endonuclease 1; APTX, aprataxin;
FEN1, flap endonuclease 1; LIG1, DNA ligase I; LIG3, DNA ligase III; MPG, N-
methylpurine-DNA glycosylase; MUTYH, mutY homolog; NEIL1, endonuclease VIII-like
1; NTH1, endonuclease III-like 1; OGG1, 8-oxoguanine DNA glycosylase; PCNA,
proliferating cellular nuclear antigen; PG, phosphoglycolate; PNKP, polynucleotide kinase
3’-phosphatase; Pol β, polymerase β; SSBR, DNA single strand break repair; SSBs, DNA
single strand breaks; TDP1, tyrosyl-DNA phosphodiesterase 1; TOP1, topoisomerase 1;
Top1cc, Top1 cleavage complex; UNG, uracil-DNA glycosylase; 3’-PUA, 3’-phospho-α,β-
unsaturated aldehyde.
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Figure 4. Recombination pathways
DSBR is divided into two major pathways: HR and NHEJ. HR operates in dividing cells and
in S phase, whereas NHEJ can function in both dividing and non-dividing cells and
independent of cell cycle. HR has been proposed to be initiated by recognition of the DSB
by the MRN complex (MRE11-RAD50-NBS1). The MRN complex associates with CtIP,
which initiates 5′–3′ end resection to create the 3′ ssDNA overhang. Further resection is
carried out by exonucleases (possibly EXO1), and the resulting ssDNA is stabilized by
binding of RPA. RAD52 is recruited to RPA. The RAD51-BRCA2 complex then replaces
the RAD52-RPA complex to form RAD51 nucleoprotein filaments, whereas, in SSA, RPA
and RAD52 carry out the recombination process in a RAD51-independent manner. RAD51-
coated ssDNA enables strand invasion of the intact homologous DNA region. In classic
DSBR, the second DSB end can be captured by the D-loop to form an intermediate with
double Holliday junctions, which can result in a non-crossover (cleavage at blue arrows) or a
crossover (cleavage at blue arrows on one side and red arrows on other side) products. In
SDSA, the newly synthesized strand is displaced to permit annealing to the other DSB end,
resulting in a non-crossover product. NHEJ is initiated by recognition of the DSB ends by

Iyama and Wilson Page 40

DNA Repair (Amst). Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the Ku (Ku70/Ku80) complex, followed by recruitment of DNA-PKcs. DNA-PKcs activates
Artemis, which generates terminal overhangs prior to ligation. To complete the process,
DNA synthesis is performed to fill-in the gaps and end joining is carried out by XRCC4–
LIG4 in collaboration with XLF. CtIP, C-terminal binding protein-interacting protein; DNA-
PKcs, DNA-dependent protein kinase catalytic subunit; DSBR, DNA double strand break
repair; HR, homologous recombination; NHEJ, nonhomologous end joining; SDSA,
synthesis-dependent strand annealing; SSA, single-strand annealing; XRCC4, X-ray repair
cross-complementing protein 4.
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