
Pathways for Repairing and Tolerating the Spectrum of
Oxidative DNA Lesions

Brian R. Berquist1 and David M. Wilson III2,*

1Department of Molecular and Cellular Medicine, College of Medicine, Texas A&M Health
Science Center, 455 Reynolds Medical Building, College Station, TX, 77843
2Laboratory of Molecular Gerontology, National Institute on Aging, National Institutes of Health,
251 Bayview Blvd., Baltimore, MD 21224

Abstract
Reactive oxygen species (ROS) arise from both endogenous and exogenous sources. These
reactive molecules possess the ability to damage both the DNA nucleobases and the sugar
phosphate backbone, leading to a wide spectrum of lesions, including non-bulky (8-oxoguanine
and formamidopyrimidine) and bulky (cyclopurine and etheno adducts) base modifications, abasic
sites, non-conventional single-strand breaks, protein-DNA adducts, and intra/interstrand DNA
crosslinks. Unrepaired oxidative DNA damage can result in bypass mutagenesis during genome
copying or gene expression, or blockage of the essential cellular processes of DNA replication or
transcription. Such outcomes underlie numerous pathologies, including, but not limited to,
carcinogenesis and neurodegeneration, as well as the aging process. Cells have adapted and
evolved defense systems against the deleterious effects of ROS, and specifically devote a number
of cellular DNA repair and tolerance pathways to combat oxidative DNA damage. Defects in these
protective pathways trigger hereditary human diseases that exhibit increased cancer incidence,
developmental defects, neurological abnormalities, and/or premature aging. We review herein
classic and atypical oxidative DNA lesions, outcomes of encountering these damages during DNA
replication and transcription, and the consequences of losing the ability to repair the different
forms of oxidative DNA damage. We particularly focus on the hereditary human diseases
Xeroderma Pigmentosum, Cockayne Syndrome and Fanconi Anemia, which may involve defects
in the efficient repair of oxidative modifications to chromosomal DNA.
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Introduction
Reactive oxygen species (ROS) are thought to be a major driving force in human aging,
disease, and carcinogenesis, and arise from both endogenous and exogenous sources.
Normal cellular metabolism via oxidative phosphorylation by mitochondria [1], breakdown
of long chain fatty acids by peroxisomes [2], and defense mechanisms employed by
inflammatory cells (e.g., neutrophils, eosinophils, and macrophages) [3] are major sources
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of endogenous ROS. Ionizing radiation (IR), ultraviolet (UV) light, chemicals agents in food
and the environment, and chemotherapeutics are exogenous agents that can induce ROS
formation either through direct or indirect mechanisms. ROS are deleterious as they are
highly reactive and can damage carbohydrates, proteins, lipids, and nucleic acids (DNA and
RNA). Damage to nucleic acid, namely genomic DNA, is particularly detrimental, with
modification occurring to both the nucleobases and the sugar phosphate backbone. Cells
devote extensive resources to prevent (the so-called anti-oxidant defenses) and correct DNA
damage caused by ROS. Base excision repair (BER), nucleotide excision repair (NER),
strand break (single- and double-stranded) repair, homologous recombination (HR), and
interstrand crosslink (ICL) repair pathways all act to remedy ROS-induced DNA damage,
maintain genetic information, and genomic stability (Figure 1).

Classic oxidative DNA damage (non-bulky lesions)
Oxidative damage to DNA is thought mainly to involve modification of the nucleobases,
generating primarily non-helix distorting (or non-bulky) lesions. All four nucleobases are
susceptible to reaction with ROS, in particular the hydroxyl radical. Guanine is the most
easily oxidized base [4] and produces principally 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-
oxoG) [5] and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (fapyG) [6]. Oxidation of
adenine produces similar lesion types: 8-Oxo-7,8-dihydro-2′-deoxyadenosine (8-oxoA) and
4,6-diamino-5-formamidopyrimidine (fapyA) [7]. Free radical attack of cytosine produces
cytosine glycol, which readily deaminates to form uracil glycol or dehydrates to form 5-
hydroxycytosine [8]. Further deamination of 5-hydroxycytosine yields the 5-hydroxyuracil
(5- OHU) base lesion [9]. Thymine oxidation yields thymine glycol (Tg), 5,6-
dihydroxythymine [10], 5-hydroxymethyluracil, and 5-formyluracil [11; 12]. One important
intermediate formed by either the action of a DNA repair glycosylase, which can excise a
non-bulky base modification as part of BER (see later), or spontaneous hydrolysis of a
normal or damaged nucleobase is an apurinic/apyrimidinic (AP) site [13]. In addition, direct
free radical attack of the sugar ring of the DNA backbone can lead to the formation of
oxidized AP sites, namely 2-deoxyribonolactone [14] and 2-deoxypentos-4-ulose [15], or
single-strand breaks (SSBs) harboring non-conventional termini, such as a 3′-phosphate or
3′-phosphoglycolate [16].

“Atypical” oxidative DNA damage (“bulky” lesions)
Modification of nucleobases to yield helix distorting (or bulky) modified bases can occur via
reactions with the hydroxyl radical or breakdown products of lipid peroxides. For example,
tandem base lesions can arise through free radical attack of the C5 or C6 atoms of
pyrimidine nucleobases, generating pyrimidine radicals that can attack a neighboring purine
nucleobase to yield intrastrand nucleobase-nucleobase crosslinks [17]. Another group of
atypical lesions caused by hydroxyl radical reactions are the 8,5′-cyclopurine-2′-
deoxynucleosides [18]. Hydroxyl radical attack of the C5′ of 2-deoxy-adenosine or -
guanosine, followed by attack of the C5′ radical at the C8 position results in C5′-C8
cyclization and formation of either 8,5′-cyclo-2-deoxyadenosine (cycloA) or 8-5′-cyclo-2-
deoxyguanosine (cycloG), respectively. The covalent C5′-C8 bond causes sugar pucker
[19], which changes the phosphodiester bond torsion angles, weakens the Watson-Crick
hydrogen bonding, and disrupts the DNA helix near the lesion.

Endogenous aldehydes are formed by oxidative stress and lipid peroxidation, and can
generate a wide range of DNA adducts. Such aldehydes can induce damage through direct
interaction with the nucleobases, producing additional reactive intermediates. For example,
4-hydroxynonenal (4-HNE), an α,β unsaturated aldehyde, interacts with nucleobases to
form etheno adducts, including N3-(3-oxypropyl)-guanine, as well as the cyclic adducts
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1,N2- ethenoguanine (1,N2- ethenoG), 1,N6 ethanoadenine (1,N6 ethanoA), and 3,N4

ethenocytidine [20]. One of the 4-HNE 1,N2-guanosine adducts (6S,8R,11S) is capable of
forming a DNA ICL through ring opening [21]. In addition, 4-Oxo-2-nonenal, another
aldehyde generated by oxidation of polyunsaturated fatty acids, acts on purine nucleobases
to create heptanone etheno-deoxypurine adducts [22]. Malondialdehyde (MDA), yet another
endogenous lipid-derived reactive species, interacts with deoxyguanosine to form the cyclic
1,N2-G pyrimidopurinone, which converts to a ring open form (N2-(3-oxo-1-propentyl)-2′-
guanine) when opposite cytidine. MDA can also react with adenine and cytidine to produce
non-cyclic oxypropenyl adducts [23]. Acrolein, an α,β unsaturated aldehyde that is
generated endogenously and is an environmental contaminant, forms cyclic 1,N2-3-
hydroxypropano-guanine (1,N2-3-hydroxypropanoG) lesions, which have the ability to form
DNA intrastrand crosslinks, ICLs in CpG sequence contexts, as well as protein-DNA
crosslinks [24]. Finally, crotonaldehyde reacts with DNA to form α-methyl-γ-hydroxyl-1,
N2-propano-guanine adducts that adopt an open ring configuration in double-stranded DNA
that can react to generate ICLs [25].

Formaldehyde (FA), found in many exogenous sources and produced as a byproduct during
metabolism, leads primarily to the formation of protein-DNA crosslink adducts through the
establishment of a methylene bridge between deoxy-adenine, -guanine, or -cytidine of DNA
and a lysine, histidine, cysteine or tryptophan residue within the protein. FA also interacts
with DNA to form N6-methylene-adenine adducts and deoxyadenosine-methylene-
deoxyadenosine DNA intrastrand crosslinks, as well as reacts with guanine to produce N2-
hydroxymethyl -guanine and deoxyguanosine-deoxyguanosine DNA intrastrand crosslinks.

DNA and RNA polymerase action at oxidatively generated lesions
Oxidative DNA damage, regardless of its chemical complexity, has the potential, if left
unrepaired, to adversely affect the essential biological processes of DNA replication and
RNA transcription, leading to genome destabilization and gene expression defects that can
promote cellular transformation or programmed cell death. For damage encountered by
DNA polymerases during genome duplication, several scenarios can occur: (i) replicative
polymerases are not blocked by the lesion and insert the correct nucleotide opposite (faithful
replication), (ii) replicative polymerases are not blocked by the lesion, but insert the
incorrect nucleotide opposite, leading to permanent genetic mutations that can drive
oncogenesis, (iii) replicative polymerases are blocked by the lesion, yet specialized
translesion DNA polymerases are recruited to facilitate bypass synthesis of the damage, and
(iv) replicative polymerases are blocked by the lesion, resulting in a collapsed replication
fork, which needs to be resolved by HR to prevent genetic instability.

Three polymerases, all of which are members of the B-family, are thought to act as the main
mammalian replicative DNA polymerases for genome duplication during cell division
(Polα, Polδ, and Polε). The remainder of the eukaryotic DNA polymerases, which are
members of the A, B, Y, and X families, are thought to be principally involved in translesion
synthesis and/or DNA repair. In some instances, translesion synthesis (scenario “iii” above)
can occur faithfully, though in many situations, it is a mutagenic event. In this section, we
review the most likely outcome for various DNA polymerases should a specific lesion be
encountered on the template strand during DNA replication. A majority of the data reported
below derives from in vitro reconstituted systems using human DNA polymerases
(summarized in Table 1).

The replicative DNA polymerases are able to bypass classic non-bulky lesions like 8-oxoG,
inserting an A or C opposite and then extending past the lesion [26; 27; 28]. Repair
polymerase Polβ correctly inserts C opposite the 8-oxoG lesion and can also extend past
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[29]. REV1 can insert a C opposite 8-oxoG [30]. Translesion polymerases Polη, Polλ, Polκ,
and Polι insert A, C, or G opposite 8- oxoG and proceed past [31], Polμ inserts A opposite
and extends past [32], while Polζ inefficiently inserts opposite 8-oxoG, but efficiently
extends past the lesion if insertion has occurred opposite [33]. At a Tg lesion, which can
alter the DNA helical structure, Polα inserts A opposite, but does not extend past the
damage [34]. Polβ inefficiently inserts any of the four nucleotides opposite Tg [35], with no
extension past. Polη [36], Polκ [37; 38], Polλ [35], Polθ [39], and Polν [40] efficiently
insert opposite Tg (typically A) and extend past the base modification, and Polζ can extend
past Tg after insertion of a nucleotide by a different DNA polymerase [38]. Polι efficiently
inserts T, G, or C opposite 5-OHU and extends past the base lesion [41]. AP sites pose
potent blocks for the replicative DNA polymerases α and δ, though they can insert A
opposite the lesion with low efficiency. AP sites impede extension by Polι, Polκ, and REV1
after insertion of a nucleotide opposite (T, G, or A; A; C, respectively) [42], while Polη and
Polμ [32] are able to bypass an AP site.

In general, bulky base modifications pose blocks for the replicative DNA polymerases, and
thus, most experimental efforts have focused on the action of translesion/repair polymerases
at these lesion types (Table 1). Polη can effectively bypass an intrastrand crosslink and
incorporate the correct nucleotides opposite each crosslinked base [43]. CycloA poses a
particular problem, as only the R diastereomer has been found to be efficiently bypassed,
specifically by Polη, which incorporates primarily A opposite, but requires a seldom
incorporated T opposite for further extension to occur. The S diastereomer of cycloA can
have A or T inserted opposite the lesion by Polη, yet no further extension takes place [44].
N2-isopropyl-purines, though blocks to Polα activity, do not impede progression by either
Polη or Polι and are not mutagenic, as both polymerases insert the correct nucleotide
opposite the lesion and can subsequently extend past [45].

The cyclic etheno adducts, 1,N2-ethanoA, and 1,N6 ethanoG block replicative DNA
polymerases, but have differential effects on translesion/repair polymerases (Table 1). For
example, 1,N6-ethanoA blocks Polβ and Polι, while Polμ and Polη are capable of lesion
bypass, with Polη able to incorporate all four nucleotides opposite [46]. The 1,N2-ethanoG
modification is permissible to insertion of T or C opposite by Polκ and Polι, while Polη
efficiently bypasses the damage by inserting G, A, or C opposite [47]. The base lesion
1,N2-3-hydroxypropanoG is bypassed by Polη, which inserts C opposite [48]. During the
process of ICL repair (see below), Polκ is able to accurately bypass an N2-N2

deoxyguanosine ICL remnant [49] and continue polymerization past. Polκ is also able to
bypass an acrolein derived deoxyguanosine-protein DNA crosslink [50].

Mammalian RNA polymerase II (RNAPII) has been found in in vitro reconstituted
transcription assays to bypass base lesions to varying extents, including Tg (~20 to 60%), 8-
oxoG (~50–80%), and 5-OHU (~40–60%) [51]. RNAPII generally inserts A opposite 8-
oxoG, yet can insert C opposite 8-oxoG to a lesser extent [52]. This co-called
“transcriptional mutagenesis” caused by 8-oxoG has been shown to be biologically
significant in a system specifically designed to look at the consequences of repair vs.
transcriptional mutagenesis of codon 61 of the Ras oncogene. If a site-specifically
introduced 8-oxoG lesion was repaired or if transcription was faithful, then wild-type Ras
protein would be produced and downstream signaling events, such as ERK phosphorylation,
would be normal. If, however, the 8-oxoG lesion was left unrepaired and RNAPII mis-
inserted an A opposite the modified base during mRNA production, a constitutively active
dominant mutant Ras protein would be generated that would drive increased constitutive
ERK phosphorylation. Constitutive activation of Ras, found in nearly one third of all human
cancers, and subsequent phosphorylation of ERK promotes cell proliferation, which then
leads to an aberrant expansion of the cell population (tumorigenesis). Indeed, transcriptional
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mutagenesis by RNAPII in this system lead to the production of mutant Ras protein and
constitutive phosphorylation of ERK, suggesting that transcriptional mutagenesis caused by
oxidative DNA damage has the potential to activate oncogenic pathways and promote
carcinogenesis [53].

RNAPII can bypass an atypical base lesion, i.e., cycloA [54]. RNAPII correctly inserts U
opposite cycloA, then inserts A opposite the next nucleotide or, intriguingly, deletes 7, 13 or
21 nucleotides (nt) after uridine incorporation opposite the lesion in this transcriptional
paradigm. RNAPII is generally blocked by more bulky base lesions, e.g., N2-
ethyldeoxyguanosine, although the RNA polymerase can insert a C opposite such
modifications in some instances [55]. Interference of RNA polymerase progression during
transcription has been shown to activate certain cell death responses, and may be
particularly relevant to non-dividing cell populations, such as neurons, and thus in diseases
of the brain [56].

Oxidative DNA damage in human disease
Repair of non-bulky DNA damage

BER is the primary pathway for coping with non-bulky base modifications (e.g. 8-oxoG),
abasic sites and a variety of chemical termini within a SSB, such as 3′-phosphoglycolates
(Figure 1). Conventional BER is comprised of five major enzymatic steps: (i) substrate base
removal by a DNA glycosylase, (ii) incision at the resulting abasic site by an endonuclease
or lyase, (iii) clean-up of the 5′ and/or 3′ terminal strand break ends by a lyase or
phosphodiesterase, respectively, (iv) gap-filling by a DNA polymerase, and (v) nick sealing
by a DNA ligase (Table 2 and Figure2A). Studies of BER pathway defects have been
hampered by the facts that: (i) many BER proteins are essential for embryonic development
or (ii) gene deletion yields no pronounced phenotype. Homozygous mutations in the primary
BER DNA polymerase Polβ [57], the AP endonuclease APE1 [58], and the SSB repair
(SSBR) scaffold protein XRCC1 [59] all lead to early embryonic lethality in mice, as does
deletion of both alleles of either DNA ligase I [60] or ligase III [61]. Conversely, knockouts
of the DNA glycosylases that remove oxidative DNA base damage, e.g. the 8-oxoG
glycosylase-OGG1 [62], the MutY homolog- MYH [63; 64], and the EndoIII homolog-
NTH1 [65; 66], display no obvious, gross phenotypic defect, likely due to functional
redundancy. One instance where knockout of a single oxidative DNA damage glycosylase in
mice leads to an observable phenotype is for NEIL1 (endonuclease VIII-like). Intriguingly,
this knockout does not result in susceptibility to cancer formation, but in metabolic
syndrome, with mice displaying severe obesity, dyslipidemia, fatty liver disease, and a
tendency to develop hyperinsulinemia [67].

Studies combining multiple glycosylase knockouts have yielded more fruitful information
on the roles of oxidative DNA glycosylases in tumorigenesis. OGG1−/− MYH−/− mice were
found to be predisposed to cancers (e.g. lung, ovarian, and lymphomas) [63; 64], likely due
to a global defect in the processing of the mutagenic lesion 8-oxoG in the genome. In
addition, NTH−/−NEIL1−/− mice developed pulmonary and hepatocellular tumors [68],
further highlighting the importance of repair of oxidized base lesions in DNA.
Haploinsufficient mice have also been examined in instances where homozygous knockouts
resulted in embryonic lethal. For instance, APE1+/− mice display increased sensitivity to
oxidative stress, increased spontaneous mutagenesis, and develop lymphomas and
adenocarcinomas [58; 69]. Unchallenged Polβ+/− mice display increased chromosomal
aberrations, higher levels of SSBs compared to wild-type littermates, and, like the APE1+/−

mice, develop spontaneous lymphomas and adenocarcinomas. Challenged Polβ+/ − mice as
exhibit increased dimethyl sulfate induced mutagenesis and increased strand breaks caused
by oxidative stress [70; 71]. XRCC1+/− haploinsufficient mice, while exhibiting normal
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lifespan and showing no signs of abnormal aging in the absence of environmental
challenges, as assessed by several parameters, did display severe liver toxicity and an
increased incidence of precancerous lesions in the colon following exposure to the
alkylating agent azoxymethane [72].

To date, in humans, impaired MYH activity is the only case where a mutation in a DNA
glycosylase has been found to be causative in a cancer syndrome [73]. MYH-associated
colorectal polyposis (MAP) is an autosomal recessive disorder, typically with biallelic
heterozygous mutations of MYH, and is characterized by the presence of multiple
adenomatous polyps with an increased risk of colorectal cancer. Patients display elevated
G:C to T:A transversions due to replication of unrepaired A:8-oxoG base pairs, which
normally would be substrates for MYH glycosylase function and subsequent BER
processing. Although not specific to repair of oxidative DNA damage, pathogenic mutations
in the nuclear isoform of the uracil DNA glycosylase (UNG2) have been identified in
patients suffering from Hyper-IgM syndrome, a disorder characterized by
immunodeficiency that likely arises from the inability to generate high affinity antibodies
via class switch recombination [74; 75]. Other DNA glycosylases, APE1, and Polβ gene
mutations have been found to be disease-associated, though the relationship to disease
pathology is largely unclear, except perhaps in a few situations involving Polβ tumor-
associated variants, as has been reviewed elsewhere [76; 77].

Defects in SSBR proteins have been found to be causative in three autosomal recessive
human disorders characterized by neurological abnormalities. The common theme to these
diseases is that the mutated protein is directly involved in processing of non-conventional
ends at DNA strand breaks. Mutation of TDP1, which encodes tyrosyl DNA
phosphodiesterase 1, leads to spinocerebellar ataxia with axonal neuropathy (SCAN1) [78].
TDP1 functions to remove obstructions from 3′ ends of DNA breaks, including 3′-
phosphoglycolates formed by free radical-mediated DNA cleavage and covalently trapped
3′-topoisomerase I moieties created at sites of DNA damage or by chemotherapeutics such
as camptothecin [79; 80]. This action of TDP1 helps generate DNA termini that are
ultimately suitable for phosphodiester bond re-formation (ligation). SCAN1 patients are rare
and exhibit a late-childhood onset of symptoms of progressive cerebellar ataxia, areflexia,
and peripheral neuropathy [81]. Another disease caused by mutation of a SSBR protein
involved in DNA termini processing, i.e., polynucleotide kinase 3′-phosphatase (PNKP), is
MCSZ (microcephaly and seizures) [82]. PNKP acts to phosphorylate 5′-hydroxyl ends and
dephosphorylate 3′-phosphate termini, blocking lesions that arise mainly from free radical
attack of DNA, to produce termini that are substrates for polymerization and ligation [83].
MCSZ patients are rare as well, exhibit microcephaly, early onset of seizures, and
developmental delays. A lack of a functional aprataxin protein leads to autosomal recessive
ataxia with oculomotor apraxia type 1 (AOA1) [84; 85]. Aprataxin acts to remove 5′-AMP
groups from DNA caused by abortive ligation, which usually occurs in the context of
oxidative SSBs, thereby cleaning up and generating a ligatable DNA end [86]. AOA1
patients have childhood onset of progressive cerebellar ataxia, followed by oculomotor
apraxia, and primary motor peripheral axonal motor neuropathy [87]. Thus, the inability to
efficiently process classic BER substrates, such as oxidative base modifications and non-
conventional DNA strand breaks, can lead to biological outcomes such as mutagenesis and
obstructed replication or transcription, cellular events that can drive cancer development and
neurological disease.

Repair of bulky DNA lesions
Oxidative DNA damage has been proposed to play an important role in the etiology of
human diseases that do not have an explicit defect in BER or SSBR. We review in this
section the evidence that defects in the processing of oxidative DNA damage (particularly
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atypical lesions) contribute to the pathologies associated with the human genetic disorders
Xeroderma Pigmentosum (XP), Cockayne Syndrome (CS), and Fanconi Anemia (FA). XP is
a rare autosomal recessive disease caused by mutation of one of eight genes ( XP-A, B, C,
D, E, F, G, or V) involved in NER (A–G), the major pathway for excising helix-distorting
(bulky) base modifications, or DNA damage tolerance/lesion bypass (V) [88; 89]. CS is a
rare autosomal recessive disease caused by mutation of either of two genes (CSA or CSB)
critical for a subpathway of NER termed transcription coupled-NER (TC-NER), which
preferentially deals with transcription-blocking (typically bulky) lesions within active
regions of the genome. FA is a rare autosomal recessive or X-linked multisystem disease
caused by a defect in one of fifteen genes [FANC-A, B, C, D1 (BRCA2), D2, E, F, G, J
(BACH1/BRIP1), L, M, N (PALB2), P (SLX4), O (RAD51c)] critical for resolution of
DNA ICLs in the S phase of the cell cycle [90].

Xeroderma pigmentosum—Strict XP patients primarily develop early sunlight-induced
skin cancer, at an increased susceptibility of at least 1000-fold compared to the normal
population. This increased skin cancer incidence is explained by the loss of the ability to
remove bulky, helix-distorting UV-induced photoproducts in DNA by NER (Table 3 and
Figure 2B). What is difficult to link to the inability to remove DNA photoproducts are the
increased frequencies of internal cancers, including of the central nervous system and lung
[91], and the neurological symptoms seen in some patients; neuronal degeneration,
sensorineural hearing loss, ataxia, areflexia, and microcephaly [92]. In particular, these
regions of the body are unlikely to receive significant UV irradiation from sunlight to
produce photoproducts in DNA. It has therefore been hypothesized that the neurological
disease associated with XP is the result of the failure to repair oxidative DNA damage,
possibly certain “bulky” lesions via the NER pathway [93]. A defect in the repair of
endogenous DNA damage could be the underlying cause of the internal cancers in XP
patients as well.

Consistent with the above hypothesis, XPB- and XPD-deficient lymphoblastoid cells are
hypersensitive to H2O2 and display higher H2O2-induced DNA damage compared to wild
type cells [94]. XPA-deficient cells also display defects in response to oxidative DNA
damaging agents, including an increase in H2O2 genotoxicity, a lower threshold for H2O2-
induced cell cycle arrest, and reduced repair of H2O2 generated DNA lesions [95].
Furthermore, XPC-deficient cells (keratinocytes and fibroblasts) are hypersensitive to agents
that induce oxidative DNA lesions (e.g., IR and potassium bromate (KBrO3)). IR exposed
XPC-deficient cells accumulate 8-oxoA, 8-oxoG, and the 8,5′-cyclopurine 2′-
deoxynucleosides, (5′S)-cyclo dA, -cyclo dG and (5′R)-cyclo dG, implying a deficiency in
removing a broad range of oxidative modifications [96]. In particular, compared to wild type
cells, repair of the 8,5′-cyclopurine 2′-deoxynucleosides was not observed in XPC-deficient
cells, leading to the proposal that these are the major endogenous lesions responsible for the
non-UV driven pathologies in XP [97]. Additionally, it was found that repair of 8-oxoG was
slower in XPC-deficient cells, that incision of an 8-oxoG containing oligonucleotide by XPC
-deficient cell extracts was lower, and that XPC increased the affinity of OGG1 for damaged
DNA, thereby stimulating 8-oxoG incision by the BER DNA glycosylase [96]. The NER 3′
endonuclease XPG and the glycosylase NTH1 have also been found to physically and
functionally interact, with XPG stimulating Tg containing DNA binding by NTH1 and
subsequent Tg incision by this glycosylase [98; 99]. These data indicate that the NER
pathway acts both in the repair of endogenous helix distorting DNA lesions, namely the
cyclopurines, and in supporting the repair of classic oxidative DNA damages.

Cockayne syndrome—Another human disease originally thought to be caused by a
defect in an NER-related pathway is CS. In particular, a hallmark feature of CS cells is the
inability to recover RNA synthesis following UV irradiation, leading to the conclusion that
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the disorder stems from a deficiency in TC-NER of transcription-blocking lesions [100]
(Table 3 and Figure 2B). However, like XP, many of the pathological phenotypes of CS
cannot be easily explained by a defect in a response system relevant to external exposures,
such as UV. CS patients, while interestingly exhibiting no increased cancer incidence,
display segmental progeria, drastic lifespan reduction (~12.5 years on average), cachectic
dwarfism, sensorineural hearing loss, dental caries, and neuroabnormalities; including
microcephaly, brain calcification, gait ataxia, and de- or dys-myelination. Thus, it has been
hypothesized that some form of endogenous DNA damage contributes to, and may be the
driving force behind, CS.

Consistent with this model, CS cells from both complementation groups (A and B) display
hypersensitivity to IR-induced oxidative DNA damage [101], with an accumulation of 8-
oxoG and 8-oxoA found in IR-treated CSB-deficient cells [102; 103; 104]. CS cells are also
hypersensitive to the oxidative DNA damaging effects of H2O2 [105] and KBrO3 [106].
After KBrO3-induced oxidative stress, CSA-deficient fibroblasts displayed inefficient repair
of 8-oxoG and (5′S)-cyclo dA [107], while CSB fibroblasts displayed elevated levels of
DNA breakage, suggesting inefficient processing of several forms of oxidative DNA
damage. In addition, CSB-deficient cells exhibit decreased survival when treated with either
paraquat or menadione [108], agents that lead to increased generation of ROS in cells.
Tissues from CSB-deficient mice show an increase in the steady state levels of
formamidopyrimidines [109] (brain and liver) and 8- oxoG (liver) [108] in nuclear DNA.
Additionally, mitochondrial DNA from CSB-deficient mice display increased steady state
levels of fapyA [109] and 8-oxoG [108], suggesting defects in both nuclear and
mitochondrial oxidative DNA damage processing.

At a molecular level, the link between CS and oxidative DNA damage repair goes even
further. A physical and functional interaction between the SSBR protein poly-ADP ribose-
polymerase 1 (PARP1) and CSB has been identified. After oxidative stress, CSB localizes to
sites of PARP1, and the two proteins physically interact through the N-terminus of CSB.
PARP1 can poly(ADP-ribosyl)ate CSB to regulate its double-strand DNA-dependent
ATPase activity. Additionally, CSB-deficient cells are hypersensitive to PARP inhibition
[110], suggesting that CSB and PARP1 cooperate in the repair of endogenous cytotoxic
DNA strand breaks. CSB has also been shown to interact with and stimulate
formamidopyrimidine and 5-OHU incision activity of the NEIL1 DNA glycosylase [109],
and the AP site incision activity of APE1 [111]. In all, there is substantial evidence that CS
proteins regulate the cellular response to classic oxidative DNA damage, and thus, that such
damage contributes significantly to the CS pathologies. Whether atypical oxidative lesions,
in addition to the cyclopurines noted above, play a specific role in the etiology of CS, either
due to defects in global genome or TC-repair, needs to be addressed in future studies. The
fact that CS patients lack cancer predisposition, yet exhibit segmental premature aging
phenotypes, has lead to the hypothesis that persistent DNA damage in CSA- or CSB-
deficient cells promotes cell death or senescence, likely through a mechanism that is
dependent on transcription interference, and not wide-spread mutagenesis, as presumably
occurs in XP patients [112].

Fanconi anemia—FA is characterized by congenital malformations, short stature,
progressive bone marrow failure, and cancer predisposition (hematological and squamous
cell carcinomas) [113]. The predominant role of the FA pathway appears to be in the repair
of DNA ICLs, which as described earlier, can be formed from reactions with a number of
endogenous products. ICLs, which covalently link both strands of DNA, are particularly
detrimental, as they create absolute blocks to the DNA replication and transcription
machinery [114]. Such damage must undergo multiple rounds of enzyme action to repair the
modification to each strand, with the DNA repair pathways called upon being influenced by
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the cell cycle phase (Table 4 and Figure 2C). Repair of ICLs is complex and would appear
to involve proteins from the FA, NER, DSB repair, and HR pathways, as well as translesion
DNA polymerases. Recognition can occur directly in duplex DNA, in some instances by
blockage of the transcription machinery [115; 116; 117; 118], or by inhibition of the
replisome [119; 120].

In S phase, ICL detection occurs by stalling, blockage, or collapse of a replication fork [121]
or two converging replication forks [122] at the site of the lesion. FANCM acts to regress
the blocked/collapsed replication fork(s) [123; 124], and the remainder of the FA core
complex (FANCA, B, C, E, F, G, L) functions as a ubiquitin ligase [125; 126; 127] for the
FANCD2-I complex [128; 129]. Monoubiquitinated FANCD2-I complex then translocates
to chromatin [130; 131], where it associates with additional FA proteins including,
FANCD1 (BRCA2)[132], FANCN (PALB2)[133], FANCP (SLX4) [134; 135; 136], and
FANCO (Rad51c) [137], and proteins from other DNA metabolic pathways, such as the
replication factor PCNA [138], the HR protein Rad51 [139], and the translesion bypass
polymerase REV1 [140]. FANCP [141; 142] then coordinates blocked/collapsed replication
fork cleavage by the nuclease activities of the Mus81-Eme1 complex [143], the XPF-
ERCC1 complex (which also functions in NER) [144], and FAN1 [145; 146; 147]. These
incision events generate a DSB/HR intermediate that is stabilized by a collection of FA
proteins and processed further to complete unhooking of the ICL from one DNA strand. The
translesion activities of REV1 [148; 149], which inserts a C opposite the unhooked crosslink
remnant [150; 151], and Polζ probably carry out the repair synthesis step [122]. At this
stage, a second round of repair is required to remove the crosslink remnant from the second
DNA strand. It is thought that classic NER is responsible for excision of the remaining
crosslink remnant, as this intermediate is believed to be viewed by the cellular DNA repair
machinery as a bulky monoadduct. This model is supported by previous work demonstrating
that inclusion of recombinant XPA protein to cell extracts from XPA-deficient cells
supported removal of the unhooked remnant and generated duplex DNA that could be
cleaved by a restriction endonuclease [152]. Such data also indicate that NER components
play an important role in the removal of additional atypical oxidative lesions, namely ICLs
(see above).

Other work examining repair of the ICL remnant has implicated the BER pathway.
Specifically, NEIL1 was shown to cleave the glycosidic bond between the psoralen-thymine
adduct and deoxyribose sugar in a three-stranded ICL remnant containing substrate, yielding
a free thymine base cross-linked to a oligonucleotide and duplex DNA containing a single
nucleotide gap. Inclusion of APE1, to remove the 3′-phosphate and a DNA polymerase and
ligase resulted in formation of a fully repaired duplex DNA [153]. Additionally, the NEIL1
DNA glycosylase has been shown to excise psoralen induced monoadducts in duplex DNA,
with the APE1 endonuclease subsequently able to remove the 3′phosphate generated by
NEIL1 AP site incision activity [154]. It has also been observed that the level of NEIL1 in
cells is contingent on an intact FA pathway, as cells depleted for FANCA, C, or D2 or FA
patient cells from complementation groups A, C, D2, and E have significantly lower NEIL1
protein levels that can be restored, at least for FA-C cells, by expression of the defective FA
protein [155].

There is evidence that FA cells are sensitive to oxidative stress induced by non-crosslinking
agents and that this sensitivity may contribute to FA pathologies, specifically hematopoeitic
failure, suggesting roles for the FA proteins beyond ICL repair. In particular, cultured FA
cells have been shown to have oxygen-induced chromosomal aberrations [156], and FA
fibroblasts display better growth under hypoxic conditions [157]. FANCC−/− mouse
embryonic fibroblasts and hematopoietic progenitor cells have also been found to be
hypersensitive to H2O2-induced oxidative stress [158]. Furthermore, FANCC−/−

Berquist and Wilson Page 9

Cancer Lett. Author manuscript; available in PMC 2013 December 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hematopoietic progenitor cells display impaired repair of oxidative DNA damage, as
measured by delayed clearance of DNA damage markers (p53Ser20 and γ-H2AX) and
increased chromosomal aberrations [159], and senesce prematurely when exposed to
repeated hypoxia-reoxygenation cycles [160]. Thus, there is evidence that FA pathologies
may arise from defects in the repair of a spectrum of oxidative DNA lesions, including ICLs.

Conclusions
Oxidative damage to DNA can result in a large and diverse spectrum of lesions ranging from
simple oxidized bases, cyclic bases, and bases irreversibly physically linked to one another
(crosslinks) [161]. Some of these DNA lesions can be tolerated by cells, although
mutagenesis, loss of genetic information, and genomic instability can be the molecular
consequences. Faithful repair of oxidative DNA damage is thus preferential and requires the
activity and interaction of different DNA repair pathways, including BER, NER, and ICL
repair, depending on the type and structure of the lesion(s) present (Figure 1). When
components of these repair and tolerance pathways are absent or impaired, the accumulation
of un- or mis-repaired DNA damage can drive human disease, including carcinogenesis,
neuroabnormalities/neurodegeneration, and aging (for additional information on oxidative
DNA damage and disease please see [162]). Human hereditary diseases that result because
of a loss of DNA repair proteins highlight the importance of the ability to repair DNA
damage during development, as well as the penalties associated with the loss of this ability.
We have described herein the cooperation between proteins of different repair pathways, via
physical and functional interactions, to avoid the mutagenic and genotoxic potential of
oxidative DNA damage. We hope to have brought to light two major points in the review: (i)
that oxidative DNA damage includes a wide spectrum of lesions, beyond those most
commonly described, i.e., classic damages, and (ii) that future research should consider both
classic and atypical oxidative DNA damage in their assessment of pathogenic causes,
particularly for certain human hereditary diseases, such as XP, CS and FA.

Finally, we note that oxidative DNA damage, such as base modifications, abasic sites, and/
or SSBs, can arise in close proximity. In particular, a signature of IR exposure is the
formation of clustered DNA damage (a.k.a., multiply damaged sites), which is defined as
two or more lesions within 1–2 helical turns of DNA; such clustered damage can also be
introduced through the action of certain chemical genotoxins [163]. If the lesions are
positioned in close proximity on opposing strands, they can give rise to DNA double-strand
breaks. Alternatively, if the lesions are on the same strand, are positioned in an arrangement
that blocks repair processing and strand break formation, or are sufficiently apart, they will
comprise the larger pool of non-double-strand break clustered lesions that are created.
Multiple factors, including the exact location of the lesion(s), the ability of enzymes to carry
out processing, and the stage of the cell cycle, will dictate the precise cellular response to the
particular lesion constellation. Since the percentage of naturally-occurring endogenous DNA
damage that exists in a clustered arrangement is presently unclear, we have not covered this
topic herein, but direct you to a few recent reviews that discuss in greater detail the potential
repair mechanisms for and contributions of clustered lesions in carcinogenesis [164; 165;
166].
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Figure 1.
Classic and atypical forms of oxidative DNA damage and associated DNA repair
pathway(s). Gox = 8-oxoG; red/yellow circle = 5′ or 3′ terminal blocking group; green
protein = protein-DNA adduct; red hexagon = bulky base modification; thick lines = intra-
or inter-strand crosslink; blue rectangle = replication blocking lesion.
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Figure 2.
(A) Major steps in the short-patch base excision repair (BER) pathway. A damaged base is
detected and excised from the DNA duplex by a DNA glycosylase, leaving an apurinic/
apyrimidinic site that can be bound by APE1 endonuclease. APE1 then incises the DNA
phosphodiester backbone 5′ to the abasic site leaving a 3′-hydroxyl (OH) and a 5′-
deoxyribose phosphate (dRP). DNA Pol β removes the dRP moiety, via an intrinsic dRP
lyase activity, and inserts a nucleotide. The remaining nick in the phosphodiester backbone
is sealed through the action of a DNA ligase, leaving intact, undamaged duplex DNA. (B)
Major steps in the nucleotide excision repair (NER) pathway. Helix distorting DNA damage
(an oxidatively damaged DNA base in this instance) can be recognized by the XPC-HR23B
protein complex (global genome-NER) or by an elongating RNA polymerase in concert with
the CSA and CSB proteins (transcription-coupled-NER). XPA, RPA, TFIIH (including the
XPB and XPD ATPases/helicases) are recruited to the site of the damage, and the DNA
surrounding the damage is unwound. XPG and XPF/ERCC1 nucleases are recruited and
cleave the DNA phosphodiester backbone on the 3′ and 5′ sides of the damage,
respectively, releasing a damage containing DNA section. A DNA polymerase is then
enlisted to fill the gap, leaving a nick in the phosphodiester backbone that is sealed by a
DNA ligase, producing intact, undamaged duplex DNA. (C) Model of major steps in the
repair of interstrand crosslinks (ICLs). In the G1 phase of the cell cycle, an ICL can be
recognized by XPC-HR23B protein complex, MutSβ (MSH2-MSH3) protein complex, or
by an elongating RNA polymerase in concert with the CSA and CSB proteins. Once the ICL
has been recognized, it is unhooked from one strand by the action of the classic NER
pathway, which involves the XPG and XPF/ERCC1 nucleases, or potentially through the
endonuclease activity of the MLH1/PMS2 protein complex. The ICL remnant is then
bypassed through the action of translesion DNA polymerases: REV1 then POLκ, and/or
POLζ, POLν, and possibly additional DNA polymerases. At this point, a second round of
DNA repair is initiated to remove the covalently linked ICL remnant from the second DNA
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strand. NER, involving the nuclease actions of XPG and XPF/ERCC1, likely acts to remove
a DNA segment containing the physically linked ICL remnant, or the ICL remnant can be
removed through the action of the NEIL1 DNA glycosylase. DNA can then be restored to
the native duplex form through the activity of DNA polymerase(s), to fill in the gap, and a
DNA ligase, to seal the nick in the phosphodiester backbone. During the S phase of a cell
cycle, an ICL is detected by stalling of a single replication fork (left) or two converging
replication forks (right). FANCM is initially recruited to the stalled replication fork complex
and likely acts to regress and or stabilize the fork. The FA core complex, comprised of
FANCA, B, C, E, F, G and L, recognizes the FANCM bound/stabilized replication fork and
ubiquitinates the FANCD2/I protein complex, with FANCL acting as the E3 ubiquitin
ligase. Ubiquitinated FANCD2/I then associates with chromatin. For simplicity, action at a
single replication fork is shown further. FANCP coordinates endonucleolytic cleavage of the
ICL stalled replication fork by XPF/ERCC1, MUS81/EME1, and FAN1. Cleavage by these
nucleases unhooks the ICL from one DNA strand and generates a double strand break
(DSB). DNA polymerization past the unhooked ICL remnant by translesion DNA
polymerases, REV1 then POLκ, and/or POLζ, POLν, and possibly additional DNA
polymerases, ensues. A second round of repair is initiated to remove the unhooked ICL
remnant by NER and/or NEIL1. Homologous recombination then is used to reform the
replication fork.
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