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Base excision repair (BER) corrects DNA damage from oxidation, deamination and alkyl-
ation. Such base lesions cause little distortion to the DNA helix structure. BER is initiated by a
DNA glycosylase that recognizes and removes the damaged base, leaving an abasic site that
is further processed by short-patch repair or long-patch repair that largely uses different
proteins to complete BER. At least 11 distinct mammalian DNA glycosylases are known,
each recognizing a few related lesions, frequently with some overlap in specificities.
Impressively, the damaged bases are rapidly identified in a vast excess of normal bases,
without a supply of energy. BER protects against cancer, aging, and neurodegeneration and
takes place both in nuclei and mitochondria. More recently, an important role of uracil-DNA
glycosylase UNG2 in adaptive immunity was revealed. Furthermore, other DNA glycosylases
may have important roles in epigenetics, thus expanding the repertoire of BER proteins.

ase excision repair (BER) corrects small base

lesions that do not significantly distort the
DNA helix structure. Such damage typically re-
sults from deamination, oxidation, or methyla-
tion (Fig. 1). Much of the damage is the result of
spontaneous decay of DNA (Lindahl 1993), al-
though similar damage may also be caused by
environmental chemicals, radiation, or treat-
ment with cytostatic drugs. BER takes place in
nuclei, as well as in mitochondria, largely using
different isoforms of proteins or genetically dis-
tant proteins. The identification of Escherichia
coli uracil-DNA glycosylase (Ung) in 1974 by
Tomas Lindahl marks the discovery of BER. Lin-
dahl searched for an enzyme activity that would
act on genomic uracil resulting from cytosine
deamination. Such an activity was found, but
rather unexpectedly, it was not a nuclease. In-

stead, Lindahl identified an enzyme that cleaved
the bond between uracil and deoxyribose. The
resulting abasic site (AP-site) was suggested to
be further processed by an AP-endonuclease, an
exonuclease, a DNA polymerase, and a ligase.
Thus, the fundamental steps in the BER path-
way were outlined already in the very first paper
(Lindahl 1974). Enzymes that cleave the bond
between deoxyribose and a modified or mis-
matched DNA base are now called DNA glyco-
sylases. Collectively these enzymes initiate base
excision repair of a large number of base lesions,
each recognized by one or a few DNA glycosy-
lases with overlapping specificities.

This relatively brief review focuses on recent
advances in the mechanism and function of BER
with a focus on mammalian proteins. The cur-
rent view is that BER is important in relation
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Figure 1. Chemistry of common base lesions and abasic sites.

to cancer, neurodegeneration, and aging (Jeppe-
sen et al. 2011; Wallace et al. 2012). Because of
limited space, we have referred to reviews for the
majority of results published more than 6-7
years ago. Also, for more detailed analyses of
different aspects of BER, the reader is referred
to excellent reviews on BER proteins and path-
ways published in Huffman et al. (2005), Beard
and Wilson (2006), Berti and McCann (2006),
Cortazar et al. (2007), Kavli et al. (2007), Sousa
et al. (2007), Tubbs et al. (2007), Berger et al.
(2008), Robertson et al. (2009), Friedman and
Stivers (2010), Wilson et al. (2010), Svilar et al.
(2011), and Jacobs and Schar (2012).

OVERVIEW OF THE BER PATHWAY

The BER pathway is initiated by one of at least
11 distinct DNA glycosylases, depending on the
type of lesion (Table 1). The subsequent steps,
incision, end processing, repair synthesis, and

ligation are usually referred to as “common
steps” but in reality take place by different
mechanisms, depending on the type of glycosy-
lase and physiological state of the cell. To what
extent damage signaling is required before base
excision is still a matter of debate.

Base Removal

A damage-specific DNA glycosylase removes the
flipped out damaged base, leaving an abasic site
(AP-site) (Figs. 2 and 3A). DNA glycosylases are
generally well conserved in evolution, but there
are striking exceptions to this (e.g., in alkylation
repair), where no prokaryote homolog of mam-
malian methyl purine DNA glycosylase (MPG,
also called AAG or ANPG) has been identified.
Furthermore, the evolutionary conservation of
glycosylases is largely limited to the enzymatic
core domain. Mammalian DNA glycosylases, in
addition, have amino- and/or carboxy-terminal
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Table 1. Mammalian DNA glycosylases

Base Excision Repair

Subcellular ~ Mono-/ Substrates and
Enzyme localization  bifunct.  (minor substrates) Mouse knockout Human disease®
UNG2 Nuclei M U, 5-FU in ss and Partial defect in CSR, Complete defect
dsDNA, U:A and skewed SHM, B-cell in CSR, HIGM
U:G context lymphomas syndrome,
(alloxan, infections,
5-hydroxyuracil, lymphoid
isodialuric acid) hyperplasia
UNGI1 Mitochondria M Like UNG2 Unknown Unknown
SMUG1 Nucleus M 5-hmU, U:G > Viable and fertile, Unknown
U:A > ssU, SMUGI1/UNG/MSH
5-FU, eCin ss triple k.o. reduced
and dsDNA longevity
TDG Nucleus M U:G > T:G Embryonic lethal, Unknown
(5-hmU in epigenetic role in
dsDNA, 5-FU) development
MBD4 Nucleus M U:G and T:G, Viable and fertile, Cto T  Mutated in
(MED1) 5-hmU in CpG transitions, intestinal carcinomas
context (eC, neoplasia with
5-FU in dsDNA) microsatellite
instability
MPG Nucleus M 3meA, 7meG, Viable and fertile, triple Unknown
(AAG) 3meG, Hx, eA knockouts in MPG/
AIKBH2/AIKBH3
hypersensitive to
inflammatory bowel
disease
OGG1 Nucleus M/B  8-0x0G:C, Fapy:C  Viable and fertile, OGG1/ OGGI activity
MUTYH double associated with
knockouts cancer prone CAG repeat
expansion in
Huntington’s
disease
MUTYH Nucleus M A opposite OGG1/MUTYH double = MUTYH variants
8-0x0G/C/G knockouts cancer prone associated with
colon polyposis
NTHL1 Nucleus B Tg, FapyG, 5-hC, Viable and fertile, Unknown
5-hU in dsDNA NTHL1/NEIL1 double
knockouts cancer prone
NEIL1 Nucleus B Tg, FapyG, FapyA,  Viable and normal at birth, Unknown
8-0x0G, 5-hU, obese after 7 months,
DHU, Sp and Gh NTHL1/NEIL1 double
in ss and dsDNA knockouts cancer prone
NEIL2 Nucleus B Similar to NEIL1 Unknown Unknown
NEIL3 Nucleus M/B  FapyG, FapyA, Sp  Viable and fertile, memory Unknown
and Ghin ssDNA  and learning deficit

*Association of germline alterations in DNA glycosylases NTHL1, NEIL1, NEIL2, MPG, TDG, UNG, and SMUG1 with
colorectal cancer has been reported, but significance uncertain (Broderick et al. 2006). bifunct., bifunctional; k.o., knockout.
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Figure 2. Subpathways in base excision repair (BER). BER takes place by short-patch repair or long-patch repair
that largely use different proteins downstream of the base excision. The repair process takes place in five core
steps: (1) excision of the base, (2) incision, (3) end processing, and (4) repair synthesis, including gap filling and

ligation.

extensions that are not found in prokaryotic
counterparts (Hegde et al. 2010). These exten-
sions are usually disordered and are required
for subcellular targeting, interaction with other
proteins (Nilsen et al. 1997; Otterlei et al. 1999),
and even target DNA recognition (Hegde et al.
2010).

Cleavage of the AP-Site, Gap Filling,
and Ligation

An essential role of BER has been documented
by inactivating functions of proteins in the
common steps of BER. Thus, the major AP-
endonuclease in mammalian cells, APEL, is es-
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Figure 3. Structural basis for interaction of BER enzymes with their DNA substrates. Overall structure (upper
panel) and close-up of active site (lower panel) of three different repair proteins in complex with their DNA
substrates. Recognition and extrahelical flipping of damaged base (8-ox0G) by DNA glycosylase (OGG1)
(Radom et al. 2007), PDB code 2NOZ; binding of AP-site by AP-endonuclease (APE1) (Mol et al. 2000),
PDB code 1DE8; and recognition of 5’ flap by structure specific endonuclease (FEN1) (Tsutakawa et al. 2011),
PDB code 3Q8K. The chemical structures of DNA substrates are shown in the middle panel.

sential for survival, as shown using knockout
mice (Friedberg and Meira 2006). APE1 (also
called HAP1 and Apex) carries both an AP-en-
donuclease activity and a redox function re-
quired for activation of several transcription fac-

tors. It also protects against oxidative stress and
it is not clear which function is the most impor-
tant one for survival (Tell et al. 2009). However,
Pol-B null mutants are hypersensitive to alkyl-
ating agents producing substrates for MPG
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(Sobol and Wilson 2001) and disruption of the
Pol 3 gene is embryonic lethal in mice (Gu et al.
1994). This supports the view that the BER path-
way is an essential DNA repair mechanism be-
cause this polymerase has no known role in
DNA replication. Recent evidence has indicated
that DNA ligase I, rather than DNA ligase 3, may
be the major nuclear DNA ligase both in short-
patch BER and long-patch BER, whereas DNA
ligase 3 is essential in mitochondria (Gao et al.
2011; Simsek et al. 2011). This surprising find-
ing is discussed in more detail below.

Overlapping Functions of BER Proteins
and DNA Repair Pathways

Mice with targeted disruptions of a DNA gly-
cosylase (“knockout mice”) are generally vi-
able and fertile with only moderately increased
mutation frequencies and no overt early dis-
ease phenotype (Table 1) (Friedberg and Meira
2006; Vartanian et al. 2006). As an exception,
thymine DNA glycosylase (TDG) knockouts
are embryonic lethal, probably because TDG
also has an epigenetic function in regulation
of DNA methylations (Cortazar et al. 2011;
Cortellino et al. 2011). The limited effect of
single-glycosylase knockout is probably best ex-
plained by overlapping substrate recognition
of DNA glycosylases, as well as overlap between
BER and other repair pathways. As could be
expected, the phenotypes are enhanced in dou-
ble or triple knockouts affecting backup func-
tions. Thus, double-knockout mice deficient in
OGGI1 (8-oxoguanine DNA glycosylase) and
MUTYH (MutY homolog) are strongly cancer
prone and have shortened life spans (Xie et al.
2004), a finding that makes sense because
MUTYH removes adenines that have been mis-
incorporated opposite 8-oxoG. NTHL1 (E. coli
nth endonuclease III-like 1) and NEIL1/2 (nei
endonuclease VIII-like 1/2) that mainly repair
oxidized pyrimidines and ring-opened purines
have overlapping substrate specificities and
serve as backups for each other. Double knock-
outs develop lung and liver tumors (see also
Table 1) (Chan et al. 2009). Surprisingly, double
knockouts in UNG/SMUGI (single-strand se-
lective monofunctional uracil glycosylase) are

viable without an overt early phenotype. How-
ever, triple knockout mice deficient in uracil
glycosylases UNG and SMUGI1 and mismatch
repair protein MSH2 have substantially short-
ened life spans and die mostly from lymphomas
(Kemmerich et al. 2012). Most likely, MMR
serves as a last major option in repair of ge-
nomic uracil. Several translesion bypass po-
lymerases function as backup for the single
mammalian DNA glycosylase removing 3-
methyladenine, methylpurine DNA glycosylase
(MPG, also called AAG) (Johnson et al. 2007;
Monti et al. 2008). These results show extensive
backup within and between pathways process-
ing base damage.

Does Poly(ADP)-Ribose Polymerase 1
(PARP1) Have a Role in BER?

PARP1 is the founding member of a large fami-
ly of proteins involved in cellular signaling
(Gibson and Kraus 2012). PARP1 poly(ADP)-
ribosylates numerous proteins, including itself,
and has a role in DNA damage sensing and re-
cruitment of DNA repair proteins (De Vos et al.
2012; Gibson and Kraus 2012). Although mice
deficient in PARPI have no overt phenotype
and are fertile, they are sensitive to DNA-dam-
aging alkylating agents and v-irradiation that
cause a variety of lesions, including damage
that is recognized by BER (Wang et al. 1995;
de Murcia et al. 1997). Furthermore, PARP1-
deficient cells are sensitive to methyl meth-
anesulfonate (MMS) that causes DNA damage
recognized by BER (Horton and Wilson 2007).
PARP1 has a distinct role as a DNA damage
sensor in single-strand break repair (SSBR)
(Fisher et al. 2007) and protects against gener-
ation of excessive SSBs during BER (Parsons
et al. 2005a; Woodhouse et al. 2008). However,
its role in BER signaling and recruitment of
repair proteins is not settled (De Vos et al.
2012). Recent evidence indicates that PARP1
may not be required for BER of alkylation le-
sions. In these experiments, PARP1-depleted
cells were exposed to the alkylating agent di-
methyl sulfate. It was confirmed that SSBR
was affected, but BER was not (Strom et al.
2011). Thus, PARPI is present at SSBs and is
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important for SSBR, but its role in BER remains
unclear. One explanation for the divergent re-
sults may be that PARP1 is only required for
some of the base lesions repaired by BER. Fur-
thermore, it is not obvious that SSBs formed
directly by genotoxic agents are biologically
equivalent to those formed as intermediates in
BER, although they may be chemically similar at
the DNA level. Furthermore, it remains unclear
whether specific DNA damage signaling is re-
quired to recruit BER proteins or whether the
damage is simply identified by a DNA glycosy-
lase scanning DNA.

Chromatin Remodeling in BER

Chromatin remodeling is possibly important
for most DNA transactions, including DNA re-
pair. As one example, ATP-dependent chroma-
tin remodeling by the classical SWI/SNF com-
plex was found to be required for in vitro repair
of 8-0x0G. This was caused by strong inhibition
of OGG1 and APE1 by histone octamers (Me-
noni et al. 2007). The emerging picture is that
chromatin remodeling is important in BER, per-
haps requiring different complexes in early and
late stages (Nakanishi et al. 2007; Odell et al.
2013).

DNA GLYCOSYLASES —GENERAL
PROPERTIES AND SUBSTRATE
RECOGNITION

Presently, at least 11 different mammalian DNA
glycosylases are known, not including mito-
chondrial isoforms usually resulting from alter-
native splicing (Svilar et al. 2011; Jacobs and
Schar 2012). They are generally relatively small,
positively charged, and most frequently single-
domain proteins. Each DNA glycosylase recog-
nizes a small number of related base lesions, al-
though the degree of selectivity varies (Table 1).
Some DNA glycosylases recognize a damaged or
inappropriate base both in a base pair, in a mis-
match, and even in single-stranded DNA (e.g.,
UNG, SMUGI, and NEIL1). Others are highly
specific for base lesions in double-stranded
DNA and are inactive on single-stranded DNA
(e.g., TDG, MBD4 [methyl binding domain 4

Base Excision Repair

protein], OGG1, and MUTYH) (Robertson et
al. 2009; Svilar et al. 2011; Jacobs and Schar
2012). For some types of mismatched bases
(e.g., T:G, 5-FU:G, and possibly U:G) mismatch
repair can be an alternative to BER (Fischer et al.
2007; Pettersen et al. 2011). As an example, re-
pair of U:G mismatches is predominantly by
BER, but the mismatch repair system may serve
as a backup, at least if a DNA strand break is
present not too far from the U:G mismatch, as
shown in in vitro experiments with cell extracts
(Schanz et al. 2009) and indicated from studies
on knockout mice (Kemmerich et al. 2012).

DNA glycosylases are remarkable by be-
ing able to find and remove bases carrying mi-
nor lesions hidden in undistorted DNA and
in the presence of a very large excess of nor-
mal bases. The active site of DNA glycosylases
can only accommodate an extrahelical base (Fig.
3A). Such binding of a flipped out base ap-
plies to several other types of DNA repair
proteins, including AlkB type oxidative deme-
thylases (Sundheim et al. 2008; Yang et al. 2008)
and O°-guanine alkyl transferase (Tubbs et al.
2007), as well as DNA-modifying enzymes, such
as cytosine 5-methyltransferase (Bashtrykov et
al. 2012). DNA glycosylases bind to the mi-
nor groove, kink DNA at the site of damage
and flip the damaged base out of the major
groove (Huffman et al. 2005). It remains con-
troversial whether the glycosylase performs ac-
tive base flipping (Slupphaug et al. 1996; Huff-
man et al. 2005) or merely captures the base
when it is temporarily in an extrahelical state
(Cao et al. 2004; Stivers 2008).

DNA glycosylases are called monofunction-
al if they have glycosylase activity only (e.g.,
UNG), thus producing an AP-site. Bifunctional
glycosylases, in addition to the glycosylase activ-
ity, have a B-lyase activity (e.g., NTHLI) or a
B,8-lyase activity (e.g., NEIL1) that cleaves the
DNA strand by B-elimination and 3/8-elimi-
nation, respectively, leaving ends that require
tailoring before BER can proceed (Fig. 2) (Svilar
et al. 2011; Jacobs and Schar 2012). All mam-
malian DNA glycosylases that remove uracil are
monofunctional. Other monofunctional gly-
cosylases include MPG and MUTYH, that re-
moves A mispaired to 8-0x0G, G, or C. In
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contrast, most glycosylases that are specialized
for removal of oxidized bases (NTHL1, NEILI-
3) are bifunctional.

SIX DIFFERENT PROTEIN FOLDS
HAVE ACQUIRED DNA GLYCOSYLASE
ACTIVITIES

Through convergent evolution, six structural
superfamilies have acquired DNA glycosylase
activities (for review see Dalhus et al. 2009).
The HhH DNA glycosylase superfamily is wide-
spread in all kingdoms of life and a number of
subfamilies are well characterized (Denver et al.
2003). Some of these have additional domains
or contain characteristic cofactors, in particular,
an [Fe4S4]2" cluster. The archetypical H2TH
DNA glycosylase contains an amino-terminal
domain with an a-helix carrying the catalytic
residue Pro2 and a two-layered B-sandwich
structure. The carboxy-terminal domain is built
from «-helices, in addition to two [B-strands
forming a zinc finger (Sugahara et al. 2000).
The third and fourth classes of DNA glycosylases
are the alkyladenine DNA glycosylase (MPG/
AAG) and uracil DNA glycosylase (UDG) su-
perfamilies, named after two well-characterized
human DNA glycosylases. Both MPG and UDG
DNA glycosylases are compact single-domain
enzymes. A comprises an antiparallel 3-sheet
surrounded by a-helices (Lau et al. 1998).
This superfamily was originally believed to be
limited to mammals, but has now been charac-
terized also in prokaryotes (Aamodt et al. 2004).
The members of the UDG superfamily contain
acore of a four-stranded parallel twisted 3-sheet
flanked by a-helices (Mol et al. 1995). The most
recently discovered DNA glycosylase superfam-
ily (Alseth et al. 2006) comprises enzymes built
entirely from a-helices in a solenoid-like su-
perhelix fold and has been termed the HEAT-
like repeat (HLR) DNA glycosylase superfamily
(Dalhus et al. 2007). The HLR DNA glycosylases
are widespread in prokaryotes, but have not yet
been found in multicellular organisms. Finally,
a sixth DNA glycosylase superfamily that is
present in bacteriophages hydrolyzes the N-gly-
cosylic bond of the 5’ base in cyclobutane py-
rimidine dimers. The 3D structures of enzymes

from all six DNA glycosylase superfamilies have
been solved during the last 20 years. These
structures show that although these enzymes
have evolved from different ancestors and target
awide range of base lesions, there are some com-
mon mechanisms for the action of all DNA gly-
cosylases.

SHORT-PATCH AND LONG-PATCH BER

After initiation of BER by a DNA glycosylase,
further processing may take place by “short-
patch” BER (also called “single-nucleotide
BER”), in which a single nucleotide gap is gen-
erated and subsequently filled and ligated, or by
long-patch BER in which a gap of 2—10 nucle-
otides is generated and filled (Fig. 2A) (as re-
viewed in Lindahl 2001; Almeida and Sobol
2007; Fortini and Dogliotti 2007; Robertson
et al. 2009; Svilar et al. 2011; Wallace et al.
2012). Although short-patch BER is generally
the dominant pathway, long-patch BER may
be the dominant mechanism of postreplicative
BER initiated by, for example, UNG2 (Otterlei
etal. 1999) or NEILI (Hegde et al. 2008b), both
expressed at highest levels during S phase.
Short-patch BER requires several repair-spe-
cific proteins that do not participate in replica-
tion and is equally efficient in proliferating and
nonproliferating cells. The major core proteins
required in the different steps in short-patch
repair are an initiating DNA glycosylase, AP-en-
donuclease APE1, DNA polymerase 3 (Pol 3),
and DNA ligase I or III (LIG1/3), (Figs. 2 and
3). In addition, poly(ADPribose) polymerase 1
(PARP1) and XRCCI participate, but apparent-
ly notin all types of short-patch BER (Hanssen-
Bauer et al. 2011). Many other proteins also
have roles in BER, including damage signaling,
tailoring of ends in the gap, posttranscriptional
modifications and chromatin remodeling.
Long-patch repair is mainly taking place
in proliferating cells and uses, to a large extent,
replication proteins for processing subsequent
to the glycosylase action and strand cleavage by
APE1 (Figs. 2 and 3). These include DNA poly-
merase d/e, PCNA, FENI, and LIG1 (Svilar
et al. 2011). However, incorporation of the sec-
ond nucleotide during repair is apparently
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independent on proliferation status of the cell
and uses Pol B in nonproliferating cells, but
preferentially Pol 8 /¢ in proliferating cells (Ak-
bari et al. 2009). The choice of pathway is also
depending on the specificity of the initiating
glycosylase (Fortini et al. 1999), as well as the
cell type and availability of BER factors (Narciso
et al. 2007; Bauer et al. 2011; Tichy et al. 2011).
The abundant nonhistone protein high mobili-
ty group box 1 (HMGBI) is a chromatin pro-
tein that binds to DNA and regulates chromatin
structure, gene expression, and several DNA re-
pair pathways, including BER (Liu et al. 2010b).
HMGBI stimulates the rate of BER through in-
teraction with BER proteins APE1 and FENI1
and appears to direct repair to the long-patch
pathway (Prasad et al. 2007; Liu et al. 2010b).

The enzymology of the downstream steps in
BER depends on whether the DNA glycosylase is
monofunctional, bifunctional with (-lyase ac-
tivity, or bifunctional with B/ lyase activi-
ty (Fig. 2). If the glycosylase is monofunction-
al, the AP-endonuclease APE1 cleaves the DNA
strand 5’ of the abasic site, generating 3’OH and
5'deoxyribose phosphate (5'dRP) ends. Then
Pol B inserts the correct nucleotide while its
phosphodiesterase activity (dRPase) removes
5'dRP, generating the 5'phosphate end required
forligation (Beard and Wilson 2006; Hegde et al.
2008a; Robertson et al. 2009; Svilar et al. 2011)
(Fig.2). Although the polymerase and phospho-
diesterase activities are in separate domains
(Beard and Wilson 2006), the downstream
strand containing the 5’phosphate end increases
nucleotide incorporation several-fold both for
Pol B and Pol \, a closely related X-family mem-
ber. Interestingly, this is because of an increased
incorporation rate rather than increased nucle-
otide binding affinity (Duym et al. 2006).

If the damaged base is removed by a DNA
glycosylase with associated [-lyase activity
(OGGI1 or NTHL1), B-elimination by the ly-
ase generates an unsaturated hydroxyaldehyde
linked to the 3’ end (3’dRP) and a phosphate
at the 5 end (Svilar et al. 2011). The 3'dRP is
efficiently removed by APEI that generates a
3'OH end, preparing the intermediate for the
polymerase step. A glycosylase with (3,3-lyase
activity cleaves at both sides of the AP-site, re-

Base Excision Repair

leasing the unsaturated deoxyribose as trans-4-
hydroxy-2,4-pentadienal. This generates a one-
nucleotide gap flanked by 3'-phosphate and
5'-phosphate ends (Svilar et al. 2011). The 3’
phosphate can be removed by the bifunction-
al enzyme polynucleotide kinase/phosphatase
(PNKP) that has 5'kinase and 3'phosphatase
activities (Fig. 2). Although {,3-elimination
and gap trimming by PNKP circumvents the
requirement for APEI1, the latter does have a
weak 3’ phosphatase activity that may remove
the phosphate (Beard et al. 2006).

Pol B IS A MAJOR FAMILY X POLYMERASE
IN BER AND IS MUTATED IN A LARGE
NUMBER OF EPITHELIAL CANCERS

The major gap-filling polymerase in short-patch
BER is Pol 3. Two other members of the poly-
merase family X, Pol w and TdT, contribute to
double-strand break repair but apparently have
no role in BER (Nick McElhinny and Ramsden
2004). Pol N\, the closest relative of Pol f,
contributes in BER of oxidative DNA damage
and is recruited to the site of damage (Braith-
waite et al. 2005). However, Pol 3 was also the
major contributor in an 8-0xoG:C context al-
though a smaller contribution of Pol N was
detectable as well (Braithwaite etal. 2010). These
results were supported by cell survival studies
using single- and double-polymerase knockout
mouse embryonic fibroblasts (MEFs). Here a
significant role of Pol N\ for survival was ob-
served after exposure to H,O,. In contrast, the
significance of Pol \ for survival after alkylation
damage or incorporation of 5-hydroxymethyl-
deoxyuridine (hmdUrd) was very minor (Bra-
ithwaite et al. 2010). BER of U:G in cell extracts
required Pol 3 and the marginal contribution
of Pol N could only be revealed in a Pol B-
knockout background. In conclusion, the cur-
rent view is that Pol 3 is the major short-patch
BER polymerase. Pol A has a significant, but
modest role in repair of oxidative base lesions.
Interestingly, the effects appeared to be additive,
indicating that their functions are independent.

Importantly, mutations in the Pol B reading
frame have been identified in approximately
30% of human solid cancers (Starcevic et al.
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2004), as first observed in colorectal cancers
(Wang et al. 1992). Mutations in the catalytic
domain, e.g., Ile260Met, may reduce rate, DNA
binding, and fidelity, leading to genomic insta-
bility and cellular transformation (Nemec et al.
2012). Furthermore, Pol 3 variants may act as
dominant negative and sequence-specific mu-
tators (Lang et al. 2007; Murphy et al. 2012).

LIG1 IS IMPORTANT IN NUCLEAR
SHORT-PATCH BER, WHEREAS LIG3
IS ESSENTIAL IN MITOCHONDRIA

Mechanistically, the last step in BER is ligation
of the nick after gap filling (Fig. 3). Mammalian
cells have three DNA ligases (DNA ligase I, I1I,
and IV). DNA ligase I (LIG1) interacts with
PCNA and is required for long-patch repair,
and in the joining of Okazaki fragments in rep-
lication, but its role in short-patch repair has
been unclear. The main function of DNA ligase
IV (LIG4) is in repair of double-strand breaks
by nonhomologous end joining (NHE]) and
V(D)J recombination, the latter restricted to
immature B-cells. LIG4 is not thought to have
arolein BER. LIG3 is present both in nuclei and
mitochondria, in contrast to LIGl and LIG4
that are only found in nuclei. Inactivation of
murine LIG3 is known to be embryonic lethal,
which has made functional studies on intact
organisms difficult. In addition, LIG3 is appar-
ently restricted to vertebrates so simpler eu-
karyotic model systems have not been available.
For a long time LIG3 was thought to be the
major ligase in short-patch nuclear BER. This
was mostly based on the interaction of LIG3
with the scaffolding protein XRCCI1, which
stabilizes LIG3 and enhances ligation. Further-
more, mammalian cells lacking XRCC1 are
hypersensitive to DNA-alkylating agents that
produce base lesions that are repaired by BER
(Friedberg et al. 2006). However, LIG1 was
found to efficiently substitute for the XRCC1—
LIG3 complex in short-patch repair in vitro as-
says, whereas LIG3 could not substitute for
LIGI in long-patch repair (Sleeth et al. 2004).
Furthermore, it was recently reported that LIG1
is the major short-patch BER polymerase for
nuclear DNA repair, whereas LIG3 is essential

for mtDNA repair and cell survival (Gao et al.
2011; Simsek et al. 2011). Using a mouse model
in which Lig3 was conditionally inactivated ei-
ther in the nervous system (Lig3"*"“"°) or heart
and skeletal muscle (Lig3Ckmm‘m), mice were
born alive and were indistinguishable from lit-
termates. However, they displayed growth re-
tardation, disrupted neurogenesis, and ataxia
already after 2 weeks and died within 3 weeks.
Morphological abnormalities in mitochon-
dria, as well as dramatically reduced content
of mtDNAwere observed (Gao etal. 2011). Sim-
ilarly, Lig3“*™™“"* mice displayed abnormal
heart and muscle morphology and heart failure
with death within 3.5 and 4.5 weeks of age (Gao
etal. 2011). Thus, these mice displayed massive
mitochondrial dysfunction as a consequence of
LIG3 deficiency, likely affecting mtDNA rep-
lication and/or repair. By complementing con-
ditional Lig3 knockouts by different forms
of LIG3, the significance of the mitochondrial
form of LIG3 could be confirmed (Simsek et al.
2011). In addition, the mitochondrial ligase
function could also be performed by LIGI tai-
lored to enter mitochondria, as well as a viral
ligase, suggesting that it is the ligase activity that
is essential, not the type of ligase (Simsek et al.
2011). This is in accordance with the finding
that the ligation step in in vitro BER in mito-
chondrial extracts from human cells is stimu-
lated by the addition of bacteriophage T4 DNA
ligase (Akbari et al. 2008). Furthermore, where-
as nuclear BER apparently takes place in large
protein complexes (Akbari et al. 2004, 2007;
Hanssen-Bauer et al. 2011), there is so far no
evidence for the existence of mitochondrial
BER complexes (Akbari et al. 2007), making it
plausible that the type of DNA ligase activity is
not critical. Surprisingly, nuclear DNA repair,
as assessed with alkaline comet analysis, was not
affected in cultured quiescent astrocytes from
Lig3¥m™m-<* mice after challenge with H,O,
or ionizing radiation or methyl methane sulfo-
nate (MMS). Knockdown of Lig3 in MEFs with
shRNA gave similar results. In contrast, Ligl
knockdown seriously affected nuclear DNA re-
pair, indicating that Ligl is the major BER li-
gase. Ligl/Lig3 double knockdown was even
more deleterious, indicating that LIG3 also
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contributes, but in a minor way. These results
were probably not caused by a switch from
short-patch to long-patch repair, as inhibition
of the presumed long-patch polymerases (Pol &
or &) by aphidicolin had no effect. These results
show the crucial role of LIG3 in mtDNA main-
tenance and cell survival and further suggest
that LIG1, rather than LIG3, is the major ligase
in nuclear BER. However, there is also ample
evidence for a role of LIG3 in nuclear BER.
More research on repair of different types of
base lesions, other cell types, as well as other
mammalian species, is therefore warranted be-
fore a firm conclusion on the roles of LIGI and
LIG3 in nuclear BER can be made.

BER IN MITOCHONDRIA TAKES PLACE
BY SHORT-PATCH REPAIR AND LONG-
PATCH REPAIR

Although it has been known for a long time that
mitochondria can perform BER, it was previous-
ly thought that mitochondria can only perform
short-patch repair (Stierum et al. 1999). This
repair would use a DNA glycosylase, APE1, Pol
v, and LIG3 (Liu and Demple 2010). However,
three papers later, long-patch repair in mito-
chondria independently documented (Akbari
et al. 2008; Liu et al. 2008; Szczesny et al. 2008).
Whereas the possible role of FEN1 was initially
controversial, the current view is that FEN1 hasa
role by acting synergistically with human struc-
ture-specific nuclease /helicase DNA2, which in
human cells is a mitochondrial protein (Zheng
etal. 2008; Liu and Demple 2010).

URACIL IN DNA FROM CYTOSINE
DEAMINATION AND dUTP
MISINCORPORATION

Genomic Uracil from dUTP Misincorporation
and Chemical Deamination of Cytosine

Small amounts of uracil in DNA result from
cytosine deamination and incorporation of
dUTP instead of dTTP during replication, giv-
ing rise to U:A pairs. Spontaneous cytosine de-
amination results from the inherent instability
of the base and introduces highly mutagenic

Base Excision Repair

U:G mismatches. Uracil in DNA is not a repli-
cation-blocking lesion and is easily copied by
replicative DNA polymerases, as well as RNA
polymerases. U:G mismatches therefore give
rise to C:G to T:A transition mutations unless
repaired before replication (Friedberg et al.
2006). Unfortunately, we still lack information
on the number of spontaneous cytosine de-
amination events per mammalian genome per
day. This is because deamination is 2—3 orders
of magnitude higher in single-stranded than in
double-stranded DNA and we do not know
which fraction of DNA is single stranded at
any one time (Kavli et al. 2007). Furthermore,
we do not know whether histones and other
chromatin proteins may affect deamination
rates. dUTP is an intermediate in pyrimidine
metabolism, but is normally kept at very low
levels by a highly efficient dUTPase (Friedberg
et al. 2006). If incorporated instead of dTTP,
this results in U:A pairs that are not direct-
ly mutagenic, but possibly cytotoxic because
some transcription factors cannot bind to target
sequences containing U instead of T. U:A pairs
are rapidly and efficiently repaired in mamma-
lian cells (Otterlei et al. 1999; Nilsen et al. 2000).
However, abasic sites that are intermediates in
repair are weakly mutagenic. Therefore, a con-
tribution of A:U pairs to mutagenesis would
depend on the number of dUMP residues
incorporated relative to the fidelity of repair.
Unfortunately, we do not know how many
dUMP residues are incorporated per round of
replication. First, we do not have methods to
directly quantify dUTP incorporation. Second,
the incorporation cannot presently be accurate-
ly estimated by indirect methods. This is be-
cause we do not know how dUTP is distributed
between different subcellular and subnuclear
compartments, and in addition, information
on average pool sizes in cells is limited. How-
ever, genomic uracil was threefold lower in non-
proliferating hepatocytes, as compared with
MEFs from Ung /™ mice, indicating that the
largest fraction of genomic uracil may come
from dUTP incorporation during replication,
rather than from deamination (Andersen et al.
2005). Furthermore, in yeast, abasic sites largely
result from uracil-removal by UNG, with
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misincorporation of dUTP representing the
major source of genomic uracil (Guillet and
Boiteux 2003). Whereas only weakly mutagenic
in wild-type yeast cells, abasic sites from dUTP-
incorporation and excision are toxic and a ma-
jor cause of spontaneous mutations in yeast
cells deficient in BER and RAD17-Mec3-Ddcl
(9-1-1) damage checkpoint clamp (Collura et al.
2012). In sum, these results indicate that geno-
mic uracil, including U:G mismatches and U:A
pairs, are quantitatively important lesions that
must be efficiently and accurately processed.

REPAIR OF URACIL IN DNA

Processing of uracil in DNA isinitiated bya DNA
glycosylase that generates an abasic site and
completed by BER proteins performing the
common steps in BER. In mammalian
cells, four distinct DNA glycosylases, UNG2,
SMUGI1, TDG, and MBD4, are known to re-
move uracil from nuclear DNA. Their properties
have been extensively reviewed (Stivers and Dro-
hat 2001; Krokan et al. 2002; Berti and McCann
2006; Kavli et al. 2007; Sousa et al. 2007; Stivers
2008; Robertson et al. 2009; Friedman and Sti-
vers 2010; Svilar et al. 2011; Jacobs and Schar
2012; Wallace et al. 2012). UNGI is the only
mitochondrial uracil-DNA glycosylase known.
Mitochondrial UNG1 and nuclear UNG2 are
both encoded by the UNG-gene using alterna-
tive splicing and alternative promoters. This re-
sults in alternative amino-terminal sequences
that are required for subcellular localization
and protein—protein interactions, principally
PCNA and RPA for UNG2 (Kavli et al. 2007).
Although UNG2 and SMUGT] have very limited
sequence homology, there are clear similarities
in the active site, as well as in function and
overall structure (Pettersen et al. 2007, 2011.
Whereas SMUGI was originally thought to be
found only in mammalian cells, subsequent
work has also identified it in some eubacteria
(Pettersen et al. 2007; Lucas-Lledo et al. 2011).

Role of Different Uracil-DNA Glycosylases

UNG proteins are found in eukaryotes, eubac-
teria, and some viruses and are by far the most

efficient in terms of catalytic turnover number
(Krokan et al. 2002). Nuclear UNG2 is most
highly expressed in S phase and has an impor-
tant function in postreplicative repair of U:A
pairs. However, it also appears to the major
contributor to U:G repair (Hagen et al. 2008;
Visnes et al. 2008). UNG?2 is sequentially phos-
phorylated during S phase and the triple-
phosphorylated form is also ubiquitylated and
removed, but apparently not by proteasomal
degradation. It is present in lower amounts,
but not absent in G,, M, and G; phases (Hagen
et al. 2008). The phosphorylation status affects
enzyme activity and possibly protein—protein
interactions. Interestingly, a germline variant of
UNG2, Arg88Cys, has essentially abolished
binding of RPA and reduced recruitment to sin-
gle-stranded DNA, but normal binding to
PCNA. However, mutations that disrupted
UNG2-PCNA interaction, impaired recruit-
ment of UNG2 to replication foci (Torseth
et al. 2012). These results indicate that UNG2
interaction partners regulate subcellular locali-
zation and possibly the function of the glycosy-
lase. Strikingly, TDG is oppositely regulated
when compared with UNG2 and has the highest
level of expression in G; phase, indicating sep-
arate roles regulated by expression pattern (Har-
deland et al. 2007). SMUGI is not cell cycle
regulated and, contrary to expectations, appears
to contribute less to U:G repair than does TDG,
at least in nuclear extracts (Visnes et al. 2008).
Interestingly, SMUGI knockout mice were
phenotypically normal, fertile, and had normal
life span. Nearly all 5-hmU activity was ablated
in SMUGI1-deficient mice, confirming its ma-
jor role as a general 5-hmU-DNA glycosylase.
UNG-SMUGI1 double knockouts were also
viable, whereas UNG-SMUGI1-MSH2 triple
knockouts had strongly reduced life span and
died from lymphomas (Kemmerich et al. 2012).
These results also show that the 5-hmU DNA
glycosylase activity of MBDA4 is likely to be in-
significant in most sequence contexts. It may,
however, be important in CpG contexts where
it may have a role in 5-meC demethylation in
a scheme involving hydroxylation of 5-meC
and subsequent deamination to 5-hmU and re-
moval by MBD4. Alternatively, 5-hmU could be
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removed by TDG (Hashimoto et al. 2012a,b).
Although these schemes require further explo-
ration, these results and previous work strongly
suggest that TDG and MBD4 may have epige-
netic functions that may be an integrated part of
their function as DNA glycosylases (Cortazar
etal. 2011; Cortellino et al. 2011). Interestingly,
MBD4 is mutated in a large fraction of human
colorectal cancers that display microsatellite in-
stability (MSI) (Riccio et al. 1999).

ADAPTIVE IMMUNITY BY MUTAGENIC
PROCESSING OF U:G MISMATCHES —
THE ROLE OF BER PROTEINS

Intriguingly, U:G mismatches are also used to
create immunoglobulin diversity in adaptive
immunity. Here, antigen-activated B lympho-
cytes express the enzyme activation-induced
cytidine deaminase (AID or AICD), a seminal
discovery from T. Honjo’s group (Muramatsu
et al. 1999). Originally thought to be an RNA
cytosine deaminase, convincing evidence now
indicates that it is a DNA deaminase (Conticello
et al. 2007). Uracil-DNA glycosylase UNG2
has a unique role in the processing of the U:G
mismatches generated by AID, and is required
for both normal somatic hypermutation (SHM)
and class switch recombination (CSR) (Rada
et al. 2002; Imai et al. 2003). SHM and CSR
also require mismatch repair proteins and AP-
endonucleases APE1 and APE2. In contrast,
nucleotide excision repair proteins are appar-
ently not required in adaptive immunity (Gui-
kema et al. 2007; Schrader et al. 2007). Further-
more, it is well established that double-strand
break repair (DSBR) proteins are essential in
late steps of CSR (Soulas-Sprauel et al. 2007).
Thus, there is extensive functional overlap be-
tween two of the most important defense mech-
anisms, DNA repair and immunity. AID creates
mutagenic U:G mismatches in Ig variable (V)
regions and switch (S) regions. If replicated
across, U:G mismatches cause G:C to T:A tran-
sition mutations. If uracil is removed by UNG2,
the abasic site is subject to translesion synthe-
sis, principally by Pol m (eta), giving rise to a
wider spectrum of mutations. The properties
of UNG2 are uniquely suited for the purpose
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and cannot be substituted by SMUGI under
physiological conditions (Doseth et al. 2012;
Perez-Duran et al. 2012). The role of UNG2,
AID, mismatch repair proteins, and NHE] pro-
teins in adaptive immunity has been extensively
reviewed and shall not be further elaborated
here (Di Noia and Neuberger 2007; Maul and
Gearhart 2010a,b; Stavnezer 2011).

OXIDATIVE DNA BASE LESIONS

Reactive oxygen species (ROS) are generated
in all aerobic organisms as by-products of
the normal cellular metabolism, and are also
formed by exposure to exogenous sources such
as pollution, UV-, and ionizing radiation. ROS
are highly reactive and can chemically modify
many components of the cell via oxidation, in-
cluding DNA bases. Oxidative DNA base lesions
that cause minor structural changes to DNA
are mainly repaired by the BER pathway (David
et al. 2007; Hegde et al. 2008a; Dalhus et al.
2009). Purines undergo oxidation of the ring
atoms leading to various chemical modifi-
cations. Most notably, the highly mutagenic
guanine derivative 7,8-dihydro-8-oxoguanine
(8-0x0G) is formed in large quantities, and
the formamidopyrimidine lesions FapyA and
FapyG, with opened imidazole rings, are also
abundant (Fig. 1). The 8-0x0G lesion has strong
miscoding properties because of Hoogsteen
pairing and both bacterial and eukaryotic DNA
polymerases insert adenine opposite 8-0xoG
with high frequencies. Other important oxi-
dation lesions include several premutagenic
oxidized pyrimidines such as thymine glycol
(Tg), 5-hydroxycytosine (5-hC), 5-hydroxyur-
acil (5hU), dihydrothymine (DHT), and dihy-
drouracil (DHU).

REMOVAL OF OXIDATIVE DNA BASE
LESIONS —ESSENTIAL BUT ALSO
ASSOCIATED WITH TRINUCLEOTIDE
EXPANSION

Endonuclease III (Nth), endonuclease VIII
(Nei), and formamidopyrimidine DNA glyco-
sylase (Fpg) are DNA glycosylases for removal of
oxidized base lesions in E. coli. Nth and Nei
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mainly recognize and excise oxidized pyrimi-
dine lesions whereas Fpg primarily functions
on oxidized purines (Dalhus et al. 2009). Hu-
man cells express several DNA glycosylases for
removal of oxidized bases, including OGGl for
removal of 8-0xoG and the corresponding ring-
fragmented purine formamidopyrimidine de-
rivative FapyG (Aburatani et al. 1997; Bjoras
et al. 1997; Lu et al. 1997; Radicella et al. 1997;
Roldan-Arjona et al. 1997; Rosenquist et al.
1997), NTH1 for removal of FapyA /FapyG and
oxidized pyrimidines (Aspinwall et al. 1997),
and NEIL (Nei-like) DNA glycosylase for re-
moval of oxidized pyrimidines and purines. In
total, three NEIL glycosylases, termed NEIL1-3,
have been identified in human cells (Hazra et al.
2002a,b; Morland et al. 2002; Takao et al. 2002;
Dou et al. 2003). NEILI has a broad substrate
specificity, removing both pyrimidine and pu-
rine derived lesions from DNA, whereas NEIL2
is reported to be rather specific for 5-OHU and
oxidized derivatives of cytosine, particularly in
mismatched double-stranded DNA (DNA bub-
bles) (Bandaru et al. 2002; Hazra et al. 2002a,b;
Morland et al. 2002; Takao et al. 2002; Dou et
al. 2003; Parsons et al. 2005b, 2007; Grin et al.
2010). More specifically, NEIL1 primarily rec-
ognizes and removes oxidized pyrimidines like
5-OHU, 5-OHC, and TG as well as the ring-sat-
urated DHT and DHU (Bandaru et al. 2002;
Hazra et al. 2002a; Morland et al. 2002; Dou
et al. 2003). However, it has also been shown
that NEIL1 removes 8-0x0G in different contexts
such as in double-stranded DNA (dsDNA),
(Morland et al. 2002; Forsbring et al. 2009) or
close to the 3’ end of DNA single-strand breaks
(Parsons etal. 2005b), but not in single-stranded
DNA (Dou et al. 2003). NEIL1 and NEIL2 also
remove the oxidized guanine lesions guanidino-
hydantoin (Gh) and spiroiminodihydantoin
(Sp) from single- and double-stranded DNA
(Hailer et al. 2005; Zhao et al. 2010), 8-oxoade-
nine (8-oxoA) from duplex DNA when paired
with a cytosine (Grin et al. 2010), as well as
FapyA and FapyG (Hazra et al. 2002a). Neil3
recognizes the oxidized purines, spiroimino-
dihydantoin (Sp), guanidinohydantoin (Gh),
FapyG, and FapyA, but not 8-oxo-7,8-dihy-
droguanine (8-0xoG). Neil3 prefers lesions in

single-stranded DNA and in bubble structures
(Liu et al. 2010a). NEIL1 is also reported to be
involved in nucleotide excision repair of (5'R)-
and (5'S)-8,5'-cyclo-2'-deoxyadenosine (Jaruga
et al. 2010).

MUTYH is also involved in protection
against oxidative damage (Williams and David
1998). It does not remove oxidatively damaged
bases as such, but is specific for removal of
adenine base-paired with 8-0x0G, which is fre-
quently found as the result of erroneous repli-
cation of DNA containing 8-0xo0G that has es-
caped repair by OGG1 (Fig. 4). Inactivation of
both MUTYH and OGGI in mice strongly in-
creased the incidence of lung and small intesti-
nal cancer (Russo et al. 2004), supporting a ca-
sual role for unrepaired oxidized bases in cancer
development. Inherited variants in the human
MUTYH are associated with somatic mutations
in colorectal tumors or adenomas (Jones et al.
2002, 2004). The Nth1~/~ Neill ~/~ mice de-
veloped pulmonary and hepatocellular tumors
at a higher incidence whereas the single knock-
outs, Nth1~/~ and Neill_/_, showed no sig-
nificant increase in tumor formation (Chan
et al. 2009).

The progressive cognitive decline associated
with age-dependent neurodegeneration is pro-
posed to be caused by accumulation of oxidative
damage to macromolecules (Barja 2004). High
metabolic activity and low levels of antioxidant
enzymes make neurons particularly prone to
damage by reactive oxygen species. Thus, repair
of oxidative DNA damage is essential for nor-
mal brain function. NEIL1, NEIL2, OGG1, and
NTHLI expressions are widespread at all ages,
whereas NEIL3 expression is restricted to dis-
crete regions harboring stem cell populations
(i.e., the subventricular zone, the rostral migra-
tory stream, and the subgranular zone) (Rolseth
et al. 2008). UNG, OGGI, and Neil-deficient
mice show major increases in infarct size after
reversible middle cerebral artery occlusion and
reperfusion. NEIL3, in contrast to UNG (Endres
et al. 2004), OGG1 (Liu et al. 2011), and NEIL1
(Canugovi et al. 2012), has no significant func-
tion in postmitotic cells but rather plays a role in
regeneration (Sejersted et al. 2011). It appears
that NEIL3 is involved in repair of oxidative
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Figure 4. Repair of 8-0x0G (*G) resulting from incorporation of 8-oxo-dGTP (d*GTP) in the ANTP pool (left)
and from oxidation of G in DNA (right) require different mechanisms. Most of the 8-oxo-dGTPs in the ANTP
pool are hydrolysed by MTH, thus avoiding misincorporation during DNA replication. If 8-oxo-dGTP is
misincorporated opposite an A in the template strand and the A is removed by MYH, this repair process would
result in a mutation. Alternatively, repair by MMR may restore the correct basepair. Repair of 8-0x0G in DNA
(right panel): BER initiated by OGGI removes the majority of 8-0xoG oxidized in DNA. If 8-0x0G is not
repaired before DNA replication, replicative DNA polymerases & and & incorporate dAMP opposite 8-0xoG
with a high frequency. The resulting 8-0xoG:A is repaired by MYH, restoring the correct basepair. However, if the
8-0x0G:A basepair is not repaired before a second round of DNA replication, it leads to an A:T transversion

mutation.

damage in proliferating cells in brain such as
neuronal progenitors, reactive astrocytes, and
activated microglia.

Intriguingly, 8-0xoG processing by OGGl1
in trinucleotide repeats of the CAG type is as-
sociated with trinucleotide expansion in Hun-
tington’s disease and loss of OGG1 suppresses
trinucleotide expansion in a mouse model for
Huntington’s disease (Kovtun et al. 2007). A
recent report shows that Neill DNA glycosylase
also contributes to germline and somatic HD
CAG repeat expansion (Mollersen et al. 2012).
These rather surprising findings show that dam-
age processing by a normal repair protein may
be harmful in some sequence contexts in a par-
ticular genetic background.

REMOVAL OF ALKYLATED BASES AND
ETHENOADDUCTS IN DNA

The primary DNA base lesions arising from
endogenous methyl donors and from envi-
ronmental toxins and chemotherapeutic drugs
with alkylating properties comprise a range
of N- and O-alkylated DNA bases, including
N°- and N’-substituted alkylpurines and O*-
subsituted alkylpyrimidines, which are recog-
nized and removed by DNA glycosylases. Of
these, 3-methyladenine (3-mA), which blocks
replication, is the major cytotoxic alkylating
damage. Other common alkylated base prod-
ucts, including N L_substituted purines and
O°-methylated guanine, are repaired by direct
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damage reversal processes. Moreover, several
alkylbase DNA glycosylases remove deaminated
adenine (inosine) and cyclic ethenoadducts
such as 1,N°-ethenoadenine and 3,N*-etheno-
cytosine.

Five different classes of alkyl DNA glycosy-
lases have been identified, but only one is pre-
sent in mammalian cells (Dalhus et al. 2009).
The 3-mA DNA glycosylase I (E. coli Tag), 3-mA
DNA glycosylase II (E. coli AlkA), and the
Helicobacter pylori 3-mA DNA glycosylase III
(MagllI) all belong to the HhH superfamily de-
scribed above (Labahn et al. 1996; Hollis et al.
2000; Drohat et al. 2002; Cao et al. 2003; Eich-
man et al. 2003; O’Brien and Ellenberger 2004;
Metz et al. 2007). The human Aag (Lau et al.
1998; Lau et al. 2000) and the prokaryotic HLR
3-mA DNA glycosylases (B. cereus AIkC and
AlkD) (Dalhus et al. 2007; Rubinson et al.
2008) represent the two other known folds that
have evolved to recognize and remove alkylated
bases in DNA.

Chronic inflammation is associated with
an increased risk of cancer and generates large
quantities of reactive oxygen and nitrogen spe-
cies (RONS) that leads to oxidation and deam-
ination of DNA bases. In addition, RONS in-
directly induce etheno bases and other
exocyclic DNA adducts via lipid peroxidation.
The AAG glycosylase, which removes ethenoad-
ducts, protects against inflammation-associated
colon cancer in mice (Meira et al. 2008). In a
chemically induced colitis and colon cancer
model in mice, AAG display apparent epistasis
with the oxidative demethylases, ALKBH2 and
ALKBH3, which repair ethenoadducts by direct
reversal (Calvo et al. 2012).

CONCLUDING REMARKS

Our understanding of the mechanism and sig-
nificance of BER and BER proteins has ad-
vanced substantially in the last decade. BER
is performed by a set of related pathways that
have roles in prevention of cancer, neurode-
generation, and aging. Animal models, partic-
ularly knockout mice, combined with biochem-
ical studies, have revealed extensive backup and
complementary functions of enzymes involved.

These explain the modest effects of single-DNA
glycosylase deficiencies. Disease association has
been shown by double knockouts, as well as
with some gene variants in DNA glycosylases
or proteins in the common steps of BER. How-
ever, unlike the distinct syndromes associated
with defects in nucleotide excision repair, mis-
match repair, or double-strand break repair, the
disease association in the case of BER is usually
more subtle and phenotypically blends in with
disease from causes other than DNA repair.
Furthermore, BER proteins have been shown
to have important roles beyond DNA repair, par-
ticularly in adaptive immunity and epigenetics.
The interaction BER and other DNA transac-
tions, overall regulation of BER, as well as the
regulation of individual proteins remain topics
that warrant further work.
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