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Introduction

Survival of a species depends on balanced generation of
genetic variation but at the same time on the protection of the
genome from changes that cause disease and fitness reduction.
DNA repair pathways limit mutations but do not totally
eliminate them. In fact, some DNA repair pathways are error
prone. DNA repair thus has a central function not only in
protecting the genome, but also in the generation of genetic
diversity. Expression of DNA repair proteins is subject to a
delicate balance where both too few and too many of a type
may result in increased cytotoxicity and/or mutation (1–4).
DNA repair is integrated with transcription, replication, cell
cycle control and apoptosis in complex networks (5), a full
discussion of which is beyond the scope of this article, and
our abilities. While DNA repair is an ancient and conserved
defence mechanism, various pathways, and additions to basic
pathways, have evolved during different time periods (6).
Furthermore, the pathways have overlapping specificities and
function as back-up systems for each other. Thus, cytotoxic
and mutagenic abasic sites (AP sites) may be dealt with by
the relatively accurate mechanisms nucleotide excision repair
(NER) (7,8), base excision repair (BER) and recombination
repair, as well as by highly error-prone translesion DNA
synthesis (TLS) (Figure 1; 9). In addition, different enzymes
may substitute for each other in a specific pathway, or variants
of a pathway. Conditions that govern the selection of a pathway
in each case are not well understood. Furthermore, components
of DNA repair systems, such as error-prone DNA polymerases,
may also cause untargeted mutations at sites where no apparent
damage is present. In this commentary we will address func-
tional aspects of BER and different complementary functions
in the light of recent discoveries with regard to mutations,
cancer, evolution and ageing.

In summary, recent results from different DNA glycosylase-
deficient mice have failed to demonstrate strongly increased
mutation rates, increased cancer frequencies or other severely
altered phenotypes. This may be due to overlap in functions
between DNA glycosylases, as well as repair by alternative
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pathways. There is evidence that the BER pathway is essential,
since deficiencies in the common steps downstream of the
DNA glycosylase step are embryonic lethal (10). However,
these proteins may have additional functions in development
and the evidence is therefore not yet conclusive. The minor
effects of deficiencies in DNA glycosylases may seem surpris-
ing, given the strong conservation of these enzymes. Possibly,
deficiency of each of the enzymes may reduce fitness to an
extent that, although small, results in negative selection such
that glycosylase mutations are very infrequently observed in
populations. We speculate that DNA glycosylases have as one
major function to protect the long-term integrity of the genome
over several generations.

Sources of damage to the genome

DNA is inherently unstable and decays even in the absence
of exogenous challenge from DNA-reactive chemicals and
radiation (11,12). By convention, DNA damage has been
categorized as being of spontaneous origin or environmentally
induced. However, in some cases this separation is not distinct.
For example, polyunsaturated fatty acids, giving rise to DNA-

Fig. 1. AP sites are mainly generated by DNA glycosylases and
depurination. Certain major alkylation products (e.g. 7-methylguanine and
3-methyladenine) increase rates of hydrolytic depurination by several orders
of magnitude. Essentially error-free repair of AP sites is carried out by
BER, NER and recombination repair, whereas error-prone DNA
polymerases may synthesize DNA over the baseless site. This type of
complexity in handling of damage may be more common than thought
previously.
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Fig. 2. Examples of DNA bases damaged by endogenous agents. In almost
all cases exogenous agents may also produce the class of damage indicated.

reactive lipid peroxidation products, are natural components
of cellular membranes, but their amount in the cell depends
on the quantity ingested. In addition, the formation of lipid
peroxidation products may be modulated by ingested antioxid-
ants. BER is generally believed to constitute the primary
defence against lesions formed by endogenous DNA-damaging
agents. Figure 2 shows some examples of major base modifica-
tions repaired by BER. Water and reactive oxygen species are
probably the main endogenous reactants damaging DNA in
cells. Water attacks electrophilic centres to generate a number
of hydrolysis products. The quantitatively most important arise
from hydrolysis of the N-glycosidic bond of purines, resulting
in loss of ~10 000 purines/human genome/day (13,14). Pyrimi-
dines are lost at 5% of the rate of purines (11). The resulting
AP sites are highly cytotoxic and mutagenic and, if left
unrepaired, may rearrange to generate single-strand breaks.
Hydrolytic deamination of exocyclic amino groups in cytosine
and 5-methylcytosine results in generation of uracil and thym-
ine, respectively, both mismatched to guanine. Similarly, aden-
ine may deaminate to hypoxanthine and guanine to xanthine.
The estimated rate of cytosine deamination ranges from 100
to 500 events/cell/day and will result in C→T transition
mutations unless corrected by repair processes (15–17).

Oxidation of DNA by reactive oxygen species is the other
major source of spontaneous DNA damage. Reactive oxygen
species are formed as by-products from oxidative metabolism
and from γ-irradiation. DNA-reactive fatty acid radicals,
aldehydes and other compounds are formed during lipid
peroxidation and cause various types of damage, including
etheno adducts of pyrimidines and purines. Oxidation of
bases occurs mainly at electrophilic carbon centres. Major
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products are the highly mutagenic 8-hydroxyguanine and
ring-opened forms of purines (formamidopyrimidines) and
pyrimidine glycols, all of which are cytotoxic and mutagenic
(11,12,18–20). Oxidative attack on the DNA backbone may
result in the generation of single-strand breaks, which are
recombinogenic, cytotoxic and mutagenic. The rate of forma-
tion and endogenous levels of oxidative DNA damage in living
cells are difficult to measure, but it is clear that oxidation
reactions collectively constitute major sources of DNA damage
(12,21). Several endogenous products of normal metabolism
have been demonstrated or suspected to damage DNA. In
addition to lipid peroxidation products and oxidants, these
include alkylating agents, oestrogens, chlorinating agents,
reactive nitrogen species, glycoxidation products, heme pre-
cursors and amino acids (22). The possible significance of all
these agents, as well as of the long list of environmental agents
(23), is beyond the scope of the present paper.

Base excision repair

The present review will concentrate on functional aspects of
BER. For discussions of more comprehensive biochemical and
structural aspects of DNA glycosylases, other recent reviews
should be consulted (24–31). The mechanism of BER involves
a damage-specific step performed by one of the DNA glyco-
sylases (Table I) followed by damage-general steps involving
the sequential action of different proteins which correct DNA
by template-directed insertion of one or a few nucleotides,
starting at the damaged site (Figure 3). Damage recognition
and binding vary with different enzymes, but base flipping prior
to excision appears to be a common trait. For monofunctional
glycosylases hydrolysis of the glycosylic bond involves nucleo-
philic attack by an activated water molecule, in turn activated
by the caboxyl side chain of an Asp residue. For bifunctional
DNA glycosylases the nucleophile is an activated amino group
of a Lys residue activated by an Asp residue. The amino group
forms a Schiff base with C1’ followed by β-elimination to
cleave the DNA strand at the 3�-side of deoxyribose (lyase
activity). The human monofunctional glycosylases include
uracil-DNA glycosylase (UNG) (32–34), thymine/uracil mis-
match glycosylase (TDG) (35), SMUG1 (36) and MBD4
(37,38), which have uracil as a common substrate but have
generally narrow substrate specificities. In contrast, the mono-
functional methylpurine-DNA glycosylase (MPG), also
referred to as ANPG or AAG (39,40), removes a wide range
of damaged purine bases and, surprisingly, may also remove
undamaged purines at low rates (2). The bifunctional glyco-
sylases include hOGG1 (41), which removes oxidized purines,
and hNTH1 (42,43), which removes oxidized pyrimidines. The
human MutY homologue, hMYH1 (44), removes adenine from
8-oxoguanine/A mismatches and harbours only weak, if any,
lyase activity (45). The major AP endonuclease, HAP1 (also
referred to as APE1 and Ref1), which is at the intersection of
all the BER pathways, introduces a nick in the backbone 5�
of the AP site, thereby generating a 3�-OH end as a substrate for
DNA polymerases (12). When BER is initiated by bifunctional
glycosylases, the additional action of HAP1 results in a 1 nt
gap flanked by 3�-OH and 5�-phosphate ends (26,46). Short-
patch predominates when BER is initiated by the bifunctional
glycosylases since the 1 nt gap is relatively refractory to
displacement synthesis (47–49). If BER is initiated by mono-
functional glycosylases, HAP1 leaves a nick with a 3�-OH and
a 5�-deoxyribose 5-phosphate (dRP) end (26,50,51).
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Table I. Mammalian DNA glycosylasesa

Namec Size Lyase Cellular Chromosome Known substratesb

(amino acids) activity localization localization

hUNG1 304 No Mitochondria 12q24.1 ssU � U:G � U:A, 5-FU, (poor: 5-hydroxyU, isodialuric acid, alloxan)
hUNG2 313 No Nuclei 12q24.1 ssU � U:G � U:A, 5-FU, (poor: 5-hydroxyU, isodialuric acid, alloxan)
mUNG1 295 No Mitochondria 5 U, 5-FU
mUNG2 306 No Nuclei 5 U, 5-FU
hSMUG1 270 No 12q13.1–q14 ssU�U:A, U:G
hTDG 410 No Nuclei 12q24.1 U:G � εC:G � T:G
hMBD4 580 No 3q21 U or T in U/TpG:5-meCpG
hUDG2 327 No 5 U:A
hMPG 293 No 16p (tel) 3-mA, 7-mA, 3-mG,7-mG, 8-oxoG, hypoxanthine, εA, εG
mMPG No 3-mA, 7-mA, 3-mG
hOGG1 345 Yes Nuclei (1a) 3p25 Me-fapyG:C �� fapyG:C � 8-oxoG:C �� 8-oxoG:T

424 Yes Mitochondria (2a)
mOGG1 345 Yes 8-oxoG:C �� 8-oxoG:T � 8-oxoG:G
hMYH 521 Yes? Mitochondria 1p32.1–p34.3 A:G, A:8-oxoG �� C:A, 2-OH-A

535 Yes? Nuclei 1p32.1–p34.3 A:G, A:8-oxoG �� C:A, 2-OH-A
hNTH1 312 Yes Nuclei (� mitochondria?) 16p13.2–13.13 T/C-glycol, dihydrouracil, fapy
mNTH1 300 Yes 17A3 T-glycol, urea

ah, human; m, mouse.
bIn mismatches the target base is on the left.
cVariant splice forms have also been identified for several DNA glycosylases and not all are included in the table.

Fig. 3. The BER pathway is initiated by DNA glycosylases and may follow
a short-patch (A and B) or a long-patch (C) route, in part depending on the
type of initiating DNA glycosylase. The catalytic protein in each step is
underlined.
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When BER is initiated by monofunctional glycosylases it
might proceed by the short-patch or the long-patch pathway
(49,51,52). In the short-patch pathway DNA polymerase (Pol)
β is recruited upon direct interaction with HAP1 to insert 1 nt
(53,54). The dRP moiety is removed by the dRPase activity
of Polβ, which involves Lys72 as the sole Schiff base nucleo-
phile in the 8 kDa domain of this enzyme (55). Several lines
of evidence suggest that the Polβ-dependent short-patch BER
pathway is dominant, performing between 75 and 90% of all
BER in human cells (53,56,57). It was recently shown that
while Polδ or Polε could substitute for Polβ with regard to
DNA synthesis there was no back-up for the dRPase activity
and this might explain the neurotoxicity leading to embryonic
lethality in Polβ-deficient mice (58,59). Resealing of the single-
strand nick, presumably by DNA ligase III in complex with
the scaffolding protein XRCC1 (60), completes the repair
pathway (61,62).

Long-patch BER involves the synthesis of 2–8 nt stretches
beginning at the damaged site. Insertion of only 2 nt is most
frequent and the term ‘long-patch’ is therefore somewhat
misleading (55,63–66). This pathway is particularly useful in
cases where the dRP moiety is refractory to excision by Polβ
(64). Strand displacement synthesis creates a flap structure
from which the dRP moiety can be removed as part of
an oligonucleotide. Strand displacement synthesis can be
performed by Polβ (50,58), in addition to Polδ or Polε (65,66).
Polβ-mediated long-patch BER does not absolutely require,
but is stimulated by, proliferating cell nuclear antigen (PCNA)
(50). In contrast, repair synthesis by Polδ or Polε is dependent
on PCNA and replication factor C (RFC) (63). PCNA stimulates
long-patch BER by appropriately positioning flap endonuclease
I at the hinge and stimulating its nuclease activity to release
the oligonucleotide containing the dRP moiety (50,64–66).
RFC is required to load PCNA onto DNA (67). Since Polβ-
deficient cells were found to be deficient in short-patch BER
but proficient in PCNA-dependent long-patch BER, Polδ or
Polε is believed to be the main polymerase in the long-patch
pathway (54,56). RPA interacts with UNG2 (68,69) and is
required for DNA synthesis by Pol or Polε in other repair



H.Nilsen and H.E.Krokan

pathways and may stimulate long-patch BER, but its
significance in BER remains unclear (63,70,71). Both DNA
ligase I and III can seal the nick (50), but since PCNA
stimulates the reaction it is supposed that DNA ligase I is
responsible, since it interacts with PCNA (72).

A large fraction of nuclear UNG2 is localized to replication
foci, where it has immediate access to replication factors that
can be used for repair and interacts directly with PCNA and
RPA (69). This suggests the possibility that long-patch BER
might be mainly replication associated. It is also plausible that
there is competition between the repair pathways for common
factors. Some of the repair factors are induced when entering
S phase, such as DNA glycosylases UNG2 (73,74) and hNTH1
(75). In contrast, Polβ is expressed at similar levels throughout
the cell cycle (76). Polβ is apparently not present in replication
foci (77) and it may therefore seem unlikely that it is
involved in BER close to the replication fork. Moreover, post-
translational modification, e.g. phosphorylation, may limit
protein interaction to windows in the cell cycle, as has been
shown for the interaction between PCNA and ligase I (78,79)
and XRCC1 and ligase III (80). It is tempting to speculate
that some factors may become limiting in certain situations,
thus forcing repair into a different mode at these instances of
time. As a consequence, identical lesions may be repaired by
different pathways, depending on the status of the cell.

Knockout mice deficient in BER

Studies of BER deficiency using mouse knockout technology
have at first sight been disappointingly inconclusive or, rather,
have given results different from what was expected. Several
known DNA glycosylases, as well as other BER proteins and
proteins in other pathways, have been inactivated using this
technology (see ref. 10 for comprehensive information). Based
on genetic studies in Escherichia coli and yeast it was expected
that mouse models would exhibit elevated mutation frequencies
and, as a consequence, develop cancer at a relatively early
age, as do most mismatch repair (MMR)-deficient mice (10).
The first example of knockout mice deficient in a DNA
glycosylase was mice deficient in the major activity for
removal of 3-methyladenine (Mpg). Surprisingly, Mpg–/– mice
developed normally, were fertile and did not demonstrate
increased cancer incidence (81). Furthermore, Mpg-deficient
mice show no increase in spontaneous mutation frequency and
only a 3-fold increase in mutation frequency when exposed to
methylating agents (82). Another example is Ung-deficient
mice, which show less than 2-fold elevated mutation frequen-
cies in the tissues analysed, but they do not seem to develop
cancer at a significantly elevated rate nor do they show clear
signs of any other disease (83). Ogg1-deficient mice show an
up to 6-fold elevation of spontaneous mutation frequency in
some tissues without developing tumours in these tissues,
whereas other tissues remain at background mutation
frequencies (21). Mouse knockouts of Myh1 (10) and Nth1
(J.Hoijmakers, van der Horst and Yasui, personal communica-
tion) exhibit a similar lack of altered phenotype. The spectrum
of spontaneous mutations as measured in the lacI transgene in
ung–/–�BigBlue mice shows elevation in C→T transitions in
spleen but not in thymus (83). Elevation of substitutions other
than that expected is also seen in Ogg1-deficient mice (84),
confirming lack of a simple and predictable relationship
between genotype and mutation spectrum. Judged from the
phenotype of mouse knockout models the importance of
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the individual DNA glycosylases in protection of genomic
integrity appears to be reduced in mammalian cells compared
with prokaryotes and lower eukaryotes. However, cell lines
established from these mice appear to exhibit at least some
of the biochemical characteristics expected with regard to
sensitivity to DNA-damaging agents (82,85), accumulation of
8-oxoguanine (21) and accumulation of uracil (83).

In contrast to the glycosylases, deficiencies in the subsequent
steps are embryonic lethal (10). One frequently stated explana-
tion for this has been that there is an accumulation of repair
intermediates generated by the glycosylases, in particular
cytotoxic AP sites and dRP moieties. An implication would
be that inactivation of the major glycosylases in these models
should, at least in part, rescue the lethal phenotype at the
expense of mutagenesis. To our knowledge these elaborate
experiments have yet to be performed. Another possibility is
that these models are lethal not because of BER deficiency,
but rather due to the involvement of HAP1, Polβ and XRCC1
in developmental pathways. The N-terminal domain of HAP1
harbours a redox function (Ref1) that participates in activation
of a number of proteins, among others p53, in response to
oxidative stress (86,87). By using mutants of HAP1 that have
lost endonuclease function but retained the redox activity, or
vice versa, one should be able to determine whether redox
function or AP endonuclease activity is required for survival
during development. Polβ appears to be the major, possibly
only, activity for removal of dRP moieties in mammalian cells
(58,59) and this may be the cause of cyanosis and embryonic
lethality of Polβ-deficient mice (88,89). However, there is also
evidence that Polβ is involved in homologous recombination
(90) and, therefore, one cannot presently conclude that the
essentiality of this enzyme is due to its function in BER. DNA
ligase III is stabilized through interaction with XRCC1 (60)
and, accordingly, Xrcc1-deficient cells containing very little
of this ligase activity are deficient in the ligation step in short-
patch BER (62). Embryonic development in Xrcc1-deficient
cells arrests around E6.5 (91). For comparison, DNA ligase
I-deficiency is not lethal until E15.5–16.5 (92,93). It has been
suggested that strand breaks might be generated through BER
as part of a developmental programme and the inability to
reseal these could be the cause of lethality of Xrcc1-deficient
mice (91). The involvement of BER in development was
earlier suggested based on absence of the conserved UDG and
presence of a developmentally regulated dUTPase inhibitor in
Drosophila (94,95). It was suggested that timed and tightly
regulated incorporation of dUTP into DNA would prime DNA
for degradation initiated by the action of a UDG activity in a
developmental programme involving massive apoptosis (96).
Interestingly, but maybe purely reflecting the reduced need for
nucleotides in dying cells, dUTPase was recently shown to be
degraded by caspase 3 during apoptosis in human cells (97).
However, viable and developmentally normal Ung2-deficient
mice may argue against this hypothesis, since the conserved
Ung2 appears to predominantly remove misincorporated dUMP
(83). But there may be redundancies even in this pathway and
the involvement of uracil-initiated BER in a developmental
programme remains an unproven and possibly weakened
hypothesis.

Rearrangement of mitochondrial rDNA genes shows a
correlation with age, suggesting a role for mitochondrial
dysfunction in ageing (98). Accumulation of oxidative DNA
damage in nuclear and mitochondrial DNA has similarly been
proposed as one cause of cellular ageing (reviewed in ref. 99).
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However, the evidence for accumulation of oxidative DNA
damage, e.g. 8-oxoguanine, with age is still scarce. In fact, it
was recently found that repair capacity (estimated as the
level of 8-oxodeoxyguanosine glycosylase/AP lyase activity)
increased with age, in contrast to capacity for uracil repair
(100). Knockout mice deficient in glycosylases removing
oxidative damage apparently do not show signs of increased
cellular ageing (10). Furthermore, nutrient deprivation
increases the lifespan in rodents and non-rodents (reviewed in
ref. 101) but was also recently shown to increase oxidative
stress and 8-oxoguanine levels in DNA in culture (102). As
we see it, studies on the possible relationship between BER
and ageing are still in their infancy and do not presently allow
definite conclusions.

DNA glycosylases may have overlapping functions in BER
and other DNA repair pathways also complement BER

It is clear that glycosylases are designed to remove mutagenic
bases and thus limit mutagenesis. The biochemical data are
strengthened by genetic data from bacteria and yeast. Thus,
strains inactivated in each of the glycosylases exhibit
increased spontaneous mutation frequencies. Escherichia coli
ung– strains exhibit 3- to 5-fold increased global spontaneous
mutation frequencies (103,104) and an up to 35-fold elevation
of the spontaneous frequency of C→T transitions at individual
sites (105–107). The simple relationship between altered
genotype and types of mutation generated is challenged when
mutation spectra are analysed more thoroughly, since unexpec-
ted types of mutations, specifically –1/–2 nt frameshifts, are
similarly elevated in ung– strains (103). The loss of UDG
activity was recently shown to increase transcription-
associated –1 nt frameshift mutations in Saccharomyces
cerevisiae, hence further complicating the relationship between
genotype and classes of mutations generated (108). Other
glycosylases have also been shown to limit mutagenesis in
prokaryotes and lower eukaryotes. Escherichia coli endo-
nuclease III (nth gene) and the yeast homologues Ntg1 and Ntg2
recognize pyrimidine glycols and several related compounds
(109,110; reviewed in ref. 111). These enzymes have been
shown to protect against spontaneous mutations and mutations
induced by oxidative stress (112,113).

It was shown a long time ago that biochemically distinct
enzymes could substitute for each other in bacterial BER, in
that overexpression of Tag could complement AlkA deficiency
in E.coli (1). Furthermore, repair of cyclobutane pyrimidine
dimers is known to be carried out by at least three distinctly
different pathways (direct repair by photolyase, NER and
recombination) (reviewed in ref. 23). This line of research has
recently been taken up again and an increasing overlap between
repair pathways in the protection of genomic integrity has
become apparent. Human NER can, in addition to well known
helix-distorting lesions, also process AP sites, alkyl adducts
and some mismatches (114), as well as oxidative base damage
(115). Furthermore, BER of oxidized pyrimidines (e.g. thymine
glycol) initiated by the human endonuclease III homologue
hNTH1 requires XPG (47,116) and other repair proteins for
optimal efficiency (117). At least 80% of thymine glycols are
repaired by the short patch pathway (118). NER complements
OGG1-initiated BER in the transcribed strand of active genes,
but not in the non-transcribed strand (119). Repair of AP sites
has turned out to be unexpectedly complex and involves
BER, NER, recombination repair and TLS (7–9,114,120).
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Furthermore, genetic evidence has demonstrated overlapping
specificities of the BER, NER repair, recombination and TLS
pathways for oxidative base damage in S.cerevisiae (121).
Repair of alkylation damage also involves more than one
pathway. Thus, BER is complemented by recombination repair
and NER for repair of alkylation damage (122,123). Surpris-
ingly, it now appears that BER might have a modest protective
effect compared with NER and recombination repair in
response to alkylating agents in Schizosaccharomyces pombe
(123).

One good example of intra-pathway complementation is
removal of uracil from the genome. Several candidate enzymes
that have uracil-DNA glycosylase activity have been identified
in human cells, including TDG (35–37) and possibly UDG2
(124). Which one, if any, of these constitutes the major activity
limiting mutagenesis from deamination of cytosine remains to
be established. Among these glycosylases only TDG shows
sequence similarity with the highly conserved UNG. The
similarity is small and limited to one region of the protein. At
the structural level, however, TDG and UNG are clearly related
and the mechanism of catalysis is related, as recently reviewed
(31). Human SMUG1 also shares two common sequence
motifs with UNG and TDG, one involved in pyrimidine
binding and one involved in glycosidic bond hydrolysis (31,36).
In addition, MBD4 has a glycosylase domain and releases
uracil, but is unrelated to UNG at the sequence level (37).
Although the catalytic efficiency of these enzymes in uracil
removal in vitro is low, they may complement UNG in BER
in vivo. Therefore, the existence of several very distantly
related, or unrelated, enzymes with overlapping, but not
identical, specificities may explain why deficiencies in single
activities generally have small effects.

UNG has a turnover number some 1000-fold higher than
other glycosylases and as such represents a special case among
glycosylases (125). The enzyme, particularly the nuclear form,
is mainly expressed in late G1 and S phase (73,74). These are
properties compatible with the involvement of UNG2 in
removal of misincorporated dUMP residues during replication
(69,83). Bacterial and yeast Ung-deficient strains can tolerate
high levels of dUMP stably incorporated into the genome, but
when levels exceed 20% substitution they die, probably due to
effects on RNA synthesis (126–128). Dietary folate deficiency
(129,130) or treatment with drugs that interfere with dTTP
synthesis, like methotrexate (131) and 5-fluorouracil (132),
increases incorporation of uracil into DNA. The same treat-
ments lead to accumulation of strand breaks and it has been
suggested that these originate from attempted repair of U:A
pairs initiated by UDG (133,134). Folate deficiency is also a
risk factor for the development of a number of cancers
(135,136) but appears to work as a tumour promoter rather
than a mutagen (130). We are now in the position to test these
hypotheses directly using Ung–/– mice.

In summary, different DNA glycosylases may substitute for
each other in BER of base damage and biochemically distinct
pathways may complement each other in repair of different
lesions. The significance of each pathway in repair of a lesion
almost certainly varies, but the rules that govern choice of
pathway are generally not yet understood.

Are endogenous damage and cellular transactions major
causes of mutations and cancer?

Mutation and promotion in cancer development
The evidence implying mutations as obligatory (but not neces-
sarily sufficient) in carcinogenesis is strong. One major question
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is whether mutations are mainly due to endogenous chemicals
and processes or inflicted by exogenous agents. As outlined
below, there is growing evidence indicating that endogenous
factors are major contributors. The success of the Ames
test in providing information on the mutagenic potential of
numerous agents triggered extensive research on environmental
mutagens as possible major contributors in carcinogenesis.
However, with the exception of certain tissue-specific cancers
clearly correlated with UV radiation, aflatoxin B1 exposure
and tobacco carcinogens, the contribution of exogenous muta-
gens to baseline levels of human cancers remains a question of
debate (22,137,138). Still, epidemiological studies demonstrate
wide variations in cancer incidences in populations in different
geographical areas and even within distinct ethnic groups in
different geographical locations, indicating that environmental
factors and/or lifestyle contribute to a large fraction of cancers
(139). However, the contribution of the environment to cancer
is not necessarily mainly through mutagenesis. Moreover, the
level of endogenously generated DNA damage may be suffi-
cient to account for the mutations found in human cancer
(18,138,140). Thus, the emphasis may shift towards mutations
due to spontaneous DNA damage and promotion by environ-
mental and endogenous factors as a more common general
scheme for tumour development.

It seems likely that each of the many endogenous types of
DNA damage individually contributes relatively little to the
total DNA damage, but collectively this type of damage may
still be dominant. It is implicit in this that each type of damage
may be difficult to associate with a specific disease. A small
fraction of this damage will escape repair and cause mutation.
Some types of damage may be relatively infrequent, but close
to 100% mutagenic upon replication prior to repair (such as
uracil resulting from cytosine deamination and O6-methyl-
guanine). Other types of damage may be much more frequent
but less mutagenic, e.g. uracil resulting from misincorporation
of dUMP opposite A. However, even though DNA repair
pathways have high fidelity, they are not infallible. A uracil
base paired with A would become mutagenic upon repair
essentially with the error frequency exhibited by the DNA
synthesis step in BER. Repair of a uracil-containing substrate
by BER in mammalian cell-free extracts was estimated to
generate 1 error per 1900 nt inserted (141). The error rate of
purified Polβ is apparently some 10-fold lower, but depends
on several factors, such as patch size and sequence context
(142; reviewed in ref. 143). Given that uracil resulting from
cytosine deamination is mutagenic with close to 100% effici-
ency, a repair error frequency at this level would still limit
mutagenesis dramatically. Incorporation of dUMP from dUTP,
a normal intermediate, is limited by the enzyme dUTPase,
which keeps dUTP concentrations low. It seems likely that
misincorporation of dUMP is more common than deamination
of cytosine. Thus, cells from Ung-deficient mice that have
reduced capacity to remove misincorporated dUMP accumu-
late steady-state levels of some 2000 uracil residues/cell (83).
If dUTPase activity were compromised or the ratio of dUTP
to dTTP increased, e.g. by anti-folate drugs, an error rate of
1/1900 would seem unacceptable for repair of U:A base pairs,
since misincorporation of dUMP would be greatly increased
and therefore mutagenic. That increased incorporation of
uracil into DNA during replication can be mutagenic, presum-
ably through mechanisms in addition to erroneous BER, is
illustrated by the increased spontaneous mutation frequency
seen in E.coli dUTPase mutants (144). Inactivation of dUTPase
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in ung– strains has little effect on the spontaneous mutation
frequency (104,106), suggesting that attempted repair of
enhanced levels of U:A in an Ung-proficient background leads
to generation of mutations, whereas misincorporated dUMP in
an Ung-deficient background remains relatively innocuous in
the short term. So, repair is apparently not always a good
thing, and it has therefore been hypothesized that proof-reading
activities must be associated with BER. A number of candidates
that have 3�→5� exonuclease activities compatible with such
a function are known, including DNase III (145), WRN (146),
p53 (147,148) and hMre11 (149). It remains to be shown,
however, whether these proteins actually perform proof-reading
in vivo. Interestingly, p53 has been demonstrated to directly
stimulate BER in vitro by a so far unknown mechanism (150).

The appreciation of DNA repair as a two-edged sword has
recently been substantiated by the finding that overexpression
of repair enzymes may lead to an increase in spontaneous
mutagenesis. A mutator phenotype after overexpression of
Polβ may be explained by substitution of the high fidelity
polymerases Polδ/ε by the lower fidelity polymerase Polβ (4).
In the case of alkylguanine glycosylases the mutator phenotype
may be explained by accumulation of mutagenic repair inter-
mediates such as AP sites (1,3), due to the ability of this broad
substrate range glycosylase to remove normal bases (2).
Transcription arrest due to DNA damage recruits DNA repair
components required for transcription-coupled repair, a sub-
pathway in NER (151). Perhaps one should consider the
possibility that pausing of transcription at certain sequences
might recruit repair proteins and trigger aberrant DNA repair
in undamaged DNA (‘illusory defects’), as hypothesized in
the case of ‘mismatch’ repair (152). At least for BER, the
probability of aberrant repair reactions may be limited by
orchestration of the process: DNA repair appears to be highly
coordinated through protein–protein interactions resulting in
timely recruitment of the correct protein for individual reaction
steps (26,51,53,93,153,154).

Error-prone DNA polymerases in generation of endogenous
mutations

Mutation generated in the absence of DNA damage due to
slippage during replication, predominantly in mononucleotide
runs or in other repeat regions, is well established. Replicative
polymerases generate these errors with a frequency of 10–7,
but the error rate is lowered to 10–10 by the action of MMR
pathways (23). The recent discovery of human low fidelity
DNA polymerases (reviewed in refs 155,156) have also forced
us to expand our thinking on how mutations are generated in
that a significant fraction may not be caused by DNA damage.
Thus, replication of undamaged DNA by Polη was recently
found to result in one misincorporation per 32 nt inserted
(157). Polι is apparently even more sloppy, but fidelity varies
widely depending on the template base, with the highest error
frequency (3:1) for misincorporation at template thymidines
(158). It is not known, however, whether Polη, or other sloppy
polymerases such as Polι/µ/λ/Φ (155), participate in replication
of normal DNA in vivo. Another important aspect is whether
Polµ or Polλ, both related to Polβ, can substitute for Polβ in
BER. To our knowledge it has not been demonstrated whether
the Polβ homologues have dRPase activity. Inactivating
mutations in Polη lead to cancer development, as seen in
XP-V patients (159), probably due to substitution by a poly-
merase with lower fidelity or an altered substrate spectrum,
for example Polι (158) or Polζ (159). Along these lines, it
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was recently suggested that E.coli replicative DNA polymerase
is not responsible for a considerable fraction of mistakes made
during replication, as a dinB mutation reduced replication-
associated mutation 5-fold in a mutS background (B.S.Strauss,
personal communication). Similarly, overexpression of PolΦ
(Polθ or hDINB) in mammalian cells increased mutagenesis
(160).

Germline mutation rates per ‘effective genome’ (expressed
part) appear to be conserved between species (161). It has
been estimated that the genome of each human zygote contains
at least 20 de novo gene mutations (162), of which one is
expected to give a slightly altered phenotype (163,164). Local
mutation rates are highly variable within the genome and also
between the same loci in different cell types (165). Still, the
somatic mutation rate appears to be fairly consistent within a
given locus between different species, between individuals and
over time. Largely due to methodological limitations, however,
it is still not clear whether global mutation rates have evolved to
a favourable level (163,166). Changes in mutation frequencies,
rather than their exact magnitude, would be expected to be
of great importance for the human population, if not for
individuals (163).
Does transcription across non-blocking DNA lesions contribute
to mutations?
Base damage in DNA repair genes and other genes involved
in DNA metabolism may also be implicated in mutagenesis,
even if the gene is correctly repaired. Transcription over
miscoding non-blocking lesions in the time window between
damage and repair may result in altered transcripts that
encode inactive, dominant negative or even directly mutagenic
proteins. The concept of ‘mutated’ transcripts encoding proteins
with altered functions has been demonstrated with uracil in
the coding strand (167), adding to the complexity of the
possible origin of spontaneous mutations. Mutagenic DNA
glycosylases that excise normal bases and create AP sites
in vivo have been generated by site-directed mutagenesis
involving single nucleotides in the UNG gene (9,168), demon-
strating the principle that mutagenic proteins may arise from
simple base damage. Such proteins might persist in the cell
for hours or days and disturb normal physiology or even
directly or indirectly cause mutations. When the original
damage causing the miscoding is eventually repaired no trace
of the original damage is left at the DNA level, but secondary
mutations remain. It would seem difficult to verify such a
mechanism of mutagenesis, but given the large number of
replicating cells and the significant burden of non-blocking
DNA damage, it can be calculated that such damage is almost
certainly bound to happen relatively frequently in multicellular
organisms.

It is not clear which cellular processes are dominant in
maintaining the global mutation rate and to what extent
their establishment relies on the presence of endogenous or
exogenous DNA damage. Somewhat surprisingly, many error-
prone DNA polymerases appear to be highly expressed in
the testes (169,170). This provides a possible alternative
explanation for the observed male bias in de novo generated
base substitution mutations in germ cells believed to originate
from errors arising during normal conservative replication
(163).

Is a major role of BER to protect the long-term integrity
of the genome?

A puzzle in the light of the knockout phenotypes is what
function we can envisage that would establish a selective
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pressure to conserve the genes for DNA glycosylases such as
the highly conserved UNG gene through billions of years of
evolution. The catalytic domain of human UNG shares 55%
identity with the E.coli and 91% identity with the mouse
homologues (33,34). In a search of more than 60 cell lines
and paraffin-embedded tissues we have not identified mutations
or polymorphisms in exons altering the activity of products of
the human UNG gene (171). Thus, it appears that this gene
shows less than expected sequence variation (164), suggesting
that there is selective pressure to preserve the sequence in a
species. In spite of the lack of an apparent phenotype of Ung–/–

mice, the most likely explanation is probably that most
mutations in coding sequences specifying UNG proteins give
a small but sufficient reduction in fitness to select against
them. A small reduction in fitness would be hard to detect
under most laboratory settings, but may have profound effects
on long-term fitness (163). Thus, one possibility is that UNG
and other DNA glycosylases are important for the conservation
of long-term integrity of the genome. They may serve the
species to a greater extent than the individual. An Ung-
deficient cell in a knockout animal does not need to compete
with a wild-type version of itself, thus avoiding selection for
fitness under laboratory conditions. An important question is
how elevated the global mutation rate must be to have
deleterious consequences on population fitness or to affect
cancer incidence. Hereditary non-polyposis colon cancer
(HNPCC) patients inherit one mutated allele in the MMR
genes, most often in the MSH2 or MLH1 genes (reviewed in
ref. 172). Cell lines derived from HNPCC patients show
microsatellite instability and often more than a 100-fold
increased mutation frequency (173,174). This is a good
example of a mutator phenotype as a basis for cancer develop-
ment, as suggested (175). However, it is becoming appreciated
that the relationship between mutation frequency and cancer
development in HNPCC is complex (reviewed in ref. 176).
An increased mutation frequency is not necessarily a prere-
quisite for cancer development nor does an increase in
mutations necessarily cause cancer. For instance, rare cases of
HNPCC have been reported where affected individuals inher-
ited dominant negative mutant alleles. They had deficient
MMR and an increased mutation frequency in normal tissue,
but they did not develop more tumours and more widely located
tumours than other HNPCC patients (176,177). Furthermore,
HNPCC patients do not develop more tumours per individual
than MMR-proficient patients with sporadic colon cancer,
although HNPCC patients are certainly cancer prone. This is
in contrast to familial adenomatous polyposis cancer, where
large numbers of colon tumours, often several thousands,
develop. The mutated gene involved, APC, encodes a relatively
colon-specific promoter protein that is also mutated early in
sporadic cancer, indicating the relative importance of promotion
over mutation as the rate limiting factor (reviewed in ref. 140).
These findings indicate that elevated mutation frequency is
insufficient to cause cancer in all tissues and underline the
importance of tissue-specific promotion factors in overcoming
growth control. This is supported by mathematical/statistical
studies indicating that the ‘normal’ somatic mutation rate is
indeed sufficiently high to explain the background incidence
of cancer in the human population (140,178,179). An increased
mutation rate would almost certainly speed up the process,
but the rate limiting steps in tumour development would in
any case be the ability to overcome the cell proliferation
control mechanism (140). Clonal expansion of cells carrying
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a mutation in growth regulatory genes (in the form of a
benign tumour/hyperplasia) enhances the chances of secondary
mutations proportional to the number of cells. Secondary
mutations in MMR genes or genes controlling genomic stability
might speed up diversification of expanding clones. Further-
more, MMR-deficient cells might be able to avoid elimination
by the immune system due to mutations in β-globulin genes,
but, due to other mutations, they may also present new antigens
that stimulate removal of the cells by the immune system
(180). Thus, HNPCC has proven very instructive, and is a
relatively common genetic disease, but it may not be a widely
valid model for carcinogenesis.

Future perspectives

We have discussed what the function of BER is. Perhaps this
is the wrong question, because we know the function: it is
simply to repair DNA. We need a better understanding of the
mechanisms of DNA repair and the consequences of defects
in DNA repair. Scientifically, prevention of cancer is not a
function of DNA repair, but cancer may be a consequence
of inadequate repair. In fact, all repair systems were well
established long before cancer entered the arena in multicellular
organisms. In addition to understanding the consequences, we
certainly need to know more about the mechanisms of repair
and regulation of each mechanism, as well as regulation of
the interacting network.

BER is more versatile than other DNA repair mechanisms
since it is initiated by at least eight different DNA glycosylases
and follows at least two different paths downstream. In contrast,
NER is initiated by an invariant protein complex and MMR
is initiated by only two different complexes, depending on the
type of damage (reviewed in ref. 181). It might well be that
repair of spontaneously arising DNA damage is so important
that a highly versatile network of overlapping mechanisms is
required to maintain sufficient genomic stability. An important
task will be to examine the relative importance of the different
enzymes with overlapping specificities, as well as the relative
importance of alternative pathways in repair of a given lesion.
We also need to know the level of damage induction, as well
as the efficiency, fidelity, cell cycle regulation and speed of
repair. We may also need better methods to identify minor
phenotypic changes, as well as a better understanding of
genotype–phenotype relationships. Cancer is an obvious pheno-
type to look for when one expects an increase in mutation
rates, perhaps too obvious at the expense of other changes, like
ageing and metabolic disease. For Ung deficiency, myeloblastic
anemia (182) and spina bifida (183) might be two candidate
conditions to look at, since both are correlated with folate
deficiency, which may increase the ratio between dUTP and
dTTP and therefore also uracil incorporation. The complexity of
DNA repair mechanisms that may employ several independent
pathways for one specific damage, as well as one specific
enzyme or pathway for several different types of damage, is
beginning to be understood. Regulation of the complex network
of interactions in DNA repair, as well as interactions of DNA
repair processes with other cellular processes, are even less
well understood. The concept of genetically unrelated pathways
that complement each other in the defence against mutations
certainly seems to represent a general cellular strategy rather
than an exception (184).
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