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Both endogenous processes and exogenous physical and chemical sources generate deoxyribonucleic acid
(DNA) damage in the nucleus and organelles of living cells. To prevent deleterious effects, damage is balanced
by repair pathways. DNA repair was first documented for the nuclear compartment but evidence was
subsequently extended to the organelles. Mitochondria and chloroplasts possess their own repair processes.
These share a number of factors with the nucleus but also rely on original mechanisms. Base excision repair
remains the best characterized. Repair is organized with the other DNAmetabolism pathways in the organelle
membrane-associated nucleoids. DNA repair in mitochondria is a regulated, stress-responsive process.
Organelle genomes do not encode DNA repair enzymes and translocation of nuclear-encoded repair proteins
from the cytosol seems to be a major control mechanism. Finally, changes in the fidelity and efficiency of
mitochondrial DNA repair are likely to be involved in DNA damage accumulation, disease and aging. The
present review successively addresses these different issues.
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1. Introduction

The genetic material is a major target for reactive by-products
or intermediates released from metabolic pathways, as well as for
exogenous chemical or physical agents. These deleterious processes
result in DNA modification or breakage, which in turn can impact
gene expression and induce mutations. Damage affects both the
nuclear DNA and the genomes retained in mitochondria and
chloroplasts. Moreover, organelles are major sources for damaging
by-products, as electrons leaking from the respiration and photo-
synthesis chains promote the production of strong oxidants. To
maintain genome integrity, cells possess specific DNA repair
pathways. These pathways were originally considered to be
restricted to the nucleus. Organellar genomes are highly polyploid
and their preservation was supposed to be ensured by the
degradation of damaged molecules. Specific degradation of mito-
chondrial DNA may occur in some circumstances (reviewed in [1]),
but there is now ample evidence that mitochondria and chlor-
oplasts possess a counterpart of most of the nuclear DNA repair
pathways (also recently reviewed in [1] for mammalian mitochon-
dria). A number of factors and processes are shared between cell
compartments, but DNA repair in organelles also shows specific
and original aspects. Different mechanisms may cooperate and
alternate pathways have been highlighted. Specific repair processes
are membrane-localized and integrated with the other genetic
mechanisms in the organelle nucleoids. Not only does DNA repair
occur in mitochondria and chloroplasts but it also appears to be a
major process which is specifically regulated. Dynamic relocaliza-
tion of repair enzymes and modulating factors to mitochondria in
response to genotoxic conditions is a characteristic feature of these
control mechanisms. Accumulation of mitochondrial DNA (mtDNA)
damage and mutation is associated with disease and aging, which
makes the fidelity and efficiency of organelle DNA repair a
predominant issue. The current experimental challenging of the
mitochondrial theory of aging places organelle DNA repair in the
center of the debate. The present review integrates all these
aspects, including plant mitochondria and chloroplasts, in the light
of the recent data.

2. DNA damage in organelles

2.1. UV-induced damage

UV light exposure promotes the formation of dimeric photopro-
ducts between adjacent pyrimidines, yielding intrastrand cyclobutane
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pyrimidine dimers (CPDs) or (6–4) pyrimidine–pyrimidone photo-
products [(6–4)PPs]. The latter can photoisomerize into a third type of
photoproduct called Dewar valence isomers [2]. UVA and UVB also
trigger the formation of reactive oxygen species (ROS), which in turn
damage the DNA [3]. Photoproducts occur in the nucleus, mitochon-
dria and chloroplasts (e.g. [4–8]).

2.2. ROS and RNS

The most abundant ROS in living cells include superoxide and
hydroxyl radicals (O2•

−, HO•), as well as hydrogen peroxide (H2O2).
They can be generated by exogenous sources like UV light, ozone,
ionizing radiations, metals, pesticides, air pollutants or pharmaceu-
tical drugs (e.g. [9]). ROS are also produced endogenously by living
organisms during normal metabolism. In vitro, mitochondrial respi-
ration processes convert up to 2% of the consumed oxygen into
superoxide anion O2•

−, which is the precursor ofmany other ROS [10].
Fortunately, the rate seems to be much lower in vivo, according to
recent evaluations [11]. In light-exposed photosynthetic cells, the
production of superoxide anion is particularly prominent in chlor-
oplasts [12]. O2•

− can be converted to H2O2, which in turn will yield
HO•, the most toxic ROS [13]. As a first defense line, organelles possess
antioxidant compounds and activities [10,14–16]. ROS that escape
detoxification damage the DNA, leading to the formation of various
modified bases (including thymine glycol, 5,6-dihydroxycytosine, 8-
hydroxyguanine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine),
sugar break down products (for example 2-deoxypentose-4-ulose,
2-deoxypentonic acid lactone, erythrose), base-free sites and strand
breaks [17,18].

Cells also contain reactive nitrogen species (RNS). The superoxide
anion O2•

− can react with nitric oxide (NO•) and produce peroxyni-
trite (ONOO−). Peroxynitrite is able to oxidize DNA bases, especially
guanine which leads to 8-nitroguanine [19,20]. On the other hand,
ONOO− can promote sugar fragmentation, which generates strand
breaks [19]. A further important reaction is the oxidation of nitric
oxide by molecular oxygen to form the powerful nitrosating agent
N2O3 (nitrous anhydride). The latter can deaminate primary amines
on DNA bases, converting adenosine, cytosine, 5-methyl-cytosine and
guanine to hypoxanthine, uracil, thymine and xanthine, respectively.
Nitrous anhydride also produces abasic sites, which in turn induce
strand breaks, and lead to the formation of DNA intrastrand, DNA
interstrand and DNA/protein cross-links [19].

Among all these modifications, 8-hydroxyguanine (8-OHG or
8-oxoG) has been the most studied and serves as a biomarker of
oxidative stress [21]. 8-oxoG formation occurs in mitochondria
and chloroplasts under regular physiological conditions and the
levels increase following various treatments or during aging (e.g.
[22–26]).

Oxidized bases found in the DNA may also originate from the
incorporation of oxidized nucleotides by DNA polymerase. Free
oxidized nucleotides in the dNTP pool can be degraded by specific
enzymes (reviewed in [1,27]). In human, hMTH1, the homologue of
the bacterial MutT, localizes to both the nucleus and the mitochon-
drion and is responsible for the elimination of oxidized dGTP and
dATP [28]. Still in human, different transcripts are produced by
alternative splicing from the DUT gene encoding a dUTPase and one of
the corresponding proteins is targeted to the mitochondria [29].

2.3. Alkylation and bulky adducts

Further DNA damage includes alkylation and formation of bulky
adducts. DNA alkylation can be promoted by endogenous metabolic
products [30] or occurs upon cell exposure to alkylating agents,
affecting both nuclear and mitochondrial DNA (e.g. [31]). Reactive
intermediates formed during metabolism of organic compounds by
living cells can react with the DNA. Covalent binding of organic
derivatives to the bases yields abnormal hypermodified nucleotides
called “addition products” or “adducts” (e.g. [32]). Various types of
adducts can be formed according to the organic compound and
reactive intermediates involved. A number of studies detected bulky
adducts in mitochondrial DNA, often with higher rates than in nuclear
DNA (e.g. [33–36]). Adducts can also result from the reaction of the
DNAwith the products of endogenous fatty acid peroxidation, leading
in particular to etheno derivatives. Etheno adducts have been
detected in mitochondrial DNA [37].

3. Mitochondrial DNA repair mechanisms: the BER pathway

3.1. Modified base excision and strand incision

As a second defense line to maintain genome integrity,
organelles possess detection and repair mechanisms matching
different types of DNA lesions (e.g. [38,39]). The current data
imply that most of the repair pathways originally characterized in
the nucleus are also present in mitochondria and/or chloroplasts
(Fig. 1). Due to the high levels of ROS produced in the organelles,
the DNA in mitochondria and chloroplasts is primarily under
oxidative threat. ROS-induced oxidative lesions are preferentially
eliminated by base excision repair (BER). This pathway (Fig. 2) is
the best established in organelles and appears to be ubiquitous.
Previously characterized in animal and yeast mitochondria, it has
now been extended to plant mitochondria and chloroplasts [40–42].
Mitochondrial BER enzymes were even detected in human cells
depleted of mitochondrial DNA [43]. The first step in BER is the
elimination of the damaged nucleotide. The abnormal base is
removed by a DNA glycosylase and the remaining abasic nucleotide
(AP site for apurinic and apyrimidinic site) is eliminated by a variety
of lyase and AP endonuclease activities [44]. After removal of the
damaged base and phosphodiester chain incision, the BER pathway
requires DNA polymerase-mediated de novo insertion of either a
single nucleotide (short-patch BER) or a short sequence (2 to 6
nucleotides) extending from the incision site (long-patch BER) [44].
It had first been believed that only short-patch BER occurs in
mitochondria [42]. The case has recently been reopened and
different groups have now detected long-patch BER activity in
mammalian mitochondria [45–48]. By contrast, BER seems indeed to
be restricted to short-patch in plant organelles [40]. Finally, as a last
step in the BER mechanism, the newly synthesized DNA patch is
ligated to the rest of the molecule [44].

Themajor oxidative lesion 8-oxoG is repaired by this BER pathway,
starting with a specific 8-oxoG-DNA glycosylase/lyase activity. In
human, the OGG1 protein, a functional homologue of bacterial MutM,
provides such an activity. Alternative splicing of the transcripts from
the hOGG1 gene produces several mRNAs, one of which encodes a
mitochondrial isoform of the enzyme [49]. Mitochondrial extracts
from ogg1−/− homozygous mouse null mutants cannot excise 8-oxoG
from a DNA substrate in vitro. Such mutants show a striking increase
in the levels of 8-oxoG in the mitochondrial DNA, with limited effect
on the nuclear DNA [50]. This implies that the nuclear compartment
can use alternative pathways to deal with 8-oxoG, while the
mitochondrion relies essentially on the product of the OGG1 gene.
MutY glycosylase provides a further level of repair, as it removes
adenines or guanines misincorporated opposite 8-oxoG during DNA
replication. A homologue of Escherichia coli MutY has been identified
in mammals. A mitochondrial and a nuclear isoform of this enzyme
(MYH) are provided by alternative splicing of the corresponding
transcript [51,52]. Using in vitro incision of a double-stranded DNA
oligonucleotide carrying an 8-oxoG paired with a C, we recently
established that plant mitochondria and chloroplasts contain 8-oxoG-
DNA glycosylase/lyase (unpublished results). The reaction products
were as expected from removal of the single modified nucleotide, in
agreement with a BER pathway.



Fig. 1. DNA repair pathways in the nucleus, mitochondria and chloroplasts. Established pathways are shown with a full colour background, whereas documented pathways which
need further confirmation are on a hatched background. It is considered that mitochondria have no NER pathway and chloroplasts no NHEJ. The figure displays the DNA repair
pathways which can be found in organelles, but the presence or not of a given mechanism may depend on the organism considered. Abbreviations: NHEJ, non-homologous end
joining; HR, homologous recombination; TCR, transcription-coupled repair; GGR, global genome repair; TLS, translesion synthesis.
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To remove uracil produced upon cytosine deamination, mamma-
lian cells possess a nuclear and a mitochondrial form of uracil-DNA
glycosylase deriving from the same gene. These are generated through
the use of two different promoters and alternative splicing processes
[53]. Contrasting with such a mechanism, it has been proposed that
Saccharomyces cerevisiae contains a single isoform of uracil-DNA
glycosylase that possesses both a mitochondrial and a nuclear
targeting sequence [54]. Plant mitochondrial uracil-DNA glycosylase
activity was established in situ through in organello incision of double-
stranded DNA oligonucleotides containing a single uracil [40]. These
experiments were based on the competence of mitochondria for DNA
import [55]. Further in organello assays with a long uracil-containing
DNA substrate in turn validated a complete BER pathway for uracil
repair in plant mitochondria [40]. Using in vitro incision reactions, we
also demonstrated the presence of uracil-DNA glycosylase activity in
chloroplasts (unpublished results), confirming the existence of a BER
pathway in these organelles.

Oxidative damage to the DNA also includes thymine glycol, which is
usually eliminated by glycosylases of the endonuclease III (NTH)
family. S. cerevisiae possesses two genes coding for a thymine glycol-
DNA glycosylase, NTG1 and NTG2. The former encodes an enzyme with
a bipartite localization to both the mitochondrion and the nucleus,
while the latter provides an exclusively nuclear isoform [56,57]. The 5′
to 3′ helicase PIF1 cooperates with NTG1 and the BER pathway to resist
damaging of the mitochondrial genome in oxidative stress condi-
tions [58]. Concomitant elimination of NTG1, PIF1 and SOD2, the gene
for the mitochondrial superoxide dismutase, led to the loss of the
mitochondrial DNA, providing evidence that oxidative damage can be a
major contributor to mitochondrial genomic instability in S. cerevisiae
[58]. For mammalian mitochondria, contradictory results have been
published. Localization of the human enzyme hNTHL1 to both the
nucleus and themitochondriawas implied by Takao et al. [59], whereas
Luna et al. found exclusive nuclear sorting [60]. A thymine glycol-DNA
glycosylase/AP lyase was purified from rat mitochondria [61]. Karahalil
et al. observed that thymine glycol incision activity was lost in
mitochondria from nth1−/− mouse mutants [62], but Takao et al.
reported the presence of another thymine glycol incision activity in
mitochondrial extracts from NTH1-deficient mice [59]. Recent work in
Arabidopsis thaliana showed a chloroplast localization for two
endonuclease III homologues, AtNTH1 and AtNTH2 [41]. However,
disruption of the corresponding genes suggested that these enzymes
are not responsible for the major chloroplast thymine glycol-DNA
glycosylase activity. As a consequence, there must be a third enzyme
involved in thymine glycol excision from the chloroplast DNA, possibly
a monofunctional glycosylase working together with an AP endonu-
clease [41].

Alkylated bases are usually excised by N-methylpurine-DNA
glycosylase (MPG, also called AAG for alkyladenine-DNA glycosylase
or 3-methyladenine DNA glycosylase). The presence of MPG in
organelles has not been demonstrated so far but mammalian
mitochondria repair DNA lesions which are regular substrates of
MPG [31,63,64].



Fig. 2. Short-patch and long-patch base excision repair (BER) pathways in the nucleus and mitochondria of mammalian cells. The major factors involved are highlighted. Factors
common to both compartments are displayed with an orange background, factors specific for the nucleus are on a blue background and factors specific for mitochondria are on a
yellow background. *DNA2 is present in the nucleus but its putative role in nuclear BER is not clear so far. APEX1, AP endonuclease; POLβ, δ, ε, γ, DNA polymerase β, δ, ε, γ; RFC,
replication factor C; PCNA, proliferating cell nuclear antigen; DNA2, endonuclease/helicase; FEN1, flap endonuclease 1; LIG1, LIG3, DNA ligase 1, 3; XRCC1, X-ray cross-
complementing protein 1.

189P. Boesch et al. / Biochimica et Biophysica Acta 1813 (2011) 186–200
The mammalian major AP endonuclease, APEX1, localizes to both
the nucleus and the mitochondria. The organelle form is a truncation
product of the original APEX1 protein [65]. Mammalian cells have a
second class II AP endonuclease, APE2, a subset of which is
translocated into themitochondria [66]. However, its catalytic activity
is low and the actual function of this protein needs to be further
studied. The S. cerevisiae major AP endonuclease, Apn1, harbours a
mitochondrial targeting sequence at the N-terminus and a bipartite
nuclear localization sequence in the C-terminal part, the latter acting
in a dominant manner over the former. Apn1 can be targeted to the
mitochondria through a particular mechanism mediated by Pir1, a
yeast cell wall protein with internal repeats (Pir) [67]. Pir1 has the
ability to compete with the nuclear import factors for binding to the
nuclear localization sequence, allowing part of Apn1 to be imported

image of Fig.�2
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into mitochondria [68]. We recently characterized an AP site-cleaving
activity in A. thaliana and Solanum tuberosum mitochondria [40] and
in A. thaliana chloroplasts (unpublished results). The latter might
correspond to the ARP gene (At2g41460)-encoded enzyme, which
carries AP endonuclease activity and was recently shown to be
targeted to the chloroplasts [41].

3.2. Re-synthesis and ligation

AP endonuclease releases a 3′-OH at the incised position but the
mechanism of repair synthesis depends on the final status of the 5′-
end of the incision. When AP endonuclease and the lyase activity of
DNA polymerase manage to generate a ligatable 5′-phosphate end,
repair synthesis proceeds through short-patch BER, i.e. incorporation
of only one nucleotide. However, certain lesions or BER cleavage by-
products are resistant to the lyase activity of DNA polymerase, like for
instance 2-deoxyribonolactone [69]. In the nucleus, such situations
lead to long-patch BER, with DNA synthesis extending from 2 to 6
nucleotides. In parallel, the original strand is displaced by the
combined action of the PCNA (proliferating cell nuclear antigen)
and FEN1 (flap endonuclease 1), leading to a “flap” structure which is
subsequently cleaved to provide a ligatable 5′-phosphate [70]. In
mitochondria, repair synthesis is carried out by DNA polymerase
gamma (POLγ). As the nuclear enzyme, POLγ displays both
polymerase and lyase activity but its lyase activity is weak [71,72].
On the other hand, derivatives resistant to the lyase activity of DNA
polymerase are likely to be formed in organelles as well, especially
due to constant oxidative pressure. As mentioned above, recent work
established that long-patch BER, strand displacement and cleavage
also occur in mammalian mitochondria, allowing to repair a broader
range of lesions [45–48]. These processes are facilitated by the DNA2
helicase/nuclease and a flap endonuclease-like activity [45,73].
However, whether or not FEN1 is present in mammalian mitochon-
dria is currently debated and the involvement of a still unidentified 5′-
exo/endonuclease was also proposed [45,48]. The presence of FEN1
and DNA2 in mammalian mitochondria, as well as their roles in
mitochondrial DNA repair and replication, are discussed in a recent
review by Liu and Demple [1]. Whereas uracil repair was shown to
occur through both short-patch and long-patch BER in mammalian
organelles [45,46], we detected only short-patch repair of such lesions
in plant mitochondria [40]. Whether both short-patch and long-patch
BER occur in chloroplasts is not documented so far. Interestingly,
earlier studies in wheat (Triticum vulgare) demonstrated that the
chloroplast nuclease ChSI can cleave single-strand displaced struc-
tures [74], i.e. flap structures like those formed during long-patch BER.

POLγ is the only DNA polymerase found in mammalian mito-
chondria. It is a nuclear-encoded heterotrimer containing one copy of
the POLGA catalytic subunit and two copies of the accessory factor
POLGB [75]. Two duplicate genes, POLγ1 and POLγ2 (At3g20540 and
At1g50840 loci, respectively), code for an organellar γ-type DNA
polymerase in A. thaliana. Both proteins are dual-targeted to
chloroplasts and mitochondria [76,77]. Especially striking, dual-
targeting of POLγ2 appears to rely on a relaxed translation initiation
control and the use of a non-AUG start codon [76]. The same genes
were named AtPolI-like A and AtPolI-like B by another group which
also characterized the organelle targeting of the corresponding
proteins [78].

As the last step in the BERmechanism, the newly synthesized DNA
patch is joined to the downstream sequence by a ligase. In human, a
mitochondrial form of DNA ligase 3 (LIG3) is synthesized from an
alternative translation initiation site and is likely to be the central DNA
ligase in organelle repair processes [79]. Its antisense-mediated
decrease results in a reduction in the mitochondrial DNA amount
and an accumulation of single-strand nicks [80]. Only DNA ligase 1
(LIG1) has been found in the mitochondria of S. cerevisiae and this
enzyme is considered to be the ligase involved in yeast organelle DNA
repair [81]. DNA ligase 1 also seems to be the major DNA ligase in A.
thaliana [82]. Production of three mRNA variants combined with the
alternative use of the first two in-frame AUG codons results in a
nuclear andmitochondrial form of A. thalianaDNA ligase 1 [83]. When
present, the mitochondrial targeting sequence is dominant over the
nuclear localization signal. Despite predictions and current database
annotations, A. thaliana DNA ligase 1 does not appear to be targeted to
the chloroplasts [83].

4. Mitochondrial DNA repair mechanisms: further pathways

4.1. Mismatch repair (MMR)

A mismatch repair (MMR) activity proficient in cleaving G:T and
G:G mismatches is present in mammalian mitochondrial lysates but
surprisingly it shows no bias in favour of the matrix strand and is
thus prone to introducing mutations [84,85]. It has thus been
suggested that this activity is involved in the repair of small loops
rather than mismatches [84]. Recent data confirmed that human
mitochondria possess a functional MMR pathway probably distinct
from the corresponding nuclear pathway [86]. The YB-1 factor,
previously reported to play a role in nuclear BER and repair of
cross-linked DNA, seems to be a key component of human
mitochondrial MMR and to be involved in mismatch recognition
and binding. In S. cerevisiae, Msh1, a homologue of the E. coli
mismatch repair component MutS, repairs G:A mispairs generated
by replication past 8-oxodG, as well as other mismatches [87].
However, in addition to mitochondrial MMR, Msh1 may be
involved in surveillance of mitochondrial DNA recombination [88].
Msh1-stimulated recombination might be involved in preventing
oxidative lesion-induced instability of the mitochondrial genome
[89]. Msh1 is also targeted to the organelles in A. thaliana but its
role seems to be in mitochondrial DNA recombination control
[90,91], so that in plants too the question of the mitochondrial
MMR pathway remains open. BER would be a possible alternative
mechanism to repair mismatches. Through in vitro incision
reactions, we indeed revealed the activity of mismatch-cleaving,
BER-type mitochondrial DNA glycosylases in A. thaliana (unpub-
lished results). To our knowledge, mismatch repair in chloroplasts
has yet to be investigated.

4.2. Double-strand break repair (DSBR)

Mitochondria repair double-strand breaks (DSBs), as shown in
Drosophila melanogaster [92]. DSBs can be repaired by homologous
recombination (HR) or non-homologous end joining (NHEJ). Evidence
has been collected for both mechanisms in mammalian mitochondria
[93–96] and recent results confirm both homology-dependent
recombination and homology-independent repair [97,98]. Rad51,
the central catalyst in eukaryotic nuclear HR, localizes also to
mitochondria in human cells and could potentially be involved in
organelle DSBR [99]. A number of proteins involved in recombination
have been identified in S. cerevisiae mitochondria [38] and recombi-
nation activity has been demonstrated in plant mitochondria [100]. A
RecA homologue is involved in the repair of mitochondrial DNA in the
moss Physcomitrella patens [101]. In higher plant mitochondria, RecA
homologues are involved in recombination surveillance [91]. Evi-
dence for the presence of a RecA homologue in chloroplasts has been
obtained in Chlamydomonas reinhardtii and in higher plants [102,103].
Chloroplasts can repair DSBs using short dispersed repeats located
proximally, distally or on separate molecules and seem to carry out
classical double-strand break repair (DSBR), single-strand annealing
(SSA) as well as synthesis-dependent strand annealing (SDSA) [104].
Higher plant mitochondria and chloroplasts also have a capacity to
repair DSBs by microhomology-mediated break-induced replication.
This error-prone pathwaymay bypass accurate DNA repair in the case
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of severe DNA damage and appears to be negatively regulated by the
single-stranded DNA-binding proteins from the Whirly family [105].
Contrary to mitochondria, plastids seem to lack the possibility to
repair DSBs by NHEJ [106].

4.3. Nucleotide excision repair (NER)

Nucleotide excision repair (NER) involves removal and re-
synthesis of a short fragment on the damaged strand. A bulge
formed at the level of the lesion in the DNA is detected. The
corresponding region is cut out by structure-specific endonucleases
and the gap is re-filled (e.g. [107,108]). It is still considered that
there is no NER pathway per se in mammalian and fungal
mitochondria (e.g. [7]). In yeast, some classical NER substrates
seem to be repaired by alternative mechanisms. For instance,
cyclobutane pyrimidine dimers (CPDs) and (6–4) pyrimidine–
pyrimidone photoproducts [(6–4)PPs] can be removed by UV-
damaged DNA endonuclease-dependent excision repair (UVER) in
Schizosaccharomyces pombe mitochondria [109]. In such a pathway,
the UV-damaged DNA endonuclease (UVDE) cleaves the phospho-
diester bond 5′-adjacent to the CPD or (6–4)PP and the repair is
thought to be completed by a BER-like process [110]. Similarities of
UVER to the BER pathway were documented by in vitro biochemical
reconstitution assays [111]. The absence or presence of NER in plant
mitochondria has not been documented so far. Homologues of Mfd,
which mediates transcription-coupled NER in E. coli, and of UvrD/
MutU/RecL, which plays essential roles in post-recognition and
incision steps in bacterial NER, may be transported into the
chloroplasts in A. thaliana [112]. Early work in C. reinhardtii showed
that UV-induced pyrimidine dimers in the chloroplast DNA can be
repaired in the dark, suggesting that plastids possess an excision
repair pathway for UV photoproducts [113]. The mechanism
seemed however to differ from nuclear NER. Although absent in
other eukaryotes, homologues of bacterial uvrB+ and uvrC+, which
are involved in the initial incision steps of NER, have been identified
in the C. reinhardtii genome and a possible role of these genes in
chloroplast-specific NER processes has been proposed for this
organism [114].

4.4. Direct repair (DR)

As an alternative to the complex NER mechanism, photoreacti-
vation driven by photolyase, a single enzyme, can repair UV-induced
DNA damage without cleaving the phosphodiester chain [115].
Mammalian mitochondria contain a cryptochrome [116] but no
photolyase activity has been reported to date. By contrast, in S.
cerevisiae, a photolyase is targeted to mitochondria and reverts UV-
induced damage to the DNA [117,118]. Similarly, mitochondria of
Xenopus laevis possess photolyase activity and run photoreactivation
[119]. Investigation of plant organelles led to contrasted observa-
tions. Photoproducts were removed from the mitochondrial and
chloroplastic DNA in UV-irradiated A. thaliana detached leaves kept
under blue light, suggesting efficient photorepair [120]. However,
light-dependent repair of UV damage to the chloroplast DNA in
soybean cells appeared to be considerably slower than expected for
photolyase-mediated photoreactivation [121] and further analyses
failed to detect photolyase activity in chloroplasts from spinach
leaves [122]. Contrasting with the situation in higher plants, C.
reinhardtii chloroplasts possess a CPD photolyase encoded by the
PHR2 gene and cooperating with the product of the PHR1 gene for
full activity [8]. The O6-methylguanine-DNA methyltransferase
(MGMT) is the key component for direct reversion of alkylated
damage in the nuclear DNA. Data suggest that an MGMT variant is
present in mammalian mitochondria, allowing direct repair of
methylated or ethylated derivatives but not of more complex
alkylations [123–125].
4.5. Damage tolerance

Lesions that cannot be repaired or which escape repair potentially
block replication, hence the development of tolerance mechanisms
which include translesion synthesis (TLS) and template switching
(e.g. [126,127]). Translesion synthesis is mostly performed by
specialized DNA polymerases able to copy defective templates [128].
The possibility of translesion synthesis in mitochondria is open, as
DNA POLγ proved capable of mutagenic bypass through DNA lesions,
introducing a dA opposite an AP site or an 8-oxodG [129] or inserting
any of the four deoxynucleotides opposite bulky DNA adducts derived
from benzo[a]pyrene diol epoxide [130].

5. Specific aspects and further factors of organelle DNA
repair mechanisms

Interesting additional features of organelle DNA repair processes
have been identified, some of them crossing the borders between
established mechanisms. Mitochondria appear to lack a NER pathway
but promitochondria of S. cerevisiae anaerobic cells showed excision
repair of UV-induced pyrimidine dimers, based on a mechanism
depending on the endonuclease Rad2 [117]. Interestingly, Rad2 is
related to both NER and BER. Asmentioned, fungalmitochondria carry
out UV-damaged DNA endonuclease-dependent excision repair
(UVER) of UV photoproducts [109]. Notably, UVER is partially
dependent on Rad2. Recent work established that mutation of the
Cockayne syndrome B (CSB) gene encoding a NER factor causes
deficient removal of oxidative damage in the mitochondrial DNA
[131,132]. The NER proteins CSA and CSB actually localize to
mitochondria upon oxidative stress in mammalian cells (Fig. 3).
They interact with the mitochondrial DNA and the organelle BER
components, thus contributing to oxidative damage repair [133].
Whether this reflects a link between BER and an elusivemitochondrial
NER remains to be established.

The yeast THI4 gene and the A. thaliana thi1 gene encode a protein
with dual function in thiamine biosynthesis and inmitochondrial DNA
maintenance [134]. These genes partially complement E. coli strains
defective in both BER and NER, suggesting a general role in DNA
damage tolerance rather than damage removal. The precise function
of the THI4 and THI1 proteins in damage tolerance remains to be
characterized but, remarkably, they contain sequences homologous to
DNA-binding motifs and to bacterial DNA polymerases, as well as a
dinucleotide binding domain. THI1 is targeted to both mitochondria
and chloroplasts in A. thaliana [135], based on the existence of two
isoforms generated through the use of two different translation
initiation codons [136]. There is also evidence for mitochondrial
targeting of the THI4 protein in S. cerevisiae [134].

Further factors are involved in organelle DNA maintenance and
contribute to a complex network of interactions (Fig. 3). The PARP-1
protein is a key component in repair of single-strand breaks [137].
Such lesions can be BER by-products and PARP-1 is seen as a BER
modulator. A fraction of PARP-1 actually localizes to mitochondria in
a mitofilin-dependent process and intra-mitochondrial PARP-1 has
been reported to play a role in maintaining the integrity of the
organelle DNA [138]. PARP-1 is recruited into a complex which binds
to the mitochondrial DNA and contains DNA ligase 3. The
mammalian mitochondrial protein TFAM was originally identified
as a transcription factor but turned out to have multiple roles in DNA
metabolism [139]. It not only packages the DNA in the mitochondrial
nucleoid (see below), controls the DNA copy number, and partici-
pates in transcription, but also appears to play a direct role in DNA
repair. TFAM binds stronger to oxidatively damaged DNA than to
intact DNA and shows higher affinity for 8-oxoG-containing base
pairs than the relevant OGG1 and MYH DNA glycosylases [140]. It
recognizes the adducts formed by cisplatin, an anticancer drug
producing inter- and intrastrand cross-links in the DNA, as well as



Fig. 3. Organization of oxidative DNA damage repair processes and factors in mammalian mitochondria, according to the literature data (see text for details and references). ROS
generated by extra-mitochondrial oxidants or upon electrons leaking from the respiratory chain damage the organelle dNTP pool and the mitochondrial DNA (mtDNA). Damage
signaling to the cytosol results in relocalization of repair proteins to the organelles, possibly upon post-translational modification. Mitochondrial damage signaling may compete
with nuclear damage signaling for the recruitment of repair factors. Relocalization of OGG1, UNG1 and NTH1 is presented by analogy with yeast NTG1. Oxidized dNTPs can be
eliminated by the DUT and MTH1 enzymes (I). The mitochondrial DNA is anchored to the membrane, possibly through PHB1, M19 or ATAD3. Most of the BER proteins are also
membrane-bound. Short-patch BER (II) is mediated by a DNA glycosylase (for instance OGG1 for 8-oxoG repair), the AP endonuclease APEX1, the DNA polymerase POLγ and the DNA
ligase LIG3; CSB recruits the BER proteins to the membrane; CSA and CSB interact with the single-stranded DNA-binding protein SSB and the glycosylase; the tumor suppressor p53
stimulates the glycosylase and POLγ; PARP-1 modulates BER. Long patch BER (III), in addition to the DNA glycosylase (for instance UNG1 for uracil repair), APEX1, POLγ and LIG3,
requires the endonuclease/helicase DNA2 and the endonuclease FEN1. The transcription factor and packaging protein TFAM binds with high affinity to damaged DNA; TFAM binding
is modulated by p53 and the thioredoxin TRX2 (IV). p53 itself can hydrolyse oxidized nucleotides at DNA 3′-ends and the reaction is enhanced by SSB (V). Main repair enzymes are in
green; further factors are in yellow or purple; core DNA-interacting proteins are in blue.
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the lesions induced by aminofluorene derivatives [141]. Interestingly,
cisplatin-resistant cell lines seem to overexpress TFAM together with
the mitochondrial thioredoxin 2 (TRX2) [142]. Both proteins interact
directly, resulting in enhanced binding of TFAM to damaged DNA.
TFAM also binds to p53, a tumor suppressor which localizes to
mitochondria in response to death signals [143]. The complex has
been biophysically characterized [144] and p53 in turn seems to
modulate the binding of TFAM to damaged DNA, depending on the
type of lesion considered [143]. Recent results suggest that TFAM
indeed modulates the BER pathway in mitochondria by virtue of its
DNA-binding activity and protein interactions [145]. On the other
hand, the 3′–5′ exonuclease activity of p53 can hydrolyze oxidized
nucleotides like 8-oxodG at DNA 3′-ends, a reaction which is
enhanced upon interaction with the mitochondrial single-stranded
DNA-binding protein (mtSSB) [146]. Further, p53 contributes to
mitochondrial BER by stimulating both glycosylase-mediated remov-
al of damaged bases and nucleotide incorporation by DNA POLγ
[147–149].

image of Fig.�3
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6. Sub-organellar localization of DNA repair

DNA molecules in the organelles are not naked but are packed
into nucleoprotein particles called nucleoids (e.g. [150–154]).
Although their detailed composition is still a matter of discussion,
these particles definitely contain a wide variety of proteins and
factors for compaction and DNA metabolism (e.g. [155–157]). The
structural organization of nucleoids involves TFAM in mammalian
mitochondria [158] or histone-like proteins in chloroplasts [159].
Major DNA maintenance proteins are also core components of
these dynamic particles which undergo remodeling in response to
physiological conditions [160]. Factors proposed to control mam-
malian mitochondrial nucleoid organization include prohibitin 1
(PHB1) [161] and the AAA+ domain-containing protein ATAD3
[162]. Nucleoids are anchored to the organelle membranes through
mechanisms which still need to be clarified [150,157,163–165].
The M19 mitochondrial protein has been suggested to be one of
the membrane-tethering factors in mammalian organelles [166].
PHB1 itself is localized in the inner membrane and can be
considered as a further candidate. Finally, ATAD3 is a mitochon-
drial membrane protein which has special binding properties for
the displacement loop (D-loop) region of the mammalian
organelle DNA [162]. It is thus tempting to speculate that it
might play a major role in the association of the DNA and/or the
nucleoids with the membranes. However, topological analyses of
ATAD3 membrane insertion so far did not confirm the proposed
interaction model [155,167].

Consistent with a membrane compartmentation of the organelle
DNA, recent work has shown that most of the mitochondrial BER
activities are membrane-bound in both mammalian [168] and plant
[40] mitochondria. With the exception of AP endonuclease, the entire
BER pathway interacts with the inner membrane in mammalian
organelles and is supposed to associate with the nucleoids [168].
Interestingly, also p53 was recovered in a mitochondrial inner
membrane subfraction containing BER components [148]. In plant
mitochondria, uracil-DNA glycosylase and AP endonuclease are both
membrane-associated [40], whereas surprisingly 8-oxoG-DNA glyco-
sylase seemed to be soluble in our incision assays (unpublished
results). In chloroplasts too, BER enzymes colocalize with the DNA in
the nucleoids [41].

The functional organization of the BER machinery in the
membranes has been further investigated in mammalian mito-
chondria (Fig. 3). Akbari et al. originally failed to detect stable
repair complexes comprising uracil-DNA glycosylase [169]. This
suggested that the different BER components would not stably
interact with each other but that membrane co-localization would
favour efficient substrate channeling [168–170]. A model has
indeed been proposed in which the DNA would be mobile and
would scroll through inner membrane complexes able to replicate,
proofread and repair [168,171]. However, such a view has in turn
to be reconciled with the idea that the mitochondrial DNA itself is
anchored to the membrane in mammals [172]. Moreover, it has
been implied that the NER proteins CSA and CSB interact with the
mitochondrial single-stranded DNA-binding protein mtSSB and the
BER enzyme OGG1 in a complex with the mitochondrial DNA [133].
Further, CSB seems to play a role in recruiting and/or retaining the
BER proteins in complexes associated with the mitochondrial inner
membrane [173]. Such complexes would connect the BER process
to the nucleoids. Data from in organello repair experiments based
on the natural competence of mitochondria for DNA import are in
agreement with this model [46]. The experiments showed that
mammalian mitochondria can carry out not only short-patch BER
and long-patch BER but also generic nick-translation DNA synthe-
sis. Coordinated BER synthesis occurs only at the membrane level
on anchored DNA, whereas generic synthesis proceeds freely in the
matrix.
7. Mitochondrial DNA damage, genetic processes and disease

Lesions in the DNA can block replication or transcription.
Conversely, mispairing of modified bases and translesion synthesis
lead to mutations. In 1988, two reports [174,175] showed that
deletions and point mutations of the mitochondrial genome could be
pathogenic. Since this date, there have been hundreds of associations
of pathogenic mutations with mainly muscle and neurological
disorders (although other tissues are commonly affected), which are
often referred to as mitochondrial encephalomyopathies [176].
Although syndromes associated with specific mitochondrial DNA
mutations are considered as rare, prevalence studies of known
pathogenic mutations, or just of the m.3243ANG MELAS (Mitochon-
drial Encephalomyopathy, Lactic Acidosis and Stroke-like episodes)
syndrome alone, report anything from 16 to 236 per 100,000
individuals of the Australian [177], British [178] or Finnish [179]
community, making mitochondrial DNA disease the most common
cause of hereditary neuromuscular disorder. More recently, a myriad
of claims have been made to associate mitochondrial DNA mutations
with more common disorders such as Parkinson's Disease [180],
Alzheimer's Disease [181,182], male infertility [183] and cancer [184].
However, no causal link has been substantiated. Intriguingly,
mitochondrial DNA repair itself may promote disease. DSB repair is
thought to play a role in the generation of mitochondrial DNA
deletions associatedwith human pathologies [185,186]. Some of these
deletions seem to result from blunt end joining and are likely to be
mediated by NHEJ [97,98]. Further, double-strand break repair may
participate in chimeric gene formation and illegitimate recombination
in plant mitochondria [90,91].

8. Mitochondrial DNA damage and aging

8.1. The aging theory

Many theories have been proposed to explain the phenomenon of
aging (e.g. [187]). Among these, the free radical theory of aging [188]
is a popular hypothesis and has been studied for almost half a century.
It postulates that the production of ROS and the progressive
accumulation of free radical damage is the cause of aging. As they
are the main ROS producers in mammalian cells and the major target
for their damaging effects, mitochondria were subsequently proposed
to be the biological clock [189]. This postulate was refined to suggest
that aging was due to the accumulation of damage to the
mitochondrial DNA, yielding the mitochondrial theory of aging
[189,190]. According to the latter, oxidative damage would result in
increasing rates of mitochondrial DNA mutations. As the organelle
genome encodes components of the respiratory chain and ATP
synthase complexes, mutations could cause defects in oxidative
phosphorylation, leading in turn to enhanced ROS production and
further mitochondrial DNA damage. Such a vicious cycle would cause
cellular dysfunction and ultimately death.

8.2. Challenging the ROS theory of aging

Numerous studies in a variety of species have tested different
aspects of the mitochondrial theory of aging (e.g. [191–193]).
However, perhaps the most celebrated is the production of a mouse
model that concomitantly increases mitochondrial DNA mutation
load and oxidative phosphorylation defects. Trifunovic et al. [194] and
Kujoth et al. [195] introduced back into mice an error-prone form of
mitochondrial POLγ (POLGA). The resultant increased mitochondrial
DNA mutation rate correlated with decreased life expectancy and a
phenotype consistent with premature aging. Although there is still
some debate about whether the pathogenic molecules carry deletions
or point mutations [196–199], both groups agreed that there is little
evidence of increased ROS or oxidative stress as a consequence of the
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mitochondrial DNA replication errors, arguing against any “vicious
cycle”.

In addition to the mouse studies with error-prone polymerase,
reports from many authors using a variety of models now challenge
the mitochondrial theory of aging (e.g. [200–209]). Oxidative damage
of mitochondrial DNA indeed accumulates with age in mammals
[210,211] and there is evidence that mitochondrial ROS production
increases in aging Drosophila, although this does not regulate its
lifespan [212]. One of the predictions the theory makes is that
scavenging free radicals should increase life expectancy, while
increasing ROS will lead to premature death. Several transgenic
models have been established to address these questions. Over-
expression of the mitochondrial Mn-superoxide dismutase (MnSOD)
in Drosophila clearly extends lifespan [213], but in contrast, mice
overexpressing a similar protein show no extension [214,215].
Overexpression of catalase, however, has been reported to increase
life expectancy by almost 20% in mouse models [216]. Onset of age-
related cardiac defects and cataracts were also delayed [217].
Increasing ROS levels by partially inactivating antioxidant activities
does not appear to shorten lifespan. For example, transgenic mice
expressing only one allele of mitochondrial thioredoxin TRX2,
although exhibiting defects in oxidative phosphorylation and
increased H2O2 production, did not show any decrease in life
expectancy [215].

Thus, ROS production during normal metabolism is highly unlikely
to be the single cause of aging and furthermodels need to be explored.
It has been hypothesized for instance that clustering of multiple
genome copies in complex nucleoids may promote a progressive age-
related accumulation of damage, deletions and point mutations in the
DNA [218]. Mitochondrial nucleoids indeed appear to be remarkably
stable. They do not freely exchange their DNA but rather tightly
regulate their genetic content [219]. In any case, whether aging
actually has a single cause remains by itself an open question.

8.3. Aging and DNA repair impairment

Evidence is still missing for a causative role of mitochondrial
mutations in the development of aging phenotypes [191] but
nevertheless damaged DNA accumulates in the organelles with age,
raising the question of repair efficiency. Modifications in mitochon-
drial DNA repair may indeed contribute to the accumulation of DNA
damage associated with aging, as illustrated for the BER pathway
[220,221]. It is considered that 8-oxoG is one of the most abundant
oxidative lesions and that it accumulates in mitochondrial DNA with
age. This lesion is known to induce mutations due to the possibility of
mispairing 8-oxoG with adenine during replication. Such an accumu-
lation has been tentatively linked with neurodegenerative disorders
and cancer [220]. The observation that, at the same time, the overall
OGG1 8-oxoG-DNA glycosylase activity in mammalian cells increases
with age was therefore quite puzzling [222]. It was first postulated
that the continuous generation of ROS in mitochondria would
eventually saturate the repair capability of the organelles, hence the
need for an increasing amount of enzyme but with no avail. Szczesny
et al. [223] later demonstrated that in aging mammalian cells the
OGG1 protein actually accumulates in an unprocessed precursor form
which remains in the intermembrane space, stuck to the outer
membrane. Therefore, while the overall OGG1 content in the
mitochondria increases with age, the amount of 8-oxoG-DNA
glycosylase in the organelle inner compartment decreases, leading
to the accumulation of 8-oxoG in the mitochondrial DNA. Similar
observations were made for mitochondrial uracil-DNA glycosylase,
which removes the mutagenic uracil in the DNA [223]. These data
reveal an age-related decline in the mitochondrial import capacity for
DNA repair factors. Such an impairment may become an important
issue, as trafficking of repair proteins to the organelles might be a key
process in the response to genotoxic stress (see below).
9. Regulation of mitochondrial DNA repair

9.1. Regulation through repair protein trafficking

Although functional BER activities were detected in mitochon-
drial lysates from human cells devoid of organelle DNA [43],
mitochondrial DNA repair machineries are controlled and respond
to genotoxic conditions. The mitochondrial isoforms of a number of
repair proteins are generated through alternative splicing of primary
transcripts, allowing for post-transcriptional control [170]. In this
respect, it has been shown that the mammalian MYH DNA
glycosylase has mitochondrial isoforms which are exclusive to the
brain tissue [224]. Physiological regulation of BER protein expression
has been partially documented at the cellular level but the relevance
of these observations for mitochondrial processes remains to be
established (reviewed in [39]). Notably, repair proteins are regularly
mentioned to accumulate in the cytosol in unstressed conditions
and to localize to mitochondria in response to DNA damaging
conditions. Moving the pool of repair proteins to the damaged
compartment is likely to be faster for the cells than inducing de novo
gene expression and appears to be a major regulation mechanism of
organelle DNA repair.

The most detailed study in this respect has been carried out for
yeast N-glycosylases. Analysis of the subcellular distribution of the
NTG1 and NTG2 DNA glycosylases in S. cerevisiae cells submitted to
either nuclear or mitochondrial oxidative stress showed that NTG1
was dynamically relocalized to the compartment to which the stress
was applied [225]. Generating organelle oxidative stress in yeast ρ0
cells (i.e. cells deprived of mitochondrial DNA) demonstrated that
NTG1 localization to mitochondria was triggered by organelle DNA
oxidative damage and not by the ROS level. This suggests that there is
a sensing mechanism for organelle DNA damage which would be
mediated by specific mitochondrial signals. Furthermore, nuclear and
mitochondrial DNA damage signals would actually compete to recruit
NTG1 [225,226]. The data also imply that lesions other than oxidized
nucleotides can trigger relocalization of repair proteins. Sumoylation
appeared to be involved in NTG1 nuclear trafficking, indicating a role
of post-translational modification(s) in the relocalization process
[225]. Whether protein modifications also determine mitochondrial
targeting is not known but both the nuclear and the mitochondrial
targeting sequence present in the protein were required for dynamic
localization of NTG1 in response to oxidative stress [226]. Compro-
mised NTG1 relocalization resulted in increased mutation rate and
sensitivity to DNA damage.

As detailed in the previous sections, further repair proteins and
modulating factors are targeted to both the nucleus and the
mitochondria and some of them were shown to localize to the
organelles in stress conditions. This is the case in particular for the AP
endonuclease APEX1 [65,227] or the CSA and CSB proteins
[133,173,228] in mammalian cells. Like S. cerevisiae NTG1, a number
of these dual-targeted proteins have isoforms carrying both a nuclear
and a mitochondrial localization sequence. Such a feature has been
described for the human 8-oxoG-DNA glycosylase hOGG1-1a [229],
the S. cerevisiae uracil-DNA glycosylase UNG1 [54], the mammalian
thymine glycol-DNA glycosylase hNTHL1 [230] or the S. cerevisiae AP
endonuclease APE1 [68]. It has thus been proposed that the dynamic
localization process characterized with yeast NTG1might be a general
mechanism for BER regulation in response to DNA damage [226]
(Fig. 3). Further data imply that the levels of BER enzymes in
mammalian mitochondria are tightly controlled. Mitochondrial
targeting of overexpressed methylpurine-DNA glycosylase (MPG) or
bacterial exonuclease III (ExoIII) carrying a standard organelle import
presequence imbalanced the BER pathway in human cancer cells and
considerably enhanced sensitivity to oxidative damage [231,232]. This
approach can be used to sensitize cancer cells to chemotherapeutic
agents [233,234].
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9.2. Repair regulation, disease and aging

In mammalian cells, oxidative damage to the mitochondrial DNA
also correlates with the translocation of the tumor suppressor p53 to
the organelles [235], which introduces a further regulation level, as
p53 is thought to modulate DNA repair. As mentioned, p53 stimulates
both removal of damaged bases and nucleotide re-insertion [147–
149]. P53 is also likely to affect repair in mitochondria by altering the
binding of TFAM to damaged DNA [143]. These mechanisms might in
turn modulate p53-mediated apoptosis. Mitochondria actually regu-
late p53 in a number of ways, with likely consequences in the
apoptosis processes [236]. In particular, the p53 pathway stimulates
mitochondrial BER in colorectal cancer cells in reponse to damage and
thus promotes mitochondrial genome stability [148]. Conversely,
inhibition of mitochondrial DNA repair enhances apoptotic damage in
carcinoma cells and may be useful in cancer treatment [237]. During
apoptosis, monoubiquitination of the cytosolic form triggers translo-
cation of p53 to the mitochondrial surface, where it is deubiquitinated
and interacts with anti- and proapoptotic proteins [238]. Whether
similar mechanisms allow a subfraction of p53 to localize to the inside
of mitochondria upon oxidative/genotoxic stress remains to be
documented.

Epileptic seizures are also associated with oxidative damage to the
mitochondrial DNA. Animal model analyses established that the
organelle DNA repair capacity is indeed altered during epileptogen-
esis and is severely impaired during the chronic phase of epilepsy
[239]. Similarly, the mitochondrial BER pathway failed to respond to
status epilepticus induced by pilocarpine, which is characterized by a
high oxidative stress. Instead, BER enzyme levels in organelles
decreased, an effect attributed to failure of mitochondrial import
[240]. Nucleoside analogs like stavudine used as antiretroviral drugs,
especially in the treatment of AIDS, may have severe side effects
associated withmitochondrial toxicity. It turned out that, likely due to
inhibition of POLγ, stavudine treatment actually reduces mitochon-
drial BER capacity and thus contributes to organelle DNA mutation
[241].

Although aging is clearly associated with modifications in
mitochondrial DNA repair capacity, the situation is contrasted
[220,221]. Further studies in mammals and Podospora anserina
showed that mitochondrial BER activities did not correlate, or even
correlated negatively, with extended life span [221,242]. This may
reflect a balance between DNA damage and repair, as mitochondrial
DNA oxidative damage is inversely correlated with maximum life
span in mammals. On the other hand, changes in mitochondrial BER
play a role in DNA damage accumulation and age-related functional
decline [221]. In P. anserina, aging is associated with a decrease in
mitochondrial BER [242]. In mammals, variations in organelle BER
capacity with age appear to be organ and tissue-specific [243], leading
to increased BER enzyme activities in mitochondria from liver and
heart [65,244,245] or gradual decline in brain [246–248]. Mitochon-
drial BERmight be critical in the development andmaintenance of the
central nervous system during aging [249].

10. Conclusion

Originally believed to be absent, organelle DNA repair is now
well established and has become an expanding field within a little
more than a decade. BER remains the best documented and most
studied pathway but almost all other standard mechanisms have
been explored (e.g. Fig. 1). Only NER, the most complex DNA repair
system involving a large number of protein factors, seems to be
absent as such from mitochondria, at least in mammals and fungi.
Nevertheless, some proteins considered as NER factors localize to
the organelles and may cooperate with BER mechanisms, whereas
fungi have developed mitochondrial UVER to handle some of the
NER substrates. At the present stage, chloroplasts appear to lack
NHEJ, but the existence of a plastid MMR has not been investigated
to date.

DNA repair in organelles has also been established as a
fundamental process, given the strong consequences observed upon
its functional impairment. Inactivation of quite a number of genes
encoding key repair proteins impacts mitochondrial DNA mainte-
nance and causes an accumulation of DNA damage and mutations.
Conversely, mobilization of the organelle repair machinery turned out
to be very reactive to DNA damaging conditions. Considering the high
extent of lesions and mutations in the mitochondrial DNA of older
cells, one wonders what impairs or restricts this reactivity during
aging. Decline of the mitochondrial import capacity for repair factors
could be a first reason. Perhaps additive damage triggered by
genotoxic conditions remaining below the threshold of repair
induction also contributes. Nevertheless, understanding the regula-
tion of organelle DNA repair in response to genotoxic pressure, its
balance with the extent of DNA damage and its evolution with
chronological age or disease is still a crucial goal for further
investigations and should provide clues to control organelle DNA
mutations and dysfunction.
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