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DNA molecules in mitochondria, just like those in the nucleus of eukaryotic cells, are con-
stantly damaged by noxious agents. Eukaryotic cells have developed efficient mechanisms to
deal with this assault. The process of DNA repair in mitochondria, initially believed nonexis-
tent, has nowevolved into a mature area of research. In recent years, it has become increasingly
appreciated that mitochondria possess manyof the same DNA repair pathways that the nucleus
does. Moreover, a unique pathway that is enabled by high redundancy of the mitochondrial
DNA and allows for the disposal of damaged DNA molecules operates in this organelle. In
this review, we attempt to present a unified view of our current understanding of the process
of DNA repair in mitochondria with an emphasis on issues that appear controversial.

In mammalian cells, genetic information is
stored in two locations: in the nucleus and in

mitochondria. Nuclear DNA (nDNA) is orga-
nized into chromosomes of which two sets are
present per cell: one paternal and one maternal.
In contrast, mitochondrial DNA (mtDNA) in-
heritance is (with a few exceptions) exclusively
maternal, and this DNA species is highly redun-
dant, typically a few hundred to a few thousand
copies per cell. In many (but not all) (Noll et al.
1990) cell types, the bulk of ATP is produced by
oxidative phosphorylation (OXPHOS) in mito-
chondria. Because mtDNA encodes compo-
nents of four out of five mitochondrial res-
piratory complexes, it is not surprising that
mutations in mtDNA may result in (patholog-
ical) alterations in mitochondrial function and
mitochondrial diseases (Holt et al. 1988; Lesti-
enne and Ponsot 1988; Wallace et al. 1988).
Apart from mitochondrial diseases, mutations

in mtDNA are linked to a spectrum of other
pathologies including cancer, diabetes, cardio-
vascular diseases, and neurodegenerative disor-
ders, as well as the normal process of aging (Wal-
lace 2005). Moreover, it has been established that
not only mtDNA mutations but also a reduction
in the mtDNA copy number can be pathogenic
(Clay Montier et al. 2009; Rotig and Poulton
2009). Understanding cellular mechanisms for
the maintenance of mtDNA integrity and copy
number is, therefore, of utmost importance be-
cause it can provide targets for clinical interven-
tions aimed at prevention and treatment of hu-
man diseases.

ORGANIZATION OF THE MITOCHONDRIAL
GENOME

Human mtDNA (Fig. 1) is �16.6 kb long and
encodes two rRNAs, 22 tRNAs, and 13 polypep-
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tides of which seven are subunits of complex I
(NADH dehydrogenase), three are subunits of
complex IV (cytochrome c oxidase), and two
are subunits of complex V (ATP synthase) and
cytochrome b (a subunit of complex III). The
density of genetic information in mtDNA is rel-
atively high, with very short intergenic regions.
To increase this density, some genes overlap, and
some others lack complete termination codons,
which are created by polyadenylation of the cor-
responding mRNAs (Ojala et al. 1981). A short
noncoding regulatory region in mtDNA har-
bors an origin of replication plus two promot-
ers, one on each of the two complementary
strands (Fig. 1). These promoters generate poly-
cistronic transcripts that are processed to pro-
duce mature rRNAs, tRNAs, and mRNAs and
also are involved in the generation of the primer
for replication of one of the strands.

In the nucleus, genetic material is represent-
ed by nucleoprotein complexes consisting of
DNA wrapped around a core octamer of his-

tones forming “beads on a string.” This nucle-
osomal chromatin is further organized to form
chromosomes. In contrast, the mitochondrial
genome lacks histones, which has led to the
belief that the observed high rate of mtDNA
mutagenesis (�10-fold greater than in nDNA)
(Brown et al. 1979; Ballard and Whitlock 2004;
Tatarenkov and Avise 2007) is explained by the
lack of “protective” histones. This belief lacks
direct experimental support and remains con-
troversial because it contradicts some experi-
mental evidence, which suggests that histones,
at least under some conditions, may enhance,
rather than reduce DNA damage (Liang et
al. 1999; Liang and Dedon 2001), and that
mtDNA-associated proteins may be at least as
protective against mutagenic insults as histones
under other conditions (Guliaeva et al. 2006;
Alexeyev 2009). Moreover, mtDNA may be phys-
ically covered with TFAM, an HMG-like protein
involved in mtDNA transcription and replica-
tion. It is present in mitochondria in quantities
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Figure 1. The map of human mitochondrial DNA. (OH and OL) Origins of heavy- and light-strand replication,
respectively; (ND1–ND6) subunits of NADH dehydrogenase (ETC complex I) subunits 1–6; (COX1–COX3)
subunits of cytochrome oxidase subunits 1–3 (ETC complex IV); (ATP6 and ATP8) subunits 6 and 8 of
mitochondrial ATPase (complex V); (Cyt b) cytochrome b (complex III).

M. Alexeyev et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012641

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


of one molecule per 10–20 bp of mtDNA (Alam
et al. 2003; Ekstrand et al. 2004; Pellegrini et al.
2009). Limited accessibility of mtDNA to meth-
yltransferases (Rebelo et al. 2009) is in agreement
with the notion that TFAM coating may impede
access to other proteins.

In view of the endosymbiotic theory of mi-
tochondrial origin from an ancient prokaryote,
it is perhaps not surprising that recent studies
revealed similarities in packaging of mtDNA
and bacterial chromosomes. Thus, it has been
established that mtDNA is organized in nucle-
oids. However, the precise structure of these nu-
cleoids is still debated. Initial studies revealed
that nucleoids are �70 nm in diameter, and
each of them carries six to 10 copies of mtDNA
(Iborra et al. 2004). This organization ensures
similar DNA densities in mitochondrial and
Escherichia coli nucleoids, �35 mg/mL (Iborra
et al. 2004). Subsequent studies refined this
model, leading to the view that nucleoids are
layered structures consisting of a core, where
replication and transcription of mtDNA occur,
and peripheral regions, where translation of mi-
tochondrial transcripts and assembly of newly
synthesized polypeptides into respiratory com-
plexes occur (Bogenhagen et al. 2008). Further
refinement has been achieved using recently de-
veloped super-resolution imaging techniques.
Thus, it has been established, with the help of
stimulated emission depletion (STED) micros-
copy, that each nucleoid may contain only one
or two (on average, 1.4) molecules of mtDNA
(Kukat et al. 2011). However, studies that used
another super-resolution technique, photoac-
tivated localization microscopy (PALM and
iPALM), produced a conflicting finding that,
on average, the predominantly elliptical nucle-
oids in 3T3 cells contain three mtDNA genomes
(Brown et al. 2011; Kopek et al. 2012). Interest-
ingly, these latter studies also suggest that nu-
cleoid size varies with mtDNA content and that
mtDNA in nucleoids is extremely condensed,
requiring an access mechanism for DNA repair
and replication proteins (Brown et al. 2011).

Nucleoids may conserve their mtDNA, or
they may dynamically exchange mtDNA mol-
ecules. Recently, these alternatives were tested
directly by fusing two cell lines, each homoplas-

mic for a partially deleted mtDNA in which
the deletions were nonoverlapping and each
deficient in mitochondrial protein synthesis.
Upon fusion, restoration of mitochondrial pro-
tein synthesis was observed, but mutant nucle-
oids remained spatially separated, and mixing
of two mutant mtDNA species in a single nu-
cleoid was not observed. These results indicate
that mitochondrial nucleoids tightly regulate
their genetic content and do not freely exchange
mtDNA (Gilkerson et al. 2008).

RELEVANT SOURCES OF mtDNA LESIONS
AND TYPES OF DAMAGE

mtDNA is constantly exposed to external and
internal noxious agents. There are five main
types of mtDNA damage:

1. Alkylation damage. This type of damage
comes from both exogenous (e.g., chemo-
therapeutic agents) and endogenous (e.g.,
S-adenosylmethionine, which can methyl-
ate DNA nonenzymatically) (Rydberg and
Lindahl 1982) sources (De Bont and van
Larebeke 2004). Importantly, mitochondria
house �30% of the cellular pool of S-adeno-
sylmethionine (Horne et al. 1997). Endoge-
nous alkylation damage has been shown
experimentally (Xiao and Samson 1993).

2. Hydrolytic damage. This damage comes in
two types: formation of abasic sites (as a re-
sult of hydrolysis of the glycosidic bond) and
hydrolytic deamination of bases, predomi-
nantly cytosine (Lindahl 1993; De Bont and
van Larebeke 2004).

3. Formation of adducts (De Bont and van
Larebeke 2004; Blair 2008). This type of dam-
age can come from both endogenous (e.g.,
estrogens) (Liehr 2000; Thomas and Roy
2001) and exogenous (e.g., tobacco smoke
and chemical exposure) sources. In some
instances, upon exposure to these agents,
mtDNA is damaged preferentially (Wunder-
lich et al. 1970; Miyaki et al. 1977; Neubert
et al. 1981; Niranjan et al. 1982; Tomasi et al.
1987; Rossi et al. 1988; Balansky et al. 1996;
Bartsch 1996; Thomas and Roy 2001; Nair
et al. 2005; Yang et al. 2006; Jung et al. 2009).
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4. Mismatched bases (due to replication errors
or incorporation of nucleotides containing
modified, e.g., oxidized, bases during repli-
cation) (Kamiya 2003; Boesch et al. 2011).

5. DNA strand breaks. These come in the form
of both single-strand breaks (SSBs) (el-Kha-
misy and Caldecott 2007) and double-strand
breaks (DSBs) (Kasparek and Humphrey
2011). Both types of strand breaks can be in-
duced by noxious stimuli both directly and
indirectly (e.g., in the process of the repair of
other lesions).

6. Oxidative damage. This type of damage is by
far the best studied and the most prevalent,
primarily because mitochondria are a major
cellular source of reactive oxygen species
(ROS). Therefore, we consider it here in
greater detail.

Hierarchy of the ETC-Generated ROS with
Respect to Their Reactivity toward mtDNA

Mitochondria possess at least nine enzyme sys-
tems capable of producing ROS under favor-
able conditions (Andreyev et al. 2005). Howev-
er, only those produced by the ETC are usually
considered when mtDNA damage is concerned.
Early studies established that 1%–2% of oxygen
consumed by isolated mitochondria at atmo-
spheric oxygen tension can be converted to
H2O2 under conditions of so-called reverse elec-
tron transport from complex II to complex I
(Boveris et al. 1972; Andreyev et al. 2005; Mur-
phy 2009). Although it is not likely that condi-
tions favoring reverse electron transport can be
encountered under physiological conditions
(Murphy 2009), it is these numbers that get
frequently quoted. Electron “leak” from the
electron transport chain (ETC) results in the
production of superoxide (O22), which is
charged, comparatively unstable, and has low
reactivity toward DNA (Lesko et al. 1980; Brawn
and Fridovich 1981; Rowley and Halliwell 1983;
Blakely et al. 1990; Halliwell and Aruoma 1991).
The negative charge has been proposed to ren-
der O22 impermeable to membranes (Muller
et al. 2004), and this hypothesis has found ex-
perimental support (Takahashi and Asada

1983; Mao and Poznansky 1992; Frimer et al.
1996).

Importantly, O22 production by mitochon-
dria can be self-limiting because of inactivation
of mitochondrial aconitase by O22. This inacti-
vation can reduce NADH output by the citric
acid cycle and, consequently, electron flow
through ETC. The net effect would be a lowered
steady-state reduction of complexes I and III,
which would diminish O22 production (Gard-
ner and Fridovich 1991; Gardner 1997).

The O22 generated by the ETC is quickly and
efficiently converted to H2O2, which is the prin-
cipal cellular mediator of oxidative stress be-
cause of its relative stability and membrane
permeability. Still, H2O2 fails to efficiently at-
tack mtDNA directly (Lesko et al. 1980; Brawn
and Fridovich 1981; Rowley and Halliwell 1983;
Blakely et al. 1990; Halliwell and Aruoma 1991).
However, in the presence of redox-active metal
ions like Fe2þ, H2O2 can undergo Fenton chem-
istry, generating extremely reactive hydroxyl rad-
ical that efficiently damages DNA (Henle et al.
1996a,b; Alexeyev 2009).

Relative Prevalence of Various Oxidative
mtDNA Lesions

In human fibroblasts, mtDNA is particularly
vulnerable to oxidative stress and accumulates
more polymerase-blocking lesions (e.g., strand
breaks, abasic sites and oxidative DNA adducts)
(Blair 2008) than nDNA upon treatment with
either a H2O2-generating system (glucose oxi-
dase plus glucose) (Salazar and Van Houten
1997) or by pure H2O2 (Yakes and Van Houten
1997). The same pattern was observed in endo-
thelial (Ballinger et al. 2000) and in retinal pig-
mented epithelial cells (Ballinger et al. 1999).
Similarly, using an independent technique, we
observed a higher frequency of H2O2-induced
lesions (strand breaks and possibly abasic sites,
which are readily converted to strand breaks
under the assay conditions) in mtDNA as com-
pared with nDNA (Shokolenko et al. 2009). Im-
portantly, H2O2-induced strand breaks pre-
dominated over mtDNA mutations by at least
10-fold, implicating damage to the sugar–phos-
phate backbone as the predominant lesion in-
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duced in mtDNA by oxidative stress (Shoko-
lenko et al. 2009).

Unlike damage to the sugar–phosphate
backbone, oxidative base damage to mtDNA
compared with nDNA has been the subject of
controversy. Initial studies indicated that oxida-
tive base damage in mtDNA may be higher than
in nDNA (Richter et al. 1988). However, subse-
quent refinement in analytical techniques re-
versed this notion (Anson et al. 2000; Lim et
al. 2005) and revealed that some oxidative le-
sions such as 8-hydroxyguanine, Fapy-adenine,
8-hydroxyadenine, 5,6-dihydroxyuracil, 5-hy-
droxyuracil, 5-hydroxycytosine, and 5-hydroxy-
methyluracil are less prevalent in liver mtDNA
of aged animals as compared with nDNA (An-
son et al. 2000; Alexeyev 2009). The wide spec-
trum of oxidative base lesions and methodo-
logical difficulties prevent precise elucidation
of their frequencies (ESCODD 2003; De Bont
and van Larebeke 2004; Gedik and Collins
2005). The main pyrimidine product of oxida-
tive DNA base damage is believed to be a thy-
mine glycol (Wang et al. 1998), and the main
purine product is probably 7,8-dihydro-8-
oxo-20-deoxyguanosine (8-oxodG) (Bohr 2002;
Christmann et al. 2003; De Bont and van Lare-
beke 2004). The former has low mutagenicity
but is a block to polymerase, whereas the latter
is less inhibitory toward the actions of polymer-
ase, but can cause characteristic G:T transver-
sions in 10% of the cases in vitro (Hanes et al.
2006). The mutagenic potential of some oxida-
tive lesions has been established (for review, see
Kamiya 2003).

mtDNA REPAIR PATHWAYS

The discovery that mitochondria are unable to
repair ultraviolet (UV)–induced pyrimidine
dimers (Clayton et al. 1974, 1975) and some
types of alkylation damage (Miyaki et al. 1977)
showed that they contain a reduced complement
of DNA repair pathways. Over the years this view
has evolved, and now we have documented some
evidence for the existence in mitochondria of
almost all major DNA repair pathways (for
review, see Gredilla 2010; Liu and Demple
2010; Boesch et al. 2011). Inferences about the

presence of novel DNA repair pathways in
mitochondria are often made based on the as-
signment of these components to the mito-
chondrial compartment. Typically, this assign-
ment is made with the help of subcellular
fractionation, which remains a gold standard.
Other techniques such as subcellular localiza-
tion of fluorescent fusion proteins, immuno-
gold labeling combined with electron micros-
copy (EM), and in silico detection of putative
matrix targeting sequences are often used as
accessory techniques to unambiguously localize
a protein to the matrix compartment. However,
it should be noted here that these accessory
techniques have their inherent limitations and
often provide inconclusive results. Fluorescence
microscopy has relatively low spatial resolu-
tion to discriminate between four mitochondri-
al compartments, immunogold EM requires
highly specific antibodies, and the existence of
poorly understood internal matrix targeting se-
quences limits utility of the in silico predictions.
Perhaps the most dramatic example of the latter
limitation is in vivo import into the matrix
of mammalian mitochondria of heterologously
expressed chlorella virus ligase and Escherichia
coli LigA proteins accompanied by the rescue
of the lethality of Lig3 knockout (Simsek et al.
2011).

Direct Reversal

Direct reversal is conceptually the simplest path-
way exemplified by photoreactivation of cyclo-
butane pyrimidine dimers by photolyase in E.
coli. Photolyase activity has been reported in
yeast (Yasui et al. 1992) and plant mitochondria
(Takahashi et al. 2011). Despite the existence of a
report suggesting the presence of photolyase ac-
tivity in Xenopus mitochondria (Ryoji et al.
1996), it is generally believed that mitochondria
in higher eukaryotes do not possess photolyase
activity. Instead, in mammalian cells, homologs
of photolyase, transcriptional repressors Cryp-
tochromes 1 and 2 (CRY1 and CRY2), are in-
volved in the regulation of circadian rhythm
(Christmann et al. 2003; Khan et al. 2012).

In the nucleus of mammalian cells, the ma-
jor direct repair enzyme is O6-methylguanine-
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DNA methyltransferase (MGMT), which is in-
volved in the repair of O6-alkylguanines. Mito-
chondria are able to repair O6-methyl-20-deoxy-
guanosine and O6-ethyl-20-deoxyguanosine
(Myers et al. 1988; Satoh et al. 1988), and a
protein with the molecular weight of MGMT
was shown to localize to the mitochondrial
matrix (Myers et al. 1988). This report of mito-
chondrial localization of MGMT, however, has
not been corroborated, and in an independent
study, the investigators were unable to detect
MGMT in mitochondria using Western blotting
technique (Cai et al. 2005). In addition, this
protein appears to lack typical amino-termi-
nal cleavable mitochondrial targeting sequence
(however, see above) (Tano et al. 1990).

Recently, another direct reversal pathway
mediated by ABH2 dioxygenase has been iden-
tified in mammalian cells (Ringvoll et al. 2008).
This protein can directly repair 1,N6-etheno-
adenine adducts in nDNA in an iron, oxogluta-
rate-dependent manner. However, mitochon-
drial localization of this protein has not been
reported yet.

Nucleotide Excision Repair

There appears to exist a consensus in the litera-
ture that substrates of the nucleotide excision
repair pathway are not repaired in mtDNA, un-
less they can be processed by an alternative path-
way (Clayton et al. 1974, 1975).

Mismatch Repair and Sanitation
of the dNTP Pool

DNA mismatch repair (MMR) is a conserved
pathway that corrects misincorporation and
slippage errors introduced by DNA polymerase
during DNA replication as well as base mis-
matches caused by spontaneous and induced
base deamination, oxidation, and alkylation.
In the eukaryotic nucleus, MMR begins with
the binding of MSH (MutS homolog) proteins
(Msh2–Msh6 ¼ MutSa or Msh2–Msh3 ¼
MutSb) to base–base mismatches and loop
mismatches (Kunkel and Erie 2005). This event
is followed by the recruitment of MLH (MutL
homolog) proteins (primarily Mlh1–Pms1 in

Saccharomyces cerevisiae) followed by the initi-
ation of downstream excision and resynthesis
steps that maintain template strand informa-
tion (Modrich 2006; Mendillo et al. 2009). Al-
though mismatch repair activity is present in
mammalian mitochondria, it appears to be in-
dependent of MSH2, MSH3, MSH6, or MLH1
(Mason et al. 2003; de Souza-Pinto et al. 2009).
Instead, mismatch recognition in mitochondria
appears to be dependent on the Y-box binding
protein 1 (YB-1) (de Souza-Pinto et al. 2009).
In a recent study, MLH1 was reported in mito-
chondria, but to date, no MSH2 was detected
(Martin et al. 2010).

Damaged (predominantly, oxidized) deoxy-
ribonucleotide triphosphates (dNTPs) are an
important source of mismatch errors during
DNA synthesis. In vitro, replication fidelity of
mitochondrial DNA polymerase g (Pol g) was
reduced when the fraction of oxidized dGTP (8-
oxodGTP) constituted only 0.06%–0.6% of the
total dGTP pool, whereas the mitochondrial
fraction of this species was as high as 10% of
total dGTP and on par with dTTP, with which
it competes for incorporation opposite A in
mtDNA (Pursell et al. 2008). To counter this
threat, mitochondria possess MTH1 (Kang
et al. 1995; Nakabeppu 2001), which can hydro-
lyze 8-oxo-20-deoxyguanosine triphosphate as
well as 8-oxo-20-deoxyadenosine triphosphate
and 2-hydroxy-20-deoxtadenosine triphosphate
to corresponding monophosphates, which are
not substrates for DNA polymerase. Although
sanitation of the mitochondrial dNTP pool is
not a bona fide DNA repair mechanism, it pre-
serves mtDNA integrity through the reduction
of mismatches in mtDNA and therefore reduces
mutagenesis.

DNA Strand Break Repair

Single-Strand Break Repair (SSBR)

Single-strand breaks (SSBs) are discontinuities
in one strand of the DNA double helix and are
usually accompanied by loss of a single nucleo-
tide and by damaged 50 and/or 30 termini at the
site of the break. SSBs can arise either directly
(e.g., from attack of deoxyribose by reactive
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oxygen species) or indirectly (e.g., via enzymat-
ic cleavage of the phosphodiester backbone
during DNA base excision repair [BER]) (el-
Khamisy and Caldecott 2007). Upon exposure
to H2O2, �1000-fold more SSBs are induced in
nDNA as compared with DSBs (Caldecott
2008). SSBs can also arise as a result of errone-
ous or abortive activity of DNA topoisomerase 1
(Hudson et al. 2012), which is present in mito-
chondria, where it participates in transcription
and replication (Zhang et al. 2001). 50-AMP–
SSBs, in which AMP is covalently linked to a
50-phosphate through a pyrophosphate bond,
arise from abortive DNA-ligase activity at exist-
ing SSBs and are processed by aprataxin (Ahel
et al. 2006), another mitochondrial protein (Sy-
kora et al. 2011). Overall, SSBR is very similar to
BER (see below) and shares with it two of the
three functional steps: gap tailoring and DNA
synthesis/ligation. Therefore, it is often consid-
ered to be a subpathway of the joint BER/SSBR
(Hegde et al. 2012). This subpathway involves
distinct gap-tailoring enzymes such as apra-
taxin (Ahel et al. 2006) and TDP1 (Das et al.
2010) in addition to APE and does not involve
DNA glycosylases (Hegde et al. 2012).

Double-Strand Break Repair

Double-strand breaks (DSBs) can be repaired
by either homologous recombination (HR)
or nonhomologous end joining (NHEJ). Al-
though Drosophila melanogaster cells can effi-
ciently repair bleomycin-induced DSBs (Morel
et al. 2008), a similarly efficient mechanism has
not been described yet in the mitochondria of
mammalian cells.

Homologous Recombination. Homologous
recombination (HR) in yeast and Chlamydomo-
nas reinhardtii mitochondria is well established
and is used as a tool for genetic manipulation of
mtDNA in these organisms (Zhou et al. 2010;
Mileshina et al. 2011). Recently, homologous
recombination also was shown in plant mito-
chondria (Manchekar et al. 2006; Davila et al.
2011; Mileshina et al. 2011). In mammalian mi-
tochondria, mtDNA recombination appears to
be an infrequent event. When FC cells contain-
ing two species of mtDNA each containing a

unique deletion were grown in ketogenic me-
dia, no recombinant mtDNA species were de-
tected by Southern blot (Gilkerson et al. 2008).
Thus, even a harsh selective environment did not
induce or select for recombination of the two
parental mtDNAs. Although D’Aurelio et al.
(2004) did observe intermolecular recombina-
tion at low levels, in that case it was necessary to
first deplete mtDNA with ethidium bromide to
facilitate detection of recombinants. Similar
low-frequency recombination was detectable in
cultured cells and in livers of mice after intro-
duction of mitochondrially targeted restriction
endonucleases (Bacman et al. 2009). In these
experiments, DSB repair was accompanied by
the formation of mtDNA deletions, some of
which had breakpoints flanked by direct repeats,
thus implicating homologous recombination in
the repair (Srivastava and Moraes 2005; Fukui
and Moraes 2008). Recent studies revealed
that mtDNA in adult human heart is organized
in multimeric networks joined by abundant re-
combination junctions and catenation (Kajan-
der et al. 2001). Together with an absence of
u replication in this tissue, this suggests that
mammalian mtDNA in some cases uses recom-
bination-dependent initiation for replication
(Pohjoismaki et al. 2009). Curiously, extensive
recombination junctions appear to be absent
in human infant mtDNA and in the mtDNA
of rodents (Pohjoismaki et al. 2009, 2010).

Nonhomologous End Joining. Currently, our
understanding of the mitochondrial NHEJ
pathway is incomplete. Mammalian mitochon-
dria possess DNA end-binding activity, which is
preserved in Ku-deficient cells (Coffey et al.
1999). Mitochondrial protein extracts can join
blunt-ended DNA fragments, although with low
efficiency and precision as compared with
“sticky” ends, and results in deletions reminis-
cent of those observed in human disease (Laksh-
mipathy and Campbell 1999). Mitochondrial
targeting of restriction endonucleases typi-
cally results in large deletions that have prefer-
ential end points, therefore interrupting the
structural integrity of mtDNA and suggesting a
role for topological organization in mtDNA re-
combination (Srivastava and Moraes 2005; Bac-
man et al. 2009). Moreover, in this model, DSBs
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are accompanied by degradation of the bulk of
the damaged mtDNA, which has allowed for the
use of mitochondrially targeted restriction en-
donucleases to both shift heteroplasmy in favor
of mtDNA species that do not contain recogni-
tion sites for the restriction endonuclease (Ale-
xeyev et al. 2008), and to produce cells totally
devoid of mtDNA (Kukat et al. 2008).

Collectively, the available evidence for HR
and NHEJ suggests that recombination is a via-
ble, if minor, pathway for mtDNA repair in
mammalian mitochondria.

Base Excision Repair

Base excision repair (BER) is the predominant
and best understood DNA repair pathway in mi-
tochondria (Fig. 2). The existence of this path-
way in mitochondria was first suggested by the
discovery of mitochondrial uracil–DNA glyco-
sylase (Anderson and Friedberg 1980). Subse-
quently, repair of diverse BER substrates in mi-
tochondria has been shown directly (Pettepher
et al. 1991; LeDoux et al. 1992; Driggers et al.
1993). BER is the pathwayof choice for the repair

of most common oxidative DNA lesions (Svilar
et al. 2011), and mitochondrial proficiency in
this pathway is particularly important in the
context of mitochondria being a major cellular
source of reactive oxygen species (Murphy
2009). In fact, 8-oxodG, the most prominent
oxidative DNA base lesion, is repaired more ef-
ficiently in mitochondria than in the nucleus
(Thorslund et al. 2002).

Nuclear BER consists of two subpathways
(short-patch BER [SP-BER] and long-patch
BER [LP-BER]), and each subpathway includes
three functional steps: lesion recognition/
strand scission, gap tailoring, and DNA synthe-
sis/ligation (Svilar et al. 2011). Although the
cast of specific players in nuclear BER appears
to be more diverse than that in its mitochondrial
counterpart, no differences in basic functional
steps have been reported for the two compart-
ments so far. Therefore, here we present a view
of the mitochondrial BER based on what is
known about nuclear BER and assuming, in
the absence of evidence to the contrary, that
identical proteins perform similar or identical
functions.
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Short-Patch BER

Lesion Recognition/Strand Scission. The ini-
tial step in the BER pathway is recognition of a
damaged base by DNA glycosylase. Two types of
DNA glycosylases are recognized: monofunc-
tional and bifunctional glycosylases (Fig. 2).

Monofunctional DNA Glycosylases. Upon
recognition of a damaged base, monofunctional
DNA glycosylase hydrolyzes the N-glycosidic
bond, leaving in DNA an apurinic/apyrimidinic
(abasic or AP) site. Two monofunctional DNA
glycosylaseshavebeen described in mitochondria:
uracil-DNA glycosylase 1 (UDG1; or uracil-N-
glycosylase1 [UNG1]) (Anderson and Friedberg
1980) and a homolog of the Escherichia coli
MutY glycosylase, MUTYH (MYH) (Ohtsubo
et al. 2000). Substrates for UNG1 and MUTYH
have been reviewed recently (Svilar et al. 2011).
Although we (LeDoux et al. 1998) and others
(Pirsel and Bohr 1993) have shown that mito-
chondria are capable of repairing alkylation le-
sions typically processed by another monofunc-
tional glycosylase, MPG (Chakravarti et al.
1991), the presence of this enzyme in mitochon-
dria has not been shown yet. Following the re-
moval of a damaged DNA base by a monofunc-
tional DNA glycosylase, the resulting AP site is
incised 50 to the lesion by AP endonuclease
(APE1). A special mitochondrial isoform of
this enzyme is generated by proteolytic amino-
terminal truncation of 33 residues that contain
the nuclear localization sequence (Chattopa-
dhyay et al. 2006). The product of the concerted
action of a monofunctional DNA glycosylase
and APE1 is an SSB with a 50-blocking deoxyri-
bosophosphate (dRP) group and 30-OH (Fig. 2).
The 50-dRP group is nonligatable and is removed
during the gap-tailoring step (see below).

Bifunctional DNAGlycosylases. Unlike mono-
functional DNA glycosylases, bifunctional DNA
glycosylases possess an intrinsic AP-lyase activ-
ity and not only cleave the N-glycosidic bond
but also incise the resulting AP site via either
a b-elimination or b,d-elimination reaction
(Dodson and Lloyd 2002). Incision via the b-
elimination reaction results in a strand break at
the AP site with 30 phospho-ab-unsaturated
aldehyde (30PUA) and 50P, whereas b,d-elimi-

nation results in a single nucleotide gap with 30P
and 50P termini. In both cases, the ends are
nonligatable and have to be further processed.
Four bifunctional DNA glycosylases have been
described in the mitochondria: 8-oxoguanine
DNA glycosylase (OGG1) (Takao et al. 1998;
de Souza-Pinto et al. 2001) and nth (E. coli en-
donuclease III)-like 1 (NTHL1, or NTH1) (Ka-
rahalil et al. 2003), as well as Nei (E. coli endo-
nuclease VIII)-like-1 and -2 (NEIL1 and NEIL2)
(Hu et al. 2005; Mandal et al. 2012). Two of them
(OGG1 and NTHL1) possess a b-lyase activity,
whereas the remaining two (NEIL1 and NEIL2)
areb,d-lyases (Fig. 2). Importantly, bifunctional
DNA glycosylases are predominant in the repair
of oxidative base lesions.

All known DNA glycosylases appear to use
the same mechanism to excise damaged base:
The base is “flipped out” of the stack into the
active-site pocket of the enzyme, where hydrol-
ysis of the glycosidic bond takes place (Fried-
man and Stivers 2010).

Gap Tailoring. The product of the first step of
the BER is an SSB, whose ends need further pro-
cessing (gap tailoring) to remove blocking
groups at either the 50 or 30 end before insertion
of the correct base in place of a damaged one so
that restoration of the DNA continuity (liga-
tion) may take place. Enzymatic activities re-
cruited during tailoring depend on the chemical
nature of blocking groups, and therefore are de-
termined by the upstream glycosylase (Fig. 2).

Processing of the Ends Generated by a Combi-
nation of Monofunctional Glycosylase Plus APE1.
The 50-dRP group at the nicks generated in
mtDNA by the action of UNG1 plus APE1 or
MUTYH1 plus APE1 on damaged bases is re-
moved by dRP lyase activity of mitochondrial
Pol g. This polymerase is involved in both rep-
lication and repair of mtDNA and possesses
DNA polymerase, 50 –30 exonuclease and dRP-
lyase activities (Longleyet al. 1998). The product
of this step is a single-stranded gap with 50P and
30-OH groups (Fig. 2).

Processing of the Ends Generated by a Bifunc-
tional Glycosylase/b-Lyase. SSBs generated in
mtDNA by OGG1 and NTHL1 have 50P and
30-phospho-a,b-unsaturated aldehyde (4-hy-
droxypentenal phosphate) (Altieri et al. 2008),
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which is removed by the phosphodiesterase ac-
tivity of APE1 (Svilar et al. 2011). The resulting
product is a single-stranded gap with 50P and 30-
OH groups (Fig. 2).

Processing of the Ends Generated by a Bifunc-
tional Glycosylase/b, d-Lyase. NEIL1 and NEIL2
removal of damaged bases from mtDNA results
in a single-strand one-nucleotide gap flanked by
50P and 30P. 30P is then processed to generate 30-
OH by phosphatase activity of the polynucleo-
tide kinase 30-phosphatase (PNKP) (Mandal
et al. 2012; Tahbaz et al. 2012). Although
APE1 also possesses 30-phosphatase activity, it
is weak (Xu et al. 2003), and its contribution
appears to be minor, if present. The resulting
product is, again, a single-stranded gap with
50P and 30-OH groups (Fig. 2).

DNA Synthesis/Ligation. As we saw above,
the product of the gap-tailoring step in the
SP-BER is invariably a single-nucleotide gap
with 50P and 30-OH groups. This gap is filled
by activity of the Polg, and the remaining nick is
sealed by DNA ligase IIIa (Lig3) (Fig. 2). Lig3 is
an essential gene, and its loss is associated with
early lethality both at the organismal (Puebla-
Osorio et al. 2006; Gao et al. 2011) and the cel-
lular (Puebla-Osorio et al. 2006; Simsek et al.
2011; Arakawa et al. 2012) levels. In cultured
cells, viability can be restored by expressing ei-
ther eukaryotic or prokaryotic DNA ligase tar-
geted to mitochondria, but not to the nucleus,
indicating an essential mitochondrial function
of Lig3 (Simsek et al. 2011; Arakawa et al. 2012).
Antisense-mediated down-regulation (Laksh-
mipathy and Campbell 2001) and knockout
(Gao et al. 2011) of Lig3 have been reported
to reduce mtDNA copy number. Paradoxically
in this context, levels of Lig 3 transcripts do not
change when mtDNA depletion is induced
through mitochondrial targeting of restriction
endonuclease, and are actually decreased during
the recovery of mtDNA copy number back to
original levels (Bacman et al. 2009).

Long-Patch BER

Certain 50 blocking groups, such as 50 deoxyri-
bonolactone (50-dL, oxidized 50-dRP group) can
not be efficiently removed by dRP-lyase activity

of Polg. Yet, theyield of this lesion may be as high
as 72% of total oxidative sugar damage in DNA
upon irradiation accompanied by a base loss
(Roginskaya et al. 2005). Formation of the dL
lesion is not associated with glycosylase activity
because the base is lost as a result of hydrogen
abstraction and oxidation of the C10 of deoxyri-
bose. The removal of this lesion in nDNA is per-
formed by LP-BER. Similarly, mitochondrial
LP-BER has been described recently (Akbari
et al. 2008; Copeland and Longley 2008; Liu et al.
2008; Szczesny et al. 2008). During LP-BER, the
50-blocking group is displaced by DNA polymer-
ase extending from the 30-OH end and forming a
so called “flap.” This flap in mitochondria has a
length of up to 6–9 nucleotides (Szczesny et al.
2008) and is subsequently removed by the con-
certedactivityof twonucleases, FEN1andDNA2
(Copeland and Longley 2008; Zheng et al. 2008;
Duxin et al. 2009; Kalifa et al. 2009) or by EXOG
(Tann et al. 2011), resulting in the nicked DNA
duplex, which can be sealed by LIG3 (Fig. 2).
Although it is currently unclear whether lesions
other than dL are repaired in mitochondria by
LP-BER,ithasbeensuggestedthatgiventheweak
dRP lyase activity of Pol g and the strong strand-
displacement activity of Pol g in vitro, LP-BER
might be the predominant mode for repairing
damaged bases in vivo.

mtDNA Degradation

Unlike the nuclear genome, the mitochondrial
genome is redundant, consisting of hundreds to
thousands of copies per cell. Therefore, a “repair
or die” constraint is not imposed on mtDNA.
Conceivably, a substantial fraction of damaged
mtDNA can be lost without detrimental effects,
provided that this loss can be compensated for
by replication of the remaining genomes. In
fact, the loss and resynthesis of mtDNAwas ob-
served more than 40 years ago by Gross and
Rabinowitz, who described mtDNA turnover
(Gross and Rabinowitz 1969). Many cell lines
are fairly tolerant to the loss of mtDNA and
can survive both a gradual loss of mtDNA
through chronic treatment with ethidium bro-
mide (King and Attardi 1989) and acute de-
struction of a fraction (Alexeyev et al. 2008) or
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even all of their mtDNA (Kukat et al. 2008) by
mitochondrially targeted restriction endonucle-
ases. This is in a stark contrast to nDNA, in
which persistent DSB can activate apoptosis.
However, the hypothesis that turnover (degra-
dation) of damaged mtDNA can be a mecha-
nism used by mitochondria to deal with either
excessive damage or damage that cannot be re-
paired did not take hold in part because of the
lack of direct experimental evidence supporting
it and in part because of discovery of mitochon-
drial BER (Pettepher et al. 1991), which has
shifted attention from unrepairable lesions to
those that can be repaired. However, recent evi-
dence reignited interest in mtDNA degradation.

Ethanol has been reported to induce the loss
of mtDNA in yeast (Ibeas and Jimenez 1997). In
mice, intragastric administration of ethanol in-
duced oxidative stress and was accompanied
by a reversible loss of mtDNA (Mansouri et al.
1999). The loss of mtDNA was �50% in all
organs studied. It could be partially prevented
by the antioxidants melatonin, vitamin E, and
coenzyme Q, and was followed by adaptive
mtDNA resynthesis (Mansouri et al. 2001). Li-
popolysaccharide, a known inducer of in vivo
oxidative stress, also induced mtDNA depletion
(Suliman et al. 2003). Angiotensin II induced
mitochondrial ROS production and decreased
skeletal muscle mtDNA content in mice (Mit-
suishi et al. 2008). Degradation of mtDNA was
observed in a rat model of cerebral ischemia/
reperfusion (Chen et al. 2001). Similar to
mtDNA depletion induced by intragastric eth-
anol administration, mtDNA levels returned to
normal within 24 h of cerebral ischemia/reper-
fusion (Chen et al. 2001). Finally, H2O2-in-
duced oxidative stress in hamster fibroblasts
was accompanied by Ca2þ-dependent degrada-
tion of mtDNA (Crawford et al. 1998). Taken
together, these findings strongly suggested a link
between oxidative stress (which may result in
oxidative mtDNA damage) and mtDNA degra-
dation, yet they stopped short of invoking deg-
radation as a protective mechanism. In an un-
related study, it was observed that mtDNA is
resistant to mutagenesis induced by alkylating
agents, and the investigators suggested degrada-
tion of damaged mtDNA as one of the potential

mechanisms to explain this phenomenon (Mita
et al. 1988). However, mtDNA degradation was
not shown in that study (Mita et al. 1988).

Recently, we attempted to study the rela-
tionship between experimentally induced oxi-
dative stress and mtDNA mutagenesis. In initial
experiments, superoxide radicals were generat-
ed on the matrix side of the mitochondrial inner
membrane by treating cells with sublethal con-
centrations of the complex I inhibitor rotenone
(St-Pierre et al. 2002; Muller et al. 2004). How-
ever, exposing human colon carcinoma cells or
mouse embryonic fibroblasts to rotenone for
30 d did not result in a significant increase in
the rate of mtDNA mutagenesis (Shokolenko
et al. 2009). Similarly, repeated treatment of
HCT116 colon cancer cells with H2O2 failed
to induce significant mtDNA mutagenesis. In-
stead, DNA lesions that manifest themselves
as strand breaks under denaturing conditions
(single-strand breaks, SSBs; DSBs, abasic sites;
etc.) prevailed over premutagenic base modifi-
cations by a factor of 10. Consistent with the
hypothesis that unrepairable mtDNA molecules
are degraded, when BER was inhibited by me-
thoxyamine, which blocks one of the initial
steps of BER, processing of the abasic sites by
apurinic, apyrymidinic endonuclease (APE1),
mtDNA degradation was enhanced in response
to both oxidative and alkylation damage (Sho-
kolenko et al. 2009). The elimination of dam-
aged mtDNAwas preceded by the accumulation
of linear mtDNA molecules, which may repre-
sent degradation intermediates, because, unlike
undamaged circular molecules, they are suscep-
tible to exonucleolytic degradation.

The high rate of SSBs and other polymerase-
blocking lesions induced in mtDNA by reactive
oxygen species (ROS) suggests a mechanism by
which mitochondria may maintain the integrity
of their genetic information. In this model, in
mtDNA, oxidative stress induces strand breaks
with a much higher (by the factor of 10) (Sho-
kolenko et al. 2009) frequency than mutagenic
lesions. These lesions represent a block to tran-
scription and replication of mtDNA, and when
accumulated above a threshold level, they
induce degradation of mtDNA molecules.
Therefore, degradation of the mtDNA molecule
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is triggered before it accumulates mutagenic le-
sions. This model provides a mechanistic expla-
nation for the observations made by Suter and
Richter (1999), who found that the 8-oxodG
content of circular mtDNA is low and does
not increase in response to oxidative insult.
However, fragmented mtDNA had a very high
8-oxodG content, which increased further after
oxidative stress. It incorporates the previously
suggested notion of the possible contribution
of APE1 to mtDNA degradation (Tomkinson
et al. 1988, 1990). The model is consistent with
the observations of Yakes and Van Houten
(1997), who found that oxidative stress promot-
ed a higher incidence of polymerase-blocking
strand breaks and abasic sites in mtDNA than
in nDNA. Recent studies using qPCR for the
analysis of mtDNA provide further support for
the notion of mtDNAdegradation in response to
oxidative stress (Rothfuss et al. 2010; Furda et al.
2012). Therefore, degradation of severely dam-
aged mtDNA emerges as a unique, mitochon-
dria-specific mechanism for the maintenance
of DNA integrity.

Degradation of damaged organellar DNA ap-
pears not to be restricted to mammalian cells.
Known examples of rapid organellar DNA turn-
over in plants and protists in response to ROS
were recently reviewed by Bendich (2010).

CONCLUDING REMARKS

Our understanding of DNA repair processes in
mitochondria has advanced dramatically in re-
cent years. Discoveries of mitochondrial mis-
match repair, LP-BER, and mtDNA degradation
in response to damage establish that not only do
mitochondria possess most DNA repair path-
ways available in the nucleus, they also have
evolved a specific pathway, which is enabled by
the intrinsic redundancy of mtDNA and allows
these organelles to dispose of damaged DNA
molecules and replicate new ones. At the same
time, we saw an expansion of the repertoire of
DNA repair enzymes with proven mitochondri-
al localization. However, despite these advances,
our understanding of the details of mitochon-
drial DNA repair remains limited and is often
extrapolated from our knowledge of nDNA re-

pair. In addition, physiological levels of DNA
damaging species (most importantly, ROS) in
mitochondria remain to be determined. Finally,
the enzymatic apparatus behind mtDNA degra-
dation remains obscure. We expect that in the
future a greater level of detail will become avail-
able on these and other critical issues.
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