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The role of mitochondria in cellular metabolism and functioning can hardly be overestimated. Mitochondria
carry out many functions, and their main function is the production of ATP, the energetic “currency” of the
cell. Mitochondria possess a small circular DNA, which codes for 13 proteins. Mitochondrial DNA, or
mtDNA, as well as the nuclear one, is subjected to the influence of environmental and endogenous factors.
This may lead to mtDNA damage. Here we review the data on mtDNA damage and repair mechanisms.
The functioning of mitochondria directly depends on integrity of mtDNA, and therefore, on correct func-
tioning of the mtDNA repair system. These systems differ from the repair systems of nuclear DNA and are
in general understudied. The existence of excision nucleotides repair system correcting bulky lesions in
mitochondria is still under question. Specific degradation of damaged mtDNA can probably serve as an
alternative way to prevent the accumulation of bulky lesions. A search for new pathways of mtDNA repair
is of considerable interest.
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The presence of mitochondria, which evolved
from the purple bacteria, is with rare exceptions a
typical feature of the eukaryotic cells [1].
Mitochondria carry out various functions. The main
of them is, undoubtedly, energetic metabolism.
Besides, mitochondria take part in the regulation of
Ca2+ ion concentrations, heme, biosynthesis, devel-
opment of cellular response to physical and chemi-
cal agents, apoptosis and necrosis, immune response,
generation of active forms of oxygen (AFO), as well
as in growth and differentiation of the cell [2-6].
Mitochondria also play an important role in ageing
process. Additionally, numerous diseases are associ-
ated with mitochondrial dysfunction.

The results of several studies testify that a wide
spectrum of damages similar to the damages in nu-
clear DNA can appear in mitochondrial DNA. Close
proximity of mitochondrial DNA to the complexes
of electron transport chain can lead to the increased
effects of reactive oxygen forms and other radicals

on mitochondrial DNA. mtDNA is possibly more
prone to damage because of a high level of metabo-
lism in mitochondria in comparison with the nucle-
us. Thus, the problem of mtDNA repair is crucial for
the maintenance of normal vital activity in the cell. It
was believed earlier that there were no DNA repair
systems in mitochondria, damaged molecules are
degrading, replication and transcription of mtDNA
are running with undamaged molecules, what is due
to multiple copies mtDNA.

The first mechanism of repair, which was found in
mitochondria, is a system of bases excision repair,
BER, particularly its short-patch repair system, SP-
BER, which is in general similar to the nuclear SP-
BER [7]. Long-patch way, LP-BER, was discovered
later [7]. The BER system is the most well studied
system of mitochondrial DNA repair, but only limi-
ted range of damages is processed via this way: da-
mages of bases, which result from reactions of oxi-
dation, deamination, alkylation and spontaneous
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hydrolysis. Later the system of mismatched bases
repair, MMR, was discovered, which has mecha-
nisms of functioning different from those in the nu-
clear MMR system [8, 9]. There are data on the pres-
ence of single-strand break repair system, SSBR,
homologous and non-homologous double-strand
breaks recombination, elimination of premutagenic
deoxynucleotides from the pool of deoxynucleo-
tides, degradation of damaged mtDNA, but mecha-
nisms of functioning of these systems are yet un-
known or poorly studied [10, 11, 12]. Thereby the
questions arise about the destiny of mtDNA contain-
ing clustered damages (multiple damages within the
limits of 1-2 turns of DNA helix). Besides, there are
no evidences of the presence of nucleotide excision
repair, NER, in mitochondria, therefore a question
about repair of bulky lesions in mtDNA appears.
Researches are showing that clustered and bulky le-
sions in mtDNA do not accumulate, and repair of
such damages in mitochondria is probably going in
other way than in nucleus.

Mitochondrial genome

It is still amazing that after 1.5 billion years of sym-
biosis under conditions of natural selection mitochon-
dria retain the rudimental genome represented by a
circular DNA molecule; the./ size of human mtDNA
is 16,568 thousands of nucleotide pairs [13, 14].
Whereas the mitochondrial proteome consists of 800-
1200 proteins, mtDNA codes only 13 proteins, which
participate in ATP synthesis, 22 tRNAs and 2 rRNAs
[13, 15]. A feature of mitochondrial genome is high
density of genes — in the sequence of mtDNA about
600 non-coding nucleotides are distinguished, most of
which are part of a D-loop containing the regulatory
elements of repair [16, 17]. mtDNA transcription is
polycistronic and passes from one promoter from
heavy (H) or light (L) chain. Fig.1 represents the map
of human mitochondrial DNA.

mtDNA is stored in matrix of mitochondria in
complex with TFAM protein (mitochondrial tran-
scriptional factor A) [18]. Such protein-nucleic com-
plex is called nucleotide. TFAM carries out several
important functions: it packs DNA in conformation
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typical for nucleotide, participates in DNA transcrip-
tion, limits an access to mtDNA for genotoxic com-
pounds [19, 20]. At certain moments other proteins
can enter into composition of nucleotide. During
replication and transcription these “other” proteins
are: mitochondrial analog of SSB which connects
single-stranded DNA, mtSSB, mitochondrial RNA-
polymerase, DNA-polymerase vy, poly, helicases
Twinkle and SUV3, transcriptional factor TFB2M
[21]. It was believed for a long time that poly is the
only DNA-polymerase in mitochondria, but recent
studies showed the localization of REV3 in mito-
chondria from different types of mammalian tissues
and cell lines [22, 23]. REV3 interacts with poly and
protects mtDNA from damage [23]. The studies
show that one nucleotide contains one mtDNA mol-
ecule, but there is more than one nucleotide in each
mitochondria. Mitochondria are dynamic structures
and are able to “merge” and “divide” with exchang-
ing contents of mitochondria, including nucleotides
and RNA-transcripts [20, 21]. The exchange of con-
tents significantly influences functioning of mito-
chondria in the cell, because the exchange of dama-
ged and active components of mitochondria takes
place. At the same time there is still no clear confir-
mation of enhancement of mitochondrial functio-
ning due to increasing the intensity of merging-divi-
ding process [24].

Because of proximity to the electron transfer
chain and high density of electrons, the damages of
mtDNA are able to influence the process of expres-
sion, firstly, due to arising nucleotide modifications,
secondly, due to blocking the transcriptional ma-
chine with use of damaged DNA matrix. The mecha-
nisms contributing to the preservation of mtDNA
integrity and thus normal mitochondrial functioning
will be reviewed further in detail.

Damages of mitochondrial DNA

Polymorphism of mitochondrial DNA genes and so-
matic mutations were studied with goal to understand
the causes of hereditary diseases and their connection
to life expectancy. According to the recent informa-
tion placed in database MITOMAP — Human mito-
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chondrial genome database, about 200 pathogenic
mutations, deletions or insertions which are inheri-
ted, exist in mtDNA [25]. Certain sequences of
mtDNA, such as hypervariable sites of D-loop, can
be connected with the state of health in advanced age
[26]. Currently quite a large amount of oligonucleo-
tide polymorphisms in mitochondria is known, but
only several of them cause diseases [27-29]. It is also
necessary to note that cells can contain thousands of
copies of mtDNA, thus, reaching a certain threshold
level of mtDNA damage is necessary for appearance
of symptoms of mitochondrial dysfunction.
Mitochondrial DNA, as well as nuclear one, is ex-
posed to harmful agents from the environment, such
as industrial waste, medicines, radiation exposure.
Additionally, chemical radicals formed during cell
metabolism also possess a damaging effect. Unlike
nuclear DNA, mtDNA is more complicated object for
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studying the structure and number of damages, be-
cause it is only a small part of total cellular DNA. In
last years numerous studies on measurement of dam-
age in mtDNA were carried out and accented on spe-
cific damages, which play important role in mtDNA
mutagenesis or diseases associated to dysfunction of
mitochondria. Some types of mtDNA damages found
in human cells and probably influencing expression of
mtDNA genes are described below.

Damages caused by endogenous processes

Correct functioning of mitochondria has paramount
importance for cell, because mitochondria are the
main source of energy. In the process of oxidative
phosphorylation mitochondria consume up to 90%
of oxygen which entered the cell. During ATP syn-
thesis via electron transport chain (ETC) there is a
“leakage” of electrons, which interact with oxygen
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molecule and form a superoxide anion O, (up to 2%
of oxygen, which entered the cell, participate in this
process) [30-33]. A superoxide anion then is trans-
formed to hydrogen peroxide by superoxide dis-
mutase Mn-SOD, hydrogen peroxide is metabolized
into molecules of water and oxygen by glutathione
peroxidase or can diffuse into other organoids of the
cell [34]. In cytoplasm, hydrogen peroxide is me-
tabolized by catalase and other enzymes. Except O,
during reaction in ETC other intermediates of the
reaction can “leak” —e.g., AFO or hydroxyl radicals.
Besides, radicals and other damaging agents can also
result from metabolic reactions, which are not relat-
ed to the process of oxidative phosphorylation.

AFO and especially a superoxide anion, the most
chemically active radical, can lead to the damages in
DNA, proteins and lipids not only in mitochondria,
but also in other organoids of the cell [35]. For exam-
ple, lipid peroxidation is a radical chain reaction of
lipid oxidation launched by hydroxyl radical. This
reaction results in the formation of electrophilic al-
dehydes, which react with residues of cysteine, ly-
sine, arginine and histidine in proteins and with ani-
mo groups of DNA bases [7, 36]. The widespread
compounds forming adducts with DNA are formal-
dehyde, malonic dialdehyde, cardiolipin, acrolein
etc. Aldehyde products can undergo further changes
depending on their initial structure. For example,
formaldehyde initiates the formation of covalent
crosslinks between proteins and DNA as well as the
formation of N2-hydroxymethyl adducts of guanine.
Electrophilic aldehydes are metabolized in mito-
chondria by aldehyde dehydrogenase or take part in
reaction of conjugation with glutathione.

AFO are not only damaging agents, but also inter-
mediates of numerous processes, including the cell
adhesion, apoptosis, autophagy, immune response
and cell differentiation, therefore control of the AFO
level is absolutely necessary [38—43].

In cells , there are also chemically active forms of
nitrogen [36, 37]. These substances are formed at the
interaction between superoxide anion and nitrogen
oxide. For example, peroxynitrite can oxidize het-
erocyclic bases of DNA, especially guanine, form-
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ing 8-nitro guanine. Peroxynitrite is also able to in-
teract with sugar-phosphate backbone of DNA,
which leads to gaps in the DNA chain. Another
widespread chemically active form is nitrogen anhy-
dride, which can cause deamination of bases at the
interaction with DNA.

Oxidative damages of mtDNA are of special inter-
est for researchers, because mtDNA in nucleotide is
associated with the inner membrane of mitochondria
containing numerous proteins in its structure, in-
cluding proteins of ETC, functioning of which leads
to the AFO formation. Oxidative damages are most
common and diversified among all mtDNA damag-
es; about 100 types of oxidative damages of mtDNA
were registered in vivo. Apart from interaction with
nucleic acids, oxidants can react with pool of free
nucleotides, which are used in the synthesis of mito-
chondrial DNA and RNA. The results of studies car-
ried out until recently testified in favor of more con-
tent of oxidative damage in mtDNA as compared
with nuclear DNA. However, nowadays the data
obtained via more precise and contemporary meth-
ods show that the level of damage in mtDNA is com-
parable with that in nuclear DNA.

One more common type of DNA damages is AP
sites, which appear in cell mainly due to loss of pu-
rine bases. They are formed permanently in amount
of about 50.000 a day per mammalian cell [44].
Deoxyribose of AP site can oxidized with opening of
circular shape and formation of chain gap.

In the life processes of mitochondria, the inter-
strand DNA crosslinks can be formed under topoi-
somerase action. Characterization of mitochondrial
topoisomerases of 15t type, Toplmt and Top3Aimt
with further detection of cutting sites in the D-loop
allowed supposition that the cause of deletions and
degradation of mtDNA can be activity of mutant
topoisomerase [45].

Damages caused by exogenous factors

Chemical substances arriving from the environment,
metabolites of components of nutritive compounds,
drugs, solar radiation are the sources of DNA da-
mage. The components of cigarette smoke, benzo[a]
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pyrene and acrolein, aflatoxin B1, chemotherapeutic
drugs containing platinum, and UV-radiation cause
mtDNA damages, which inhibit transcription and
replication [46, 47].

UV-radiation leads to the formation of covalent
crosslinks between neighbouring pyrimidine bases,
which results in forming the intrachain cyclobutane
dimers or pyrimidine-(4,6)-pyrimidine photoprod-
ucts. One of the common damages appearing under
action of UV-radiation or ionizing radiation is 5-for-
myluracyl, 5-FoU [48]. Formyl group 5-FoU can re-
act with surroundings, e.g. with DNA-binding pro-
teins and form covalent adducts [49]. UV-radiation
also can be a reason of a higher level of AFO [50]
causing oxidative DNA damages.

Exogenous sources also include aldehydes, pro-
duction of which in tissues of organism increases
during metabolism of alcohol under physiological
conditions [51, 52]. Acetaldehyde is formed in large
quantity in liver and is metabolized in mitochondria
to acetate by aldehyde dehydrogenase 2, ALDH2. If
ALDH?2 is unable to provide sufficient metabolism
of acetaldehyde, the latter forms a number of ad-
ducts with DNA, which are able to interact with next
acetaldehyde molecule and form interstrand cross-
links in DNA [53, 54]. Industrial waste contains
formaldehyde combined with alkylating agents; it
leads to formation of N2-hydroxymethyl-adducts of
guanine and its derivatives under further influence of
methylating agents.

Cigarette smoke contains acrolein, crotonalde-
hyde, formaldehyde and polycyclic aromatic hydro-
carbons, such as benzo[a]pyrene and some typical
for tobacco smoke N-nitrosamines, the interaction of
which with DNA leads to formation of bulky ad-
ducts and interstrand crosslinks. Carcinogenic and
toxic effect of environmental factors can be condi-
tioned by the mtDNA damage caused by xenobiotics
derivatives, such as in the case of benzo[a]pyrene,
aflatoxine B1, as well as AFO formed in the process
of activation of xenobiotics by cytochromes. For
example, benzo[a]pyrene is metabolized in liver by
cytochrome P450 CYP1A1 to benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide. It was shown that both

these compounds accumulate in mitochondria and
inhibit synthesis of mtDNA [55, 56]. The studies re-
vealed that in metabolism of widespread polychlori-
nated biphenyls by liver cytochromes, the level of
AFO increases [57]. A higher level of adducts of xe-
nobiotics and DNA was found in liver cells of mice,
which underwent an influence of polychlorinated
compounds.

The studies show that dioxins from herbicides dis-
rupt the membrane potential of mitochondria and
raise the AFO level, what induces oxidative damages
in mtDNA [58]. A lot of antitumor drugs damage
DNA directly or indirectly, decreasing tumor growth
and inducing apoptosis. Bleomycin and neocarzi-
nostatin cause DNA damage by increasing the AFO
and electrophilic aldehydes levels [59]. Anticancer
therapeutics containing platinum compounds, such
as cisplatin, carboplatin and oxaliplatin, bind to
DNA with formation of adducts with one of several
nucleotides, what leads to formation of inter- and in-
trastrand crosslinks through guanine. Even small
number of interstrand crosslinks is disastrous for the
replication process, because crosslinks lock diver-
gence of DNA strands, which is necessary for the
functioning of DNA polymerases [60, 61].

Clustered damages

Nowadays it is obvious that not only type, but also
location of DNA damage is of significant importance
for effective repair. The situation, when several dam-
ages are located within limits of 1-2 turns of the
DNA helix and form so-called clustered damages, is
of interest [62—64]. The clustered damage can have
different types of damages in its structure: DNA
chain gap, damaged bases, damaged sugar-phos-
phate backbone, and AP sites. Fig. 2 presents the
scheme of possible clustered damages. Clustered
damages in structure have to be repaired consistently
and in particular sequence, otherwise double-strand
DNA breaks, ds-breaks, can emerged, which are the
biggest threat for the cell [65-69].

The examples above testify to an extremely wide
spectrum of substances and processes causing vari-
ous damages in cell DNA, including mtDNA. For
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restoring the integrity of mtDNA there are a number
of mechanisms and systems which will be over-
viewed below.

Repair of mitochondrial DNA in mammalians

As it was said, the damages requiring repair emerge in
mtDNA just like in nuclear DNA. For a long time the
existence of effective mtDNA repair mechanisms was
doubted. It was presumed that damaged mtDNA de-
grade, and transcription and replication of mtDNA
run from undamaged mtDNA, the presence of which
is provided by multiple copies of mtDNA in mito-
chondria. This suggestion was based on the experi-
ments, which showed that the model DNA with a
number of damages do not undergo repair in mito-
chondria [51, 70, 71]. Further studies determined that
several DNA damages, which are the results of de-
amination, alkylation and oxidation reactions, are ef-
fectively repaired in mitochondria [72]. By now it is
known that in mitochondria of the mammalians there
are functioning base excision repair system (by ways
SP-BER and LP-BER), repair of single strand breaks,
SSBR, repairs of mismatched bases, MMR, direct re-
pair, DR [7, 10, 34, 73]. Also there are the data on the
presence of homologous and non-homologous recom-
bination of double-strand gaps, elimination of pre mu-
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tagenic deoxynucleotides from deoxynucleoties pool,
damaged mtDNA degradation [10].

However, it is still unknown, in which way the
damages are being repaired such as cysplastine inter-
strand crosslinks of mtDNA, pyrimidine dimers,
8,5’-cyclo-2’-deoxypurines, adducts of DNA and
malonic aldehyde, benzo[a]pyrene diol epoxide, pro-
teins and other damages, that are the substrates of
nucleotide excision repair in nucleus [54, 56, 60, 71].
Notably, the absence or low efficacy of DNA repair
systems, which leads to accumulation of damages
and mutations in mtDNA, raises probability of ex-
pression of mutant genes in mtDNA and insertion of
mutant proteins in ETC. Above-mentioned process,
for its part, can lead to an increased level of AFO and
further damaging of mtDNA, and expression of mu-
tant proteins. Thus, positive feedback is being created
between the number of AFO and stability of mtDNA
[7, 37]. If the repair systems function inefficiently, it
can lead to the mitochondrial dysfunction and later to
the dysfunction of a whole cell.

Base excision repair, BER

Base excision repair, or BER, is historically the first
repair system found in mitochondria, and by now it
remains the most studied one [74]. BER mainly deals
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with repair of small heterocyclic bases formed as a
result of oxidation, deamination, alkylation reactions
and spontaneous hydrolysis, which do not make big
changes in the double-helix DNA structure. Most of
the proteins participating in the mitochondrial BER
system are transcriptional isoforms of genes which
code nucleic proteins [7, 34, 73]. Besides, part of the
nucleic repair proteins is undergoing posttranslation-
al modification and also participates in the repair pro-
cesses in mitochondria [7, 75, 76].

The BER process in mitochondria, like the pro-
cess in the nucleus, includes four basic stages: 1) de-
tection of damaged nucleotide and the cleavage of
N-glycosidic bond by base specific DNA-glycosyla-
ses, and finishing with formation of AP site; 2) clea-
ving AP site by AP endonuclease with formation of
single-nucleotide gap with 3’-and 5°-dRP ends;
3) deletion of the dRP fragment by the dRP-lyase
activity of DNA polymerase with simultaneous in-
clusion of an additional nucleotide in the formed gap
by polymerase activity; 4) ligation of single-strand
gap by the DNA ligase [77]. Above-described stages
characterize SP-BER, which results in deletion of
damaged base and insertion of one nucleotide. LP-
BER repair is carried out when after the second stage
of process, 5°-dRP in the gap is modified and cannot
be deleted by dRP-lyase activity of polymerase. In
this case DNA-polymerase includes from 6 to 9 nu-
cleotides and provides synthesis with exclusion
of the chain with a damaged 5’-end [78]. The ex-
cluded “hanging” single-stranded part of DNA is be-
ing deleted by endonucleases FEN1, EXOG, DNA2,
and the gap is being ligated by DNA-ligase III. Fig.
3 represents the scheme of BER in mammalians’ mi-
tochondria.

Currently it is known that in the mitochondrial
BER system the monofunctional - MYH, UDG, and
bifunctional — OGG1, NEIL1, NEIL2, NEIL3 DNA
glycosylases participate [7, 34, 51]. The DNA glyco-
sylase OGGI repair mainly oxidized purines. DNA
glycosylase MYH identifies adenine residue which
is incorrectly paired with 8-oxoguanine and deletes
it. It is known that nuclear and mitochondrial MYH
are formed as a result of alternative splicing of hu-

man gene MYH having three different transcripts,
each of which has 10 variants of alternative splicing.
The DNA glycosylase NTH1 identifies a number of
damages in pyrimidine nucleotide depending on the
nucleotide located oppositely to the damage. The
DNA glycosylase UDG identifies uracil, formed as a
result of deamination of cytosine, and a number of
oxidized forms of cytosine, including 5-hydroxy
uracil. The mitochondrial form of DNA glycosylase
UNG, UNGI, is formed as a result of alternative
splicing and transcription from different positions of
gene UNG. Glycosylases NEIL1, NEIL2 and NEIL3
delete mainly formamidopyrinic derivatives of gua-
nine, but they are able to process the oxidized bases
depending on the nucleotide located oppositely to
the damage [7, 80].

After the stage of deletion of a damaged base the
stage of splitting mtDNA chain containing AP site
comes ; according to the recent data, this stage is
catalyzed by mitochondrial APE1, a shortened form
of full-size nuclear APE1 [81]. At the next stage of
mtBER , the DNA polymerase y deletes residue 5°-
dRP with formation of 5’-phosphate and inserts nu-
cleotide into th emerged gap [82, 83]. Pol vy is the
only DNA polymerase in mitochondria, which pos-
sesses both DNA-polymerizing and dRP-lysing ac-
tivities and participates in replication, repair and re-
combination of mtDNA.

The final stage of mtBER is ligation of single-
strand break by DNA ligase. Mitochondrial DNA li-
gase is a variant of the nuclear DNA ligase III and is
formed via an alternative start of translation from
one matrix RNA [84]. Mitochondrial ligase, unlike
the nuclear one, can function without XRCC1 pro-
tein, which forms stable complex with the nuclear
DNA ligase III [85].

The studies showed that during the BER process
in nuclei of mammalian cells AP endonuclease
cleaves more than 95 % of emerging AP sites, but
there is an alternative way with participation of bi-
functional DNA glycosylases [86—88], this way is
also typical for the mitochondrial BER system. Such
bifunctional glycosylases as OGG1 and NTH1 after
the cleavage of the N-glycosidic bond cut the AP site
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by pB-elimination mechanism; as a result, a gap
emerges with 3’-unsaturated phosphoaldehyde PUA
and 5’-phosphate group at the ends. 3’-PUA is then
removed by AP-endonuclease with formation of 3’-
OH [89]. Next insertion of nucleotide by DNA poly-
merase and ligation by DNA ligase occur, as de-
scribed above. Such bifunctional DNA glycosylases
as NEIL1 and NEIL2 possess J3,0-eliminating acti-
vity. As a result, after cleavage of the AP site, a sin-
gle-nucleotide gap with 3” and 5’- phosphate groups
at its ends is formed [89]. The presence of phosphate
group at 3’-end completely blocks the insertion of
nucleotide by DNA polymerase, thus, 3’-end has to
be processed with help of polynucleotidekinase-3’-
phosphatase, PNKP, which leaves 3’-OH at the gap’s
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end [90]. At the next stages BER run analogically to
those reviewed above.

Because of close proximity of the mtDNA and
ETC complex, the formation of large number of
modified AP sites and residues of deoxyribolacton
seems feasible. Such damages can inhibit the mtD-
NA replication due to the formation of covalent
crosslinks between DNA polymerase and the dam-
aged residue. As it was noted above, repair of modi-
fied AP sites mostly follows the path LP-BER. In the
process of studying the mitochondrial LP-BER it
was revealed that the flap endonuclease activity
FENI1 is duplicated by the activity of enzyme nucle-
ase/helicase DNA2, which is well known from the
nuclear process of DNA replication [10, 91, 92].
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Currently it is believed that both FEN1 and DNA?2
(or EXOQ) take part in LP-BER [91, 93, 94].

Single-strand break repair, SSBR

Single-strand breaks (SSB) emerge in the cell as a
result of AFO influence, and also as intermediates of
the BER process stages. Thus, they can accumulate
when certain BER stages are violated. Unrepairable
SSB possessing 3’- or 5’-ends can stop transcription
and replication and may be a cause of double-strand
breaks. SSB can also be a result of incorrect func-
tioning of topoisomerase 1, which participates in the
mtDNA transcription and replication [45]. Such
damages are repaired by tyrosyl-DNA-phosphodies-
terase 1, TDP1 [95]. SSB possessing at 5’-end ade-
nosine monophosphate, covalently bound to 5’-phos-
phate, emerge due to incorrect functioning of DNA
ligase I1I and are repaired with participation of pro-
tein aprataxin APTX [96]. The enzymatic base of the
SSBR system consists of the BER system proteins
[7]. In nucleus, SSB are detected by the protein
poly(ADP-ribose)polymerase 1, PARP1 [97, 98].
Numerous studies were carried out to discover
PARP1 and define its functions in mitochondria, but
the results obtained are contradictory [99-103].

To provide direct participation of PARP1 in the
maintenance of mtDNA integrity, the PLA (proximi-
ty ligation assay) method in situ was used, which al-
lows revealing close proximity of two proteins or
their interaction. In such a way, the interactions be-
tween PARP1 and specific mitochondrial proteins
OXOG and catalytic subunit pol y were detected
[104]. Further experiments showed that the silencing
of PARP1 gene with the help of siRNA or inhibition
of PARPI influences positively the stability and in-
tegrity of mtDNA [104]. In favor of a hypothesis
about the negative influence of PARP1 on the mtD-
NA stability testifies an increase in the number (am-
plification of PLA signal) of interacting proteins in
pairs PARP1-OXOG and PARPI1- catalytic subunit
pol v, and also raise of activity of DNA repair in si-
lencing PARP1 expression. Regarding the mitochon-
dria functioning it was shown that in silencing
PARPI gene expression the activity of citrate syn-

thase raises by 30 %, and the number of copies of
mtDNA raises by 50 % [104]. Taken together, these
data indicate the improvement of mitochondria ho-
meostasis at suppression of the PARPI gene expres-
sion [104].

Repair of non-complementary pairs (mis-
match repair), MMR

MMR repairs mistakenly paired bases and small
loops — insertions emerging as a result of mistakes of
DNA polymerase during replication. The studies
showed that in mitochondria of higher eukaryotes
there are no proteins MSH1, MSH2, MSH6 and
MHL1, which participate in MMR process in nucle-
us [7, 10]. However, in 2003 it was shown that enzy-
matic activities, which allow the restoration of integ-
rity of DNA containing non-complementary sites,
are present in mitochondrial extracts [8]. It was re-
vealed that this reaction requires polyfunctional pro-
tein YB-1 (Y-box binding protein), which is located
in nucleus, cytoplasm and in mitochondria [9].
Unfortunately, the details of the process and the
mechanism of DNA repair are still undefined.

Homologous, HR, and non-homologous,
NHEJ, double-strand break repair

Recombination activity was found for the first time
in the mitochondrial extracts of mammals in 1999; at
that time the basic enzymes of this process were con-
sidered to be DNA ligase III and one of variants of
Ku80 protein [105]. However, the presence of Ku80
in mitochondria is still unconfirmed. Intermediates
of recombination processes were found in patients
having deletions in mtDNA of cardiac muscle cells
[11]. The recombinant form of mtDNA was disco-
vered in patients with unusual hereditary changes in
the mitochondrial genome [12]. Later the data were
obtained evidencing alternative ways of non-homo-
logous recombination, MMEJ, in mammalian mito-
chondria [106]. In 2010 one of key proteins-partici-
pants of homologous recombination, RAD259, was
found in mitochondria: it was discovered to accumu-
late in this organelle under conditions of oxidative
stress [107]. However, the studies did not prove di-

253



A. S. Singatulina, P. E. Pestryakov

rect participation of RADS59 in the homologous re-
combination process.

The raghavan group’s studies showed that a clas-
sical way of non-homologous recombination is ab-
sent in mitochondria, while in nucleus both ways,
classical and alternative NHEJ, are functioning [106,
108]. Alternative way of non-homologous recombi-
nation is the main way of double-strand breaks re-
pair in mtDNA. Implementation of this process re-
quires the presence of micro homology with length
of 5 or more nucleotide pairs at blunt ends of sites
which are recombined. In fig. 4 the scheme of re-
combination of break in different ways of non-ho-
mologous recombination is presented.

It remains unknown whether alternative recombi-
nation is carried out via one or a number of mecha-
nisms using micro homology. With use of biochemi-
cal methods it was proved that formation of alterna-
tive recombination products depends on proteins
MRE11,NBS1, DNA ligase III, XRCC1, CtIP, FEN1,
PARPI and does not depend on proteins Ku70, Ku80,
DNA ligase IV participating in C-NHEJ [108].
However, a precise mechanism of A-NHEJ remains
unknown. It is obvious that recombination by the
way A-NHEJ is the most undesirable one, because

Canonical NHEJ Alt-NHEJ

l Ku _l CtiP, ?

due to this process more nucleotides are lost than in
the processes HR or C-NHEJ, but since C-NHEJ is
absent in mitochondria and there are no data on the
mechanism and participants of HR, we can consider
the A-NHEJ mechanism as the main one.

Nucleotide excision repair, NER

A hypothesis about the absence of effective NER
system in mitochondria was stated in 1982 based on
the results of experiments which showed that integ-
rity of mtDNA subjected to UV-radiation does not
restore [109]. Later similar data were obtained by
other researchers [71]. Notably, the repair of cysplat-
inum adducts, which runs in nucleus by the systems
of interstrand crosslinks, ISCR, and NER, nonethe-
less takes place in mitochondria. However it is cur-
rently considered that the recombination system is
involved in effective repair of interstrand crosslinks
[74, 110]. On the other hand, the total absence of
NER system responsible for wide range of DNA
damages including adducts with xenobiotics is un-
likely, because it should lead inevitably to problems
with the mtDNA transcription and further disorders
of mitochondrial functions [51, 111, 112]. An indi-
rect evidence of the NER system presence in mito-

microhomology 5-25 b.p.
p— JR— N S—
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Fig. 4. Scheme of recombination of dou-
ble-strand break in classic (C-NHEJ) and
alternative (A-NHEJ) ways of homolo-
gous recombination.
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chondria is discovery of proteins CSA, Cockayne
syndrome A complementing protein, and CSB,
Cockayne syndrome B complementing protein,
which are the necessary components of the TC-NER
way connected to NER [51, 113, 114]. A role of pro-
teins CSA/B remains unclear for now. It is not ex-
cluded that the mitochondrial fraction of CSB pro-
tein plays a role in the interaction of proteins of mt-
BER system and inner membrane of organelle, with
which nucleotides are connected [113, 115].
Nowadays, the absence of the NER system and re-
lated to it problems of bulky lesions repair is one of
key issues in studies of the mtDNA repair.

Degradation of damaged mitochondrial DNA

A hypothesis about the existence of specialized
mtDNA degradation system arose after experiments,
which demonstrated the absence of effective NER
system in mitochondria [70, 71]. Possibility of using
the degradation system instead of the DNA integrity
restoration systems was supported by the fact of ex-
istence of multiple copies of mtDNA [24, 116]. An
additional evidence in favor of existence of these
systems were the results of experiments, in which
the mtDNA state was studied under exogenous intro-
duction of sequence-specific endonucleases of re-
striction, which cause the additional breaks in mtD-
NA, directly in organelles [117, 118]. In case when
the endonucleases activity was high and the number
of double-strand breaks was large, the authors no-
ticed a depletion of mtDNA in the cell. If the activity
of specific endonucleases was low, the authors no-
ticed a higher activity of the mtDNA recombination
systems [119]. The resistance of mammalian mito-
chondria against a number of mutagens and oxida-
tive stress was shown [118, 120].

The studies showed that damages of bases “inef-
fectively” lead to the mutations in mtDNA after rep-
lication, whereas in nuclear DNA most of such dam-
ages became mutations after replication. Perhaps,
selective degradation of damaged mtDNA took
place, and further replication was carried out with
undamaged mtDNA. The mechanisms of specific
degradation of damaged mtDNA remain unknown at

the moment. We can presume that a launching signal
for such system is related to a stop of DNA or RNA
polymerases on damaged matrix DNA, AP sites and
chain breaks — structures unrecognizable for DNA
polymerases as the coding information [10, 121].

Cluster damage repair

The majority of studies on the cluster damage repair
in mammalian cells were carried out on so-called
“double-stranded clusters” — DNA model containing
damages in both strands. A choice of such DNA
damage is caused by its possible turning into the
double-stranded DNA break [122]. Despite coordi-
nated functioning of the repair systems, approxi-
mately 10% of the cluster damages induced by
y-radiation, turn into the double-stranded breaks
within 30 minutes in the NHEJ-defective cells of
Chinese hamster [123]. It is also possible that dam-
aged DNA can go through replication, and the dam-
age will remain only in one strand [124].

Due to the complexity of cluster damages and the
variety of proteins participating in the repair initia-
tion it is hard to say how exactly an individual dam-
age is being repaired. The studies on the double-
stranded cluster damages containing two uracils,
two furans, two 8-0xoG and furan opposite 8-0x0G,
showed that such damages are repaired mostly with
help of the BER system, though the initial stages of
detection of different damages such as AP sites, sin-
gle-stranded breaks and oxidative base damages can
differ [67, 125, 126]. Summarizing the results of a
number of studies, we could outline several factors
influencing the transformation of the cluster damage
into the double-strand break: the expression level of
protein recognizing the damage, the distance and lo-
cation of damages relative to each other, efficacy of
damage [63]. Fig. 5 presents an example of the clus-
ter damage repair.

All currently known data on the cluster damages
were obtained while studying the whole-cell or nu-
clear extracts. There are no data in literature about
how such damages are repaired in mitochondria. The
presence of BER system in mitochondria implies the
cluster damage repair with its participation, but due
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Fig. 5. Scheme of repair of cluster dam-
age containing AP site and damaged base
[64]. A — after AP site cleavage[,] emerg-
ing single-stranded break inhibits repair
of damaged base until ss-break is re-

- e replication R
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AP-site clevage and often cleaved fast with formation of ds-
rapid formation of DSB break, unless AP sites are located within

to a complex structure of the cluster damages and a
possible involvement of the proteins which are not
part of the BER system, a question about the repair
mechanisms remains open.

Work is performed with support of RFBR (grant
15-04-06690).
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Mexanizmu penapaunii IHK y miToxonapisix
A. lII. Cunrarymina, I1. €. [TecTpsixos

Pone miToxonpiit y MeTabomismi Ta (yHKI[IOHYBaHHI KIITHHH
BKKO HepeoliHUTH. MITOXOHAPIi BUKOHYIOTh 0e311iu (yHKIIiH,
TOJIOBHOIO 3 SIKUX € HanpaitoBaHHsa ATP, enepretudnoi "Bamroru”
xitHHE. MiToxoHpil MatoTh HeBennKy Kimbueny JIHK, mo xo-
nye 13 6inkiB. Mitoxonapianera JJHK, MT/IHK, Takox K i siep-
Ha, 3HAXOIUTHCS MiJl PI3SHOMAHITHUMH JisIMU 3 OOKY HABKOJHIII-
HBOTO CepesIoBHIla i eHaoreHHHX (akTopis. Panime BBaxanocs,
o cucremu penaparii JJHK B MiToXOHIpisX BiACYTHI, MOIIKO-
moxeHi monekynmn MtJIHK nperpangyrots, a perurikamis i Tpas-
ckpurist MT/JHK BinOyBaloThCs 3 HEMONIKOMKEHNX MOJEKYI,
gomy crpusie MHOroKomiitHocts MTIHK. Ilepumm mMexanizMmom
pemnapariii, BUSBICHUM B MITOXOHJAPIAX, € CUCTEMa EKCIM31HHOT
penapaii oco, BER. Ili3nime Oyio 3HaiiseHO cucteMy pena-
parii MOMHJIKOBO criapeHux ocHoB, MMR. € naHi npo HasBHICTh
CHCTEMH penapariii oJHOHUTKOBHUX po3puBiB, SSBR, romomnormd-
HOU 1 HETOMOJIOTHYHON pEeKOMOIHAIIT IBOJAHIIIOTOBUX PO3PHBIB,
eNiMiHaIi TpeMyTareHHUX JE€30KCHHYKICOTHIIOB 3 MYy JIe30K-
CHHYKJICOTH/IOB, ferpajarii nomkomkenoi MtIHK, ane mexaHis-
MH POOOTH HHX CHUCTEM Il HE BijoMi ab0 Majao BHBYCHI.
DyHKIIIOHYBaHHS MITOXOH/IPii 0€3M0CEPETHBO 3AIEKHUTD BiJI I1i-
nicuocti MT/IHK, a oTke, Bi KOpeKTHOI poOOTH cHCTeM 11 pera-
pawii. [Tomryk HOBuX ydacHuKiB penapauii MT/IHK cranoBuTH
3HAYHUH 1HTEpeC 1 € MPeIMETOM aKTHBHUX JOCIIIKEHb. Y IBOMY
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OIVISIII MIPENICTaBIICHI 1aHi nipo nomkopkeHHs MT/IHK 1 mexaniz-
Max TXHBOI perapartii.

KawuoBi caosa: Mitoxounpiansua JIHK, cucremun penapa-
uii MT/IHK, nomkomkensst mt/JHK

Mexanusmbl penapanuu JIHK B MmuToxonapusix
A.Il. Cunrarynuna, I1. E. Ilectpsixos

Ponb MuToxoHApHit B MeTaboMM3Me U (DyHKIIOHUPOBAHUHN KIIETKH
TPYIHO IEPEOLEHUTb. MUTOXOHAPUM BBIIOIHAOT MHOXECTBO
(yHKIMI, TTIaBHOM U3 KOTOPBIX sBIsieTcs: HapaboTka ATP, sHepre-
THYIECKOH “BaIOTHI” KJICTKH. MHUTOXOHIPHUH MMEIOT HEOOJIBIILYIO
xombleByto JTHK, xomupyromryro 13 GenkoB. MuUTOXOHIpHANBHAS
JHK, mt/IHK, Taroke kak u siiepHasi, oABEpKeHa pa3HOOOpa3HbIM
BO3JCHCTBUAM CO CTOPOHBI OKPYKarOLEH CPeAbl U SHIIOIE€HHBIX
(akropoB. Panee cuntanoch, uto cucremsl penapaipu JJHK B mu-
TOXOHJIPHSIX OTCYTCTBYIOT, ITOBpeXKIeHHBIe MoyeKyisl MT/IHK ne-
TPaIUpPYIOT, a perumKanst 1 Tpanckpummst Mt/ IHK nponcxomst ¢
HETIOBPEXKICHHBIX MOJIEKYJI, YeMy CIOCOOCTBYET MHOTOKOIHH-

Hoctb MT/IHK. TlepBbIM MeXaHH3MOM penapanui, oOHapy KeHHBIM
B MHTOXOHJIPHSIX, SIBISIETCSI CHCTEMa SKCIM3HOHHOH peraparnuy
ocHoBanuif, BER. Ilo3nnee Obuta HaiimeHa cucTeMa perapari
oumoOo4HO criapeHHbIX ocHoBaHMH, MMR. EcTe nanHble 0 Hamm-
YUK CUCTEMBI pellapaliii OJHOHUTEBBIX pa3pbiBoB, SSBR, romorno-
THYHOM 1 HETOMOJIOTMIMHOM PeKOMOHMHAIINH JIBYHUTEBBIX Pa3PHIBOB,
SIMMUHALMY IPEMYyTarcHHbIX NE30KCHHYKICOTUIOB U3 Iyla Jie-
30KCHUHYKJIEOTHIOB, JIerpaiaiiuy nopexaeHHon MT/IHK, Ho mexa-
HH3MBI PAOOTBI 3TUX CHCTEM €Il HE U3BECTHBI UM MAJIO U3yUEHBI.
DyHKIMOHNPOBaHHE MUTOXOHAPUIA HAMPSIMYTO 3aBUCHT OT IIEJIOCT-
Hoctu MT/IHK, a cirenoBarennbHO, 0T KOPPEKTHOU paboThI CHCTEM e
penapauuu. ITouck HoBbIX yuacTHHKOB penapauuu MT/IHK npen-
CTaBIISIeT 3HAYNUTEILHBIN HHTEPEC M SBIIETCS MPEAMETOM AKTHB-
HBIX HCCIIeIOBaHMI. B HacTosiiem 0030pe mpeacTaBIeHbl JaHHBIC
o noBpeskaeHuax MT/IHK 1 MexaHu3Max ux pernaparmm.

KuawueBbie cioBa: Muroxonnpuanssas JJHK, cucremst pe-
napauuu MT/IHK, nospexnenns mt/IHK
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