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Abstract

Mitochondrial DNA (mtDNA) encodes a subset of genes which are essential for
oxidative phosphorylation. Deletions in the mtDNA can ablate a number of these genes,
and result in mitochondrial dysfunction which is associated with bona-fide mitochondrial
disorders. Although mtDNA deletions are thought to occur as a result of replication errors
or following double-strand breaks, the exact mechanism(s) behind deletion formation
have yet to be determined. In this review we discuss the current knowledge about the fate

of mtDNA following double-strand breaks, including the molecular players which mediate



the degradation of linear mtDNA fragments, and possible mechanisms of re-
circularization. We propose that mtDNA deletions formed from replication errors versus
following double-strand breaks can be mediated by separate pathways.
Mitochondrial DNA

The human mitochondrial DNA (mtDNA) is a 16,569 bp circular, double-stranded,
supercoiled molecule which was first discovered in 1963 [1]. The mtDNA molecule
encodes 37 different genes which are essential for oxidative phosphorylation (OXPHOS)
and mitochondrial protein synthesis [2]. Of these, 13 genes encode for subunits of 4 of
the 5 multi-subunit enzymatic OXPHOS complexes located on the inner mitochondrial
membrane: 7 subunits of Complex |, 1 subunit of Complex Ill, 3 subunits of Complex IV,
and 2 subunits of Complex V. All of the subunits of Complex Il are encoded by the nuclear
DNA (nDNA), along with the other subunits and assembly factors needed for the
biogenesis of the OXPHOS system [3]. Relative to its size, the lack of intron sequences,
and the number of encoded genes, there is a high density of genetic information encoded
by the mtDNA. To accommodate this density, some of the genes lack complete
termination codons or overlap one another [4]. One interesting feature of the mammalian
mtDNA molecule is there are two origins of replication, the origin of replication of the
heavy (H-) strand (On) and the origin of replication of the light (L-) strand (Ov) [3].

Compared to the nuclear genome, where there are 2 copies of each chromosome,
there can be 1000’s of copies of the mitochondrial genome per cell [5]. Due to its high
copy number, wild-type and mutant mtDNA molecules can exist together in a single cell,
a concept known as mitochondrial DNA heteroplasmy [6]. MtIDNA heteroplasmy levels

are dynamic since mtDNA replication is cell-cycle independent, and the mtDNA molecules



selected for replication is random [7]. The type of mutation or deletion and the percentage
of heteroplasmy are the major factors which determine the clinical severity of
mitochondrial diseases. The percent heteroplasmy must surpass a biochemical threshold
for decreased mitochondrial function and a clinical phenotype. While this threshold is
dependent on the mutation itself, the affected cell- or tissue-type, heteroplasmy levels
can be between 60 — 90% for a detectable phenotype to be present [8].
Mitochondrial DNA deletions are associated with disease

Large deletions in the mtDNA are observed in patients with progressive external
ophthalmoplegia (PEO), Kearns-Sayre syndrome (KSS) and Pearson’s syndrome [9-13].
They are invariably heteroplasmic and can vary in size from 1.8 — 8 kb [14, 15]. They can
exist anywhere in the mtDNA, removing many protein coding and RNA genes , though
there are some areas of the mtDNA that are much more susceptible to deletion formation
than others [11, 16]. The molecular mechanisms underlying the formation of deleted
mtDNA molecules remains unknown. It is known that the formation of deletions is usually
sporadic, and they are generally thought not to be maternally transmitted [16]. Though a
2004 study analyzing 226 families in which a single mtDNA deletion had been identified,
the actual risk of transmission to the offspring was approximately 1 in 24 births [17]. If
heteroplasmy is particularly high for a mtDNA deletion in multiple tissues in a young
patient, the prevailing theory is that the deletion occurred early in development, shortly
after the mtDNA bottleneck and clonally expanded to high heteroplasmy with the potential
to affect many organs [17]. Accumulation of mtDNA deletions in post-mitotic tissues is
also observed during normal aging [18-22]. It is likely that these deletions are formed by

the same mechanisms as disease-associated ones, discussed below.



Mitochondrial DNA replication

MtDNA replication occurs independently of the cell cycle because mtDNA levels
are generally dependent on the energy status of a cell. While the key proteins which
mediate mtDNA replication have been described (including the mitochondrial DNA
polymerase gamma (POLG), the mitochondrial DNA helicase (TWINKLE), the
mitochondrial single-stranded binding protein (mtSSB), and the mitochondrial RNA
polymerase (POLRMT)), the mechanisms of copy number regulation have remained
elusive [7, 13, 23, 24]. Though three models for mtDNA replication have been proposed,
the strand-displacement model (SDM) [25], the ribonucleotide incorporation throughout
the lagging strand model (RITOLS) [26] and the strand-coupled model [27], the SDM
model is more widely accepted (Figure 1) [28]. With the SDM mtDNA model replication
occurs via continuous synthesis from both On and O.. Replication is initiated at Oy and a
new H-strand is produced by POLG as DNA synthesis proceeds. As the mtDNA is
unwound by TWINKLE, the displaced original heavy strand is coated with mtSSB,
preventing POLRMT-initiated transcription. As POLG approaches O, close to %/3 of the
mtDNA molecule has been replicated; when it passes Oy, this single-stranded sequence
folds into a stem-loop structure. This structure prevents mtSSB binding, and instead
promotes POLRMT binding. POLRMT initiates primer synthesis for approximately 25
nucleotides before it is replaced by POLG to begin L-strand synthesis. From this point on,
both H-strand and L-strand synthesis continue out until the entire molecule has been
replicated; replication is terminated at either Oy or O, dependent on where synthesis was

initiated [24, 28-30].



Dual role of mitochondrial DNA replication machinery in degrading damaged
mitochondrial DNA

Mutations affecting the genes required for mtDNA replication can lead to the
accumulation of mtDNA point mutations or large-scale rearrangements as well as mtDNA
depletion [31]. In the clinic, mutations in POLG, TWINKLE, and the mitochondrial genome
maintenance exonuclease 1 (MGME1) are associated with mtDNA instability disorders.
Mutations in POLG are associated with diseases such as, progressive external
ophthalmoplegia (PEO), Alpers-Huttenlocher syndrome, myoclonic epilepsy, myopathy
sensory ataxia, and ataxia neuropathy spectrum disorders [24]. Patients with mutations
in MGME1 suffer from PEO, skeletal muscle wasting/weakness, emaciation, respiratory
distress, microcephalus, mental retardation and gastrointestinal symptoms [32, 33].
Patients with mutations in TWINKLE are also associated with PEO, spinocerebellar
ataxia, and mtDNA depletion syndromes [34, 35].

To better understand the roles of these genes in mtDNA instability and
mutation/deletion formation, mouse models harboring specific mutations (POLG and
TWINKLE) or knockout of the whole protein (MGME1) have been generated. In the mid-
2000’s two groups generated similar exonuclease-deficient Polg mouse models, which
are referred to as the “mutator” mouse [36, 37]. The 3’ — 5’ exonuclease activity of POLG
gives the polymerase its proofreading capability and the p.D257A point mutation in the
murine POLG abolishes this activity. Mutator mice accumulate mtDNA point mutations
and a linear 11 kb fragment, as well as low levels of deletions occurring between Oy and
O., knowns as major arc deletions, in different tissues. Interestingly, when studying the

mtDNA point mutation and deletion load in the mutator mouse, the incidence of deletions



correlates well with the premature aging phenotype [38, 39]. Later studies showed that
point mutations in mtDNA-encoded protein coding genes also correlated well with the
phenotype [40]. A TWINKLE mouse model was made with p.A360T substitution or an in
frame amino acid duplication at position 353-365, which are seen in patients with PEO
[41]. These mutant Twinkle mice are known as the “deletor” mice as they have multiple
mtDNA deletions, along with progressive respiratory dysfunction and late-onset
mitochondrial disease. The multiple deletions seen in the deletor mouse have been
attributed to replication pausing or stalling, which can also lead to mtDNA depletion, as it
is seen in PEO patients [34, 42]. A full body MGME1 knockout mouse was recently
generated which also generates mtDNA depletion, duplications, and multiple deletions
across many different tissues types commonly seen in patients with PEO [33, 43].
Analysis of the mtDNA point mutation load in the livers of young and aged MGME1
knockouts revealed low levels of mtDNA point mutations, similar to levels observed in
wild-type mice. Similar to the mutator mice, the MGME1 knockout mice accumulate a
linear 11 kb mtDNA fragment which corresponds to the major arc of the mtDNA (the
longer fragment between On and OL). However, unlike the mutator mice, the MGME1
knockouts do not age prematurely, suggesting that increased mtDNA point mutation load,
not deletion load, leads to the premature aging phenotype.

Damage to the mtDNA can result in either the loss of the damaged mtDNA
molecule or the formation of point mutations or rearrangements/deletions. This damage
is either from errors in replication or noxious stimuli. Recent data suggests double-strand

breask (DSBs) are central to one of the proposed mechanisms for the formation of mtDNA



deletions; another mechanism is through slipped mtDNA replication, which will be
discussed later in this review.

DSBs can occur in the mtDNA via exposure to exogenous DNA damaging agents
such as ionizing radiation, UV, and chemotherapeutic agents or endogenous agents,
such as reactive oxygen species (ROS) [44, 45]. Oxidative damage may be particularly
prevalent due to the close proximity of ROS—producing OXPHOS and the mtDNA, which
may also promote other types of damage through base modifications and replication
errors [44, 45]. The multicopy nature of mtDNA means that when a mtDNA molecule is
damaged through DSBs, the damaged molecule is likely to be degraded and healthy
molecules will replicate to restore mtDNA copy number rather than expend energy to
repair the damaged molecule. Until recently the nucleases which degraded the linear
mtDNA fragments were unknown. In addition to POLG and MGME1 there are other
nucleases which have roles in the mitochondria including EXOG, APEX2, ENDOG, FENT1,
DNA2, MRE11, and RBBP8 [46-48]. It has shown that mtDNA degradation following a
DSB is a fast process, as a linear mtDNA intermediate is only seen for approximately 2
hours after DSB induction, but not at later time points implying that mtDNA degradation
occurs soon after DSBs [49].

In an in vitro model of mitochondrial-targeted restriction endonuclease (mitoRE)
Pstl (mitoPstl) induced DSBs a study tested whether knocking down MGME1, DNAZ2,
EXOG, ENDOG, or FEN1 had an effect on the degradation of linear mtDNA fragments
[50]. Using siRNAs to silence each of the nucleases independently and in a pool, the
authors did not observe a delay in the degradation of linear mtDNA fragments following

mitoPstl-induced DSBs at 0 hours, 5 hours, or 1 day [50]. A similar study was carried out



by another group, using a comparable in vitro system to express mitoPstl after knocking
down MGME1, POLG, TWINKLE, EXOG, APEX2, ENDOG, FEN1, DNA2, MRE11, and
RBBP8. In contrast to the former study which was unable to attribute any role for MGME1
in degrading linear mtDNA fragments following DSBs, the latter study observed delayed
MtDNA degradation (via a linear mtDNA intermediate) 4 hours after the induction of
mitoPstl in the MGME1-downregulated cell as well as in the POLG and TWINKLE
knockdowns, but not the other nucleases [51]. To further characterize the exonuclease
activity responsible for this delayed degradation, mitoEagl was expressed in HEK293
cells which are either deficient for MGME1 or which harbor the human POLG p.D274A
point mutation (abolishing the 3'-5 exonuclease activity). In both cases delayed
degradation was seen up to 18 hours after mitoEagl expression [51].

Another independent study observed a similar role for the exonuclease activity of
the mouse POLG in the degradation of linear mtDNA fragments both in vitro and in vivo
using adenoviral mediated expression of mitoScal (Ad-mitoScal) in the mutator model
[52]. Ad-mitoScal had a peak of expression in lung-derived fibroblasts from mutator and
wild-type mice one to two days after infection, but by days five and 10, expression was
lost. Linear mtDNA fragments were observed in a southern blot at Day 1, but only the full
length mtDNA molecule was observed at Days 5 and 10 in the mutator fibroblasts,
implying that the exonuclease activity of POLG plays an early role in degrading linear
mtDNA fragments, but it is not the only nuclease which can degrade these fragments.
When Ad-mitoScal was injected retro-orbitally in wild-type and mutator mice, a similar
phenomenon was observed in the liver. Along with a general depletion of mtDNA, linear

mtDNA fragments were also observed four days after Ad-mitoScal infection in DNA



extracted from the liver of the mutator mouse, compared to the liver of the Ad-mitoScal
injected wild-type mouse [52].

In addition to its function in degrading linear mtDNA fragments following DSBs,
POLG appears to have evolved to have many roles in regulating mtDNA stability.
Recent work done has shown that MIP1, the yeast homolog of POLG, controls mtDNA
copy number by regulating mtDNA synthesis and degradation in starving yeast cells
which were deficient in Atg7 (AAtg7) [53]. Atg7 is a conserved component of the ubiquitin-
like system required for autophagy in yeast [54]. Additionally, they found that the 3’ —
5’exonuclease activity of MIP1 regulated mtDNA copy number in wild-type yeast, as well
as mediated the degradation of mtDNA in AAtg7 yeast during starvation-induced
nucleotide insufficiency [53]. MtDNA deletion levels were analyzed in yeast MIP1 models
of disease associated POLG mutations and an increase in mtDNA deletions was only
seen in exonuclease-deficient MIP1 compared to wild-type or other pathogenic mutations
[65].

Formation of mitochondrial DNA deletions following double-strand breaks

In a mouse model expressing the mitochondrially-targeted restriction
endonuclease, mitoPstl (which has two recognition sites in the mouse mtDNA), in
forebrain neurons showed the depletion of the full length mtDNA molecule [56]. However,
recombination events were identified that occurred either between 1) the free ends
generated by Pstl cleaving the mtDNA at both sites (resulting in an approximately 12 kb
mtDNA molecule) or 2) one of the free ends generated by Pstl and a region close the D-
loop (resulting in an approximately 8 kb mtDNA molecule) [56-58]. The possibility of

“repair” occurring between the two free ends could be explained by the recombinogenic



features of these DNA ends. However, the break-points detected for a Pstl end and the
D-loop have been proposed to occur due to the relaxed three-stand confirmation of the
D-loop, allowing for single strand annealing and recombination to occur [59].

In the recent studies described above that showed roles for POLG, MGME1, and
TWINKLE in degrading linear mtDNA following DSBs, both showed that a consequence
of the persisting linear mtDNA fragments is the increased formation of mtDNA
rearrangements. PCR analysis across the mitoPstl breakpoint showed an increase in the
presence of a recombined molecule in the POLG, MGME1, and TWINKLE knockdown
samples compared to controls at 2 and 4 hours after mitoPstl induction [51]. Another
study analyzed the formation of three different putative mtDNA rearrangements which
could have formed following Ad-mitoScal, one which contained only On, one which
contained only O, and one which contained both On and O. [52]. Fibroblasts derived
from the mutator mouse showed higher levels of all three putative recombined molecules
at Days 1 and 2 after Ad-mitoScal infection, however the levels of the molecules which
contained only On or only OL were reduced by Days 5 and 10. On the other hand,
recombined molecules which contained both Oy and OL were able to replicate and levels
continued to increase through Day 10. These breakpoints were also analyzed in the livers
of the mice retro-orbitally injected with Ad-mitoScal and the levels of the On and O
containing rearrangements were higher than those containing only a single origin of
replication.

Features of mitochondrial DNA deletion breakpoints are potential indicators of the

mechanism of deletion formation



As previously discussed, mammalian mtDNA molecules containing DSBs are
usually rapidly eliminated, with the components of the replication machinery, including
POLG, MGME1, and TWINKLE being involved in this process. However, evidence exist
that in some instances DSB can be re-ligated resulting in a rearranged molecule [56].
While it was previously thought that DSB repair mechanisms do not exist in the
mitochondria, the presence of rearranged molecules upon induction of DSB suggests that
an end-joining activity actually operates within the mammalian mitochondria. This repair
mechanism, however, is likely to be different from the precise mechanisms operating in
the nucleus, because of the absence of specific bona-fide DSB repair factors, such as
Rad51, Nbs1, members of the MRN complex [60-63]. Nonetheless, the observation that
the free ends come together indicates a rudimentary DSB repair mechanism, resulting in
the formation of partially-deleted mtDNA.

Whereas mtDNA deletions that appear to arise from slipped replication are usually
flanked by direct repeats, analysis of the mtDNA repair breakpoints after a DSB did not
reveal the same features (Figure 2B). Instead there is evidence suggesting repair is
mediated mostly by non-homologous end joining (NHEJ), or micro-homolog mediated end
joining (MMEJ) [48, 56, 58, 64-66].

In Saccharomyces cerevisiae mtDNA DSBs are repaired by homologous
recombination (HR) and the proteins which facilitate this repair in yeast have been
previously identified [67, 68]. However, a number of factors of yeast mtDNA HR that do
not have identified counterparts in the mammalian system, including the Rad52-like

protein or a resolvase, while the other factors have known homologs (reviewed in [60]).



There is a report that one of the factors of nDNA HR, Ku80, has an alternate form,
XRCC1, which is found in mammalian mitochondria [62].

The observation that deletion breakpoints seen in the human mtDNA across
different mitochondrial diseases can have large, micro or no homologies, is consistent
with some mechanism of NHEJ existing in the mitochondria [3]. These breakpoints would
be formed purely through ligation of the free ends, and not show any sequence homology
on either side of the break. This has been observed in the analysis of breakpoints between
either two free mtDNA ends introduced by mitoRE or a free, mitoRE-specific mtDNA end
and the displacement loop (D-loop), showing that these breakpoints are not flanked by
any homologous sequences [56, 58].

A more recent study found that classical NHEJ is unlikely to occur in the
mitochondria following DSBs. Using an in vitro system, the authors incubated either cell
free extracts or mitochondrial extracts isolated from different tissues (brain, testes,
spleen, and kidney) from rats with [y-3?P]JATP labeled double-stranded oligomeric DNA
[48]. These oligonucleotides had either compatible 5’ overhangs, non-compatible 5’-5’
overhangs, non-compatible 3’-3’ overhangs or blunt ends which mimicked endogenous
DSBs. While total cell extracts from all tissues were able to catalyze the formation of
dimers, trimers, and other multimers with all types of overhangs by NHEJ, there was only
evidence of the compatible 5’ overhangs ligating in the mitochondrial extracts from testes
[48]. This type of joining does not require any type of processing before ligation, so while
it does not rule out the possibility, it suggests that classical NHEJ does not occur in

mitochondria.



MMEJ is an alternative NHEJ pathways that was has also been explored. MMEJ
was first thought to have a central role in mtDNA maintenance and repair following DSBs
in 2008, when it was found that approximately 90% of mtDNA deletions in human cells
were flanked by short, direct or imperfect repeat sequences [64, 69]. Using a similar in
vitro system, double-stranded DNA oligos harboring 13 nucleotide direct repeats were
incubated independently with mitochondrial or cell free extracts, PCR amplified, post-
digested, and resolved by polyacrylamide gel electrophoresis. The authors found the
presence of a larger fragment which would be expected from the MMEJ Sequence
analyses of the breakpoints showed 68% of perfect micronomologies, while 32% showed
imperfect microhomologies with up to 2 mismatches [48]. In summary, the mechanism by
which DSB lead to mtDNA deletion formation is unclear and could be as simple as ligase
3-mediated ligation.

The features of deletion breakpoints after DSBs showed a paucity of homology in
the regions involved in the breakpoint, occurring at or close to the cleavage site,
suggesting limited degradation of the free ends [52]. These features contrast with
observations in most patients with mtDNA deletions, where nearly 60% of deletions are
flanked by short, directly repeated sequences between 4 — 13 bp, known as Class |
deletions [64, 70-78]. Thirty percent of patient-derived deletions are flanked by imperfect
repeat sequences, known as Class Il deletions, and the remaining deletions, are flanked
by non-repetitive sequences, known as Class Il deletions [69]. Most clinically observed
deletions are located between the two origins of replication when the H-strand is
displaced, suggesting replication intermediates mediate deletion formation. This is

consistent with the SDM of mtDNA replication. Over the years, different models for the



formation of these mtDNA deletions have been proposed. One such model, the slipped-
strand replication model, has been proposed to explain the formation of the common
deletion, a 4,977 bp deletion found in the major arc that is one of the most common
mtDNA mutations [11, 76]. One of these studies suggested that during the displacement
of the nascent H-strand, a repeat sequence on the H-strand anneals with a homologous
sequence on the L-strand, creating a wild-type mtDNA molecule and a deleted mtDNA
molecule [11]. Later work suggested that the activity required for mtDNA strand annealing
are mediated by members of the minimal mitochondrial replisome and is coupled to
mtDNA replication [79]. Furthermore, in a more recent model, named “copy-choice
recombination”, experimental data suggested that mtDNA deletions can be formed via
slipped replication during the synthesis of the nascent L-strand. According to this model,
the 3' end of the nascent L-strand is displaced from the template H-strand soon after
passing one of the sequences of a tandem repeat and can reanneal to the second
repeated sequence on the template H-strand. This 3'-end slippage would lead to a mtDNA
deletion upon a subsequent replication round (Figure 2A) [80].
Concluding remarks and future perspectives

A hallmark feature of mtDNA is the ability to quickly recover from a rapid loss of
mtDNA molecules following DSBs both in vitro and in vivo. Up until recently the nucleases
which degrade linear mtDNA fragments following DSBs had not been determined, but
now we know that members of the mtDNA replication machinery play dual roles in
synthesizing and degrading mtDNA, and these roles are likely independent of one
another. If linear mtDNA molecules are not rapidly degraded following DSBs there is the

increased likelihood of the formation of mtDNA deletions, either between the free ends



generated by the DSB or between a free end and a region close to the D-loop. Therefore,
DSB is at least one of the mechanisms by which mtDNA deletions can be formed. It is
likely that mtDNA deletions without homologies in the breakpoint may be formed after
DSBs. On the other hand, replication errors are also likely to generate mtDNA deletions,
and these would be mediated by some homology at the breakpoint region (Figure 2).
Presently, gene therapy tools, such as mitoTALENs and mtZFNs, have been utilized to
specifically create DSBs to cleave mtDNA to effectively shift mtDNA heteroplasmy both
in vitro and in vivo [81-84]. The off-target effects of these DSBs, including the formation
of mtDNA deletions, is a concern with moving these techniques into the clinical setting.
However, recent work has shown that functionally relevant levels of mtDNA deletions form
only when there are mutations in the mtDNA replication machinery, opening the door to

move these tools forward.

Acknowledgements

We are grateful for support from the National Institutes of Health Grants 1R01AG036871,
5RO1EY010804 and 1RO01NS079965, the Muscular Dystrophy Association and the
Champ Foundation (to CTM); and the Medical Research Council Grant MC_UU_00015/4
(to MM). We are grateful to Maria Falkenberg (University of Gothenburg) for sharing

unpublished information.



References

1. Nass, M.M. and Nass, S. (1963) Intramitochondrial Fibers with DNA Characteristics.
|. Fixation and Electron Staining Reactions. J Cell Biol 19, 593-611.

2. Anderson, S. et al. (1981) Sequence and organization of the human mitochondrial
genome. Nature 290 (5806), 457-65.

3. Lott, M.T. et al. (2013) mtDNA Variation and Analysis Using Mitomap and
Mitomaster. Curr Protoc Bioinformatics 44, 1 23 1-26.

4. Ojala, D. et al. (1981) tRNA punctuation model of RNA processing in human
mitochondria. Nature 290 (5806), 470-4.

5. Wiesner, R.J. et al. (1992) Counting target molecules by exponential polymerase
chain reaction: copy number of mitochondrial DNA in rat tissues. Biochem Biophys Res
Commun 183 (2), 553-9.

6. Gorman, G.S. et al. (2015) Prevalence of nuclear and mitochondrial DNA mutations
related to adult mitochondrial disease. Ann Neurol 77 (5), 753-9.

7. Bogenhagen, D. and Clayton, D.A. (1977) Mouse L cell mitochondrial DNA molecules
are selected randomly for replication throughout the cell cycle. Cell 11 (4), 719-27.

8. Holt, 1.J. et al. (1990) A new mitochondrial disease associated with mitochondrial
DNA heteroplasmy. Am J Hum Genet 46 (3), 428-33.

9. Lee, H.F. et al. (2007) The neurological evolution of Pearson syndrome: case report
and literature review. Eur J Paediatr Neurol 11 (4), 208-14.

10. Moraes, C.T. et al. (1989) Mitochondrial DNA deletions in progressive external
ophthalmoplegia and Kearns-Sayre syndrome. N Engl J Med 320 (20), 1293-9.

11. Shoffner, J.M. et al. (1989) Spontaneous Kearns-Sayre/chronic external
ophthalmoplegia plus syndrome associated with a mitochondrial DNA deletion: a slip-
replication model and metabolic therapy. Proc Natl Acad Sci U S A 86 (20), 7952-6.
12. Tanji, K. et al. (2001) Neuropathological features of mitochondrial disorders. Semin
Cell Dev Biol 12 (6), 429-39.

13. Copeland, W.C. (2012) Defects in mitochondrial DNA replication and human
disease. Crit Rev Biochem Mol Biol 47 (1), 64-74.

14. Chinnery, P.F. et al. (2012) Epigenetics, epidemiology and mitochondrial DNA
diseases. Int J Epidemiol 41 (1), 177-87.

15. Moraes, C.T. et al. (1989) Heteroplasmy of mitochondrial genomes in clonal cultures
from patients with Kearns-Sayre syndrome. Biochem Biophys Res Commun 160 (2),
765-71.

16. Holt, 1.J. et al. (1988) Deletions of muscle mitochondrial DNA in patients with
mitochondrial myopathies. Nature 331 (6158), 717-9.

17. Chinnery, P.F. et al. (2004) Risk of developing a mitochondrial DNA deletion
disorder. Lancet 364 (9434), 592-6.

18. Bender, A. et al. (2006) High levels of mitochondrial DNA deletions in substantia
nigra neurons in aging and Parkinson disease. Nat Genet 38 (5), 515-7.

19. Reeve, AK. et al. (2009) The low abundance of clonally expanded mitochondrial
DNA point mutations in aged substantia nigra neurons. Aging Cell 8 (4), 496-8.



20. Bua, E. et al. (2006) Mitochondrial DNA-deletion mutations accumulate
intracellularly to detrimental levels in aged human skeletal muscle fibers. Am J Hum
Genet 79 (3), 469-80.

21. Kraytsberg, Y. et al. (2006) Mitochondrial DNA deletions are abundant and cause
functional impairment in aged human substantia nigra neurons. Nat Genet 38 (5), 518-
20.

22. Yu-Wai-Man, P. et al. (2010) Somatic mitochondrial DNA deletions accumulate to
high levels in aging human extraocular muscles. Invest Ophthalmol Vis Sci 51 (7), 3347-
53.

23. Davidzon, G. et al. (2006) Early-onset familial parkinsonism due to POLG mutations.
Ann Neurol 59 (5), 859-62.

24. Young, M.J. and Copeland, W.C. (2016) Human mitochondrial DNA replication
machinery and disease. Curr Opin Genet Dev 38, 52-62.

25. Robberson, D.L. and Clayton, D.A. (1972) Replication of mitochondrial DNA in
mouse L cells and their thymidine kinase - derivatives: displacement replication on a
covalently-closed circular template. Proc Natl Acad Sci U S A 69 (12), 3810-4.

26. Yasukawa, T. et al. (2006) Replication of vertebrate mitochondrial DNA entails
transient ribonucleotide incorporation throughout the lagging strand. EMBO J 25 (22),
5358-71.

27. Holt, 1.J. et al. (2000) Coupled leading- and lagging-strand synthesis of mammalian
mitochondrial DNA. Cell 100 (5), 515-24.

28. Gustafsson, C.M. et al. (2016) Maintenance and Expression of Mammalian
Mitochondrial DNA. Annu Rev Biochem 85, 133-60.

29. Falkenberg, M. (2018) Mitochondrial DNA replication in mammalian cells: overview
of the pathway. Essays Biochem 62 (3), 287-296.

30. Falkenberg, M. et al. (2007) DNA replication and transcription in mammalian
mitochondria. Annu Rev Biochem 76, 679-99.

31. Tuppen, H.A. et al. (2010) Mitochondrial DNA mutations and human disease.
Biochim Biophys Acta 1797 (2), 113-28.

32. Kornblum, C. et al. (2013) Loss-of-function mutations in MGME1 impair mtDNA
replication and cause multisystemic mitochondrial disease. Nat Genet 45 (2), 214-9.
33. Nicholls, T.J. et al. (2014) Linear mtDNA fragments and unusual mtDNA
rearrangements associated with pathological deficiency of MGME1 exonuclease. Hum
Mol Genet 23 (23), 6147-62.

34. Goffart, S. et al. (2009) Twinkle mutations associated with autosomal dominant
progressive external ophthalmoplegia lead to impaired helicase function and in vivo
mtDNA replication stalling. Hum Mol Genet 18 (2), 328-40.

35. Milenkovic, D. et al. (2013) TWINKLE is an essential mitochondrial helicase required
for synthesis of nascent D-loop strands and complete mtDNA replication. Hum Mol
Genet 22 (10), 1983-93.

36. Kujoth, G.C. et al. (2005) Mitochondrial DNA mutations, oxidative stress, and
apoptosis in mammalian aging. Science 309 (5733), 481-4.

37. Trifunovic, A. et al. (2004) Premature ageing in mice expressing defective
mitochondrial DNA polymerase. Nature 429 (6990), 417-23.

38. Vermulst, M. et al. (2007) Mitochondrial point mutations do not limit the natural
lifespan of mice. Nat Genet 39 (4), 540-3.



39. Vermulst, M. et al. (2008) DNA deletions and clonal mutations drive premature
aging in mitochondrial mutator mice. Nat Genet 40 (4), 392-4.

40. Edgar, D. et al. (2009) Random point mutations with major effects on protein-coding
genes are the driving force behind premature aging in mtDNA mutator mice. Cell Metab
10 (2), 131-8.

41. Tyynismaa, H. et al. (2005) Mutant mitochondrial helicase Twinkle causes multiple
mtDNA deletions and a late-onset mitochondrial disease in mice. Proc Natl Acad Sci U
S A 102 (49), 17687-92.

42. Tyynismaa, H. and Suomalainen, A. (2009) Mouse models of mitochondrial DNA
defects and their relevance for human disease. EMBO Rep 10 (2), 137-43.

43. Matic, S. et al. (2018) Mice lacking the mitochondrial exonuclease MGME1
accumulate mtDNA deletions without developing progeria. Nat Commun 9 (1), 1202.
44. Maynard, S. et al. (2009) Base excision repair of oxidative DNA damage and
association with cancer and aging. Carcinogenesis 30 (1), 2-10.

45. Jackson, S.P. and Bartek, J. (2009) The DNA-damage response in human biology
and disease. Nature 461 (7267), 1071-8.

46. Bruni, F. et al. (2017) Human mitochondrial nucleases. FEBS J 284 (12), 1767-
1777.

47. Dmitrieva, N.l. et al. (2011) Mre11 is expressed in mammalian mitochondria where it
binds to mitochondrial DNA. Am J Physiol Regul Integr Comp Physiol 301 (3), R632-40.
48. Tadi, S.K. et al. (2016) Microhomology-mediated end joining is the principal
mediator of double-strand break repair during mitochondrial DNA lesions. Mol Biol Cell
27 (2), 223-35.

49. Bayona-Bafaluy, M.P. et al. (2005) Rapid directional shift of mitochondrial DNA
heteroplasmy in animal tissues by a mitochondrially targeted restriction endonuclease.
Proc Natl Acad Sci U S A 102 (40), 14392-7.

50. Moretton, A. et al. (2017) Selective mitochondrial DNA degradation following
double-strand breaks. PLoS One 12 (4), e0176795.

51. Peeva, V. et al. (2018) Linear mitochondrial DNA is rapidly degraded by
components of the replication machinery. Nat Commun 9 (1), 1727.

52. Nissanka, N. et al. (2018) The mitochondrial DNA polymerase gamma degrades
linear DNA fragments precluding the formation of deletions. Nat Commun 9 (1), 2491.
53. Medeiros, T.C. et al. (2018) Autophagy balances mtDNA synthesis and degradation
by DNA polymerase POLG during starvation. J Cell Biol 217(5), 1601-11.

54. Tanida, I. et al. (1999) Apg7p/Cvt2p: A novel protein-activating enzyme essential for
autophagy. Mol Biol Cell 10 (5), 1367-79.

55. Stumpf, J.D. and Copeland, W.C. (2013) The exonuclease activity of the yeast
mitochondrial DNA polymerase gamma suppresses mitochondrial DNA deletions
between short direct repeats in Saccharomyces cerevisiae. Genetics 194 (2), 519-22.
56. Fukui, H. and Moraes, C.T. (2009) Mechanisms of formation and accumulation of
mitochondrial DNA deletions in aging neurons. Hum Mol Genet 18 (6), 1028-36.

57. Srivastava, S. and Moraes, C.T. (2005) Double-strand breaks of mouse muscle
mtDNA promote large deletions similar to multiple mtDNA deletions in humans. Hum
Mol Genet 14 (7), 893-902.



58. Bacman, S.R. et al. (2009) Intra- and inter-molecular recombination of mitochondrial
DNA after in vivo induction of multiple double-strand breaks. Nucleic Acids Res 37 (13),
4218-26.

59. Lee, D.Y. and Clayton, D.A. (1998) Initiation of mitochondrial DNA replication by
transcription and R-loop processing. J Biol Chem 273 (46), 30614-21.

60. Zinovkina, L.A. (2018) Mechanisms of Mitochondrial DNA Repair in Mammals.
Biochemistry (Mosc) 83 (3), 233-249.

61. Wisnovsky, S. et al. (2016) Mitochondrial DNA repair and replication proteins
revealed by targeted chemical probes. Nat Chem Biol 12 (7), 567-73.

62. Coffey, G. et al. (1999) Mammalian mitochondrial extracts possess DNA end-
binding activity. Nucleic Acids Res 27 (16), 3348-54.

63. Coffey, G. and Campbell, C. (2000) An alternate form of Ku80 is required for DNA
end-binding activity in mammalian mitochondria. Nucleic Acids Res 28 (19), 3793-800.
64. Krishnan, K.J. et al. (2008) What causes mitochondrial DNA deletions in human
cells? Nat Genet 40 (3), 275-9.

65. Kasparek, T.R. and Humphrey, T.C. (2011) DNA double-strand break repair
pathways, chromosomal rearrangements and cancer. Semin Cell Dev Biol 22 (8), 886-
97.

66. Lieber, M.R. (2010) The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annu Rev Biochem 79, 181-211.

67. Fogg, J.M. et al. (2000) Yeast resolving enzyme CCE1 makes sequential cleavages
in DNA junctions within the lifetime of the complex. Biochemistry 39 (14), 4082-9.

68. White, M.F. and Lilley, D.M. (1996) The structure-selectivity and sequence-
preference of the junction-resolving enzyme CCE1 of Saccharomyces cerevisiae. J Mol
Biol 257 (2), 330-41.

69. Samuels, D.C. et al. (2004) Two direct repeats cause most human mtDNA
deletions. Trends Genet 20 (9), 393-8.

70. Abnet, C.C. et al. (2004) Control region mutations and the '‘common deletion' are
frequent in the mitochondrial DNA of patients with esophageal squamous cell
carcinoma. BMC Cancer 4, 30.

71. Ballinger, S.W. et al. (1992) Maternally transmitted diabetes and deafness
associated with a 10.4 kb mitochondrial DNA deletion. Nat Genet 1 (1), 11-5.

72. Chen, T. et al. (2011) The generation of mitochondrial DNA large-scale deletions in
human cells. J Hum Genet 56 (10), 689-94.

73. Degoul, F. et al. (1991) Different mechanisms inferred from sequences of human
mitochondrial DNA deletions in ocular myopathies. Nucleic Acids Res 19 (3), 493-6.
74. Eshaghian, A. et al. (2006) Mitochondrial DNA deletions serve as biomarkers of
aging in the skin, but are typically absent in nonmelanoma skin cancers. J Invest
Dermatol 126 (2), 336-44.

75. Meissner, C. et al. (2008) The 4977 bp deletion of mitochondrial DNA in human
skeletal muscle, heart and different areas of the brain: a useful biomarker or more? Exp
Gerontol 43 (7), 645-52.

76. Schon, E.A. et al. (1989) A direct repeat is a hotspot for large-scale deletion of
human mitochondrial DNA. Science 244 (4902), 346-9.

77. Tseng, L.M. et al. (2006) Mitochondrial DNA mutations and mitochondrial DNA
depletion in breast cancer. Genes Chromosomes Cancer 45 (7), 629-38.



78. Wu, C.W. et al. (2005) Mitochondrial DNA mutations and mitochondrial DNA
depletion in gastric cancer. Genes Chromosomes Cancer 44 (1), 19-28.

79. Phillips, A.F. et al. (2017) Single-Molecule Analysis of mtDNA Replication Uncovers
the Basis of the Common Deletion. Mol Cell 65 (3), 527-538 e6.

80. Perrson, O. et al. (2019) Copy-choice recombination during mitochondrial L-strand
synthesis causes DNA deletions. Nat Commun. In press.

81. Bacman, S.R. et al. (2018) MitoTALEN reduces mutant mtDNA load and restores
tRNA(Ala) levels in a mouse model of heteroplasmic mtDNA mutation. Nat Med 24(11),
1696-1700.

82. Bacman, S.R. et al. (2013) Specific elimination of mutant mitochondrial genomes in
patient-derived cells by mitoTALENs. Nat Med 19 (9), 1111-3.

83. Gammage, P.A. et al. (2018) Genome editing in mitochondria corrects a pathogenic
mtDNA mutation in vivo. Nat Med 24(11), 1691-5.

84. Gammage, P.A. et al. (2014) Mitochondrially targeted ZFNs for selective
degradation of pathogenic mitochondrial genomes bearing large-scale deletions or point
mutations. EMBO Mol Med 6 (4), 458-66.



Figure Legend
Figure 1. Strand-displacement model of mitochondrial DNA replication.

Schematic representation of mitochondrial DNA replication through the strand
displacement model. Mitochondrial DNA replication is initiated at Oy and proceeds
unidirectionally to produce the nascent H-strand. When replication of the H-strand passes
O., replication of the nascent L-strand is initiated. Continuous synthesis of the nascent H-
and L-strands proceeds until two full-length, double-stranded mtDNA molecules have
been formed.

Figure 2. Mitochondrial DNA deletions have two origins of formation.

Deletions in mtDNA can form by copy-choice recombination mtDNA replication or after a
double-strand break. (A) During copy-choice recombination, which assumes the strand-
displacement model of replication, mtDNA replication begins at On, and proceeds to O,
where synthesis of the nascent L-strand begins. As the repeat closest to O, marked as
the 3’ repeat, is displaced from the template H-strand, it can reanneal to the repeat closest
to On, marked as the 5’ repeat, on the template H-strand. After the first round of
replication, there would be a complete wild-type mtDNA molecule, and a mtDNA molecule
harboring both a wild-type mtDNA strand and a deletion strand. A subsequent round of
replication leads to a wild-type mtDNA molecule and a deleted mtDNA (AmtDNA)
molecule, where the breakpoint is flanked by direct or imperfect repeats. (B) Following a
double strand break, the mtDNA is either rapidly degraded by members of the mtDNA
replication machinery (including as POLG, MGME1, and TWINKLE) or only partially
degraded, where the free ends are able to ligate and a AmtDNA molecule can form. This
AmtDNA molecule breakpoint is typically not flanked by direct or imperfect repeats.
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