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Mitochondria constitute the major energy-producing compartment of the
eukaryotic cell. These organelles contain many molecules of DNA that con-
tribute only a handful of proteins required for energy production. Mutations
in the DNA of mitochondria were identified as a cause of human disease a
quarter of a century ago, and they have subsequently been implicated in
ageing. The process whereby deleterious variants come to dominate a cell,
tissue or human is the subject of debate. It is likely to involve multiple,
often competing, factors, as selection pressures on mitochondrial DNA
can be both indirect and intermittent, and are subjected to rapid change.
Here, we assess the different models and the prospects for preventing the
accumulation of deleterious mitochondrial DNA variants with time.

1. Introduction

Mitochondria were once free-living organisms (a-proteobacteria) that were suc-
cessfully co-opted by a host cell, which thereby gained the capacity to produce
energy more efficiently. Over the course of evolution, the original ‘mitochondrial’
genome has been reduced in size owing to redundancy and the transfer of many
genes to the nucleus. In humans and other mammals, mitochondrial DNA
(mtDNA) now encodes only 13 proteins and 24 RNA elements (two ribosomal
and 22 transfer RN As) necessary for their translation. Mutations in any of these
genes can lead to loss of function and disease owing to energy insufficiency
and possibly increased oxygen radical formation.

Mitochondrial DNA is inherited through the maternal line in most plants
and animals, including all mammals. Mitochondrial DNA is also quite unlike
nuclear DNA in that there are typically a thousand or more copies present
per cell. Thus, mutant mtDNA abundance can range from a level below one
in 1000 molecules to greater than 99% of the total. With so many copies of
mtDNA dispersed across many organelles, one might naively expect deleter-
ious mutations to be selected against continuously, as would be the case for
a mutant bacterium growing among a population of fully functional microbes.
However, the discovery of deletions of substantial portions of the mitochondrial
genome in humans with mitochondrial diseases in 1988 demonstrated that
such simple ‘purification” of the intracellular mitochondrial population was
not always the case [1]. Moreover, it was shown later that mutant mtDNA
molecules accumulate during the process of ageing [2].

At the heart of understanding the complex ways in which mutant mtDNAs
arise, multiply and play roles in ageing and disease, it is important to recognize
the processes of mutation and selection operating on mtDNAs. Mutant
mtDNAs comprise not only deletions but also point mutations, with most of
the disease-causing mutations being located in the 22 transfer RNA genes scat-
tered throughout the mitochondrial genome. Although the entity on which
selection ultimately acts is the individual mtDNA molecule, the dynamics of
selection are complicated by the facts that: (i) there are typically thousands
of mtDNA molecules per cell; (ii) these mtDNA molecules are distributed
among many organelles, which undergo processes of duplication and removal
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that operate independently of cellular mitosis; and (iii) the
mitochondria are dynamic entities owing to organelle
fusion and fission. Hence, the equivalence between the indi-
vidual present-day mitochondrion and its distant microbial
ancestor is not clear cut. How defective mtDNA variants
become fixed in somatic cells is the focus of this article.

When satellite cells of muscle derived from patients with
deleted mtDNAs are cultured in the laboratory the level of
mutant mtDNA declines rapidly [3]. Thus, it has been
known since 1989 that whereas deleted mtDNAs accumulate
in post-mitotic cells and tissues, they are strongly selected
against in dividing cells. In contrast, pathological mtDNA
point mutations persist in cell culture. This distinction is
recapitulated during ageing where deletions accumulate in
post-mitotic tissues such as muscle, heart and brain, whereas
it is point mutations that accumulate with age in dividing
somatic cells (e.g. colonic crypts) [4]. These findings suggest
deletions of mtDNA compromise cellular proliferation to
some degree, whereas those point mutations that accumulate
in dividing cells clearly cannot restrict the host cell’s growth
rate to any great extent (although some functional changes
have been described) [5]. As dividing cells need to double
their mitochondrial mass during every cell cycle this might
be the process that is restrained when the organelles harbour
partially deleted mtDNAs, although, as elaborated below,
this need not be wholly related to energy insufficiency.

The primary purpose of mitochondria is energy production,
and there is no question that mutant mtDNAs cause respiratory
insufficiency and thereby disease; indeed, mtDNA loss is lethal
to multicellular organisms [6]. Notwithstanding the vital role of
respiration, it is possible for cells to grow, indeed, proliferate
rapidly, without this function. This is true not only of yeasts,
which helpfully produce alcohol for human consumption in
the absence of oxygen, but also human cells (lacking mtDNA)
grown in the laboratory [7]. Moreover, a well-known property
of cancer cells is the so-called Warburg effect, with proliferating
cells shifting ATP production from mitochondrial oxidative
processes to glycolysis. These extreme situations illustrate
how selection pressures on mtDNA vary from unforgiving to
relaxed. Therefore, we should be wary of models of mtDNA
selection in dividing cells that rely solely on energy capacity
as the driver of selection. Selection is crucially measured
in terms of quantitative effects on the relative numbers of
the different mtDNA genotypes. Thus, it is noteworthy that
mathematical models of various hypotheses to explain the
dynamics of mtDNA mutations, especially deletions, revealed
some serious challenges in explaining how mtDNA mutations
might accumulate [8,9].

2. Hitch-hiking deletions of mitochondrial DNA

Any loss-of-function mutation in mtDNA, no matter how
severe, can persist in a cell or tissue if it coexists with wild-
type mtDNA copies (hitch-hiking). This in essence is why
deleterious mtDNA mutants can cause disease, as they
would be lost early in embryogenesis in the absence of accom-
panying wild-type molecules. Deletions of mtDNA are
unusual in that they have a unique additional method of
hitch-hiking: tandem partial duplications [10]. That is, they
comprise one complete wild-type genome and a second par-
tially deleted genome in a single molecule of mtDNA [11]. In
a sense, these stowaways are preferable to deletion monomers,

because even if they were to reach 100% of the total, then the
cell would retain the equivalent of 50% wild-type molecules
(in terms of DNA content). However, partial duplications are
more dangerous than deletions in that deletions can (at least
in theory) be sorted into mitochondria separate from those
with wild-type mtDNA. Partial duplications also present pro-
blems in the laboratory where judicious selection of restriction
enzymes is needed to distinguish them from partial deletions
of mtDNA, and polymerase chain reaction- (PCR-) based
methods cannot discriminate between the two; hence, the
reports of mtDNA ‘deletions’ in aged tissue samples [12,13]
might instead be about partial duplications of mtDNA. PCR-
based methods have another weakness, they are not quantitat-
ive for partially deleted mtDNAs, as the products are smaller
than those of the wild-type mtDNA, and PCR markedly
favours short over long products [14]. Thus, the dramatic
examples of partially deleted (or duplicated) mtDNAs in
aged and diseased tissues should be viewed with this fact in
mind. Notwithstanding this caveat, the detection of mutant
mtDNAs correlates well with cytochrome oxidase negative
fibres, demonstrating that they are sufficiently abundant to
cause loss of mitochondrial function. Moreover, different cell
types and tissues clearly carry different types of mutant
mtDNA, not only rearrangements, for which estimating the
mutant load is straightforward [4,12,13].

3. Selection of mitochondrial DNAs via a direct
replicative advantage

Partial duplications and other tandem iterations of human
mtDNA are the clearest example of selection based on repli-
cative advantage known. To understand this concept, it is
helpful to consider first the stark evidence from yeasts.

Because yeasts grow in the presence or absence of oxygen,
mitochondrial energy production and mtDNA are readily dis-
pensable in these organisms. Accordingly, yeast mutants
lacking the ability to respire occur spontaneously at relatively
high frequency. One of the mutant forms is the rho minus
(p”) strain that has rearranged mtDNAs. It is found that p~
mtDNAs comprise a tandemly repeated fragment of the mito-
chondrial genome that can be as few as tens of nucleotides.
The residual piece of yeast mtDNA must of course contain a
sequence that can permit the initiation of replication, i.e. act
as a replication origin, and because the mass of p~ mtDNA is
similar to that found in cells containing wild-type mtDNA,
these origins are much more prevalent in p~ strains, reflecting
the enormous selective advantage of the mutant mtDNA,
termed hypersuppressiveness [15]. Crucially, the equivalent
phenomenon was demonstrated for human mtDNA when it
was observed that not only can partially duplicated mtDNAs
with additional origins of replication be selected in patients,
but also in cell culture such mtDNAs can mutate further to
give partially triplicated mtDNA. This in turn has a selective
advantage over partially duplicated mtDNA, even though it
is associated with a much more marked impairment of respirat-
ory capacity [16]. These findings provide compelling evidence
for the hypothesis that deleterious variants of human, as well
as yeast, mtDNAs can be actively selected by a ‘selfish” mechan-
ism based on DNA replication efficiency. Recently, moreover,
recurrent point mutations of mtDNA have been detected in
specific tissues of healthy human subjects that are likely the
result of replication advantage [17].
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This is all very well; additional or enhanced origins of
replication are an obvious means of conferring a selective advan-
tage, but what of the many pathological point mutations of
mtDNA dispersed throughout the genome? Surely the 100-200
pathological mtDNA mutations (http://www.mitomap.org)
cannot all create origins of replication? Well, this is not as fanciful
as one might at first imagine. Although there is a long-standing
designated origin of replication (Oy) in the major non-coding
region (NCR)}, there is also evidence of initiation of DNA
replication across a region of several kilobases adjacent to
the NCR in mammals [18], and this initiation zone seems to
peter out, rather than have a strict boundary. Indeed, in
birds, initiation has been detected to occur in fragments
throughout the mitochondrial genome [19]. Thus, it appears,
replication can initiate almost anywhere in the vertebrate
mitochondrial genome, although the NCR continues to play
at least one essential role in the process of replication,
namely termination [20]. Therefore, it follows that a mutation
anywhere in the genome might increase the probability of
initiation of replication and thereby confer a direct replicative
advantage. That said, origin-firing is only the most obvious
means of conferring a replicative advantage on a DNA
molecule and subtler mechanisms might be more important
numerically for mitochondrial DNA disorders. One such,
that of reduced replication pausing, is discussed below in
connection with protein factors that might influence the
selection of deleterious mtDNA variants.

Partial deletions of mtDNA, unlike duplications, have no
additional material to expand the number of origins. The most
parsimonious idea is that their replication cycle is shorter than
their full-length counterparts, allowing both faster and more
subsequent rounds of replication [21]. However, this might be
only part of the explanation (see also [8]). If mtDNA is either
always membrane attached, as suggested by its resistance to
alkaline stripping [22], or solely during replication [23], then
DNA architecture and topology for an 11 kb molecule will be
different from a 16 kb molecule. In particular, the amount of
twisting is likely to be greater for the shorter mtDNA. This
might, for example, cause an increase in single-stranded DNA
extrusion enabling ‘licensing factors” to bind and promote
origin firing. Alternatively, a mutation might alter the balance
between the different mechanisms of mtDNA replication [24]
to its advantage. Another intriguing possibility is the recent
suggestion by Kowald & Kirkwood [25] that there is a feedback
mechanism regulating mtDNA replication, which is compro-
mised in those mtDNA deletions that have been reported to
undergo clonal expansion in aged animal tissues. Finally,
although almost nothing is known about the regulation of
mtDNA degradation, it should be recognized that a mtDNA
variant could confer an advantage by decreasing the
probability of degradation, as opposed to enhancing replication.

4. Forces counteracting selfish selection
of deleterious mtDNA variants

Clearly, if there were no mechanisms to recognize the quality
of the products of particular mtDNAs then the organelles
would be rapidly overrun with selfish mutations that increased
mtDNA numbers at the expense of the function of its products.
Originally, it was thought that (macro) autophagy randomly
selected part of the cytoplasm including organelles for recy-
cling under conditions of acute energy need. However, it was

later discovered that preferential targeting of defective mito-
chondria (mitophagy) can occur [26]. This observation has
further been incorporated into an evolutionary explanation for
the role of the fusion-fission cycle in animal mitochondria,
whereby fusion aids metabolic control but creates vulnerability
to clonal expansion of mutant mtDNA, whereas fission creates
the context for selective destruction through mitophagy of the
defective mtDNAs [27]. Targeting whole mitochondria to lyso-
somes (mitophagy) has been proposed as a key component
of the mitochondrial quality control (MQC) system. More
recently, it has been recognized that the range of half-lives
of mitochondrial proteins spans two orders of magnitude,
indicating a hitherto unrecognized level of discrimination
of mitochondrial protein turnover [28]. Furthermore, it has been
shown that respiratory complex I can be degraded via mitophagy,
in neuronal stem cells carrying pathological (m.3243A > G)
mtDNAs, while sparing other components of the respiratory
chain, yet this selectivity did not rid the cells of mutant mtDNA
[29]. Hence, the extent to which mtDNA turnover is regulated
by mitophagy is not known. Nevertheless, several reports hint
that mitochondrial dynamics and quality control pathways can
impact mtDNA segregation. Decreased expression of the mito-
chondrial fission protein, Drp1, advantaged mutant mtDNA in
one study [30], whereas rapamycin (an activator of autophagy)
accelerated segregation to wild-type mtDNA [31]. Finally, greatly
elevated Parkin (an activator of mitophagy) expression selected
against one of two types of deleterious mutant mtDNA [32].

Whatever the physiological mechanism(s), there is striking
evidence for purifying selection of mtDNA in the mouse germ-
line [33]. That is, deleterious variants are less prevalent than
expected were mutations inherited without any form of pheno-
typic selection. This is also likely to be the case in humans,
based on the fact that a sizeable majority of pathological
point mutations are found in the transfer RNA genes whose
products are much more diffusible than (membrane) proteins
and therefore more difficult to link to their respective
mtDNA of origin upon organelle fusion [27].

5. Stable heteroplasmy: the persistence
of a fixed proportion of mutant and
wild-type mtDNA

One of the most remarkable findings arising from the study of
human cells carrying mixtures of mutant and wild-type
mtDNA is the long-term persistence of fixed proportions of
two genotypes (stable heteroplasmy) [34]. What is more, two
sister cells cloned at the same time may contain quite different
mutant loads, and severe respiratory incapacity is no obstacle
to the maintenance of high levels of mutant mtDNA [35].
These observations suggest that the mitochondrial genotype
might be ‘locked” in some way and all variants are excluded
from selection—whether good or bad. This implies intercon-
nections between nucleoids, which might for example be
ATAD3-dependent (see [36] and the following section). Never-
theless, physically, nucleoids rarely interact [37], perhaps to
prevent defective mtDNA variants piggybacking on nucleoids
containing wild-type mtDNA. The system maintaining stable
heteroplasmy may fail, or be suspended in some circumstances
[38], and while the consequences can be devastating for the
affected individuals, it does so only rarely, and so is advan-
tageous to the human population as a whole. An imperfect
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system that allows some deleterious variants to escape and
accumulate during ageing is also only of concern to the
individual and not to the survival of the species.

6. The machinery of mtDNA selection

If we are to intervene and prevent or slow the accumulation of
mutant mtDNA molecules, then it would be helpful to elucidate
the factors that impinge on this process. Currently, there are few
hard data on the proteins that influence the segregation of
mutant and wild-type mtDNA. We know from work in yeasts
that hypersuppressiveness depends on the ability of the organ-
ism to resolve recombination (Holliday) junctions. The key
protein is a Holliday junction resolvase (HJR), CCE1 [39], as it
processes the highly interconnected mtDNAs that form in p~
strains [40]. In the absence of the enzyme, the network of
mtDNA cannot be untangled and distributed evenly to daugh-
ter cells. A human protein homologous to CCE1 (TEFM) has
been identified; however, it lacks a key catalytic residue of
HJRs and instead appears to be involved primarily in mito-
chondrial transcription [41]. Nevertheless, a partner protein,
post-translational modification or cofactor might enable
TEFM to resolve recombination junctions. Intramolecular
DNA recombination in mitochondria depends on the host
cell or tissue expressing the relevant apparatus and targeting
it to the organelles, but intermolecular mtDNA recombination
requires the physical interaction of discrete molecules, and this
occurred only rarely in one human cell line studied [37]. More-
over, in a laboratory strain of mice there was no evidence of
intermolecular mtDNA recombination in the germ-line over
the course of 50 generations [42].

An ability to resolve recombination junctions might be
required at the end of the replication cycle as found for bacteria
[43], and be necessary to regulate the networks of mtDNA mol-
ecules that form in adult human heart [44]. It is unlikely that
mitochondria can create such DNA structures and yet be
unable to resolve or otherwise process them. Whatever means
they use constitutes a DNA recombination machinery in mito-
chondria. There is some empirical evidence for DNA
recombination occurring in mitochondria from cell culture
studies. Cells containing exclusively partially duplicated
mtDNA (at the limits of detection) were replaced by wild-type
mtDNA, presumably by intramolecular recombination in one
study [16]. Moreover, artificially introducing two mitochondrial
genotypes into one human cell line resulted in recombination
between the two types of mtDNA, albeit at low frequency
[45]. It has long been noted that some patients contain mixtures
of deleted, wild-type and partial duplicated mtDNA and that
these are inter-convertible via homologous recombination [46].
Yeast HJR CCE1, expressed in human cells, is capable of convert-
ing tandem partial triplications and duplications to wild-type
mtDNA molecules [47], thereby demonstrating that this
capacity would help combat this type of mtDNA rearrange-
ment. Tracking down the endogenous proteins that form the
apparatus of mitochondrial DNA recombination might prove
far from straightforward. For example, animal mitochondria
contain an RNase P that has been cobbled together from three
proteins that have other functions [48]. Nevertheless, two mem-
bers of the mTERF family have been linked to termination of
mtDNA replication [49], so they represent a good place to start.

A potential link to DNA replication has been found for the
most common point mutation of mtDNA (m.3243G > A) via

the founding member of the mTERF family. mTERF binds to n

mtDNA and can cause replication pausing at a tridecamer
sequence that includes nucleotide position 3243. The patho-
logical mutation decreases mTERF binding in vitro [50], and
so molecules with the mutation will not be subjected to replica-
tion pausing, thereby conferring a replicative advantage on the
molecules carrying the mutation [51]. Even if many mtDNA
mutations turn out to be fixed by random processes, this mech-
anism might explain why m.3243A > G is the most common
pathological point mutation.

The machinery that mediates the physical segregation of
mtDNA might well influence the selection of different mito-
chondrial genotypes. Two proteins have been implicated in
this process, but it remains a largely unexplored area of
mitochondrial biology. One of the proteins, ATAD3, is particu-
larly intriguing, as it was found in enriched preparations of
mtDNA and its amino-terminal part has a remarkable prefer-
ence for binding to DNA structures with a triple-stranded
section (D-loop) [22]. Furthermore, gene silencing of ATAD3
induces topological changes in mtDNA, and there appears to
be an inverse correlation between nucleoid size and ATAD3
abundance [52]. ATAD3 has its fingers in several pies, as it
also physically interacts with mitochondrial ribosomes, based
on affinity purification studies [36], and so could play a pivotal
role in maintaining a link between mitochondrial translation
products and the parent mtDNA molecule [53]. The accessory
subunit of mitochondrial DNA polymerase gamma, POLG2,
has long been known to have DNA binding properties that
are superfluous to its role as a processivity factor [54] and mod-
ulating its expression in human cultured cells indicates that it
can alter the DNA content of mitochondrial nucleoids [55].

7. Alternative selection mechanisms for
pathological variants and clonal expansion
during ageing

Other explanations have been advanced to explain the fixation of

mutant mtDNA. The simplest of all, and yet one of the most

powerful, is random drift, and this model is compatible with
much of the behaviour of mtDNA variants [56]. However,
random drift does not explain results for short-lived animals

(e.g. rats) [9]. Nor can it be readily reconciled to the different clini-

cal features associated with m.3243A > G in different families

[57,58]. Furthermore, it is flatly contradicted by the systematic

biases in mtDNA segregation reported in human cultured cells

[35], and in mouse solid tissues [59].

Free radical production is concentrated in the mitochondrial
compartment of the cell, as illustrated by the severe pathologies
resulting from ablation of the mitochondrial [60], but not the
cytosolic [61], form of superoxide dismutase. However, to
what extent a ‘vicious cycle’ of defective mtDNA, impaired
mitochondrial respiration with increased oxygen radical for-
mation, followed by further DNA mutation, contributes to loss
of mitochondrial function is debated, as is the role of mitophagy
in clearing deleterious mtDNAs [62,63]. Neither appears wholly
satisfactory, as a vicious cycle cannot explain clonal expansion of
specific mutant variants [4,12,13], and mitophagy clearly cannot
meet the challenge of specifically disposing of disease-causing
mutant mtDNAs, or again clonal expansion during ageing,
although one can of course posit that it is an age-related decline
in mitophagy that accounts for the latter phenomenon.
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The contribution of reactive oxygen species (ROS) tends
to focus on its potential for damage, but its role in mtDNA
segregation might reflect its ability to act as a signal transdu-
cer [64]. A direct link between ROS and mtDNA replication
has been established in yeasts [65], although it involves
another protein that lacks an obvious homologue in humans.

Another idea, called ‘survival of the slowest’, notes that
the fate of a mutant depends on its rate of degradation as
well as replication, and proposes that defective mitochondria
which are metabolically less active generate less oxidative
damage in their membranes and for this reason are degraded
less frequently than wild-type [66]. Although this hypothesis
appears hard to reconcile with mitochondrial dynamics,
because evidence shows that dysfunctional mitochondria
are preferentially degraded [26,67], instead of being spared,
compromised MQC might permit it.

8. Concluding remarks

Here, we have concentrated on the properties of mtDNA itself
and how proteins that interact with it directly might favour the
selection of deleterious variants. However, a comprehensive
answer to this question will require this information to be

combined with the other models. Thus, the explanation for
the fixation of mutant mtDNAs in disease and ageing is
expected to feature replicative advantage, mitochondrial
dynamics and protein turnover, free radical production and
signalling, random genetic drift and its alter ego stable hetero-
plasmy. Current research is providing us with a fuller
understanding of the contributors to each of these processes.
The overall balance between these often competing forces ulti-
mately determines the burden of mutant mtDNA that each of
us carries. The challenge outstanding is to clarify the extent
to which it determines our fitness and longevity.
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'Whose precise location is disputed; in humans, nucleotide positions
55, 111, 168, 191 and 300 are all candidate initiation sites.

by complementation. Science 246, 500—503.
(doi:10.1126/science.2814477)

reversing a biased transmission of yeast
mitochondrial DNA. Genetics 128, 241-249.

References
Holt 1), Harding AE, Morgan-Hughes JA. 1988 8. Kowald A, Dawson M, Kirkwood TB. 2014 16.  Holt 1J, Dunbar DR, Jacobs HT. 1997 Behaviour of a
Deletions of muscle mitochondrial DNA in patients Mitochondrial mutations and ageing: can population of partially duplicated mitochondrial
with mitochondrial myopathies. Nature 331, mitochondrial deletion mutants accumulate via a DNA molecules in cell culture: segregation,
717-719. (doi:10.1038/331717a0) size based replication advantage? J. Theor. Biol. maintenance and recombination dependent upon
Herbst A, Pak JW, McKenzie D, Bua E, Bassiouni M, 340, 111-118. (doi:10.1016/j.jtbi.2013.09.009) nuclear background. Hum. Mol. Genet. 6,
Aiken JM. 2007 Accumulation of mitochondrial DNA 9. Kowald A, Kirkwood TB. 2013 Mitochondrial 1251-1260. (doi:10.1093/hmg/6.8.1251)
deletion mutations in aged muscle fibers: evidence mutations and aging: random drift is insufficient to  17.  Samuels DC et al. 2013 Recurrent tissue-specific
for a causal role in muscle fiber loss. J. Gerontol. A explain the accumulation of mitochondrial deletion mtDNA mutations are common in humans. PLoS
62, 235-245. (doi:10.1093/gerona/62.3.235) mutants in short-lived animals. Aging Cell 12, Genet. 9, €1003929. (doi:10.1371/journal.pgen.
Moraes CT, Schon EA, DiMauro S, Miranda AF. 1989 728-731. (doi:10.1111/acel.12098) 1003929)
Heteroplasmy of mitochondrial genomes in clonal 10. Poulton J, Deadman ME, Gardiner RM. 1989 18.  Bowmaker M, Yang MY, Yasukawa T, Reyes A,
cultures from patients with Kearns—Sayre Duplications of mitochondrial DNA in mitochondrial Jacobs HT, Huberman JA, Holt IJ. 2003 Mammalian
syndrome. Biochem. Biophys. Res. Commun. 160, myopathy. Lancet 1, 236—240. (doi:10.1016/50140- mitochondrial DNA replicates bidirectionally from an
765—771. (doi:10.1016/0006-291X(89)92499-6) 6736(89)91256-7) initiation zone. J. Biol. Chem. 278, 50 96150 969.
Taylor RW et al. 2003 Mitochondrial DNA mutations ~ 11.  Poulton J, Holt I). 1994 Mitochondrial DNA: does (doi:10.1074/jbc.M308028200)
in human colonic crypt stem cells. J. Clin. Invest. more lead to less? Nat. Genet. 8, 313—315. (doi:10. ~ 19. Reyes A, Yang MY, Bowmaker M, Holt 1). 2005
112, 1351-1360. (doi:10.1172/JC119435) 1038/ng1294-313) Bidirectional replication initiates at sites throughout
Nooteboom M, Johnson R, Taylor RW, Wright NA, 12. Bender A et al. 2006 High levels of mitochondrial the mitochondrial genome of birds. J. Biol. Chem.
Lightowlers RN, Kirkwood TB, Mathers JC, Turnbull DNA deletions in substantia nigra neurons in aging 280, 3242-3250. (doi:10.1074/jbc.M411916200)
DM, Greaves LC. 2010 Age-associated mitochondrial and Parkinson disease. Nat. Genet. 38, 515—517. 20. Yasukawa T, Yang MY, Jacobs HT, Holt 1J. 2005 A
DNA mutations lead to small but significant (doi:10.1038/ng1769) bidirectional origin of replication maps to the major
changes in cell proliferation and apoptosis in 13. Kraytsherg Y, Kudryavtseva E, McKee AC, Geula C, noncoding region of human mitochondrial DNA.
human colonic crypts. Aging Cell 9, 96—99. (doi:10. Kowall NW, Khrapko K. 2006 Mitochondrial DNA Mol. Cell 18, 651—662. (doi:10.1016/j.molcel.2005.
1111/j.1474-9726.2009.00531.x) deletions are abundant and cause functional 05.002)
Larsson NG, Wang J, Wilhelmsson H, Oldfors A, impairment in aged human substantia nigra neurons. ~ 21. Diaz F, Bayona-Bafaluy MP, Rana M, Mora M, Hao H,
Rustin P, Lewandoski M, Barsh GS, Clayton DA. Nat. Genet. 38, 518—520. (doi:10.1038/ng1778) Moraes CT. 2002 Human mitochondrial DNA with large
1998 Mitochondrial transcription factor A is 14.  Trifunovic A et al. 2005 Somatic mtDNA mutations deletions repopulates organelles faster than full-length
necessary for mtDNA maintenance and cause aging phenotypes without affecting reactive genomes under relaxed copy number control. Nucleic
embryogenesis in mice. Nat. Genet. 18, 231- oxygen species production. Proc. Nat! Acad. Sci. Acids Res. 30, 4626—4633. (doi:10.1093/nar/gkf602)
236. (doi:10.1038/ng0398-231) USA 102, 17 993—17 998. (doi:10.1073/pnas. 22. He J et al. 2007 The AAA+ protein ATAD3 has
King MP, Attardi G. 1989 Human cells lacking 0508886102) displacement loop binding properties and is
mtDNA: repopulation with exogenous mitochondria ~ 15.  Zweifel SG, Fangman WL. 1991 A nuclear mutation involved in mitochondrial nucleoid organization.

J. Cell Biol. 176, 141-146. (doi:10.1083/jcb.
200609158)

LSYOELOT :69€ g 205 Y "suvi] fiyd  Bio'buiysijgndiraposiedor giss H


http://dx.doi.org/10.1038/331717a0
http://dx.doi.org/10.1093/gerona/62.3.235
http://dx.doi.org/10.1016/0006-291X(89)92499-6
http://dx.doi.org/10.1172/JCI19435
http://dx.doi.org/10.1111/j.1474-9726.2009.00531.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00531.x
http://dx.doi.org/10.1038/ng0398-231
http://dx.doi.org/10.1126/science.2814477
http://dx.doi.org/10.1016/j.jtbi.2013.09.009
http://dx.doi.org/10.1111/acel.12098
http://dx.doi.org/10.1016/S0140-6736(89)91256-7
http://dx.doi.org/10.1016/S0140-6736(89)91256-7
http://dx.doi.org/10.1038/ng1294-313
http://dx.doi.org/10.1038/ng1294-313
http://dx.doi.org/10.1038/ng1769
http://dx.doi.org/10.1038/ng1778
http://dx.doi.org/10.1073/pnas.0508886102
http://dx.doi.org/10.1073/pnas.0508886102
http://dx.doi.org/10.1093/hmg/6.8.1251
http://dx.doi.org/10.1371/journal.pgen.1003929
http://dx.doi.org/10.1371/journal.pgen.1003929
http://dx.doi.org/10.1074/jbc.M308028200
http://dx.doi.org/10.1074/jbc.M411916200
http://dx.doi.org/10.1016/j.molcel.2005.05.002
http://dx.doi.org/10.1016/j.molcel.2005.05.002
http://dx.doi.org/10.1093/nar/gkf602
http://dx.doi.org/10.1083/jcb.200609158
http://dx.doi.org/10.1083/jcb.200609158

23.

24,

25.

26.

2.

28.

29.

30.

31

32.

33.

34.

35.

36.

Rajala N, Gerhold JM, Martinsson P, Klymov A,
Spelbrink JN. 2013 Replication factors transiently
associate with mtDNA at the mitochondrial inner
membrane to facilitate replication. Nucleic Acids Res.
42, 952-967. (doi:10.1093/nar/gkt988)

Holt 1J. 2009 Mitochondrial DNA replication and
repair: all a flap. Trends Biochem. Sci. 34, 358—365.
(doi:10.1016/j.tibs.2009.03.007)

Kowald A, Kirkwood TB. 2014 Transcription could be
the key to the selection advantage of mitochondrial
deletion mutants in aging. Proc. Natl Acad. Sci. USA
111, 2972-2977. (doi:10.1073/pnas.1314970111)
Twig G et al. 2008 Fission and selective fusion
govern mitochondrial segregation and elimination
by autophagy. EMBO J. 27, 433 —446. (doi:10.1038/
sj.emboj.7601963)

Kowald A, Kirkwood TB. 2011 The evolution and
role of mitochondrial fusion and fission in aging
and disease. Commun. Integr. Biol. 4, 627—629.
Kim TY et al. 2012 Metabolic labeling reveals
proteome dynamics of mouse mitochondria. Mol.
Cell Proteomics 11, 1586—1594. (doi:10.1074/mcp.
M112.021162)

Hamalainen RH, Manninen T, Koivumaki H, Kislin M,
Otonkoski T, Suomalainen A. 2013 Tissue- and cell-
type-specific manifestations of heteroplasmic
mtDNA 3243A>G mutation in human induced
pluripotent stem cell-derived disease model. Proc.
Natl Acad. Sci. USA 110, E3622—E3630. (doi:10.
1073/pnas.1311660110)

Malena A, Loro E, Di Re M, Holt 1), Vergani L. 2009
Inhibition of mitochondrial fission favours mutant
over wild-type mitochondrial DNA. Hum. Mol.
Genet. 18, 3407 —3416. (doi:10.1093/hmg/ddp281)
Dai Y, Zheng K, Clark J, Swerdlow RH, Pulst SM,
Sutton JP, Shinobu LA, Simon DK. 2013 Rapamycin
drives selection against a pathogenic heteroplasmic
mitochondrial DNA mutation. Hum. Mol. Genet. 23,
637 —-647. (doi:10.1093/hmg/ddt450)

Suen DF, Narendra DP, Tanaka A, Manfredi G, Youle
RJ. 2010 Parkin overexpression selects against a
deleterious mtDNA mutation in heteroplasmic
cybrid cells. Proc. Nat! Acad. Sci. USA 107, 11 835—
11 840. (doi:10.1073/pnas.0914569107)

Stewart JB, Freyer C, Elson JL, Wredenberg A, Cansu
Z, Trifunovic A, Larsson NG. 2008 Strong purifying
selection in transmission of mammalian
mitochondrial DNA. PLoS Biol. 6, €10. (doi:10.1371/
journal.pbio.0060010)

Lehtinen SK, Hance N, El Meziane A, Juhola MK,
Juhola KM, Karhu R, Spelbrink JN, Holt IJ, Jacobs HT.
2000 Genotypic stability, segregation and selection in
heteroplasmic human cell lines containing np 3243
mutant mtDNA. Genetics 154, 363 —380.

Yoneda M, Chomyn A, Martinuzzi A, Hurko O,
Attardi G. 1992 Marked replicative advantage of
human mtDNA carrying a point mutation that
causes the MELAS encephalomyopathy. Proc. Natl
Acad. Sci. USA 89, 11164—11168. (doi:10.1073/
pnas.89.23.11164)

He J et al. 2012 Mitochondrial nucleoid interacting
proteins support mitochondrial protein synthesis.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

Nucleic Acids Res. 40, 6109—6121. (doi:10.1093/
nar/gks266)

Gilkerson RW, Schon EA, Hernandez E, Davidson MM.
2008 Mitochondrial nucleoids maintain genetic
autonomy but allow for functional complementation.
J. Cell Biol. 181, 1117-1128. (doi:10.1083/jcb.
200712101)

Raap AK et al. 2012 Non-random mtDNA
segregation patterns indicate a metastable
heteroplasmic segregation unit in m.3243A>G
cybrid cells. PLoS ONE 7, €52080. (doi:10.1371/
journal.pone.0052080)

Kleff S, Kemper B, Sternglanz R. 1992 Identification
and characterization of yeast mutants and the gene
for a cruciform cutting endonuclease. EMBO J. 11,
699-704.

Lockshon D, Zweifel SG, Freeman-Cook LL, Lorimer
HE, Brewer BJ, Fangman WL. 1995 A role for
recombination junctions in the segregation of
mitochondrial DNA in yeast. Cell 81, 947—955.
(doi:10.1016/0092-8674(95)90014-4)

Minczuk M, He J, Duch AM, Ettema TJ, Chlebowski
A, Dzionek K, Nijtmans LG, Huynen MA, Holt 1.
2011 TEFM (c170rf42) is necessary for transcription
of human mtDNA. Nucleic Acids Res. 39,
4284-4299. (doi:10.1093/nar/gkq1224)

Hagstrom E, Freyer C, Battersby BJ, Stewart JB,
Larsson NG. 2013 No recombination of mtDNA after
heteroplasmy for 50 generations in the mouse
maternal germline. Nucleic Acids Res. 42,
1111-1116. (doi:10.1093/nar/gkt969)
Reyes-Lamothe R, Nicolas E, Sherratt DJ. 2012
Chromosome replication and segregation in bacteria.
Annu. Rev. Genet. 46, 121-143. (doi:10.1146/
annurev-genet-110711-155421)

Pohjoismaki JL et al. 2009 Human heart
mitochondrial DNA is organized in complex
catenated networks containing abundant four-way
junctions and replication forks. J. Biol. Chem. 284,
21 446-21457. (doi:10.1074/jbc.M109.016600)
D'Aurelio M, Gajewski CD, Lin MT, Mauck WM, Shao
LZ, Lenaz G, Moraes (T, Manfredi G. 2004
Heterologous mitochondrial DNA recombination in
human cells. Hum. Mol. Genet. 13, 3171-3179.
(doi:10.1093/hmg/ddh326)

Poulton J, Deadman ME, Bindoff L, Morten K, Land
J, Brown G. 1993 Families of mtDNA re-
arrangements can be detected in patients with
mtDNA deletions: duplications may be a transient
intermediate form. Hum. Mol. Genet. 2, 23-30.
(doiz10.1093/hmg/2.1.23)

Sembongi H, Di Re M, Bokori-Brown M, Holt 1.
2007 The yeast Holliday junction resolvase, CCET,
can restore wild-type mitochondrial DNA to human
cells carrying rearranged mitochondrial DNA. Hum.
Mol. Genet. 16, 2306—2314. (doi:10.1093/hmg/
ddm182)

Holzmann J, Frank P, Loffler E, Bennett KL, Gerner
C, Rossmanith W. 2008 RNase P without RNA:
identification and functional reconstitution of the
human mitochondrial tRNA processing enzyme. Cell
135, 462—474. (doi:10.1016/j.cell.2008.09.013)

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hyvarinen AK, Pohjoismaki JL, Holt 1), Jacobs HT.
2011 Overexpression of MTERFD1 or MTERFD3
impairs the completion of mitochondrial DNA
replication. Mol. Biol. Rep. 38, 1321-1328. (doi:10.
1007/511033-010-0233-9)

Hess JF, Parisi MA, Bennett JL, Clayton DA. 1991
Impairment of mitochondrial transcription
termination by a point mutation associated with
the MELAS subgroup of mitochondrial
encephalomyopathies. Nature 351, 236—239.
(doi:10.1038/351236a0)

Hyvarinen AK, Pohjoismaki JL, Reyes A, Wanrooij S,
Yasukawa T, Karhunen PJ, Spelbrink JN, Holt 1),
Jacobs HT. 2007 The mitochondrial transcription
termination factor mTERF modulates replication
pausing in human mitochondrial DNA. Nucleic Acids
Res. 35, 6458—6474. (doi:10.1093/nar/gkm676)
Holt 1J, He J, Mao CC, Boyd-Kirkup JD, Martinsson P,
Sembongi H, Reyes A, Spelbrink JN. 2007
Mammalian mitochondrial nucleoids: organizing an
independently minded genome. Mitochondrion 7,
311-321. (doi:10.1016/j.mit0.2007.06.004)

Busch KB, Kowald A, Spelbrink JN. 2014 Quality
matters: how does mitochondrial network dynamics
and quality control impact on mtDNA integrity?
Phil. Trans. R. Soc. B 369, 20130442. (doi:10.1098/
rsth.2013.0442)

Lim SE, Longley MJ, Copeland WC. 1999 The
mitochondrial p55 accessory subunit of human DNA
polymerase gamma enhances DNA binding,
promotes processive DNA synthesis, and confers
N-ethylmaleimide resistance. J. Biol. Chem. 274,
38 19738 203. (doi:10.1074/jbc.274.53.38197)

Di Re M et al. 2009 The accessory subunit of
mitochondrial DNA polymerase gamma determines
the DNA content of mitochondrial nucleoids in
human cultured cells. Nucleic Acids Res. 37,
5701-5713. (doi:10.1093/nar/gkp614)

Durham SE, Samuels DC, Chinnery PF. 2006 Is
selection required for the accumulation of somatic
mitochondrial DNA mutations in post-mitotic cells?
Neuromuscul. Disord. 16, 381—386. (doi:10.1016/.
nmd.2006.03.012)

Goto Y, Nonaka I, Horai S. 1990 A mutation in the
tRNA(Leu)(UUR) gene associated with the MELAS
subgroup of mitochondrial encephalomyopathies.
Nature 348, 651-653. (doi:10.1038/348651a0)
van den Ouweland JM, Lemkes HH, Ruitenbeek W,
Sandkuijl LA, de Vijlder MF, Struyvenberg PA, van
de Kamp JJ, Maassen JA. 1992 Mutation in
mitochondrial tRNA(Leu)(UUR) gene in a large
pedigree with maternally transmitted type I
diabetes mellitus and deafness. Nat. Genet. 1,
368-371. (doi:10.1038/ng0892-368)

Jenuth JP, Peterson AC, Shoubridge EA. 1997 Tissue-
specific selection for different mtDNA genotypes in
heteroplasmic mice. Nat. Genet. 16, 93—95.
(doi:10.1038/ng0597-93)

Li Y et al. 1995 Dilated cardiomyopathy and
neonatal lethality in mutant mice lacking
manganese superoxide dismutase. Nat. Genet. 11,
376-381. (doi:10.1038/ng1295-376)

LSYOELOT :69€ g 205 Y "suvi] fiyd  Bio'buiysijgndiraposiedor giss H


http://dx.doi.org/10.1093/nar/gkt988
http://dx.doi.org/10.1016/j.tibs.2009.03.007
http://dx.doi.org/10.1073/pnas.1314970111
http://dx.doi.org/10.1038/sj.emboj.7601963
http://dx.doi.org/10.1038/sj.emboj.7601963
http://dx.doi.org/10.1074/mcp.M112.021162
http://dx.doi.org/10.1074/mcp.M112.021162
http://dx.doi.org/10.1073/pnas.1311660110
http://dx.doi.org/10.1073/pnas.1311660110
http://dx.doi.org/10.1093/hmg/ddp281
http://dx.doi.org/10.1093/hmg/ddt450
http://dx.doi.org/10.1073/pnas.0914569107
http://dx.doi.org/10.1371/journal.pbio.0060010
http://dx.doi.org/10.1371/journal.pbio.0060010
http://dx.doi.org/10.1073/pnas.89.23.11164
http://dx.doi.org/10.1073/pnas.89.23.11164
http://dx.doi.org/10.1093/nar/gks266
http://dx.doi.org/10.1093/nar/gks266
http://dx.doi.org/10.1083/jcb.200712101
http://dx.doi.org/10.1083/jcb.200712101
http://dx.doi.org/10.1371/journal.pone.0052080
http://dx.doi.org/10.1371/journal.pone.0052080
http://dx.doi.org/10.1016/0092-8674(95)90014-4
http://dx.doi.org/10.1093/nar/gkq1224
http://dx.doi.org/10.1093/nar/gkt969
http://dx.doi.org/10.1146/annurev-genet-110711-155421
http://dx.doi.org/10.1146/annurev-genet-110711-155421
http://dx.doi.org/10.1074/jbc.M109.016600
http://dx.doi.org/10.1093/hmg/ddh326
http://dx.doi.org/10.1093/hmg/2.1.23
http://dx.doi.org/10.1093/hmg/ddm182
http://dx.doi.org/10.1093/hmg/ddm182
http://dx.doi.org/10.1016/j.cell.2008.09.013
http://dx.doi.org/10.1007/s11033-010-0233-9
http://dx.doi.org/10.1007/s11033-010-0233-9
http://dx.doi.org/10.1038/351236a0
http://dx.doi.org/10.1093/nar/gkm676
http://dx.doi.org/10.1016/j.mito.2007.06.004
http://dx.doi.org/10.1098/rstb.2013.0442
http://dx.doi.org/10.1098/rstb.2013.0442
http://dx.doi.org/10.1074/jbc.274.53.38197
http://dx.doi.org/10.1093/nar/gkp614
http://dx.doi.org/10.1016/j.nmd.2006.03.012
http://dx.doi.org/10.1016/j.nmd.2006.03.012
http://dx.doi.org/10.1038/348651a0
http://dx.doi.org/10.1038/ng0892-368
http://dx.doi.org/10.1038/ng0597-93
http://dx.doi.org/10.1038/ng1295-376

61.

62.

63.

McFadden SL, Ding D, Burkard RF, Jiang H, Reaume
AG, Flood DG, Salvi RJ. 1999 Cu/Zn SOD deficiency
potentiates hearing loss and cochlear pathology

in aged 129,(D-1 mice. J. Comp. Neurol. 413,
101-112. (doi:10.1002/(SICI1)1096-9861(19991011)
413:1<<107::AID-CNE7 >3.0.€0;2-L)

de Vries RL, Gilkerson RW, Przedborski S, Schon EA.
2012 Mitophagy in cells with mtDNA mutations:
being sick is not enough. Autophagy 8, 699—700.
(doi:10.4161/auto.19470)

Fukui H, Moraes CT. 2008 The mitochondrial
impairment, oxidative stress and neurodegeneration

64.

65.

connection: reality or just an attractive hypothesis?
Trends Neurosci. 31, 251-256. (doi:10.1016/j.tins.
2008.02.008)

Moreno-Loshuertos R, Acin-Perez R, Fernandez-Silva
P, Movilla N, Perez-Martos A, Rodriguez de Cordoba
S, Gallardo ME, Enriquez JA. 2006 Differences in
reactive oxygen species production explain the
phenotypes associated with common mouse
mitochondrial DNA variants. Nat. Genet. 38,
1261-1268. (doi:10.1038/ng1897)

Hori A, Yoshida M, Shibata T, Ling F. 2009
Reactive oxygen species regulate DNA copy

66.

67.

number in isolated yeast mitochondria by
triggering recombination-mediated replication.
Nucleic Acids Res. 37, 749-761. (doi:10.1093/
nar/gkn993)

de Grey AD. 1997 A proposed refinement of
the mitochondrial free radical theory of aging.
Bioessays 19, 161-166. (doi:10.1002/bies.
950190211)

Kim 1, Lemasters JJ. 2011 Mitophagy selectively
degrades individual damaged mitochondria after
photoirradiation. Antioxidants Redox Signal. 14,
1919-1928. (doi:10.1089/ars.2010.3768)

LSPOELOT 69€ § 205 Y "supif ‘4 Bao"buysiigndKyanosiedorqiss H


http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-9861(19991011)413:1%3C101::AID-CNE7%3E3.0.CO;2-L
http://dx.doi.org/10.4161/auto.19470
http://dx.doi.org/10.1016/j.tins.2008.02.008
http://dx.doi.org/10.1016/j.tins.2008.02.008
http://dx.doi.org/10.1038/ng1897
http://dx.doi.org/10.1093/nar/gkn993
http://dx.doi.org/10.1093/nar/gkn993
http://dx.doi.org/10.1002/bies.950190211
http://dx.doi.org/10.1002/bies.950190211
http://dx.doi.org/10.1089/ars.2010.3768

	The road to rack and ruin: selecting deleterious mitochondrial DNA variants
	Introduction
	Hitch-hiking deletions of mitochondrial DNA
	Selection of mitochondrial DNAs via a direct replicative advantage
	Forces counteracting selfish selection of deleterious mtDNA variants
	Stable heteroplasmy: the persistence of a fixed proportion of mutant and wild-type mtDNA
	The machinery of mtDNA selection
	Alternative selection mechanisms for pathological variants and clonal expansion during ageing
	Concluding remarks
	Acknowledgements
	Funding statement
	References


