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Human mitochondria possess a multi-copy circular genome, mitochondrial DNA
(mtDNA), that is essential for cellular energy metabolism. The number of copies of
mtDNA per cell, and their integrity, are maintained by nuclear-encoded mtDNA replication
and repair machineries. Aberrant mtDNA replication and mtDNA breakage are believed to
cause deletions within mtDNA. The genomic location and breakpoint sequences of these
deletions show similar patterns across various inherited and acquired diseases, and are
also observed during normal ageing, suggesting a common mechanism of deletion for-
mation. However, an ongoing debate over the mechanism by which mtDNA replicates
has made it difficult to develop clear and testable models for how mtDNA rearrangements
arise and propagate at a molecular and cellular level. These deletions may impair energy
metabolism if present in a high proportion of the mtDNA copies within the cell, and can
be seen in primary mitochondrial diseases, either in sporadic cases or caused by auto-
somal variants in nuclear-encoded mtDNA maintenance genes. These mitochondrial dis-
eases have diverse genetic causes and multiple modes of inheritance, and show
notoriously broad clinical heterogeneity with complex tissue specificities, which further
makes establishing genotype-phenotype relationships challenging. In this review, we aim
to cover our current understanding of how the human mitochondrial genome is replicated,
the mechanisms by which mtDNA replication and repair can lead to mtDNA instability in
the form of large-scale rearrangements, how rearranged mtDNAs subsequently accumu-
late within cells, and the pathological consequences when this occurs.

Introduction
Mitochondria are the major energy-transducing organelles of eukaryotic cells. The majority of cellular
ATP is generated by the oxidative phosphorylation (OXPHOS) system, consisting of five multi-subunit
enzyme complexes located at the inner mitochondrial membrane (IMM). Mitochondria originate
from an ancient endosymbiotic merger between an alpha-proteobacterium and a host cell [1], and the
genome of this bacterium (the proto-mitochondrion) persists in modern eukaryotic cells as mitochon-
drial DNA (mtDNA). Human mtDNA is a highly reduced circular, double-stranded, multicopy DNA
genome that encodes many essential protein components of the OXPHOS system, as well as the RNA
molecules required for the synthesis of these proteins within mitochondria [2-4].

The number of mitochondrial genomes per cell (referred to as copy number) is maintained through
mtDNA replication, which occurs throughout the cell cycle in a process known as relaxed replication
[5]. The replication of mtDNA relies on a nuclear-encoded protein machinery that is largely, but not
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completely, distinct from that in the nucleus. An impairment of mtDNA function, which can take the form of
point mutations or deletions of segments of mtDNA, or as an inability to maintain enough mtDNA copies per
cell, leads to a consequent impairment of OXPHOS function [6]. The multi-copy nature of mtDNA allows dis-
tinct mtDNA species, containing point mutations or rearrangements, to coexist in variable proportions in a
state termed heteroplasmy [7]. The proportion of pathological mtDNA molecules determines whether mito-
chondria become dysfunctional enough to cause clinical disease [8,9] because wild-type mtDNA molecules can
buffer the deleterious effects of pathogenic variants [10-13], and the proportion of mutation-containing
mtDNA molecules must exceed a threshold value before causing OXPHOS deficiency at the cellular level [13].

Deletions within mtDNA can occur spontaneously but are also associated with mutations within genes that
encode proteins required for mtDNA replication, as well as the related processes of mitochondrial nucleotide
metabolism and mitochondrial dynamics [14,15]. This loss of mtDNA function manifests as a subset of mito-
chondrial diseases termed mtDNA maintenance disorders (MMD) [14,16,17].

mtDNA structure and function
The human mitochondrial genome is a compact circular double-stranded DNA molecule of 16.6 kb. It encodes
13 proteins, all of which are components of OXPHOS complexes I, III, IV and V, as well as 22 tRNAs and 2
rRNAs (components of the small and large subunits of the mitochondrial ribosome) that are required for
protein synthesis within the mitochondrial matrix (Figure 1). Polypeptides produced by translation at mito-
chondrial ribosomes are embedded directly into the IMM during assembly of the OXPHOS complexes [18-20].
mtDNA is highly compact, with the protein-coding genes containing no introns, and with two pairs of over-
lapping genes. Human mtDNA contains only one major non-coding region (NCR), which contains many of
the sequence elements required for mtDNA replication and transcription (Figure 1) [21]. Genes are encoded by
both strands of mtDNA, and transcription is polycistronic and covers most of the genome. Two promoters for
mitochondrial transcription, the light-strand promoter (LSP) and heavy-strand promoter (HSP), are located
close together in the NCR on opposite strands [22]. Most protein-coding genes are flanked by tRNAs, and
endonucleolytic cleavage of the ends of these tRNAs by RNaseP [23] and ELAC2 [24,25] releases individual
mRNAs, tRNAs and rRNAs for translation [26]. A second heavy-strand promoter (HSP2) was mapped using
guanylyltransferase capping in early experiments [22]. However, discrepancies between the location of the
HSP2 transcription start site in vivo and in vitro, and the apparent lack of a requirement for TFAM during ini-
tiation [22,27,28], has led to debate over the validity of HSP2 as a bona fide promoter [29]. The HSP2 site was
also absent from recent high-throughput studies of human transcription initiation sites [30-32]. More recently
a second promoter of the light strand was identified and named LSP2 [31]. LSP2 is located at the opposite end
of the NCR from LSP, and upstream of all LSP-derived transcription products. This positioning suggests that
LSP2 could be used for transcription of mtDNA-encoded genes, while LSP could be used primarily for
mtDNA replication [29,31], but in-depth functional studies will be required to confirm or refute this idea.
mtDNA contains two canonical origins of mtDNA replication, termed OriH and OriL, with the intervening
unequal regions being referred to as the major arc and the minor arc. OriH is located within the NCR, down-
stream of LSP [33], while OriL is located in a cluster of five tRNA genes approximately two-thirds of the dis-
tance around the genome, in the direction of mtDNA replication [34]. At any given time a proportion of
mtDNA molecules contain a stable displacement loop (D-loop), formed by the incorporation of a third linear
DNA strand of ~650 nt called 7S DNA [35]. The D-loop region extends from the OriH region, at the 5 end of
7S DNA, to the termination-associated sequence (TAS) at the 3’ end of 7S DNA, immediately upstream of the
mt-tRNAP™ gene [36]. The location and rapid turnover of the D-loop suggests that it represents a prematurely-
terminated mtDNA replication intermediate, although alternative theories for the function of the D-loop have
been proposed [37].

The mtDNA replication machinery

Primer formation

Mitochondrial transcription from LSP creates the primers for mtDNA synthesis from OriH, and as a result the
core mitochondrial transcription machinery, consisting of the RNA polymerase POLRMT and the two tran-
scription factors TFAM and TFB2M [38], can be considered as being essential for heavy-strand mtDNA repli-
cation initiation. Because TFB2M and TFAM are required for positioning the RNA polymerase and melting the
promoter DNA during promoter-specific transcription initiation, they are not required for lagging-strand
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Figure 1. Human mtDNA structure.

The positions of mtDNA-encoded genes are shown separated according to whether they are encoded by the heavy strand
(H-strand) or light strand (L-strand), and the location of the replication origins OriH and OriL are indicated. An enlargement of
the non-coding region (NCR, top) shows the location of the three promoters HSP, LSP and LSP2, as well conserved

sequence blocks (CSBs) 1, 2 and 3, and 7S DNA, with its 5’ end in the OriH region and its 3’ end at the
termination-associated sequence (TAS).

replication priming at OriL, for which the DNA template is already single stranded [38,39]. POLRMT is a
single-subunit RNA polymerase related to T7 RNA polymerase (T7 RNAP) [40-42]. During promoter-specific
transcription initiation, TFAM acts by binding upstream of the promoter, inducing a sharp bend in the DNA
and recruiting POLRMT to the transcription start site [43,44]. TF2BM, and its paralogue TFB1M, were identi-
fied through their homology with the yeast mitochondrial transcription factor mtTFB, and show similarity with
rRNA methyltransferases [38]. However, whereas TFBIM has retained this methyltransferase activity, and
methylates two conserved adenine residues in the mitochondrial 12§ rRNA [45,46], TFB2M has lost this
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activity and instead promotes melting of the promoter template during transcription initiation [47,48]. Primers
synthesised from LSP require nucleolytic processing to generate RNA 3’ ends, hybridised to the DNA template,
that can be used for replication initiation. RNASEH1 is a monomeric enzyme that specifically removes the
RNA component of RNA:DNA hybrids [49], by processing [50] and removing the primers [51,52] synthesised
by POLRMT. RNASEH1 possesses an N-terminal mitochondrial targeting sequence that directs import of the
protein into mitochondria [53], and RNASEHI activity is essential for mtDNA replication [54].

Replication elongation

The minimal protein machinery capable of highly active and processive DNA synthesis using model substrates
in vitro consists of POLy (composed of POLyYA and POLyB), TWINKLE, and MTSSB [55]. The loss of any one
of these four proteins in mice results in embryonic lethality [32,56-58].

POLy was one of the first human DNA polymerases to be identified [59], and remains the only known mito-
chondrial replicative DNA polymerase. The primase-polymerase PRIMPOL is documented to localise to mito-
chondria and is implicated in translesion synthesis and replication fork restart [60-62]. Other polymerases for
which localisation to mitochondria has been suggested include DNA polymerases zeta [63,64], theta [65,66]
and beta [67,68]. The possibility of these proteins localising to mitochondria has been reviewed in detail else-
where [69], and as there is no documented role of these proteins in mtDNA replication elongation or mtDNA
instability they are not discussed further. Mammalian POLy is a heterotrimer comprised of a 140 kDa catalytic
subunit, POLYA, and a dimeric 55 kDa accessory subunit, POLyB [70]. POLyA possesses both 5'—3' polymer-
ase and 3’5’ exonuclease activities [71], while POLYB shows DNA binding activity and stimulates the proces-
sivity of the holoenzyme [72,73]. POLyA belongs to the family A of DNA polymerases, which also includes the
Escherichia coli DNA polymerase I and bacteriophage T7 DNA polymerase (T7 DNAP) [74]. Although T7
DNAP and POLy both utilise accessory factors that increase polymerase processivity, T7 DNAP co-opts the
host thioredoxin for this role [75], while POLYB shows homology with aminoacyl tRNA synthetases [76,77],
suggesting that POLyB may have been repurposed as an accessory factor.

The mitochondrial replicative helicase, TWINKLE, forms a hexameric complex that unwinds DNA in the
5'—3' direction [78]. TWINKLE is homologous to the gp4 helicase-primase of bacteriophage T7 [79], although
metazoan TWINKLE has lost key residues required for primase activity [80]. POLy and TWINKLE together
are capable of DNA synthesis in vitro, but this reaction is greatly stimulated by the mitochondrial single-
stranded DNA (ssDNA) binding protein, MTSSB [55]. MTSSB is homologous to E. coli SSB [81], and forms a
tetrameric complex that binds and wraps ssDNA [82-85]. MTSSB plays multifaceted roles in mtDNA mainten-
ance and replication by being required for mtDNA replication initiation [32,50], protecting displaced template
strands [86], directing sequence-specific priming of L-strand replication [32,86], and stimulating the activities
of other replisome components [55,87,88].

Replication termination

At the completion of mtDNA replication, nuclease activities are required to remove primers and DNA flaps, a
ligase activity is required to seal the resulting nicks, and interlinked daughter molecules must be separated (dec-
atenated). Current data supports the involvement of an RNA-specific nuclease (RNASEH1), a DNA-specific
nuclease (MGME1) and the exonuclease proofreading activity of POLy in replication termination [89].
MGME] is a dedicated mitochondrial enzyme that belongs to the PD-(D/E)XK superfamily of nucleases, and
is an ssDNA-specific exonuclease that requires a free DNA end to initiate catalysis [90,91]. The 3'—5’ exonucle-
ase activity of POLy also restrains the strand-displacement activity of POLy during polymerisation and aids the
formation of a ligatable nick [92]. Of the three ATP-dependent DNA ligases in human cells, LIG3 is targeted
to both the nucleus and mitochondria [93], with the mitochondrial isoform being essential for cell viability
[94,95].

The rotation of the replisome during DNA synthesis creates interlinked DNA molecules. These molecules
can be decatenated by either type IA or type II topoisomerases, which operate using a strand-passage mechan-
ism whereby a break is formed in ssDNA or dsDNA, an intact strand is passed through the break, and then
the break is resealed [96]. The type IA topoisomerase TOP3A is a ssDNA decatenase related to bacterial Top3,
and is targeted both to the nucleus and to mitochondria in human cells [97,98]. TOP3A is an essential gene
[99], and the loss of the mitochondrial isoform of TOP3A leads to the accumulation of hemicatenated mtDNA
replication products [100]. The type II topoisomerases TOP2A and TOP2B also utilise a strand-passage mech-
anism and could theoretically also participate in mtDNA decatenation, although their genetic knockout does
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not affect the topological state of mtDNA [88,100] and there are conflicting reports about their localisation
[88,100-104].

Mechanisms of mtDNA replication

This section will cover basic details of replication initiation from the two canonical origins of mtDNA replica-
tion, OriH and OriL, as well as aspects of replication termination and DNA topology, before discussing the dif-
fering proposed modes of the mechanism of mtDNA replication.

Replication initiation at OriH

The location of LSP upstream of the OriH site, as well as the discovery of RNA covalently attached to the 5
ends of DNA molecules in the OriH region [33,105], first indicated that transcription initiation from LSP could
generate the primers for mtDNA replication initiation from OriH, as well as for the synthesis of 7S DNA
(Figure 2A). The initiation of RNA synthesis from LSP minimally requires POLRMT, TFAM, and TFB2M; the
mechanism and regulation of mitochondrial transcription has recently been reviewed in detail elsewhere [29].
Premature termination of transcription within the NCR can either produce primers for mtDNA replication or
a free polyadenylated RNA species called 7S RNA [106], which has recently been found to interact with
POLRMT to regulate transcription activity [107]. To be utilised as primers, RNA products from LSP must
form R-loops, in which the primer RNA remains stably bound to the template DNA, displacing the non-
template strand. The Conserved Sequence Box (CSB) sequences between LSP and OriH, particularly CSB3 and
CSB2, are required to anchor the formation of R-loops [50,108,109], which also involves hybridisation with the
displaced H-strand [110]. Attempts to reconstitute mtDNA replication initiation from OriH have found that
these R-loops require additional nucleolytic processing before they can be utilised by POLy. This processing
activity was originally proposed to be provided by the ribozyme RNase MRP [111-113], but questions over the
mitochondrial localisation of the catalytic RNA molecule of this complex [114,115] and the lack of a mechan-
ism to import the RNA into mitochondria [116], later cast doubt on this hypothesis. More recently, RNASEH1
has been found to be able to provide the R-loop processing activity required for primer formation [50].

Once the primer has been processed, POLy is able to synthesise the nascent H-strand, which either termi-
nates at TAS (to form 7S DNA) or proceeds through the TAS region to replicate the full length mtDNA. The
rate of replication initiation from OriH could therefore conceivably be controlled by the rate of primer forma-
tion from LSP, or by whether or not DNA synthesis terminates at TAS. The majority of DNA synthesis events
from OriH terminate with the formation of 7S DNA, even in cells actively amplifying mtDNA copy number
[117,118], but how this termination occurs remains poorly understood [37].

In vitro, transcription from OriH by POLRMT frequently terminates at the CSB2 site [119-121]. The addition
of the transcription elongation factor TEFM, which increases the affinity of POLRMT for the DNA template and
promotes the formation of long transcription products [120,122], also promotes transcription through CSB2
[119,120]. The presence or absence of TEFM has therefore been suggested to act as a determining factor between
primer formation and full-length transcription [119]. A recent mouse knockout of TEFM exhibited increased
mtDNA copy number, but transcription initiation from LSP did not typically reach the CSB sites [123], arguing
against a simple molecular switch mechanism. Alternatively, TEFM could bind to all elongating transcription
complexes, and therefore represent an essential component of the mitochondrial transcription machinery.

L-strand replication priming at OriL

Early studies of mtDNA replication observed firstly that leading-strand replication from OriH must pass the
Oril site before lagging-strand replication from OriL can be initiated [124], and secondly that the OriL tem-
plate sequence has the ability to form a strong stem-loop structure with a stretch of poly(T) residues in the
loop [34,36]. These observations were later explained by the discovery that POLRMT can bind to this stem-
loop structure and initiate non-processive transcription from the poly(T) stretch to generate the primer for
L-strand synthesis from OriL (Figure 2B) [125-127]. Replication of the H-strand must therefore pass the OriL
site to displace the lagging-strand template in single-stranded form, which allows the OriL sequence to adopt
this secondary structure. The stem-loop structure of OriL firstly ensures that the poly(T) stretch used for
primer synthesis is available in single-stranded form [125,128], and secondly prevents MTSSB from binding to,
and blocking, the initiation site [32,86]. The OriL sequence is both conserved and refractory to mutation or
deletion in vivo [128,129], indicating that Oril is essential for mtDNA replication, as mtDNA molecules
without a functional OriL sequence cannot be propagated.

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 687


https://creativecommons.org/licenses/by/4.0/

.. 2 PORTLAND
00 Press

(A) Priming at OriH

-~

Initiation

R-loop formation Processing by RNASEH1

Strand displacement

OriH initiation OriL initiation

Biochemical Journal (2024) 481 683-715
https://doi.org/10.1042/BCJ20230262

(B) Priming at OriL

D) Strand coupled

C-0-O

N

RITOLS

0-0-0O

)

Stem-loop formation
and primer synthesis Initiation
Tr).’;’y;; Trffj%
= o
(F)
Decatenation

#@

— Template DNA
—— Nascent DNA

AN
e

/

Figure 2. Mechanisms of mtDNA replication.

— RNA

(A) Replication priming in the OriH region. Transcription from LSP by POLRMT creates a hybrid R-loop anchored at CSB2, which is processed by
RNASEH1 to generate a 3' RNA end that can be utilised by POLy for DNA synthesis. (B) Replication priming at OriL. When exposed in ssDNA form,
the OriL sequence forms a stem-loop structure. POLRMT initiates RNA synthesis from a poly(T) stretch in the loop of this structure, generating a
primer for DNA synthesis by POLy. (C-E) Models of mtDNA replication. (C) The strand displacement model (SDM). Leading (heavy) strand
replication is initiated at OriH, and the displaced lagging strand template is coated with MTSSB (yellow). Lagging strand replication is initiated by
POLRMT, which forms a primer at a stem-loop structure at the OriL site, allowing continuous L-strand synthesis. (D) Strand coupled replication.
Initiation is associated with a broad zone downstream of the NCR, Ori-z. Replication of the H-strand is continuous, while L-strand replication
requires the formation of discontinuous Okazaki fragments. (E) Ribonucleotide incorporation throughout the lagging strand (RITOLS). Replication is
initiated in the NCR, with OriL being the major site of lagging-strand DNA synthesis. The displaced lagging-strand template is coated with RNA
transcripts (bootlaces) rather than MTSSB. (F) Hemicatenated mtDNA replication products are separated by TOP3A.
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mtDNA topology during mtDNA replication

Moving polymerase complexes create regions of positive DNA supercoiling (overwinding) ahead of the
complex and regions of negative DNA supercoiling (underwinding) behind the complex [130]. Unresolved
supercoiling can inhibit replication fork progression and promote the formation of R-loops [96]. Additionally,
the supercoiling of replicating DNA can drive the formation of crossovers between the replicating molecules
that must be removed before the replicated molecules can be separated [131]. These problems are solved by
topoisomerases, which alter DNA topology by creating transient breaks in the DNA backbone [96].
Mitochondria possess a dedicated type IB topoisomerase, TOP1MT, which can remove both positive and nega-
tive supercoiling [132]. Although TOP1IMT has primarily been implicated in mitochondrial transcription
[133,134], binding sites for TOPIMT have also been mapped to sites important for mtDNA replication
[135,136], its loss leads to mtDNA replication stalling [88], and its activity is stimulated by MTSSB [88], sug-
gesting that TOPIMT also contributes to the maintenance of mtDNA topology during replication. In addition
to TOP1IMT, the type IA topoisomerase TOP3A localises both to mitochondria and the nucleus in human cells
[97,100]. TOP3A operates using a strand passage mechanism that allows it to both remove negative supercoil-
ing and decatenate interlinked molecules containing regions of ssDNA [98,137,138]. This decatenation activity
of TOP3A is required to separate replicated mtDNA molecules (Figure 2F) [88,100,139], and loss of mitochon-
drial TOP3A leads to the formation of replicated mtDNA molecules containing hemicatenanes close to OriH
[100]. In vivo, TOP3A may also be able to remove interlinks between replicating molecules while replication is
still proceeding, so that the completion of H-strand synthesis is concomitant with segregation [104,139].

Replication termination and primer processing
For mtDNA replication to be completed, the RNA primers must be removed, and the DNA strands ligated to
form covalently closed molecules. RNASEH]1, which specifically removes the RNA component of RNA:DNA
hybrids, is able to remove the majority of the RNA primer in mitochondria, leaving ~1-3 nt of RNA [51,140].
RNASEHL] is essential for mtDNA replication [52,54], and loss of RNASEH1 activity results in retention of
primer RNA at replication origins that inhibits further DNA replication and leads to mtDNA breakage [51,52].
POLYy, like other DNA polymerases, possesses a limited ability to displace an upstream 5 DNA end into a
short flap structure, and to co-operate with nucleases to remove this flap in order to generate a ligatable nick
[92]. If no RNA remains attached to the 5" end of the DNA strand, short DNA flaps produced by POLy can be
removed by MGMETI to leave a nick that can be sealed by LIG3 [141]. However, MGMEI is inefficient at pro-
cessing RNA-containing flaps [90] and in this case an additional flap endonuclease activity, such as that pos-
sessed by FEN1, is required to create a ligatable nick [140].

Strand displacement replication

The strand displacement model (SDM) was first proposed based on transmission electron microscopy (TEM)
data of replicating mtDNA [124] isolated using CsCl density gradient centrifugation, which was originally devel-
oped for the analysis of mtDNA [142]. The SDM remains the most widely accepted mechanism of mtDNA repli-
cation (Figure 2C). It posits that OriH and OriL are the major (or sole) origins for mtDNA synthesis, and that
replication from OriH must precede replication from OriL. During the substantial delay between the initiation of
H-strand synthesis from OriH and the initiation of L-strand synthesis from OriL, the displaced L-strand is coated
and protected by MTSSB [86]. MTSSB is abundant enough within mitochondria to fully coat the L-strand
[86,143] and the binding pattern of MTSSB predicted by the SDM has also been corroborated in vivo using
ChIP-seq [86]. The discontinuous nature of SDM replication means that DNA template unwinding by
TWINKLE is required for H-strand replication from OriH, but not for L-strand replication from OriL, for which
the template is already single-stranded. Because synthesis of the two mtDNA strands is unidirectional and
initiated from distinct sites, synthesis of the nascent H-strand is expected to be completed before synthesis of the
L-strand [124,144,145]. Replicated mtDNA segregates as open circular molecules and is subsequently converted
into closed circular supercoiled molecules [145]. The core principles of the SDM have been supported by many
studies that have biochemically reconstituted replication initiation from both OriH and OriL [50,126,127], and
shown that OriL is both essential and the principal origin of lagging-strand replication [125,128].

Strand-coupled replication

The application of 2-dimensional agarose gel electrophoresis (2D-AGE) to replicating mtDNA molecules
allowed the visualisation of fully double-stranded mtDNA replication intermediates, characteristic of coupled
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leading- and lagging-strand DNA replication, throughout the mtDNA [146]. Such intermediates would not be
expected in the case that OriH and OrilL are the sole replication origins, for which the L-strand template would
be predominantly single stranded (Figure 2D). Double-stranded mtDNA replication intermediates have also
been visualised in TEM and atomic force microscopy preparations [147,148]. Bidirectional replication initiation
events, associated with duplex replication intermediates, were mapped to a broad zone downstream of the
NCR, termed Ori-z [149]. Replication initiation events in this region have also been seen in cases where
mtDNA topology is severely dysregulated [88]. It is worth noting that there is no indication that the polymer-
ase complexes for H- and L-strand mtDNA replication physically or functionally interact, so it is possible that
the existence of additional lagging-strand origins of replication, that are used less frequently than OriL, could
account for the presence of double-stranded replication intermediates [150].

RITOLS replication

The RITOLS model, short for Ribonucleotide Incorporation Throughout the Lagging Strand, was developed
based on mtDNA replication intermediates visible by 2D-AGE that are resistant to cleavage using standard
restriction enzymes but that are sensitive to RNASEHI1. These intermediates were found to contain RNA
annealed specifically to the lagging-strand template during replication [151,152]. This RNA was later suggested
to derive from processed mitochondrial transcripts that can anneal to the lagging strand template and were
termed bootlaces (Figure 2E) [153,154]. The RITOLS model otherwise shares many features with the SDM,
including the asynchronous nature of replication and the use of the OriH region and OriL as the principal sites
of DNA synthesis. An additional bidirectional replication origin, Ori-b, was mapped to the NCR downstream
of OriH and associated with RITOLS intermediates [152,155]. The apparently unidirectional nature of mtDNA
replication [152,156] would imply that, if bidirectional replication initiation were to occur in the NCR, then
one of the replication forks must become arrested at OriH, while the other proceeds around the major arc
[155]. The RITOLS model has struggled to gain widespread acceptance, due in part to a lack of mechanistic
clarity over how the processed and structured mitochondrial transcripts would be annealed to the lagging-
strand template, the presence and essential nature of mitochondrial RNASEH]1 activity [51,52,54], and the diffi-
cult and esoteric nature of 2D-AGE data interpretation [157].

Mechanisms of mtDNA instability

Deletion classes and spectra

Deletions of mtDNA are classified according to the presence and type of repeat sequences at the deletion break-
points. Class I deletions, which occur at direct repeats, typically constitute 65-75% of all reported breakpoints,
with the remaining deletions either showing imperfect homology at the breakpoint (Class II) or no detectable
homology (Class III) [158-166].

The vast majority of mtDNA deletions are contained within the major arc, between the replication origins
OriH and OriL [167,168]. The origins of mtDNA replication must be preserved in deletion-containing mole-
cules for the deletion to be propagated [128,129]. The location of replication origins, and likely the mechanism
of mtDNA replication, therefore place constraints on when and where deletions can form (Figure 3). This
means that although the majority of mtDNA deletions are associated with direct repeats, most direct repeats are
not associated with deletions. It should also be noted that many methods for mapping mtDNA breakpoints do
not distinguish between deletions and duplications, and so some breakpoints, most obviously those that appear
to remove an origin of replication, are likely to constitute duplications. The most widely studied Class I dele-
tion, termed the common deletion, removes 4977 bp of the major arc between two 13 bp direct repeats. This
rearrangement is frequently seen in sporadic cases of mitochondrial disease associated with single, large-scale
deletions (SLSD) [169,170], as well as in multiple deletion disorders [163,171] and ageing [172-177]. Of the
five direct repeats of 13 bp or greater in human mtDNA, the common deletion is both the only one frequently
observed in vivo, and the only one for which both repeats are located in the major arc [158,169].

Deletions associated with repeat sequences typically remove one of the two repeats. Imperfect repeats can
therefore be used to assign directionality to the rearrangement, according to which repeat is retained and which
is lost. Analyses of these breakpoints have found that most Class II deletions either retain the 5 repeat
sequence or occur within the repeat, with removal of the 5 repeat being rarer [158,163,164].

An additional ‘hotspot’ for deletion formation is found in the TAS region, and deletions between this site
and multiple sites in the major arc are frequently seen in patients with multiple mtDNA deletions
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Figure 3. Rearrangement breakpoint patterns in mammalian mtDNA.

All reported human mtDNA breakpoints in the MitoBreak database [168] were plotted using Circos (A), or categorised by
association with single, large-scale deletion disorders (B), multiple mtDNA deletion disorders (C), ageing (D), or Parkinson’s
disease (E). All reported breakpoints in mouse mtDNA (F) are shown for comparison. The outer track indicates the locations of
mitochondrial mMRNAs (white), tRNAs (black), rRNAs (dark grey) and the NCR (light grey).

[129,163,178,179]. These deletions typically show little or no homology at the breakpoints, and their formation
may instead relate to the triple-stranded structure of mtDNA at this site showing a greater propensity for repli-
cation slippage or breakage [37].

Deletion formation during mtDNA replication

Models for the formation of mtDNA rearrangements have suggested that deletions are either formed during
mtDNA replication or driven by the presence of double-strand breaks, although these mechanisms are not
mutually exclusive.

Several lines of evidence support the idea that mtDNA deletions, particularly those associated with repeats
(Figure 4A), can be formed during mtDNA replication. First, the directionality of deletions at imperfect repeats
[158,163,164] implies a slippage mechanism during DNA synthesis, as deletions associated with DNA breakage
would be expected to be symmetrical regarding repeat sequences. Second, the pattern of deletions formed
during DNA synthesis by POLy in vitro closely resembles that seen in clinical samples [163]. Third, the cluster-
ing of deletions in the major arc, between the origins of DNA replication, suggests a link to the mechanism of
mtDNA replication, although the minor arc contains relatively fewer direct repeats [180]. Fourth, deletion
breakpoints cluster around sequences that are expected to be difficult to replicate, such as homopolymeric
tracts [171,181] and predicted G4 quadruplex structures [182,183], which have recently been observed to form
in vivo [184].
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Figure 4. Mechanisms of mtDNA deletion formation.
(A) Representation of mtDNA, containing direct repeat (DR) sequences (blue and orange boxes) in the major arc. (B)

Slip-replication model. Mispairing of an upstream repeat sequence in the displaced lagging-strand template, followed by

No homology
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Figure 4. Mechanisms of mtDNA deletion formation. Part 2 of 2
breakage of the displaced loop (red arrows), generates a truncated template molecule that is replicated to generate a
deletion-containing mtDNA. (C) Copy-choice recombination model. Slippage and mispairing during lagging-strand mtDNA
replication forms a heteroduplex molecule containing a single-stranded loop. Replication of this molecule generates one
full-length mtDNA molecule and one deletion-containing molecule. (D-F) Models of mtDNA deletion formation associated with
strand breaks. Generation of a double-strand break (DSB) in mtDNA (D), followed by partial degradation of the broken DNA
ends, creates truncated mtDNA molecules. Pathways are shown both for homology-mediated annealing of resected DNA ends
(E) and the ligation of partially-degraded DNA ends without homology (F).

An early model for the mechanism of mtDNA deletion formation, termed slip-replication, was originally
suggested to explain the formation of the common deletion [170]. This model suggests that during H-strand
synthesis (leading-strand replication) a repeat from the displaced parental H-strand anneals with a downstream
repeat on the leading strand template. A break would then need to be created in the displaced loop of parental
H-strand ssDNA, and then re-ligated, after which a deletion-containing molecule would be formed during
lagging-strand synthesis [170] (Figure 4B).

More recently an alternative model, copy-choice recombination, has proposed instead that deletions are
formed during synthesis of the mtDNA L-strand, corresponding to lagging-strand synthesis from Oril
(Figure 4C). According to this model, the dissociation of the replisome and slippage of the nascent lagging
strand to a downstream repeat sequence on the template causes the skipping of the intervening sequence. The
newly replicated truncated molecule will be converted into a fully dsDNA deletion-containing molecule follow-
ing a second round of replication [163]. Slippage during lagging-strand replication requires the lagging-strand
template to be in a single-stranded conformation, as predicted by the strand-displacement model of mtDNA
replication. The copy-choice recombination model is supported by biochemical reconstitution experiments and
matches the observed tendency towards retention of the 5 repeat sequence during the formation of Class II
deletions [163]. Furthermore, the creation of nicks immediately downstream of the 5 repeat in vivo, which
would be expected to promote the slippage of the template, has been found to increase the rate of deletion for-
mation between repeats [185], consistent with this model. A similar mechanism of deletion formation has been
documented in E. coli [186]. Such a mechanism would imply that any factors that cause stalling of the mito-
chondrial replisome would promote template slippage and consequently deletion formation [181]. This could
therefore explain why defects in factors involved in distinct pathways can all result in similar patterns of dele-
tion breakpoints (Figure 3) [14]. In this model, replication stalling induced either by mutations in components
of the mtDNA replication machinery, by a deficiency or imbalance in mitochondrial nucleotide levels, or by a
lack of content mixing resulting from impaired mitochondrial fusion, all result in mtDNA replication stalling
that promotes template slippage. Deletion formation at specific repeats could be made more likely by the
sequences being brought into proximity by secondary structures [163] or by extended regions of imperfect
homology [162].

mtDNA deletions associated with DNA breakage

Several studies have found that the creation of a large number of double-strand breaks in mtDNA promotes the
formation of deletions (Figure 4D). By engineering either cells or mouse models in which a restriction endo-
nuclease is targeted for import into mitochondria, site-specific double-strand breaks have been induced in
mtDNA, leading to a rapid loss of mtDNA copy number [187-193]. Following recovery of copy number,
rearrangement-containing molecules can be detected, with breakpoints frequently clustered around the restric-
tion site and the TAS region [188,189,191-193].

Deletion formation associated with mtDNA strand breaks has been suggested to occur via aberrant repair of
linear mtDNA molecules [180,194,195]. This could occur through the annealing of short regions of homology
following limited nucleolytic processing (resection) of double-stranded ends, or by simple ligation of broken
molecules. In the nucleus, double-strand breaks would typically be repaired either by non-homologous end
joining or by homologous recombination (HR), both of which require DNA binding factors and enzymatic
activities that have not been found in mitochondria [194,196,197]. Furthermore, the use of HR leads to the
exchange of sequence information between molecules, where homologous sequences have been used as a tem-
plate for DNA synthesis across the break site [198]. In a study of mice harbouring two stable heteroplasmic var-
iants, no exchange of sequence information was found to have occurred after more than fifty generations,
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arguing against the existence of a homology-directed repair mechanism in mitochondria [196]. Nevertheless, in
the presence of high levels of linear mtDNA molecules, deletions could conceivably be formed by the undirected
annealing of partial degradation products, or by the ligation of broken mtDNA ends by LIG3 [195]. In this case
the rapid degradation of linearised mtDNA molecules would be important to prevent deletion formation [189].

Interestingly, many of the deletions observed following mtDNA cleavage with targeted restriction enzymes
show little homology at breakpoint sites [188,189,191,192] compared with deletions seen in human pathologies,
most of which occur at direct repeat sequences [167,168]. However, breakpoints at the TAS site, which is often
seen as a hotspot for deletion formation in patients with multiple mtDNA deletions in MMD [171,178,179],
also frequently show little homology, providing support to the idea that mtDNA strand breaks may be relevant
for deletion formation under normal in vivo conditions. Double-strand breaks in mtDNA could conceivably
form via DNA replication stress, or as the result of exogenous agents such as chemotherapeutics or radiation.
Further insights into the in vivo rate of mtDNA double-strand break formation, and the mechanism of mtDNA
degradation, would help to establish whether mtDNA strand breaks are a common cause of mtDNA deletions
(particularly Class III deletions) in addition to situations in which high levels of strand break have been artifi-
cially induced.

Stable linear mtDNA molecules

As noted above, linear mtDNA molecules are rapidly degraded under normal conditions and so are not usually
detectable [187-193]. However, in certain conditions a long linear mtDNA fragment corresponding to the
entire major arc, with ends at the replication origins OriH and OriL, can be seen. As this molecule lacks com-
plete origins it would not be expected to be replication competent, and its ligation would form a circular
deletion-containing molecule that also could not be propagated, indicating that it must constantly be produced
by de novo mtDNA replication. This linear species was first observed in the mutator mouse, which lacks the
3’-5" exonuclease activity of POLy [199,200]. Similar linear molecules were subsequently seen in patients [201]
and in mice [202] lacking the mitochondrial matrix exonuclease MGME]1, as well as Rnasehl knockout mice
[52]. Mouse models of all three of these cases display site-specific mtDNA replication stalling at both origins of
replication [52,200,202], suggesting that the linear species could be produced by breakage of mtDNA replica-
tion intermediates at fragile sites [200]. However, all of these factors also participate in the removal of primers
and the generation of ligatable ends at OriH and OriL [51,92,140,141]. An alternative model suggests that these
linear mtDNA molecules are generated via replication of mtDNA molecules that contain persistent nicks at the
replication origins, because of defective primer- and flap-processing activities [92]. Consistent with this model,
the loss of the mitochondrial topoisomerases TOP3A and TOP1MT also causes the accumulation of mtDNA
replication intermediates stalled around the replication origins, but without causing spontaneous breakage and
the generation of linear mtDNA fragments [88].

mtDNA duplications

Partial duplications of mtDNA have been reported in some circumstances, although these are rare in compari-
son with deletions. High levels of specific single duplications have been seen in sporadic cases of mitochondrial
disease, particularly associated with diabetes [203-205]. Duplications within mtDNA, associated with nuclear
DNA variants in genes involved in mtDNA maintenance, have also been observed. A notable example is the
mtDNA mutator mouse, which shows a complex and tissue-specific pattern of duplications within the NCR
termed control region multimers [206]. Patients with loss-of-function mutations in MGMEI have also been
found to harbour multiple mtDNA duplications in muscle, again concentrated around the NCR region,
although frequently duplicating the entire NCR and adjacent genes [201]. The similarities between these two
cases may also point to a link between defective mtDNA flap processing and duplication formation.

An additional consideration when analysing mtDNA rearrangements is that duplications cannot be distin-
guished from deletions using only the breakpoints seen in short-read sequencing datasets [129]. It is therefore
possible that the rate of duplication formation is higher than currently appreciated, particularly where deletions
have been reported that apparently remove an essential origin of replication.

Heteroplasmy and mtDNA inheritance

There has been a lot of recent interest in the transmission and selection of mtDNA variants in the literature
(see reviews in [8,207-209]). Though much of the work has been focused on substitutions rather than major
deletions in the organellar genomes, the models are broadly applicable to both. However, only the smallest, and
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most precise codon excising deletions could possibly be viewed as functionally inert to the cell. Most deletions
span multiple kilobases, and truncate protein-coding genes, delete tRNA genes [210-212], and potentially
create novel open reading frames [213]. It appears that such a fused open reading frame between two mito-
chondrial genes is the basis of mitochondrial male sterility in plants [214]. So how does a mutation that is
most certainly deleterious to the cell survive and propagate within an organism?

Due to the multicopy nature of mtDNA in most cell types, any new rearrangement or mutation will be rare
within the cell’'s mtDNA pool. As such, these mutations will initially be of little functional consequence to the
cell. However, as mitochondria do not have a co-ordinated mechanism to ensure equal replication and segrega-
tion of each nucleoid, it is possible that this new mutation can either be lost during mtDNA turnover, or
become more frequent in the mtDNA pool of that cell through various cellular mechanisms [8,208]. In add-
ition, there has been a longstanding argument that shorter mtDNA molecules bearing deletions would take less
time to replicate, so could potentially have a replicative advantage to aid in their propagation in the cell
[215,216]. If the mutation occurs in a terminally differentiated cell later in life, such as an accumulated somatic
mutation during the ageing process, it will remain isolated in that cell. However, mutations occurring during
embryogenesis, growth, or in stem cell compartments may be propagated by cell proliferation, enhancing their
pathogenic effects as the proportion of affected cells increases within tissues and across organ systems.
Moreover, if occurring in germline cells, mutations could also be inherited by the organism through sexual
reproduction. A more detailed discussion of the mechanisms of segregation can be found in a later section.

If a mutation becomes more prevalent in the cell, it becomes more likely that the biochemical consequence
of the mutation is able to affect the cell, leading to altered function of the mitochondrial respiratory chain, or a
change in exerted selection pressure for or against the mitochondria bearing a specific mutation. This phenom-
enon was first described in yeast and cell culture experiments, where cells were selected for mutations that con-
ferred resistance to antibiotics such as chloramphenicol, antimycin or oligomycin [217], but was soon applied
to patients with mtDNA-related disease and their families. This found that family members with low to moder-
ate mtDNA mutation levels remained resistant to mitochondrial disease phenotypes, while those with a
mutation-dependent ‘high’ level were afflicted with the mitochondrial disorder [13].

The first major recognisable pattern in the observed accumulated mtDNA deletions is the conservation of
the control region and OriL regions in deletion-containing mtDNA molecules [164,165,171]. Even with the
added depth of long-read detection studies, this pattern is so far maintained; deletions that remove OriL or the
replication-associated regions of the control region remain rare observations, even in ageing tissues [218-220].
One assumes that this is due to the importance of these sites for the ability of the deletion-containing mtDNA
to undergo strand-uncoupled replication. According to this hypothesis, the rare deletions would be incapable
of replication, and so would remain as rare ‘one-off’ molecules. Thus, selection against mutations that incapaci-
tate mtDNA replication in somatic tissues have long been acknowledged. The level of the deletions in tissues
have also implied that somatic selection on these molecules has occurred. Studies of deletions associated with
Pearson’s syndrome have shown that, in some tissues, there appears to be a selective loss of the deletions, such
as in the bone marrow or peripheral blood [221-223].

Thus, it is unsurprising that mtDNA deletions experience purifying selection in the germline, given that
reading frame-disrupting mutations [207,224] or even rare amino acid substitution mutations [225] are known
to experience purifying selection in animal germlines [226]. In the case of Pearson’s syndrome, transmission of
the deletion from affected mothers has been estimated at around 1 in 24 births, with the risk of recurrence
being 1-9 in 117 births [227]. However, data from animal models imply that in specific circumstances, reliable
transmission of deletions can occur [228]. A mouse line carrying a single, large-scale mtDNA deletion
(AmtDNA***®) was reported in 2000, derived from mitochondria isolated from synaptosomal fragments from
aged mouse brains which were transferred into p° cells (cells lacking mtDNA), then fused into mouse embryos
to generate the line [228]. For the first three generations, the authors reported the presence of a 27.6 kb,
partially-duplicated mtDNA molecule. However, the partial duplication was rare, and was eventually lost, but
the strain continued to faithfully transmit the AmtDNA***® molecule.

Clinical consequences of mtDNA instability

Mitochondrial diseases are a diverse group of inherited metabolic disorders that ultimately impair mitochon-
drial bioenergetics [6,229,230]. A subset of mitochondrial diseases are linked to mtDNA instability, causing
either depletion of mtDNA copy number or mtDNA mutations, including deletions, such as cases of mtDNA
SLSD [159,169,210,231] and MMD [14,16,230,232]. A summary of genes and clinical phenotypes associated
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with mtDNA deletions and depletion is provided in Table 1. SLSD arise early in development and accumulate
over time causing disease [159,231,305,306], however, as described above transmission is rare and SLSD are
considered sporadic [227]. In MMD, autosomal dominant or recessive variants disrupt mtDNA maintenance
pathways (including mtDNA replication) and lead either to mtDNA depletion [276,307] or the accumulation
of multiple mtDNA deletions within cells, causing disease [14,17,308]. In the North East of England, mito-
chondrial diseases affect ~1 in 8000 adults (>16 years old), with 12% being SLSD and 22% due to a wide range
of nuclear variants, 59% of which are MMD cases [242], while SLSD represented ~20% of all cases (32% of
cases of pathogenic mtDNA mutations) in an Italian cohort [233].

Clinical spectrum of mitochondrial disorders with mtDNA instability

Most mitochondrial disease phenotypes are multisystemic and notoriously heterogeneous, depending upon the
gene or variant involved, and mtDNA instability disorders are no exception (Figure 5) [14,231-237,243]. While
we aim to describe disorders associated with mtDNA instability, a comprehensive clinical description of these
conditions is out of the scope of this review and can be found elsewhere [14,231-238,243].

Skeletal myopathy with weakness, fatigue, and declining mobility and exercise tolerance are common
[14,231-238,243]. Eye movements are often restricted due to extra-ocular muscle weakness, termed progressive
ophthalmoplegia (PEO), often with reduced ability to raise the upper eyelid (ptosis) [14,231-238,243]. Muscle
weakness may affect speech (dysphonia) and swallowing (dysphagia), which may lead to malnutrition and
aspiration pneumonia [14,231-238,243].

Nervous system disease is heterogeneous but common, and different neurological structures may contribute,
often simultaneously, to similar clinical features such as visual impairment due to retinal, optic nerve and/or
brain disease (e.g. stroke-like episodes), or loss of coordination (ataxia) due to cerebellum, spinal cord and/or per-
ipheral nerve disease [14,231-238,243]. Nervous system involvement may be severe, disabling, or fatal, including
epilepsy, stroke-like episodes, cognitive impairment, neuropsychiatric symptoms, sensory impairment, hearing
loss, and motor disability due to spasticity, dystonia, rigidity and/or ataxia [14,231-238,318]. Moreover, early
onset disease may cause failure to thrive, neurodevelopmental delay and intellectual disability [14,231,233-237].

Endocrinological (e.g. diabetes), gastrointestinal, cardiac, renal, and liver disease may also be prominent and
potentially life-threatening [14,231-237]. Adult-onset SLSD and MMD tend to cause myopathic phenotypes
that progress over decades, while more damaging genotypes cause early-onset, multisystemic, rapidly progres-
sive disease, sometimes with superimposed metabolic crisis events (e.g. Leigh syndrome, Pearson syndrome
(PS) and stroke-like episodes) [14,231-238,243].

Single, large-scale deletions

SLSD comprise a spectrum of overlapping phenotypes, including the classically described PS, Kearns-Sayre syn-
drome (KSS) and chronic progressive external ophthalmoplegia (CPEO) [231,233-238]. PS is characterised by
infantile sideroblastic anaemia, exocrine pancreatic dysfunction, and failure to thrive, as well as renal and liver
disease [233-236,239-241,319]. Despite best medical care (e.g. blood transfusions), neutropenia-related infec-
tions and severe lactic acidosis may be fatal [234,239-241,319], however survivors often convert into a KSS
phenotype [236,239-241]. Classically, KSS manifests before 20 years of age with PEO, ptosis, pigmentary retin-
opathy, and cardiac disease, but myopathy, ataxia, cognitive impairment, hearing loss, dysphagia, gastrointes-
tinal complications, renal disease, seizures, and endocrinopathies are also part of the KSS spectrum [231,233-
236,238,320]. Classically, CPEO is an adult-onset progressive myopathy with PEO, ptosis, proximal limb weak-
ness, poor exercise tolerance, and dysphagia, however, multisystemic features may emerge with age (CPEO
plus) [231,233,235,236,238,243,320].

Despite significant genotype-phenotype variability [231,233,234,236,238,321,322], the deletion load in SLSD
correlates inversely with age of onset [233,234] and positively with clinical severity [238,322]. Total and wild
type numbers of mtDNA copies may also modulate the level of mitochondrial dysfunction in tissues [10,321].
In some studies, but not all, the deletion size showed inverse correlation with age of onset and positive correl-
ation with multisystemic disease, clinical progression, or severity [233,236,238]. In some studies, the position of
the deletion and set of lost genes also modulated age of onset, disease severity [236,322] and level of mitochon-
drial dysfunction [238,323]. Phenotypes are assigned based on presenting features but tend to evolve along the
SLSD spectrum over time [233,236,239-241]. Remarkably, the proportion of the deletion in SLSD declines in
mitotic tissues (e.g. blood) but rises in post-mitotic tissues (e.g. skeletal muscle) with age [240,305]. For
instance, PS presents with high deletion load (> 70%) that declines rapidly with age in the liver and blood of a
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Table 1. Summary of human diseases, syndromes and phenotypes associated with genetic defects characterised by
mitochondrial DNA (mtDNA) deletions or depletion Part 1 of 2

Gene Disease/syndrome/phenotype References

Single, large-scale deletions (mitochondrial DNA defect)

Primary mitochondrial DNA Pearson syndrome (PS) [231,233-241]
(mtDNA) deletions Kearns-Sayre syndrome (KSS)
Chronic progressive external ophthaimoplegia (CPEO)

Mitochondrial DNA maintenance disorders (autosomal defects)
Mitochondrial DNA replication

POLG Alpers-Huttenlocher syndrome (mtDNA depletion syndrome) [242-252]
Childhood myocerebrohepatopathy spectrum (MCHS) (mtDNA
depletion syndrome)

Mitochondrial neurogastrointestinal encephalopathy (MNGIE)-type
(MtDNA depletion syndrome)

Myoclonic epilepsy, myopathy, and sensory ataxia (MVEMSA)

® Spinocerebellar ataxia with epilepsy (SCAE)

Ataxia neuropathy spectrum (ANS)

e Mitochondrial recessive ataxia syndrome (MIRAS)

e Sensory ataxia, neuropathy, dysarthria and ophthalmoplegia
(SANDO)

Progressive external ophthalmoplegia (PEO)

e Autosomal recessive PEO (arPEO)

¢ Autosomal dominant PEO (adPEQ)

Other phenotypes

® Charcot-Marie-Tooth (CMT) 2 type phenotype

e Parkinsonian phenotype

POLG2 Autosomal dominant PEO (adPEO) [253-256]
Mitochondrial DNA depletion syndromes (hepatic and
neuro-ophthalmic types)

TWNK Autosomal dominant PEO (adPEO)
Mitochondrial DNA depletion syndrome (hepatocerebral) or
infantile-onset spinocerebellar ataxia (IOSCA)
Perrault syndrome

RNASEH1 Autosomal recessive PEO (arPEQO) [250,257,258]
Encephalomyopathic phenotypes

TOPSA Autosomal recessive PEO (arPEO) [179,259-262]
Bloom syndrome-like disorder (mtDNA depletion syndrome)

MGMET Mitochondrial DNA depletion syndrome (multisystemic) [90,263]
PEO phenotype (often cerebellar ataxia and profound emaciation)

DNA2 Autosomal dominant PEO (adPEO) [264-266]
Seckel syndrome (genome instability)

TFAM Mitochondrial DNA depletion syndrome (hepatocerebral) [267]

Deoxyribonucleotide triphosphate (dNTP) metabolism

RRM2B Autosomal dominant PEO (adPEO) [232,268,269]

Mitochondrial neurogastrointestinal encephalopathy (MNGIE)-type
(mtDNA depletion syndrome)

Mitochondrial DNA depletion syndrome (encephalomyopathic type
with renal tubulopathy)

Rod-cone dystrophy, sensorineural deafness, and fanconi-type
renal dysfunction

TYMP Mitochondrial neurogastrointestinal encephalopathy (MNGIE) [270-272]
(MtDNA depletion syndrome)
PEO phenotype (often milder gastrointestinal disease)

K2 Mitochondrial DNA depletion syndrome (myopathic) [273-275]
Autosomal recessive PEO (arPEQO)

Continued
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Table 1. Summary of human diseases, syndromes and phenotypes associated with genetic defects characterised by

mitochondrial DNA (mtDNA) deletions or depletion Part 2 of 2

Gene Disease/syndrome/phenotype References

DGUOK Autosomal recessive PEO (arPEQO) [248,249,276~
Mitochondrial DNA depletion syndrome (hepatocerebral) 280]

MPV17 Charcot-Marie-Tooth (CMT) disease, axonal, type 2EE [248,249,276,277]
Mitochondrial DNA depletion syndrome (hepatocerebral)

SUCLA2 Mitochondrial DNA depletion syndrome (encephalomyopathic) [281,282]

SUCLG1 Mitochondrial DNA depletion syndrome (encephalomyopathic) [282,283]

ABAT GABA-transaminase deficiency (encephalopathic, mtDNA [284-286]
depletion syndrome)

SLC25A4 Autosomal dominant PEO (adPEO) [287-289]
Mitochondrial DNA depletion syndrome (cardiomyopathic)

AGK Sengers syndrome [290-292]

Congenital cataract
Mitochondrial dynamics

OPA1 Autosomal dominant optic atrophy 1 [293-295]
Autosomal dominant optic atrophy plus (variable myopathy, ataxia,
and spasticity)
Mitochondrial DNA depletion syndrome
(encephalocardiomyopathic)

MFN2 Charcot-Marie-Tooth (CMT) disease (several types) [296-301]
Multiple symmetric lipomatosis (with or without neuropathy)
FBXL4 Mitochondrial DNA depletion syndrome [302-304]

(encephalocardiomyopathic)

This is not intended to be an exhaustive list of all previously described features associated with each gene, and the full clinical spectrum for many of
these mitochondrial diseases is likely to expand and require re-organisation as more variants with distinct phenotypes are identified.

PS mouse model, and in blood of patients, as they recover haematopoietic function [240]. Simultaneously,
SLSD clonally expand to high levels in the skeletal muscle of KSS patients [305], as well as in muscle of PS
mice and PS survivors who convert into a KSS phenotype [240].

mtDNA maintenance disorders

MMD represent a wide range of autosomal dominant or recessive disorders directly impairing mtDNA replica-
tion (POLG, POLG2, TWNK, TFAM, RNASEHI, MGMEI, DNA2 and TOP3A), disrupting mitochondrial
nucleotide metabolism (TK2, DGUOK, SUCLGI1, SUCLA2, ABAT, RRM2B, TYMP, SLC25A4, AGK, and
MPV17), or affecting mitochondrial dynamics (OPA1, MFN2, and FBXL4) [9,14,16,232,235,237,243,324,325].
More deleterious and often recessive variants tend to cause mtDNA depletion leading to early onset, severe,
multisystemic and potentially fatal conditions, while less severe and often dominant variants cause more slowly
progressive and often myopathic adult-onset diseases with accumulation of multiple mtDNA deletions
[14,16,17,232,235,243,306,308]. Overall, myopathy is common, with variable progression and anatomical pat-
terns, from isolated PEO, often with ptosis, to PEO with severe axial (core) and proximal (limb girdle) muscle
weakness, sometimes with severe dysphagia and respiratory insufficiency [14,16,232,235,243]. The PEO pheno-
type, which has PEO as its defining feature, can include almost any other skeletal muscle involvement, with
ptosis and proximal myopathy as common features, especially if considering its natural history of disease pro-
gression [14,16,232,235,243].

Depending on genotype and age of onset, additional neurological features may be present, including epilepsy,
stroke-like episodes, parkinsonism, ataxia, neuropathy, and optic atrophy [14,16,232,235,237,244-247]. These
may be prominent, often in various combinations (e.g. POLG variants) [244-247], or may be the main or
single manifestation (e.g. optic atrophy in OPAI variants) [14,16,232,235,293]. Non-neurological complications
may also be present and prominent in some genotypes, such as severe and potentially life-threatening gastro-
intestinal disease (e.g. TYMP, POLG, RRM2B and MGMEI variants) [90,244,246,247,268-272], liver disease
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Figure 5. Clinical manifestations of mtDNA instability.

Symptoms associated with either single, large-scale mtDNA deletion disorders or mtDNA maintenance disorders are shown that affect the central
nervous system [14,231,233-237,309-311], eyes and ears [14,231-238,243,312], heart [14,179,231,233-235,237,287,290-292], gastrointestinal tract
[14,231,233-235,237,313], endocrine system [14,231,233-236,314,315], kidney [14,231,233-235,316,317], neuromuscular system [14,231-238,243],
as well as other complications [14,231,233-237].

(e.g. POLG, MPV17, DGUOK and TFAM variants) [16,232,244,246-249,267,276-278] and cardiac disease (e.g.
AGK, SLC25A4 and TOP3A variants) [179,287,290-292].

Disorders of mtDNA replication

Variants of TWNK and POLG collectively cause disease in 1.0 in 100 000 adults in the North East of England
[242] and, in other cohort studies were found to explain 16% of all cases exhibiting PEO with or without other
clinical features, 16% of cases of PEO phenotype without other features [243], and 41% of cases of autosomal
PEO phenotype [250]. In the North East of England, dominant TWNK variants were the most common cause
of mtDNA replication disease, affecting 0.7 per 100000 adults [242], and typically cause adult-onset PEO,
ptosis, and proximal weakness [79,326]. PEO may be found in 86% of TWNK cases, with 96% being classified
as ‘pure’ PEO [243], while TWNK variants may explain 6% of all cases with PEO [243] and 16.5% of autosomal
PEO cases [250]. More rarely, recessive TWNK variants cause mtDNA depletion and severe multisystemic neu-
rodegenerative disorders, with liver disease, untreatable epilepsy, and infantile death [327-329].
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Recessive POLG disease affects 0.3 per 100 000 adults in the North East of England [242], however, POLG
disease was found to be the most prevalent monogenic mitochondrial disease (10%) in an Australian adult
cohort [251]. POLG disease is a spectrum of overlapping features emerging from early infancy to late adulthood
and punctuated by classically defined syndromes [244]. Recessive variants, often causing mtDNA depletion,
manifest early in life as multisystemic and rapidly progressive neurodegeneration, often with refractory epilepsy,
and end-stage liver failure, including myocerebrohepatopathy spectrum diseases and Alpers-Huttenlocher syn-
drome [244-249]. Less deleterious variants may manifest before adulthood as multisystemic and neurodegen-
erative phenotypes including the classical myoclonic epilepsy, myopathy and sensory ataxia (MEMSA),
spinocerebellar ataxia with epilepsy (SCAE), mitochondrial recessive ataxia syndrome (MIRAS) and sensory
ataxia, neuropathy, dysarthria and ophthalmoplegia (SANDO) syndromes [244-249]. Dominant POLG variants
often manifest as adult-onset slowly progressive disease, usually PEO, ptosis, and myopathy, although other fea-
tures may manifest later in life [244,252]. Nevertheless, PEO may be found in 83% of POLG cases, with 47%
being classified as ‘pure’ PEO [243], while POLG variants may explain 10% of all cases with PEO [243] and
25% of autosomal cases with PEO [250].

Amongst other mtDNA replication factors that have been associated with mitochondrial disease, dominant
POLG2 variants cause PEQ, ptosis, and myopathy, from infancy to late adulthood, often with additional neuro-
logical and non-neurological features [253-255], while recessive variants cause severe phenotypes akin to the
POLG spectrum [255,256]. A TFAM variant has been reported to cause neonatal liver failure with mtDNA
depletion in two consanguineous siblings of Colombian-Basque descent [267]. Recessive TOP3A variants either
cause mtDNA depletion and severe multisystemic neonatal disease, or adult-onset PEO, ptosis, and proximal
myopathy, with peripheral neuropathy and cardiac disease, in association with multiple mtDNA deletions
[179,259,260]. The spectrum of TOP3A disease is complicated by the presence of mitochondrial and nuclear
isoforms, with more severe variants causing deficiency of the nuclear isoform and leading to a Bloom
syndrome-like disorder characterised by short stature and predisposition to tumour formation [179,261,262].

Autosomal variants affecting nucleases that support mtDNA replication, including RNASEH1 [250,257,258],
MGME] [90,263], and DNA2 [264-266], can also cause mtDNA replication disorders, often with prominent
and marked myopathy, including respiratory weakness, and a spectrum of neurological and non-neurological
features, including gastrointestinal disease [16,232]. Recessive RNASEH1 variants cause adult-onset PEO, ptosis,
myopathy, respiratory weakness, dysphagia, cerebellar disease, and neuropathy, with multiple mtDNA deletions
[250,257,258]. Recessive MGMEI variants cause PEO, ptosis, and marked myopathy with respiratory weakness
in childhood or early adulthood, with mtDNA depletion or multiple deletions [90,263], and may cause severe
emaciation due to gastrointestinal disease [90]. Dominant DNA2 variants cause childhood to adulthood onset
of slowly progressive PEO, ptosis, and myopathy, with multiple mtDNA deletions [264]. However, truncating
and frameshift variants may cause early onset myopathy [266] with rhabdomyolysis and cardiac disease [265].

MMD of deoxynucleotide triphosphate metabolism and mitochondrial
dynamics

In addition to disorders of mtDNA replication, deletions in mtDNA have also been observed in cases of mito-
chondrial disease associated with pathogenic variants in factors required for the availability of mitochondrial
deoxynucleotide triphosphates (ANTPs), as well as in proteins involved in mitochondrial dynamics.

Variants affecting the availability or balance of mitochondrial dNTPs may cause MMD with a wide range of
multisystemic features, disease severity and age of onset [16,232,237,248,249,276,307,330-332]. This may involve
proteins required for mitochondrial ANTP salvage, for cytosolic de novo dNTP synthesis, or for the transport of
nucleotide precursors across mitochondrial membranes. Variants in TK2 and DGUOK disrupt mitochondrial
pyrimidine and purine salvage pathways, respectively [16,232,330,332]. Both succinyl-CoA ligase (SUCL) and
ABAT are required to convert deoxyadenosine (ADP) or guanosine (GDP) diphosphates to their triphosphory-
lated forms [232,284]. Variants in SUCLA2 [281] and SUCLGI [283] (subunits of SUCL [282]), and in ABAT
[284], cause mtDNA depletion syndromes associated with disrupted mitochondrial dNTP pools [232].
Mitochondrial nucleotide pools further rely on de novo synthesis in the cytosol by ribonucleotide reductase, and
may be indirectly perturbed by variants in its regulatory RRM2B subunit [268], known to cause both mtDNA
depletion and multiple mtDNA deletions [232,268,269]. Finally, TYMP variants may impair thymidine nucleo-
tide metabolism, with the accumulation of pyrimidine nucleosides that disrupt mtDNA synthesis [271,272].
Cytosolic ANTPs must be imported into the matrix, and variants in related IMM proteins have been found to
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cause multiple mtDNA deletions and, more frequently, mtDNA depletion syndromes [249,276,307,330,331]. For
instance, acylglycerol kinase (AGK) maintains an ideal IMM composition [290-292] for efficient insertion of the
ADP/ATP translocator SLC25A4, which is critical to maintain the mitochondrial ANTP pool and metabolic
balance [288]. MPV17 is another IMM protein which is required to import deoxythymidine monophosphate
and sustain mtDNA synthesis [333]. Variants in AGK [290-292], SLC25A4 [288] or MPV17 [248,249,276,277]
have all been reported to cause MMD with mtDNA depletion or multiple deletions.

Most recessive DGUOK and MPV17 variants cause severe and often fatal nervous system and liver disease
before adulthood due to mtDNA depletion [248,249,276-278]. However, less damaging variants may cause
mtDNA deletions, and lead to adult-onset PEO, ptosis, and myopathy in the case of DGUOK [279,280] and
myopathy with neuropathy in the case of MPV17 [277]. Recessive TK2 variants cause mtDNA depletion with
early onset severe myopathy with respiratory failure [273], but intermediate phenotypes and less severe
adult-onset myopathic forms with mtDNA multiple deletions have also been described [274,275]. Recessive
SUCLA2 [281,282] or SUCLGI [282,283] variants cause multisystemic infantile mtDNA depletion with severe
muscle and central nervous disease (encephalomyopathic syndrome), often with additional non-neurological
features, leading to death during childhood [248,282]. Recessive variants in ABAT can cause early onset, severe
and fatal encephalopathy, with documented mtDNA depletion in patients [284]. However, because ABAT is
also required for the catabolism of the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) [285],
the phenotype has so far been mainly linked to GABA accumulation [286]. Recessive TYMP variants classically
cause a progressive and multisystemic syndrome with potentially fatal gastrointestinal dysmotility and cachexia,
combined with myopathy and neuropathy, named mitochondrial neurogastrointestinal encephalopathy
(MNGIE), with both depletion and multiple mtDNA deletions having been described [270-272]. However, less
damaging variants cause less severe and often late-onset disease [270]. Curiously, recessive RRM2B variants
often cause even more severe, rapidly progressive and multisystemic mtDNA depletion syndromes with severe
myopathy, gastrointestinal, nervous system (MNGIE-type), and sometimes renal disease, which are often fatal
within infancy [268,269]. A less severe PEO, ptosis, and myopathy phenotype, manifesting before early adult-
hood, is associated with dominant RRM2B variants causing mtDNA multiple deletions, with less frequent or
severe multisystemic features [269]. AGK [290,292] and SLC25A4 [287-289] variants often cause cardiac and
skeletal myopathy frequently with mtDNA depletion [330]. Surprisingly, dominant SLC25A4 disease can mani-
fest either at birth, with respiratory failure, feeding difficulties and mtDNA depletion [287], or as adult-onset
slowly progressive PEO, ptosis, and myopathy with multiple mtDNA deletions [287,289]. Furthermore, reces-
sive. AGK variants cause potentially fatal infantile respiratory and cardiac failure [290-292], but recessive
SLC25A4 variants cause a childhood-onset intermediate form of cardiac and skeletal myopathy [287].

Mitochondrial dynamics, particularly mitochondrial fusion, is also required to maintain mtDNA stability
and is disrupted by variants in OPAI [293], MFN2 [296,297,334] and FBXL4 [302,303]. As described above in
relation to variants in the mtDNA replication machinery, more severe variants are associated with mtDNA
depletion in childhood, whereas less severe variants may cause the accumulation of multiple mtDNA deletions
in individuals with adult-onset mitochondrial disease. OPA1 variants mostly cause autosomal dominant optic
atrophy with incomplete penetrance, starting in early childhood or early adulthood (bimodal), occasionally
with additional features including myopathy, neuropathy, hearing loss, spasticity, and cerebellar disease
[293,294]. Deletions within mtDNA have been observed associated with multisystemic OPA1 disease in adults
[293,335]. However, compound heterozygosity may also cause mtDNA depletion, manifesting at birth with
marked cardiac, myopathic and nervous system disease causing early death [295]. Although phenotypically
variable, MFN2-related disease preferentially damages the peripheral nervous system, causing dominant or
recessive motor and sensory neuropathic phenotypes, with variable additional features, most notably optic
atrophy, and multiple mtDNA deletions [296-301]. Finally, recessive FBXL4 variants cause a severe, multisyste-
mic and often fatal, infantile encephalomyopathic syndrome associated with mtDNA depletion [302-304].

Clonal expansion and tissue specificity of mtDNA

rearrangements

Mechanism of clonal expansion

mtDNA mutations have been observed to accumulate over the course of human lifespan, and contribute to the
pathogenesis of ageing and disease [336]. Several theories have been proposed to explain the mechanism by
which mtDNA mutations accumulate; a process called clonal expansion. Increasingly, it seems apparent that no
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single mechanism is consistent with all mtDNA mutations and cell types. Two prominent early theories of
clonal expansion are referred to as ‘survival of the smallest’ [337] and ‘survival of the sickest’ [338], although
both theories have largely fallen out of favour. The ‘survival of the sickest’ theory posited that mitochondria
containing a mutation-carrying mtDNA molecule will be less efficient at OXPHOS and will therefore produce
less ROS, and as such will go undetected by quality control mechanisms designed to remove damaged mito-
chondria [338]. The ‘survival of the smallest’ theory alternatively suggested that an mtDNA molecule contain-
ing a deletion will take less time to replicate than a wild-type molecule because of its smaller size, and will
therefore out-compete the wild type mtDNA over time [337]. This hypothesis was supported by the observa-
tion that, when mtDNA copy number is artificially depleted, the rapid mtDNA replication that repopulates
mtDNA copy number leads to an increase in the proportion of the deletion-containing mtDNA species [339].
However, data from C. elegans that has studied two different sizes of mtDNA deletion has suggested that dele-
tion size is not an important factor in clonal expansion [340]. Furthermore, deletion size does not seem to
have an impact in human skeletal muscle, as deletions of different sizes appear to have no impact on the size
of the respiratory chain deficient region observed in a muscle fibre [308], and so it was concluded that mtDNA
deletion size does not impact the rate at which an mtDNA deletion clonally expands. It therefore seems more
likely that mtDNA size is only important under conditions of relaxed replication in order to replenish mtDNA
copy number and is not rate limiting in human tissues. Theories of clonal expansion based upon the size of
the molecule would also be unable to explain how mtDNA point mutations clonally expand, as mutation-
containing molecules are the same size as wild type mtDNA.

There is now consensus that the clonal expansion of mtDNA point mutations can be explained by random
genetic drift [341]. Random drift suggests that mtDNA replication under relaxed copy number control is suffi-
cient to cause a stochastic accumulation of mtDNA point mutations over time [342]. As yet it is unclear
whether random genetic drift could also explain the clonal expansion of mtDNA deletions, and as such further
theories have been suggested to explain their accumulation.

One such theory suggests a feedback loop coordinating mtDNA translation and replication, whereby a
reduced rate of translation of specific mtDNA-encoded proteins, which could be lost due to a deletion, would
be linked to an increased rate of mtDNA replication in order to allow more protein synthesis [343,344]. Whilst
this is an interesting theory, an assessment of the mtDNA deletion spectra reported in MitoBreak [168] does
not indicate that specific genes are consistently removed in all of the reported, clonally expanded mtDNA
deletions.

Another theory has approached this question with a focus on the tissue-specific environment, as opposed to
mitochondrial genetics and biology. Based on the smallest regions of mitochondrial dysfunction in skeletal
muscle being found consistently adjacent to nuclei, it was suggested that the myonuclei in skeletal muscle offer
a replicative advantage to mtDNA deletions in perinuclear mitochondria, because their close proximity to the
nucleus facilitates rapid mito-nuclear signalling and an increased rate of mtDNA replication [306]. Whilst the
data reported supports the impact of this proximity, there are still unanswered questions around the exact role
of mito-nuclear signalling and mtDNA replication in the clonal expansion of mtDNA deletions in skeletal
muscle, in particular whether the rate of mtDNA replication is constitutively higher in the perinuclear region
or is triggered by mitochondrial dysfunction and retrograde signalling. In silico modelling of a spatial unit of
mtDNA dynamics in a single sarcomere of skeletal muscle has demonstrated that stochasticity, density of
mutated mtDNA and a spatial structure are sufficient for clonal expansion; this theory was termed ‘stochastic
survival of the densest’ [345]. This suggestion is similar to the previously-mentioned perinuclear niche hypoth-
esis in that it considers highly structured skeletal muscle, although the modelling focuses on only a single sarco-
mere. Both studies focus on the unique tissue architecture of skeletal muscle, with multiple nuclei and a
densely packed cytoskeletal structure that restricts mitochondrial transport, meaning that this phenomenon
may not occur in other cell types.

Tissue specificity of clonal expansion

An interesting difference in the literature between mtDNA point mutations and mtDNA deletions is that
mtDNA deletions appear to clonally expand preferentially to mtDNA point mutations in post-mitotic tissues.
In comparison, mtDNA point mutations are more commonly seen in mitotic cells [215]. A distinct caveat of
this observation is that there are only few studies that have systematically investigated clonally expanded
mtDNA point mutations in post-mitotic tissues using unbiased methods [346]. This difference between mitotic
and post-mitotic tissues could be explained by mtDNA deletions being more damaging, and therefore less
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likely to be propagated in cells that must divide regularly. However, it is also possible that the prior assumption
that mtDNA deletions will be observed in post-mitotic cells, and that mtDNA point mutations will be observed
in mitotic cells, biases the types of investigations that are carried out and, as a result, the currently available
data is incomplete. Differences in inheritance patterns between mtDNA deletions and point mutations must
also be taken into account. For example, cells with cytochrome ¢ oxidase (COX) deficiency can be observed in
patients with inherited m.8344A > G mutations, however, it is difficult to determine whether these mtDNA
mutations have clonally expanded or merely persisted due to their inherited nature. Investigations of sporadic,
rather than inherited, mtDNA point mutations would be useful to confidently determine whether mtDNA
point mutations do clonally expand in skeletal muscle.

Differences in deletion spectra and levels have been observed between different diseases [168,347], with dele-
tions within both the major and minor arc observed in MMD, inclusion body myositis, ageing, and tumours, but
typically restricted to the major arc in Parkinson’s disease. In brain, the proportion of deletion-containing
mtDNA molecules in single neurons from the substantia nigra varies between 20% and 70%, associated with
either Parkinson’s or healthy ageing [348]. In skeletal muscle, proportions of deletion-containing molecules as
high as 99% have been detected in MMD and ageing [17,164]. This may relate to the ability of skeletal muscle to
buffer high levels of mtDNA deletions using adjacent healthy mitochondria from the same cell [164] and a
higher sensitivity of neurons to mitochondrial dysfunction, leading to neuronal cell death at higher deletion loads.

Conclusions

The study of mtDNA replication and instability has long been challenging, because of the multi-copy nature of
mtDNA, differences in opinion over the mechanism of mtDNA replication, the lack of suitable systems to test
models of deletion formation and accumulation, and the complex tissue specificity and different inheritance
patterns of mitochondrial disorders.

Data supports the idea that deletions can be formed either due to aberrant mtDNA replication or following
mtDNA breakage, although the relative contributions of these processes to the spectrum of mtDNA deletions
seen in individual mitochondrial diseases and ageing is yet to be determined. The existence and functional sig-
nificance of mtDNA duplications, seen associated with the loss of specific protein activities, also remains rela-
tively unexplored and will be an interesting topic of future study.

Understanding the complex tissue specificity of mitochondrial diseases remains one of the greatest outstand-
ing problems in the field, of which the tissue specificity of SLSDs and MMDs are a contributing factor. Studies
in cultured cells, as well as detailed in vitro work, has allowed for the development of detailed molecular
mechanisms for mtDNA replication and the formation of deletions. In the future, a better understanding of
how the rate of mtDNA replication and mtDNA damage differs between tissues will be required to better estab-
lish where and why mtDNA mutations and deletions accumulate. This may also help to answer the longstand-
ing question of why mtDNA point mutations apparently predominate in mitotic cells, while mtDNA deletions
are primarily found in post-mitotic cells.
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