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REVIEW

The generation of mitochondrial DNA large-scale
deletions in human cells

Tao Chen!?2, Jing He3, Yushan Huang1 and Weiwei Zhao!

Large-scale deletions of human mitochondrial DNA (mtDNA) are a common cause of mitochondrial diseases. In order to prevent
and treat these mitochondrial diseases, it is important and necessary to understand the mechanisms behind the generation of
these deletions. Generally, there exist three kinds of large-scale deletions: deletions almost occur within two direct repeats with
identical sequences (class | deletions), deletions are flanked by imperfect repeats (class Il deletions) and by no direct repeats
(class Il deletions). Two major hypotheses are suggested to generate these deletions: replication for class I/ll deletions through

slipped mispairing between two repeats, and repair mainly for class Il/l1l deletions mediated by mtDNA double-strand breaks.
It seems possible that these two mechanisms work together as a powerful and complementary system to compensate for their

defects in the generation of all these deletions, not respectively.
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MITOCHONDRIA AND MITOCHONDRIAL DNA

Mitochondria are ubiquitous organelles, which convert food into
energy in the form of ATP through oxidative phosphorylation.
Mitochondrial oxidative phosphorylation is composed of complex I,
I, IIT and IV, and complex V, that is, the ATP synthase. In brief,
electrons from the carbohydrates and fats are transferred to complex I
or complex II, then flow through ubiquinone (CoQ) to complex III
and finally went through cytochrome (Cyt ¢) to complex IV to
generate HyO. The energy released in this way is used to pump out
protons through complex I, IIT and IV to create an electrochemical
gradient. These high-capacitance protons flow back to complex V with
concomitant production of ATP, which is used as a source of chemical
energy supply for the process of life.!

Human mitochondrial DNA (mtDNA), as the only ex-nuclear
genome, is a small (16569bp), economical and double-stranded
closed circular molecule.? The outer G-rich strand, called heavy strand
(H strand) can encode the 12S and 16S ribosomal RNAs (rRNAs), 14
transfer RNAs (tRNAs) and 12 polypeptides, the other inner C-rich
strand named light strand (L strand) can only encode eight tRNAs and
one polypeptide (ND6). In total, it contains 37 genes encoding 13
peptides for the oxidative phosphorylation apparatus, 7 for subunits
of complex I, 1 for subunits of complex III, 3 for subunits of complex
IV and 2 for subunits of complex V, as well as 22 tRNAs and two
rRNAs.! D-loop region is the only one non-coding region in mtDNA,
which has 1211 base pairs with some important and essential region,
including the H-strand origin of replication (Oy), some transcription
factor binding sites, L strand promoters and conserved sequence

blocks.? Therefore, it has an important role in replication, transcrip-
tion, translation and evolution of mtDNA. The L-strand replication
origin (Op) is two-thirds the circumference around the mtDNA from
the Oy in the D-loop. The two origins of replication (Oy and Oy)
divide the mtDNA into two arcs: the minor arc that includes D-loop,
the 125 rRNA, 16S rRNA, NDI, ND2 and some tRNAs and the major
arc that includes the other genes of mtDNA (Figure 1).

Mitochondria, the only semiautonomous organelle in human cells,
have their own separate system for mtDNA replication, transcription,
translation and repair of damaged mtDNA. Mitochondrial dysfunc-
tion, including that associated with mtDNA mutation, has been
increasingly recognized as an important factor in a wide range
of human diseases.*?

MITOCHONDRIAL DNA MUTATION IN HUMAN DISEASES

Lack of protective histone, poor repair system and high frequent
exposure to reactive oxygen species, generated as a toxic by-product
from mitochondrial oxidative phosphorylation, exposes mtDNA at
high risk to damage.®® Point mutations (including mini insertions
and deletions) and major rearrangement mutations (deletions
and insertions) are common in human mitochondrial diseases and
aging people.>® Most point mutations of mtDNA are homoplas-
mic,!®!! but pathogenic mutations are usually heteroplasmic.!> Com-
pared with point mutations, mtDNA large-scale deletions occurred
less frequently, nevertheless they contribute much more to mitochon-
drial diseases, cancer and aging. Different deletions have been demon-
strated with relation to aging,'>'# various types of cancer'>!° and
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Figure 1 A human mitochondrial DNA map showing deletion frequency of every gene and relationship between some mtDNA deletions and mitochondrial
diseases. The number in every gene represents the deletion frequency of this gene according to MITOMAP. Arcs represent the deleted regions and arrows
indicate the relationship. Deletion frequency is calculated by the number of one gene lost to the total number of each gene lost in all deletions.
Single letters inside are abbreviations of the 22 tRNAs. Abbreviations: KSS, Kearns—Sayre syndrome; PEO, progressive external ophthalmoplegia; Oy, the H
strand origin of replication; O, the L strand origin of replication. A full color version of this figure is available at the Journal of Human Genetics journal

online.

mitochondrial diseases, such as Kearns-Sayre syndrome,?*~2? myopa-

thies,?>?* progressive external ophthalmoplegia,®>?>2¢ diabetes,?’
deafness?” and so on (Figure 1). The 4977bp common deletion and
the ~7.4kb deletions are the top two deletions most associated with
mitochondrial diseases,> because they can both influence the mito-
chondrial protein synthesis due to the loss of at least one tRNA gene
and one coding region.”® mtDNA deletions have been considered as
the first pathogenic mutations in human mtDNA.?

Deletions have been reported in different tissues from the same
patient, and demonstrated in various types of human cancer or some
mitochondrial diseases at different deletion level.!>1>30-33 Although
all large-scale mtDNA deletions are heteroplasmic and sometimes the
deletion level is low, as long as the deleted mtDNA is present, it is
prone to expansion quickly because of its replicative advantage.*?
Meanwhile, being exposed continuously to the endogenous reactive
oxygen species, the level of mutant mtDNA would accumulate until a
biochemical and physiological defect is expressed.* In order to
prevent these patients from mitochondrial diseases and improve the
current treatment, we need to enhance our understanding of the cause
and pathogenesis of these mitochondrial diseases.

DISTRIBUTION AND CLASSIFICATION OF MITOCHONDRIAL
DNA DELETIONS

Analyzed by Southern blotting, PCR and DNA direct sequencing,
mtDNA deletions have been detected and their position at 5" and 3’
breakpoints have been calculated.3” Most of the deletion breakpoints
occur within two directly repeated sequences, which are thought to
cause most large-scale mtDNA deletions.?”*® Among the 263 patho-
genic deletions, the 5" and 3 ends had a uniform distribution mostly
within the major arc.38 According to MITOMAP, we concluded all
large-scale deletions and also found that the deleted regions frequently
locate in the major arc, especially the ND4 and ND5 gene (Figure 1).
Furthermore, these deletions almost occur within perfect repeats
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(68%) (class I deletions), whereas 12% deletions are flanked by
imperfect repeats (class II deletions) and 20% deletions are flanked
by no direct repeats (class 11T deletions).?

mtDNA 4977bp deletion has been frequently reported within the
category of class 1 deletions. The two 13bp perfect repeats
(ACCTCCCTCACCA) have been found at mtDNA nucleotide positions
8470-8482bp (in the ATPase8 gene) and 13447-13459bp (in the ND5
gene) surrounding this deletion breakpoint. One repeat is retained,
whereas the other is removed. This rearrangement mutation removes
two complex V subunits, one complex IV subunit, four complex I
subunits and five intervening tRNAs. The deleted 5kb subgenomic
fragment with no origins of replication locates concordantly in the
center or at the hotspot of the distribution of deletions in the major arc.

At the direct repeat level, it was suggested that large-scale deletions
occurred either by slipped mispairing or recombination, whereas
different mechanisms may have caused the generation of deletions
several years ago.”> And now, through further researches, we have
developed a deeper understanding of their occurrence and could
provide additional perspective for prevention of mitochondrial dis-
eases associated with mtDNA large-scale deletions.

THE GENERATION OF mtDNA LARGE-SCALE DELETIONS
There has not been a united conclusion on how these deletions are
generated. At least two major hypotheses are thought to be the cause
of these formations (1) mtDNA replication?®?437-38 and (2) repair of
damaged mtDNA.>40 Similarly, the two hypotheses are based on the
fact that slipped mispairing or misannealing mediates the formation
of human mtDNA deletions.

REPLICATION-GENERATED MITOCHONDRIAL DNA
DELETIONS

Mitochondria foremost duplicates its mtDNA before it starts the
division.*! mtDNA has two origins of replication, the Oy and the
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Figure 2 Slipped mispairing replication models behind the generation of
mitochondrial DNA (mtDNA) deletions. Asynchronous replication (above) can
form a single strand to give the two repeats a chance to mispair to generate
mtDNA deletions, whereas synchronous replication (low) seem not have the
capacity to make these.

Op. This characteristic is similar to bacteria and plasmids, but differs
from human nuclear DNA. Partly unlike nuclear DNA replication,
there are two main ways of mtDNA replication: a strand-asynchro-
nous, asymmetric mode as proposed by Clayton et al*»* and a
synchronous, coupled leading- and lagging-strand synthesis mode
as suggested by Holt et al** (Figure 2)

A strand-asynchronous, asymmetric replication of mtDNA is a slow
process beginning at the Oy in the D-loop. The nascent H strand
progresses abidingly at two-thirds the circumference around the
L strand till the Of is exposed, then the nascent L strand begins to
synthesize in the opposite direction. In this stage, most of the parent H
strand (the major arc) is a single strand, which is thought to be
vulnerable, to being out of control of the mtDNA replication systems.
Because of replication error, large-scale deletions are considered to be
generated via slipped mispairing between the two inter-strand
repeats.?04044 If the 3’-repeat (taking the L strand to be the reference)
of the parent H strand pairs with the downstream 5’-repeat of the L
strand, a single-strand loop is then generated. Once a strand breaks
and degradation takes place, a new deleted parent H strand will be
ligated, subsequently be taken as a template for the synthesis of the
daughter L strand from the Op. The two nascent strands replicate
persistently as a circle around their separated templates, a new wild-
type mtDNA and a deleted mtDNA will be synthesized.?>4? (Figure 2).

Currently, most researchers consider that replication is the possible
mechanism behind the deletions. Besides this theory, there are some
strong reasons that make us to believe that the generation of mtDNA
deletions is related to the mtDNA replication error.

(1) A high proportion of the reported mtDNA deletions occurred
within the major arc of mtDNA between the two origins of
replication. A few deletions would remove the Op, but the Oy
will be mostly conserved.>*4346 These features of mtDNA
deletions are consistent with the hypotheses that replication
generates deletions. An entire mtDNA replication starts from
the Oy and finishes at the Oy. The nascent L strand does not
begin to synthesize until the O is exposed when the nascent H
strand synthesis has processed about two-thirds away from
the Oy. The single parent H strand between the two origins
(the major arc) emerges and gives a chance for the two repeats
downstream from the Oy to come together to generate mtDNA
deletion via slipped mispairing replication.*
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(2) A special phenomenon observed in the 4977 bp common dele-
tion was consistent with the postulate that mtDNA deletions
occurred during the slipped mispairing replication. This deletion
occurs between two perfect repeats, located at 8470-8482 and
13447-13459bp, respectively. Conventionally, the nucleotide
sequence from nt8483 to nt13446 should be deleted. However,
Degoul et al.?® found that the adenosine at nt13446 near the
3’-repeat close to the Oy was retained. At the replication
direction and the retained adenosine lever, once again, this
implies that the slipped mispairing replication generates
mtDNA deletions.

(3) In the process of replication, how can two repeats that are
sometimes situated far from each other around the molecule
come together and mispair to form a single strand loop? We have
already known that mtDNA is not straight, but almost curved,
during replication. Schon et al®” found two AT-rich regions
located near the common deletion breakpoint. Rocher et al.¥’
suggested that long regions of homopyrimidine/homopurine or
pyrimidine content are present, surrounding the deletion break-
points. Solano et al?® identified that, sometimes, there were
some palindrome sequences present within or near the deletion
breakpoints. They all considered that these characterizations of
mtDNA may make it easy to alter its conformation and then
bend. Once mtDNA bends to a degree, there would be a chance
for the two repeats to mispair to form a single-strand loop. After
the single-strand loop breaks and degrades, the H strand ligates
to become a template for synthesis of the deleted mtDNA.
Furthermore, special binding proteins can induce and stabilize
bends in the front of the human mtDNA L strand replication
origin in the process of DNA replication.*® And recently,
DNA bending in TATA-binding proteins/TATA complexes has
been proposed in nuclear DNA by Wu et al.*’ Therefore, by a
combination of the several natures of mtDNA and Wu’s experi-
mental results, it is plausible to say that mtDNA could bend in
the process of replication to induce the two intramolecular
repeats of the different strands to form a single-strand loop,
which is a prerequisite for the generation of mtDNA large-scale
deletions.

There have been many evidences leading us to believe that the slipped
mispairing replication as the major mechanism behind mtDNA large-
scale deletions generation. However, there are some equivocal doubts
about it. For example, these abovementioned evidences are dependent
on a situation that a single strand must be exposed during the process
of mtDNA replication. To make this possible, only the strand-
asynchronous replication can create this specific situation. When it
comes to a synchronous, coupled leading- and lagging-strand synth-
esis mode of replication, these evidences will not be valid*’ (Figure 2).
Holt et al.*#>%! and Brown et al.>? had different opinions about the
mechanisms of mtDNA replication, but they both believed the strand-
asynchronous, asymmetric replication occurred in mammalian mito-
chondria through detecting and analyzing the existence of replication
intermediates with the help of two-dimensional agarose gel electro-
phoresis and atomic force microscopy. The two major modes of
mtDNA replication can be found simultaneously in mammalian cells.
These findings indicate that the strand-asynchronous mode of replica-
tion mediate the generation of mtDNA deletions, and the two modes or
even only one accumulate these deletions. Furthermore, during the
strand-asynchronous replication, the generation of class III deletions
still remains to be unanswered, as there were no repeats at the deletion
breakpoints, neither does the slipped mispairing seem to work.
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REPAIR-GENERATED MITOCHONDRIAL DNA DELETIONS
Recently, mtDNA deletions are considered likely to be generated
during the repair of double-strand breaks (DSBs) of mtDNA. 405354
In mammalian cells, mtDNA DSBs can be caused by ionizing radia-
tion or by some endogenous factors including replication pausing.®>>°
In other words, DSBs can occur momentarily, thus repair becomes
very important and necessary to maintain mtDNA integrity. There are
two orthodox pathways to repair a DSB: homologous recombination
and nonhomologous end-joining (NHEJ). These two repair
partners differ in their requirements of direct repeats to pair at the
junction,>>-60

During the homologous recombination repair pathway, the ends of
the DSBs are susceptible to be resected completely by 3’ — 5" exonu-
cleases, allowing the homologous repeats to pair, so that the two free
single-strand tails are exposed to be degraded. After the single-strand
annealed absolutely, a new intact mtDNA with deletion is produced
(Figure 3). Furthermore, DSBs of mtDNA seem likely to promote
deletions without repeats, which implies that NHE] also has a role in
repairing this mtDNA damage,>»>* although NHE] repair has not
been identified in neuronal mitochondria®®! (Figure 3).

There are also some experiments supporting this hypotheses that
deleted mtDNA may be generated during the repair of damaged
mtDNA with DSBs. They established animal models with DSBs
through resecting the mtDNA by restriction endonuclease. Krishnan
et al.* found most of new deletions ligated between the restriction
endonuclease sites and the D-loop or between two restriction endo-
nuclease sites, but they did not explain clearly about which types
of deletions occurred more frequently. In addition, other findings
showed that DSBs-induced deletions contained no or small direct
repeats, especially class II/III deletions.”>>*

However, there are also some concerns about this hypothesis. For
instance, the mitochondrial DNA polymerase, POLG, has a well-
characterized 3’—5" exonuclease activity to mediate ligation of
mtDNA DSBs.4% Furthermore, POLG seems not to have the capacity
to degrade a large portion of mtDNA. Possibly, there are other
uncharacterized exonucleases taking place in the generation of dele-
tions.>* It seems that mtDNA deletions primarily occurred during
NHE]J repair model rather than during homologous recombination
model, as a small portion of mtDNA may need to be degraded during
NHEJ. It is consistent with Moraes’s finding that DSBs mainly
mediates the formation of class II/IIT deletions.”»** Furthermore, all
class I, class II and class III deletions can occur in the situation in
which the same DSBs restricted by endonuclease pair with each

other.”>>* However, it seems to be a fact that single mtDNA
deletions are common in sporadic mitochondrial diseases including
Kearns—Sayre syndrome and chronic progressive external ophthalmo-
plegia.#*0 Srivastava et al.>>>* suggested that DSBs mainly mediated
the formation of class II/III mtDNA deletions in mammals, whereas,
in fact, class I deletions occur frequently in human cell.

REPLICATION AND REPAIR, DO THEY WORK INDEPENDENTLY
OR TOGETHER?

There are three types of mtDNA deletions, 68% for class I deletions,
12% for class II deletions and 20% accounting for class III deletions.
Replication remains valid to generate mtDNA deletions, which can
only generate class I/II deletions, whereas at the DSBs level, it has been
acknowledged that repair can generate all these deletions currently.
In addition, class II/III deletions seem likely to be formed during
repair.>>»>* On the basis of these phenomena, both of the two models
have their flaws behind the generation of mtDNA deletions.* Replica-
tion and repair can mainly generate only class I/Il and class II/III
deletions, respectively, (Figures 2 and 3). Taken the two models
together, it may be a powerful and complementary system to generate
deletions. However, it does not necessarily mean they always work
simultaneously. Potentially, there is a selection between replication and
repair mediating mtDNA large-scale deletions. Single large-scale
deletions, a common cause of mitochondrial diseases, frequently
occur at mild situation and mostly account for class I/II deletions.
Here, replication is the dominant mechanism behind the formation of
deletion. Ionizing radiation or some severe endogenous factors can
arise mtDNA DSBs, DSBs-induced deletions mainly account for class
II/IIT deletions, in which repair is the dominant or even independent
mechanism leading to mtDNA deletions.

CONCLUSIONS

mtDNA mutations have been demonstrated to be related with many
human mitochondrial diseases. Furthermore, in these mutations,
deletions were the first pathogenic mutations.?” Now there is not a
uniform mechanism leading to the occurrence of mtDNA deletions.
Replication may cause class I/II deletions, and repair mainly cause
class II/III deletions. However, it is a fact that class I, class II and
class III deletions can coexist in a person or even in the same tissue.>*
Boldly, replication and repair may work as a connected
system to compensate for their defects in the generation of all these
deletions.
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Figure 3 Schematic representation of the mechanism of mitochondrial DNA (mtDNA) deletions generation during the repair of the damaged mtDNA with
double-strand breaks. The ends are joined with or without direct repeats, thereby generating class I/Il deletions and class II/11l deletions, respectively.
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Replication and repair would be the top two mechanisms behind
the formation of mtDNA large-scale deletions. However, many con-
cerns remain, and further work is required to test the two mechanisms
or more. Improved understanding of the mechanisms involved
in their generation will pave the way for prevention and treatment
of mitochondrial diseases.
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