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their own genome different from nuclear genome. Mitochondrial DNA (mtDNA) mutations can cause a
series of diseases and threaten human health. However, an effective approach to edit mitochondrial
DNA, though long-desired, is lacking. In recent years, gene editing technologies, represented by restric-
tion endonucleases (RE) technology, zinc finger nuclease (ZFN) technology, transcription activator-like

Il\ji{ ;"c‘;rg;;jria effector nuclease (TALEN) technology, CRISPR system and pAgo-based system have been comprehen-
mtDNA sively explored, but the application of these technologies in mitochondrial gene editing is still to be

explored and optimized. The present study highlights the progress and limitations of current mitochon-
drial gene editing technologies and approaches, and provides insights for development of novel strategies

for future attempts.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Mitochondria and mitochondrial diseases
1.1. Mitochondria

Mitochondria, as a kind of semi-autonomous organelle, widely
exist in eukaryotic cells, which are the main places of aerobic res-
piration. They provide energy for cell activities through electron
transport chain and oxidative phosphorylation system. Meanwhile,
mitochondria participate in Krebs cycle, B-oxidation, lipid and
cholesterol synthesis and other important metabolic pathways
[1]. They are also involved in apoptosis and production of oxygen
free radicals [2-4].

Table 1
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Mitochondria have their independent genome distinct from
nuclear genome, which are substantially similar to bacterial gen-
ome. Mitochondrial DNA (mtDNA) is an important part of the gen-
ome [5]. Mitochondrial DNA sequencing demonstrated that the
two strands of human mtDNA are divided into heavy chain and
light chain, which contain 16,569 base pairs, encoding 2 rRNAs,
22 tRNAs and 13 protein subunits [5-8]. Mitochondrial proteins
(encoded by mitochondrial DNA) differ among species and tissues.
The transcription and translation of mtDNA are completely con-
trolled by the nuclear DNA coding factors through binding to the
unique noncoding region (1 kb D-loop) of mitochondrial genome
[7]. The peptides synthesized by 13 mtDNA genes interact with

Mitochondrial DNA Base Substitution Diseases: Coding and Control Region Point Mutations with confirmed Status (https://www.mitomap.org/foswiki/bin/view/MITOMAP/

MutationsCodingControlCfrm).

Locus Position Disease Nucleotide Change
MT-ND1 3376 LHON MELAS overlap G-A
3460 LHON G-A
3635 LHON G-A
3697 MELAS/LS/LDYT/BSN G-A
3700 LHON G-A
3733 LHON G-A
3890 Progressive Encephalomyopathy/LS/Optic Atrophy G-A
3902 EXIT + myalgia/severe LA + cardiac/3-MGA aciduria ACCTTGC-GCAAGGT
4171 LHON/Leigh-like phenotype C-A
MT-CO1 7445 SNHL A-G
MT-ATP8/6 8528 Infantile cardiomyopathy T-C
MT-ATP6 8851 BSN/Leigh syndrome T-C
8969 Mitochondrial myopathy, lactic acidosis and sideroblastic anemia (MLASA)/IgG nephropathy G-A
8993 NARP/Leigh Disease/MILS/other T-C
8993 NARP/Leigh Disease/MILS/other T-G
9035 Ataxia syndromes T-C
9155 MIDD, renal insufficiency A-G
9176 Leigh Disease/Spastic Paraplegia T-G
9176 FBSN/Leigh Disease T-C
9185 Leigh Disease/Ataxia syndromes/NARP-like disease T-C
9205 Encephalopathy/Seizures/Lacticacidemia TA-del
MT-ND3 10,158 Leigh Disease/MELAS T-C
10,191 Leigh Disease/Leigh-like Disease/ESOC T-C
10,197 Leigh Disease/Dystonia/Stroke/LDYT G-A
MT-NDA4L 10,663 LHON T-C
MT-ND4 11,777 Leigh Disease C-A
11,778 LHON/Progressive Dystonia G-A
MT-ND5 12,706 Leigh Disease T-C
13,042 Optic neuropathy/ retinopathy/ LD G-A
13,051 LHON G-A
13,094 Ataxia + PEO/MELAS, LD, LHON, myoclonus, fatigue T-C
13,513 Leigh Disease/MELAS/LHON-MELAS Overlap Syndrome/negative association w Carotid Atherosclerosis G-A
13,514 Leigh Disease/MELAS/Ca2+ downregulation A-G
MT-ND6 14,459 LDYT/Leigh Disease/dystonia/carotid atherosclerosis risk G-A
14,482 LHON C-A
14,482 LHON C-G
14,484 LHON T-C
14,487 Dystonia/Leigh Disease/ataxia/ptosis/epilepsy T-C
14,495 LHON A-G
14,568 LHON C-T
MT-CYB 14,849 EXIT/Septo-Optic Dysplasia T-C
14,864 MELAS T-C
15,579 Multisystem Disorder, EXIT A-G
Notes:

LHON  Leber Hereditary Optic Neuropathy

MM Mitochondrial Myopathy

AD Alzheimer’s Disease
ADPD  Alzheimer's Disease and Parkinson’s Disease

NARP Neurogenic muscle weakness, Ataxia, and Retinitis Pigmentosa; alternate phenotype at this FICP

locus is reported as Leigh Disease
MELAS
MERRF  Myoclonic Epilepsy and Ragged Red Muscle Fibers
CPEO Chronic Progressive External Ophthalmoplegia
DM Diabetes Mellitus

CIPO Chronic Intestinal Pseudo obstruction with myopathy and Ophthalmoplegia DEAF

PEM Progressive encephalopathy

Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes LDYT

LIMM Lethal Infantile Mitochondrial Myopathy

MMC Maternal Myopathy and Cardiomyopathy

Fatal Infantile Cardiomyopathy Plus, a MELAS-
associated cardiomyopathy

Leber’s hereditary optic neuropathy and Dystonia
MHCM  Maternally inherited Hypertrophic Cardiomyopathy
KSS Kearns Sayre Syndrome

DMDF  Diabetes Mellitus + Deafness

Maternally inherited Deafness or aminoglycoside-
induced Deafness

SNHL Sensorineural Hearing Loss
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more than 60 nuclear coding peptides to form mitochondrial respi-
ratory chain, which is required for aerobic cell metabolism [9].
Therefore, mitochondrial function depends on the interaction of
nuclear and mitochondrial genes. Any abnormal nuclear or mito-
chondrial genome may lead to mitochondrial diseases.

1.2. Mitochondrial diseases

Inherited mitochondrial diseases are characterized by oxidative
phosphorylation defects, which are caused by mutations in nuclear
DNA (nDNA) and mtDNA genes encoding structural mitochondrial
proteins or proteins involved in mitochondrial function [4,10,11].
These are the most common genetic metabolic disorders and one
of the most common forms of genetic neural disorders [12].
Although the mitochondrial genome is small, mtDNA is a signifi-
cant cause for genetic diseases. When the heteroplasmy, meaning
the coexistence of mutant mtDNA and the wild-type mtDNA,
reaches a threshold level, certain mitochondrial diseases will
appear [13]. In recent years, with the further study of mtDNA, it
has been found that mitochondrial genes are closely associated
with some human diseases, such as Leigh syndrome [14-16], NARP
syndrome (Neuron, Ataxia, and Retinitis Pigmentosa) [17,18] and
LHON(Leber Hereditary Optic Neuropathy) [19,20]. At present,
considerable progress has been made in the understanding of the
basic mitochondrial genetics and the relationship between gene
mutations and disease phenotypes, as well as in the identification
of acquired mtDNA mutations in aging and cancer (Table 1). By
now, several mitochondrial gene mutations and the related mito-
chondrial diseases still have no feasible or efficient treatments.
With the development of gene editing technologies, it is promising
to eliminate mitochondrial mutations and develop gene therapy of
mitochondrial diseases.

1.3. Transport of proteins into mitochondria

Mitochondria, with bilayer membrane structure, encompass
two compartments—intermembrane space (IMS) and matrix [21].
The function relies on the assembly of about 1000 resident pro-
teins, 99% of which are synthesized in the cytoplasm as precursor
proteins and transferred into four different sites of mitochondria
through translocation complexes [22]. So far, many studies have
been carried out on the mechanism of mitochondrial membrane
penetration of proteins. Precursor proteins are first synthesized
in the cytoplasm with targeting information, which can be recog-
nized by specific receptor protein on the outer membrane of mito-
chondria [23]. About 60% of these proteins carry cleavable
targeting signals, which are removed by mitochondrial processing
peptidase after introduction [23]. Other mitochondrial proteins
contain different types of non-removable targeting signals, such
as transmembrane segments [23]. The process that precursors
enter matrix through bilayer membrane involves three internal
protein complexes to mediate membrane translocation and sorting
of precursor proteins [24]. The general entrance pore of the outer
membrane is formed by the TOM complex, which is responsible
for the initial translocation of more than 90% of mitochondrial pre-
cursor proteins from the cytoplasm to the membrane space [25].
TOMA40 is the pivotal protein, which forms the center of the chan-
nel. Other TOM proteins, such as TOM20 and TOM70, assist in the
recognition of targeting signals [25-27]. Various TOM proteins
coordinate with each other to maintain the stability and function
of TOM complex [25,26]. Nevertheless, the underlying mechanism
of its mediation is still unclear, and the channel structure is not
fully determined [25]. In addition, the abundant cytoplasmic chap-
erones, such as heat shock protein 70 (HSP70), have been proved to
combine mitochondrial precursor proteins in a non-specific man-
ner to prevent misfolding and aggregation before translocation
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[21,23,27]. It has been reported that a large number of cytoplasmic
factors also promote the transport of precursor proteins to mito-
chondria, which is the key to targeting of mitochondrial precursor
proteins [21,23,27]. TIM complex, mainly mediated by TIM23,
takes part in protein transport to matrix [21,23,27]. A recent study
identified a new targeting pathway called ER-SURF, discovering
that endoplasmic reticulum (ER) surface also plays an important
and positive role in ribosome to mitochondrial targeting. However,
the details of this pathway remain to be clarified [21,23].

2. Mitochondrial gene editing technology

Mitochondrial transplantation, a novel therapeutic intervention
to treat mitochondrial diseases, is simple and rapid [28]. However,
in order to maintain the long-term therapeutic effect, mitochon-
drial transplantation should be carried out many times, and the
methods of mitochondrial isolation, the mitochondrial sources,
the route of administration, and doses all influence theperfor-
mance of mitochondrial transplantation [29]. Several studies have
concluded that immune response occurs after mitochondrial trans-
plantation, and the establishment of a method permitting mito-
chondria to be stored in the long term is a vital issue [29]. In
addition, given that the occurrence of mitochondrial diseases is
mainly due to the mutation of mtDNA up to a certain level, result-
ing in functional disorders, gene editing technology specifically tar-
geting mitochondrial genes will become a potential approach to
treat mitochondrial diseases. This method can reduce the propor-
tion of mutant mtDNA by modifying the mutated mitochondrial
gene to help solve mitochondrial diseases (Fig. 1). In the long
run, comparing with mitochondrial transplantation, mitochondrial
gene editing technology has wide application prospects. At pre-
sent, the main methods for mitochondrial gene editing are as fol-
lows (restriction endonucleases (RE) technology, zinc finger
nuclease (ZFN) technology, transcription activator like effector
nuclease (TALEN) technology and CRISPR/Cas9 system) (Fig. 2A,B,
C, Table 2, Table 3).

2.1. Restriction endonuclease (RE)

Restriction endonuclease (RE) is to identify and adhere to speci-
fic DNA sequences of nucleotide, then cut the phosphodiester bond
at specific site of each DNA strand. RE has the advantages of high
recognition accuracy, high cutting efficiency and the ability to
cut at certain sites. However, it also has some limitations. For
example, it can only identify a limited number of nucleic acid
sequences and cannot be designed artificially [30].

RE has the advantage of simple operation process, and is first
applied in mitochondrial gene editing [31]. The restriction endonu-
clease Smal, modified by additional mitochondrial targeting signals
(MTS), can be transferred into the mitochondria after expression in
the nuclear, significantly reducing the proportion of mutated
mtDNA. In addition, introduced restriction endonuclease ApaLl
modified by MTS and 5 and 3’ UTR sequences of ATP5b into
oocytes and single-celled embryos also substantially reduced the
proportion of BALB mtDNA [32].These findings demonstrate that
the delivery of the engineered endonuclease gene to the corre-
sponding patient is promising in reducing the proportion of
mtDNA mutation regarding the RE recognition. However, RE only
recognizes limited sequences and cannot meet the repair needs
for huge mitochondrial gene mutations, dampening the application
of gene editing technology in mitochondria.
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Fig. 1. Graphical summary of gene editing system delivery into the mitochondria. Protein or RNA component can be imported through lentivirus transfection and nuclear
genome expression while modified by MTS or RP-Loop. DNA component can be imported through liposome transfection or other methods. The blue-color mitochondria stand
for mitochondria containing mutated mtDNA (target site of gene editing system) while the yellow-color mitochondria stand for wild-type mitochondria. (RE:Restriction
endonuclease; ZFN:Zinc Finger Nuclease; TALEN:Transcription Activator-Like Effectors Nuclease; CRISPR:Clustered regularly interspaced short palindromic repeats; pAgo:
prokaryotic Argonaute proteins). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Zinc finger nuclease (ZFN)

ZFN consists of two parts, zinc finger DNA-binding domain
which is responsible for recognition of specific DNA sequence,
and the restriction nuclease Fokl domain which mediates DNA cut-
ting and makes fragment insertion or frameshift mutations of tar-
get gene through DNA damage repair mechanism. The zinc-finger
DNA binding domain is composed of three groups of zinc-finger
proteins, each of which includes about 30 amino acids connected
to a single zinc atom and bound to 3 bp of DNA. It should be noted
that the cutting domain is non-specific and performs its function
only when it exists as a dimer, which requires the design of both
5°to 3’ and 3 'to 5’ domains [33]. ZFN technology for DNA has been
routinely used to design nuclear genomes to add, modify, or
destroy genes [34,35].

Up until now, ZFN technology has been applied to edit mito-
chondrial genes. MTS and nuclear export signal (NES) are used to
help ZFN protein target mitochondria, reducing cytotoxicity caused
by damage in nuclear genes to some extent [36-39], and a pair of
monomers targeting mtDNA are designed — one of which binds to
the wild-type sequence, while the other binding sequence contains
mutation sites. The homologous dimers of nucleic acid enzyme
Fokl can cut mtDNA and produce linear DNA. Due to the lack of
non-homologous end joining (NHE]) repair pathway towards
DNA double strand break in mitochondria, the damaged DNA will
degrade [40]. But this method is less efficient and easily off-
target. Subsequently, a single-strand ZFN protein with double FoklI
is designed, which has higher accuracy and efficiency, simplifying
the process. However, further studies pointed out that single-
strand ZFN protein with dual FokI also has various limitations, such
as the inability to identify mutations with deletion of long frag-
ments like common deletion (CD). Meanwhile, the absence of
dimer restriction enables this single-stranded ZFN protein to main-
tain activated nuclease activity, which may have potential cytotox-
icity [38]. Gammage et al. attempted to improve the traditional
dimer ZFN [38]. They used heterologous rather than homologous
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dimers to reduce the incidence of off-target, and adjusted the order
of NES, label protein and DNA binding proteins in order to reduce
the mutual interference between different components, thus
improving the stability. This method indeed successfully increased
five times of wild-type mtDNA proportion, higher than the effi-
ciency of single ZFN protein with double Fokl editing (wild type
mtDNA proportion increased two times). It also enables the tool
to identify CD — two monomers designed to identify wild-type
sequences on each side of the deletion sequence. When deletion
mutations occur, the heterodimer Fokl is close enough to perform
nuclease activity.

Due to the extremely high demand for mitochondria in muscle,
brain cells and the specific symptoms appearing when the mito-
chondrial gene mutation reaches a certain proportion, such as
movement disorders, retinitis pigmentosa, cell models which con-
tains mitochondrial mutations associated with these diseases are
selected for further experiments [36]. After knocked out by mtZFN,
the proportion of mutated genes in mitochondria was significantly
reduced, which brought hope for the gene therapy of mitochon-
drial diseases. However, at the same time, the number of normal
genes rather than mutated mitochondrial genes also showed par-
tially decrease. In addition, the use of mtZFN in cells with high
levels of mitochondrial gene mutation may cause significantly
decrease of mitochondria number which may trigger cell death
[41]. Hence, they tried to reduce the knockout efficiency and use
iterative knockout strategies. They also attempted to use hammer
head shape ribozymes (HHR) tools to control the expression level
of mtZFN. Apart from proof in the genetic level, the mutant gene
knockout was also verified in organelle and cell level, ATP produc-
tion capacity and energy charge were improved to a certain extent
after modifying the mtZFN. The amount of citric acid and aconitic
acid, which are two important products in mitochondrial metabo-
lism, had also promoted, further illustrating the effectiveness of
mtZFN [42].

In order to further verify the feasibility of mtZFN, in vivo stud-
ies were conducted [36]. Mice model with Cardiac myocyte
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Fig. 2. Several methods of gene editing. (A) Graphical abstract of the mechanism of ZFN. (B) Graphical abstract of the mechanism of TALEN. (C) Graphical abstract of the
mechanism of CRISPR/Cas9 and CRISPR/Cas12 system. (D) Graphic abstract of the mechanism of pAgo-based system, taking TtAgo(DNA-guide) and RsAgo(RNA-guide) as
examples.

m.5024C>T tRNA A% mutant was selected for the experiment  This showed that the ratio of mitochondrial respiratory energy
[36]. After associated virus tail intravenous injection, mtZFN generation increased in cell energy supply while that of the gly-
expression was confirmed in heart cell, and the level of pyruvic colytic pathway was reduced, thus proving the validity of the
acid and aspartic acid rose while lactic acid level dropped [36]. mtZFN in vivo [36].
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Table 2
Comparison of several gene editing methods.

Computational and Structural Biotechnology Journal 19 (2021) 3319-3329

Characteristics/types RE [30] ZFN [33] TALEN [44] CRISPR-Cas [53-55] CRISPR-Cpf [59-62]
Recognition method RE self- ZF array protein recognition TALE array protein recognition Guide RNA Mature crRNA recognition
recognition recognition
Cleavage method RE FokI dimer FokI dimer Cas protein Cpf1 protein
monomer
Recognition Depends on Recognizing 9-18 bp from Recognizing 14-20 bp from two sides  Recognizing ~20 bp  Recognizing multiple sites,
sequence features restriction two sides of double chain of double chain respectively, single chain, 3 the 3 ’end is rich in t

enzyme types respectively with 3 bp as a

unit
Only DNA

Application scope DNA, RNA

Advantage High recognition Low immunogenicity and
accuracy and easy transportation
cleavage
efficiency
Disadvantage Limited target Poor specificity and miss
positions, no target

artificial design

recognizing one-to-one with T on the

High specificity, easy transportation

Cumbersome operation and miss

'terminal sequence
is NGC
DNA, RNA
High specificity,
easy operation and
short cycle

sequence, forming sticky
ends
DNA, RNA
High specificity, easy
operation and wide target

Oth base
Only DNA

and operation

Miss target, PAM
dependent

Miss target, PAM
dependent and low
activity

target

However, mtZFN has a rather low editing efficiency while iter-
ative editing strategy takes a long time, because it may take about
a week to carry out mtZFN for once. Besides, each of zinc-finger
protein group which includes about 30 amino acids connected to
a single zinc atom will bind to 3 bp of DNA, which may cause
the potential inaccuracy.

2.3. Transcription activator-like effectors nuclease (TALEN)

TALEN is a gene targeted manipulation technique derived from
plant pathogenic bacteria. The amino acid sequence of the DNA
binding domain in TAL protein which derived from plant bacteria
Xanthomonas sp has a strong correspondence with the nucleic acid
sequence of the target site [43]. One module unit recognizes one
base [44], which is simple and highly specific. By combining vari-
ous modules, the target specific knockout or endogenous gene
expression regulation can be performed on any nucleotide
sequence [44]. So far, it has been successfully applied in many spe-
cies such as human, rat, mouse, pig, sheep, zebrafish, Arabidopsis
and yeast [43]. Its basic principle is roughly the same as that of
ZFN, which is also composed of recognition domain and cleavage
domain [44]. Cleavage domain also consists of non-specific nucle-
ase Fokl, which only plays an effect in the formation of dimers [43].
However, its DNA recognition domain is different, which is com-
posed of TAL proteins in series (generally about 20) [44]. Each
TAL protein recognizes and binds to a corresponding base, which
ensures its higher specificity [45].

TALEN technology has also been used in mitochondrial gene
editing [46]. MTS of superoxide dismutase (SOD) is modified on
the TALEN monomer protein amino end, so that TALEN related pro-
teins could be targeted into mitochondria to play effect [46]. Since
the nucleic acid enzyme Fokl plays its effect only in dimers, this
group focused on fragment missing mutation in mtDNA. They
designed TALEN DNA identification areas on both sides of the miss-
ing fragment, so that when the loss of fragment occurred, Fokl can
be close enough to form dimers and play the cutting effect of
nuclease. This resulted in the degradation of mutated mtDNA
and the transformation of mtDNA heteroplasmy to wild type. In
addition, monomer protein chain from TALEN is designed to recog-
nize m.5024C>T mutation in order to achieve the purpose of
knockout [47]. In addition, the latest study reported that two kind
of proteins in TALEN could be replaced by one protein — compact
TALEN (cTALEN) [48]. In addition, mito-TALEN is also applied to
block the intergenerational transmission of mitochondrial diseases
[32]. mito-TALEN is also used to reduced human mutated mtDNA
levels responsible for LHON, and NARP in mammalian oocytes.
Due to the characteristics of matrilineal inheritance in
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mitochondria and the inability to reproduce in the early stage of
embryo development, the number of mitochondria in oocytes
was greatly reduced, which affected implantation in the uterus.
Therefore, mito-TALEN provides a novel insight for blocking the
intergenerational transmission of mitochondrial diseases, avoiding
the operational complexity and ethical issues associated with the
“three-parent baby” [49].

Based on TALE technology, DddA (Double-stranded DNA Deam-
inase toxin A), which can catalyze the conversion of cytosine (C)
into uracil (U) on DNA double strand but is toxic to mammalian
cells, was divided into two inactive halves called split-DddA [50].
They fused split-DddA with the TALE protein and uracil glycosylase
inhibitors to assemble an RNA free DddA derived cytosine base edi-
tor (DACBE), which catalyzed the conversion of CeG to TeA in
human mtDNA, and they proved its high targeting specificity and
editing accuracy [50]. Only when the two TALE proteins are com-
bined with mtDNA, will the two split-DddA semi molecules
reassemble together, restoring the activity of the catalytic base
editing [50]. Notably, the use of UGI can protect U from the effect
of glycosylase, so that it will avoid being recognized by DNA dam-
age repair mechanism which will make it cut off from DNA and
replaced by C [51]. It is found that the addition of UGI increased
the editing efficiency by approximately 8-fold [50]. Most interest-
ingly, the system with MTS can also accomplish the accurate edit-
ing of mtDNA, providing an unprecedented tool for the study of
mitochondrial genetic diseases [50,52]. In addition, mitochondrial
DNA mutation model related to diseases in human cells can be suc-
cessfully constructed by using this system [50]. However, The
DACBE system relying on DddA can only effectively edit the C base
next to T in the genome, which has great limitations [50].

The DNA binding domain in TAL protein has a one-to-one corre-
spondence with the nucleic acid sequence of the target site, which
ensures the high accuracy. However, this also brings mito-TALEN
excessive molecular weight, which builds a strong barrier for virus
packaging, cell and mitochondria import.

2.4. CRISPR system

Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated(Cas)protein system was originally dis-
covered in bacteria and archaea. It is an immune defense system
formed in the course of long-term evolution to resist invading
viruses and other foreign DNA invasions [53,54]. CRISPR is com-
posed of many short and conservative repeat sequence regions
(Repeats) and spacer regions (Spacers) [45]. Repeats contain palin-
drome sequence, which can form hairpin structure, while spacers,
foreign DNA sequences captured by bacteria, are special [54,55].
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Table 3
Cases of different mitochondrial gene editing technologies.
Gene Cell type Principle Target Outcome Reference
editing
approaches
RE Enucleated Skin fibroblasts Restriction nuclease Smal modified by m.8993 T>G Decreasing the ratio of mutated [31]
MTS mutation mtDNA
Simian virus 40 (SV40) Restriction enzyme Apall modified by BALB/NZB mtDNA Preventing the transmission of [32]
immortalized NZB/BALB 5’and 3’ UTR sequences of ATP5b mitochondrial genomes
fibroblasts
ZFN COS-7, 143B (TK-) wild-type cells ZFP modified by MTS and NES m.8993 T>G Cleavage of target site [39]
and 143B (TK-) NARP cybrid mutation
cells;
cell lines 143B (TK-) and 143B Single-chain ZFNs conjugating two m.8993 T>G ZFNs are efficiently transported into [37]
(TK-) NARP cybrids; Flp-In TREx  FokI nuclease domains, together with  mutation mitochondria and cleave dsDNA at
HEK293 cell-line an N-terminal mitochondrial predicted sites adjacent to the
targeting sequence mutation, increasing the proportion of
wt mtDNA molecules in the cell
H39 HOS; HOS 143B Replace homodimer Fokl with m.8993 T>G reduction in mutant mtDNA [38]
heterodimer in mtZFNs mutation; common haplotype load, and subsequent
deletion (CD) repopulation of wild-type mtDNA
restored mitochondrial respiratory
function in a CD cybrid cell model
Human osteosarcoma 143B Precisely controll the expression of m.8993 T>G Realizing the nearly complete [42]
mtZFNs by using iterative editing mutation transformation of mtDNA
strategy and HammerHead Ribozyme heterogeneity to wild type
(HHR)
m.5024C>T mouse embryonic Using systemically administered m.5024C>T tRNAAla  Specific elimination of mutant mtDNA [36]
fibroblast (MEF) mtZFNs delivered by adeno- mutation across the heart, coupled to a
associated virus reversion of molecular and
biochemical phenotypes
TALEN Human osteosarcoma cells SOD2 mitochondria localization signal  m.14459G>A Permanent reductions in deletion or [44]
(MLS) modified TALENs mutation; common point mutant mtDNA in patient-
deletion(CD) derived cells
MELAS-iPSCs Platinum Gate TALEN construction m.13513G>A The m.13513G>A heteroplasmy level [64]
system mutation in MELAS-iPSCs was decreased in the
short term by transduction of
G13513A-mpTALEN
Fusions of an osteosarcoma cell hybrid molecules mitoTev-TALEs from m.8344A>G mutation Shifting the mtDNA ratio toward the [65]
line and dermal fibroblasts T4 phage with MTS wild type; Improvement of oxidative
phosphorylation function
Fusions of an osteosarcoma cell MLS modified TALENs m.8344A>G tRNA Reduction of the levels of the targeted [66]
line and dermal fibroblasts Lys; m.13513G>A pathogenic mtDNAs; Recovery of
ND5 mutation respiratory capacity and oxidative
phosphorylation enzymes activity
MELAS-iPSCs; porcine oocytes MTS modified TALENS m.3243A>G mutation elimination of the m.3243A>G [67]
mutation in MELAS-iPSCs; reduction
in the human m.3243A>G mtDNA
mutation in porcine oocytes
NZB/BALB oocytes; artificial TALENs modified by MTS NZB mtDNA; Preventing the transmission of [32]
mammalian oocytes m.14459G>A mitochondrial genomes; Specific
mutation reduction of human mutated
mitochondrial genomes responsible
for mitochondrial diseases in
mammalian oocytes
BTA calli; SW18 which was MLS modified TALENs CMS-associated Knock out of CMS-associated genes [47]
originally created by asymmetric genes (orf79 and (orf79 and orf125), strongly
cell fusion between a rapeseed orf125) suggesting that these genes are causes
‘Westar’ as the recipient and a of CMS
CMS radish as the donor
E6-E7 gene from the human MLS modified TALENSs; Intramuscular, m.5024C>T mutation Muscle and heart were efficiently [46]
papilloma virus immortalized intravenous, and intraperitoneal transduced and showed a robust
MEFs derived from the injections of AAV9-mitoTALE reduction in mutant mtDNA, which
heteroplasmic tRNA”? was stable over time; The molecular
m.5024C>T mouse defect, namely a decrease in transfer
RNAAla levels, was restored by the
treatment
CRISPR HEK-293 T Using MLS to import Cas9 together Cox1; Cox3 Building a mtDNA mutation cell [68]
with gRNA into mitochondria model
Zebrafish embryo of the AB Modifing Cas9 protein with MTS in Human Reduction mtDNA copy number in [69]

strain; HEK-293 T

zebrafish to insert DNA fragments by
HR after generating DSB on target site
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mitochondrial genes
ND1 and ND4 and
two sites of zebrafish
mitochondrial gene
Dloop

both human cells and zebrafish; An
exogenous single-stranded DNA arm
was knocked into the targeting loci
accurately, and could be steadily
transmitted to F1 generation of
zebrafish

(continued on next page)
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Gene Cell type Principle Target Outcome Reference
editing
approaches
Clostridium reinhardtii wild-type directly introduced the “editing psaA Confirming donor DNA insertion at [70]

line (CC-125); Yeast strains:
MCC109p0, MCC125, CUY563,
NB80

plasmid” into the yeast and

on target site

chloroplast of Arabidopsis thaliana by
microinjection, then inserted DNA
fragments by HR after generating DSB

the target sites facilitated by
homologous recombination only in
the presence of Cas9/gRNA activity in
yeast mitochondria and
Chlamydomonas chloroplasts

The upstream leader is considered to be the promoter of CRISPR
sequence [54,55]. A polymorphic family gene Cas exists at
upstream of the sequence [54,55]. When foreign DNA invades,
the Cas protein will play an effect to cut it into short sequences,
and then be inserted as a spacer between the conserved repeat
sequences, which contains palindrome sequences, which can form
hairpin structures [54,55]. When the same foreign DNA invades
again, the spacer will be used as a template to transcribe CRISPR
RNA (crRNA), which combines with transactivating crRNA
(tracrRNA) to guide Cas to cut the invading foreign DNA [45]. It
should be noted that identifying a specific sequence and mediating
the cleavage also needs to satisfy the presence of protospacer adja-
cent motif (PAM) after the homologous sequence, which limits the
sites available for editing. In fact, as a gene editing tool, the CRISPR/
CAS system itself mediates only DNA double-strand breaks (DSB),
and subsequent cell DNA repair completes gene editing at specific
sites, which includes nonhomologous end-joining (NHEJ) and
homology-directed repair (HDR). NHE] will add or delete a few
bases to the DSB site during repair, thereby causing the gene to
produce frameshift mutations, achieving the purpose of knocking
out the gene, while HDR mediates error-free DNA when there is
a homologous donor DNA as a template for repair and insertion
of foreign fragments.

According to the sequence and structure of the Cas protein,
CRISPR/Cas system is divided into three types: I, II, and Ill. Among
them, the most widely used is the type Il CRISPR/Cas system that
only requires one Cas protein, Cas9, because of the ability of Cas9
to co-locate RNA, DNA and the tremendous transformation poten-
tial [56]. In actual use, guide RNA (gRNA), which includes the nec-
essary structural components of crRNA and tracrRNA, is more
convenient and efficient. The CRISPR/Cas system has shown great
potential in many application fields, such as genome editing, tran-
scription regulation, virus detection, etc. The CRISPR/Cas9 system
has been proven to edit the genomes of mammals, zebrafish, mice,
fruit flies and other animals. Additionally, catalytically defective
Cas9 (dCas9) can bind to a protein domain that activates or inhibits
transcription, and can perform precise and stable transcriptional
control of target genes under the guidance of gRNA [57]. Further-
more, the CRISPR/Cas13-based SHERLOCK technology can effec-
tively detect the virus and is also suitable for the detection of the
2020 new coronavirus in a short period of time [58].

Rapid progress has been made using CRISPR system in nuclear
gene editing. However, for relatively smaller operation objects
such as mtDNA, it is difficult to operate the CRISPR Cas9 system.
Moreover, mitochondria lack the ability to import RNA, which pre-
vents the gRNA-Cas9 complex from recognizing the targeted
sequence. How to introduce this RNA into mitochondria, and
how to ensure the successful orientation to mutated gene after
designing gRNA? All these problems limit the feasibility and effec-
tiveness of the application of CRISPR cas9 system in mitochondrial
gene editing.
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Generally, TALEN is superior to ZFN as it no longer needs to rec-
ognize DNA sequences through base triplets, and the biunique
recognition gives higher specificity and freedom in choosing target
sequences. Besides, TALEN also has the advantages of simpler oper-
ation and shorter cycle. The most important part in gene editing is
DNA binding. ZFN and TALEN both utilize protein as a guide to
achieve targeted editing which needs complex and time-
consuming protein engineering, while CRISPR-Cas system is led
by gRNA which is relatively cheap and easy to design and produce.
In the field of mitochondrial gene editing, what should be consid-
ered is the ability of RNA and protein to get through mitochondrial
membrane, the size of the occupied space and the operability of
transportation into mitochondrial membrane.

Recently, a new type of CRISPR system, CRISPR-Cpfl system
[59], was discovered and defined as the second generation of gene
editing technology [59]. It replaces Cas9 protein with Cpf1 protein,
which has not only the similar genome editing efficiency as Cas9
[60], but also more advantages than Cas9. Cpfl system merely
needs one RNA for gene editing [59], and it can process precursor
CRISPR-derived RNA (pre-crRNA) by itself, then target and cleave
DNA specifically by using processed crRNA [61]. Cpfl enzyme is
also smaller than standard Cas9 and is easier to transmit to cells
and tissues [59]. When cutting DNA, Cpf1 system formed sticky
end instead of flat end, which has more accuracy and lower off-
target effect, though there is still a certain off-target effects in this
system [60]. Besides, Cpf1 incision is far away from the recognition
site, which means that it can still play an effect even the target
gene changes at the cleavage site, providing multiple opportunities
to complete the editing [61]. Cpf1 can guide RNAs to edit multiple
genes or multiple sites of a single gene at the same time, improving
the efficiency of gene knockout, which is in favor of editing many
proteins at the same time in combination screening [62]. It
expands the selection range of gene editing target sites further
by using a simple transport system to command CRISPR effector
protein and guide RNAs [61], and it has been widely considered
with great potential in gene therapy applications.

Although Cpf1 is superior to Cas9, it has a lower activity, and
due to the relative fixation of PAM sequence, its target selection
is limited [63]. It remains to be explored on how to improve the
activity and expand the target range to have a broader gene editing
effect. As a new gene editing technology, the operation of the
CRISPR-Cpf1 system is simpler and more accurate, which can also
achieve more effective editing for the small mitochondrial genes,
but the application of this technology to mitochondrial gene edit-
ing has not been reported yet. In the future, CRISPR-Cpf1 system
may become an effective way for mitochondrial gene editing.

3. Mitochondrial gene editing by CRISPR Cas9 system

It was first reported in 2015 that CRISPR/cas9 system was suc-
cessfully applied to mitochondrial gene editing [70]. However, the
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findings were controversy and was also questioned by another
group [71].

Firstly, the mechanism of the introduction of gRNA to mito-
chondria remains elusive. The 20 ribonucleotides stem ring series
come from the H1 RNA (RNase P enzyme RNA component) [72],
which is attached to the injected cytoplasmic RNA, can successfully
target RNA into mitochondria. This method is effective for both the
non-coding RNA, such as tRNA, and mRNA that encodes proteins,
which shed light on importing gRNA to mitochondria in
CRISPR /Cas9 system. Gammage et al. summarized the existing
RNA import theory and its refute [71]. They denied the existence
of RNA components in mtRNase P and believed that RNase P and
RNase MRP mainly plays a role in the nucleus. They also ques-
tioned the role of mitochondrial ribosomes in assisting rRNA and
PNPase in cytoplasmic RNA transport [56]. It has also been
reported that two domains of yeast cytoplasmic tRNAYS(CUU),
F-arm and D-hairpin [73], as well as some domains of 5S RNA,
may also help RNA to enter mitochondria [74].

Due to the lack of NHE] repair pathway while the existence of
homologous recombination (HR) repair pathway in mitochondria
[75], DNA sequence insertion in mtDNA was attempted and
succeeded in human and zebrafish mitochondria [69], yeast mito-
chondria and Arabidopsis chloroplasts [70], utilizing the CRISPR-
Cas9 system to produce double strand break (DSB) and exogenous
DNA to support homologous fragments. In the past, the mitochon-
dria penetration of DNA faced great difficulties, because of the
membrane potential, pH and the phagocytosis of bacteriophages
[76]. However foreign DNA has been successfully introduced into
mitochondria of yeast by biolistic bombardment of cells with
DNA-coated tungsten particles, electroporation, DQAsome com-
plexes and TAT [76]. Another study utilizes MTS to modify adeno
associated virus capsid VP2 and succeeds in transporting ND4 gene
into mitochondria, which provides a new method for mitochon-
drial delivery of DNA sequence [75]. Other mitochondria delivery
systems for drugs or proteins are developed through metal-or-
ganic framework (MOF) or triphenylphosphonium (TPP) and cell-
penetrating poly(disulfide)s (CPD) modified biodegradable silica
nanoparticles (BS-NPs), which are potential for mitochondria
delivery of exogenous DNA or RNA component [77,78].

In the study of Bian et al, they modified Cas9 with MTS and
transcript in vitro, then microinjected gRNA and product of in-
vitro transcription into cytoplasm. They also introduced exogenous
DNA vector containing homologous arm by ViaFect transfection
[69]. Surprisingly, exogenous ssDNA with short homologous arm
was knocked into the targeting loci accurately, and this mutagen-
esis could be steadily transmitted to F1 generation of zebrafish,
which indicates ssDNA and gRNA can be transported into mito-
chondria without modification and is consistent with the recent
report published by others [79]. Then mito-Cas9 protein can specif-
ically target mtDNA and reduce mtDNA copy number in both
human cells and zebrafish [69].

Another group of researchers introduce “Edit Plasmids”, which
contains Cas9 gene, gRNA express sequence and homologous
sequence,intoyeast mitochondriaand Chlamydomonas chloroplasts
by microprojectile transformation method [70]. The result shows
donor DNA insertion at the target sites facilitated by homologous
recombination, which is similar with the work in zebrafish [69].

However, the existence of an endogenous mechanism for nucleic
acid import into mammalian mitochondria, a prerequisite for mito-
chondrial CRISPR/Cas9 gene editing, remains controversial [71].

4. pAgo-based system

Argonaute proteins were first identified in eukaryotes, but
homologous prokaryotic Argonaute proteins (pAgos) have also
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been found in archaea and bacteria [80]. Argonaute proteins con-
stitute a highly diverse family of nucleic acid-guided proteins
and exhibit the potential in genome editing [81]. Eukaryotic Arg-
onaute proteins mediate RNA-guided RNA interference while
pAgos generally utilize DNA guides to target complementary
DNA sequences to protect their hosts against invading DNA
[82,83]. For example, the cyanobacterium Synechococcus elongates
(SeAgo) is a DNA-guided nuclease preferentially acting on single-
stranded DNA targets, with non-specific guide-independent
activity observed for double-stranded substrates [84]. Clostridium
butyricum (CbAgo) targets multicopy genetic elements and induces
DNA interference between homologous sequences and triggers
DNA degradation. The loading of CbAgo with small DNA guides
depends on both its intrinsic endonuclease activity and the
double-strand break repair machinery [85]. Interestingly, both
Methanocaldococcus jannaschii (MjAgo) and Thermus thermophilus
(TtAgo) possess two modes of action: the canonical guide-
dependent endonuclease activity and a non-guided DNA endonu-
clease activity [86-91]. In addition, CbAgo and Limnothrix rosea
(LrAgo) can act as DNA-guided DNA nucleases at physiological
temperatures, expanding their potential use as a tool in genomic
applications [92,93]. In particular, some pAgos like Rhodobacter
sphaeroides (RsAgo) acquire guides from plasmid-derived mRNA
to interfere the plasmid DNA, reducing transcription of reporter
genes and plasmid content [81,83,94].

Recently, several pAgos have been identified to enhance the
positive selection process of RecA mediated DNA strand exchange
through the interaction of its PIWI domain and recombinase A
(RecA), which guides the homologous recombination of target
sequences [82,95]. Due to the fact that mitochondrial DNA main-
tain renewal and replication, it is reasonable to introduce pAgos
homologous arms to target the mutation sequence in mitochon-
dria. The homologous arm should be designed as a normal mtDNA
sequence with a certain length to guide the transformation of
mutated DNA sequence to normal DNA in a new round of replica-
tion process. As long as the mutated DNA is transformed into nor-
mal DNA, the damaged mitochondria may be rescued and
recovered. However, exploiting pAgo-based system to edit mito-
chondrial DNA requires further explored (Fig. 2D).

5. Conclusions

The collective findings from the studies reviewed herein the
main methods for mitochondrial gene editing. So far, though the
traditional gene editing methods such as RE, ZFN and TALEN have
made some progress in mitochondrial gene editing, a complete,
specific and systematic operation technology of mitochondrial
gene editing has not been established yet. Using modified
CRISPR/Cas9 system has partially solved the problem of gene ori-
entation, but there also exists certain defects. Until now, there is
no sufficient and reasonable experimental evidence to support
the conclusion. However, based on these studies, researchers can
try to improve CRISPR/Cas9 and other gene editing techniques, like
pAgo-based system, to edit specific mitochondrial genes. Whether
the abnormal mitochondria are cleared after the adapted CRISPR/
Cas9 system breaks mtDNA, or the mutant mtDNA fragments are
repaired directly by pAgo-based gene editing techniques to restore
the normal function of the mitochondria, the mitochondrial dys-
function will be well rescued. If the problems of inefficient delivery
of guide RNA and Cas9 enzyme complexes into the mitochondria
and low editing specificity can be ameliorated. The adapted
CRISPR/Cas9 system and the pAgo-based gene editing system
may become the most promising ways for mitochondrial gene
editing. These will surely provide insights and approaches for the
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diagnosis and treatment of inherited mitochondrial disorder in the
future.
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