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Background: Mitochondria are intracellular organelles involved in energy
production, which play important roles in metabolism. Consequently, mutation
in mitochondrial DNA may have adverse effects on the host organism. This
hypothesis is supported by increasing number of reports that associate
various diseases with the mutation of the mitochondrial genome. Therefore,
new therapy methods for targeting mitochondria genome should be
developed for the treatment of these diseases. Objectives: The current
progress in mitochondrial targeting gene delivery is discussed and future
direction is suggested. Methods: Recent research progress in this field is
briefly introduced, and successes and obstacles in research are discussed.
Results/conclusion: Delivery of antisense DNA using lipophilic cation showed
possible therapeutic effect in vitro. Delivery of tRNA is also another possible
approach to correct tRNA mutations. However, research into the delivery of
protein expression system using liposome and polymer has been very
limited. The results suggest that more research is required to address the
problems in mitochondrial targeting gene delivery. Here, we suggest
‘'multifunctional multilamella vesicular or multifunctional multi-vesicular
(MMV)’ for efficient mitochondrial targeting DNA delivery.
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1. Introduction

Mitochondria are intracellular organelles involved in oxidative phosphorylation.
In mitochondria, ATP is synthesized from ADP and phosphate in the process of
oxidative phosphorylation. The driving force for ATP synthesis is the proton
gradient across the mitochondrial inner membrane, which is established by the
electron-transfer chain. The enzymes for the electron-transfer chain are located in
the mitochondrial inner membrane. Most of the enzymes are encoded by the
nuclear DNA, synthesized by cytosolic ribosomes and imported into the
mitochondrial matrix. Citric acid cycle, urea cycle and B-oxidation also occur in
mitochondria. The citric acid cycle is the process for the production of NADH,
urea cycle the process for converting toxic ammonia to urea and -oxidation the
process for oxidation of fatty acid and eventually NADH production. Abnormality
in some of the electron-transfer chain enzymes may lead to the production of
reactive oxygen species (ROS). Increased ROS may be related to age-related
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease [1-6].

Mitochondria have their own genome, which is composed of a circular DNA.
The human mitochondrial DNA (mtDNA) is 16,569 bp long and located in the
mitochondrial matrix [7). Most mitochondrial proteins are imported from cytosol,
but some of the proteins are produced in the mitochondrial matrix. The mtDNA
genes encode 13 hydrophobic proteins and all of them are involved in the
electron transfer. Twenty-two transfer RNAs and two ribosomal RNAs for the
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protein synthesis are also encoded by the mtDNA. As indicated
by the gene composition, the mutations in the mitochondrial
genome result in the production of abnormal protein or a
deficiency of normal protein, which may impair the electron-
transfer chain. For example, mutations in gene encoding
cytochrome oxidase in complex IV may block electron
transfer from complex IIT to oxygen and increase the level of
ROS production [89).

A growing number of human diseases has been reported
to be related to mitochondrial abnormality. Impaired
mitochondrial ~ protein  production, which may be
caused by point mutations in mtDNA, may induce ROS
production and abnormal function of mitochondrial
proteins. A high level of ROS production may be involved
in the development of Alzheimer’s disease (4.6, Parkinson’s
disease (5], myocardial infarction [10,11] and diabetes [12-15].
mtDNA mutations may also be involved in blindness,
deafness and renal dysfunction [16,17].

Many genetic mutations that cause human diseases
have been found in mitochondrial (RNA. The mito-
chondrial tRNAM" mutations are related to mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS), myoclonic epilepsy with ragged red fibers
(MERREF), progressive external ophthalmoplegia (PEO),
Kearns—Sayre syndrome (KSS) and myopathy [16,18]. One
point mutation may cause these various diseases. For
example, A8344G mutation in tRNAM" may cause
MELAS, MERRE or PEO. In addition, point mutations of
other mitochondrial tRNA can cause MELAS, PEO and
MERREF [16,18]. This suggests that these diseases share a
common development pathway. Mutations in the protein
encoding genes also induce various diseases. Mutations
in NADH dehydrogenases, cytochrome b, or cytochrome
oxidases are commonly related to various diseases such as
MELAS and Leber’s hereditary optic neuropathy [16].

Due to the extensive impact of mtDNA murtations,
mitochondria have become a target for disease treatments.
Various metabolic therapies and antioxidant therapy have
been developed to treat these diseases. However, these
therapies are temporal and gene therapy is needed for long-
term treatment. Mitochondrial gene therapy was only
theorized in the past due to technical restraints. However,
recent progress in nucleic acids delivery to mitochondria
makes it possible. In this review, the progress in mitochondrial
gene delivery is presented and discussed.

2. The modification of nucleic acids for
delivery to mitochondria

2.1 Leader sequence conjugated nucleic acids

Most mitochondrial proteins are encoded by nuclear DNA.
After the translation in cytosol, the proteins are delivered to
the mitochondrial matrix. Proteins cannot pass through
inner and outer mitochondrial membranes. The translocation
of the proteins is mediated by translocator outer membrane

(TOM)/translocator inner membrane (TIM) complex. The
nuclear-encoded mitochondrial proteins commonly have
amino-terminal leader sequence, which is recognized by the
mitochondrial membrane translocators. Thus, this protein
translocation machinery has been investigated for nucleic
acids delivery to mitochondria.

An early study investigated mitochondrial translocation of
protein~DNA conjugate [19]. In this study, mitochondrial
leader sequence of yeast cytochrome oxidase was linked to a
modified dihydrofolate reductase. Then, the leader sequence-
dihydrofolate reductase fusion peptide was covalently conjugated
to a single-stranded or double-stranded DNA. This protein—
DNA conjugate was tested for mitochondrial entry. The
study showed that 5 — 10% of total protein—-DNA conjugates
were completely imported to the mitochondrial matrix. This
amount of the imported protein-DNA conjugates was
approximately five times lower than the fusion protein without
DNA. The results suggest that leader sequence-conjugated
DNA can enter mitochondria efficiently. This result was
confirmed by another study using the ornithine carbamoyl
transferase leader sequence [20. The ornithine carbamoyl
transferase leader sequence was covalently conjugated to double-
stranded DNA and the mitochondrial import was evaluated.
In this report, Seibel er al. conjugated the leader sequence to
DNA of 7 bp or 322 bp in size. Leader sequence conjugated
DNAs were imported to the mitochondria regardless of the
size, suggesting that comparatively large DNA with a size of
more than 300 bp could be transported to mitochondrial matrix
by attaching leader sequence. The mitochondrial leader sequence
conjugated DNA was also used for liposome-mediated DNA
delivery to mitochondria [21]. Liposome released the mito-
chondrial leader sequence conjugated DNA near the mitochondrial
sites, then the DNA was imported to the mitochondrial matrix.

The mitochondrial leader sequence was also conjugated to
peptide nucleic acids (PNA) [2223]. PNA is a synthetic
polynucleotide, in which each nucleotide is linked via peptide
bond. PNAs form strong double strands with complementary
DNA and RNA molecules in a sequence-specific manner.
Therefore, PNA can be applied to antisense gene therapy.
Mitochondrial DNA (mtDNA) with mutation may be
suppressed with a sequence-specific PNA, while wild-type
mtDNA produces its normal gene products. For antisense
gene therapy, the mitochondrial PNA import technology
was developed using mitochondrial leader sequence. The
leader sequence of cytochrome ¢ oxidase (COX) subunit VIII
was covalently attached to PNA [22,23]. The leader sequence-
PNA entered the isolated mitochondria. In addition, confocal
microscopy studies showed that the leader sequence-PNA
was localized at the mitochondrial sites, strongly suggesting
that the leader sequence-PNA conjugates were imported into
the intact mitochondria.

2.2 Lipophilic cation conjugated nucleic acids
Another approach for nucleic acids delivery to mitochondria
is to use amphiphilic molecules with delocalized positive
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charges. It was previously reported that hydrophobic
molecules with cationic charges could diffuse through mito-
chondrial membranes and accumulate in the mitochondrial
matrix [24]. Mitochondria have highly negative mitochondrial
membrane potential, and lipophilic cations such as triphenyl-
phosphomium (TPP) and rhodamine are attracted to mito-
chondria due to this negative potential. Also, delocalization
of cationic charges on the molecules can decrease activation
energy required for diffusion through hydrophobic
mitochondrial membranes. For example, TPP conjugated
ubiquinol (MitoQ) was developed as an antioxidant drug
targeting mitochondria [25-27].

TPP conjugated PNA was developed as an antisense
mitochondrial gene therapy system [28. To suppress the
point mutation in mitochondrial DNA in MERRE a
complementary PNA to the sequence containing A8344G
mutation was linked to TPP. In intact cells, TPP conjugated
PNA was transported across the mitochondrial membrane
and accumulated in mitochondria. In many patients, wild-
type and mutant mtDNAs coexist and selective repression
of mutant mtDNA replication may be required for the
treatment of the disease. Therefore, sequence-specific inhibition
of the antisense PNA is an important factor for mitochondrial
antisense gene therapy. Iz vitro assay showed the efficacy of
the strategy [29]. In this study, TPP conjugated PNA bound
to its target mutant DNA and inhibited its replication.
Meanwhile, wild-type DNA was normally replicated even in
the presence of the TPP conjugated PNA, suggesting its
sequence specificity. However, in intact cells, TPP conjugated
PNA did not inhibit mutated mitochondrial DNA, although
it was accumulated in mitochondria. One possible explanation
for the lack of effect is that the TPP conjugated PNA
cannot access its target sequence or is removed after binding
to its target sequence. If this is the case, covalent binding to
its target DNA may increase the efficiency. As a model
system, a photoreactive crosslinker, benzophenone, was
attached to the TPP conjugated PNA [29]. [z vitro binding
assay showed that benzophenone-TPP conjugated PNA
bound to its target irreversibly in a sequence-specific manner.
The inhibition of the replication was not observed. Therapeutic
evaluation of TPP-mediated PNA delivery for antisense
therapy is in progress and no positive result has yet been
confirmed. Irreversible binding of PNA to target sequence
may inhibit the replication of mutated DNA. However,
possible side effects such as non-specific binding of benzo-
phenone and cytotoxicity should be evaluated. Although
there are numerous obstacles to be overcome to realize TPP-
mediated antisense therapy, it is clear that TPP-mediated
antisense technology is one of the more promising
technologies for the treatment of mitochondrial diseases.

2.3 Naked DNA

Recently, it was reported that the isolated rat mitochondria
had the ability to uptake naked DNA [30). Furthermore, the
imported DNA could be replicated and expressed in a
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mitochondrial promoter dependent manner. The mechanism
of the uptake is not clear. However, it was proved that the
uptake might not require respiration or membrane
potential [30]. Research with plant mitochondria suggests
that VDAC and ANT are involved in the uptake of DNA
into the plant mitochondria (30]. These studies suggest that
naked DNA itself may be delivered to mitochondria without
further modification. Further research should be conducted
to fully identify the mechanism and apply the naked DNA

delivery to mitochondrial gene therapy.

3. Delivery of cytosolic tRNA into
mitochondria

Protozoan, plants and yeasts have import machinery of
cytosolic tRNA to mitochondria. However, cytosolic tRNAs
are not imported to mitochondria in mammalian cells. In
MERRF A8344G, mt-tRNAY* is poorly aminoacylated and
induces premature termination of translation [31]. Recently,
it was suggested that a hypomodification at the anticodon
wobble position was one of the primary causes of
MERRF (3233]. Thus, the import of cytosolic tRNAD* into
mitochondria is an attractive option for the treatment of
MERRE. Two enzymes are involved in the import of yeast
tRNAD® to mitochondria 34-36]. The cytosolic lysyl-tRNA
synthetase (KRS1p) aminoacylates the tRNAD* before the
import. The other enzyme is a cytosolic precursor of the
mitochondrial aminoacyl synthetase, preMSKlp. This
enzyme acts as a carrier and targeting factor to mitochondria.
When yeast tRNAD*® was applied to isolated human mito-
chondria with the yeast enzymes, the yeast tRNAY® was
imported into the mitochondria [37.38]. Interestingly, the
yeast enzyme could be replaced with the human cell extracts,
suggesting that human cell may have a protein with the
yeast preMSKl1p function [38]. Recently, the yeast tRNAD*
gene was transfected into human cells and the effect of the
tRNAD*® expression was evaluated [39]. The expressed yeast
tRNAY* was partially imported into the human mitochondria
and the import of the yeast cytosolic tRNAY* partially
restored the function of mutated mitochondrial DNA (39].

Another approach for cytosolic tRNA delivery to
mitochondria for MERRF gene therapy is to use leishmania
RNA import complex (RIC). Leishmania RIC is a multi-
subunit protein located in mitochondrial inner membrane [40-42).
RIC interacts with cytosolic tRNA and induces the trans-
location of the tRNA into mitochondria in an ATP-
dependent way [42]. Interestingly, the purified RIC induced
tRNA import into isolated human mitochondria. After the
import, tRNA was lysylated and participated in mitochondrial
translation providing lysine. When RIC was added to human
cells, it internalized into the cells in a caveolin-1-dependent
pathway and subsequently facilitated the import of endo-
genous cytosolic tRNADY* [43). Therefore, the treatment
partially restored the mitochondrial malfunction caused by
mutant mt-tRNAD* gene.
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4. Liposome-mediated DNA delivery to
mitochondria

Liposome-mediated ~ systems, which are self-assembled
structures composed of amphiphilic unit materials, provide
control over the composition, the size of vesicle and the
trapped volume, making it possible to contain more spaces
for drugs or genetic materials either on the surface or inside
if the same number of particulates are taken up by cells.
Considering the number of target mitochondria, which
ranges from dozens to several thousands per cell depending
upon the tissue [44], one of the benefits of a liposomal
vesicle-mediated delivery system is the larger amount of
cargo compared to the conventional polymeric carrier
systems. Given the difference in lipid composition and
proteins of mitochondrial membranes compared to the
plasma membrane [29], the liposome system is considered to
possess flexibility over the current polymer-mediated system
for potential mitochondria targeting activity.

Until now, the two representative mitochondria-targeted
cationic liposome systems containing delocalized charge
centers are TPP derivatives and bolasomes with dequalinium
moiety [45.46]. However, a recent study shows the limitations
of the mitochondria targeting system even when it is
conjugated with cell penetration peptide [47). Therefore, the
liposome system with mitochondria-targeting activity should
also be equipped with endosome destabilizing reagents
(DOPE, chemicals, pH-sensitive linkage, oxidation-reduction
sensitive linkage, other peptides, etc.) like the conventional
cationic liposomes used for gene transfection. After following
receptor-mediated endocytosis pathway on the plasma
membrane, leading to translocation inside the primary target
cells, the liposomes, equipped with additional mitochondria-
specific secondary targeting activity, should be released into
cytoplasm as much as possible.

5. Polymer-mediated nucleic acids delivery
to mitochondria

DNA delivery to mitochondria has been researched with the
mitochondrial leader peptide conjugated polyethylenimne
(mLP-PEI) (48,49]. Polyethylenimine (PEI) has been widely
investigated for gene delivery to the nucleus [50-s2). PEI has
several advantages as a gene delivery carrier to the nucleus.
First, PEI has high positive charge density, which facilitates
the tight complex formation between DNA and the polymer.
Second, PEI has been known to have a proton buffering
effect, which can induce endosomal escape of internalized
polymer/DNA complex. Third, PEI can be easily modified
to redirect the DNA/PEI complex to the targeting tissues or
intracellular organelles. To apply these advantages to gene
delivery to mitochondria, the ornithine carbamoyltransferase
mitochondrial leader sequence peptide (mLP) was conjugated
to high molecular weight PEI (PEI25k, 25 kDa) (Figure 1) [48].
After the conjugation, mLP-PEI formed complexes with

DNA equally well as PEL. Iz vitro gene delivery assay with
mLP-PEI showed that the DNA was delivered to mito-
chondrial sites in a live cell. However, PEI without mLP did
not localize the DNA at mitochondrial sites, suggesting that
mLP directed the complexed DNA to mitochondria. This
result showed that the DNA delivery to mitochondrial site
using mLP-conjugated PEI may be a possible strategy.
However, several problems should be addressed before
the application of this technique. First, it is not clear if
mLP-PEI/DNA complex is dissociated at mitochondrial
sites. In the nuclear targeting gene delivery, it is believed
that DNA delivered by PEI should be released for
transcription from the polymer after delivery. Although there
have been many efforts to address this question, it is not
clear which step enables the release of DNA from the
complex. Likewise, in the mitochondrial DNA delivery,
DNA should be released from its polymeric carrier in mito-
chondrial matrix. Further studies should be conducted to
answer this question. Second, it is not yet known whether
DNA/mLP-PEI complex is internalized into the mitochondrial
matrix or bonded to the surface of the mitochondrial
membrane. The mitochondrial protein encoded by the
nuclear DNA and produced in the cytoplasm should
be transported into the mitochondrial matrix through
the TIM/TOM complex. The upper size limit of the
TIM/TOM complex has not been reported, but the
mLP-PEI/DNA complex may be produced to have a smaller
size than the size limit of the TIM/TOM complex by careful
preparation. Third, the cytotoxicity of mLP-PEI should be
minimized. The polymers for gene delivery commonly have
positive charges for complexation with negative charged
DNA. Also, complexation of DNA with cationic polymers
has been performed in the excess of cationic polymer,
resulting in positively surface charged complex. The positive
surface charge may be beneficial for internalization of the
complex into the mitochondrial matrix, since negative
potential exists over the barrier of the mitochondrial inner
membrane. However, cationic charge also may induce
cytotoxicity. As previously reported, cationic polymer PEI
may induce channel formation on the mitochondrial outer
membrane and release of cytochrome c [53].

To test the correlation between molecule size and
cytotoxicity, mLP-conjugated PEI was synthesized with low
molecular weight PEI (mLP-PEI2K, M.W. 2,000) 49). It
was previously reported that low molecular weight PEI had
low cytotoxicity [54]. In cytotoxicity assay, mLP-PEI2K showed
much less cytotoxicity than mLP-PEI25K. This suggests
that low positive density of PEI may reduce the cytotoxicity
of the carrier. However, low charge density of the carrier
may hamper some important characteristics of the gene
carrier. For instance, a greater amount of PEI is required for
the formation of stabilized PEI/DNA complexes and also
the complex may have moderate transfection efficiency [54].
Therefore, careful modification is required for high delivery
efficiency and low cytotoxicity. Recent results from nuclear
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Figure 1. Synthesis of mitochondrial leader peptide conjugated polyethyleneimine.
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Figure 2. Schematic presentation of MMV (multifunctional multilamella vesicular or multifunctional multi-vesicular) system.

targeting gene delivery suggest that degradation of polymer
using disulfide linkages after delivery is one of the effective
strategies [55]. This technique may be an option for low
cytotoxicity mitochondrial gene delivery.

6. Expert opinion on mitochondrial
gene delivery

1. Direct modification of DNA or RNA with mitochondrial
targetingligandsisa promisingtechnologyformitochondrial
gene delivery. However, there are problems that should be
addressed. Modified DNA or RNA may pass through the
mitochondrial membrane but have difficulty entering the
plasma membrane. Therefore, another strategy is required
for the delivery of DNA or RNA to the mitochondrial
site from extracellular space. Direct modification of DNA
or RNA and the application of polymeric or liposomal
carriers may be combined to get the best results.

2. Liposomal or polymeric carriers are promising. However,
cytotoxicity, release of DNA/RNA from the complex
and delivery efficiency are not fully assessed and optimized.
Only a few examples of the carriers have been reported
for this technique. We propose such a ‘multifunctional
multilamella vesicular or multifunctional multi-vesicular
(MMV)’ system strategy (Figure 2). First, MMV should
be decorated with primary active targeting ligands for
the plasma membrane (either endocytosis-mediated or
receptor-mediated endocytosis) on the target cell. Second,
after evading endosomes, MMV should be able to exert
secondary active targeting function to mitochondria,
using reagents that have been reported to be efficient, such
as TPD, cationic bolaamphiphiles, or Rhodamine 123 [4¢].
As mitochondria are known to be aligned along with
cytoskeleton structures inside cells [56), further active
targeting to myotubles may increase the possibility of

MMV to physically accumulate around mitochondria,
leading to enhanced targeting. In addition, the ester
derivatives of dietary fatty acids may be incorporated
to utilize the carnitine shuttle-mediated mitochondria
entry machinery [57.

. Minicircle DNA may be useful for mitochondrial gene
therapy. At present, DNA vector for mitochondrial gene
therapy is not available. Previously, it was suggested that
minicircle DNA without bacterial DNA elements would
be useful for appropriate mitochondrial transcription
and transcriptional cleavage [58]. The minicircle DNA
is a circular DNA in which unnecessary elements such
as antibiotics resistant genes or replication origin are
eliminated by active recombination after the replication
in living bacteria. The first reported production of a
minicircle DNA was a minicircle DNA by phage lambda
recombinase-mediated recombination [59.60]. The target
DNA was integrated between attB and attP, constructing
the parent plasmid. The parent plasmid also had the
lambda recombinase expression unit. After the culture
of the plasmid transformed bacteria, the expression of
lambda recombinase was induced. The expression of
lambda recombinase facilitated the recombination and
eventually produced the two minicircle DNAs, one
of which contained the target DNA and the other the
unnecessary DNA.

Minicircle DNA has attracted much interest in the
gene therapy field due to its advantages, and various
techniques have been developed for the efficient and
simple production of minicircle DNA. However, direct
application of minicircle DNA to mitochondrial gene
therapy has not been reported. In addition, there are
problems to be addressed for mitochondrial therapeutic
applications of minicircle DNA. Gene expression systems
such as transcription and translation in mitochondria
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should be firmly established, which requires a thorough
understanding of the molecular biology of mitochondrial

gene expression.

4. The molecular biology of mitochondrial gene expression
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