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THE PROSPECTS OF GENE THERAPY FOR MITOCHONDRIAL DISEASES:
CAN’'T WE DO WITHOUT CRISPR/CAS9?
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Mitochondrial DNA mutations cause severe inherited disorders in humans. To date, there are a few therapeutic strategies for
their correction; however, it is highly unlikely that they would be routinely used in clinical practice. The past few years have
witnessed the rapid progress of a genome editing technology known as CRISPR/Cas9. The present review focuses on the
current strategies to combat mitochondrial mutations and reveals their major drawbacks. The article also explores the possibility
of creating a possible specific CRISPR/Cas9 tool for correcting mitochondrial DNA mutations and provides a rough description
of its mechanism of action. A particular focus is paid to technical challenges. On the whole, we see no principal barriers to
implementing a mitoCRISPR/Cas9 system for treating mitochondrial disorders.
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MEPCMNEKTUBbI FTEHHOWN TEPAMUU MUTOXOHOPUANBbHbBIX BOJIE3HEN:
BE3 CRISPR/CAS9 HE OBOUTUCBH?

V1. B. Ynuepur!, C. A. Nesnuxkumin', M. A. KpaweHnHHkoB!, W, Tapacor?, . A. KameHckuin'3 =
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Bantuinckuin hepepansbHbin yHUBepeuTeT nvenmn . Kanta, KanuHuHrpag,

MyTaumm B MUTOXOHOPWATIBHOM reHOMe SBNSOTCS MPUHNHOM Cepbe3HbIX HAaCNeACTBEHHbIX 3aboneBaHNA Yenoseka. Ha ce-
FOAHSLUHWA OeHb CYLLECTBYET HECKOSIbKO CMOCOO0B MX KOPPEKLMN, KOTOPbIE, OOQHAKO, BPSA M MOMyT ObiTb MOBCEMECTHO
BHEAPEHDBI B KIIMHNYECKYIO NMpakTuky. C Apyroi CTOPOHbI, B MOCNedHWe rogbl KpaHe akTUBHO Pa3BMBAETCS TEXHONOMSA pe-
naktnpoBaHus reHomoB CRISPR/Cas9. B pabote mpuBogmTtcst 0630p CyLLECTBYIOLLMX CNOoco60oB 60pbbbl C MUTOXOHAPW-
anbHbIMM MyTaLMsIMK, MOKa3bIBAOTCA OCHOBHbIE VX HEAOCTATKM. Takxe aHanM3upytoTCs BOSMOXXHOCTN CO3[aHNst BEPCUN
TexHonorunm CRISPR/Cas9 ans koppekumm MyTaumii B MuToxoHapuansHon JHK, obcy»xaaroTcs OCHOBHbIE 3Tarbl, KOTOpbIe
HeobxoaMMo NponT Ans atoro. Ocoboe BHUMaHWE yAENSeTCA TEXHUHECKM CIOXHOCTSIM, KOTOPbIE MOIyT BOSHUKATb MNPV CO3-
[aHuM Takow TexHonorun. B Luenom nprHumnvansHelX NpenaTcTBul K padpaboTke cructembl mitoCRISPR/Cas9 He BbisiBAEHO.
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The human mitochondrial genome is a 16.5 kbp-long double-  mutations lead to disease even if they affect the coding regions
stranded DNA molecule that encodes 13 proteins, 22 tRNAs  of the mitochondrial genome [3]. Phenotypic expression of
and rRNAs [1]. Mitochondrial DNA mutations occur in one in  mutations always depends on the level of heteroplasmy, i.e.
about 3,500 people [2]. Due to heteroplasmy (the coexistence  on the ratio of normal to mutant mtDNA molecules. Clinical
of mutant and normal mtDNA copies in the cell), not all such  manifestations of mitochondrial DNA mutations are usually
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neuromuscular: nervous and muscular tissues consume large
amounts of ATP and are therefore especially vulnerable to
mitochondrial dysfunction.

Currently there is no cure for mitochondrial diseases.
Treatments the afflicted patients receive aim to merely alleviate
their symptoms and only slightly improve the quality of their
lives. Over the last two decades, a number of experimental
gene-based therapeutic approaches have been developed to
suppressing mutations in the mitochondrial genome [4]. Below
we highlight some of the main strategies used to combat
mitochondrial dysfunction:

— allotopic  expression (the gene that encodes a
mitochondrial protein of interest is expressed in the cytoplasm;
the resulting protein is then imported into the mitochondria and
incorporated into the organellar molecular processes instead of
the mutant protein);

— xenotopic expression (the orthologous counterpart of
the mutant mitochondrial gene taken from another species
is expressed in the cytoplasm; the resulting protein is then
imported into the mitochondria and incorporated into the
organellar molecular processes instead of the mutant protein);

— transfection of human cells by the in vitro synthesized
mitochondrial tRNAs or mRNAs, followed by their import into
the mitochondria, where they can participate in mitochondrial
translation instead of mutant RNAs;

—import into the mitochondria of nucleic acid vectors
carrying sequences complementary to the mutant DNA region
to which they subsequently bind, thus inhibiting replication of
mutant molecules;

—the use of vesicles that can penetrate mitochondrial
membranes and thus deliver large biomolecules into the
mitochondria where these molecules can maintain normal
mitochondrial function.

These approaches have proved to be effective in the
experiments on human cell cultures. They share a disadvantage,
though: they do not eliminate the mutation itself, but instead
reduce the level of heteroplasmy, which in turn leads to partial
or full restoration of mitochondrial function. Therefore, even
if these approaches were introduced into clinical routine,
they would not prevent next generation transmission of
mitochondrial mutations. The use of technologies capable
of repairing mitochondrial DNA mutations would be a better
response to the challenge.

Mitochondrial replacement therapy

[t appears that the most effective strategy in combating
mutations in the mitochondrial DNA is the so-called
Mitochondrial Replacement Therapy (MRT) [5]. It cannot be
used to treat mitochondrial disorders in adults, but it does give
a female mutation carrier the chance to give birth to a healthy,
mutation-free child. In the process of MRT, the diploid nucleus
of a fertilized egg received from a female mutation carrier is
removed and transferred to an enucleated donor egg received
from a healthy woman with normally functional mitochondria.
The resulting egg will contain nuclear genetic material donated
by the parents and healthy mitochondria from a “second
mother”. The egg is then implanted into the mother’s uterus, and
fetal development begins. MRT has already received approval
from the UK Parliament for the use in clinics specializing in
in vitro fertilization. The first “three-parent” child is expected to
be born by the end of 2017. However, some countries where
such treatments are not subject to legal regulation have already
reported the inspiring results of MRT application, namely the
birth of healthy children. Mitochondrial replacement therapy is

a very convenient and technically simple therapeutic tool, but it
raises a lot of ethical questions [6, 7]. In 2016 the US Food and
Drug Administration (FDA) started the evaluation process of
MRT, but the Congress soon banned this initiative as ethically
unacceptable [8]. In view of this, MRT is very unlikely to become
a commonly used and widely spread technique.

Zinc-finger endonucleases and mitoTALEN

So far, a few tools for repairing mitochondrial DNA mutations
have been engineered based on the molecular technologies
for genome editing. These tools raise fewer ethical concerns
than MRT. A possibility has been shown to induce sequence-
specific double-strand breaks in a mutant DNA molecule using
restriction endonucleases [9], zinc-finger nucleases [10] and
TALEN enzymes [11]. Breaks in the DNA cause significant shifts
in MtDNA heteroplasmy, indicative of linearized molecules
degradation. Besides, the mitoTALEN tool has proved to be
able to selectively eliminate mutant mitochondrial DNA.

The approaches listed above definitely have the potential to
cure human mitochondrial diseases, but they are not perfect.
The methods employing restriction endonucleases can be
used only for mutations that create the unique recognition site
for these enzymes. Of all known deleterious mutations, there
is only one capable of doing so. Zinc-finger nucleases and
TALENs are more flexible because they can selectively bind
to and cut at any DNA region using specially designed protein
sequences. Unfortunately, DNA-binding components of these
genome editing tools have to be designed and synthesized
separately for each mutation. Furthermore, both zinc-finger
enzymes and TALENs might turn to be ineffective for repairing
certain mutations because their success largely depends on
the target DNA sequence. Besides, it has been shown that
both technologies have unintended effects on the mitochondrial
DNA mediating a decrease in the number of its wildtype copies
in the cell [10]. Last, zinc-finger enzymes and TALENSs require
a particularly careful selection of optimal protein sequences,
which is a very labor-intensive, time-consuming and costly
procedure.

CRISPR/Cas9

In the light of the above, currently there seems to be no tool for
mitochondrial DNA repair that would be effective, technically
simple, cheap and ethics-friendly at the same time. However, a
technology called CRISPR/Cas9 meets all these requirements.

[ts mechanism of action is quite similar to that of TALEN; it
consists of a CRISPR guide RNA complementary to a target
DNA region and the Cas9 endonuclease that creates a double-
strand break in the DNA at the gRNA binding site. CRISPR/Cas9
systems exist in nature in bacteria and are employed by the
latter as a defense against bacteriophages. In 2013 CRISPR/
Cas9 was successfully used for selective cleavage of human
DNA in the living cell [12]. Ever since, the technology has been
enjoying a boom of attention because of its immense potential
as a therapeutic tool. For example, in 2015 CRISPR/Cas9 was
used to repair mutations in the human embryo [13]. It has also
found its application in agriculture and is used to obtain new
varieties of crops, some of which have already been officially
approved for commercial production in a number of countries
worldwide [14]. CRISPR/Cas9 is somewhat successfully used
for animal genome editing. For example, it was employed to
produce tuberculosis-resistant transgenic cattle [15]. However,
CRISPR/Cas9-modified animals have not made it yet to the
market.
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The CRISPR/Cas9 system employs short RNA sequences
for targeting a particular genome region, which contributes
largely to its popularity since it is not so labor-consuming as
zinc fingers or TALEN and certainly cheaper than the latter;
it does not require redesigning and synthesizing large protein
molecules for every individual mutation. The major drawback
of CRISPR/Cas9 is its off-target effect: cleavage of genomic
DNA at an off-target site with a sequence similar to that of
a target site. Off-target cleavage hardly ever results in the
unintended phenotypic changes, but insufficient specificity
of the technology poses a serious challenge to researchers
worldwide.

Currently a few research teams are attempting to design a
CRISPR/Cas9-based platform for mitochondrial DNA editing.
Such platform could become a perfect tool for combating
deleterious mutations in the mitochondrial genome. First, it
would prevent next-generation transmission of mutations
by editing human embryos. Second, when combined with
targeted delivery systems, CRISPR/Cas9 would help to improve
the quality of life of adult people suffering from mitochondrial
defects. Third, this platform would be more ethics-friendly than
MRT. However, no mitoCRISPR/Cas9 has been created yet.
The only description of a potential mitoCRISPR/Cas9 system

found in the literature is seriously questioned by the research
community due to the low reliability of the research findings.

Creating a mitoCRISPR/Cas9 platform

Below we will briefly describe the main steps to be taken to
create a mitoCRISPR/Cas9 platform (see the Figure). We make
no claims as to the completeness or correctness of this plan
but would like to note that no similar systematic analysis has
been carried out so far.

1. Import of the Cas9 nuclease into mitochondria. Any
eukaryotic cell, including human cells, has a system for protein
import into mitochondria that has been very well studied
[16]. The majority of proteins that can be imported into these
organelles have special signal sequences at their N-termini;
these sequences are a few dozen amino acids long, and their
presence in the protein is usually a necessary and sufficient
condition for its importability. Adding a signal sequence to
the N-terminus of a non-imported cytoplasmic protein usually
enables its import into the mitochondrion where the signal
sequence is cleaved off by mitochondrial proteases and the
protein can exhibit its functional activity. There are no obstacles
to carrying out a similar procedure with Cas9. Actually, a study
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has already been conducted describing a variant of Cas9 that
can be imported into human mitochondria [17]. An option of
Cas9 gene delivery into the cells includes their transfection by
Cas9 mRNA whose translation can be operated by cytoplasmic
ribosomes. Provided that the introduced mRNA encodes the
mitochondrial signal sequence, the resulting protein will be
transported from the cytoplasm into the mitochondrion.

2. Import of CRISPR guide RNAs to mitochondria and
their binding to mutant mitochondrial DNA molecules. RNA
import into mitochondria is known to exist in nature [18]. RNA
nucleotide sequences and structural motifs have already been
described, that are necessary and sufficient for RNA import
into human mitochondria [19, 20]. Besides, it has been shown
that chimeric RNAs consisting of such structural motifs and
different nucleotide sequences can be effectively delivered to
mitochondria and even complementarily bind mtDNA [21].
Chimeric RNAs are also capable of selective binding to mutant
DNA; moreover, they can effectively discriminate between
point mutations and ‘healthy’ DNA fragments [22]. To sum
up, there is an experimentally confirmed possibility of CRISPR
RNA delivery (as part of RNA chimeras) to mitochondria and
its selective binding to the mutant regions of the mitochondrial
genome.

3. Preventing CRISPR/Cas9 components from getting into
the nucleus. Technically, there is a chance that CRISPR guide
RNAs designed to be imported into mitochondria will end up
in the nucleus after transfection, where they can bind to DNA.
Adverse effects are unlikely, though, because mitoCas9 cannot
enter the nucleus: it does not contain a signal sequence that
makes such import possible. Nevertheless, the nucleus should
be checked for the presence of Cas9 and CRISPR gRNAs
when testing a mitoCRISPR/Cas9 platform.

4. Cleavage of mutant DNA molecules in mitochondria.
This task should not present a particular difficulty. With
all components of the described system delivered to the
mitochondrion, the probability of cleavage should remain very
high, considering successful performance of CRISPR/Cas9 in
the nucleus. In fact, mutant DNA cleavage is possible with the
mitoTALEN platform (see above). It should be kept in mind,
though, that mtDNA is densely packaged into DNA-protein
complexes called nucleoids [23]; their density exceeds that of
nuclear DNA. Hypothetically speaking, this circumstance might
obstruct DNA cleavage by Cas9. However, considering that (1)
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