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Abstract Mitochondrial diseases are clinically, biochemical-
ly and genetically heterogeneous disorders of two genomes,
for which effective curative therapies are currently lacking.
With the exception of a few rare vitamin/cofactor responsive
conditions (including ACAD9 deficiency, disorders of coen-
zyme Qo biosynthesis, and Leigh syndrome caused by muta-
tions in the SLC19A3 transporter), the mainstay of treatment
for the vast majority of patients involves supportive measures.
The search for a cure for mitochondrial disease is the subject
of intensive research efforts by many investigators across the
globe, but the goal remains elusive. The clinical and genetic
heterogeneity, multisystemic nature of many of these disor-
ders, unpredictable natural course, relative inaccessibility of
the mitochondrion and lack of validated, clinically meaningful
outcome measures, have all presented great challenges to the
design of rigorous clinical trials. This review discusses bar-
riers to developing effective therapies for mitochondrial dis-
ease, models for evaluating the efficacy of novel treatments
and summarises the most promising emerging therapies in six
key areas: 1) antioxidant approaches; 2) stimulating mito-
chondrial biogenesis; 3) targeting mitochondrial membrane
lipids, dynamics and mitophagy; 4) replacement therapy; 5)
cell-based therapies; and 6) gene therapy approaches for both
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mtDNA and nuclear-encoded defects of mitochondrial
metabolism.

Introduction

Mitochondrial diseases are estimated to affect approximately
1 in 5000 of the population (Thorburn 2004) and are defined
as disorders directly or indirectly affecting the function of the
mitochondrial respiratory chain and oxidative phosphoryla-
tion (OXPHOS) system, a series of five multimeric enzyme
complexes embedded in the mitochondrial inner membrane.
These diseases are characterised by predominantly neuromus-
cular disease or multisystem disease affecting organs with
high energy demands (Rahman and Hanna 2009; Lemonde
and Rahman 2015). Despite many efforts, it is still the case
that no effective treatments exist for the vast majority of mi-
tochondrial disorders.

Numerous challenges hamper development of novel treat-
ments for mitochondrial disease, not least the enormous clin-
ical, biochemical and genetic heterogeneity associated with
these disorders (Figs. 1 and 2). So far primary mitochondrial
diseases have been linked to mutations in more than 200 nu-
clear genes (Fig. 2), as well as all 37 mitochondrial DNA
(mtDNA)-encoded genes. Thus, the term ‘mitochondrial dis-
ease’ encompasses several hundred different orphan disease
entities, and the reality is that a single sinecure for all of these
diseases is unlikely to exist.

Another challenge has been targeting drugs and/or nucleic
acids into the mitochondrial matrix. Various ingenious strate-
gies have been devised in order to attempt to overcome this,
ranging from adding lipophilic cations or mitochondrial
targeting sequences to candidate therapeutic molecules, to
customised nano-particle delivery methods.
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A final historical challenge was the lack of model systems
in which to test novel therapies. However recent years have
witnessed the development of a plethora of animal models for
mitochondrial diseases, including Caenorhabditis elegans,
Drosophila melanogaster and murine models (Kanabus et al
2014). Pre-clinical trials that have been performed in these
various animal models will be discussed in the relevant sec-
tions below.

This review will discuss some treatable disorders that
should not be missed, and then focus on five groups of emerg-
ing therapies for mitochondrial diseases: 1) antioxidant ap-
proaches; 2) stimulating mitochondrial biogenesis; 3)
targeting mitochondrial membrane lipids, dynamics and
mitophagy; 4) replacement therapy; 5) cell-based therapies;
and 6) gene therapy approaches for both mtDNA and
nuclear-encoded defects of mitochondrial metabolism.

Treat the treatable
Treatable disorders

In any discussion of developing novel therapies for mitochon-
drial disease, one must not lose sight of those disorders for
which effective treatments already exist. These disorders,
which should be actively sought out and treated, include de-
fects of coenzyme Q;( (CoQ;() biosynthesis, which are clin-
ically heterogeneous (Rahman et al 2012); disorders respon-
sive to riboflavin such as ACAD9 deficiency (which may
present with hypertrophic cardiomyopathy, lactic acidosis or
encephalo/myopathy) and defects of riboflavin transport

Fig. 3 Supportive therapies
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problems shown in Fig. 1 are
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treatments as indicated (Rahman and Hanna 2009; Kanabus
et al 2014).

Previous clinical trials

The ideal clinical trial should be adequately powered, statisti-
cally valid, randomised, double-blinded, placebo controlled
and include a large group of homogeneous patients with the
same clinical presentation, biochemical findings and genetic
defect (at a similar mutation load if mtDNA), and preferably at
a similar stage of disease progression. This is clearly impossi-
ble for mitochondrial diseases, which are characterised by
extreme heterogeneity at every level. These difficulties are
highlighted by a recent Cochrane systematic review of clinical
trials for mitochondrial disease which found that, of 1335
abstracts reviewed, only 12 fulfilled criteria for rigorous clin-
ical trials (Pfeffer et al 2012). Furthermore, only three of these
studies included 30 or more subjects. The agents investigated
in these 12 clinical trials included CoQ,,, creatine,
dimethylglycine, cysteine and lipoic acid. Dramatic effects
were not observed in any of these trials (Pfeffer et al 2012;
Kanabus et al 2014).

The reasons for the dearth of clinical trials for mitochon-
drial disease are manifold. There are hundreds of different
genetic causes of mitochondrial disease (Fig. 2), each individ-
ually rare, which creates difficulties in collecting large homo-
geneous cohorts of patients. Furthermore, an individual pa-
tient may have many different clinical problems, and different
treatment approaches may be needed for each of these. The
unpredictable natural course of mitochondrial disease, with
episodic deterioration, transient recovery and long periods of
stability, together with lack of good natural history data, also
present difficulties in interpreting the results of clinical trials.
Identification of validated, clinically meaningful outcome
measures is also challenging. Despite all of these obstacles,
progress is being made, as evidenced by the following broad
review of the emerging pharmacological, cell-based and gene
therapy strategies for mitochondrial disease.

Emerging approaches 1: antioxidant approaches

It is generally accepted that accumulation of reactive oxygen
species (ROS) is a major cause of mitochondrial disease path-
ogenesis, and leads to depletion of glutathione (GSH), the
main mitochondrial antioxidant. Decreased GSH levels have
been documented in skeletal muscle and plasma of patients
with primary mitochondrial disorders (Hargreaves et al 2005;
Salmi et al 2012). Furthermore, partial respiratory chain inhi-
bition was shown to increase formation of superoxide before
cellular metabolism was impaired in an astrocyte model, sug-
gesting that oxidative stress may be more important than ATP
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depletion in the pathophysiology of mitochondrial disease
(Jacobson et al 2005). It is therefore not surprising that many
therapeutic strategies have attempted to treat mitochondrial
disease by using antioxidants to ameliorate the effects of
ROS, as follows.

Coenzyme Q¢ and analogues

The most frequently used mitochondrial antioxidant is CoQ,
also known as ubiquinone. Although CoQ)q is of proven value
in treating disorders of CoQ;q biosynthesis (Montini et al
2008; Rahman et al 2012), its role in other mitochondrial
disorders is less certain. CoQ;q has been investigated in a
number of randomised clinical trials for mitochondrial dis-
ease, but the results have been inconclusive (Pfeffer et al
2012; Kanabus et al 2014). A phase 3 randomised, double
blind, crossover trial of CoQ;y was completed in May 2013
(Table 1), but the findings have not yet been reported.
Idebenone, a synthetic CoQ( analogue with shorter isoprenyl
chain length and reputedly better blood brain barrier penetra-
tion, has been investigated in clinical trials as a potential treat-
ment for Leber’s hereditary optic neuropathy and Friedreich’s
ataxia, with suggestions of improvement (Klopstock et al
2011; Kerr 2013). A phase Ila randomised, double blind, pla-
cebo controlled, dose-finding study of idebenone is ongoing
in MELAS syndrome (Table 1). EPI-743 is another synthetic
structurally modified analogue of CoQ;q, in which the bis-
methoxy groups of the quinone have been replaced with bis-
methyl groups, and the tail has three rather than ten isoprenyl
units. EPI-743 has been investigated in a number of open label
studies (Enns et al 2012; Martinelli et al 2012; Sadun et al
2012) with some potentially encouraging results, but the un-
predictable natural course of Leigh syndrome, in particular,
means that the results of such studies should be interpreted
with caution. Double blind, placebo controlled, randomised
clinical trials of EPI-743 are currently in progress for Leigh
syndrome, Kearns-Sayre syndrome and Friedreich’s ataxia
(Table 1).

N-acetylcysteine

Combined treatment with metronidazole and N-acetyl cyste-
ine has been suggested to be beneficial in ethylmalonic en-
cephalopathy (Viscomi et al 2010), but use of N-acetyl cyste-
ine has not been explored in formal clinical trials for other
mitochondrial disorders.

Vitamins C and E and analogues

Other antioxidants suggested to be of benefit in mitochondrial
disease include vitamins E and C. Trolox (6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid), an analogue of vita-
min E, has been shown to ameliorate cellular phenotypes of
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Table 1  Ongoing or recently completed clinical trials for mitochondrial disease
Status Study type Treatment Disorder Trial ID
Recruiting Phase 2B R, DB, PC EPI-743 Pearson syndrome NCT02104336
Recruiting Open-label, dose-escalating RP103 (Cysteamine bitartrate ~ Mitochondrial disease, NCT02023866
delayed-release capsules) including Leigh syndrome
Recruiting Open-label Resistance exercise Barth syndrome NCT01629459
Recruiting Safety & efficacy (R, open-label) rAAV2-ND4 LHON NCT01267422
Phase 1/2 open-label safety GS010 (rAAV2/2-ND4) NCT02064569
Recruiting Open-label, dose-escalating AAV vector for Gene Rx LHON m.11778G>A NCT02161380
Recruiting Open-label Cyclosporine (CICLO-NOHL) LHON acute phase NCT02176733
Recruiting Phase 2 open-label Nicotinamide Friedreich ataxia NCT01589809
Recruiting Phase 2 open-label EPI-743 Friedreich ataxia NCT01962363
Recruiting Phase 2 open-label Gamma interferon Friedreich ataxia NCT02035020
Recruiting Phase 1 R, DB, PC VP 20629 Friedreich ataxia (adults) NCT01898884
Recruiting Open-label Acetyl-L-Carnitine Friedreich ataxia NCT01921868
Active, not recruiting Safety & efficacy (R, DB) EPI-743 Leigh NCTO01721733
Active, not recruiting Safety & efficacy (open-label) EPI-743 Mitochondrial diseases NCT01370447
Active, not recruiting Phase Ila R, DB, PC, Dose-finding  Idebenone MELAS NCT00887562
Completed December 2013 Open-label efficacy L-Arginine MELAS NCT01603446
Completed May 2013 Phase 3 R, DB, crossover Coenzyme Qo Mitochondrial disease NCT00432744
Completed March 2013 Phase 3 R, DB Pioglitazone Friedreich ataxia NCTO00811681
Completed December 2012 R, DB, PCT Curcumin LHON NCTO00528151
Completed December 2012 Phase 1/2 open label Resveratrol Friedreich ataxia NCTO01339884

DB double blind, LHON Leber’s hereditary optic neuropathy, PCT placebo controlled trial, R randomised

mitochondrial complex I deficiency. For example, it has been
reported to reduce ROS production, mitochondrial membrane
potential and Ca**—stimulated ATP production in complex I
deficient fibroblasts (Distelmaier et al 2009; Blanchet et al
2015), but again has not been formally investigated in clinical
trials.

Emerging approaches 2: stimulating mitochondrial
biogenesis

For several years, a great hope for treating mitochondrial dis-
ease has been the development of strategies to stimulate mi-
tochondrial ‘biogenesis’, i.e. the formation of new mitochon-
dria. The biological processes underlying mitochondrial bio-
genesis are extremely complex and under tight transcriptional
control, orchestrated by the master translational co-activator
PGCl«x (reviewed by (Kanabus et al 2014)). Strategies to
increase mitochondrial biogenesis can be broadly divided into
three groups: pharmacological, dietary and exercise. The role
of exercise will not be reviewed in detail here since no new
data are available about efficacy of exercise in mitochondrial
disease, and this approach has been discussed extensively
elsewhere (Taivassalo and Haller 2005; Taivassalo et al
2006; Murphy et al 2008). Although these approaches do
not correct the underlying defect, it is thought that simply

increasing mitochondrial numbers (whether ‘good’ or ‘bad’
mitochondria) will result in a net increase in energy produc-
tion. Various agents have been used to attempt to stimulate
mitochondrial biogenesis. Positive effects observed in these
studies have varied between different models, even when
using the same agent, as discussed below.

Pharmacological approaches

Bezafibrate is a synthetic ligand of the PPAR«x transcription
factor, and has been used to treat several mouse models of
mitochondrial disease. Oral bezafibrate therapy slowed onset
of mitochondrial myopathy and prolonged survival in a
muscle-specific Cox10—/— mouse model (Wenz et al 2008).
However a subsequent study investigating two other mouse
models of cytochrome ¢ oxidase (COX) deficiency, Surfl and
COX15 knockout mice, did not replicate these findings
(Viscomi et al 2011). Furthermore, although bezafibrate im-
proved muscle histological findings and reduced the accumu-
lation of mtDNA deletions in the muscle of the ‘Deletor’
mouse harbouring a dominant mutation in the Twinkle
helicase, these effects did not appear to be mediated by induc-
ing mitochondrial biogenesis (Yatsuga and Suomalainen
2012). It should be noted that the use of bezafibrate in rodent
models is complicated by severe adverse effects on hepatic
metabolism, and may not reflect efficacy in the treatment of
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human mitochondrial disease (Yatsuga and Suomalainen
2012). However, a randomised clinical trial of bezafibrate
did not improve clinical symptoms in two mitochondrial fatty
acid oxidation disorders, CPTII deficiency and VLCAD defi-
ciency (Orngreen et al 2014). No clinical trials of bezafibrate
have been reported in patients with OXPHOS defects.

Resveratrol activates the sirtuin SIRT1, which in turn is
responsible for NAD-dependent deacetylation of multiple
proteins, including PGClo and the mitochondrial transcrip-
tion factor TFAM. Resveratrol has been shown to increase
mitochondrial biogenesis in cell models (Lopes et al 2014)
but did not appear to increase OXPHOS enzyme activities in
patient fibroblasts in another study (De Paepe et al 2014). A
phase 1/2 open label clinical trial has recently been completed
in Friedreich ataxia (NCT01339884), but the findings have
yet to be reported. A novel SIRT1 activator SRT2104 has also
been suggested to improve mitochondrial function (Libri et al
2012).

5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR) is a pharmacological activator of the adenosine
monophosphate kinase (AMPK)-PGCl1« axis. Increased mi-
tochondrial biogenesis and ATP production and decreased
ROS were observed in complex I deficient fibroblasts treated
with AICAR (Golubitzky et al 2011). AICAR has also been
reported to increase mitochondrial biogenesis and partially
correct COX deficiency in three mouse models (Viscomi
etal 2011).

Nicotinamide riboside is a newly reported form of vitamin
B3 that is able to stimulate mitochondrial biogenesis by in-
creasing NAD" availability via a salvage/recycling pathway
for NAD" biosynthesis, leading to NAD"-dependent activa-
tion of SIRT1 and thus increasing mitochondrial biogenesis
(Lightowlers and Chrzanowska-Lightowlers 2014). Early
studies have demonstrated improvements following nicotin-
amide riboside therapy of two mouse models of mitochondrial
disease. Nicotinamide riboside delayed disease progression,
induced mitochondrial biogenesis in muscle and prevented
the formation of mtDNA deletions in Deletor mice (Khan
et al 2014), and improved respiratory chain activities and ex-
ercise intolerance in the Sco2 knockout/knockin mouse
(Cerutti et al 2014). Human clinical trials are currently being
planned.

Dietary approaches

Much has been written about the ketogenic diet as a potential
treatment for mitochondrial disease, but at present the evi-
dence in patients remains anecdotal and sparse (Rahman
2012). Evidence in favour of this treatment is derived from
studies in cell and animal models of mitochondrial disease.
Ketones reduced mtDNA mutation load in a cybrid model
(Santra et al 2004), and slowed progression of mitochondrial
myopathy in the Deletor mouse (Ahola-Erkkila et al 2010).
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Recently decanoic acid (C10), a fatty acid that is known to
increase in the plasma of individuals on a ketogenic diet, was
shown to stimulate mitochondrial biogenesis in both neuronal
cells and cultured skin fibroblasts via a PPAR~y mediated
mechanism (Hughes et al 2014). It will be interesting to in-
vestigate whether C10 can also stimulate mitochondrial bio-
genesis in cell and/or animal models of mitochondrial disease.

Emerging approaches 3: targeting mitochondrial
dynamics and mitophagy

Recently described approaches aim to target other aspects of
mitochondrial biology. The importance of mitochondrial qual-
ity control is increasingly recognised, and includes the pro-
cesses of mitochondrial fission and fusion, mitophagy (au-
tophagy of damaged mitochondria, triggered by loss of mito-
chondrial membrane potential), mitochondrial biogenesis and
repair (Green and Van 2011). Manipulating mitochondrial dy-
namics is potentially an attractive approach to treat mitochon-
drial diseases, since altering the balance of fission and fusion
may allow damaged mitochondria (or damaged segments of
mitochondria) to be rescued by complementation or else be
selectively eliminated by mitophagy. Mitochondrial fragmen-
tation is observed in some mitochondrial disorders, both pri-
mary and secondary neurodegenerative disorders. Inhibitors
of the mitochondrial fission protein DRP1 such as the selec-
tive peptide inhibitor P110 could theoretically decrease aber-
rant mitochondrial fission in these disorders (Qi et al 2013).

One method of targeting mitophagy may be via mTOR
(target of rapamycin) inhibition, and a recent study investigat-
ing rapamycin in the Ndufs4—/— Leigh syndrome conditional
knockout mouse model yielded promising results (Johnson
et al 2013). There appeared to be delayed onset and progres-
sion of neurological symptoms in the treated mice, with lower
brain lactate and histological evidence of reduced brain in-
flammation and prevention of the brain lesions characteristic
of Leigh syndrome (Johnson et al 2013). However, there was
no change in OXPHOS capacity in these mice following treat-
ment, leading the authors to conclude that the observed bene-
fits may have resulted from an immunosuppressive effect of
the rapamycin rather than a direct effect on mitochondrial
function.

Emerging approaches 4: replacement therapy
Nucleoside therapy

Several of the mitochondrial DNA depletion syndromes
(MDDS) are caused by defects of enzymes involved in nucle-

oside metabolism (Rahman and Poulton 2009). It has been
postulated that nucleoside therapy may rescue these disorders,
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but achieving the right balance of nucleosides to correct the
defects without toxic side effects has proved challenging
(Camara et al 2013). A recent study treated mice with thymi-
dine kinase deficiency, a form of MDDS, with a combination
of the nucleosides deoxycytidine monophosphate (dCMP)
and deoxythymidine monophosphate (d{TMP), and reported
biochemical (increased respiratory chain activities) and genet-
ic (increased mtDNA levels) improvements in the treated
mice, accompanied by increased survival. Another study
showed that either supplementation with deoxycytidine or in-
hibition of deoxyribonucleoside metabolism with
tetrahydrouridine could modulate mitochondrial
deoxyribonucleoside triphosphate levels in a mouse model
of mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) (Camara et al 2014). It remains uncertain whether
it will be possible to translate these approaches to treat human
MDDS.

Enzyme replacement

Enzyme replacement therapy (ERT) is not a feasible option for
primary OXPHOS deficiencies (for example, disorders caused
by OXPHOS enzyme subunit or assembly factor mutations),
since these are large multimeric enzyme complexes embedded
in the inner mitochondrial membrane, with consequent diffi-
culties in targeting recombinant proteins to the correct subcel-
lular compartment. However ERT would theoretically be ef-
fective in MNGIE, since the defect is in the cytosolic enzyme
thymidine phosphorylase (TP). A proof of principle study in
which recombinant TP was administered encapsulated in the
patient’s own red cells to a patient with advanced disease was
associated with biochemical improvement, but the patient died
21 days after receiving ERT (Moran et al 2008). More recently
clinical and biochemical improvements have been reported in
a patient who received almost 2 years of ERT, leading the
authors to suggest that a clinical trial of ERT for MNGIE is
indicated (Bax et al 2013).

Emerging approaches 5: cell-based therapies
Allogeneic haematopoietic stem cell therapy

Allogeneic haematopoietic stem cell therapy (AHSCT) has
shown potential in MNGIE, as a means of replacing TP en-
zyme activity (Hirano et al 2006), but has been associated with
a high mortality, probably reflecting the degree of ill health of
the affected patients prior to transplantation. A clinical trial is
planned using an internationally agreed protocol (Halter et al
2011). So far AHSCT has not been shown to be of benefit for
any other mitochondrial disorders. AHSCT has been reported
to improve haematological function and metabolic acidosis in
Pearson marrow pancreas syndrome, but the only three

published cases were associated with poor outcomes follow-
ing AHSCT, including progressive neurological decline and
early death in all three cases (Tumino et al 2011; Gagne et al
2014). This is presumably because mtDNA deletions continue
to accumulate in nondividing tissues, particularly the brain.

Mesenchymal stem cell therapy

Co-culture of adult stem cells and somatic cells showed that
mitochondria can move between cells and rescue aerobic res-
piration in cells with non-functional mitochondria (Spees et al
2006). Based on these observations, it was suggested that
damaged cells can be ‘rejuvenated’ by transfer of mitochon-
dria from stem cells. In support of this, intra-tracheal admin-
istration of mesenchymal stem cells (MSCs) was associated
with mitochondrial transfer to alveolar epithelial cells, and
consequent improvement of cellular bioenergetics and alveo-
lar function in a mouse model of acute lung injury (Islam et al
2012). A recent study showed that the mitochondrial Rho-
GTPase Mirol facilitates mitochondrial movement from
MSC:s to epithelial cells, with greater transfer efficiency fol-
lowing Mirol overexpression in the MSCs (Ahmad et al
2014). Thus, mitochondrial transfer from MSCs may be an
interesting avenue to pursue in treating primary mitochondrial
diseases.

Direct delivery of mitochondria

An approach that would bypass the need to penetrate the mi-
tochondrion to target therapies would be to deliver intact mi-
tochondria instead. Recently, direct mitochondrial transfer
using the cell-penetrating peptide Pep-1
(KETWWETWWTEWSQPKKKRKV-cysteamine) was re-
ported to rescue mitochondrial function and cell viability of
m.8344A>G cybrids (Chang et al 2013; Liu et al 2014). This
is an intriguing concept, although it is difficult to envisage
how this could be scaled up to the whole organismal level.

Emerging approaches 6: gene therapy

Although mitochondrial gene therapy was for a long time
thought to be a fantastical notion, several methods have shown
some promise at the cellular level and these will be described
below.

Restriction endonucleases

Since most mtDNA mutations are heteroplasmic (i.e.
coexisting with wild-type mtDNA in variable ratios) and have
a threshold level above which mitochondrial function is com-
promised, theoretically manoeuvres to reduce the
heteroplasmy level below the threshold could correct the
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biochemical defect in cells. One method that has been used to
alter the balance between mutant and wild-type mtDNA is to
use restriction endonucleases with mitochondrial targeting se-
quences. An initial study showed that intramitochondrial de-
livery of the Smal nuclease reduced m.8993T>G mutant load
(Tanaka et al 2002).

Zinc finger nucleases

Subsequently mitochondrially-targeted zinc finger nucleases
(ZFNs) were developed to selectively degrade mtDNA muta-
tions (Minczuk et al 2008). These engineered ZFNs are chi-
meric enzymes in which a modular Cys,His, zinc finger
DNA-binding domain is conjugated to the C-terminal catalyt-
ic subunit of the restriction enzyme Fokl. Although the re-
quirement for an additional nuclear exclusion sequence
(to avoid inadvertent nuclear localisation of the ZFN)
make these a cumbersome tool, recently they were suc-
cessfully used to selectively eliminate the m.8993A>G
point mutation and the ‘common’ ~5 kb deletion from
heteroplasmic cybrid models of mitochondrial disease
(Gammage et al 2014).

Mitochondrially-targeted TALENs and CRISPR/Cas9

Transcription activator-like effector (TALE) nucleases
(TALENS) are synthetic enzymes created by fusing a nuclease
(e.g. Fokl) with a bacterial TALE sequence — a 34 amino acid
repeat sequence that includes two amino acids that confer
DNA binding specificity (Mak et al 2012). A mitochondrial
TALEN with a mitochondrial localisation signal was recently
shown to successfully cleave mutant mtDNA harbouring the
common 5 kb deletion (Bacman et al 2013). Preliminary stud-
ies have also shown that this system can be used to selectively
destroy mtDNA harbouring specific point mutations. Further
studies are required to test this system in mouse models of
mtDNA mutations, to determine whether TALENS are effec-
tive at the whole organismal level.

Another possible approach is to use a second endonuclease-
based genome editing system known as CRISPR (clustered
regularly interspaced palindromic repeat)/Cas9 (Doudna
and Charpentier 2014) to modify mtDNA. The CRISPR
associated protein Cas9 is an endonuclease that uses a
guide sequence within an RNA duplex to form base pairs
with target DNA sequences, and then Cas9 introduces a
site-specific double-strand break in the DNA. Although
CRISPR/Cas9 genome editing is reported to be more ef-
fective than TALENs (Doudna and Charpentier 2014), the
requirement of an RNA component in the CRISPR/Cas9
system is a problem since it is not yet possible to import
RNA reliably into mitochondria.
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Allotopic gene expression

In allotopic gene expression, genes normally encoded by the
mtDNA are recoded using the universal nuclear genetic code,
so that they can be inserted into and expressed from the nu-
cleus. A proof of principle study performed more than a de-
cade ago showed that it was possible to rescue the ATP syn-
thesis defect caused by the m.8993 A>G mutation (associated
with maternally inherited Leigh syndrome and neuropathy,
ataxia and retinitis pigmentosa) using a recoded MTATP6 gene
(Manfredi et al 2002). Subsequently allotopic expression of
MTND4 (encoding a complex I subunit) in a rat model of
LHON (induced by in vivo electroporation of a mutant
MTND4 gene containing the m.11778G>A mutation into rat
eyes) prevented retinal ganglion cell (RGC) loss and impair-
ment of visual function (Ellouze et al 2008). Further studies
assessed the efficiency and safety of AAV-mediated human
ND4 gene delivery into mouse and rabbit eyes (Guy et al
2009; Shi et al 2012). Three human clinical trials of allotopic
gene therapy in LHON are currently in progress: a randomised
open-label safety and efficacy study of rAAV2-ND4
(NCT01267422), a phase 1/2 open-label safety of rAAV2/2-
ND4 (NCT02064569) and an open-label dose escalation
study of AAV gene therapy for m.11778G>A
(NCT02161380) (www.clinicaltrials.gov; Table 1).

Transkingdom gene therapy

Transkingdom gene therapy aims to use a heterologous gene,
encoding an exogenous oxidase otherwise absent from mam-
mals, to bypass a defective respiratory chain enzyme. In the-
ory Ndi, a rotenone-resistant NADH dehydrogenase single
subunit complex I equivalent encoded by the nuclear yeast
gene NDII, could bypass complex I whilst the AOX alterna-
tive oxidase could bypass complexes III+IV (El-Khoury et al
2014). In an initial proof of principle study the 40X gene from
the chordate Ciona intestinalis was allotopically expressed in
cultured human cells (Hakkaart et al 2006), and later was
shown to rescue biochemical phenotypes in human cells with
COX10 or COX15 deficiency (Dassa et al 2009). Recently the
C. intestinalis AOX gene was successfully expressed in early
mouse embryos using germ line lentiviral transduction, to
generate the MitAOX mouse model, which will be useful to
study the effects of AOX in other murine models of complex
IV deficiency (El-Khoury et al 2013). Another recent study
used intraocular (intravitreal) injection of recombinant adeno-
associated virus (AAV) serotype 2 expressing yeast NDII to
treat a rotenone-induced murine model of LHON (Chadderton
et al 2013). AAV-NDII reduced RGC death and optic
nerve atrophy in this LHON model, and improved reti-
nal function as assessed by optokinetic responses
(Chadderton et al 2013).


http://www.clinicaltrials.gov/

J Inherit Metab Dis (2015) 38:641-653

649

Rescue by overexpression of aminoacyl tRNA synthetases

Targeting mitochondrial transfer RNAs (tRNAs) is an attrac-
tive therapeutic strategy, since more than 250 putatively path-
ogenic mutations have been reported in the mitochondrial
tRNA genes, making these the most frequently occurring
mtDNA mutations (www.mitomap.org). Furthermore, since
it remains extremely difficult to manipulate human mtDNA
directly, targeting the tRNAs may be a more feasible option
for gene therapy approaches. Aminoacyl tRNA synthetases
(aaRSs) are responsible for charging tRNAs with their cognate
amino acids in the first step of protein synthesis. The obser-
vation that a yeast mitochondrial aaRS acted as a nuclear
repressor for mutations in its cognate tRNA (Rinaldi et al
1997) was followed by reports that overexpression of
LARS?2 could partially rescue the m.3243A>G mutation in
mt-tRNA'* YR mutation (Park et al 2008) and that IARS2
expression levels modulated penetrance of a homoplasmic mt-
tRNA™™ mutation associated with hypertrophic cardiomyopa-
thy (Perli et al 2012). Subsequently it was shown that yeast
LARS2 could suppress non cognate mt-tRNA mutations
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biogenesis:
Bezafibrate, resveratrol,
AICAR, nicotinamide
riboside, diet, exercise

Antioxidants

Targeting Cofactor
mitochondrial membranes, biosynthesis
dynamics and mitophagy

o

Overexpression of
aminoacyl tRNA
synthetases

Ribosome

OUTER MITOCHONDRIA

(Francisci et al 2011), and recently this was confirmed in
human cells harbouring pathogenic tRNA mutations,
supporting the hypothesis that the C-terminal domain of
LARS?2 has a noncanonical function in stabilising mitochon-
drial tRNA structures to promote translational efficiency (Perli
et al 2014; Hornig-Do et al 2014).

Novel strategies for mitochondrial gene delivery

A Japanese group has developed MITO-porter, a novel
membrane-based nano device for non-viral gene delivery. In
this system functional nucleic acid is packaged as a nano par-
ticle covered with a lipid envelope, and a mitochondrial
targeting signal peptide is added to increase efficiency of up-
take of the carriers (Kawamura et al 2013).

Pronuclear and metaphase cell spindle transfer
An option to prevent transmission of mtDNA diseases is trans-

fer of nuclear genetic material between oocytes (metaphase 11
spindle transfer) or embryos (pronuclear transfer). These

Transkingdom gene
therapy to bypass
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expression

Selective destruction
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Fig.4 Emerging therapeutic approaches for mitochondrial diseases. Therapeutic approaches currently under investigation; arrows indicate which aspect

of mitochondrial function/dysfunction is being targeted by the novel therapy
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techniques have been successfully performed in rhesus ma-
caque monkeys (Tachibana et al 2009) and human embryos
and oocytes (Craven et al 2010; Tachibana et al 2013), but
have generated a great deal of controversy and debate about
related ethical issues (Bredenoord et al 2011). It has been
argued that these techniques constitute germline gene therapy
but, after extended debate, both the House of Commons and
the House of Lords of the UK government recently granted
permission for these two mitochondrial donation techniques to
be used under licence as part of in vitro fertilisation treatment
with the aim of preventing the transmission of serious mito-
chondrial disease from a mother to her child (http:/www.
parliament.uk/business/news/2015/february/lords-
mitochondrial-donation-si/). Concerns remain about the long-
term efficacy and safety of these techniques in humans, which
will hopefully be addressed by further research (Reinhardt
et al 2013; Amato et al 2014). It should be noted, however,
that currently there is no evidence that these novel techniques
will offer any advantage over preimplantation genetic diagno-
sis for the vast majority of women carrying a mtDNA muta-
tion (Treff et al 2012; Sallevelt et al 2013).

Gene therapy for nuclear-encoded mitochondrial
disorders

In comparison to mtDNA-encoded defects, gene therapy for
nuclear-encoded mitochondrial disorders is relatively straight-
forward. So far, AAV-mediated gene therapy has been report-
ed in mouse models of MNGIE and ethylmalonic encephalop-
athy. Lentiviral-mediated haematopoietic gene therapy was
used to treat Tymp/Uppl double knockout mice, which were
partially myeloblated prior to treatment (Torres-Torronteras
et al 2011). Biochemical correction was observed, with high
levels of TP activity in blood and reduced nucleoside concen-
trations following gene therapy. For ethylmalonic encephalop-
athy, intracardiac AAV2/8-mediated ETHE! gene transfer has
been administered to 20 Ethel—/— mice, with evidence of
restoration of enzyme activity, normalisation of plasma
thiosulphate levels and increased survival, to >6—8 months
compared to 1 month in untreated mice (Di Meo et al 2012).

Conclusions: closing the translational gap

Whilst it remains true that there are still no curative therapies
for the vast majority of patients with mitochondrial disease,
this review has demonstrated that numerous innovative treat-
ments (pharmacological, cell-based and genetic) are currently
at various stages of development (summarised in Fig. 4). The
most promising pharmacological therapies target mitochon-
drial biogenesis, ROS and mitophagy, and a diverse range of
gene therapy approaches are being developed. It seems unlike-
ly that any single agent will be able to cure all mitochondrial
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diseases; strategies aimed at individualised genomic medicine
are more likely to be successful. The unmet medical need for
patients with mitochondrial disorders is uncontroversial, yet
translating the exciting emerging therapies described in this
review to the bedside remains challenging because of the lack
of large cohorts of clinically, biochemically and genetically
homogeneous individuals, natural history data, and validated
meaningful outcome measures for use in clinical trials of nov-
el therapeutic agents. However, the recent development of
national and international mitochondrial disease consortia
(Nesbitt et al 2013; Falk et al 2015), and the reports of several
large natural history studies (Kaufmann et al 2011; Wedatilake
etal 2013; Sofou et al 2014; Broomfield et al 2014) yield hope
that progress is being made. Despite the many barriers, one
can now be cautiously optimistic that effective therapies for
mitochondrial disease will be found.
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