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Mitochondria are highly dynamic, complex organelles that continuously alter their shape, ranging between two opposite processes,
fission and fusion, in response to several stimuli and the metabolic demands of the cell. Alterations in mitochondrial dynamics due
tomutations in proteins involved in the fusion-fissionmachinery represent an important pathogenicmechanismof humandiseases.
The most relevant proteins involved in the mitochondrial fusion process are three GTPase dynamin-like proteins: mitofusin 1
(MFN1) and 2 (MFN2), located in the outer mitochondrial membrane, and optic atrophy protein 1 (OPA1), in the inner membrane.
An expanding number of degenerative disorders are associated with mutations in the genes encoding MFN2 and OPA1, including
Charcot-Marie-Tooth disease type 2A and autosomal dominant optic atrophy. While these disorders can still be considered rare,
defective mitochondrial dynamics seem to play a significant role in the molecular and cellular pathogenesis of more common
neurodegenerative diseases, for example, Alzheimer’s and Parkinson’s diseases. This review provides an overview of the basic
molecular mechanisms involved in mitochondrial fusion and focuses on the alteration in mitochondrial DNA amount resulting
from impairment of mitochondrial dynamics. We also review the literature describing the main disorders associated with the
disruption of mitochondrial fusion.

1. Introduction

Mitochondrial fusion and fission are fundamental processes
underlying cellular dynamics [1].They are closely related, and
therefore any alterations in their equilibrium may lead to
disease. How the impairment of these pathways leads to neu-
rological dysfunction and neurodegeneration is still largely
debated. Fusion allows the exchange of contents, DNA, and
metabolites between neighboring mitochondria, including
damaged or senescent mitochondria, promoting their sur-
vival [2, 3]. Fission is necessary for proper mitochondrial
transport, which depends on the specific energy demands of
subcellular regions. Fission also regulates apoptosis through
segregation of the most critically injured mitochondria [1,
4]. Dynamin-related protein 1 (DRP1), a cytosolic dynamin-
related GTPase, plays a central role in fission by promot-
ing mitochondrial division through its oligomerization into
multimeric spiral structures [5]. To trigger mitochondrial
fission, DRP1 must be recruited to the mitochondrial outer

membrane, where several molecules of unknown functions
colocalize; among them, mitochondrial fission 1 and mito-
chondrial fission factor have been proposed to be involved
in DRP1 recruitment, although recent in vitro studies seem to
not support this hypothesis [6, 7].

Fusion of the outer mitochondrial membrane depends
on two GTPase family members: mitofusin 1 (MFN1) and
mitofusin 2 (MFN2). MFN2 is also present in the endoplas-
mic reticulum, controlling its morphology and facilitating
mitochondrial calcium influx from endoplasmic reticulum
stores [8]. Optic atrophy protein 1 (OPA1) mediates fusion
of the inner mitochondrial membrane and is involved in
maintaining mitochondrial inner-membrane potential and
controlling apoptosis; its downregulation leads to aberrant
cristae remodeling and to the release of cytochrome c [9–13].

These proteins take part in the fusion pathway in two
consecutive steps. Initially, the dimerization of mitofusins
results in the tethering of the outer membranes of adjoining
mitochondria. Before fusion, curving of the outermembranes
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Table 1: Clinical features and their prevalence according to mutation.

Clinical features MFN2 OPA1 OPA3 PINK1
Axonal neuropathy +++ +
Optic atrophy + +++ +++
Deafness + ++
Limb girdle weakness + +
Progressive external ophthalmoplegia ++ ++
Cataract +++
Resting tremor, rigidity, and bradykinesia +++
White matter periventricular involvement + +
3-Methylglutaconic aciduria +++
Cognitive decline + + + +
Spasticity ++ ++
Ataxia + +
+++: typical; ++: common; +: infrequent.

is promoted by the phospholipase D-dependent hydrolysis of
cardiolipin. In the second step, fusion of the innermembranes
requires a motor-like process driven by OPA1 and coordi-
nated by various other proteins, including the prohibitins.
This basic two-step process has been confirmed in most
mammalian cells, although its regulation and the repertoire
of specific accessory proteins are likely to be highly context
dependent. A detailed description of this mechanism can be
found in [14] and is reviewed in [15].

Recently, mutations inOPA1 andMFN2 have been descri-
bed in patients with autosomal dominant optic atrophy
(ADOA) and multisystem clinical involvement (including
progressive external ophthalmoplegia (PEO)) who harbored
mitochondrial DNA (mtDNA) deletions in skeletal mus-
cle [16–18] (Table 1, Figure 1(a)). Furthermore, heterozygous
MFN2 mutations have been associated with mtDNA deple-
tion [19], suggesting that mitochondrial fusion defects not
only impair mtDNA maintenance, but may also affect
mtDNA replication. Indeed, as recently described in yeast
mitochondria by Hori et al., the fusion event facilitates reco-
mbination-mediated mtDNA replication and prevents the
generation of cells with reduced mtDNA copy number [20].

Downregulation of MFN2 expression has also been
observed in nonneurological disorders such asmetabolic dis-
eases (obesity and diabetes), vascular proliferative disorders
[21–23], and cardiomyopathy. Although further studies are
required, in vivo studies seem to indicate various degrees
of impairment in cardiac function, ranging from moderate
hypertrophy reported inMFN2 knockoutmice to severe heart
failure in the absence of both mitofusins [24, 25]. OPA1
aberrant expression has also been associated with late-onset
cardiomyopathy in mouse models carrying a heterozygous
null mutation in OPA1 [26].

Another protein with predominantly mitochondrial
localization,OPA3, is involved in two allelic disorders: a dom-
inantly inherited optic atrophy associated with early-onset
cataracts and an autosomal recessive progressive neurode-
generative disease with 3-methylglutaconic aciduria, named
Costeff syndrome [27, 28]. OPA3 produces two distinct RNA
transcripts, OPA3A and OPA3B. OPA3A is highly expressed,

conserved among different species, and its loss plays a role in
disease etiology, while OPA3B is expressed at lower levels and
itsmutation has not been associatedwith human disease [29].
Despite the similarity of clinical phenotypes associated with
alterations in OPA3A and OPA1, the underlying pathogenic
mechanisms still require elucidation.

2. Mitochondrial Fusion Genes and
Related Proteins

The first description of the process of mitochondrial fusion
was given in yeast by the end of 1960 [30], but mitochondrial
dynamics were later analyzed in mammalian cellular models
as well [31–33]. The discovery of the first gene encoding
a protein mediator of mitochondrial fusion was made in
Drosophila melanogaster [34]; this protein, fuzzy onions, is a
homolog of the humanmitofusins. Other molecules involved
in the fusionmachinery have recently been described, includ-
ing Mgm1 in Saccharomyces cerevisiae, which was identified
as a homolog of human OPA1 [35]. Similarly, DLP1/DRP1
and other proteins required for mitochondrial fission were
first studied in yeast (Dnm1p) [36] and in Caenorhabditis
elegans (DRP-1) [37], with description of the mammalian
homologues following soon after [38, 39].

These in vivo studies suggested that the core requirements
for mitochondrial fusion are similar in yeast andmammalian
cells. This early evidence has recently been confirmed by in
vitro fusion assays employing isolated yeast and mammalian
mitochondria in which mitochondrial proteins are fluores-
cently tagged or revealed by chemiluminescent reactions,
allowing investigators to trace the fates of mixed mito-
chondria. Appropriate centrifugation steps and temperature
gradients are commonly used to promote initial tethering of
mitochondrial membranes and their fusion [40, 41]. These
approaches do not always permit the discrimination of fusion
events occurring at the outer and inner membranes, which
involve specific and distinct sets of proteins.

In humans, MFN1 (741 residues) and MFN2 (757 resi-
dues) are two large nuclear-encoded dynamin-like GTPases
that have both their N-terminus and C-terminus exposed



Neurology Research International 3

PINK1

P PARKIN
U

Juvenile PD

MFN1
MFN2

ADOAC
Costeff syndrome

OPA3

OPA1

ADOA
ADOA plus

CMT2A
HMSN V
HMSN VI

Multiple sclerosis-
like disorder
ADOA plus

PD

GTPase GTPase

H
R1 H

R1

H
R2

H
R2

(a) Distribution of mitochondrial fusion proteins inside mitochondria and related human diseases

GTPase domain COOHHR2HR1 TM

COOHTMPR

MIS Spl-
reg

Middle-domain COOHGEDTM

COOHHRMss OPA3, 179 aa

OPA1, 960 aa

MFN2, 757 aa

MFN1, 741 aa

HR1

HR1

HR2GTPase domain

GTPase domain

NH2

NH2

NH2

NH2

(b) Functional domains of the mitochondrial fusion proteins

Figure 1: Distribution of mitochondrial fusion proteins inside mitochondria and related human diseases resulting from defects in gene
expression or protein function (a).Mitofusin 2 (MFN2) and optic atrophy protein 3 (OPA3) are present in the outermitochondrialmembrane;
dynamin-related protein optic atrophy 1 (OPA1) is localized in the intermembrane space and is tethered to the innermitochondrialmembrane.
The top right of the figure illustrates the molecular pathway responsible for mitophagy: PTEN-induced putative kinase protein 1 (PINK1)
phosphorylates Parkin, an ubiquitin E3 ligase that targets several outer membrane proteins including mitofusin. Ubiquitination of MFN2
in damaged mitochondria starts the mitophagic process. ADOA: autosomal dominant optic atrophy; ADOAC: autosomal dominant optic
atrophy and cataract; HR: heptad repeat; PD: Parkinson’s disease. Below (b), schematics of functional domains of the mitochondrial fusion
proteins (HR: heptad repeat domain; TM: transmembrane domain; PR: proline-rich domain; MIS: mitochondrial import sequence; GED:
GTPase effector domain; Mss: mitochondrial signal sequence).

to the cytosol. Mitofusins harbor a GTPase domain close
to the N-terminus that is involved in the GTP hydrolysis
required for the oligomerization of the mitofusins (homo-
and heterotypic oligomers) and promotes fusion of the outer
membranes of adjacent mitochondria [23, 49]. MFN2 also
includes a proline-rich domain involved in protein-protein
interactions.

Ubiquitination and subsequent degradation of the mito-
fusins were demonstrated to be critical in yeast, probably
because they allow steric hindrance to be overcome [50,

51]. The Mdm30-dependent ubiquitination of mitofusins in
yeasts and flies is a driving force that promotes the late
stages of fusion, afterwhich theGTPhydrolysis indispensable
for this posttranslational modification can occur. Mdm30
also mediates mitofusin turnover. In vertebrates, ubiquiti-
nation of the mitofusins leads to their extraction from the
membrane by p97 and their degradation by proteasomes.
This process, recently described as the PTEN-induced kinase
1 (PINK1)/Parkin pathway, occurs in damaged or senes-
cent mitochondria, preventing their ability to rejoin the



4 Neurology Research International

mitochondrial network before final clearance via autophagy
[52].

The GTPase domain usually consists of five motifs (G1–
G5), although this occurrence has not been completely
tested in the mitofusins. Motif G1 binds the phosphate of
the GTP molecule, motif G3 coordinates the Mg2+ needed
for hydrolysis, motifs G1–G3 form the catalytic center, and
motifs G4 and G5 provide the specific conformation for
GTP binding (not ATP) [23]. Two hydrophobic heptad repeat
domains (HR) are localized in the middle (HR1) and C-
terminal (HR2) regions and provide the basis formost coiled-
coil interactions (Figure 1(b)). The HR2 domain was shown
to be of great importance for mitochondrial fusion activity;
formation of HR2 dimers promotes the generation of a
mitochondrial tether before mitochondrial fusion [49, 53].
Mutations in the GTPase domain and mutations in the HR2
region affect the fusion activity of the mitofusins. Further, as
reported by Huang and colleagues [54], DRP1 seems to be
involved in facilitatingMFN2-mediated fusion by interfering
with interactions between the two HR domains, but the exact
role of DRP1 in mitochondrial fusion remains elusive.

OPA1 consists of 30 coding exons spread over 100 kb of
genomic DNA.The encoded product contains an N-terminal
mitochondrial localization sequence that is responsible for
importing the protein into the mitochondrial inner mem-
brane. This region also has three putative cleavage sites
for the mitochondrial processing peptidase, which removes
the mitochondrial localization sequence upon import into
mitochondria. Other structural motifs include a transmem-
brane domain that anchors OPA1 in the mitochondrial inner
membrane; the first coiled-coil domain, which is involved
in protein-protein interactions; a GTPase domain crucial for
protein activity; the middle domain, which participates in
tetramerization and higher-order assembly of OPA1; and a
second coiled-coil domain in the C-terminus (the GTPase
effector domain, also called the assembly domain) that
mediates the interaction between OPA1 and MFN1/2 [23]
(Figure 1(b)).

Alternative splicing of exons 4, 4b, and 5 results in eight
different isoforms of OPA1. Isoform 1 (exon 4) and isoform
7 (exons 4 and 5b) are the major expressed variants. To date,
only two cleavage sites (located in exons 5 and 5b) have been
detected in the primary OPA1 sequence. Proteolysis at these
sites leads to loss of the putative transmembrane domain and
generation of the short soluble OPA1 isoform S-OPA1.

Three types of mammalian proteases, presenilin-associ-
ated rhomboid-like protease (PARL), i-AAAmetalloprotease
(YmelL), and m-AAA metalloprotease (paraplegin), are the
main regulators of OPA1 cleavage, although lack of these pro-
teases does not seem to impair OPA1 processing [12, 55–57].
Although the contribution of PARL to OPA1 processing
remains to be clarified, PARL seems to play an important
role in generating S-OPA1, which controls the shape of
mitochondrial cristae; cristae morphology is influenced by
long OPA1 isoforms and by the amounts of S-OPA1 present
[12, 13]. OPA1 downregulation causes cristae disorganization,
whereas OPA1 overexpression narrows the mitochondrial
cristae. In addition to its regulation by specific mitochondrial
proteases, OPA1 can be processed under a loss of

mitochondrial membrane potential. The mitochondrial
inner-membrane metalloprotease OMA1 responds to low
membrane potential and low levels of ATP through the
proteolytic inactivation of OPA1. This mechanism prev-
ents senescent or badly damaged mitochondria from und-
ergoing inner-membrane fusion, isolating theirmatrix comp-
artments and preventing contamination of the rest of the
mitochondrial network. Other OPA1 post-translational
modifications, ubiquitination and O-GlcNAcylation, have
recently been documented in rat cells following exposure to
prostaglandins or to a high-glucose environment [58, 59].
The impact of these modifications on OPA1 activity is largely
unknown, and thus proteolytic processing remains the major
pathway for achieving tight regulation of OPA1 functions.

The specific mechanism of OPA1-mediated mitochon-
drial fusion has not been fully elucidated, but as described
in Song’s report, both long and short OPA1 isoforms seem to
be required for fusion to proceed efficiently, and balancing
these isoforms requires the maintenance of inner-membrane
potential [57, 60, 61]. Data reported by Ishihara et al.
support a key role for L-OPA1 isoforms in fusion-stimulating
activity; although Ishihara et al. demonstrated increased
mitochondria fragmentation in S-isoform-expressing cells,
further investigations should be carried out to gain better
insight into the exact roles of the OPA1 isoforms [12].

The specific role of OPA3 in mitochondria dynamics
needs to be clarified [62]. OPA3 maps to chromosome 19
and consists of three exons expressed in two transcripts,
OPA3A and OPA3B. Both transcripts contain exon 1, which
is spliced to exon 2 in OPA3A and to exon 3 in OPA3B. The
encoded peptide is 179 amino acids long and displays a
putative N-terminal mitochondrial signal sequence and a
C-terminal coiled-coil domain. OPA3 is anchored to the
mitochondrial outer membrane, with its N-terminus and C-
terminus facing the intermembrane space and the cytoplasm,
respectively. Ryu et al. observed that OPA3-overexpressing
cells are more susceptible to apoptotic stimuli and that
OPA3 triggers mitochondrial fragmentation, potentiating
cell death through an FIS1/DRP1-independent pathway [62].
The 30 N-terminal residues of OPA3 are necessary for
mitochondrial targeting, whereas the hydrophobic region is
required for mitochondrial fragmentation [62]. Interaction
between OPA3 and MFN1 has been suggested, although the
underlyingmechanismhas not yet been identified.Mutations
in the OPA3 hydrophobic region impair mitochondrial frag-
mentation and can induce anMFN1 overexpression that leads
to an imbalance between mitochondrial fusion and fission
[62].These observations could be the starting point for future
studies of the physiopathological processes leading to OPA3-
related disorders.

3. Human Disorders: MFN2 Mutations
Causing Charcot-Marie-Tooth (CMT)
Disease Type 2A (CMT2A)

CMT disease is the most common inherited neuromus-
cular disorder, with a prevalence estimated at 1/2500, and
it affects both motor and sensory neurons [63]. CMT is
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divided into two main categories according to electrophys-
iological criteria: demyelinating neuropathies with motor
nerve conduction velocity <38m/s (CMT1, 3, and 4) and
axonal neuropathies with motor nerve conduction velocity
>38m/s [64]. Three main forms of axonal CMT diseases
are classified according to genetic inheritance: dominant
(CMT2), recessive (CMT4), and recessive X-linked (CMTX).
CMT2A is the most prevalent type of axonal dominant form,
occurring in up to 20% of all CMT2 patients, although
recent findings of recessive or semidominant forms suggest
a multiple inheritance pattern [65]. Mutations in MFN2
are responsible for CMT2A and account for 20% of CMT,
although one-quarter of these patients present with verymild
CMT features [42, 66].

Typical clinical symptoms of CMT2A include progressive
distal limb muscle weakness and atrophy, stepping gait with
foot drop, and distal sensory loss. Mobility impairment can
often be severe enough to cause wheelchair dependency. The
sooner the symptoms appear, the more severe the disease
course will be. Additional signs of CMT are the loss of
deep tendon reflexes, usually associated with deformities
such as a high arch or flexed toes, and (rarely) cranial
nerve involvement, scoliosis, vocal cord paresis, or glaucoma.
Central nervous systemalterations and respiratory difficulties
are very rare [67].

To date, more than 40 mutations affecting MFN2 have
been detected in patients with CMT2A (Mutation Database
of Inherited Peripheral Neuropathies, http://www.molgen.ua
.ac.be/cmtmutations/Home/Default.cfm/); most are misse-
nsemutations in the GTPase domain (>50%) or in the coiled-
coil structure. The GTPase domain contains two hotspots
in two highly conserved regions, one in the P-loop G1
subdomain (codon 94) and the second next to the G4
subdomain. Some MFN2 mutants show a gain of function
and a tendency to aggregate in mitochondria, while others
lose their function and thus impair mitochondrial fusion
[68, 69].

It is remarkable that the same mutation can be associated
with both early (before 10 years) and later onset of the disease,
as well as with a range of CMT2A symptoms/signs that differ
in severity among families in different countries [67]. Hence,
a genotype/phenotype correlation has not yet been identified,
suggesting that the environment or other modulatory genes
are able to regulate the severity of the phenotype.

Interestingly, it was reported that defectivemitochondrial
fusion activity ofMFN2mutants is rescued by overexpression
ofMFN1, which is consistent with the observation thatMFN1
physically associates with MFN2 wild-type and CMT2A
mutant forms to promote mitochondrial fusion [70, 71].

4. Human Disorders: MFN2 Mutations
Causing Other Hereditary Motor and
Sensory Neuropathies (HMSNs)

A variety of additional symptoms are associated with several
CMT forms, leading to the identification of new subtypes of
HMSNs: type V, with spastic paraparesis, type VI, with optic
atrophy, and type VII, with retinitis pigmentosa [72]. The
typical clinical picture of CMT2A associated with pyramidal

signs, which is classified as HMSN type V, was linked to
mutations in MFN2 inherited in an autosomal dominant
pattern [43]. In affected patients, clinical onset usually occurs
in the second decade of life or later, and disease progression
is slow [72].

HMSN type VI exhibits both autosomal dominant and
autosomal recessive traits, and its clinical features range
from most severe to subclinical alterations, a range that is
probably correlated to the age of onset [44, 73]. Typical
clinical features consist of peripheral neuropathy and bilateral
optic atrophy presenting with subacute visual loss, central
scotomas, color-vision defects, and pale optic disks. Over
the years, most patients experience various degrees of visual
recovery similar to that observed in Lebers’ hereditary optic
neuropathy, although they can continue to show abnormal
visual evoked potentials and bilateral optic disk pallor [44,
74]. Interestingly, no alterations were found in HMSN VI
families screened for OPA1, the gene more strictly associated
with optic atrophy [16, 17, 75], whereas defects and de novo
mutations were identified inMFN2 [44, 76].

5. Human Disorders: OPA1 Mutations
Causing ADOA

OPA1 mutations lead to ADOA type 1, a neuroophthalmic
disorder that typically starts during the first decade of life
and is characterized by slowly progressive bilateral visual loss,
dyschromatopsia, centrocecal scotomas, and temporal optic
disk atrophy.The corresponding pathological hallmark is the
selective degeneration of retinal ganglion cells.The incidence
of ADOA ranges from 1/12000 to 1/50000. OPA1 mutations
underlie approximately 60–70% of the cases of ADOA,
also called Kjer’s disease [77]. Most mutations in OPA1
(approximately 50%) are predicted to lead to a truncated
protein and to induce haploinsufficiency due to frameshift
andnonsensemutations, stop codons, splicing errors, or dele-
tions/insertions [78]. The remaining mutations are missense
changes that cause heterozygous amino acid substitutions,
approximately 30% of which preferentially occur within or
close to the GTPase domain.

6. Human Disorders: OPA3 Mutations
Causing ADOA and Cataract (ADOAC) and
Type III 3-Methylglutaconic Aciduria

ADOAC (OMIM 165300) was previously linked to mutations
in OPA3 [27]. In this instance, a premature blue cerulean
cataract associatedwith optic neuropathy cosegregated in two
French families as an autosomal dominant trait [27, 79]. Two
dominant missense mutations were identified in OPA3: the
c.277G>A transition in exon 2 and the c.313C>G transversion
in exon 2 [27]. Fibroblasts from ADOAC patients exhibited
no abnormalities in the respiratory chain, mitochondrial
membrane potential, or morphology, although these cells
were particularly susceptible to apoptosis [27].

Autosomal recessive OPA3 mutations may also result
in a progressive neurodegenerative disease featuring optic
atrophy with 3-methylglutatonic aciduria [28]. Type III 3-
methylglutaconic aciduria (OMIM 25801, also known as
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Costeff syndrome) is a rare neuroophthalmological syn-
drome characterized by increased urinary excretion of 3-
methylglutaconic acid and 3-methylglutaric acid, early-onset
bilateral optic atrophy, pallor of the optic disk, and reduced
visual acuity, which are associated with spasticity, extrapyra-
midal signs, and cognitive deficits in later stages of the
disease. The causative molecular defect of this condition
was originally identified in a subset of Iraqi Jews [80].
Two homozygous mutations have been reported to date:
the acceptor splice site variant c.143-1G>C and the in-
frame deletion c.320 337del [28, 81]. The optic neuropathy
present in carriers of OPA3 mutations, which is typical of
mitochondrial disorders, reflects OPA3’s contribution to the
control of mitochondrial homeostasis.

7. Human Disorders: OPA1 and
MFN2 Mutations Causing mtDNA
Deletions and Depletions

Over the years, several groups of nuclear genes have been
shown to be involved in mtDNA maintenance. These genes
encode essential parts of the mtDNA replicative/reparative
machinery such as the mitochondrial DNA polymerase
gamma, the hexameric helicase TWINKLE [82], and the
exo/endonuclease flap-processing proteins MGME1 [83] and
DNA2 [84]. Other gene products are involved in the mito-
chondrial nucleotide salvage pathway and maintenance of
dNTP pools, including the ADP/ATP nucleotide transloca-
tor ANT1, deoxyguanosine kinase, and thymidine kinase.
Deoxyguanosine kinase and thymidine kinase were previ-
ously associated with the severe infantile hepatocerebral and
encephalomyopathic forms of mtDNA depletion, respec-
tively, but recently these proteins have been reported to
be responsible for milder clinical phenotypes in patients
harboring multiple mtDNA deletions in skeletal muscle [85,
86]. Dominant-negative or gain-of-function mutations in
RRMB2, which encodes the small subunit of the inducible
ribonucleotide reductase p53R2, were previously reported
in families affected with autosomal dominant PEO and
accumulation of mtDNA deletions in postmitotic tissue [87].

The proteins involved inmitochondrialmembrane fusion
represent a further group of proteins whose alterations
impair mtDNA homeostasis, since mutations in their cod-
ing genes lead to multisystemic pediatric- and adult-onset
disorders, including PEO, with muscle accumulation of
multiple mtDNA deletions or reduction of the amount of
mtDNA [18, 46]. A subset of OPA1 missense mutations have
been associated with the “ADOA plus” syndrome and with
accumulation of mtDNA deletions in stable tissues such as
skeletal muscle. Incomplete penetrance (estimated to be as
low as 43%), clinical variability, and age at onset ranging from
birth to adulthood contribute to apparently sporadic ADOA
cases [88].

It was previously reported that up to 20% of patients
with OPA1 mutations develop additional neuromuscular
complications including deafness, ataxia, myopathy, periph-
eral neuropathy, and progressive external ophthalmoplegia
[46]. A multiple sclerosis-like phenotype with white matter

Table 2: Clinical phenotype variability associated withmutations in
mitofusin 2.

Phenotype Reference
Charcot-Marie-Tooth type 2A [42]
Hereditary motor and sensory neuropathy, type V [43]
Hereditary motor and sensory neuropathy, type VI [44]
Multiple sclerosis-like disorder [45]
Autosomal dominant optic atrophy plus and
mitochondrial DNA multiple deletions syndrome [18, 46]

Mitochondrial DNA depletion syndrome [47]
Parkinson’s disease [48]

hyperintense signals in fluid attenuated inversion recovery
studies was also reported [45, 88]. In this case, the clinical
picture was characterized by optic nerve involvement and
gait alterations such as ataxia, which were associated with
typical findings in radiological and laboratory investigations.
Patients harboring OPA1 mutations can also present pro-
gressive spastic paraparesis in lower limbs followed by optic
neuropathy and sensorimotor neuropathy [46].

In the ADOA and ADOA plus phenotypes, muscle biop-
sies oftendonot reveal hallmarks ofmitochondrialmyopathy,
whereas investigation by phosphorus-31 magnetic resonance
spectroscopy demonstrated defective oxidative metabolism
and a reduced rate of ATP synthesis in skeletal muscle [16,
89, 90]. Hence, additional unknown factors may contribute
to the clinical manifestations of OPA1mutations [90].

Similar complex phenotypes have also been associated
with MFN2 mutations. Optic atrophy beginning in early
childhood followed by adult-onset axonal neuropathy and
mitochondrial myopathy without external ophthalmoplegia
was the main clinical features described in a Tunisian fam-
ily carrying the novel MFN2 missense mutation c.629A>T
(p.D210V). Muscle analysis revealed typical aspects of mito-
chondrial stress, such as ragged red and COX-negative fibers
and an accumulation of mtDNA deletions [18] (Table 2). The
implication of MFN2 in mtDNA maintenance, replication,
and repair is indirectly supported by the qualitative (mul-
tiple deletions) and quantitative (depletion) abnormalities
of mtDNA molecules in the skeletal muscle of mitofusin-
deficient mice [19]. Studies performed in MFN2 knockout
mouse muscles suggested a correlation between the impair-
ment of mitochondrial fusion and compensatory mitochon-
drial proliferation in both interfibrillar and subsarcolemmal
spaces, muscle atrophy, and defective mtDNA content and
integrity [19, 91].

Alteration of the mitochondrial fusion pathway is also
associated with mtDNA depletion syndromes [47], which are
usually devastating diseases of infancy or early childhood
with autosomal recessive inheritance; these syndromes are
characterized by decreased mtDNA content in postmitotic
tissues and result in severe fatal myopathic, encephalomy-
opathic, or hepatocerebral syndromes [92]. A reduction in
mtDNA copy number has been reported in the muscles of
patients carrying MFN2 mutations, who manifested milder
phenotypes with onset of clinical symptoms occurring from
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childhood through adulthood.Various degrees of gait impair-
ment, decline in visual acuity, and central nervous system
involvement have been reported. Histological analysis and
electron microscopy of muscle biopsies revealed some COX-
deficient fibers and a paucity of intermyofibrillar mitochon-
dria, which appeared swollen and smaller in size [47].

8. Mitochondrial Fusion/Fission and Other
Neurodegenerative Disorders

Recent evidence supports the growing importance of mito-
chondrial fission and fusion proteins in cell survival and in
antiapoptotic pathways, which contribute, directly or indi-
rectly, to the etiopathogenesis of several human disorders.
Mitochondrial dysfunction was previously associated with
rare neurodegenerative disorders such asCMT2AandADOA
as well as more common disorders, including Alzheimer’s,
Huntington’s, and Parkinson’s diseases [48, 93–96]. Physio-
logically, mitochondrial functions deteriorate over the years
due to the accumulation of pathogenic alterations inmtDNA,
the slow decline of respiratory chain activity, and an imbal-
ance between the production of reactive oxygen species and
antioxidant mechanisms [97, 98]. Senescent mitochondria
exhibit morphological and functional alterations similar to
those observed in neurodegenerative disease [48, 93, 99–101].

Studies performed on tissues and cells collected from
Alzheimer’s disease patients revealed an imbalance in fusion
and fission that resulted in increasedmitochondrial fragmen-
tation. In particular, reduced levels of MFN1, MFN2, and
OPA1 and high levels of FIS1 and DLP1/DRP1 were observed.
Notably, FIS1 and DLP1 displayed aberrant interactions with
theAlzheimer’s disease-related proteins𝛽-amyloid and phos-
phorylated tau [99–101].

The causative role of altered mitochondrial dynamics in
Parkinson’s disease seems to be a mature and established
hypothesis. In familial juvenile forms of Parkinson’s disease
due to recessive mutations in mitophagy-related genes such
as Parkin and PINK1, several lines of evidence point toward
direct impairment of mitochondrial fission/fusion pathways
[102, 103]. The Parkin-PINK 1 axis plays a regulating role in
mitochondrial quality control, participating inMFN2ubiqui-
tination and degradation [104]. Further, selectiveMFN2 abla-
tion in a conditionalmousemodel caused the degeneration of
axonal projections of dopaminergic neurons to the striatum
prior to the death of soma, suggesting a “dying-back” type
of neurodegeneration [48, 105]. Conversely,MFN1-null mice
developed neither locomotive defects nor impairment in the
nigrostriatal circuit [48, 106]. Further studies are required
to address the complex molecular mechanisms underlying
these neurodegenerative diseases and to modify the courses
of these diseases via new therapeutic targets.

Glutamate-mediated excitotoxic damage is also known
to participate in neurodegeneration. OPA1 was previously
shown to play a central role in the response to excitotoxic
cellular insult induced by overactivation of N-methyl-D-
aspartate (NMDA) receptors via altered mitochondrial cal-
ciumhomeostasis [107–110]. Overactivation ofNMDA recep-
tors increases mitochondrial fragmentation, arrests mito-
chondrial fusion, and causes several ultrastructural defects

in the inner mitochondrial membrane, such as a widen-
ing of intercristal distances [111]. Since OPA1 is the major
regulator of cristae morphology, Jahani-Asl and colleagues
explored its role in glutamate-mediated cellular damage.They
demonstrated that OPA1 overexpression played a protective
role against NMDA-mediated excitotoxic neuronal damage,
resulting in increased survival of neuronal cells and in the
rescue of mitochondrial morphology [111]. OPA1 seemed to
share a functional pathway with calpastatin, an inhibitor of
the calcium-dependent protease calpain, which is involved in
apoptosis [111]. Further experiments confirmed an increased
sensibility to glutamate-mediated damage of retinal cells in
both mouse and cellular models in which OPA1 expression
was knocked down [110, 112]. Therefore, this mechanism
may promote the degeneration of retinal cells in ADOA. In
addition, since OPA1 expression is reduced in other neurode-
generative disorders, a similar etiopathogenetic pathway can
be hypothesized.
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[78] M. Ferré, P. Amati-Bonneau, Y. Tourmen, Y. Malthièry, and
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