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Mitofusin 2: A Mitochondria-Shaping Protein with 
Signaling Roles Beyond Fusion

OLGA MARTINS DE BRITO and LUCA SCORRANO

ABSTRACT

Mitochondria are central organelles in metabolism, signal transduction, and programmed cell death. To meet
their diverse functional demands, their shape is strictly regulated by a growing family of proteins that im-
pinge on fission and fusion of the organelle. Mitochondrial fusion depends on Mitofusin (Mfn) 1 and 2, two
integral outer-membrane proteins. Although MFN1 seems primarily involved in the regulation of the dock-
ing and fusion of the organelle, mounting evidence is implicating MFN2 in multiple signaling pathways not
restricted to the regulation of mitochondrial shape. Here we review data supporting a role for this mito-
chondria-shaping protein beyond fusion, in regulating mitochondrial metabolism, apoptosis, shape of other
organelles, and even progression through cell cycle. In conclusion, MFN2 appears a multifunctional protein
whose biologic function is not restricted to the regulation of mitochondrial shape. Antioxid. Redox Signal. 10,
621–633.
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INTRODUCTION

MITOCHONDRIA produce ATP, the essential intermediate
for the energetic demands of the cell. The products of

the breakdown of carbohydrates and fatty acids enter the tri-
carboxylic acid (TCA) cycle in the mitochondrial matrix, where
they produce reducing equivalents (NADH and FADH) that will
be used by the respiratory chain. During oxidative phosphory-
lation, ATP synthesis results from the transfer of four electrons
to O2, giving rise to two molecules of H2O. However, a small
pool of O2 is reduced only partially in a one-electron reaction
that leads to the formation of the reactive oxygen species (ROS)
superoxide anion (O2

.-) and hydrogen peroxide (H2O2).
Another source of destructive free radicals in the cell is per-

oxynitrite (ONOO�), which results from the reaction between
the neurotransmitter NO and the superoxide ion O2

.- (93). These
agents together produce highly reactive singlet oxygen, hy-
droxyl radicals, and peroxynitrite that can attack proteins, lipids,
and DNA. Free radicals are believed to be involved in the pro-
cess of aging and in disease states like Alzheimer’s, Parkin-
son’s, and Huntington’s disease, as well as amyotrophic lateral
sclerosis, stroke, diabetes, and obesity. Mitochondrial metabo-

lism places these organelles in the spotlight in the pathogene-
sis of a number of degenerative diseases in which ROS are be-
lieved to play a causative role.

The precise mechanism by which ROS production is increased
under these and other pathologic conditions is not well under-
stood. Recently, a role for mitochondrial shape changes in deter-
mining ROS production was proposed by the group of Y. Yoon
(98), suggesting for the first time that factors other than mito-
chondrial metabolism per se could have a role in the pathogene-
sis of ROS-related diseases. These results extended the role of mi-
tochondrial morphology beyond the control of apoptosis, Ca2�

signaling, cell patterning, and migration, which were recognized
in the last few years as cellular functions influenced by the shape
of this organelle. In this review, we analyze the role of mito-
chondria-shaping proteins as potential regulators of mitochondr-
ial metabolism and therefore of ROS production.

Mammalian mitochondria-shaping proteins

Mitochondrial morphology in living cells is very heteroge-
neous and can range from small spheres to interconnected
tubules (8). The morphologic heterogeneity of this organelle
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results from its ability to undergo fusion and fission. Individ-
ual mitochondrial tubules continuously move back and forth
along their long axes on radial tracks. Two mitochondrial
tubules can seldom encounter each other and fuse, end to end
or head to side. Conversely, tubules can also undergo fission
events, giving rise to two or more mitochondrial units (8).
Moreover, mitochondrial ultrastructure is also extremely com-
plex, with several subcompartments—cristae, inner boundary
membrane, intermembrane space, outer membrane—whose
shape is also tightly regulated (31). A cartoon of the mito-
chondrial shapes in the cell, as well as of the ultrastructure of
the organelle, is presented in Fig. 1. As outlined earlier, grow-
ing evidence indicates that mitochondrial morphology is crit-
ical for cell function, and changes in mitochondrial shape have
been related to apoptotic cell death, development, neurode-
generation, calcium signaling, cell division, and ROS produc-
tion (12).

The shape of mitochondria depends on a growing set of pro-
teins that regulate the fusion–fission equilibrium of the organ-
elle. Members of this family include dynamin-related proteins,
large mechanoenzymatic GTPases involved in the tubulation
and severing of biologic membranes (73), as well as other “non-
conventional” proteins whose molecular function is less char-
acterized, that regulate these processes or directly participate in
them via a yet-unclear mechanism. A cartoon of the “core” mi-

tochondria-shaping proteins, highlighting their functional do-
mains, is presented in Fig. 2.

Pro-fusion mitochondria-shaping proteins

Proteins involved in the regulation of mitochondrial fusion and
fission in mammalian cells have been identified only recently.
The first identified mediator of mitochondrial fusion was the
Drosophila melanogaster Fuzzy onion 1 protein (Fzo1p), a large
transmembrane GTPase of the outer mitochondrial membrane,
required for the formation of the giant mitochondrial derivative
during spermatogenesis. Fzo1p has two homologues in mammals,
MFN1 and MFN2 (78), which both control mitochondrial fusion.
They possess an N-terminal GTPase domain, two transmembrane
domains spanning the outer mitochondrial membrane and two re-
gions crucial for protein–protein interaction (55, 78). These two
proteins are highly similar, as indicated by the Clustal alignment
presented in Fig. 3, yet as will become clear later, they probably
fulfil different roles in cell physiology. Deletion of either Mfn
impairs embryonic development in the mouse at different stages
(13). In particular, MFN2 is required for placentation, whereas
MFN1 plays a specific role during embryogenesis, as shown by
conditional deletion of the alleles (14).

The only dynamin-like GTPase so far identified in the IM is
OPA1, mutated in dominant optic atrophy (DOA), the most
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FIG. 1. Mitochondrial ultra-
structure and shape. The im-
ages depict the individual mito-
chondrial ultrastructure determined
by electron tomography (A, B) 
as well as its fused (C) or frag-
mented (D) morphology in the
cytosol of an HeLa cell express-
ing mitochondrially targeted
dsRED. In (A, B), the outer
membrane is in red, the inner
boundary membrane in pale yel-
low, and the cristae in green. For
further details on the tomogram,
see ref. 82. The boxed area in (A)
is magnified in (B) to show the so-
called tubular cristae junction.
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core mechanism of mitochondrial morphology, because its
downregulation cannot be complemented by inhibition of the
fission machinery (25). Work performed in yeast suggests that
Letm1/Mdm38p is involved in the regulation of mitochondrial
K�/H� exchange, indicating possible crosstalk between ion ho-
meostasis and regulation of mitochondrial shape (65).

The mechanism of mitochondrial fusion has been closely
scrutinized during recent years, especially in yeast. It appears
that fusion of the outer mitochondrial membrane requires high
levels of GTP, but not mitochondrial membrane potential,
whereas fusion of the inner membrane does (59). In mammalian
cells, MFN1 docks two juxtaposed mitochondria via its second
coiled coil domain to promote fusion (53). The role of the two
Mfns in fusion seems to be different. MFN1 has higher GT-
Pase activity and induces fusion more efficiently than MFN2
(40). Furthermore, OPA1 requires MFN1 to mediate fusion,
whereas MFN2 functions independent of OPA1 (18).

The list of proteins involved in the control of mitochondrial
fusion recently included a phospholipase, PLD, associated with
the outer membrane, where it hydrolyzes cardiolipin to gener-
ate phosphatidic acid, a lipid involved in SNARE-mediated
vesicular fusion (16). Thus, PLD could be the first common
component between SNARE-mediated vesicle and mitochon-
drial fusion. It is conceivable that relative expression levels of
these players dictate mitochondrial morphology in different cell
types and during development. Along this line, during differ-
entiation from embryonic stem cells into cardiomyocytes, the
remarkable changes in mitochondrial ultrastructure and reticu-
lar organization are accompanied by the reduction in the levels
of OPA1 and by the upregulation of MFN2. This is likely co-
ordinated with the metabolic switch from glycolytic to oxida-
tive (17); the repression of MFN2 in myofibers reduces myo-
cyte respiration, further supporting the liaison between this
protein and the mitochondrial oxidative metabolism (4). Fur-
thermore, the conditional deletion of MFN1 and 2 shows that
individual cell types are exquisitely sensitive to the ablation of
a single protein of the two (14) and that the defect can be com-
plemented by the overexpression of the other; however, it is
still to be clarified whether the two MFNs are completely in-
terchangeable in terms of mitochondrial fusion as well as of
other cellular functions.

Pro-fission mitochondria-shaping proteins

In mammalian cells, mitochondrial division is regulated by
DRP1 and FIS1 (42, 84). The large GTPase DRP1 is a cytoso-
lic dynamin-related protein. Its inhibition or its downregulation
results in a highly interconnected mitochondrial network (85).
The same phenotype is caused by downregulation of hFIS1 (42).
FIS1 is a 16-kDa integral protein of the outer mitochondrial
membrane, containing a single transmembrane domain and a
tetratricopeptide repeat (TPR, involved in protein–protein in-
teraction) domain facing the cytosol (61). Crystals of human
FIS1 revealed that the TPR domain is arranged to expose a 
hydrophobic cleft on one side of the molecule, suggesting the
existence of hydrophobic interactions with DRP1 or with a yet-
unidentified adaptor during mitochondrial fission. Some evi-
dence suggests that FIS1 is the receptor on the outer membrane
for DRP1, via its TPR. DRP1 is recruited to mitochondria, and
constriction of the membranes takes place by direct or indirect

common cause of inherited optic neuropathy. OPA1 promotes
fusion (18, 58), exists in eight different splice variants (21), and
its function appears to be tightly regulated by posttranscrip-
tional mechanisms that include its proteolytic processing. Sev-
eral proteases have been shown to participate in the cleavage
of OPA1. In particular, triple A proteases of the inner mito-
chondrial membrane cut OPA1 in response to changes in the
energetic status of mitochondria (36, 41, 86). This in turn re-
duces the ability of OPA1 to participate actively in the process
of organellar fusion, providing a mechanism to translate mito-
chondrial dysfunction into changes in morphology of the or-
ganelle. The mitochondrial rhomboid protease PARL is in-
volved in the production of a functionally relevant, albeit minor,
intermembrane space form of OPA1 (19). This form is required
in the regulation of the shape of the cristae and in the protec-
tion from apoptotic insults, through the regulation of the so-
called cristae-remodelling pathway (19, 32, 82). Conversely,
the rhomboid protease does not affect the pro-fusion activity of
OPA1, but impinges on its ability to regulate the shape of the
cristae, thereby further differentiating the function of this in-
ner-membrane dynamin-related protein (19). It remains to be
elucidated whether the action of PARL is somehow in concert
with that of the other proteases, like paraplegin and YmeL1,
that sense mitochondrial dysfunction to modulate coordinately
the multiple functions of OPA1.

LETM1 is an inner-membrane protein, deleted in Wolff-
Hirschhorn syndrome, a complex genetic condition, homologue
to the yeast regulator of mitochondrial morphology Mdm38p
(24). Its ablation results in mitochondrial fragmentation (25,
39). However, it appears that LETM1 does not impinge on the

MITOFUSIN 2: BEYOND MITOCHONDRIAL FUSION 623

FIG. 2. “Core” mammalian mitochondria-shaping pro-
teins. The figure depicts the individual domains identified in
the core components of the pathway regulating mammalian mi-
tochondrial shape. Note that the regulators highlighted in the
text are not represented for the sake of clarity.
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interaction with hFIS1 (97). Levels of FIS1 and DRP1 and
therefore mitochondrial fission are proteolytically controlled 
by the opposing action of sumoylation and ubiquitination (38,
62, 96).

In addition to these two players, endophilin B1, a member
of the endophilin family of fatty acid acyl transferases that par-
ticipate in endocytosis, has been shown to play a role in mito-
chondrial fission (44). During endocytosis, endophilin 1 builds
complexes with dynamin I, the dynamin responsible for the sev-
ering of the neck of the nascent endocytic vesicle, and provides
the required lipid modification (80). The mechanism by which
endophilin B1 regulates mitochondrial shape is unclear, as it
can be mediated either by a direct effect on membrane curva-
ture, or by its putative acyl-transferase activity (44).

More recently, ganglioside-differentiation–associated protein
1 (GDAP1), a protein upregulated during cholinergic differen-
tiation of a mouse neuroblastoma cell line induced by ganglio-

side, was identified as a mediator of mitochondrial fission, al-
though its mechanism of action is completely unknown (64).

GENETIC DISEASES OF 
MITOCHONDRIA-SHAPING PROTEINS

The crucial role of mitochondria-shaping proteins in the reg-
ulation of cell physiology is substantiated by a number of dis-
eases caused by mutations in genes coding for the pro-fusion
OPA1, MFN2, and the pro-fission GDAP1, as well as LETM1,
whose function in regulation of mitochondrial shape is perhaps
secondary. Finally, it was very recently shown that inactivat-
ing mutations in DRP1 cause a lethal metabolic syndrome. An
overview of the genetic diseases caused by mutations in mito-
chondria-shaping proteins is presented in Table 1.
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FIG 3. Clustal W alignment of
mouse MFN1 and 2. Amino
acids shaded in gray are similar,
whereas those shaded in black are
identical. Note that the N-termini
and the areas around aa. 360 and
550 display the highest diver-
gence.
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DRP1-dependent lethal metabolic syndrome

A case of a newborn that rapidly developed a condition of
severe metabolic impairment was recently reported, with feed-
ing problems, mild dysmorphia, truncal hypotonia, lack of re-
sponse to light stimulation, optic atrophy, and abnormal gyral
pattern in both frontal lobes that extended to the perisylvian ar-
eas and was associated with dysmyelination. Genetic analysis
revealed a missense mutation in the central domain of DRP1,
mapping to a conserved amino acid. DRP1 participates not only
in the fission of mitochondria, but also in the regulation of the
shape of other organelles, such as peroxisomes (81). Accord-
ingly, cells from the patient displayed severe defects in the mor-
phology of both organelles. At this point, it is unclear to what
extent the clinical phenotype reflects defects in mitochondrial

or in peroxisomal function. Clearly, the severity of the clinical
picture suggests that both components are involved in the patho-
genesis of the disease, but we probably need mouse models to
dissect the relative participation of mitochondrial and peroxi-
somal fission.

Dominant optic atrophy

Mutations in OPA1 are associated with autosomal dominant
optic atrophy (ADOA), also known as type I Kjer disease, af-
fecting mainly retinal ganglion cells and causing progressive
blindness because of the loss of these neurons (2, 22). Most
mutations associated with ADOA cluster in the GTPase and in
the coiled coil domain of OPA1 (28, 67). The pathogenesis of
the disease results probably from haploinsufficiency. In agree-
ment with this, downregulation of OPA1 by short interfering
RNA leads to mitochondrial fragmentation, dissipation of the
mitochondrial membrane potential, disorganization of the mi-
tochondrial cristae, decrease in cell respiration, and apoptosis
(18, 32, 37, 66) Moreover, two mouse models carrying a trun-
cated OPA1 protein showed signs of retinal ganglion cell loss
in the heterozygous population (1, 20). Indeed, pathogenic mu-
tations cause mitochondrial fragmentation and do not protect
cells from apoptosis (19, 32). Conversely, overexpression of
OPA1 induces mitochondrial elongation; however, it is unclear
whether the pro-fusion activity is required to protect from cell
death. We therefore wished to verify whether OPA1 acted on
the morphology of the inner mitochondrial membrane or of the
mitochondrial network. By using a combination of genetics,
imaging, electron tomography, and biochemical assays, we
demonstrated that OPA1 influences apoptosis independent of
its effect on mitochondrial fusion. High levels of wt, but not
mutated OPA1 delay apoptosis induced by a set of intrinsic
stimuli, by preventing mobilization of cytochrome c from the
cristae stores and remodelling of the cristae, as visualized by
electron tomography. In the search for a molecular mechanism
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TABLE 1. THE GENETIC DISEASES OF MITOCHONDRIA-SHAPING PROTEINS

Involvement of
Major Mitochondrial other

Disease phenotype Gene affected morphology organelles

Dominant Loss of OPA1 Probably Not known
optic atrophy retinal fragmented

ganglion
cells

Charcot Marie Loss of MFN2 Probably Yes,
Tooth IIA sensorimotor fragmented endoplasmic

axons reticulum
Charcot Marie Loss of GDAP Probably Not known

Tooth IVB sensorimotor fragmented
axons

Wolf- seizures LETM1 Probably Not known
Hirschhorn fragmented
syndrome

Lethal Metabolic DRP1 elongated Yes,
metabolic and CNS peroxisomes
syndrome problems

Major pathological, genetic and mitochondrial features of genetic diseases associated with mutations in genes coding for mi-
tochondria-shaping proteins are shown. See text for more detail.

FIG. 4. Topology and functional domains of MFN2. The
figure depicts MFN2 in the context of the outer mitochondrial
membrane and shows functional domains of the protein in dif-
ferent colors. Gray, p21 Ras–binding domain; purple, GTPase
domain; yellow, transmembrane domains. Note that the p21
Ras binding domain is expanded for the sake of clarity.
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by which OPA1 could control the structure of the cristae, we
showed that OPA1 is retrieved in high-molecular-weight com-
plexes and that chemical crosslinking can highlight at least an
oligomer. This contains both the integral inner membrane and
the soluble form of OPA1, as substantiated by experiments of
reconstitution with tagged versions of the two OPA1 forms.
This oligomer could in principle function as a molecular staple
that participates in keeping the tubular junction of the cristae
narrow. In line with this hypothesis, mechanical swelling of mi-
tochondria leads to the loss of this oligomer; furthermore, OPA1
oligomers are disrupted early during cristae remodelling and
before the release of the cristae stores of cytochrome c (32).
PARL and OPA1 are genetically positioned in this same path-
way regulating cytochrome c release, with PARL upstream of
OPA1. PARL participates in the generation of a soluble form
of OPA1 that is required to control the cristae remodelling path-
way, as mentioned earlier. The importance of this pathway was
substantiated by the analysis of a mouse knockout of Parl,
which has an extremely shortened life span because of pro-
gressive cachexia and sustained apoptosis in situ and ex vivo in
cells from all the tissue affected. Mouse embryonic fibroblasts
(MEFs) lacking Parl recapitulate the increased apoptosis ob-
served in the animal. The molecular analysis of the phenotype
revealed that PARL controls the kinetics of cytochrome c re-
lease from mitochondria, by impinging on the cristae-remodel-
ling pathway (19). This work provided the founding base to test
(a) the molecular regulation of cristae structure that probably
impinges on the high-molecular-weight complex of OPA1; and
(b) the pathogenesis of dominant optic atrophy, by dissecting
the relative role of the mutants of OPA1 in mitochondrial fu-
sion and cristae remodelling in retinal ganglion cells. For the
first time, we described a role for the mitochondrial rhomboid
protease PARL in apoptosis. Finally, it opens the possibility
that deranged OPA1 processing by PARL is relevant in the
pathogenesis of dominant optic atrophy.

Although it remains to be clarified whether ADOA is caused
by the impairment of the pro-fusion or the antiapoptotic role of
OPA1, this represents the first evidence that mitochondria-shap-
ing proteins can live more than one life. They fulfil their orig-
inal biologic task by regulating the shape of the organelle, but
they are also essential regulators of other genetically distinct
pathways.

Wolf–Hirschhorn syndrome

The Wolf–Hirschhorn syndrome (WHS) has an incidence of
1/50,000 live births and is characterized by severe pre- and post-
natal growth retardation, impairment of muscular tone, severe
mental retardation, developmental delay with microcephaly, a
characteristic facial appearance, and midline fusion defects .
Seizures occur in practically all the cases and are one of the
major characteristics of the full WHS phenotype (99). Epilepsy
in WHS usually starts during the first year of life and is a fre-
quent cause of short survival. It has been suggested that the
electroclinical similarities between WHS and Angelman syn-
drome, in which �-aminobutyric acid (GABA)A-receptor genes
are involved, might represent a characteristic type of epilepsy
(6). In the WHS-critical region, no GABA-receptor gene could
be identified, indicating that no common pathogenetic mecha-
nism involves the GABA signaling pathway (26). WHS is

caused by the partial deletion of the short arm of one chromo-
some 4, involving chromosome region 4p16.3. The WHS is
thought to be a contiguous gene syndrome with an unknown
number of genes contributing to the phenotype. Recently, a
novel gene (LETM1) was cloned (26), located �80 kb distal to
the critical region deleted in WHS patients. Remarkably,
LETM1 is deleted in all WHS patients with the full phenotype,
including the occurrence of seizures, suggesting a role for its
haploinsufficiency in the pathogenesis of seizures (99). LETM1
consists of 14 exons, and Northern blot analysis revealed ubiq-
uitous expression. LETM1 encodes a putative 83.4-kDa mem-
brane-bound protein, which is a member of the superfamily of
EF-hand Ca2�-binding proteins and contains a leucine zipper
and several �-helical regions with the ability to form coiled
coils, suggesting a function in Ca2� signaling or homeostasis.
Further functional characterization by the group revealed that
LETM1 is evolutionary conserved throughout the eukaryotic
kingdom (79). The sequence identity ranges from 31% in Sac-
charomyces cerevisiae to 41% in D. melanogaster and 83% in
mouse, suggesting that these proteins may be encoded by ho-
mologous genes. Several functional domains, including EF-
hand motifs, a highly conserved PKC/CKII phosphorylation
site, a transmembrane domain, coiled-coil regions, and a leucine
zipper in some of the proteins, are conserved in these proteins.
In addition, a highly conserved possible SAP domain C-termi-
nal to the transmembrane domain could be detected. Interest-
ingly, the SAP-like region is present in all species, again at an
invariant position, 138 to 145 amino acids C-terminal to the
transmembrane domain. The SAP domain or SAF-box is a pu-
tative bihelical DNA-binding domain that is predicted to bind
to scaffold-attachment regions (SARs) with high specificity and
may therefore be involved in chromosomal organization.

Interestingly, LETM1 exhibits homology to the mitochon-
drial yeast protein Mdm38p, and it is indeed a mitochondrial
protein (25, 39, 79). MDM38, which is a homologue of
LETM1, is proposed to be involved in organelle morphology
and to participate in K�/H� exchange across the inner mito-
chondrial membrane (24, 65), or in export of protein precur-
sors from the matrix to the inner mitochondrial membrane
(30). The analysis of Letm1 function in higher organisms
shows that it critically regulates mitochondrial morphology:
its downregulation in mammalian cells as well as in C. ele-
gans causes mitochondrial fragmentation (25, 39), although
this process is not reverted by the genetic inhibition of the fis-
sion machinery (25). This raises the possibility that the frag-
mentation is a secondary consequence of deranged mitochon-
drial function, thus leaving open the possibility that Letm1
participates in correct assembly of the respiratory chain, or in
the regulation of mitochondrial ion homeostasis. Interestingly,
viability is the cellular function that is most sensitive to this
change in mitochondrial shape that triggers a nonapoptotic
death cascade (25), without overt or latent mitochondrial dys-
function. This suggests that cells critically rely on mitochon-
drial shape, not only for the apoptotic cascade, but also to
maintain viability and probably ion homeostasis.

Charcot-Marie-Tooth (CMT) type 4A

CMT is one of the most commonly inherited disorders in
humans, with an estimated prevalence of one in 2,500 indi-
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viduals. CMT is a peripheral sensorimotor neuropathy char-
acterized by distal weakness of the lower limbs, sensory loss,
decreased reflexes, and foot deformities. Other symptoms in-
clude cranial nerve involvement, scoliosis, vocal cord pare-
sis, and glaucoma. CMT neuropathies can be divided into four
main groups, types 1 to 4. In CMT1, -3, and -4, nerve-con-
duction velocities are considerably reduced. In CMT2, nerve-
conduction velocities are normal, but conduction amplitudes
are decreased, because of the degeneration of nerve fibers
(102). CMT1, CMT3, and CMT4 are demyelinating forms as-
sociated with segmental de- and remyelination, whereas
CMT2, the axonal form, shows axonal degeneration without
demyelination (9, 89). The subtype CMT4A is the most fre-
quent recessive form of CMT and has been associated to mu-
tations in GDAP1. Remarkably, the 20 mutations in GDAP
associated with CMT4A can cause axonal, demyelinating, or
intermediate forms (23), without any correlation between the
mutations and the clinical phenotype. GDAP1 displays a cer-
tain degree of homology with glutathione-S-transferase
(GST) and is expressed in different regions of the central ner-
vous system, including the cortex, cerebellum, thalamus, ol-
factory bulb, and spinal cord, as well as in sciatic nerves and
dorsal root ganglia. GDAP1 is a mitochondrial outer mem-
brane protein that promotes mitochondrial fission, and clini-
cally relevant mutations impair its pro-fission activity (64).
How these mutations result in such diverse clinical pheno-
types is unclear. A tempting hypothesis is that GDAP1 is in-
volved in the detoxification of peroxidized mitochondrial
lipids via its GST activity. A very low degree of GST activ-
ity was reported at physiologic pH for a truncated version of
the protein lacking the transmembrane domains required for
its mitochondrial localization (70). Although this could in
principle suggest that the pro-fission activity of GDAP1 is
unrelated to its participation in detoxifying reactions at the
surface of mitochondria, it should be noted that the two trans-
membrane domains might be required to activate the GST ac-
tivity of the protein. Furthermore, pharmacologic depletion
of mitochondrial glutathione (GSH) pools results in the for-
mation of an elongated mitochondrial reticulum, suggesting
a link between GSH, redox status, and mitochondrial mor-
phology (10).

Charcot-Marie-Tooth type 2A

In 2004, Zuchner et al. (133) mapped the mutations respon-
sible for CMT2A, and identified MFN2 as the gene responsi-
ble for this disorder. In CMT2A, the loss of sensory and mo-
tor axons eventually results in the degeneration of the neurons
themselves. Mutations in MFN2 account for �20% of CMT2
cases, making this the most prevalent axonal form of CMT.
Most MFN2 mutations in CMT2A cluster within the GTPase
and the RAS-binding domains and are missense mutations (49,
54, 101). Recently, a de novo truncation mutation in MFN2 was
associated with CMT2 and optic atrophy (also known as hered-
itary motor and sensory neuropathy VI, HMSN VI) (100). It is
intriguing that both mutations in MFN2 and in OPA1 can cause
optic atrophy, suggesting that the functional impairment of
these two molecules eventually converges on a common path-
way, causing optic nerve degeneration. The mechanism by
which mutations in MFN2 cause CMT2A is unknown, although

it was recently suggested that it could be the consequence of
reduced axonal movement of mitochondria.

The first hint of a role for mitofusins in mitochondrial move-
ment was given by the analysis of mouse embryonic fibroblasts
(MEFs) lacking Mfn1 or Mfn2. In wild-type MEFs, mitochon-
dria move back and forth along the long axis of the cell on ra-
dial tracks. In Mfn1�/� cells, mitochondria display a disorga-
nized, “brownian-like” movement. Conversely, Mfn2�/� cells
contained both tubular mitochondria moving in an organized
way as in wt cells and spherical mitochondria that presented
uncoordinated motion (13). In addition, the expression of path-
ogenic mutants of MFN2 in neurons significantly reduces trans-
port of mitochondria from the cell body to the distal segments
of long motor and sensory axons (5). A conditional mouse
model of MFN2 ablation also showed greatly reduced mito-
chondrial movement and accumulation in axons or Purkinje
cells of the cerebellum (14). Thus, MFN2 may play a regula-
tory role in keeping the interaction between mitochondria and
the organelle transport machinery. Given that most mutations
cluster in the GTPase domain, the liaison should depend on the
ability of MFN2 to hydrolyze GTP, suggesting that MFN2 could
be similar to Miro1 and 2, two other outer membrane GTPases
that act as mitochondrial receptors in Drosophila for Milton,
the linker between mitochondria and the microtubular cargoes
(87).

MFN2 AND NON-NEURODEGENERATIVE
DISEASES: LIGHT ON A 

MULTIFACETED BIOLOGY?

MFN2 has been associated with a number of different patho-
logic conditions, ranging from neurodegeneration to diabetes.
As described earlier, MFN2 is an outer mitochondrial mem-
brane protein that participates in mitochondrial fusion. How-
ever, it is believed that its role extends beyond fusion and that
it is functionally divergent from its homologue, MFN1.

MFN1 and MFN2 are both transmembrane GTPases of the
outer mitochondrial membrane that display high homology
(81%) and similar topology (76, 78). MFN1 and MFN2 are ex-
pressed at low levels in many tissues. MFN1 levels are higher
in heart and testis; those of MFN2 are increased in heart, skele-
tal muscle, tongue, and brain (27, 77). The MFNs possess a
GTPase and a coiled-coil domain located at the N-terminus of
the proteins, exposed to the cytosol. Two TM regions form a
U-shaped membrane anchor, ending in a cytosolic, C-terminal
coiled-coil motif (53, 76). MFN1 on opposing mitochondrial
membranes can bind in trans to bridge organelles, maintaining
a distance of 95 Å between the two membranes (53). Whether
this ability is shared by MFN2 is not yet clear. Conversely,
MFN2 possesses an N-terminal RAS-binding domain that is not
found in MFN1 (15), suggesting a role in other processes than
membrane fusion.

Differences between mitofusins in promotion of
mitochondrial fusion

The differential role played by the two mitofusins during mi-
tochondrial fusion was first demonstrated by directly measur-
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ing mitochondrial fusion rates in Mfn1�/� and Mfn2�/� cells.
These experiments substantiated that cells containing only
MFN1 retain more fusion activity than those that contain only
MFN2 (13). Other experimental evidence strengthened this ex-
perimental observation: MFN1 mediates GTP-dependent teth-
ering of mitochondria more efficiently than MFN2, and its GT-
Pase activity is higher than that of MFN2, even if MFN2 has a
greater affinity for GTP (40, 63). Finally, MFN1 but not MFN2
is essential for OPA1-mediated mitochondrial fusion (18). Ex-
tending these cell biologic observations, genetic ablation of the
two genes in the mouse does not result in the same phenotype:
Mfn1�/� mice die in midgestation, whereas Mfn2�/� em-
bryos display deficient placentation. Overall, these observations
suggest that if MFNs can obviously share a common role in mi-
tochondrial fusion; they appear probably to regulate this pro-
cess in different manners and to have additional functions. In
particular, increasing experimental evidence is mounting on the
role of MFN2 in different pathologic and physiologic condi-
tions, as we now discuss in more detail.

MFN2 and type 2 diabetes mellitus

In vivo and in vitro models show that physiologic and patho-
physiologic conditions characterized by altered glucose oxida-
tion, such as diabetes, obesity, insulin resistance, exercise, and
weight loss, lead to changes in MFN2 expression (4, 71). Con-
ditions associated with defective mitochondrial oxidative phos-
phorylation, such as obesity and type 2 diabetes mellitus, are
associated with reduced MFN2 gene expression (3, 4); con-
versely, exercise and weight loss are related to increases in
MFN2 expression (11, 60). After acute physical exercise,
MFN2 synthesis is activated by the transcription factors PGC-
1� and ERR� (11, 33). Another striking observation is that mi-
tochondrial volume is reduced by 35% in skeletal muscle from
obese and type 2 diabetes patients (48). Insulin in diabetes pa-
tients recovers mitochondrial structural changes (92); further-
more, insulin upregulates MFN2 levels and induces mitochon-
drial biogenesis, probably by blocking the MEK-dependent
cascade and by activating the PI3K signaling pathway (69).

These results open the possibility that MFN2 has an addi-
tional role in regulating mitochondrial metabolism, although it
is unclear whether this outer mitochondrial membrane protein
fulfils this role by influencing signaling cascades, or by a di-
rect mitochondrial effect. The former hypothesis is substanti-
ated by the potential role of MFN2 in regulating Ras-dependent
signaling that emerged in analyzing its role in vascular prolif-
eration.

MFN2 and vascular proliferative diseases

MFN2 expression levels have been linked to vascular prolif-
erative diseases: in hyperproliferating vascular smooth muscle
cells, MFN2 expression is downregulated (15). The overex-
pression of MFN2 in these cells physically sequesters Ras,
thereby inhibiting the downstream Ras signaling pathway, in-
activating the ERK1/2 cascade, and eventually arresting the cell
cycle in the G0/G1 phase. This action of MFN2 is independent
of its mitochondrial localization and is also observed in vivo in
response to arterial injury and in animal models of atheroscle-
rosis, suggesting that MFN2 could be a main contributor in pro-

liferative cardiovascular disorders and suggesting a possible
contribution for MFN2 in other disorders resulting from altered
cell proliferation, such as cancer. Moreover, it provides a ra-
tionale for the effect of MFN2 on mitochondrial metabolism,
via an unexpected signaling loop that is interrupted at the sur-
face of mitochondria where Ras is sequestered.

The potential role of MFN2 in neoplastic transformation is
furthermore suggested by the recent finding of interplay be-
tween MFN2 and the proapoptotic Bcl-2 family member BAX.

MFN2, BAX, and fusion

Changes in mitochondrial shape are associated with the ac-
tivation of the mitochondrial pathway of apoptosis. BAX
translocation from cytosol to mitochondria is followed by ex-
tensive mitochondrial fragmentation. This is mediated by DRP1
translocation from the cytosol to mitochondria, where DRP1 lo-
calizes and mediates mitochondrial fission at foci of BAX ac-
cumulation and occurs before caspase activation (29, 44, 57).
Inhibition of mitochondrial fission delays activation of down-
stream caspases and cell death. Moreover, elegant single-cell
studies by Karbowski et al. (43) demonstrated that mitochon-
drial fragmentation is also caused by the inhibition of MFN1-
dependent mitochondrial fusion.

What is the role of MFN2 in apoptosis? Overexpression of
both MFN1 and 2 can delay apoptosis by a number of intrin-
sic stimuli (88). Furthermore, constitutively active MFN2 pre-
vents BAX translocation on mitochondria, further strengthen-
ing the interplay between MFN2 and BAX (63). MFN2, but not
MFN1, is sequestered by BAX at specific foci on mitochondria
in nonapoptotic conditions (47). In cells lacking BAX, a high-
molecular-weight complex of MFN2, probably involved in mi-
tochondrial fusion, is disrupted. After induction of apoptosis,
activated BAX probably adopts a conformation that is unable
to interact with MFN2, leading to relocalization of MFN2 on
the outer mitochondrial membrane. At the same time, BAX ac-
tivation promotes DRP1 translocation to mitochondria to in-
duce fission (47). In conclusion, MFN2 appears to regulate ac-
tivation of the multidomain proapoptotics that regulate efflux
of cytochrome c from mitochondria. Reciprocally, BAX is re-
quired for the correct assembly of MFN2 oligomers, substanti-
ating cross-talk between mitochondria-shaping proteins and
regulators of apoptosis, independent of the induction of cell
death.

MITOCHONDRIA-SHAPING PROTEINS
AND ROS PRODUCTION: 

AN OPEN QUESTION

As we saw earlier, the link between ROS production and mi-
tochondrial morphology is still unclear. The notion that mito-
chondria are among the most prominent cellular sources of ROS
is well accepted, and a discussion on this topic is beyond the
scope of this review. Moreover, mitochondria are also crucial
targets of ROS that can modulate the function of this organelle
under normal and pathologic conditions. Therefore, when con-
sidering the relation between mitochondrial shape and ROS,
one is urged to analyze it in both directions: what happens to
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mitochondrial morphology under conditions of increased ROS
production? Can changes in mitochondrial shape influence pro-
duction of ROS by mitochondria or by other organelles?

Although it is easier to imagine that changing the rate of ROS
production would somehow affect mitochondrial shape, we re-
cently learned that mitochondrial fission mediated by DRP1 is
a necessary component for high glucose–induced respiration in-
crease and ROS overproduction (98). How this occurs is un-
known. A tempting speculation would link mitochondrial fis-
sion to intramitochondrial redistribution of cytochrome c and
p66shc, the mitochondrial product of the pro-aging gene shc.
Ablation of p66shc greatly enhances life span of the mouse con-
comitant with a reduced production of ROS by this organelle.
p66shc serves as alternative electron acceptor for cytochrome
c, eventually leading to the production of H2O2 (35). The ac-
tion of p66 requires that it is proximal to cytochrome c, which
is mostly sequestered in the cristae. However, DRP1-dependent
mitochondrial fission has been linked to .cytochrome c redis-
tribution and cristae remodelling (34), a process normally ob-
served during apoptosis and regulated by OPA1 in cooperation
with the rhomboid protease PARL (19, 32, 82). Redistribution
of cytochrome c would then be crucial to co-compartmentalize
p66shc and its electron donor, allowing production of H2O2.

The analysis of the relation between mitochondrial morphol-
ogy and ROS overload leads to some surprises. In a set of pio-
neering studies, Wakabayashi and Karbowski (45, 46) identified
the production of “megamitochondria” as early markers of ROS
accumulation. The morphology as well as the ultrastructure of
these mitochondria is strikingly similar to that of the organelles
in cells overexpressing pro-fusion mitochondria-shaping proteins
such as MFN2 (76, 78). Formation of the megamitochondria in-
deed requires ROS, but is also dependent on protein synthesis
(90). This suggests that upregulation of pro-fusion proteins like
MFN2 could be a crucial event in the mitochondrial response to
oxidative stress. In conclusion, mitochondria-shaping proteins
seem to play a role in the mitochondrial generation of and in re-
sponse to ROS. In this context, MFN2 could emerge as a regu-
lator of the mitochondrial response, perhaps by influencing mi-
tochondrial metabolism, or by affecting extramitochondrial
signaling pathways that are crucial in the cellular response to
ROS, such as the ERK-JNK pathway (91).

Another link between proteins that regulate mitochondrial
shape and ROS production comes from their role outside mi-
tochondria. DRP1 and FIS1, the mitochondrial fission proteins,
are also localized on peroxisomes, where they regulate the mor-
phology of this organelle and therefore its proliferation (50–52,
56). It is therefore conceivable that in response to ROS, cells
take a concerted action on both mitochondrial and peroxisomal
morphology to compensate for the overproduction of the toxic
radicals. In this respect, sharing the components of the ma-
chinery that regulates the shape of these two organelles would
make cells’ life easier.

OTHER EXTRAMITOCHONDRIAL ROLES
OF MITOCHONDRIA-SHAPING PROTEINS

Peroxisomes are not the sole nonmitochondrial organelle
whose shape is influenced by mitochondria-shaping proteins.

For example, DRP1 also affects the shape of the endoplasmic
reticulum (72). The functional consequences of DRP1 local-
ization at the ER are not yet known. It is possible to speculate
that division of mitochondria and ER should proceed in sync
to preserve the areas of juxtaposition between the two or-
ganelles required for Ca2� and lipid transfer (75).

Similarly, we recently showed that MFN2 can regulate ER
morphology and ER-to-mitochondria interaction (Martins de
Brito and Scorrano, unpublished data). The ER is a continuous
membrane-bound organelle present in all eukaryotic cells (7).
The ER is composed of at least three distinct subcompartments:
the nuclear envelope, the ribosome-bound rough ER, and the
ribosome-free smooth ER (95). The smooth and rough ER form
a network of interconnected tubules that extend throughout the
cell cytoplasm and is called peripheral ER. Most proteins are
shared between RER and SER, but several proteins involved in
translocation or processing of newly synthesized proteins are
enriched in the RER (95). The RER is present in all cell types,
and this can be explained by the fact that protein translocation
is essential for all eukaryotic cells. Another type of SER that is
present in all cell types is the transitional ER (68). This struc-
ture is involved in packaging proteins for transport from the ER
to the Golgi and is enriched in proteins required for this pro-
cess (95). The peripheral ER is composed of sheet-like cister-
nae and a polygonal array of tubules connected by three-way
junctions. ER tubules are long cylindrical units with high mem-
brane curvature in cross section. The thickness of a sheet and
the diameter of a tubule is typically 60–100 nm (95). This con-
served regularity of the domains suggests that both sheets and
tubules are being shaped actively. However, very little is known
about the regulation of ER morphology. Motor and nonmotor
proteins that maintain the interaction between cytoskeleton and
the ER seem to play an important role in stabilizing the mor-
phology of this organelle. Besides cytoskeleton-interacting pro-
teins, recent work by Rapoport (83, 94) shows a role for the
membrane-bending protein Rtn4a. This protein adopts a hair-
pin topology on the cytoplasmic leaflet of the ER membrane.
The unusual topology of Rtn4a produces a wedge-shaped in-
tramembrane domain that causes bending of the phospholipid
bilayer, promoting the high membrane curvature of the ER net-
work.

Recently we showed by a loss-of-function approach that
MFN2 also has a role in regulating ER morphology. We found
that MFN2 localized not only on mitochondria, but it also was
highly enriched in the mitochondria-associated membrane frac-
tion and present (albeit to a lesser extent) at the ER. ER local-
ization of MFN2 proved necessary to maintain the reticular and
interconnected morphology of this organelle. Further, we found
that from its ER position, MFN2 could control ER-to-mito-
chondria interaction, by forming complexes with MFN1 or
MFN2 on mitochondria that can be stabilized by chemical
crosslinking. In conclusion, we found that whereas mitochon-
drial MFN2 regulates shape of this organelle, ER-associated
MFN2 is required for ER morphology and tethering to mito-
chondria. As a functional consequence, during physiologic, in-
ositol trisphosphate–mediated Ca2� signaling, mitochondria in
Mfn2-/- cells uptake less Ca2� and more slowly than their wt
counterparts, proving that the microdomains of high Ca2� gen-
erated by the juxtaposition of the two organelles are required
for efficient mitochondrial Ca2� uptake (74, 75). The unex-
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pected role for MFN2 at the ER and in regulating juxtaposition
with mitochondria opens the possibility that mitochondria-shap-
ing proteins affect signaling not only by changing the shape of
their organelle of origin, but also by affecting other cellular
structures.

CONCLUSIONS

Proteins involved in the control of mitochondrial shape par-
ticipate in multiple cellular pathways, ranging from Ca2� to
regulation of apoptosis, to production of ROS, and even to the
control of life span. We expect that the list of the signaling
cascades influenced by mitochondria-shaping proteins is far
from complete. As research progresses, we will discover other
“moonlighting” jobs of mitochondria-shaping proteins that are
likely to place our favorite organelle in the (center) stage of
many other signaling pathways.
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glioside-induced differentiation-associated protein 1; GSH,
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