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Liesa M, Palacin M, Zorzano A. Mitochondrial Dynamics in Mammalian Health and Disease. Physiol Rev 89: 799845,
2009; doi:10.1152/physrev.00030.2008.—The meaning of the word mitochondrion (from the Greek mitos, meaning thread,
and chondros, grain) illustrates that the heterogeneity of mitochondrial morphology has been known since the first
descriptions of this organelle. Such a heterogeneous morphology is explained by the dynamic nature of mitochondria.
Mitochondrial dynamics is a concept that includes the movement of mitochondria along the cytoskeleton, the regulation
of mitochondrial architecture (morphology and distribution), and connectivity mediated by tethering and fusion/fission
events. The relevance of these events in mitochondrial and cell physiology has been partially unraveled after the
identification of the genes responsible for mitochondrial fusion and fission. Furthermore, during the last decade, it has
been identified that mutations in two mitochondrial fusion genes (MFNZ2 and OPA1) cause prevalent neurodegenerative
diseases (Charcot-Marie Tooth type 2A and Kjer disease/autosomal dominant optic atrophy). In addition, other diseases
such as type 2 diabetes or vascular proliferative disorders show impaired MFN2 expression. Altogether, these findings
have established mitochondrial dynamics as a consolidated area in cellular physiology. Here we review the most
significant findings in the field of mitochondrial dynamics in mammalian cells and their implication in human pathologies.

I. INTRODUCTION: MITOCHONDRIAL in the mid 1800s. Mitochondria were described for the
DYNAMICS first time in 1857, by Rudolph Albert Von Kolliker, as
granular cytoplasmic compartments with their own mem-

The heterogeneity of mitochondrial morphology has brane present in muscle (referred to as sarcosomes by
been known since the early descriptions of this organelle Kolliker). Later on, several studies giving distinct names
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to the same organelle were published. Among these, in
1898 Benda coined it with the name mitochondrion (26),
coming from the Greek words mitos (meaning thread)
and chondron (grain). This term considers the most com-
mon morphological features of this organelle and was
broadly used and accepted to describe this granule from
the end of the 1930s onwards (184).

At the beginning of the 20th century, advances in
bright-field microscopy and the availability of well-spread
cultured cells from chicken allowed the first reliable ob-
servations of mitochondrial shape changes and dynamics
in living cells, possibly caused by fusion and fission events
of these organelles (186). In addition, in 1931, this dyna-
mism was also demonstrated to be developmentally reg-
ulated in liver (275). However, less attention was paid to
this mitochondrial feature, as during the 1940s and 1950s
the autonomous biochemical function of mitochondria
was discovered, together with the demonstration that
B-oxidation, the Krebs cycle, and oxidative phosphoryla-
tion (OXPHOS) occurred inside these organelles (184).
Furthermore, in the 1950s, Palade and Sjostrand pub-
lished high-resolution electron microscopy images of mi-
tochondria, which elucidated the ultrastructural features
of this granule and showed it as an isolated organelle
(Fig. 1A). Therefore, these images indicated an apparent
lack of physical and functional connection between dis-
tinct mitochondria. This concept of functional indepen-
dency was favored by the discovery, in the 1960s, of
mitochondrial DNA and, afterwards, its bacterial origin,
thereby confirming the bacterial endosymbiotic theory of
mitochondrial origin, postulated by Altmann in 1890 (5).
Several reports in the late 1960s, 1970s, and early 1980s
went against this independency, as mitochondrial DNA
complementation and recombination were demonstrated
in yeast (294). These mitochondrial DNA events were
postulated to result from fusion events between mito-
chondria in this organism (212, 282, 283). In the same
period, there were further descriptions of mitochondrial
fusion, mitochondrial networks, and mega-mitochondria
formation in differentiated mammalian tissues, such as
liver and muscle (14, 36, 168, 311, 312), and also of a
developmentally regulated mitochondrial network in rat
skeletal muscle (18, 19).

In the 1990s, time-lapse analysis using mitochondrial-
targeted fluorescent proteins and dyes allowed detailed
and dynamic visualization of mitochondrial shape changes
and structure rearrangements compatible with fusion events
in living cells (from yeast to hepatocytes) (Fig. 1B) (27, 65,
66, 221, 251). Moreover, electron tomography analysis
unraveled additional mitochondrial inner membrane
structures, such as cristae junctions, and their dynamic
regulation (197, 198). In addition, the first gene that par-
ticipates in the fusion of mitochondria was identified in
Drosophila (123). These findings, among others, led to the
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FIG. 1. Visualization of mitochondria by electron or fluorescence
microscopy. A: image of three mitochondria obtained at X40,000 mag-
nification from murine myoblasts by electron microscopy. B: single
frame of a time-lapse analysis of myoblasts stably expressing a mito-
chondrial-targeted red fluorescent protein and visualized by confocal
microscopy (objective X63). The dynamics of the whole mitochondrial
network is observed in myoblasts with this latter technique, in contrast
to electron microscopy images.

discovery of a group of genes that control and execute
mitochondrial fusion and fission, most of them first iden-
tified in yeast (42, 204, 276, 322).
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The use of mitochondrial-targeted fluorescent pro-
teins and dyes also allowed the static visualization of
mitochondrial architecture (defined by morphology and
distribution within the cell, i.e., mitochondrial network).
The modulation of mitochondrial architecture has been
broadly interpreted as evidence of altered mitochondrial
fusion and/or fission activity. However, precise conclusions
regarding the rates of these two processes cannot be made
on the basis of mitochondrial architecture alone. For in-
stance, equivalent mitochondrial architecture can be de-
tected in response to increased mitochondrial connectivity
(caused by tethering or fusion) or to the inhibition of mito-
chondrial fission (Fig. 2), as the use of these proteins and
dyes does not allow the visualization of the exchange of
mitochondrial matrix proteins that results mitochondrial fu-
sion.

Therefore, to measure rates of mitochondrial protein
exchange, PEG-mediated cell fusion assays have been

+ FISSION — FUSION
DRP1 MFN1 (KO)
FIS1 MFN2 (KO, mutants)
MTP18 OPA1 (KO, mutants, proteolysis)

CcccpP

BALANCED DYNAMICS

MFN1 DRP1 (K38A)
MFN2 FIS1 (SIRNA)
OPA1 MTP18 (siRNA)

+ FUSION ~ FISSION

FIG. 2. Mitochondrial morphology is partly dependent on a proper
balance between fusion and fission processes. Schematic representation
of mitochondrial morphology is shown in response to modulation of the
activity of proteins involved in mitochondrial fusion or fission. Mamma-
lian mitochondrial fusion is mediated mainly by Mfn1, Mfn2, and Opal.
Reduction in the activity of these proteins by repression or by the
presence of loss-of-function mutants or ablation of these proteins causes
mitochondrial fragmentation or reduction in the extent of mitochondrial
filaments (12, 16, 51, 92, 115, 223). In contrast, reexpression of Mfnl,
Mfn2, or OPAL in cells with prior deficient activity of these any of these
proteins promotes the formation of mitochondrial filaments (59, 72,
277). Furthermore, gain-of-function of some of these proteins in the
presence of abolished mitochondrial fission results in long mitochon-
drial filaments (256). Mammalian mitochondrial fission is mediated by
Drpl, Fisl, and MTP18. Reduction in the activity of these proteins by
repression or by mutation, or ablation of these proteins causes elonga-
tion of mitochondrial network (97, 148, 240, 274, 285, 299, 304, 325, 327).
In contrast, overexpression of these proteins causes mitochondrial frag-
mentation (148, 285, 298, 325).
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used (182). The basis for this assay is the induction of
fusion between two separate cell populations whose mi-
tochondrial matrix is labeled in a different manner (i.e.,
with green and red mitochondrial-targeted fluorescent
proteins). The distinct mitochondrial labels in fused cells
(polykarions) colocalize only when there are mitochon-
drial fusion events that cause the exchange of mitochon-
drial matrix proteins. However, this methodology to mea-
sure mitochondrial fusion rates cannot be applied suc-
cessfully to all cellular models and does not measure the
degree of mitochondrial connectivity. Thus the next step
forward has been the use of photoactivable mitochondrial
matrix-targeted fluorescent proteins. These proteins im-
proved the precision of the measurement of mitochon-
drial fusion rates and connectivity. The photoactivation of
these proteins, within a small region of the mitochondrial
matrix, allows fused mitochondria to be differentiated from
nonfused ones (or only tethered), as the activated protein
diffuses and spreads the fluorescent signal only through a
continuous matrix of fused mitochondria (303). Moreover,
the rate of dilution of the fluorescent signal (due to fusion
events with unlabeled mitochondria) can also be used as a
measure of mitochondrial fusion rates (157). Importantly, an
additional method that allows the measurement of mito-
chondrial fusion in isolated mitochondria (in vitro) has also
been successfully applied (205).

In addition, several relevant molecular mechanisms
by which genes controlling mitochondrial dynamics pro-
mote mitochondrial fusion or fission and the posttran-
scriptional regulation of these genes have been eluci-
dated. Furthermore, the first functional evidence demon-
strating that the genes involved in mitochondrial dynamics
contribute to oxidative metabolism, apoptosis, autophagy,
and cell cycle has been gathered during the last decade.

However, the overall process of mitochondrial fusion
and fission has not been thoroughly defined, and it is
likely that a number of genes executing or modulating
these activities remain to be determined. In fact, all these
studies have been done mostly in yeast and cultured
mammalian cells (mainly undifferentiated or transformed
cells). Thus the pattern, physiological relevance, and reg-
ulation of mitochondrial dynamics in human or mouse
tissues, such as skeletal muscle or liver, are poorly un-
derstood or unknown. Indeed, there is some evidence
demonstrating that mitochondrial dynamics is specifically
regulated depending on the cell type or on the given
function of certain tissues. For instance, mitochondrial
architecture in mouse pancreatic acinar (exocrine) cells
is specifically suited to permit delimitated increases in
cytosolic calcium concentrations only in the apical region
of the cell, which is required for normal exocytosis of
apical granules, i.e., for their specific exocrine function
(296). Another good example of this specific regulation is
the concerted distribution of mitochondria and sarcoplas-
mic reticulum, which contributes to the type of contrac-
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tion, relaxation, and calcium fluxes in distinct muscle
fibers (99). Importantly, the factors that control and de-
termine these differences in mitochondrial dynamics or
architecture among distinct cells lines (63), cell types, or
tissues have not been determined. The identification of
these factors will be crucial not only to explain the dif-
ferences in mitochondrial architecture and dynamics be-
tween tissues, but may also provide the basis for under-
standing tissue-specific differences of mitochondrial func-
tion, its regulation, and pathogenic implications.

To date, a biochemical method that allows the quan-
tification of mitochondrial fusion or fission rates has not
been described. Such a method would facilitate the test-
ing or identification, through high-throughput screenings,
of hypothetical drugs that modulate these rates. Further-
more, the discovery of a mammalian biomarker of mito-
chondrial fusion and fission would allow researchers to
determine the defects on these processes in patients or in
diseases where a defect in the same is not described.
Unraveled only in yeast, this biomarker has been used to
find a chemical compound that inhibits mitochondrial
division. This biomarker is based on the effect of changes
in mitochondrial fusion and fission rates on Saccharomyces
cerevisae proliferation (45). A similar biomarker in mam-
mals, together with the finding of a biochemical method
to measure mitochondrial fission and fusion rates, would
be a significant step forward to find a cure for mitochon-
drial dynamics-related diseases.

Here we review current knowledge of mitochondrial
dynamics in mammals, focusing mainly on its role in cell and
mitochondrial function and its involvement in pathological
processes. Regarding the specific details of mitochondrial
dynamics machinery in yeast, readers are referred to these
excellent reviews (133, 222, 246, 249, 266, 318, 322).

II. REGULATION OF MITOCHONDRIAL FUSION:
PROTEINS INVOLVED IN MITOCHONDRIAL
FUSION IN MAMMALIAN CELLS

It has been widely demonstrated that changes in the
activity of fusion and fission proteins result in alterations
in mitochondrial shape (Fig. 2). Indeed, when both fusion
and fission are inhibited by the modulation of these pro-
teins, mitochondrial morphology is similar to that ob-
served in a basal state, thereby demonstrating that shape
is a consequence of the balance between these two pro-
cesses (b1) (Fig. 2). Under conditions of enhanced fission,
mitochondria fuse at a normal or basal rate (196). Never-
theless, although the shape of these organelles is indica-
tive of the balance between mitochondrial fusion and
fission in most situations, it is not a definitive parameter
to conclude enhanced fusion or fission rates. Thus mito-
chondrial morphology depends not only on components
of mitochondrial dynamics (that is to say proteins that
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mediate mitochondrial fusion or fission), but may also
greatly rely on distinct proteins or mediators, such as
cytoskeleton proteins, the “railway” used by mitochondria
to move inside the cell (11), or other unknown cellular
components. In this regard, changes in the activity of
mitochondrial fusion proteins also modulate the distribu-
tion and movement of this organelle (50, 51, 236, 252, 255,
256), in addition to shape. These observations therefore
suggest cross-talk between these unknown and/or cy-
toskeletal components and mitochondrial fusion proteins.

Mitochondrial fusion is a two-step process, where the
outer and inner mitochondria fuse by separable events
(196). This process can be explained by the finding that
the most relevant proteins described to date that are
involved in mammalian mitochondrial fusion show dis-
tinct mitochondrial sublocalization: mitofusin 1 and 2
(MFN1 and MFNZ2, respectively, located on the outer mi-
tochondrial membrane and can explain outer membrane
fusion) and OPA1 (located in the inner membrane and
intermembrane space, which can explain inner membrane
fusion). However, a high-resolution mechanism of how
the outer and inner mitochondrial membranes coordi-
nately fuse and the elucidation of the factors that signal to
a particular region of the mitochondrial membrane to
start the tethering and fusion and then to correctly dis-
tribute mitochondrial content remain to be determined.

To gain insight into these processes, the study of the
proteins controlling mitochondrial fusion and fission,
their activity, and regulation is crucial. In this section, we
discuss the most relevant mammalian proteins described
to date to be involved in mitochondrial fusion, the afore-
mentioned MFN1, MFN2, and OPAL.

A. MFN1

MFN1 was identified in mammals, together with
MFN2, as the human homologs of Drosophila Fuzzy on-
ions protein (Fzo, key for spermatogenesis), the first gene
discovered to mediate mitochondrial fusion (123, 256).
Human MFN1 is significantly conserved throughout chor-
dates (Fig. 3). Human MFN1 protein shows 63% of identity
with MFN2, and both proteins share the same relevant
functional domains (Table 1) (256). This MFN1/MFN2
identity is maintained, in different percentages, through
chordates, from human to zebrafish (Table 1). Impor-
tantly, in NCBI databases, Ciona intestinalis (an ancient
chordate species) shows only one gene similar to MFN.
This finding suggests that MFN1 and MFN2 have a com-
mon ancestor similar to that found in Ciona intestinalis
(Tables 1 and 2 and Fig. 3). Analysis of other species
reveals the existence of only one gene in fungi (Saccha-
romyces and Podospora), one MFN ortholog gene in Cae-
norhabditis elegans, and two genes in Drosophila mela-
nogaster (Fzo is specific to the male germ line and is not
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FIG. 3. Alignment of Mfn1 sequences from several chordate species and the ancient chordate Ciona intestinalis. Alignments were performed
with Clustal W on-line software. Residues are shown in intensities of gray in function of their identity through Homo sapiens, Danio rerio
(zebrafish), Xenopus tropicalis (frog), and Ciona intestinalis (ancient chordate). Dark gray shows the residues found in all the species analyzed
and light gray the residues found only in some of them. The human MFN1 protein domains are shown. Sequences used are as follows: MFN1 H.

sapiens (NP_284941), Mfnl D. rerio (NP_956941), Mfnl X. tropicalis (CAJ83518), and Mfn C. intestinalis (XP_002126852).

expressed in female embryos or adults, whereas Mfn is
expressed in adult male or female tissues and its identity
to MFN is higher compared with Fzo) (141) and two genes
in Trichoplax adhaerens (Tables 1 and 2).

1. Protein domains and activity

MFNI1 is a transmembrane GTPase protein of 741 resi-
dues in humans and is located in the outer mitochondrial
membrane. This localization requires the COOH-terminal
part of the protein [residues 419-741 amino acids (aa)],
which contains a transmembrane domain (residues 596-630
aa) and a coiled-coil domain 2 (also called heptad-repeat
domain; HR2, residues 673-728 aa) (Figs. 4 and 5A) (255).
This heptad-repeat domain mediates the first step of mito-
chondrial fusion, namely, the tethering of two adjacent mi-
tochondria through a dimeric antiparallel coiled-coil struc-
ture (175) (Fig. 5B). These dimers or complexes can be
homotypic (Mfnl-Mfnl) or heterotypic (Mfnl-Mfn2) (51,
175). The distinct proportion of homo- and heterotypic com-
plexes may be relevant for the rate of mitochondrial fusion
activity in the cell, as shown by the higher GTPase activity,
with lower affinity to GTP, exhibited by purified Mfnl com-
pared with Mfn2 (144). In this regard, Mfnl-harboring mito-
chondria show higher tethering efficiency than those har-
boring Mfn2 (144). The formation of these three complexes
leads to the notion that the rates of Mfn-mediated mitochon-
drial fusion differ in distinct tissues, as the MFN2 expression
pattern is more tissue specific than MFN1, although both are
widely expressed (16, 51, 252, 255). Of note, skeletal muscle
has the highest MFN2/MFN1 ratio (255).

The NH,-terminal part of the MFN1 protein contains
the GTP-binding domain and another coiled-coil domain
(HR1, residues 346-401 aa) (175, 255) (Fig. 4). This GTP-
binding domain has the five GTPase motifs or boxes
previously defined for Ras (34, 35). These motifs are
named G1 (82-89 aa), G2 (106-111 aa), G3 (173-177 aa), G4
(236-241 aa), and G5 (281-287 aa) (Figs. 3 and 4). G1 binds
the phosphates of the GTP molecule; G3 coordinates the
Mg?" required for hydrolysis and G1, G2, and G3 together
form the catalytic center; whereas G4 and G5 provide the
specific conformation to allow only GTP binding (and not
ATP) (34, 35). The GTPase activity of this domain is
crucial for MFN1 fusion activity (51, 144, 255), as shown
by studies reporting that MFN1 mutants (such as the
highly conserved residue K88T in the G1 motif) of this
domain lose the capacity to elongate or fuse mitochondria
(51, 255). Furthermore, other MFN1 mutants of the same
domain (T109A residue in the G2 motif) act as dominant
negative forms; that is to say they disturb wild-type or
endogenous MFN1 fusion activity (255). In addition, high
overexpression of human MFN1 causes a perinuclear ag-
gregation of mitochondria (255). This aggregation seems
to be independent of MFN1 activity in mitochondrial fu-
sion, as overexpression of MFN1 GTPase loss-of-function
mutants causes mitochondrial aggregation (255). Indeed,
expression of a truncated Mfnl form (deletion from aa 1
to 331, therefore lacking the GTP-binding domain) also
induces perinuclear aggregation of mitochondria. Impor-
tantly, mutations in the coiled-coil 2 domain that disrupt
the Mfnl dimeric antiparallel coiled-coil structure (such
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TABLE 1. Phylogram tree and Mfnl/Mfn2 identity in
chordates and prochordates

Organism Mfn1/Mfn2 Percent Identity
H. sapiens 63
R. norvegicus 65
M. musculus 66
X. tropicalis 62
D. rerio 64
C. intestinalis™ *
Mfn1M.musculus: 0.01547
Mfn1R.norvegicus: 0.00453
Mfn1H.sapiens: 0.05267
0.15887
Mfn1D.rerio: 0.16742
Mfn2H.sapiens: 0.02493
Mfn2R.norvegicus: 0.00617
Mfn2M.musculus: 0.00836
Mfn2X tropicalis: 0.07194
Mfn2D.rerio: 0.08524
MfnC. 0.26951
?Op;::‘emlumg.zﬂzﬂﬁ
L Mm2T, 0.44755
FZOD. 0.34776
FZ0-1C.elegans: 0.34883
MinD. 028159

Mfn1T.

0.29976

Percentages of identity and phylogram were obtained using ClustalW2
on-line software (http://www.ebi.ac.uk/Tools/clustalw2/index.html).
MFN1 H. sapiens (NP_284941), Mfnl M. musculus (NP_077162), Mfn1
R. norvegicus (NP_620432), Mfnl D. rerio (NP_956941), Mfnl X. tropi-
calis (CAJ83518), Mfn C. intestinalis (XP_002126852). MFN2 H. sapi-
ens (NP055689), Mfn2 R. norvegicus (NP_570964), Mfn2 M. musculus
(NP_573464), Mfn2 D. rerio (AP19405), Mfn2 X. tropicalis (CAJ82624),
FZO1 P. anserina (ABY76319), “similar to MFN1” T. adhaerens
(EDV23825), “similar to MFN2” T. adhaerens (XP_002111215), FZO D.
melanogaster (NP_73284), Mfn D. melanogaster (NP_572320), FZO-1 C.
elegans (NP_495161.1), Fzolp S. cerevisae (NP_009738.1). *Only one
gene similar to Mfn found in C. intestinalis.

as mutation of mouse residues L691P or L705P) impede
the aggregation induced by this truncated Mfnl (175).
Taken together, these data suggest that mitochondrial
tethering, together with the incapacity to fuse mitochon-
dria, is responsible for this mitochondrial aggregation. Inter-
estingly, in addition to the defect in mitochondrial fusion,
Mfnl-ablated cells show defective mitochondrial mobility,
without apparent alterations in the cytoskeleton (51). There-
fore, one may propose that deregulated mitochondrial mo-
bility caused by excessive MFN1 gain-of-function also con-
tributes to perinuclear mitochondrial clustering, in addition
to mitochondrial tethering,.

Some evidence demonstrates that MFN1 has a post-
transcriptional and posttranslational regulation. This has
been shown by the identification of alternative splicing
isoforms, which were found in lung cancer (56), and the
observation that the varying relative protein levels be-
tween tissues do not always match the relative mRNA
levels (255). However, the molecular mechanisms for this
regulation are largely unknown.

2. Physiological role of Mfnl activity

The physiological relevance of mitochondrial fusion
mediated by Mfnl has been demonstrated in genetically
Mfnl-ablated mice. Mfnl expression is essential for the
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development of embryos, as Mfn1 loss-of-function causes
a lethal placental defect, as does Mfn2 loss-of-function
(51, 52). Fibroblasts from Mfnl-ablated mouse embryos
show a dramatic reduction in mitochondrial fusion activ-
ity, which is more severe than in the case of Mfn2 ablation
(51). This difference is in agreement with the higher teth-
ering and GTPase activity observed in Mfnl-harboring
mitochondria and purified Mfnl, respectively, compared
with Mfn2 (144). Furthermore, the effects of the mouse
isoform 8, which is similar to human transcript 1 of optic
atrophy gene 1 (Opal, a dynamin-related protein with
GTPase activity, which is discussed later) that promotes
mitochondrial fusion, require Mfnl but not Mfn2 expres-
sion in mouse embryonic fibroblasts (59). This observa-
tion therefore again suggests a more prominent role of
Mfnl than Mfn2 in mitochondrial fusion.

Despite this prominence in undifferentiated and/or
transformed cell lines, conditional Mfnl-ablated mice
(Meox2-Cre/Mfin1'>® in which Mfnl expression is present
only in placental cells, therefore preventing the previously
described embryonic lethality in fully Mfn1-ablated mice)
are born fully viable and are fertile for at least one year
(52). In marked contrast, conditional Mfn2-ablated mice
(Meox2-Cre/Mfn2'*") show movement defects and im-
paired cerebellar development, with major alteration in
Purkinje cells, and 33% die on postnatal day 1 and the rest
on postnatal day 17 (562). These specific defects in cere-
bellar development caused by the lack of Mfn2 and not
Mfnl can be explained by the fact that Purkinje cells show
lower expression of Mfnl mRNA than Mfn2 mRNA, which
implies that ablation of cerebellar Mfn2 expression may
cause a greater defect in mitochondrial fusion than cere-
bellar Mfnl ablation (52). Another explanation for this
cerebellar difference could be that Mfn2 has specific mi-
tochondrial or nonmitochondrial activities that are essen-

TABLE 2. Conservation of mitochondrial fusion
proteins (chordates and prochordates)

Organism and Percent

Identity to H. sapiens Minl Mifn2 OPA1
R. norvegicus 90 95 96
M. musculus 89 94 95
X. tropicalis 69 85 88
D. rerio 68 82 79
C. intestinalis™ 46* 49* 55

Percentages of identity were obtained using ClustalW2 on-line
software. Sequences used: MFN1 H. sapiens (NP_284941), Mfnl M.
musculus (NP_077162), Mfnl R. norvegicus (NP_620432), Mfnl D. rerio
(NP_956941), Mfnl X. tropicalis (CAJ83518), Mfn C. inlestinalis
(XP_002126852). MFN2 H. sapiens (NP055689), Mfn2 R. norvegicus
(NP_570964), Mfn2 M. musculus (NP_573464), Mfn2 D. rerio (AP19405),
Mfn2 X. tropicalis (CAJ82624). OPAl isoform 1 H. sapiens
(NP_056375.1), Opal M. musculus (NP_598513.1), Opal R. norvegicus
(NP_598269.3), Opal D. rerio (NP_001007299.1), Opal X. tropicalis
(NP_001120510), Opal C. intestinalis (XP_002131771.1). *Only one
gene similar to Mfn found in C. intestinalis.
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FIG. 4. Domains and motifs identified in human mitochondrial fusion proteins MFN1, MFN2, and OPA1. The GTPase domains are shown in blue
with the distinct G motifs shown in black bars (from G1 to G5 depending on the protein). Coiled-coil regions (CC) and/or GED (GTPase effector
domain) are shown in yellow. The transmembrane domains (TM) are shown in red. These domains are found in MFN1, MFN2, and OPAIL. The
proline-rich region (PR, green, involved in protein-protein interactions) is found only in MFN2, poorly conserved in MFN1 and not found in OPA1.
The mitochondrial import sequence (MIS) is shown in purple, with the cleavage site of mitochondrial processing protease (MPP) in residue F88. The
middle domain is colored in brown and the alternative spliced region (Spl. Reg.) in black. These three regions have been described only in OPA1.
The length and topology in amino acids for each region and domain are shown. The primary sequence for each OPAI splicing isoform is also
depicted. The alternative splicing of exons 4, 4b, and 5b generates eight isoforms of OPA1 with distinct numbers of total amino acids. All OPA1
isoforms contain exon 5 with the S1 cleavage site (alanine). Exon 5b contains a second cleavage site S2, although the exact residue of this site has

not been determined.

tial for Purkinje cells. Whatever the case, the lack of
physiological defects of Mfnl loss-of-function provides
further evidence of the specific relevance of Mfn2 pres-
ence in homo- and heterotypic complexes in differenti-
ated adult tissues and of the tissue expression specificity
of this protein in mitochondrial fusion and physiology.
However, the absence of significant defects or phe-
notype in conditional Mfnl-ablated mice (Meox2-Cre/

Mfn1'*") under basal conditions suggests that Mifnl
and/or its mitochondrial fusion activity is required only
for the development of the placenta. In addition, this
implies that in embryonic/fetal cells or tissues and in the
postnatal life, Mfnl function can be substituted under
physiological conditions (probably by Mfn2 or other un-
known proteins). Therefore, the biological relevance of
Mfnl in adult mice remains to be determined. In this
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regard, it would be of great interest to study: 1) whether
mitochondrial fusion rates are normal in adult tissues
from Mfnl conditional knockout (KO) mice and, if so,
whether this is due to selective compensatory effects that
do not occur in cultured cells [which would explain the
absence of a phenotype in conditional KO mice under
normal conditions but the existence of phenotype in mouse
embryonic fibroblasts (MEF)]; 2) the stoichiometry of Mfn2
versus Mfnl molecules in distinct adult tissues to establish
the extent of a reduction in mitochondrial fusion caused by
Mfn2 or Mfnl loss-of-function; and 3) the conditions or
stimuli that specifically increase Mfnl-mediated mitochon-
drial fusion, and which may permit the detection of a dis-
tinct phenotype in Mfnl conditional KO mice.

Several conditions or stimuli have been described to
increase Mfnl expression and could provide clues as to

A
MFEN DRP\1
Outer
membrane
\FIS1
I-OPA1 _-s-OPA1
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the physiological requirement for Mfnl activity in adult
tissues. These conditions include exercise in muscle and
caloric restriction in brain, heart, liver, and white and
brown adipose tissue (which also increase mitochondrial
biogenesis) (44, 219). Interestingly, during the differenti-
ation of primary neuron cultures, there is a marked de-
crease in Mfnl expression. This observation suggests a
minor requirement of Mfn1 activity in differentiated neu-
rons (49) and is consistent with the lack of neurodegen-
eration in conditional Mfnl-ablated mice (562). An increase
in extracellular ammonium concentration in CHO cells is
another condition that enhances Mfnl expression, al-
though the physiological relevance of this adaptation re-
mains to be determined (54).

3. Partners and modulators

Mfn1 physically interacts with Mfn2 (51, 78, 175) and
with OPA1 (119). As demonstrated by Mfnl1 or Mfn2 KO
mouse phenotypes, both proteins play partially nonredun-
dant and quantitatively distinct roles in mitochondrial
fusion in cell lines, in spite of showing ~80% similarity in
their primary sequence. To discern the mechanism of
nonredundancy or to find new (different or not) roles of
these two homologs in cell and mitochondrial physiology,
the identification of specific interacting partners or mod-
ulators of their activity is crucial.

Mitofusin-binding protein (Mib) is a novel protein
that was identified by affinity purification of rat liver
cytosol using a column that contained the cytosolic part
of rat Mfnl (91). Therefore, there is an interaction be-
tween Mib and the cytosolic part of Mfnl. Mib is a mem-
ber of the medium-chain reductase protein superfamily,
which has a conserved coenzyme-binding domain. Mib

Inner
membrane

Cristae
junction

B

Outer
membrane 1

Cytosol

Outer
membrane 2 —

FIG. 5. Topology of the proteins involved in mammalian mitochon-
drial dynamics. A: mitofusins (Mfn) and Fisl are located in the outer
mitochondrial membrane, anchored through their transmembrane do-
mains (bipartite in the case of Mfn). Mfns are thought to form complexes
in cts (in the same mitochondria) through the coiled-coil 1 domain and
other NH,-terminal cytosolic regions of the protein. Dnml1l/Drpl is
mainly cytosolic and is recruited to the outer mitochondrial to mediate
mitochondrial fission. This localization of Drpl has been demonstrated
to be mediated through the direct binding of Drpl to Fisl. However,
several lines of evidence show that this localization could also be
through indirect binding or could be independent of Fisl. OPAl is
located in the inner membrane space in soluble forms (short forms
generated by proteolytic cleavage; s-OPA1) or tightly attached to inner
mitochondrial membrane (long forms, containing the transmembrane
domain, 1-OPA1). OPALl is detected in the same complex as Mfns, but the
nature and topology of this interaction is unknown. The requirement of
a short OPA1 isoform to control the morphology of the inner mitochon-
drial membrane (the cristae and their junctions) has generated a model
by which the interaction between s-OPA1 and 1-OPA1 can control this
morphology. B: structural data demonstrated the antiparallel interaction
of the COOH-terminal cytosolic coiled-coil domains of two Mfn mole-
cules in trans (that is in distinct mitochondria). The interaction depicted
is thought to be the first step of mitochondrial fusion (the initial tether-
ing between two mitochondria).
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controls mitochondrial morphology as its overexpression
causes mitochondrial fragmentation and its repression by
RNAi induces mitochondrial elongation. The coenzyme-
binding domain is essential for Mib-induced mitochon-
drial fragmentation, which is through inhibition of Mfnl
activity and, probably, Mfn2. Like Mfnl, Mib is widely
expressed in all tissues assayed; however, in contrast to
Mfn2, Mib does not show a tissue-specific expression (91).
Both Mfnl and Mfn2 coimmunoprecipitate with Mib.
However, it remains to be determined whether Mib inter-
acts directly with Mfn2 or through Mfnl interaction, as
Mfns form heterodimers and coimmunoprecipitation of
Mib with Mfn2 could be due to the presence of endoge-
nous Mfnl in this immunoprecipitated complex. To our
knowledge, no other mammalian protein has been de-
scribed to specifically interact with Mfnl.

B. MFN2

MFN2 was first identified by homology with Drosophila
Fzo (51, 92, 252, 256). However, it was also identified in
two independent differential display analyses, which
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aimed to determine genes differentially expressed in dis-
tinct pathological conditions. The first of these analyses
was performed in muscle from genetically obese rats
(Zucker rats) (16), in which Mfn2 was originally named
mitochondrial assembly regulatory factor (MARF). The
second was done in vascular smooth muscle cells
(VSMCs) of rats with genetic hypertension, a condition
that induces hyperproliferation of these cells. Thus, in
databases, MFN2 is also referred to as MARF and hyper-
plasia suppressor gene (HSG) (563). Human MFN2 is sig-
nificantly conserved in vertebrates (Fig. 6). Human and
fish Mfn2 show 82% sequence identity (Table 2).

1. Protein domains and activity

MFNZ2 is an outer mitochondrial membrane protein
of 757 residues in humans and has the same functional
domains as MFN1 (Figs. 4 and 5) (252, 256). It has been
recently reported that Mfn2 (and not Mfn1) is also present
in the endoplasmic reticulum (ER) and controls ER mor-
phology and its tethering to mitochondria (72). The COOH-
terminal part of the protein, which contains the transmem-
brane domain (residues 615-648 aa) and the coiled-coil 2
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FIG. 6. Alignment of Mfn2 sequences from several chordate species and the ancient chordate Ciona intestinalis. Alignments were performed
with Clustal W on-line software. Residues are shown in intensities of gray in function of their identity through Homo sapiens, Danio rerio
(zebrafish), Xenopus tropicalis (frog), and Ciona intestinalis (prochordate). Dark gray shows the residues found in all the species analyzed, and
light gray shows the residues found only in some of them. The human MFN2 protein domains are shown. Sequences used are as follows: MFN2 H.
sapiens (NP055689), Mfn2 D. rerio (AP19405), Mfn2 X. tropicalis (CAJ82624), and Mfn C. intestinalis (XP_002126852).
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domain (residues 693-747 aa), is also responsible for
MFN2 mitochondrial localization (Fig. 5) (252, 256). More
precisely, the deletion of the 648-757 region and its sub-
stitution by five amino acids (IYFFT) is sufficient to lo-
calize MFN2 only in the ER (252). This dependence of
subcellular localization or targeting on the sequence
flanking the transmembrane domain is similar to that
reported for tail-anchored proteins, although MFN2 is an
atypical tail-anchored protein as it exposes both NH, and
COOH termini to the cytosol (252).

Generally, like MFN1, MFN2 shows a dispersed dis-
tribution throughout the mitochondrial network (51, 218,
236, 252, 256). The expression of myc-tagged or fluores-
cent proteins fused to MFN2 have been detected at spe-
cific mitochondrial regions or tips (mitochondrial scission
sites) (139, 159, 160). The reasons for these differences in
localization are currently unknown.

Protease digestion experiments of isolated mitochon-
dria demonstrate that MFN2 is an integral outer mito-
chondrial membrane protein with both NH,- and COOH-
terminal parts exposed to the cytosol (252). Immunolo-
calization and immunoprecipitation experiments of deleted
mouse Mfn2 forms show that the NH,- and COOH-terminal
parts of Mfn2 interact (NHy-terminal Mfn2 A471-757 aa
and COOH-terminal form Mfn2 A1-647 aa), thereby sug-
gesting the formation of Mfn2 cis oligomers (or oligomers
formed in the same mitochondria) (132, 252). These cis
complexes are postulated to form through the coiled-coil
or heptad-repeat domains (252) (Fig. bA). However, the
GTP-binding domain and GTPase activity, together with
other conserved regions of Mfn2 protein, make a signifi-
cant contribution to this NH,- and COOH-terminal inter-
action, which is even greater than the contribution of
coiled-coil domain 1 (366-422 aa) (132). This is shown by
the decrease in the interaction and function of these
Mfn2-deleted forms when a mutation is introduced in the
GTPase domain of the NH,-terminal form of Mfn2
(T130A) or when the conserved regions of the NH,-termi-
nal are deleted (A270-460 or A1-96 aa). These cis interac-
tions could explain the partial mitochondrial localization
of a human soluble MFN2 truncated form (from aa 1 to
602), which modulates mitochondrial activity without
changing mitochondrial morphology (236).

GTPase activity is crucial for MFN2-mediated mito-
chondrial fusion (51, 92), but not for the perinuclear
mitochondrial aggregates caused by MFN2 overexpres-
sion, similarly to what has been reported for MFN1 (139,
2b2, 255, 256). This aggregation mechanism can be ex-
plained by the same as that described for Mfnl, namely,
the tethering mediated by the coiled-coil 2 domain, also
present in MFN2 (693-747 aa) (175, 255). In addition, the
same defect on mitochondrial mobility observed in
Mfnl —/— cells is present in Mfn2 —/— cells (61). Thus it
could be hypothesized that deregulated mobility caused
by MFN2 overexpression also explains perinuclear mito-
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chondrial clustering. Like MFNI1, the GTPase domain
(103-309 aa) of MFN2 also contains five G motifs or boxes
(Figs. 4 and 6). These boxes are G1 (103-110 aa), G2
(128-133 aa), G3 (199-203 aa), G4 (257-262 aa), and GbH
(303-309 aa). Their specific functions in GTP hydrolysis
are discussed in section 1A (34, 35). The GTP hydrolysis
activity and capacity of nucleotide exchange of Mfn2 is
low, and Mfn2 binding or affinity for GTP is higher than
that shown by Mfn1 (144, 216). Furthermore, MFN2 forms
carrying mutations that enhance its affinity for GTP (such as
G1 motif multiple mutation GRTSNGKS to GAVGVGKS, with
the conserved G1 mutated residues underlined) activate
mitochondrial fusion (216) and mutations that inacti-
vate the GTPase domain (such as K109T) block this pro-
cess (b1, 252, 256).

As the NH,- and COOH-terminal parts of MFN2 are
exposed to the cytosol, a small region of the protein
(627-632 aa) presumably faces the intermembrane space
and splits the transmembrane domain in two parts (Fig.
5). Interestingly, the MFN2 mutant W631P (W631 is a
highly conserved residue facing the intermembrane
space, see Fig. 6) acts as an inhibitor of mitochondrial
fusion (216). The inhibition exerted by this W631P mutant
could also be explained by recent data showing that
MFN1, MFN2 (both outer mitochondrial membrane pro-
teins), and OPA1 (mitochondrial fusion protein located in
the inner and intermembrane space of mitochondria) in-
teract, as they were all detected in the same immunopre-
cipitation complex (119). Therefore, this W631P MFN2
mutant could hinder the formation of this MFN-OPA1
protein complex, thereby inhibiting mitochondrial fusion.
In this regard, previous work done in yeast identified
Ugol, a protein localized in the intermembrane space that
interacted with both Fzo (yeast Mfn ortholog) and Mgml
(yeast OPA1 ortholog) (263). However, no mammalian
orthologs of Ugol or proteins with this function have
been described to date. Despite the lack of Mfn2 require-
ment for the mitochondrial fusion activity mediated by
Opal mouse isoform 8 in MEFs (59), the previously men-
tioned data suggest a potential role of MFN2 in the MFN1/
OPA1 complex in human cells. Whether this lack of Mfn2
requirement is a specific feature of the Opal mouse iso-
form 8 and/or MEF's or whether it is shared with the other
OPAL1 isoforms or cell types requires further study.

There are also a few lines of evidence of the post-
transcriptional and posttranslational regulation of Mfn2.
One example is in skeletal muscle of Mfn2 +/— mice; in
this tissue Mfn2 mRNA levels are 50% lower than in
wild-type mice, and this decrease is not accompanied by
changes in the protein levels (278). In addition, some
evidence indicates that both Mfnl and Mfn2 are regulated
by the proteasome system, as inhibitors of this system
increase the protein expression of these two Mfns (160).
Therefore, Mfnl and Mfn2 may also be ubiquitinated, as
described for their yeast ortholog Fzol (62, 90, 160, 217).
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Further studies are required to establish the relevance of
these posttranslational events, their regulation, and mo-
lecular mechanisms.

2. Physiological role of MFN2 activity

MFN2 has pleiotropic roles, as shown by the rele-
vance of its activity in distinct key cellular functions such
as oxidative metabolism, cell cycle, cell death, and mito-
chondrial axonal transport. In fact, these additional roles
(which may be mediated or not through its mitochondrial
fusion activity) may explain the specific involvement re-
ported for MFEN2 but not for MFN1 in pathology. There-
fore, the additional roles of MFN2 may account for the
more specific tissue expression pattern of MFN2 com-
pared with MFN1 (16, 255). Of note, mutations in the
MFNZ2 cause the autosomal dominant neurodegenerative
disease Charcot-Marie-Tooth type 2A (336). Given the
variety of functions attributed to MFN2, they will be
discussed in a separate section.

3. Partners and modulators

To date, distinct MFN2 partners have been identified,
namely, the protooncogenic GTPase p21 Ras (with a rel-
atively stable association with Mfn2, as it coimmunopre-
cipitates in synchronized and unsynchronized cells), the
mitochondrial ubiquitin-ligase membrane-associated ring
CH (MARCH)-V (coimmunoprecipitated in HeLa cells
overexpressing MARCH-V), the stomatin-like protein 2
(STOML2, previously identified as a component of eryth-
rocyte cytoskeleton and interacts with endogenous MFN2
under basal conditions in HeLa cells), and the apoptosis-
related proteins Bak, BCLX, and BCL2 (53, 77, 122, 214).
Interestingly, immunoprecipitation studies show that
MARCH-V, STOML2, BCLX, and BCL2 interact with MFN2
but not with MFN1 (77, 122, 214). In contrast, Bak inter-
acts with both Mfn1 and Mfn2, although during apoptosis
induction by treatment with azide, Bak disassociates from
Mfn2 and increases its interaction with Mfnl (39). In the
case of BCL2 and BCLX, coimmunoprecipitation was de-
tected in HEK293 overexpressing BCL2 or BCLX together
with Myc-tagged Mfn2 (77). These studies therefore dem-
onstrate that Mfn2 is present in several functional com-
plexes in which Mfn1 is absent; this observation implies
that Mfn2 is specifically regulated or modulated by other
cell components or processes that do not require Mfnl
interaction or modulation. In addition, MARCH-V ubiquiti-
nates and controls the protein levels of a component of
the mitochondrial fission machinery (DRP1, discussed
later) but does not ubiquitinate MFN2. Thus MARCH-V
provides a common regulator of mitochondrial fusion and
fission through diverse mechanisms (214).

To gain further insight into the biological function of
these interactions, mapping studies showing the Mfn1 and
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Mfn2 domains that bind to these partners would be of
great assistance.

C. OPA1

Linkage analyses identified OPA1 as the major chro-
mosomic locus associated with autosomal dominant optic
atrophy (ADOA; MIM165500) in chromosome 3 (more
precisely, between 3q28-q29 regions) (87). Several years
later, the gene within this locus whose mutations were
responsible for ADOA neurodegenerative disease was
found. This gene was also named OPA 1, which encodes a
dynamin-related GTPase of dispersed distribution throughout
mitochondria that regulates mitochondrial shape (76). In
parallel to this finding, OPA1 was also identified by ho-
mology with its yeast orthologs, namely, the previously
described mitochondrial shaping proteins Mgm1 (Saccha-
romyces cerevisae) and Mspl (Schizosaccharomyces
pombe) (3). OPA1 was demonstrated to control both mi-
tochondrial fusion and cristae morphology (59, 116, 145,
223, 225, 227, 259). Although it is expressed in all the
tissues assayed, OPA1l shows a specific tissue expression
pattern, with the highest expression in the retina, brain,
testis, liver, heart, skeletal muscle, and pancreas (3, 76).
Conservation of OPA1 is high in vertebrates (Fig. 7), and
Danio rerio and human OPA1 share 79% sequence iden-
tity (Table 2).

1. Protein domains and activity

OPA1 protein is localized in the mitochondrial inter-
membrane space in soluble forms or is tightly attached to
the inner mitochondrial membrane (1, 3, 76) (Fig. 5A). A
93-kDa OPALl isoform has been detected in fractions en-
riched in outer mitochondrial membranes from HeLa
cells. This observation may be explained by soluble OPA1
interacting with integral outer mitochondrial transmem-
brane proteins (259). OPA1 contains an NH,-terminal mi-
tochondrial import sequence (MIS; in the first 150 resi-
dues), characterized by enrichment in positively charged
amino acids, which confers the mitochondrial localization
of OPAL1 (Fig. 4). This particular region also displays three
putative cleavage sites for the mitochondrial processing
peptidase (MPP), which removes MIS (1-87 aa, through
cleavage in the second site, residues R-X-L/F) upon im-
port into mitochondria (1, 3, 76). After MIS, there is a
putative transmembrane domain (exon 1 and 2, within the
region from 97-113 aa, see Fig. 4) that is predicted to
anchor or associate OPAl forms in mitochondrial mem-
branes (145, 225, 226, 259). This transmembrane domain
may functionally act like the Pleckstrin homology domain
(PH), which allows the localization of dynamins to mem-
branes (interestingly PH is also absent in both Mfns)
(Fig. 4).
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Mitochondrial import sequence
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FIG. 7. Alignment of Opal isoform 1 sequences from several chordate species and the ancient chordate Ciona intestinalis. Alignments were
performed with Clustal W on-line software. Residues are shown in intensities of gray in function of their identity through Homo sapiens, Danio rerio
(zebrafish), Xenopus tropicalis (frog), and Ciona intestinalis (prochordate). Dark gray shows the residues found in all the species analyzed, and
light gray shows the residues found only in some of them. The human OPA1 isoform 1 protein domains and cleavage sites are shown. Sequences
used are as follows: OPA1 isoform 1 H. sapiens (NP_056375.1), Opal D. rerio (NP_001007299.1), Opal X. tropicalis (NP_001120510), and Opal C.

intestinalis (XP_002131771.1).

The first OPA1 (NH,-terminal) coiled-coil is located
after the transmembrane domain (210-254 aa in human
isoform 1, see Fig. 4). This region may functionally sub-
stitute the proline-rich domain found in dynamins and is
basically involved in protein-protein interactions. In addi-
tion, this domain is COOH-terminal of the region that is
alternatively spliced (exons 4, 4b and 5b, 149-208 aa),
which implies that the topology of this coiled-coil and of
all the OPA1 domains discussed from here on changes
depending on the isoform (see Fig. 4). OPA1 has a second
coiled-coil domain that is COOH-terminal (895-960 aa in
human isoform 1), found after the GTPase and the middle
domains (see Fig. 4) and thought to be the GTPase effec-
tor domain (GED or assembly domain). The GED domain
is involved in the oligomerization and activation of dy-
namins (243). In fact, both coiled-coil domains could be
responsible for the formation of the homotypic com-
plexes between distinct OPA1 molecules. This notion is
supported by the observation of self-assembly between
the coiled-coil domains of Opal synthesized in vitro (1).
Interestingly, the NH,-terminal coiled-coil domain does
not strongly interact with the COOH-terminal coiled-coil
domain (1). However, further work is required to confirm
these coiled-coil interactions in the context of the entire

protein. These OPA1 oligomers could explain the require-
ment of short Opal isoforms (of lower molecular weight)
by long Opal isoforms (of higher molecular weight) to
mediate mitochondrial elongation and fusion in Opal null
cells (which is discussed in sect. 1C3) (277), as similarly
reported for the yeast ortholog Mgml (128). Also, this
GED domain could be responsible for the interaction of
OPA1 with the outer mitochondrial membrane proteins
MFN1 and MFN2 (Fig. bA).

The GTPase domain of OPA1 (exons 7-15, 280-520 aa
in human isoform 1) was described to contain 3 G boxes
or motifs (the function of each motif is explained in sect.
A), which are the following: G1 GDQSAGKT (295-302
aa), G3 DLPG (398-401 aa), and G4 TKVD (467-470 aa)
(the conserved residues are shown in bold, see Figs. 4 and
7) (3). This GTPase domain is crucial for the activity of
OPAL. In this regard, fibroblasts with mutations in this
domain (G300E, within G1 motif) show fragmented mito-
chondrial morphology, thereby demonstrating the rele-
vance of this domain for OPA1 fusion activity (227). The
middle domain is required for the assembly of high-order
structures of conventional dynamins (245). Although the
specific role of the OPAl middle domain (521-894 aa in
human isoform 1) remains to be determined, one may
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postulate that OPA1 also oligomerizes through this do-
main and that this domain regulates OPA1 activity.

2. Regulation by alternative splicing

OPA1 has a marked and complex posttranscriptional
regulation. In humans, it shows eight ubiquitously ex-
pressed mRNA isoforms formed by alternative splicing of
exons 4, 4b, and 5b, which are located after the trans-
membrane domain and before the NH,-terminal coiled-
coil domain (Fig. 4) (75, 224). In mice, there are four
ubiquitously expressed mRNA isoforms, also formed by
alternative splicing, but only of exons 4b and 5b (1).
Isoform 1 (contains only exon 4) and isoform 7 (contains
exon 4 and 5b) are the dominantly expressed forms in
human and mouse cells (1, 75, 145, 224). One study has
shown that OPAl isoforms containing the evolutionary
conserved exon 4 (for instance, isoform 1) modulate mi-
tochondrial fusion activity and maintain the mitochon-
drial membrane potential, whereas the alternate splice
isoforms containing the vertebrate-specific exons 4b and
5b control cytochrome c¢ release from mitochondria, and
this represents a regulatory step of apoptosis specific of
vertebrates (224).

3. Regulation of OPAI by proteolysis

To make the picture more complex, OPAl is also
regulated by proteolytic cleavage, which decreases the
amount of long OPA1 isoforms and increases the amount
of the short ones. In a Western blot analysis, human or
mouse OPALl is detected as five distinct bands between
100 and 80 kDa. The two bands showing a higher molec-
ular mass (known as long isoforms) are thought to be a
mixture of the translation of alternative splicing mRNA
isoforms 1, 2, 4, and 7 (Fig. 4). The three bands showing
a lower molecular mass are considered the products of
proteolysis of the long isoforms and also the product of
translation of splice isoforms 3, 5, 6, and 8 (83, 145, 277)
(Fig. 4). The isoforms 1, 2, 4, and 7 have the capacity to
restore defective mitochondrial fusion in Opal —/— cells,
whereas forms 3, 5, 6, and 8 do not (277).

Both the induction of apoptosis and the specific dis-
sipation of mitochondrial membrane potential induce the
cleavage of OPAl (to short isoforms but also to cause
complete degradation of long isoforms) and a fragmenta-
tion of the mitochondrial network (12, 82, 277). Of note,
one study has shown that the dissipation of the mitochon-
drial membrane potential does not ablate the interaction
of OPA1 with MFN1/MFN2 (119). This observation sug-
gests a decrease in the mitochondrial fusion activity of
OPA1 within this complex. Importantly, the recovery of
mitochondrial membrane potential induces a restoration
of the mitochondrial length or fusion together with reex-
pression of the long (high-molecular-mass) OPAl iso-
forms. These data, among others, suggest that long iso-
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forms are crucial for OPAl-mediated mitochondrial fu-
sion and that short isoforms are unable to fuse
mitochondria (82). However, the latter isoforms are re-
quired by long isoforms to mediate fusion (277), in a
similar manner to what has been described for the OPA1
yeast ortholog Mgm1 (128). This is shown by the incapac-
ity of a mutant long OPA1 isoform 1 (a noncleavable
form) to induce mitochondrial fusion in Opal —/— cells
(277). Furthermore, the short isoforms generated by tran-
scription of mRNA isoforms 3 and 5 restore the capacity
of this noncleavable isoform to elongate mitochondria
@7.

Two of the cleavage sites in the primary sequence of
OPAL1 have been identified. The sites identified are named
S1 and S2 (145, 277) and are located in exons 5 (S1) and
5b (S2) of the OPA1 open reading frame (Fig. 4). All the
OPAL1 isoforms contain the S1 site, whereas the S2 site is
present only in isoforms 4, 6, 7, and 8. Therefore, prote-
olysis in S1 and/or S2 will generate short OPA1 isoforms,
without the putative transmembrane domain (Figs. 4 and
5A). In this context, the loss of mitochondrial membrane
potential induces OPA1 cleavage through S1, but not S2,
and other still unknown additional sites (responsible for
complete degradation). Interestingly, the proteases re-
sponsible for cleavage in S1 remain to be determined
(119, 277). However, 1,10-phenanthroline, a metal chela-
tor, blocks the cleavage induced by the loss of mitochon-
drial membrane potential, thereby suggesting the involve-
ment of metalloproteases (22, 82, 115, 119, 145, 277).

Three types of mammalian proteases that cleave
OPAL1 to varying extents have been identified to date: the
m-AAA proteases (m, matrix of mitochondria oriented;
homo- or heteromeric complexes containing paraplegin
and/or Afg3L1 and Afg3L2 subunits), the i-AAA protease
YmelL (I, intermembrane space oriented), and the prese-
nilin-associated rhomboid-like protease (PARL) (60, 83,
101, 115, 119, 145, 277). However, these three types of
enzymes have not been demonstrated to explain the
whole OPA1 cleavage and complete degradation of long
isoforms triggered by chemically induced loss of mito-
chondrial membrane potential (82, 83, 277). Furthermore,
the precise contribution of these proteases to OPA1 cleav-
age and release to the cytosol induced by certain apopto-
tic stimuli has not been established.

The i-AAA metalloprotease Ymell is responsible for
cleavage in S2 under basal conditions, although this is not
the only site of action of this protease (119, 277). Studies
of Ymell loss-of-function have shown that part, but not
all, of the OPA1 cleavage induced by the dissipation of
mitochondrial membrane potential is explained by the
activity of this protease (115, 119, 277).

Regarding the m-AAA metalloproteases, paraplegin/
Spg7 alone is not a major regulator of OPAl cleavage
under basal conditions or under dissipation of mitochon-
drial membrane potential, as the lack of paraplegin does
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not affect OPA1 processing (83, 115, 145). In contrast, two
subunits of m-AAA, namely, Afg3L1 and Afg3L2, regulate
basal OPA1l processing and can also form heterotypic
complexes with paraplegin that are also active (83). Thus
it would be of interest to unravel whether AFG3L1 and
AFG3L2 are the main subunits responsible for CCCP- or
apoptosis-induced OPA1 cleavage by using Afg3L1 and
Afg3L2 double KO cells, as siRNA approaches do not
allow conclusions to be drawn (115). Moreover, these two
particular m-AAA subunits are differentially expressed in
tissues (83), which makes them interesting candidates to
study the particularities of mitochondrial dynamics in
each tissue. In addition, it would be of great interest to
determine the exact sites of action of AFG3L1 and
AFG3L2 in the OPA1 sequence.

PARL is the mammalian ortholog of yeast Pcpl, the
inner-mitochondrial membrane protease that cleaves and
regulates Mgml activity (the yeast ortholog of OPAIL).
Thus it was the natural candidate to regulate mammalian
OPAL1 processing. Indeed, PARL regulation by phosphor-
ylation and cleavage of its (3-NH,-terminal region modu-
lates mitochondrial morphology (149). However, PARL
does not explain the whole OPA1 processing under basal
conditions or triggered by the loss of mitochondrial mem-
brane potential in mammalian cells (12, 22, 60, 101). To
date, the main identified role for PARL is the generation of
a soluble Opal isoform detected in the intermembrane
space (IMS), which represents 4% of total IMS Opal in
mitochondria (60, 101). This soluble Opal isoform con-
trols the shape of mitochondrial cristae, independently of
its role in mitochondrial fusion (see Fig. 5A). This Parl-
mediated processing of Opal was demonstrated by two
key observations: 1) the Opal-soluble isoform is dramat-
ically reduced in Parl —/— MEFs, and 2) an inactivated
version of Parl (mutant H335G) does not restore the
production of soluble Opal in Parl —/— MEFs (60, 101).
Additionally, PARL coimmunoprecipitates with OPAl
(60). However, whether the primary sequence of OPAl
holds a PARL cleavage site remains to be determined.
Thus further data are required to demonstrate how this
soluble isoform is generated.

These lines of evidence suggest that, in spite of the
significant findings and advances made in OPA1 process-
ing, additional enzymes or molecular mechanisms remain
to be discovered. In this regard, a recent study demon-
strates a marked increase in Opal cleavage by the lack of
Prohibitin 2 (Phb2), a highly conserved protein of poorly
understood function, thought to act as a scaffold by form-
ing complexes with several proteins. Of note, the protease
or the molecular mechanism responsible for the increase
in Opal cleavage caused by the lack of prohibitin 2 (Phb2)
remains to be determined (206).

In summary, all these studies demonstrate that OPA1
activity has a complex posttranslational regulation, which
allows rapid changes in mitochondrial morphology, activ-
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ity, and apoptosis induction in response to distinct stim-
uli. Given the complex formed by OPA1 and MFNs (119),
the tight and rapid OPA1 regulation and the observation
that mitochondrial outer and inner membrane fuse in
separate but coordinated steps, we hypothesize that
OPAl-mediated mitochondrial fusion and its regulation
are the bottle-neck of the entire mitochondrial fusion
process.

4. Role of OPAI in mitochondrial fusion and
physiology

The overexpression and loss-of-function studies of
OPA1l demonstrate that this protein is involved in the
control of mitochondrial fusion and cristae morphology.
However, as reported in some of these studies, OPA1l
overexpression leads to the fragmentation of the mito-
chondrial network, as reported in OPA1 loss-of-function
studies (siRNA or KO cells) or in conditions characterized
by an enhanced rate of mitochondrial fission (12, 51, 115,
223). In contrast, other studies show that the overexpres-
sion of a mouse isoform 8 (similar to human isoform 1) of
Opal either does not affect or elongates the mitochondrial
filaments in control cells (50, 59). This differential response
to Opal could be explained by the extent of Opal overex-
pression caused by the use of distinct vectors (containing
distinct promoters). Furthermore, Opal overexpression re-
stores and increases mitochondrial fusion in cells with an
intrinsic defect in this process (such as Opal or Mfn2 KO
cells) (59, 277). However, as mentioned when summarizing
the effects of MFN1, Opal overexpression does not restore
mitochondrial fusion in Mfnl KO cells (59).

This paradox (fragmentation by OPAl overexpres-
sion) could be explained by the presence of distinct en-
dogenous OPA1 isoforms generated by alternative splic-
ing and proteolysis (generally classified by long and short
isoforms). These distinct OPA1 molecules may have the
capacity to interact or oligomerize between them and,
importantly, some (long isoforms) require the presence of
the others (short isoforms) to mediate mitochondrial fu-
sion (1, 277). Therefore, excessive OPA1 overexpression
in some cells probably alters the proportion of the endog-
enous isoforms and their oligomers, thereby leading to a
dominant negative effect in terms of the control of mito-
chondrial morphology, which could explain this mito-
chondrial fragmentation. Thus lower OPA1 overexpres-
sion levels (due to different promoters) could explain the
lack of OPAl-induced fragmentation, or even elongation,
reported in some studies.

In addition to mitochondrial fusion activity, OPA1l
loss-of-function studies have shown that RNAi-mediated
OPAL1 repression activates apoptosis. Furthermore, they
also demonstrate that a reduction in OPA1 causes aber-
rant cristae structures (12, 116, 223). The altered cristae
morphology reported could be secondary to apoptosis
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activation. However, the demonstration of a direct con-
trol of cristae morphology by OPA1 was provided. Thus
the previously mentioned soluble isoform of OPA1 (gen-
erated by PARL-mediated cleavage) determines the size
of mitochondrial cristae junctions by forming a complex
with distinct molecules of the long OPAl isoforms an-
chored in the inner membrane. This complex regulates
the size of the cristae junction and controls the amount of
cytochrome c release induced by apoptosis (60, 101, 323).
Thus it is not surprising that OPA1 repression also de-
creases both cell growth and oxygen consumption (12, 50,
181, 223).

Furthermore, a recent study reports that the specific
posttranslational regulation of OPAl-mediated mitochon-
drial fusion allows the control of one key step of the fate
of mitochondria to be eliminated through autophagy.
Damaged mitochondria normally show a decrease in mi-
tochondrial membrane potential, which in turn activates
complete degradation of OPA1 (not only the processing to
short isoforms) (277). This complete degradation inhibits
the fusion of these damaged mitochondria to the mito-
chondrial network. If these mitochondria are still dam-
aged, they are unable to restore the mitochondrial mem-
brane potential, which implies that they remain incapable
of fusing and will then enter autophagy (302). Therefore,
these data demonstrate that OPAL1 is the key fusion factor
for autophagy. Indeed, these data point to a novel patho-
genic mechanism of the alteration of mitochondrial fusion
and fission rates.

The physiological relevance of OPA1 activity has also
been described at the level of a whole organism by the
embryonic lethality of Opal-ablated mice (days 8.5-10.5,
depending on the model) (2, 51, 71). Moreover, heterozy-
gous mutant Opal mice (which display around a 50%
reduction in Opal protein levels) show a visual impair-
ment similar to that described for human ADOA, thereby
confirming a haploinsufficiency defect in this disease (2,
71). However, the relevance of OPA1 regulation of apop-
tosis or autophagy to this phenotype is not yet known.
This lack of compensation in heterozygous Opal mu-
tant mice is in marked contrast to the compensation of
Mfn2 +/— heterozygous mice, which do not show any
reduction in Mfn2 protein levels or any pathogenic phe-
notype (51, 278). These data, together with the marked
regulation of OPA1 by proteolysis, demonstrate that the
posttranslational regulation of MFN2 and OPAI clearly
differ, although both proteins can be found in the same
complex that regulates mitochondrial fusion.

Furthermore, Opal and Mfn2 also show differences
at the level of transcriptional regulation. The first differ-
ence is the distinct control of their expression under
several physiological conditions. Thus cardiac differenti-
ation markedly decreases Opal mRNA levels, whereas it
increases Mfn2 mRNA levels (58). In addition, the nuclear
coactivator PPARGC1B (PGC-1B), which controls basal
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mitochondrial biogenesis and is highly expressed in heart,
stimulates mitochondrial fusion mainly through preferen-
tial control of Mfn2 expression compared with the rest of
components of the mitochondrial dynamics machinery
(i.e., Opal) (189). Therefore, if these proteins control
mitochondrial fusion only through the formation of the
complex with Mfnl, Mfn2, and Opal, one would expect
similar inductions of their expression.

The meaning or the true extent of these specific
differences of regulation between mitochondrial fusion
proteins will not be fully understood until the mecha-
nisms of coordination and the relationship between mito-
chondrial inner and outer membrane fusion are solved at
a higher resolution level. This elucidation will allow us to
determine new checkpoints of mitochondrial fusion, the
specific involvement of MFN1, MFN2, or OPA1 in them,
and how the cell modulates these processes. Also, a com-
plete definition of the specific functions of each protein
(those less related to mitochondrial fusion or more re-
lated, for instance, to intracellular signaling) will greatly
contribute to our understanding of these differences and
the meaning or physiological relevance of mitochondrial
dynamics.

III. REGULATION OF MITOCHONDRIAL
FISSION: PROTEINS INVOLVED IN
MITOCHONDRIAL FISSION IN MAMMALIAN
CELLS

Mitochondrial fission involves a crucial feature that
is not present in mitochondrial fusion. This feature is that
the main proteins that control mitochondrial fission also
regulate peroxisomal fission (172, 173). In this regard, it is
not known whether the fission of these two organelles
always runs in parallel or whether they are differentially
regulated. This issue is highly relevant when addressing
whether the physiological consequences of modulating or
regulating the components of the fission machinery are
due to the modulation of mitochondrial morphology, of
peroxisome dynamics, or both. The answer to these ques-
tions will also provide key clues to the biological rele-
vance of this coincidence. The most studied proteins
involved in mitochondrial fission and found also in per-
oxisomes are the dynamin-related protein 1/dynamin 1
like (DRP1/DNM1L) and fission protein 1 homolog (FIS1),
which are located in the outer membrane in the case of
mitochondria. However, whether there is specific inner
membrane fission machinery remains to be established. In
the case of yeast, MDMS33 is the most relevant protein
described to date to be involved in the inner membrane
fission machinery; however, no mammalian orthologs of
MDMS33 have yet been identified (207). Indeed, there are
only two reports that demonstrate that MTP18 is a mem-
ber of this unknown inner membrane fission machinery,
acting in a similar manner to MDM33 (298, 299).
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A. DRP1/DNM1V/DLP1

Several laboratories identified DNMIL (dynamin
1-like gene) in mammalian cells as a gene related to the
superfamily of dynamin proteins that mediate the con-
striction of nascent endocytic vesicles and secretory
membrane compartments (243). Therefore, it is also
known as DRP1, DYMPLE, DVLP, or DLP (142, 155, 269,
274, 326). DNM1L/DRP1 is the mitochondrial dynamics
protein with the highest degree of conservation in chor-
dates (Table 3 and Fig. 8). Drpl was found to be ex-
pressed in all tissues assayed. However, the brain ex-
presses a specific Drpl isoform, generated by alternative
splicing, that is absent or not detected in other tissues
(274, 326). The tissues with high levels of Drpl expression
are brain, skeletal muscle, and heart. Intermediate levels
of Drpl expression are found in testis, kidney, and pan-
creas while low levels are detected in liver and spleen
(274, 326).

In these forerunning descriptions, DRP1 (dynamin-
related protein 1) was thought to be a mediator of vesicle
formation required in the early secretory pathway (142).
In addition, this protein was described to control ER
morphology (240, 326). However, the inhibition of DRP1
activity also revealed a marked alteration of mitochon-
drial morphology, causing extremely long perinuclear mi-
tochondria (240, 274). This mitochondrial phenotype led
to the discovery that DRP1 controls mitochondrial divi-
sion in mammalian cells and C. elegans (177, 273), simi-
larly to what is reported for the yeast ortholog Dnm1p (31,
129).

The localization of DRP1 is mainly cytosolic, but a
considerable part of this protein is detected in mitochon-
dria, and more precisely is found in concrete puncta or
dotted structures, some of which are located on future
mitochondrial scission sites or in mitochondrial tips (Fig.
5A) (273). The interest in this gene increased further after

TABLE 3. Conservation of mitochondrial fission
proteins (chordates and prochordates)

Organism and Percent Identity to H. sapiens Dnml11 Fisl
R. norvegicus 98 96
M. musculus 98 96
X. laevis 91 NF
X. tropicalis NF 75
D. rerio 90 NF
C. intestinalis 64 44

NF, not found in databases. Percentages of identity were obtained
using ClustalW2 on-line software. DNMI1L H. sapiens (NP_005681.2),
Dnmll M. muscuwlus (NP_001021118.1), Dnmll R. mnorvegicus
(NP_446107.2), Dnmll D. rerio (NP_957216.1), Dnmll X. laevis
(NP_001080183.1), Dnm1l C. intestinalis (XP_002130043.1). FIS1 H.
sapiens (NP_057152.2), Fisl M. musculus (NP_079838.1), Fisl R. nor-
vegicus (sp P84817 FIS1_RAT), Fisl X. tropicalis (NP_001123678.1),
Fisl C. intestinalis (XP_002121705.1).
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the demonstration that DRP1-mediated mitochondrial fis-
sion is relevant for the induction of apoptosis, as inhibi-
tion of DRP1 decreases the susceptibility of the cell to
enter programmed cell death (97). Later, DRP1 was also
detected in tips or discrete regions of peroxisomes, where
this protein also controls the fission of this organelle
(172). Importantly, under basal conditions, the recruit-
ment of DRP1 from the cytosol to mitochondria is depen-
dent on dynein and microtubules (306). Furthermore, re-
cruitment of DRP1 to mitochondria induced by inhibitors
of OXPHOS and cyclosporin A is mediated by F-actin
cytoskeleton and not by microtubules (73). Therefore, it is
likely that the cytoskeletal components required for DRP1
recruitment differ depending on whether DRP1 catalyzes
basal or induced mitochondrial fission.

Taken together, the above evidence suggests that
DRP1 plays distinct roles in cell function and has a tightly
regulated recruitment. Thus the future generation of
Drpl-ablated mice will permit the study of the diverse
physiological effects of Drpl in numerous organelles and
cellular processes. Although these mice have not been
reported to date, several studies have elucidated the post-
translational regulation of DRP1, its effects on mitochon-
drial recruitment, and its role in apoptosis and have thus
contributed to our understanding of DRP1 function in cell
biology. We will briefly summarize these posttranslational
modifications of DRP1 in the light of their physiological
effects. Regarding more specific details on the posttrans-
lational regulation of this protein, readers are referred to
an excellent review on this topic published while we were
writing this manuscript (254).

1. Protein domains and activity

The canonical dynamin domains present in human
DRP1 (isoform 3, 699 residues) are the GTPase domain
(residues 1-300), the middle domain (residues 301-508),
and the GED or assembly domain (residues 599-699) (274)
(see Fig. 9). There is also a less defined region, called the
divergent domain (residues 509-598), where the insert of
37 amino acids in position 533 generated by alternative
splicing of DRP1 mRNA is found only in brain (274, 326)
(Fig. 6). The sequence of the GTPase domain was de-
scribed to contain three G motifs or boxes (G1, 32-40 aa;
G3, 146-150 aa; G4, 215-218 aa; function explained in sect.
nA) (Figs. 8 and 9). Site-directed mutagenesis and chimera
generation of DRP1 demonstrate the relevance of these
domains in the regulation of DRP1 on mitochondrial and
peroxisome fission. Indeed, the single deletion of one of
these three domains (GED, the GTPase or the middle
domain) blunts the mitochondrial function of this protein
(239).

More precisely, and assuming that DRP1 behaves in a
similar manner to its yeast ortholog Dnm1lp, GTP hydro-
lysis is required to provide the mechanical force to con-
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FIG. 8. Alignment of Dnm1l/Drpl sequences from several chordate species and the ancient chordate Ciona intestinalis. Alignments were
performed with Clustal W on-line software. Residues are shown in intensities of gray in function of their identity through Homo sapiens, Danio rerio
(zebrafish), Xenopus laevis (frog), and Ciona intestinalis (prochordate). Dark gray shows the residues found in all the species analyzed and light
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and 600 in isoform 3, 616 and 637 in splice variant 1/brain isoform; see Figs. 9 and 10). The human DNMI1L protein domains are shown. Sequences
used DNMI1L isoform 3 H. sapiens (NP_005681.2), Dnmll D. rerio (NP_957216.1), Dnmll X. laevis (NP_001080183.1), and Dnmll C. intestinalis

(XP_002130043.1).

strict the mitochondrial tubule by DRP1 oligomers, which
surround it, thereby forming a spiral ring around the
scission site (133, 143, 273, 327). In this regard, mutations
that potentially blunt GTP-binding (such as K38A) gener-
ate extremely long and interconnected mitochondria by
inhibiting mitochondrial division (304, 327). This DRP1
mutant (K38A) is not only inactive but also sequesters
endogenous DRP1 and reduces its mitochondrial localiza-
tion, thus exerting an additional dominant negative effect
(148, 327). The mitochondrial phenotype induced by
DRP1 K38A is the same as that observed in cells where
DRP1 expression is reduced by siRNA (97, 240, 273, 274).

The function of the middle domain of DRP1 remains
to be determined. This middle domain may be vital for
the initial oligomerization of DRP1 required to form the
proper high-assembly structures on membranes (i.e., the
spiral rings). This hypothetical role for the middle domain
of DRP1 has been recently demonstrated in conventional
dynamins (245). Therefore, it is likely that this domain has
a similar function in DRP1. In agreement with this hypoth-
esis, the GTPase and middle domains of DRP1 also par-
ticipate in DRP1 intra- and intermolecular interactions
through binding to the GED (333). Structural analyses of
the middle domain may be crucial to identify its activity.

The GED or assembly domain, in addition to being
crucial for the regulation of GTPase activity and for the
intra- and intermolecular associations (such as those re-
ported for dynamins and the yeast DRP1 ortholog Dnm1p)

(103, 333), also contains the information necessary for the
mitochondrial targeting of DRP1 (239). Therefore, muta-
tions in this domain also markedly change DRP1 activity
in mitochondrial division (333).

Although DRP1 is a protein related to dynamins,
some key domains of this superfamily of proteins are
absent in the amino acid sequence of DRP1. These absent
domains are the PH and proline-rich domains. Impor-
tantly, DRP1 does not have any transmembrane domain
that functionally substitutes this PH, such as that de-
scribed in OPA1 or MFNs. Thus to be located on the
mitochondrial or peroxisomal membranes, DRP1 requires
interaction with a protein anchored to the membrane of
these organelles. The membrane protein described to
functionally interact with DRP1 is FIS1 (148, 325). More-
over, FRET assays, and cross-linking and immunoprecipi-
tation studies indicate that DRP1 binds directly to FIS1
(325).

However, several lines of evidence suggest that this
is not the only mechanism by which DRP1 promotes
fission. The first is that the yeast ortholog Dnm1p requires
two adaptor proteins (Mdvl and Caf4) to bind indirectly
to Fisl (114, 295). However, no orthologs of these pro-
teins have been described to date that confirm this in
mammalian cells. The second line of evidence comes
from siRNA studies performed to repress FIS1 expres-
sion, in which DRP1 was still able to localize on the outer
mitochondrial membrane (181). The third line is the find-
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FIG. 9. Domains and motifs identified in human mitochondrial fission proteins FIS1 and DRP1/DNMIL. The length and topology in amino acids
for each region and domain are shown. DRP1/DNMIL: the GTPase domains are shown in blue with the distinct G motifs shown in black bars (G1,
G3, and G4). The coiled-coil region (CC) or GED (GTPase effector domain or assembly domain) is shown in yellow. The middle domain is colored
in brown and the divergent region in black. The insertion of 37 amino acids found in the DRP1/DNM1L splice variant 1 (brain isoform) generated
by alternative splicing is also shown and is located in the divergent region (position 533). FIS1: structural data demonstrated the presence of 6
a-helices (shown in pink) and four of them conformed two TPR motifs (tetratricopeptide repeat motifs). The transmembrane domain (TM) is shown

in red.

ing that the stabilization of DRP1-binding on the mito-
chondrial membrane is independent of FIS1 expression
levels under a number of conditions (see summary in Fig.
bA) (126, 316). Therefore, more experimental data are
required to demonstrate the mechanistic details of the
interaction between DRP1 and FIS1 and also to identify
novel Drpl-associated proteins.

2. Physiological regqulation of DRPI1 activity

Given that DRPI is constantly changing localization
from the cytosol to the mitochondria (273, 316), most
research attention has focused on the mitochondrial re-
cruitment and the posttranslational regulation of this pro-
tein. In fact, an understanding of the regulation of DRP1
localization will explain how some cellular processes me-
diate mitochondrial fragmentation through this protein.
Moreover, elucidation of this regulation will help us to
understand why some of these processes require an en-
hanced rate of mitochondrial fission through the control
of DRP1 activity. To date, the cellular processes reported
to modulate DRP1 activity, or vice versa, are apoptosis,

neuronal function, cardiac and muscle differentiation, cell
cycle, the second-messenger molecule cAMP through pro-
tein kinase A (PKA) and calcium, the latter through
CaMKI and the phosphatase calcineurin. The physiologi-
cal processes modulated by DRP1 activity are briefly dis-
cussed in this section and in depth in the sections on
mitochondrial dynamics, cell death, and cell cycle.

3. Apoptosis

Most studies addressing the regulation of DRP1 have
been done in the light of the apoptotic process, as DRP1
and mitochondrial fission modulate programmed -cell
death (97). Moreover, during apoptosis DRP1 localizes in
mitochondria punctae where MFN2 and the proapoptotic
protein BAX are also present (this being the first evidence
of a probable complex between mitochondrial fusion,
fission, and proapoptotic proteins) (159). The first pro-
teins described to stimulate DRP1 recruitment to mito-
chondria induced by apoptosis are as follows: the cleav-
age product of the integral ER protein BAP31 (named p20,
which maintains the localization in the ER membrane),
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deafness dystonia protein (DDP/TIMMS8a), and BIK (13,
38, 109).

p20-BAP31 is generated by caspase-8 during the early
stages of apoptosis and induces the release of calcium
from the ER. This calcium release causes an increase in
calcium uptake by mitochondria together with an en-
hancement of the recruitment of DRP1 to these or-
ganelles, thereby stimulating mitochondrial fission. Fur-
thermore, the overexpression of the dominant negative
DRP1 mutant (K38A) greatly inhibits the cytochrome c
release caused by the overexpression of p20-BAP31. This
finding thus demonstrates the relevance of mitochondrial
dynamics and DRP1 also for the progression of apoptosis
initiated by ER factors (38). Of note and in marked con-
trast, one report describes the antiapoptotic effects of
DRP1 in programmed cell death mediated by calcium, as
DRP1-induced mitochondrial scission blocks the intrami-
tochondrial calcium waves required for apoptosis pro-
gression. Importantly, this was the first and only descrip-
tion reported to date of DRPIl-mediated resistance to
programmed cell death (289). Taken together, these re-
ports suggest that, also in calcium-mediated apoptosis,
DRP1 has independent sites of action that could explain
the DRP1-mediated protection of calcium-induced apop-
tosis under certain conditions and the enhancement of
apoptosis induced by the calcium release from the ER
(p20-BAP31).

The second molecule, DDP/TIMMS8a, is a protein of
the mitochondrial intermembrane space. Like other apop-
togenic proteins, DDP/TIMMSa is released to the cytosol
upon permeabilization of the outer mitochondrial mem-
brane caused by activation of BAX/BAK by programmed
cell death. DDP/TIMMS8a interacts with the COOH-termi-
nal region of DRP1 (middle and GED regions) and in-
creases the recruitment of DRP1 to mitochondria, which
in turn activates mitochondrial fragmentation (13). This
study confirmed that the permeabilization of the outer
membrane occurs before mitochondrial fission and DRP1
recruitment. In agreement with this, it also demonstrated
that the retention of cytochrome ¢ caused by the inhibi-
tion of DRP1-mediated mitochondrial fission is not due to
an inhibition of the permeabilization of the outer mem-
brane, as this and other mitochondrial proapoptotic fac-
tors are released under these conditions (13).

Apoptosis, specifically the proapoptotic proteins
BAX/BAK, also enhances the stabilization of DRP1-bind-
ing on the outer mitochondrial membrane through DRP1
sumoylation (126, 316, 337). Therefore, this is an addi-
tional mechanism to explain the increase in mitochon-
drial DRP1 levels caused by apoptosis, which differs from
the increase in DRP1 recruitment to mitochondria through
DDP/TIMMS8a or p20-BAP31. Moreover, this sumoylated
DRP1 is proposed to contribute to stimulating apoptosis
through a specific role in the remodeling of mitochondrial
cristae and not through the fragmentation of the mito-
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chondrial network (109, 316). This DRP1-mediated cristae
remodeling is induced by the proapoptotic ER protein
BIK, which also stimulates DRP1 recruitment to the outer
mitochondrial membrane (109). However, the mechanism
by which DRP1, located on the outer mitochondrial mem-
brane, contributes to the remodeling of mitochondrial
cristae during apoptosis and independently of mitochon-
drial fragmentation is largely unknown (109, 316).

4. Neuronal function and differentiation

The other process in which DRP1 has a relevant role
is neuronal function and differentiation. Drpl expression
is markedly increased upon differentiation of primary
cultured cortical neurons, together with the mentioned
decrease in Mfnl expression (49). In agreement with
these data, the increase in Drpl expression in differenti-
ated neurons elevates the number of dendrites in primary
cultured cells, whereas an increase in mitochondrial fu-
sion or inhibition of mitochondrial fission decreases this
number (188). These data suggest that a higher rate of
mitochondrial fission is required for the specific function
or plasticity of differentiated neurons. In this regard, it
has been recently described that fibroblasts from patients
with Alzheimer’s disease show elongated mitochondria
and a marked decrease in DRP1 expression. In addition,
the same study indicates that B-amyloid accumulation
triggers this reduction in DRP1 expression (314).

Moreover, there is also a link between Parkinson’s
disease and mitochondrial morphology. Mutational anal-
ysis revealed that PINK1 (PTEN-induced kinase 1) is in-
volved in a recessive familial form of Parkinson’s disease.
PINK]1 is a mitochondrial-located serine/threonine kinase
and also an ubiquitin ligase that acts upstream of parkin
(which is an E3-protein ubiquitin ligase). The loss-of-
function of Pinkl causes an elongation of mitochondrial
filaments, and this elongation may lead to neuronal alter-
ation (241, 324). Although no physical interaction has
been detected between Pinkl and mitochondrial dynam-
ics proteins, it acts through Drpl and Fisl to increase
mitochondrial fission (324). This is demonstrated by the
loss of mitochondrial fragmentation induced by Pinkl
overexpression in cells in which Drpl or Fisl activity is
inhibited. Thus these data suggest that elongated mito-
chondria by abnormal Pinkl modulation of Drpl or Fisl
contribute to the impairment of the specific neuronal
function. More data are required to elucidate the molec-
ular mechanisms by which Pink1 modulates the activity of
mitochondrial fission proteins.

5. Cardiac and muscle differentiation

Drpl expression is diminished during the differenti-
ation of stem cells to cardiomyocytes, which show longer
mitochondrial filaments (58). Therefore, both in cardio-
myocytes and muscle cells, mitochondrial filaments are
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longer than in undifferentiated cells, which can be ex-
plained by the different expression levels of mitochon-
drial dynamics components (16, 58). Skulachev and co-
workers (7, 272) proposed a biological explanation for
these mitochondrial filaments in muscle and several func-
tional studies were done. Knowledge on the specific pro-
teins that control mitochondrial dynamics will permit to
unravel, at a more mecanistic level, the biological role of
these distinct morphologies in cardiac or muscle tissues.

6. Mitochondrial architecture in leukocytes

One study has demonstrated that the regulation of
mitochondrial distribution is essential for the chemotaxis
of leukocytes (43). Thus blockade of DRP1 activity or
activation of mitochondrial fusion inhibits chemotactic
migration (43). Therefore, mitochondrial fission pro-
cesses mediated by DRP1 and concomitant mitochondrial
relocalization are crucial in the physiology of leukocytes.

7. Modulation of DRP1 activity by phosphorylation

A number of studies have shown that Drpl and its
effects on mitochondrial dynamics are regulated by phos-
phorylation, thereby providing significant clues as to the
intracellular signals that induce mitochondrial fission (see
Fig. 10). The first report demonstrated that cyclic depen-
dent kinase 1 (Cdkl/cyclin B) phosphorylates rat Drpl
brain isoform in serine-5685 (serine-616 in human splice
variant 1/brain isoform) during mitosis. This phosphory-
lation enhances mitochondrial fission (290), thereby al-
lowing the proper distribution of mitochondria within
daughter nascent cells. The protein phosphatase involved
in the removal of serine-585 phosphate is unknown.

Another protein kinase reported to phosphorylate
DRP1 brain isoform in serine-637/656 (human/rat) is PKA
(48, 68). The studies on human DRP1 brain isoform dem-
onstrated that phosphorylation in serine-637 blocks in-
tramolecular interactions between the GED and GTPase/
middle domains of DRP1, accompanied by a decrease in
DRP1 GTPase activity (48). However, there are discrep-
ancies regarding this mechanism, as the studies by Cribbs
and Stack (68) reported no alteration in the GTPase ac-
tivity of rat serine-656-phosphorylated Drpl. Neverthe-
less, these and a third report showed that this phosphor-
ylation reduces mitochondrial fission, as also demon-
strated by the overexpression of phosphomimetic mutants
of DRP1 (S637/656D), which markedly elongate mitochond-
rial filaments (47, 48, 68). Thus PKA phosphorylation inhi-
bits DRP1 activity, whereas Cdkl/cyclin B activates it
(Fig. 10).

Calcineurin is the phosphatase responsible for the
dephosphorylation of Ser-637, as it coimmunoprecipitates
with DRP1 and treatment with specific inhibitors of this
phosphatase blocks the calcium-dependent dephosphory-
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FIG. 10. Model of Drp1/Dnm1l regulation by phosphorylation. There
are three kinases described to date that phosphorylate Drpl/Dnmll
(CaMKI, PKA, and Cdk1/Cyclin B) in different serine residues located in
the divergent domain and/or near the GED domain (see Fig. 8). The
topology of these serine residues differs in Rattus norvegicus and Homo
sapiens and in brain isoform/splice variant 1 and isoform 3. Therefore,
the initial description of phosphorylation in serine-585 of rat Drpl
corresponds to serine-616 of human DRP1 splice variant 1/brain isoform.
Of note, whereas phosphorylation in serine-616 of splice variant 1/brain
isoform and serine-600 of isoform 3 enhances DRP1 mitochondrial
fission activity, phosphorylation in serine-637 of splice variant 1/brain
isoform diminishes it, possibly because of a decrease in intramolecular
interactions of DRP1 splice variant 1/brain isoform, which could hypo-
thetically affect mitochondrial recruitment or stabilization. In the case of
serine-600 of DRP1 isoform 3 (although it is the same residue as serine-637
of splice variant 1), its phosphorylation by CaMKl« (calcium/calmodulin-
dependent kinase I«) increases DRP1 affinity for FIS1 and its mitochondrial
recruitment and/or stabilization. Although phosphorylation by Cdkl1/cyclin
B (cyclin-dependent kinase 1/cyclin B) of serine-616 (splice variant 1)
increases mitochondrial fission, possibly as a result of greater recruitment
and/or stabilization of Drpl to mitochondria, the mechanism of Drpl acti-
vation by serine-616 phosphorylation remains to be determined. The phos-
phatases responsible for dephosphorylation of serine-600 and serine-616
residues are unknown. In the case of serine-637, calcineurin is the phos-
phatase responsible for its dephosphorylation.

lation of DRP1 in conditions of chemically induced cal-
cium release (47, 68).

A recent report demonstrates that DRP1 isoform 3 is
also phosphorylated in serine-600 (same residue that
serine-637 DRP1 brain isoform, as isoform 3 does not
contain the 37 amino acids insertion of brain isoform, see
Fig. 9) by the Ca®"/calmodulin-dependent protein kinase
Ia (CaMKIw) (125). This DRP1 phosphorylation is ob-
served upon the induction of a calcium influx through
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voltage-dependent calcium channels activated by high po-
tassium extracellular levels. In contrast, phosphorylation
of serine-600-DRP1 isoform 3 changes its intracellular
distribution and increases its binding to mitochondria,
both in HeLa cells and neurons (125). One of the mecha-
nisms responsible for the greater presence of serine-600-
phosphorylated DRP1 on the outer mitochondrial mem-
brane could be explained by the higher affinity for Fisl
shown by this phosphorylated protein in vitro (125).
Therefore, calcium can activate DRP1 recruitment to the
outer mitochondrial membrane through two mechanisms:
by dephosphorylation of splice variant 1/brain isoform in
serine-637, probably by calcineurin, and by phosphoryla-
tion by CaMKIa of isoform 3 in serine-600 (Fig. 10). Of
note, it is surprising that phosphorylation of the same
serine residue (catalyzed by distinct protein kinases) in
different human DRP1 isoforms (serine-637 of splice vari-
ant 1/brain isoform and serine-600 of isoform 3) leads to
opposite effects in terms of DRP1 recruitment and mito-
chondrial fission. As splice variant 1 is expressed only in
brain, it would be of interest to study if the phosphoryla-
tion by PKA and Cdkl/Cyclin has the same effects on
DRP1 isoform 3. One could hypothesize that a tissue-
specific expression of DRP1 isoforms is linked to an
opposite pattern of mitochondrial recruitment as a result
of DRP1 phosphorylation.

Both cAMP and calcium are key second messengers
in the control of cellular metabolism. Consequently, the
studies presented above have provided the first mecha-
nistic evidence that intracellular signals mediating meta-
bolic changes rapidly alter mitochondrial morphology, or
at least DRP1 activity. In addition, calcineurin and CaMKI
could partly explain the DRPI1-catalyzed mitochondrial
scission induced by apoptotic calcium release from the
ER (38).

B. FIS1

Mammalian Fisl was also identified by homology
with its yeast ortholog Fislp (148, 285, 325). FISI is
detected mainly on mitochondria and is inserted on the
outer membrane (Fig. 5A). Its pattern of localization, as
shown by immunofluorescence, clearly differs from that
of DRP1, as FIS1 signal is dispersed throughout the mito-
chondrial network (148, 285, 325). The overexpression of

Tetratrico peptide rich motif 1

Tetratrico peptide rich motif 2
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FIS1 causes mitochondrial fragmentation, and its repres-
sion by siRNA leads to mitochondrial elongation, thereby
also confirming the role of this protein in mitochondrial
fission in mammalian cells (148, 285, 325). Fisl is ubiqui-
tously expressed and does not show large differences in
its levels of expression among the different tissues as-
sayed (151, 285). FIS1, like DRPI, is also detected on
peroxisomes and regulates the fission of this organelle
(173).

1. Protein domains and activity

FIS1 is a small protein of 17 kDa and 152 amino acids
(see Fig. 9), and no other isoforms have been described to
date. FIS1 is less conserved than DNMI1L in chordates
(see Table 3 and Fig. 11), and the percentage of sequence
identity between species is similar to that observed in
mitochondrial fusion proteins (Table 2). The mechanism
by which the yeast ortholog Fislp is inserted on the outer
mitochondrial membrane has been unraveled recently
(164). Interestingly, its insertion does not depend on any
of the known mitochondrial machineries of protein im-
port. Surprisingly, it depends on the lipid composition of
the outer mitochondrial membrane, as supported by the
observation that the insertion is inhibited by high concen-
trations of ergosterol (164). The domain responsible for
FIS1 localization on the outer mitochondrial membrane is
the COOH-terminal part, which contains an «-helix (104-
122 aa), a transmembrane domain (123-147 aa), and a
COOH-terminal tail exposed to the intermembrane space
(148-152 aa) (Figs. bA and 9) (148, 151, 285, 325). There-
fore, this domain could be sensitive to the lipid composi-
tion of the mitochondrial membrane.

The NH,-terminal part of the protein contains four
differentiated regions with five a-helices (81, 288). The
first 32 amino acids of rat Fisl contain the first a-helix,
which is charged and is crucial for its mitochondrial
fission activity (151). The first helix has a key role in Fisl
oligomerization (151). After this first helix, there are two
tetratrico-peptide repeat peptides (TPR1 33-69 aa and TPR2
70-103 aa), which contain four a-helices. These TRP-like
domains are involved in protein-protein interactions and
are conserved in chordates (Figs. 9 and 11). However,
these domains are not required for Fisl oligomerization,
thereby suggesting that other proteins required for fission
(such as Drpl, directly or not) interact with Fisl through
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FIG. 11. Alignment of Fisl sequences from several chordate species and the ancient chordate Ciona intestinalis. Alignments were performed

with Clustal W on-line software. Residues are shown in intensities of gray in function of their identity through Homo sapiens, Xenopus tropicalis
(frog), and Ciona intestinalis (prochordate). Dark gray shows the residues found in all the species analyzed, and light gray shows the residues found
only in some of them. The human FIS1 protein domains are shown. Sequences used are as follows: FIS1 H. sapiens (NP_057152.2), Fis1 X. tropicalis
(NP_001123678.1), and Fisl C. intestinalis (XP_002121705.1).
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these domains. Indeed, in the yeast ortholog of FISI,
TPR1 and TPR2 are responsible for interaction with the
adaptors Mdvl and Caf4 (331). In agreement with these
data, the disruption of these domains blocks the mito-
chondrial fission activity of Fisl (151).

2. Physiological role of FIS1 activity

Fisl is thought to be a limiting factor of mitochon-
drial fission, as its overexpression induces mitochondrial
fragmentation. In contrast, the overexpression of DRP1
does not always split the mitochondrial network, which is
probably dependent on its overexpression levels and on
recruitment to mitochondria (148, 182, 289). FIS1 overex-
pression also causes cytochrome c release that is depen-
dent on DRP1 activity, thereby suggesting that FIS1-me-
diated mitochondrial fission also stimulates apoptosis
(148, 181). Furthermore, FIS1 depletion produces an apop-
tosis-resistant phenotype, again confirming its role in pro-
grammed cell death (181). However, there are FISI-
induced apoptotic steps that are independent of mito-
chondrial fission or DRP1 activity, as the inhibition of
DRP1 through the DRP1 K38A mutant does not prevent
FIS1-stimulated cell death (148, 181). Some clues about
this disassociation were given in the study by Alirol et al.
(4), in which FIS1 overexpression fragmented mitochon-
dria without inducing apoptosis in Bax/Bak double KO
cells. Moreover, the capacity of FIS1 to induce apoptosis
was rescued when the ER calcium levels were restored in
these cells. These data suggest two independent functions
of FIS1: one in apoptosis (in which the intramitochondrial
COOH-terminal region of FIS1 plays a key role) and a
second one in mitochondrial fission (4).

Furthermore, studies on FIS1 overexpression at
short times show that mitochondrial fragmentation can
occur in the absence apoptosis, and with no changes in
either mitochondrial membrane potential or in calcium
fluxes (4, 102). However, FIS1 overexpression also causes
a higher reduction in mitochondrial membrane potential
during longer incubations with oligomycin, thereby sug-
gesting enhanced susceptibility to complex V inhibition
(4). However, these studies were performed in HeLa or
MEF cells and do not discard a key role of mitochondrial
architecture and/or FIS1-mediated calcium fluxes in other
cell types or in tissues.

The other two cellular processes regulated by FIS1
activity, which are probably related, are senescence and
mitophagy (autophagy of mitochondria). Cellular senes-
cence has been linked to an increase in mitochondrial
length (180, 328). This increase was explained by a
marked reduction in FIS1 expression and a slight increase
in MFNs expression (180, 328). Furthermore, the specific
modulation of Fisl mediates changes in the senescent
phenotype (180, 328). Therefore, the overexpression of
FIS1 inhibits senescence, whereas overexpression of in-
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active DRP1 (K38A) and an inactive form of FIS1 en-
hances this process (180, 328). Moreover, specific repres-
sion of FIS1 causes a marked phenotype of senescence,
with a decreased rate of proliferation together with cel-
lular shape changes and granularity (328). Importantly,
the observation that OPA1 repression reverts the senes-
cent phenotype caused by FIS1 depletion demonstrates
that ongoing mitochondrial fusion is crucial to induce
senescence (180). Impaired mitochondrial function may
be the factor responsible for triggering senescence. This
notion is supported by the observation of a decrease in
the mitochondrial membrane potential and an increase in
ROS production in FIS1-depleted cells (180).

The mechanism by which defective mitochondrial
activity causes cellular senescence may be explained by a
functional interaction between mitochondrial dynamics
and autophagy. In this regard, it has been reported that a
functional mitochondrial fission machinery is required to
discard damaged mitochondria from the network, which
are then removed by autophagy (112, 302). Thus overex-
pression of FIS1 triggers mitophagy and depletion of Fisl
or overexpression of DRP1 K38A attenuates this process
(112, 302). This reduction in mitophagy causes the con-
tinuous presence of damaged mitochondria, which dis-
turbs the function of the entire mitochondrial network
(302). Thus, under these conditions, there is an increase in
oxidized mitochondrial proteins and less maximal activity of
the respiratory chain in Fisl-depleted or DRP1K38A cells
(302), which has additional functional consequences in
beta-pancreatic cells.

IV. OTHER PROTEINS INVOLVED IN
MITOCHONDRIAL DYNAMICS

The following proteins that we review have been
demonstrated to control mitochondrial fusion and fission;
however, the mechanisms are unclear. In addition to the
canonical mitochondrial fusion and fission proteins
(MFN1, MFN2, OPAL, FIS1, and DRP1), all of the proteins
described below show properties of interest that may
contribute to elucidating the role and regulation of mito-
chondrial dynamics in mammals.

GDAP1 (ganglioside-induced differentiation activated
protein 1) is a mitochondrial protein, anchored on the
outer mitochondrial membrane, which is expressed
mainly in nerve tissues (192, 218, 232). Depletion of
GDAP1 causes an elongation of mitochondrial tubules. In
contrast, overexpression of GDAP1 leads to mitochon-
drial fragmentation, which can be reversed by overex-
pression of Drpl K38A and gain-of-function of both Mfns
(218, 232). Importantly, GDAPIl-induced mitochondrial
fission does not alter the rate of mitochondrial fusion, as
demonstrated by the equal exchange of mitochondrial
matrix content in GDAP1-overexpressing cells (218).
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This protein contains two separate glutathione-S-
transferase (GST) domains before a COOH-terminal bi-
partite hydrophobic domain, which bears the mitochon-
drial-targeting signal (218). Although possessing GST do-
mains, GDAP1 does not show glutathione transferase
activity (232). The mechanism by which GDAP1 controls
mitochondrial morphology is not known.

MTP18 (mitochondrial protein 18 kDa) has been de-
scribed as a target of phosphatidylinositol (PI) 3-kinase as
MTP18 expression depends on activated signaling of this
kinase. MTP18 shows high levels of expression in heart
and skeletal muscle but is also detected in other tissues.
Of note, this protein has no ortholog described in yeast.
MTP18 is located inside the mitochondria; more precisely,
it is anchored to the outer or the inner membrane facing
the intermembrane space. Overexpression and repression
studies demonstrate that MTP18 activates mitochondrial
fission (298, 299). Like GDAP1, inhibition of DRP1 activity
and increase in MFN1 activity compensate the mitochon-
drial fission caused by MTP18. Interestingly, data support
the notion that MTP18 controls DRP1 distribution on
mitochondria and that FIS1 fission activity is also modu-
lated by MTP18. Although MTP18 repression increases
mitochondrial length, it also induces cytochrome c re-
lease and apoptosis, and thus represents one of the first
descriptions that mitochondrial elongation also enhances
cytochrome c¢ release and apoptosis (298, 299). In all,
MTP18 may be one of the strongest key candidates of the
unknown inner membrane fission machinery.

Endophilin B1/Bif 1 was considered a fatty acyl-
transferase that controls mitochondrial morphology (158).
However, several lines of evidence demonstrate that en-
dophilin B1 does not show acyl-transferase activity in
endocytosis or Golgi fission, and its major activity is the
deformation of membranes through its BAR domain (104,
105). Regarding its role controlling mitochondrial mor-
phology, loss of 80% of endophilin Bl selectively affects
and inhibits outer membrane but not inner membrane
fission (159). Moreover, cells with downregulation of both
Drpl and endophilin B1 show the same alteration in mi-
tochondrial morphology as Drpl downregulated cells,
thereby suggesting that Drpl acts upstream of endophilin
B1 (158). In contrast, complete loss of endophilin B1/Bifl
(Bifl —/— mouse) reduces Bax/Bak activation and cyto-
chrome c¢ release upon induction of apoptosis, without
affecting mitochondrial morphology (291). Endophilin B1/
Bifl is an interesting protein as it may be involved in
modifications that change the lipid composition and/or
curvature of the outer mitochondrial membrane, and thus
it may contribute to an additional mechanism of control
of mitochondrial fission. However, further work is re-
quired to explain the discrepancies in the regulation of
mitochondrial dynamics by endophilin B1.

The phospholipase activity of mitochondrial phospho-
lipase D (mitoPLD) is required for normal mitochondrial
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fusion mediated through Mfns. This phospholipase hydro-
lyzes cardiolipin to generate phosphatidic acid. However, it
remains to be determined how this hydrolytic activity and its
products regulate mitochondrial fusion (55).

The outer mitochondrial membrane protein MULAN
(mitochondrial ubiquitin ligase activator of NF«xB) modu-
lates mitochondrial morphology possibly by increasing
mitochondrial fragmentation. However, the clearest role
exerted by MULAN is the regulation of mitochondrial
distribution. Interestingly, the catalytic domain of this
ubiquitin ligase is exposed towards the cytosol, and
MULAN was initially described as an activator of the
transcription factor NF«xB, which has a key role in im-
mune response and inflammation (187). Although there
are several reports that relate NFkB signaling with mito-
chondria (203, 264), MULAN is the first protein that di-
rectly links NFkB and regulation of mitochondrial mor-
phology and distribution. In addition, this novel mito-
chondrial protein is postulated to mediate mitochondria-
to-nucleus signaling. The mechanisms by which MULAN
controls mitochondrial morphology and increases mito-
chondrial fragmentation have not been described.

The protein Miro is an atypical Rho GTPase that
contains tandem GTP binding domains linked by a region
with putative binding sites for calcium (EF-hand motifs).
Mirol was identified in yeast, named Gemlp, and de-
scribed to control mitochondrial morphology (100). Its
main activity identified to date is the control of mitochon-
drial trafficking and distribution (120), although several
evidences show that it is also involved in mitochondrial
fusion and fission (98, 257).

The protein Mff (mitochondrial fission factor) medi-
ates mitochondrial and peroxisome fission in a similar
manner as Fisl and Drpl. However, Mff is located in the
outer mitochondrial membrane and not in the same com-
plexes as Fisl, thereby suggesting an independent role of
Mff in fission (106).

V. MITOCHONDRIAL DYNAMICS AND
MITOCHONDRIAL FUNCTION

In the following sections we analyze the evidence
currently available that links the operation of mitochon-
drial dynamics proteins and mitochondrial function.
Some aspects related to mitochondrial function have
been addressed in previous sections, and here we focus
on two basic aspects, namely, mitochondrial metabolism
and the maintenance of mitochondrial DNA.

A. Role of Mitochondrial Dynamics in
Mitochondrial Metabolism

Studies performed before the identification of the
proteins involved in mitochondrial fusion or fission re-
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ported that mitochondrial filaments conduct mitochon-
drial membrane potential in fibroblasts and in cardio-
myocytes (7, 272). On the basis of these observations, it
was proposed that the electrical activity of the mitochon-
drial network in large cells, such as muscle fibers, permits
the movement of energy from the cell periphery to the cell
core. If this were true, mitochondrial function would de-
pend on the level of activity of mitochondrial dynamics.
More recent data demonstrate that mitochondrial matrix
continuity in the whole mitochondrial network is not
total, and some mitochondria may be only tethered or
connected, but not completely fused (303). Therefore,
distinct levels of regulation (in addition to fusion and
fission) of the mitochondrial network are likely to occur.

During recent years, information has been gathered
on the impact of alterations in the activity of certain
mitochondrial dynamics proteins on mitochondrial ener-
gization and mitochondrial function. Substantial evidence
has been obtained in mammalian cells after the manipu-
lation of Mfn2 expression. Thus stably transfected fibro-
blasts with a Mfn2 antisense sequence show reduced
glucose oxidation and a similar reduction in oxygen con-
sumption (16). In these conditions, coupled oxygen con-
sumption is unaltered, whereas respiration linked to the
mitochondrial proton leak is significantly reduced in an-
tisense cells (16). The use of a distinct cell model also
provided a similar metabolic profile, and Mfn2 repression
mediated by adenoviral antisense expression in L6E9
myotubes also reduces glucose oxidation (16, 236). The
effect detected in L6E9 muscle cells is specific, as infec-
tion with an adenoviral vector encoding B-galactosidase
does not alter glucose oxidation. Under these conditions,
glucose transport and lactate production are markedly
enhanced in antisense cells, whereas glucose incorpora-
tion into glycogen is significantly depressed (236). Mfn2
repression is also associated with decreased rates of pyru-
vate or palmitate oxidation in L6E9 muscle cells (236) and
causes a reduction in mitochondrial membrane potential
in the presence of several oxidative substrates (16, 236).
The alterations in substrate oxidation induced by Mfn2
loss-of-function are not explained by a lower mitochon-
drial mass, and N-acridine orange labeling or the abun-
dance of the mitochondrial protein porin remain unal-
tered under these conditions.

These data indicate that Mfn2 knockdown causes
alterations in mitochondrial metabolism characterized by
reduced mitochondrial membrane potential and cellular
oxygen consumption as well as depressed substrate oxi-
dation (Table 4). Mfn2 loss-of-function reduces the activ-
ity of Krebs cycle and of the electron transport chain in
such a way that the energy metabolism of the cell is
compensated by a higher rate of glucose uptake and
glycolysis and a lower rate of glycogen synthesis. The cell
with low Mfn2 activity relies on the use of anaerobic
glycolysis to generate energy. These results are in keeping
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TABLE 4. Role of mitochondrial dynamics in cell
metabolism and proliferation

Metabolic Effects Reference Nos.

Inhibition of mitochondrial fusion (Mfn2/OPA1)
or inhibition of fission (Drpl)
Low mitochondrial Ays
Reduction of oxygen consumption
Low activity of respiratory complexes
Effects of Mfn2 repression in muscle cells
Reduction in glucose and palmitate oxidation
Low abundance of OXPHOS subunits (I, II,
III, and V)
Effects of Mfn2 gain-of-function independent of 236
fusion activity (Mfn2 A602-757)
High glucose oxidation
High mitochondrial Ay
Cell proliferation
Increase in Mfn2 or Fisl inhibition (increase in
mitochondrial length)
Reduction in cell proliferation

16, 25, 50, 223, 236

16, 236

53, 180

Cells with normal mitochondrial dynamics show normal rates of
respiration and glucose oxidation and a defined activity of mitochondrial
respiratory complexes. Mfn2 loss-of-function causes reduced mitochon-
drial respiration and oxidation of glucose, decreased mitochondrial
membrane potential, and diminished oxidative phosphorylation because
of reduced expression of subunits that comprise the respiratory com-
plexes. OPA1 loss-of-function, which blocks mitochondrial fusion, also
causes reduced mitochondrial respiration, decreased mitochondrial
membrane potential, and diminished activity of mitochondrial respira-
tory complexes. Overexpression of a dominant negative mutant of Drpl
(Drpl dn) that blocks mitochondrial fission also causes reduced oxygen
consumption and low activity of respiratory complex IV. Overexpres-
sion of a truncated form of Mfn2 (Mfn2A602-757) enhances mitochon-
drial oxidation of glucose and increases mitochondrial membrane po-
tential and OXPHOS subunit expression. Mfn2 overexpression or Fisl
loss-of-function, manipulations that either enhance mitochondrial fusion
or block mitochondrial fission, also lead to reduced cell proliferation.

with the observations made in MEFs with targeted null
mutations of both Mfnl and Mfn2. These cells show loss
of mitochondrial membrane potential, reduced endoge-
nous respiration, and an incapacity to increase respiration
upon the addition of the ionophore 2,4-dinitrophenol (50).
Respiration is normalized by overexpression of Mfn2 (50).

Human fibroblasts from patients showing certain
MFN2 mutations also show metabolic alterations. Thus
fibroblasts from R364Q or A166T mutants show enhanced
basal oxygen consumption, normal coupled respiration
and enhanced oligomycin-insensitive respiration, and re-
duced mitochondrial membrane potential (193). Perme-
abilized mutant cells show normal rates of ATP synthesis
and low coupling efficiency (ATP/O ratio) (193). These
changes occur under conditions in which mitochondrial
mass is unaltered and the activity of oxidative phosphor-
ylation (OXPHOS) complexes is normal in mutant fibro-
blasts (193). Other MFN2 mutants, such as M21V, T105M,
1213T, or V273G, do not show metabolic alterations (8,
193). In all; some MFN2 mutations cause metabolic alter-
ations in human fibroblasts via mechanisms that are cur-
rently unknown.
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Alterations in OPA1 expression also affect mitochon-
drial metabolism. OPA1 knockdown induced by RNAi in
HeLa cells causes a marked reduction in mitochondrial
membrane potential (223) and, similarly, depletion of
OPA1 by RNAi in MEFs leads to widespread loss of this
potential (50). In addition, OPA1l depletion in MEFs
causes a reduction in basal respiration and incapacity to
enhance oxygen consumption in the presence of the un-
coupler 24-dinitrophenol. Respiration is normalized by
overexpression of OPAl (50). Human fibroblasts from pati-
ents with certain OPA1 mutations (that cause autosomal
dominant optic atrophy or ADOA) (c.2708delTTAG, c.1705 +
1GA4T, c.1516 + 1G4, ¢.2819-2A4C, ¢.1346_1347insC) show
impaired ATP synthesis driven by complex I substrates
and decreased rates of mitochondrial fusion (330). In
contrast, other studies performed with cells from ADOA
patients with distinct mutations (c1410_144314del38,
Cc.239A>G, ¢.2883A>C, c.2522A>G, c.2780T>A,
c.1654delT, ¢.1929delC, ¢.2708delTTAG) show normal mi-
tochondrial activity and bioenergetics (202, 280). The ba-
sis for this discrepancy remains unknown, although it is
unlikely that this is due to alterations specific to the
different mutations.

The data we have summarized so far indicate that
deficiency in protein components of mitochondrial fusion
(mainly MFN2 and OPA1) and/or in mitochondrial fusion
per se reduces mitochondrial membrane potential and
respiration in several cell types (Table 4). Current evi-
dence indicates that alterations of mitochondrial fission
proteins produce similar effects on mitochondrial metab-
olism. Thus RNAi of DRP1 in HeLa cells causes a reduced
basal rate of oxygen consumption (in the presence of
galactose in the medium), reduced coupled respiration,
and a lower rate of ATP synthesis (in permeabilized cells)
(25). Under these conditions, repression of DRP1 is asso-
ciated with lower rates of state 4 and state 3 respiration
and reduced complex IV activity (25). These deleterious
effects on mitochondrial metabolism have been repro-
duced in a second study, in which DRP1 ablation in
mammalian cells also has a negative effect on mtDNA
nucleoid homeostasis (discussed in the next section)
(228). Expression of a dominant negative mutant form of
DRP1 also causes a marked reduction in the respiratory
capacity of INSI rat insulinoma cells (302). RNAi-mediated
Fisl depletion also reduces the maximal respiratory activity
of INS1 cells, and overexpression of FIS1 rescues the phe-
notype (302). Hence, it can be concluded that perturbation
of mitochondrial network dynamics, via fusion or fission
disruption, induces the impairment of mitochondrial energy
production in mammalian cells (Table 4).

Relatively little is known about the mechanisms by
which disruption of mitochondrial fusion or fission alters
mitochondrial energy production. Most studies have fo-
cused on the expression or activity of respiratory com-
plexes. Mfn2 knockdown in L6E9 muscle cells causes a
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marked repression of the expression of the subunit p39
from complex I (encoded by nuclear DNA), protein p70
from complex II (encoded by nuclear DNA), p49 (core 2
subunit encoded by nuclear genome) from complex III,
and the a-subunit of complex V (encoded by nuclear
DNA) (236). Under these conditions, no alterations in the
abundance of Coxl (encoded by nuclear DNA), Cox4
subunits of complex IV (encoded by mitochondrial DNA),
or porin (encoded by nuclear DNA) are detected (236). In
parallel, the enzymatic activity of respiratory complexes
I+III or III decrease in Mfn2 knockdown cells (236).
Deficient activity of complexes I, II, and III is also de-
tected in permeabilized Mfn double KO cells (50). These
data indicate that Mfn2 loss-of-function causes a specific
alteration in the expression of subunits that participate in
complexes I, II, III, and V, which leads to reduced activity
of several components of the OXPHOS system (Fig. 13).
These changes are not a consequence of alterations in the
expression of the nuclear coactivator Ppargcla (PGC-1«).
Deficient activity of complexes I, II, and III is also de-
tected in permeabilized Opal-deficient MEFs (50), but
there is no information on the mechanisms involved.

A relevant question from the point of view of the
mechanisms involved in the regulation of mitochondrial
metabolism by mitochondrial dynamics proteins is
whether gain-of-function also exerts biological effects.
This question has been analyzed to some extent for
MFN2. Overexpression of MFN2 in HeLa cells causes
perinuclear aggregation of mitochondria, a marked en-
hancement of mitochondrial membrane potential and in-
creased glucose oxidation (236). MFN2 gain-of-function in
L6E9 myoblasts is also associated with increased expres-
sion of several subunits of complexes I, IV, and V (236). In
contrast to the effects of MFN2, overexpression of Opal
in MEFs does not modify mitochondrial metabolism (50).

To determine whether the effects induced by MFN2
gain-of-function on mitochondrial activity are related to
mitochondrial fusion activity, studies have been per-
formed with a COOH-terminal truncated form of MFN2
(hMfn2A602-757), which no longer has the capacity to induce
mitochondrial fusion. Overexpression of hMfn2A602-757 in
HeLa cells does not alter the morphology of mitochon-
drial filaments, and it is localized mainly in mitochondria
but is also present in the cytosol (20% of total). Truncated
MFNZ2-overexpressing cells show a marked enhancement
of mitochondrial membrane potential and stimulation of
glucose oxidation (236). In keeping with these observa-
tions, inspection of mitochondria under an electron mi-
croscope indicates that the expression of the truncated
MFNZ2 version induces morphology consistent with a con-
densed state. In all, the evidence available indicates that
MFN2 gain-of-function activates mitochondrial metabo-
lism and increases the expression of subunits of the
OXPHOS system. These stimulatory effects of MFN2 on
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mitochondrial metabolism are not secondary to its effects
as a mitochondrial fusion protein.

On the basis of the information currently available,
we propose that mitochondrial network dynamics pro-
teins affect mitochondrial metabolism through two dis-
tinct pathways: 1) perturbation of mitochondrial network
dynamics, via fusion or fission disruption, induces the
impairment of mitochondrial energy production in mam-
malian cells, which suggests that mitochondrial dynamics
by itself controls mitochondrial metabolism (Table 4);
and 2) MFN2 seems to play a specific regulatory role in
mitochondrial metabolism through mechanisms that in-
volve signaling that causes changes in the expression of
OXPHOS subunits (Table 4). Specific analysis of the mo-
lecular mechanisms involved in the two pathways is re-
quired. In addition, demonstration of how these pathways
operate in in vivo conditions is mandatory. A very recent
study, however, allows us to put forward a hypothesis
about the specific metabolic effects of Mfn2 and the spe-
cific signals originated as a result of its specific loss-of-
function and not only by changes in mitochondrial fusion.
This report demonstrates that Mfn2, and not Mfn1, tethers
mitochondria to the ER and this interaction is crucial for
intracellular calcium fluxes (72). Calcium is a key media-
tor of intracellular signaling and also a known activator of
the Krebs cycle enzymes, or transcription factors through
activation of kinases, phosphatases, or other mecha-
nisms. Therefore, alterations in calcium fluxes caused by
the lack of Mfn2 and the alteration of mitochondria-ER
contacts can lead to Mfn2-specific metabolic alterations
signaled by calcium.

B. Mitochondrial Dynamics and Mitochondrial DNA

In mammals, mitochondrial DNA (mtDNA) is a
16.5-kb circular double-stranded DNA (10, 30) present in
one to several thousand copies per cell (292). MtDNA in
the yeast S. cerevisiae appears to be organized in discrete
foci, called nucleoids, within mitochondria (212). Al-
though mtDNA inheritance differs significantly between
budding yeast and mammalian cells (obligate aerobic),
there is genetic and cell biology evidence to believe that
mtDNA is also organized in nucleoid-like structures in
mammals (146, 185). Studies on living cells stained with
bromodeoxyuridine (BrdU) have revealed a punctate in-
tramitochondrial distribution of mtDNA (183), as well as
the capacity of mtDNA to diffuse into the mitochondria of
p0 cells (127). MtDNA is also detected in punctate struc-
tures on fixed cells (107, 195, 200). It has recently been
reported that mtDNA of human primary and immortal
cells is organized in hundreds of nucleoids (500-800
nucleoids/cell) that are enriched in mitochondrial tran-
scription factor A (TFAM) (183). Nucleoids contain a
mean of 2-8 mtDNA molecules and are distributed
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throughout the entire mitochondrial compartment (183).
However, nucleoids show a lower motility in the mito-
chondrial compartment compared with other mitochon-
drial matrix proteins (183). This difference in motility
suggests a specific regulation of nucleoid distribution
and/or a specific restriction in nucleoid dynamics (183).

The specific colocalization of Twinkle with mtDNA in
punctate intramitochondrial structures demonstrates the
presence of discrete mitochondrial DNA-protein com-
plexes in human mitochondria, similarly to yeast (279).
The colocalization of mtDNA with endogenous TFAM as
well as with tagged forms of Twinkle (107), a putative
helicase, suggests that DNA-positive structures are nu-
cleoprotein complexes homologous to the mtDNA nucle-
oids of yeast. An initial characterization of the composi-
tion of human mitochondrial nucleoids revealed that
TFAM, mitochondrial single-stranded DNA-binding pro-
tein (mtSSB), and Twinkle colocalize in intramitochon-
drial nucleoids (detected by the specific incorporation of
BrdU) (107). Furthermore, mtDNA polymerase POLG
(mtDNA polymerase vy) copurifies with mtDNA nucleoids
(107).

In addition to their specific catalytic roles, the pro-
teins associated with mtDNA in nucleoids participate in
the maintenance of mtDNA. This is supported by obser-
vations that mutations in genes encoding some of the
proteins found in nucleoids result in large mtDNA rear-
rangements and an abnormal copy number of the mito-
chondrial genome. In this regard, mutations in genes en-
coding Twinkle (PEOI) (174, 279), the catalytic and ac-
cessory subunits of mtDNA polymerase y (POLGI and
POLG?2) (194, 305), cause the autosomal dominant pro-
gressive external ophthalmoplegia (adPEO), an adult-on-
set mitochondrial disorder characterized by ophthalmo-
paresis with exercise intolerance, ataxia, peripheral neu-
ropathy, and multiple mtDNA deletions. In addition,
mutations in genes PEO1 (Twinkle) (258) or POLG1 (94)
have been detected in the so-called mtDNA depletion
syndrome (MDS), a clinically and genetically heteroge-
neous group of autosomal recessive diseases character-
ized by a reduction in mtDNA copy number.

The link between mitochondrial dynamics and
mtDNA maintenance originally came from studies in
yeast. Thus wild-type function of Fzol (an ortholog of
mammalian Mfns) is required for the maintenance of
mtDNA in S. cerevisiae (130, 247). Similarly, deletion
of Mgml (ortholog of mammalian OPAl) leads to loss of
mtDNA in yeast (117, 154, 267). In keeping with these
observations, MEFs lacking Opal show that the majority
of mitochondria lacked mtDNA nucleoids (52). Perhaps
also in connection with these findings, it has been re-
ported that some OPAl missense mutations cause the
accumulation of multiple mtDNA deletions in human skel-
etal muscle (6, 140). In contrast, MEFs lacking Mfn2 or
Mfn1 contain a significant fraction of mitochondria with-
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out nucleoids but without significant loss of mtDNA as
measured by Southern blot (51, 52). In all, current evi-
dence indicates that normal activity of OPA1 or MFNs is
crucial to maintain mtDNA nucleoids. The mechanisms
involved are unknown, and a major hypothesis to be
tested is whether OPA1/MFN complexes bind to mito-
chondrial nucleoids. The topology of OPAL is not entirely
consistent with a potential direct binding to mitochon-
drial nucleoids, as OPA1 isoforms anchored in the inner
membrane expose the major part of the protein to the
intermembrane space. However, OPA1, through its puta-
tive transmembrane domain, could participate in the
same complexes as mtDNA nucleoids through additional
partners. Moreover, direct binding with nucleoids could
be also hypothesized as anchored OPA1 isoforms contain
some residues before the putative transmembrane do-
main that could be exposed to the matrix (10 residues
from 87-97, Fig. 4). There was no evidence supporting a
role of mitochondrial fission proteins in mtDNA stability.
Indeed, DRP1 does not colocalize with nucleoids (107).
However, a study published during the revision of this
manuscript reports that DRP1 loss-of-function in mamma-
lian cells causes a loss of mtDNA (228). Although the
mechanism of this loss remains unknown, this study dem-
onstrates that alterations in mtDNA nucleoid homeostasis
caused by changes in the components of mitochondrial
dynamics are more likely due to alterations in the proper
balance of mitochondrial fusion and fission events, and
not only to selective alterations in mitochondrial fusion.

VI. ROLE OF MITOCHONDRIAL DYNAMICS ON
CELL PROLIFERATION AND APOPTOSIS

A. Mitochondrial Dynamics and Cell Proliferation

Several lines of evidence support the view that MFN2
exerts a regulatory role on the cell cycle. Mfn2 (named in the
original study as “hyperplasia suppressor gene”, HSG) is
repressed in VSMCs under conditions of hyperproliferative
states such as atherosclerosis or restenosis (53). Moreover,
Mfn2 overexpression in VSMCs causes growth arrest char-
acterized by an increased number of cells in GG, stage and
areduction of cells in S or Go/M phases (53). Overexpression
of Mfn2 also inhibits VSMC proliferation induced by expo-
sure to oxidized low-density lipoproteins (121). Under in
vivo conditions, adenovirus-mediated Mfn2 overexpression
prevents restenosis associated with balloon angioplasty
in rats (53) and reduces atherosclerotic lesion formation in
rabbits treated with a high-cholesterol diet (121). These
studies have potentially relevant clinical implications, as the
proliferation of VSMCs is critical in atherosclerotic heart
disease and during coronary artery restenosis secondary to
balloon angioplasty. There is also preliminary evidence that
supports a potential role of Mfn2 in mouse blastocyst devel-
opment (150).
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The mechanism proposed by which Mfn2 causes
cell cycle arrest involves binding and sequestration of
Ras, thereby inhibiting the downstream Raf-MEK1/2-
ERK1/2 signaling pathway (Fig. 12). In this regard, de-
letion of a p21™° signature motif located at aa 77-92
(N-DVKGYLSKVRGISEVL-C) abolishes the inhibitory
effects of Mfn2 on ERK1/2 and cell growth (53). This
analysis is consistent with the observation that domi-
nant-negative Ras expression inhibits VSMC prolifera-
tion in vivo (321) and that approaches that inhibit the
entry of VSMCs into the cell cycle prevent restenosis
secondary to the implantation of mechanical stents in
patients with chronic coronary artery disease (86, 211).

In keeping with an antiproliferative role of MFN2, FIS1
depletion in Chang cells reduces cell proliferation in parallel
with an enhancement in the mitochondrial network (180).
Additional support for a link between cell proliferation and
mitochondrial dynamics comes from the observation that
the deficient cell growth detected in Phb2-deficient cells is
partially restored upon expression of a noncleavable OPA1
variant (206). Although it is still early to draw definitive
conclusions, current data suggest a potential role of mito-
chondrial dynamics in cell cycle (Table 4), in which Mfn2
shows an antiproliferative action. Whether the effects of
MFN2 are universal in different cell types and species is
unknown. Further studies are required to address whether
MFN2 participates in disorders other than in VSMCs and
whether it is linked to tumor growth.

B. Mitochondrial Dynamics and Apoptosis

The effects of apoptosis on mitochondrial morphol-
ogy were established before the identification of the genes
involved in mitochondrial dynamics (reviewed in Ref.
201). However, it was not until the 1990s that the rele-
vance of mitochondria as key organelles controlling apop-
tosis was established. Indeed, one of the two major path-

Growth Extracellular
factors matrix
Ras | F——————
MFN2

MEK1/?

ERK1/. Cell proliferation

FIG. 12. Mechanism proposed by which Mfn2 inhibits cell prolifer-
ation. Mfn2 overexpression inhibits Ras and the cell cycle at the Gy/G,
transition in vascular smooth muscle cells.
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ways of apoptosis activation, the intrinsic pathway, is also
known as the mitochondrial pathway. The step of this path-
way, considered as “the point of no return,” or when reached
irreversibly causes cell death, is the permeabilization of the
outer mitochondrial membrane (176).

One of the main accepted mechanisms of mitochon-
drial membrane permeabilization is the formation of
pores by BAX and BAK proteins. BAX is located in the
cytosol and BAK in the outer mitochondrial membrane.
When BAX and BAK are activated by apoptotic stimulus,
the former translocates from the cytosol to the mitochon-
dria and forms a pore in the outer membrane, alone or
together with BAK, which allows the release of proapop-
totic proteins. Furthermore, BAX and BAK are inhibited
by the BCL2 antiapoptotic proteins (such as BCL2 itself
and BCLX), which are also located in mitochondria (176).

Importantly, not only does the formation of distinct
types of pores regulate this release, but the morphology of
mitochondrial cristae also plays a relevant role, as it
controls the compartmentalization of some of these mi-
tochondrial cell-death effectors and, therefore, their re-
lease to the cytosol (197, 198, 260). Electron tomography
has allowed the three-dimensional study of mitochondrial
cristae, the determination of cristae junctions (key struc-
tures in this compartmentalization of cell-death effectors)
and their changes during distinct cellular processes (101,
197, 198). Thus the dynamics and remodeling of mito-
chondrial cristae is a potential key point of control of
intrinsic apoptosis in which mitochondrial dynamic com-
ponents could play a relevant role. This relevant issue of
mitochondrial cristae organization and remodeling in sev-
eral situations has been recently reviewed in depth (334).

Permeabilization of mitochondria causes cell death
by several mechanisms. The first is the release of proteins
from the mitochondria that are functionally cell-death
effectors in the cytosol. These effectors can be grouped
into two types: those that induce programmed cell death
through the activation of caspases (the proteases that
execute the cell destruction characteristic of the pro-
grammed cell death), such as cytochrome ¢, and those
that induce this process independently of caspase activ-
ity, such as apoptosis-inducing factor (AIF). A second
major mechanism is the loss of the mitochondrial mem-
brane potential as a result of membrane permeabilization,
a failure of the OXPHOS, in which the cytochrome c plays
an active role, and a concomitant reduction in ATP syn-
thesis, together leading to a bioenergetic catastrophe that
contributes to cell death (176).

1. Regulation of apoptosis by mitochondrial fusion
and fission components

In this context, the first evidence that mitochondrial
dynamics modulates programmed cell death was pro-
vided by Frank et al. (97). First of all, this study demon-
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strated that apoptosis causes mitochondrial fragmenta-
tion (97). Given that apoptosis was previously shown to
induce mitochondrial permeabilization and bioenergetic
failure, one could expect that this would lead to a de-
crease in mitochondrial fusion, as a result of a dissipation
of the mitochondrial membrane potential and the conse-
quent bioenergetic failure. Or, what is the same, that
mitochondrial fragmentation is a consequence of apopto-
sis. However, key lines of evidence demonstrated that this
fragmentation during apoptosis is a tightly regulated pro-
cess. The first was that mitochondrial fragmentation oc-
curs before the activation of the caspases. Thus it is not a
late apoptotic event or a consequence of caspase activity.
The second, and most important, line of evidence was that
overexpression of a dominant negative mutant form of
DRP1 that elongated mitochondria inhibits cytochrome ¢
release and delays the apoptotic response (97). Therefore,
alteration of mitochondrial dynamics through DRP1 de-
lays and even arrests (147) apoptotic progression in some
nonmammalian models. Taken together, these data dem-
onstrated that mitochondrial fission is an upstream and
conserved event that participates in apoptosis, although it
remained to be established whether it was the cause of
apoptosis or concomitant to apoptosis progression (by
enhancing or delaying its progression).

Later on, it was also demonstrated that a decrease in
mitochondrial fusion as a result of OPA1 depletion, or an
increase in mitochondrial fission by overexpression of
FIS1, is also sufficient to enhance apoptotic progression
(12, 116, 148, 181, 223). Thus this finding pointed to mito-
chondrial morphology or fusion and fission rates being
the key parameters to enhance apoptosis. Furthermore,
Mfn2 has been shown to interact with Bak and with
antiapoptotic BCL2 and BCLX (39, 77). Indeed, Bak and
Bax also control mitochondrial morphology through Mfn2,
where Bax inhibits Mfn2 fusion activity during apop-
tosis (157, 159, 160). Moreover, antiapoptotic BCLX induces
mitochondrial fusion (77), which has been shown to protect
against apoptosis in some models (97, 181). Also, there is a
study reporting that an activated form of MFN2 that increases
mitochondrial fusion reduces BAX activation (216). Therefore,
key proteins that regulate outer membrane permeabilization
and apoptosis also functionally interact and modulate mito-
chondrial fusionffission proteins, and vice versa. Taken to-
gether, these data demonstrate that increasing the rate of mi-
tochondrial fission or decreasing the rate of mitochondrial
fusion stimulates apoptosis. Furthermore, these data indicate
that modulators of apoptosis have the capacity to interact
and regulate the components of mitochondrial dynamics.
Thus mitochondrial fragmentation is regulated by apoptotic
modulators through the inhibition of mitochondrial fusion
or activation of mitochondrial fission, respectively, which
could cause or enhance the progression of apoptosis.

However, an increased rate of mitochondrial fission
does not always correlate with activation of apoptosis or
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the opposite situation (more fusion, less apoptosis). For
instance, Mfnl —/— and Mfn2 —/— cells show extensive
mitochondrial fragmentation and yet are fully viable (50,
51), and indeed, apoptosis is not enhanced in these cells
(103). Furthermore, dissipation of the mitochondria mem-
brane potential with the uncoupler CCCP or OPA1 over-
expression result in fully viable cells showing massive
mitochondrial fragmentation (182). Thus these lines of
evidence demonstrate that an increase in mitochondrial
fission or mitochondrial fragmentation is not sufficient to
start the cell death program. These findings could be
expected as mitochondrial fission occurs normally under
physiological, nonapoptotic conditions. Therefore, pro-
teins involved in mitochondrial dynamics may directly
participate in apoptosis independently of their regulatory
activity over mitochondrial shape.

In this regard, mitochondrial dynamics genes that
stimulate apoptosis under some conditions alter mito-
chondrial morphology without causing changes in pro-
grammed cell death progression. FIS1 has been shown to
stimulate fragmentation without inducing apoptosis (4),
and DRP1-induced mitochondrial fragmentation inhibits
apoptosis by blocking the transmission of calcium waves
through the mitochondrial network, a triggering signal of
cell death (289). Moreover, inhibition of the mitochon-
drial fission machinery (through FIS1 and DRP1 modula-
tion) does not block BAX/BAK-dependent apoptosis or
mitochondrial permeabilization, and only inhibits the re-
lease of cytochrome ¢ but not of other apoptogenic fac-
tors (13, 229). These observations therefore suggest a
contribution of fission machinery only in a specific step of
apoptosis (13, 229). In this regard, repression of MTP18
elongates mitochondria, also by inhibiting fission, and
stimulates apoptosis (298, 299). In conclusion, these and
other reports demonstrate that mitochondrial dynamics
proteins also control mitochondrial dynamics indepen-
dently of its activity causing or enhancing apoptosis.
Thus, again, mitochondrial fission caused by mitochon-
drial dynamics genes is not always linked to apoptosis.

Several mechanisms have been described that help to
discern the role of DRP1 and OPA1 in apoptosis, which, in
this case, are independent of their activity controlling
mitochondrial fission and fusion, respectively. Basically,
the main concept is that both DRP1 and OPAI regulate
mitochondrial cristae morphology, which, as mentioned,
also controls the release of apoptogenic factors (101, 109,
197, 198, 260). In the case of OPAl, it directly regulates
the size of cristae junctions, and this size is directly
related to the capacity to release cytochrome c and, there-
fore, to activate apoptosis (101). In contrast, DRP1 activ-
ity is required for BIK-induced cristae remodeling, which
causes opening of the cristae, as measured as an increase
in the intracristae cross-sectional distance (109). Further-
more, the regulation of cristae remodeling by DRP1 or
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OPAL1 is independent of the permeabilization of the outer
mitochondrial membrane (101, 109).

In addition, Drp1 recruitment and/or stabilization on
the outer mitochondrial membrane induced by apoptosis
is regulated by several mechanisms (see sect. mA), some
of which may be activated and enhance Drpl-mediated
mitochondrial fission in nonapoptotic situations (such as
an increase in PKA activity caused by cAMP, which can
occur in a nonapoptotic context, catabolic conditions,
etc.) (48, 68, 329).

Importantly, DRP1, MFN2, and OPA1 modulate mito-
chondrial metabolism and bioenergetics (16, 25, 50, 236).
Thus we cannot discard a contribution to apoptosis by the
bioenergetic parameters specifically regulated by mito-
chondrial dynamics components, which may also be in-
dependent of their role in mitochondrial morphology
(236).

Taken together, all these data suggest that regulation
(cause or enhancement) of apoptosis by mitochondrial
dynamics relies more on the specific activity of the pro-
teins involved in mitochondrial dynamics than on the
changes in mitochondrial morphology per se. Given the
tissue-specific pattern of mitochondrial activity, of mito-
chondrial dynamics components, and of the efficiency or
abundance of some apoptotic pathways and factors, we
consider that the contribution of mitochondrial dynamics
to apoptosis differs greatly depending on the tissue and
cellular context or stimulus, as distinct genes and op-
posed mechanisms are involved. Thus the tissue-specific
activity of mitochondrial dynamics proteins and their
mechanisms of regulation will help to reveal their contri-
bution to apoptosis. This hypothesis is confirmed by data
showing that inhibition of C. elegans DRP1 arrests devel-
opmental apoptosis only in a concrete subset of cells,
thereby indicating that DRP1-mediated apoptosis is rele-
vant only in a specific cellular context or tissue (147).

Finally, the exact position of mitochondrial dynamics
proteins or mitochondrial fragmentation in the cascade of
events of apoptosis also remains to be determined (201).
Thus what is clear is that mitochondrial fragmentation is
an early apoptotic event and is not a consequence of
apoptosis in most of the cases reported. The observation
that inhibition of mitochondrial fission in mammalian
cells only delays the apoptotic progression and does not
stop the release of some proapoptotic factors suggests
that mitochondrial dynamics are concomitant to apopto-
sis and that its regulation may enhance or delay apoptosis.
These lines of evidence also demonstrate that mitochon-
drial fission is not sufficient or essential for programmed
cell death activation. Recent data also support this view.
Thus the role of caspase-dependent cleavage products of
mitochondrial dynamics proteins, such as DRP1, as cell
death effectors has been demonstrated, and yet the activ-
ity of these mitochondrial dynamics components is not
required for apoptosis in C. elegans (37). A second recent
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report shows that stimulation of mitochondrial fission by
Bax/Bak is not required for cytochrome c release, as
antiapoptotic Bcl-2 inhibits this Bax/Bak-induced release,
but not their effects on mitochondrial fission (268). In
conclusion, it is still an open question as to whether
mitochondrial fission is a key factor regulating apoptosis
or whether it is only an epiphenomenon of programmed
cell death.

VII. IMPLICATIONS IN HUMAN PATHOLOGY

In addition to the evidence that supports the rele-
vance of mitochondrial dynamics proteins in cell func-
tion, mutations in genes encoding for some of these pro-
teins are responsible for human disease. In this section
we review the information recently gathered. We also
analyze the potential implication of these proteins in met-
abolic diseases such as obesity and type 2 diabetes.

A. OPA1 Mutation: Autosomal Dominant Optic
Atrophy

In 2000, two simultaneous studies reported OPA1 mu-
tations in patients affected by autosomal dominant optic
atrophy or ADOA (3, 76). ADOA occurs with an estimated
prevalence that ranges from 1:12,000 to 1:50,000 (169, 226)
and is the most common form of inherited optic neuropathy.
ADOA is a genetically heterogeneous disease, and five loci
have been linked to the disease (named OPA1l to OPAb)
(226). Among these, the most common form of ADOA is
caused by mutations in the OPAI gene.

ADOA is characterized by an insidious onset of visual
impairment in early childhood with moderate to severe
loss of visual acuity, temporal optic disc pallor, abnormal-
ities of color vision, and cecocentral visual field scotoma
(138, 152, 310). The disease is highly variable in clinical
expression and shows incomplete penetrance in some
families (138, 153, 309). Histopathological examination of
donor eyes suggests that the fundamental pathology of
ADOA is a primary degeneration of retinal ganglion cells
followed by increasing atrophy of the optic nerve (152,
170).

According to the eOPAl database, 117 OPAI gene
mutations have been identified, which are basically family
specific (95; http:/Ibbma.univ-angers.fr/eOPA1). OPAl
mutations largely consist of substitutions (66%), although
deletions (28%) and insertions (6%) have also been re-
ported (see reviews in Refs. 75, 226). Almost 50% of the
mutations cause premature truncation of the OPAIl pro-
tein. The distribution of OPA1 mutations is depicted in
Figure 13. Most of the mutations are detected in the
GTPase domain (~41%). OPA1 mutants have also been
identified in other regions: I) in the NH,-terminal region
of OPAl encompassing the mitochondrial import se-
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FIG. 13. Mutations in OPA 1 in human patients. Most of the missense
mutations detected in autosomal dominant optic atrophy are shown.
Most of the nonsense mutations or deletions are not shown. Mutations
are grouped by domains affected.

quence, the hydrophobic sequences and a coiled-coil re-
gion (12% of mutations); 2) in the middle domain (33% of
mutations); and 3) in the GTPase effector domain or GED
domain (14% of mutations).

In some cases, the pathogenesis of ADOA disease
occurs as a result of haploinsufficiency. The major clinical
data that support this concept are as follows: 1) deletion
of the entire OPAI gene or at aa residue 2 (Trp2X) (199,
233); 2) almost 50% of the OPA1 mutants cause premature
truncations of OPA1, a substantial number of them at the
GTPase domain, and it is highly likely that they cause
loss-of-function; and 3) skin fibroblasts carrying OPA1
mutations show impaired oxidative phosphorylation and
mitochondrial fusion (330). In keeping with these obser-
vations, OPA1l deletion induced by RNAi causes mito-
chondrial fragmentation, reduced mitochondrial mem-
brane potential and cell respiration, disorganization of
mitochondrial cristae, and apoptosis (59, 101, 116, 223).
Haploinsufficiency of Opal in mice induced by in-frame
deletion of 27 aa residues in the GTPase domain (in
heterozygosis) exhibits degeneration of retinal ganglion
cells and disorganized mitochondrial cristae of optic
nerve axons (2). ENU-induced mutant mice carrying a
protein-truncating nonsense mutation in Opal (Q285X, in
hetozygosis) also show a 50% reduction of Opal protein,
slow onset of degeneration in the optic nerve, and re-
duced visual function (71).

In addition to the presence of haploinsufficiency,
some data indicate that ADOA develops as a consequence
of a dominant negative mechanism. In support of this
idea, several missense OPAl1 mutations that ablate the
consensus elements for GTP-binding have been reported
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(G300E, G401D, K468E, or D470G) (23, 76, 167, 233; http://
Ibbma.univ-angers.fr/eOPA1), and GTPase mutants of
OPAL1 or of the yeast ortholog Mgmlp show a dominant
negative effect in the presence of the wild-type protein
(181, 267, 319). The dominant negative effect is due to the
capacity of mutant OPA1 to oligomerize with wild-type
proteins and, in this way, interfere with GTPase activity.

There are still relevant questions pending regarding
the pathogenesis of ADOA. Why do OPA1 mutations se-
lectively affect the retinal ganglion cell whereas other cell
types in which OPA1 is substantially expressed remain
preserved? Do mutations of OPA1 cause disease because
of alterations in mitochondrial morphology or are they
secondary to enhanced susceptibility to apoptosis? A
deeper understanding of OPA1 biology is required to an-
swer these and other relevant questions.

It has recently been found that OPAl mutations
cause dominant optic atrophy, with, in addition, progres-
sive external ophthalmoplegia (PEO). This clinical phe-
notype has been defined as OPA1 “plus” syndrome. PEO is
a clinical phenotype typically linked to mutations in genes
involved in mitochondrial DNA maintenance such as
POLG1 (encoding the catalytic a-subunit of DNA poly-
merase y), POLG2 (encoding the accessory (-subunit of
DNA polymerase vy), PEO1 (encoding Twinkle), TK2 (en-
coding thymidine kinase), DGUOK (encoding deox-
yguanosine kinase), TP (encoding thymidine phosphory-
lase), SLC25A4% (adenine nucleotide translocator 1 or
Antl), SUCLA2, MPV17, or RRM2B and is characterized
by a reduction in mtDNA copy number (64). In keeping
with this, patients with certain OPA1 mutations such as
A357T, G439V, R445H, S545R, or V910D show multiple
deletions in mitochondrial DNA in skeletal muscle (6,
140).

B. MFN2 Mutation: Charcot-Marie-Tooth Type 2A

In 2004, six missense MFN2 mutations were reported
in seven large and ethnically diverse pedigrees affected by
Charcot-Marie-Tooth neuropathy type 2A (CMT2A) (336).
CMT2A shows an autosomal dominant inheritance pat-
tern.

Charcot-Marie-Tooth (CMT) disease (also named he-
reditary motor and sensory neuropathies HMSN) is clini-
cally characterized by weakness and distal muscle atro-
phy, predominantly of the lower extremities, and sensory
loss. Additional signs of CMT are loss of deep tendon
reflexes or foot deformities such as high-arched feet, flat
feet, or hammertoes, and less frequently, cranial nerve
involvement, scoliosis, vocal cord paresis, or glaucoma.
Approximately 1 in 2,500 individuals is diagnosed with
CMT, which makes this condition one of the most com-
mon hereditary diseases and the most common hereditary
neuropathy (271).
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CMT is a genetically and clinically heterogeneous
disorder that is classified as demyelinating forms (which
usually include CMT1, CMT3, and CMT4) or axonal form
(also named CMT2). Demyelinating neuropathies such as
CMT1 are characterized by a severely reduced motor
nerve conduction velocity (<38 m/s). CMT2 is character-
ized by chronic axonal degeneration and regeneration,
leading to steady loss of nerve fibers with normal or
slightly reduced motor nerve conduction velocities (=38
m/s) (84, 85).

Mutations in MFN2 account for 20% of CMT2 cases
(179), making this the most prevalent axonal form of
CMT. CMT2 cases show high variability in clinical symp-
toms, and it has been reported that 256% of subjects within
the families studied with an MFN2 mutation present very
mild features (179). This has raised the necessity of per-
forming molecular genetic testing for MFN2 in the pres-
ence of any signs of CMT even when normal findings have
been recorded.

At the other extreme, MFN2 mutations have been
detected in CMT2 families and associated with additional
features such as spasticity (also referred as hereditary
motor and sensory neuropathy type V, HMSN V) (332) or
atrophy (HMSN VI) (335).

More than 40 mutant forms of MFN2 have been re-
ported in CMT2A patients (567, 89, 165, 179, 307, 332, 335,
336). Most of the mutations described are missense. The
distribution of mutants in the MFN2 protein is shown in
Figure 14. Most are detected in the GTPase domain of
MFN2 (>50%) (lying from aa residues 99 to 310). In
addition, MFN2 mutants have been detected in some re-
gions of MFN2: 1) in the NH,-terminal region, near or at
the Ras-binding domain (aa residues 77 to 92) (5 muta-
tions); 2) in the region encompassing aa residues 357 to
424, i.e., in the vicinity or at the coiled-coil region 1
(406-433) (12 mutations); and 3) in the COOH terminus, at
the coiled-coil 2 region, facing the cytoplasmic site (4
mutations).

With regard to the ~23 mutations reported in the
GTPase domain, it should be pointed out that none affects
the consensus elements G1-G5, and in keeping with this
view, some of the mutants analyzed, such as P251A or
R280H, show normal GTP binding (21). Neither do muta-
tions lying outside the GTPase domain show alterations in
GTP binding (21).

Clinical studies indicate that some of the MFN2 mu-
tations are found in more than one family within the same
study or in separate studies. This is the case of mutations
L76P, R94Q, R94W, T105M, T206I, R280H, R364W, or
W740S. This observation indicates that mutational spots
with high frequency are present in MFN2. In particular,
mutations in aa residue 94 are abundant, thereby demon-
strating that codon 94 is a hot spot.

Two large clinical studies have attempted to analyze
a genotype/phenotype correlation in CMT2A patients, one
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FIG. 14. Mutations in Mfr2 in human patients. Most of the muta-
tions detected in CMT2A are shown. Mutations are grouped by domains
affected.

performed as a consortium of European, Israeli, and
American institutions (307) and the second done in Korea
(57). The studies coincide in the observation that two
subgroups of CMT2 patients can be distinguished on the
basis of the differences in age of onset and severity of
disease. Thus some mutations are detected in patients
showing an early onset of the disease (<10 years of age)
and a strong clinical phenotype, whereas other MFN2
mutations are detected in patients with a later onset and
amilder disease (57, 307). Although most of the mutations
identified in the two studies differ, it is interesting to
observe that both studies coincide that mutations such as
LI92P or R94W are linked to patients with early onset, and
that in four unrelated families in the Korean study, the
R364W mutation is also linked to early onset of disease. In
contrast, M376T is detected in late-onset patients in both
studies, and in the Korean study several families carrying
the H1656R mutation were also detected in a late-onset
form of the disease. Furthermore, it is of interest that
mutation R280H was identified in patients with late onset
of disease (in 6 individuals from the same family) in the
Korean study, whereas the same mutation was detected in
two families of distinct origin (one from Italy and another
from Belgium), one having early onset and the other
showing late onset of disease. These data suggest that the
environment or modulatory genes regulate the intensity
of the phenotype. However, further studies with more
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extensive phenotyping in more families are needed to
generate a more precise genotype/phenotype relationship
in subjects with MFN2 mutations.

Given that the mutations of MFN2 responsible for
CMT2A show autosomal dominant inheritance, they may
show haploinsufficiency (loss-of-function) or a dominant
gain-of-function. In this regard, the overexpression of
some mutant forms of MFN2 (V69F, L76P, R94Q, P251A,
R280H, or W740S) induces aggregation of mitochondria in
cultured rat dorsal root ganglion neurons (21). This effect
was not detected after overexpression of wild-type Mfn2;
therefore, these data suggest a dominant gain-of-function
(21). In keeping with this view, overexpression of some
mutant forms of Mfn2 (L76P, R94W, T105M or W740S)
causes abnormal aggregation of mitochondria in MEFs,
whereas other mutant forms or wild-type Mfn2 do not
produce mitochondrial aggregation (V69F, R94Q, P251A,
R274Q, or R280H) (78). In this regard, transgenic mice
have been generated to express a mutant form of Mfn2
with a presumed gain-of-function (T105M) specifically in
motor neurons. These mice show a phenotype consistent
with the clinical symptoms detected in CMT2A, such as
hindlimb gait defects caused by inability to dorsiflex the
hindpaws, defective mitochondrial distribution in motor
neurons, reduced numbers of motor axons in the motor
roots, and severe reduction of the anterior calf muscles (79).

In addition to the dominant effects displayed by some
Mfn2 mutants, Mfn2 mutants such as R94Q, R94W, T105M,
P251A, or R280H also show lack of mitochondrial fusion
activity when assayed in double Mfn KO (i.e., for Mfnl
and Mfn2) MEFs (78). In a separate study, MFN2 mutants
(V6IF, R94Q, P251A, R274Q, or R280H) have been shown
to induce lower mitochondrial mobility in cultured neu-
rons (21).

Interestingly, it has been reported that the defective
mitochondrial fusion activity of Mfn2 mutants is rescued
by expression of Mfnl, which is in keeping with the
observation that Mfnl physically associates with Mfn2
wild-type and CMT2A mutant forms. This interaction with
Mfnl may explain that human skin fibroblasts obtained
from several CMT2A patients show no alterations in mi-
tochondrial network or in mitochondrial ultrastructure or
mitochondrial fusion (8, 193).

CMT2A is an axonopathy, and this is in keeping with
the phenotype obtained in conditional M2 knockout
mice. Thus ablation of Mfn2 specifically in cerebellum in
mice causes neurodegeneration (52). Under these condi-
tions, Purkinje cells show aberrant mitochondrial distri-
bution and reduced dendritic outgrowth and spine forma-
tion (52). These data indicate that Mfn2 is essential to
maintain neuron function. At present, the interaction be-
tween Mfnl and mutations of Mfn2 and the capacity of
Mfnl to rescue function is the only mechanistic explana-
tion available to explain the tissue-specific alterations in
CMT2A patients.
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Another conclusion drawn from the data available on
CMT2A MFNZ2 mutations is the considerable heterogene-
ity regarding the alterations in their biological properties.
Thus some MFN2 mutants show gain-of-function, others
show loss-of-function, while others seem to display both
gain- and loss-of-function (21, 78).

C. GDAP1 Mutation: Charcot-Marie-Tooth Type 4A

In 2002, two simultaneous studies reported GDAP1
mutations in patients affected by CMT4A (24, 70), and it is
currently accepted that the subtype CMT4A is the most
frequent recessive form of CMT.

CMT4 is clinically similar to but more severe than
CMT1 and has an early average age of onset. CMT4 is
classically defined as a demyelinating form of the disease
and is associated with segmental de- and remyelination, in
contrast to CMT2, which shows axonal degeneration
without demyelination (29, 287). However, analysis of the
nerve conduction rates of subjects with GDAP1 mutations
indicates that while some mutations show low nerve con-
duction rates (such as W31X, T117 frameshift, R120W,
G262 frameshift, or G271R) (9, 24, 261), others are char-
acterized by normal rates (E114 frameshift, Q163X,
S194X, L223X, or R282C) (9, 32, 215, 253, 265). These data
demonstrate that some of the GDAP1 mutations cause
axonal loss rather than demyelinization. It is relevant to
point out that mutations such as S194X or R161H are
associated with low or normal nerve conduction rates in
individuals from distinct families (9, 24, 215). Moreover,
siblings within one family carrying the mutation R161H
show a low nerve conduction rate or normal values (9).

The presence of axonopathy in patients affected by
CMT4A has raised the question of whether the primary
action of GDAP1 occurs in neurons, in Schwann cells, or
in both cell types. In this regard, GDAP1 is expressed in
myelinating Schwann cells and in neurons of the periph-
eral nervous system in rodents (218, 232), and there is
some evidence indicating that GDAPI gene expression is
much higher in the latter (232), and that Schwann cells in
culture do not express GDAP1 (232). These observations
suggest that neurons of the peripheral nervous system are
the main cell type affected in this disease. However, more
studies are required to demonstrate this point.

GDAP1 mutants show defective mitochondrial fis-
sion activity, although they localize in mitochondria after
expression in COS-7 cells (218). Mutants R161H and
R310Q are completely inactive with respect to the promo-
tion of mitochondrial fragmentation, and mutants M116H,
R120Q, or R282C show some residual effect on mitochon-
drial fragmentation although largely reduced compared
with the activity of wild-type GDAP1 (218). Interestingly,
the T157P mutation, originally described as a de novo
dominant mutation in a sporadic case (61), has been
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reported to induce mitochondrial aggregation, thereby
suggesting a potential gain-of-function (231).

D. DRP1 Mutation: Abnormal Brain Development

A report on a newborn girl with microcephaly, ab-
normal brain development, optic atrophy and hypoplasia,
persistent lactic acidemia, and a mildly elevated plasma
concentration of very-long-chain fatty acids was recently
reported (317). The infant was born at term, and during
the pregnancy, the mother noted diminished fetal move-
ments. At 6 days of age, the newborn showed poor feed-
ing, was mildly dysmorphic, with deep-set eyes, a pointed
chin, and a head circumference below the 0.4 percentile.
Magnetic resonance imaging of the brain revealed an
abnormal gyral pattern in both frontal lobes that extended
to the perisylvian areas and was associated with dysmy-
elination. In addition, the infant showed truncal hypoto-
nia with little spontaneous movement and no tendon re-
flexes and showed no response to light stimulation (317).
The disorder was lethal, and the patient died at the age of
37 days.

The patient also showed metabolic alterations that
consisted of elevated blood lactate concentrations, ele-
vated plasma alanine concentrations, and increased cer-
otic acid concentrations (a very-long-chain fatty acid) and
an elevated ratio of cerotic acid to docosanoic acid con-
centrations. The patient also had elevated cerebrospinal
fluid concentrations of lactate, alanine, pyruvate, and pro-
tein (317). These data suggest alterations in mitochondrial
oxidation (oxidation of pyruvate) as well as in peroxiso-
mal oxidation (oxidation of very-long-chain fatty acids).
In keeping with these observations, fibroblasts obtained
from the patient showed defective mitochondrial and per-
oxisomal fission. Genetic analysis revealed a heterozy-
gous missense mutation in DRP1 (A395D), mapping to a
conserved amino acid in the middle domain of the pro-
tein. This mutation behaves as a dominant form and
causes the inhibition of both peroxisomal and mitochon-
drial fission after expression in fibroblasts (317). This
inhibition could be explained by a possible defect in the
initial oligomerization of DRP1 that is required to form
the proper high-assembly structures on membranes (i.e.,
the spiral rings). This hypothetical role for the middle
domain has been recently demonstrated in conventional
dynamins (245).

In summary, the A395D DRP1 mutation causes a
lethal disease that may reflect defects in mitochondrial or
in peroxisomal function. The severity of the clinical traits
suggests that mitochondria and peroxisomes are involved
in the pathogenesis of the disease; however, this requires
further experimental evidence.

Physiol Rev « VOL 89 « JULY 2009 « WWW.PIV.0rg

Downloaded from journals.physiology.org/journal/physrev (071.162.210.135) on September 26, 2024.



832

E. Mutations in LETM1: The Wolf-Hirschhorn
Syndrome

Up to this point, we have reviewed the information
available on the mutations in genes known to promote
mitochondrial fusion or fission and that cause human
disease. As we mentioned in the initial sections of this
review, we expect to identify additional proteins that
participate in mitochondrial fusion or fission in mamma-
lian cells. In addition, we will learn about proteins that
modulate mitochondrial shape by performing functions
other than mitochondrial fusion or fission. This relates to
the topic of this specific section.

The Wolf-Hirschhorn syndrome (WHS) is a complex
malformation disorder caused by the deletion of parts of
the distal short arm of chromosome 4 and has an inci-
dence of 1/50,000 live births (28). WHS is characterized by
growth and mental retardation, congenital hypotonia, dis-
tinct facial appearance, congenital heart defects, midline
defects, and seizures. An unknown number of genes con-
tribute to the phenotype. A WHS critical region (WHSCR)
has been localized to a 165-kb region between the loci
D4S166 and D4S3327 (320). The 5’ end of the LETM 1 gene
is located near 80 kb distal to the WHSCR and is deleted
in all WHS patients with the full phenotype. One patient
was reported to have a small interstitial deletion of 191.5
kb encompassing the WHSCR but excluding LETM1. This
patient showed very mild affectation and no seizures,
thereby suggesting that LETM1 is involved in some of the
neuromuscular features of WHS (248).

LETMI1 encodes a putative 83.5-kDa protein with a
single transmembrane domain, two possible low-affinity
EF-hand motifs (that probably bind Mg>*"), a leucine zip-
per, and several a-helical structures with high probabili-
ties for forming coiled-coils (88). LETM1 is ubiquitously
expressed. LETM1 is an inner mitochondrial membrane
protein (80) and shows amino acid sequence identity with
mitochondrial proteins from several species, including
the putative protein MDM38/YOL027C from S. cerevisiae.
Deletion of the gene in yeast causes mitochondrial dys-
function, increased cation contents (especially K*), and
swollen mitochondria (220). Thus Mdm38/Yol027 is pro-
posed to be involved in organelle morphology and to
participate in the K*/H" exchange across the inner mito-
chondrial membrane (220). In keeping with these obser-
vations, LETM1 modulates mitochondrial shape in mam-
malian cells. Thus LETM1 downregulation causes nonmi-
tochondrial cell death, DRP1-independent fragmentation
of the mitochondrial network, mitochondrial swelling,
and cristae disorganization (80, 293). Mitochondrial swell-
ing is not a consequence of the disassembly of the respi-
ratory chains (293). In fact, the defects in mitochondrial
morphology caused by LETM1 loss-of-function can
be restored by the normalization of K fluxes across the
inner membrane (80, 293). In all, these data highlight the
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importance of ion fluxes and LETMI1 in the maintenance
of normal mitochondrial shape and function. The detailed
mechanisms of LETM1 function and identification of part-
ners deserve special attention.

F. Defective Expression of Mitochondrial
Dynamics Proteins: Implications in Obesity and
Type 2 Diabetes

A central characteristic of type 2 diabetes is insulin
resistance, which affects skeletal muscle (161, 234, 235,
297). There is substantial evidence indicating that insulin
resistance precedes the development of type 2 diabetes
(74, 190, 191) and that it plays a primary role in its
pathogenesis. In fact, insulin resistance in the offspring of
patients with type 2 diabetes has been shown to be the
best predictor of the development of the disease (315).

The association between obesity and type 2 diabetes
is also well documented in the literature, which is in
keeping with the observation that an increase in fat mass
is one of the major determinants of insulin resistance
(178). A main feature of this condition is the reduced
capacity of the muscle to properly oxidize substrates,
glucose and lipids, during fasting conditions and after a
meal. The switch between glucose and lipid oxidation,
depending on energy requirements, is referred to as “met-
abolic flexibility” (162). Obese and type 2 diabetic sub-
jects show metabolic inflexibility since they present a
higher capacity to oxidize lipids in insulin-stimulated con-
ditions, instead of switching towards glucose oxidation
(93, 286).

Mitochondria, which are involved in the fine tuning of
several cellular functions, also play a crucial role in the
oxidation of fuels (20). Furthermore, skeletal muscle mi-
tochondrial function is closely associated with insulin
resistance. Mitochondrial number and size are reduced in
the skeletal muscle of obese and type 2 diabetic patients
compared with lean subjects (161, 297). The impairment
of mitochondrial metabolism in muscle of type 2 diabetic
patients is characterized by dysregulation of OXPHOS
(161, 270) and by reduction in the expression of genes
encoding distinct OXPHOS subunits (213, 230, 281).

In addition to type 2 diabetes, defective mitochon-
drial function in skeletal muscle has been reported in
other insulin-resistant states (234, 235, 297). In skeletal
muscle of nondiabetic individuals with a family history of
type 2 diabetes, decreased expression of nuclear genes
encoding proteins of oxidative phosphorylation has been
described (213, 230), along with reduced in vivo oxidative
phosphorylation (213, 235).

1. MFNZ2 is repressed in skeletal muscle in obesity

Studies of subtractive hybridization have permitted
the identification of Mfn2 in rat skeletal muscle and the
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detection of Mfn2 repression in skeletal muscle of obese
Zucker rats (16). This animal model of obesity shows a
skeletal muscle metabolic profile characterized by re-
duced glucose uptake and glucose oxidation, altered par-
titioning of fatty acids that are incorporated into triglyc-
erides or oxidized, insulin resistance and reduced oxygen
consumption (67, 69, 156, 163, 301). Northern and West-
ern blot assays have confirmed lower expression of Mfn2
mRNA and protein in muscle of Zucker obese rats than in
lean controls (16). In parallel to these observations, the
extent of the mitochondrial network in skeletal muscle
was estimated as the ratio between mitochondrial volume
to unit of mitochondrial surface (17), measured by elec-
tron microscopy. These assays revealed a 25% reduction
in the mitochondrial network in skeletal muscle of obese
Zucker rats, which is parallel to the downregulation of the
mitochondrial protein Mfn2 (16). This reduction was de-
tected under conditions in which no differences were
found in the total mitochondrial volume between control
and obese groups, thereby indicating that the total mito-
chondrial mass was unaltered (16).

In keeping with the observations in obese Zucker
rats, skeletal muscle of obese subjects also shows a re-
duced expression of MFN2 mRNA compared with lean
subjects (15, 16). The decrease in MFN2 mRNA levels is
found in both males and females (15), and under these
conditions, the expression of MFN2 protein is also down-
regulated (16).

Weight reduction is one of the best approaches to
ameliorate insulin sensitivity, and bariatric surgery has
emerged as a potential therapy for diabetes (41). Bilio-
pancreatic diversion (BPD) is a bariatric surgical tech-
nique characterized by massive weight loss caused mainly
by lipid malabsorption (46, 113). BPD causes a net im-
provement in insulin sensitivity, long before the normal-
ization of body weight (118). In addition, BPD regulates
substrate oxidation, thereby modulating the expression of
genes involved in lipid synthesis (110, 210) and oxidation
(110, 209, 308) in both muscle and adipose tissue. In this
regard, increased MFN2 mRNA expression has been re-
ported after BPD in skeletal muscle of morbidly obese
subjects with normal glucose tolerance (208). Weight loss
also causes a slight increase in the abundance of mRNA
for citrate synthase or COX3 (208). The induction in
MFN?2 is not specific of the surgical procedure and, in fact,
bariatric surgery performed by using the Roux-en-Y gas-
tric bypass also shows a similar upregulation of MFN2
(108).

In all, currently available data indicate that MFN2 is
downregulated in skeletal muscle in human obesity and in
obese Zucker rats, and this is accompanied by a reduction
in mitochondrial size and in the extent of the mitochon-
drial network. The observations that 1) obese Zucker rats
show a primary defect that lies at the leptin receptor level
rather than in mitochondria, and 2) MFN2 is induced in
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response to massive weight loss in morbidly obese sub-
jects, clearly indicate that upstream factors are responsi-
ble for Mfn2 dysregulation.

2. Defective MFNZ in skeletal muscle of type 2 diabetic
subjects

Type 2 diabetic patients also show a reduction in
MFNZ2 expression in skeletal muscle compared with con-
trol subjects (15) (Table 5). MFN2 repression is detected
in skeletal muscle of both obese or nonobese type 2
diabetic patients (15). It is unlikely that the dysregulation
of this expression is a consequence of reduced insulin
action as MFN2 expression in healthy, obese, or type 2
diabetic subjects is not altered in response to 3 h of
hyperinsulinemia (150 mU/) during euglycemic-hyperin-
sulinemic clamps (15), nor is the expression of this pro-
tein affected when cultured muscle cells are incubated in
the presence of supramaximal insulin concentrations for
up to 48 h (15).

Tumor necrosis factor (TNF)-a and interleukin-6 are
crucial factors involved in insulin resistance. TNF-a con-
tributes to obesity-related insulin resistance (134), and
several animal models of obesity and insulin resistance
show significantly higher levels of TNF-a mRNA and pro-
tein compared with their lean counterparts (124, 135,
136). Moreover, neutralization of TNF-a with a soluble
TNF-a receptor-IgG fusion protein ameliorates insulin
sensitivity (137). Interleukin-6 is produced by several cell
types including macrophages, adipose cells, and skeletal
muscle, and circulating levels are increased in type 2
diabetes (237, 242), thereby interfering with insulin sig-
naling in muscle and hepatic cells (171, 250) and causing
hepatic and muscle insulin resistance in humans and in
mice (40, 166, 171, 250, 262, 284, 300). In this regard, our
laboratory has obtained some evidence indicating that
TNF-«a or interleukin-6 inhibits Mfn2 gene expression in
cells in culture (15) (Table 5). Whether these two factors

TABLE b. Conditions or agenlts that requlate Mfn2
expression in cells or tissues

Mfn2 Reference Nos.

Reduced
Human obesity (skeletal muscle) 15, 16
Human type 2 diabetes (skeletal muscle) 15
Obese Zucker rats (skeletal muscle) 16
TNF-a (NIH3T3 fibroblasts) 15
Interleukin-6 (human skeletal muscle cells) 15
Enhanced
Human weight loss (skeletal muscle) 108, 208
Cold exposure (skeletal muscle and brown 278
adipose tissue in rats)
B3-Adrenergic agonist (CL-316243) (skeletal 278
muscle and brown adipose tissue in rats)
Exercise (skeletal muscle) 44

TNF, tumor necrosis factor.

Physiol Rev « VOL 89 « JULY 2009 « WWW.PIV.0rg

Downloaded from journals.physiology.org/journal/physrev (071.162.210.135) on September 26, 2024.



834

play a regulatory in vivo role on Mfn2 expression awaits
further demonstration.

At present, we do not have a global view of the
expression of other proteins directly involved in mito-
chondrial fusion (MFN1, OPA1) or in fission (DRP1, FIS1)
in muscle during obesity, in human diabetes, or in animal
models of disease. However, it of interest that the expres-
sion of one of the mitochondrial proteases that is involved
in OPA1 degradation, PARL, is also reduced in an animal
model of diabetes. Thus the gene expression of Parl is
reduced in skeletal muscle of diabetic Psammomys obe-
sus, and exercise training normalizes the levels of Parl
mRNA (313). In humans, a positive linear correlation was
detected between PARL mRNA levels and insulin sensi-
tivity, as assessed by glucose disposal during the hyper-
insulinemic-euglycemic clamp and the polymorphic vari-
ant Leu262Val associated with increased plasma insulin
concentrations, a surrogate of insulin sensitivity (313).
Although the relationship between PARL and mitochon-
drial dynamics is not fully understood, present data allow
us to speculate that mitochondrial fusion activity is a
defective process under insulin-resistant states.

3. Implications of muscle MFNZ2 repression in
metabolism

Several observations (discussed in sect. v) support
the notion that MFN2 controls mitochondrial metabolism,
namely, that Mfn2 loss-of-function reduces glucose oxida-
tion, mitochondrial membrane potential, oxygen con-
sumption, and mitochondrial proton leak in cultured cells
(16, 50, 236). In this regard, the observation that both
obesity and type 2 diabetes show reduced MFN2 expres-
sion and a reduced mitochondrial size could be highly
relevant. Further studies in rodents after conditional re-
combinant ablation of Mfn2 are required to determine
whether this protein contributes to metabolic distur-
bances linked to obesity or diabetes.

Two aspects are of special interest regarding MFN2.
Does MFN2 loss-of-function enhance susceptibility to de-
veloping obesity? Or does MFN2 regulate insulin sensitiv-
ity?

As to the first question, a negative linear relationship
between MFN2 mRNA levels and body mass index has
been detected in control, obese, or type 2 diabetic pa-
tients regardless of sex (15). Such a relationship does not
provide any evidence that MFN2 promotes obesity. How-
ever, Mfn2-depleted cells show a lower mitochondrial
proton leak in the absence of alterations in uncoupled
respiration, which suggests enhanced bioenergetics effi-
ciency (16). Extrapolation of these data to the in vivo
animal allows us to speculate that Mfn2 loss-of-function
contributes to obesity by promoting a more efficient en-
ergetic state, which would reduce basal energy expendi-
ture and enhance energy storage, mainly in the form of
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fat. In agreement with a potential role of MFN2 in some of
the metabolic alterations associated with obesity, our
group has reported that skeletal muscle of obese Zucker
rats shows a reduced expression of some subunits of
complexes [, I, III, and V, in the absence of changes in the
abundance of complex IV subunits or porin (236). This
pattern of alterations in the content of subunits of the
OXPHOS system is very similar to that detected in Mfn2-
knockdown muscle cells (236).

As regards the connection between MFN2 and insulin
sensitivity, we have detected a positive correlation be-
tween MFN2 expression in skeletal muscle and insulin
sensitivity, assessed by glucose disposal rates measured
by the insulin clamp in healthy control subjects, and in
obese or type 2 diabetic patients (15). In addition, a
positive correlation between MFN2 levels and insulin sen-
sitivity, measured by the glucose clamp, has been found in
morbidly obese subjects and after BPD (15, 208).

4. Conditions characterized by increased energy
expenditure also show higher MFN2 expression

If MFN2 plays a regulatory role in mitochondrial
bioenergetics in vivo, it should be upregulated under con-
ditions linked to enhanced energy expenditure. Available
data indicate that, indeed, Mfn2 is induced in response to
conditions known to enhance energy expenditure (Table
5). Thus rats exposed for two days to cold show a marked
and specific enhancement in Mfn2 gene expression in
brown adipose tissue and in skeletal muscle (278). Fur-
thermore, administration of CL-316243 (a Bs-adrenergic
agonist) enhances Mfn2 expression in these two tissues
(278). It should be emphasized that the expression of
Mfn2 is markedly enhanced under conditions in which
genes encoding other mitochondrial proteins, Cox2,
Atpbal, or cytochrome ¢, show minor increases (278). The
stimulation of Mfn2 gene expression in skeletal muscle
and brown adipose tissue under conditions of enhanced
energy expenditure may play a relevant role in the adap-
tive regulation of the mitochondrial metabolism to main-
tain energy homeostasis.

Chronic exercise is another condition known to in-
duce mitochondrial biogenesis in skeletal muscle and
enhance mitochondrial function (96, 111, 131). In this
regard, a single bout of exercise induces MFN2 and MFN1
gene expression in skeletal muscle of healthy subjects (44).

5. Mfn2 is a key target of the PGC-1a regqulatory
pathway

Exposure to cold, treatment with CL-316243, or ex-
ercise enhance Ppargcla (PGC-1a) expression in tissues
(33, 238, 244). These observations have led to the analy-
sis of whether PGC-la regulates Mfn2 transcription.
PPARGCI1A (PGC-1a) overexpression markedly enhances
Mfn2 mRNA and protein levels in cultured muscle cells,
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under conditions in which other genes typically induced
by PGC-1q«, such as Atpbal, Cox2, or cytochrome ¢, are
more moderately enhanced (278). PGC-1« also stimulates
the transcriptional activity of the human MFN2 gene pro-
moter (2 kb) after transfection in several cell types, and
mapping analysis of the promoter has identified a region
localized between —432/—352, which is critical for con-
ferring the capacity to respond to PGC-1a (278). In this
region, three putative binding boxes for nuclear hormone
receptors conserved in human and mouse MFN2 promot-
ers have been identified, and cancellation of the middle
box or box 2 (localized at —410/—405) completely blocks
the response to PGC-1a (278). Chromatin immunoprecipi-
tation and transfection analyses have indicated that this
specific region of the MFN2 promoter binds to and is
activated by the nuclear hormone receptor ERRa and is
further coactivated by PGC-1a (278).

In all, PGC-1a stimulates MFN2 expression through
the operation of a transcriptional mechanism that in-
volves the activation of the MFN2 promoter, which re-
quires the integrity of an ERRa-binding element. This
conclusion is based on a number of observations, namely:
1) ERRa activates the transcriptional activity of the MFN2
promoter, and the effects are synergic with those of PGC-
la; 2) cancellation of the ERRa-binding element blocks or
diminishes the effect of PGC-1 on promoter activity;
3) ERRa binds in vitro to the ERRa-binding element —410/
—405 and in vivo to a MFN2 promoter fragment centered
around the ERRa-binding element; and 4) PGC-1a binds in
vivo the MFN2 promoter in a region centered around the
ERRa-binding element (278).

In our opinion, MFNZ is not simply another mito-
chondrial protein-encoded nuclear gene that is upregu-
lated by the nuclear coactivator PGC-1a but a component
of intracellular signaling machinery that regulates cell
metabolism. In this regard, there are several lines of evi-
dence indicating that the effect of PGC-1a on mitochon-
drial membrane potential requires normal expression of
Mfn2. Thus Mfn2 loss-of-function reduces the effect of
PGC-1a on mitochondrial membrane potential in 10T1/2
fibroblasts (278). Similarly, the stimulatory effect of
PGC-1a on mitochondrial membrane potential is reduced
in Mfn2 —/— mouse embryonic fibroblast cells (278).
Under all these conditions, the effect of PGC-1a on mito-
chondrial biogenesis is not altered in Mfn2-depleted cells
(278). These data suggest that the effects of PGC-1la on
mitochondrial energization require or are partly mediated
by Mfn2.

At present, we favor the existence of a regulatory
pathway that drives mitochondrial metabolism and that is
defined by PGC-1a, ERRe, and MFN2. The pathway is
characterized by a stimulatory action of PGC-1la on the
transcription of MFN2, via coactivation of ERR« (Fig. 15).
Support of this hypothesis comes from several studies as
reviewed above, i.e., 1) PGC-1«a activates Mfn2 expression
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FIG. 15. PGC-1a, ERRe, and Mfn2 define a mitochondrial regulatory
pathway. Mfn2 is induced by PGC-la and ERR« in muscle cells. The
participation of PGC-1a permits the induction of Mfn2 in response to
exercise, cold exposure, or (Bs;-adrenergic agonists. Mfn2 drives mito-
chondrial fusion as well as mitochondrial metabolism, and conse-
quently, Mfn2 may play a key role in some of the biological effects of
PGC-1a on mitochondrial function.

in cells, 2) the mechanisms by which PGC-1a stimulates
this expression are dependent on intact ERRa binding in
the MFN2 promoter; and 3) the full metabolic effects of
PGC-1a are detected only in the presence of normal Mfn2
activity.

Further evidence that MFN2 constitutes a regulatory
pathway in conjunction with PGC-1a and ERRa comes
from studies performed in heterozygous Mfn2 knockout
mice (homozygous knockout are not viable) subjected to
cold for 48 h. These animals show a twofold greater
induction of PGC-1la expression in skeletal muscle com-
pared with wild-type mice (278), which is accompanied by
an enhanced induction of Mfn2 expression (278). These
data suggest a possible Mfn2-induced homeostatic pro-
cess to regulate PGC-1a. The mechanism does not involve
a direct effect of Mfn2 because RNAi-induced repression
of Mfn2 does not alter PGC-1a expression in C2C12 mus-
cle cells (M. Liesa and A. Zorzano, unpublished observa-
tions).

The regulatory pathway formed by PGC-la, ERRq,
and MFN2 may be altered in insulin-resistant conditions
and particularly in type 2 diabetes. In agreement with this,
it has been reported that MFN2 and PGC-1« expression is
deficient in type 2 diabetic subjects and in insulin-resis-
tant subjects (15, 213, 230). On the basis of the relevant
role played by PGC-1a and mitochondria in cell metabo-
lism, alterations in the PGC-1a/MFN2 axis may confer
susceptibility to the development of insulin resistance
and diabetes mellitus.
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VIII. CONCLUSIONS AND PERSPECTIVES

During the last few years, a significant amount of
relevant data has been obtained on the identification of
proteins involved in mitochondrial dynamics in mamma-
lian cells and on their function. We still await the identi-
fication of additional proteins involved in mitochondrial
distribution and shape, as well as in mitochondrial fusion
and fission in mammalian cells. As to the proteins already
identified, we have learned some basic lessons, namely,
1) that genes encoding some of these proteins cause
human diseases such as in the case of Charcot-Marie
Tooth type 2A or type 4A or Kjer disease (autosomal
dominant optic atrophy) and 2) that mitochondrial dy-
namics is intimately related to mitochondrial function and
cellular requirements in mammalian cells. In this regard,
we know that some of the proteins involved in mitochon-
drial dynamics participate in central biological processes
such as cellular metabolism, apoptosis, or the mainte-
nance of mitochondrial DNA, although the specific mech-
anisms involved are poorly understood. A defective mito-
chondrial function has been invoked in many diverse
complex disorders, such as obesity, type 1 or type 2
diabetes, and Parkinson’s or Alzheimer’s disease, and it is
tempting to speculate that mitochondrial dynamics pro-
teins are involved in the alterations in mitochondrial func-
tion that underlie these complex disorders. For these
reasons, the study of mitochondrial dynamics offers an
exciting and challenging field of study. If mitochondrial
dynamics proteins are involved in complex diseases, the
possibility of using them as drug targets will become
relevant for biotech companies, especially for those pro-
teins that are in the outer mitochondrial membrane ori-
ented towards the cytosol and which, therefore, show
more feasibility in drug discovery.
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