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A causal relationship between Mitofusin (MFN) 2 gene mutations and the hereditary
axonal neuropathy Charcot-Marie-Tooth disease type 2A (CMT2A) was described over
15 years ago. During the intervening period much has been learned about MFN2
functioning in mitochondrial fusion, calcium signaling, and quality control, and the
consequences of these MFN2 activities on cell metabolism, fitness, and development.
Nevertheless, the challenge of defining the central underlying mechanism(s) linking
mitochondrial abnormalities to progressive dying-back of peripheral arm and leg nerves
in CMT2A is largely unmet. Here, a different perspective of why, in humans, MFN2
dysfunction preferentially impacts peripheral nerves is provided based on recent insights
into its role in determining whether individual mitochondria will be fusion-competent
and retained within the cell, or are fusion-impaired, sequestered, and eliminated by
mitophagy. Evidence for and against a regulatory role of mitofusins in mitochondrial
transport is reviewed, nagging questions defined, and implications on mitochondrial
fusion, quality control, and neuronal degeneration discussed. Finally, in the context
of recently described mitofusin activating peptides and small molecules, an overview
is provided of potential therapeutic applications for pharmacological enhancement of
mitochondrial fusion and motility in CMT2A and other neurodegenerative conditions.

Keywords: mitochondrial fusion, mitophagy, mitochondrial transport, Charcot-Marie-Tooth disease,
neurodegeneration

OVERVIEW OF MITOFUSINS

Mitofusin (MFN) 1 and MFN2 are closely related dynamin family GTPases encoded by nuclear
genes, but located on outer mitochondrial membranes. Originally described by Margaret Fuller and
colleagues as the human homologs of Drosophila fuzzy onion (Fzo) (Santel and Fuller, 2001; Santel
et al., 2003), MFN1 and MFN2 differ in catalytic GTPase activity essential for mitochondrial fusion
(Ishihara et al., 2004), in their ability to localize at endo/sarcoplasmic reticulum and mediate trans-
organelle calcium signaling (De Brito and Scorrano, 2008; Chan, 2012; Naon et al., 2016; Seidlmayer
et al., 2019; Dorn, 2020), and in their proposed roles mediating mitophagic mitochondrial
removal (Chen and Dorn, 2013; Gong et al., 2015). Nevertheless, MFN1 and MFN2 have largely
overlapping functions in the sequential tethering and fusion of mitochondria and appear to be
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almost interchangeable in this regard. Thus, forced expression
or pharmacological activation of either MFN1 or MFN2 can
overcome mitochondrial fusion defects resulting from haplo-
insufficiency in MFN1 or MFN2 null cells (Chen et al., 2003;
Rocha et al., 2018), or from dominant suppression by MFN2
mutants (Detmer and Chan, 2007; Rocha et al., 2018; Zhou
et al., 2019). Yet, detailed structures of individual mitofusin
proteins located on outer mitochondrial membranes, of the
oligomeric MFN structures that presumably mediate membrane
deformation required for membrane fusion, and of trans MFN-
MFN dimers that extend outward from mitochondria into
cytosolic space and tether mitochondria together, are currently
lacking. Consequently, much of the structural information about
MFNs and the macromolecular complexes they form is either
hypothetical or inferential (Koshiba et al., 2004; Brandt et al.,
2016; Franco et al., 2016; Mattie et al., 2018; Rocha et al., 2018;
Li et al., 2019).

By comparison, our phenomenological understanding of
mitofusin pathophysiology is quite detailed, having been
informed by gene knockout experiments (Chen et al., 2003,
2007, 2010, 2011, 2014; Lee et al., 2012; Sebastian et al., 2012,
2016; Kasahara et al., 2013; Song et al., 2014, 2015, 2017;
Mourier et al., 2015; Boutant et al., 2017; Ramirez et al.,
2017; Zhao et al., 2018; Bell et al., 2019; Han et al., 2020)
and gain- or loss-of-function manipulation with MFN-specific
mini-peptides and small molecules (Franco et al., 2016; Rocha
et al., 2018). Collectively, this body of work supports three
general conclusions: 1. Mitofusin insufficiency or impaired
activity is broadly detrimental; 2. Absence of MFN2 is more
deleterious than absence of MFN1; and 3. The consequences
of impaired MFN-mediated mitochondrial fusion, mitophagy,
and inter-organelle communication differ, depending upon
cellular context.

Results of MFN deletion using in vitro cell and in vivo
mouse models have built a solid foundation for interrogating
the consequences of mitofusin deficiency produced by naturally
occurring genetic MFN mutations in humans. Only two human
diseases are unambiguously attributed to functional MFN
deficiency: Charcot-Marie-Tooth disease type 2A (CMT2A)
that is almost always mono-allelic (i.e., heterozygous) with
autosomal dominant inheritance (vide infra), and multiple
symmetric lipomatosis that has been described with bi-allelic
(i.e., homozygous or compound-heterozygous) MFN2 mutations
(Rocha et al., 2017; Capel et al., 2018). Because very little is known
about MFN-induced lipomatosis, here I focus on CMT2A.

MFN2 MUTATIONS AND
CHARCOT-MARIE-TOOTH DISEASE

Charcot-Marie-Tooth disease was originally described in 1886
as “progressive muscular atrophy” by French neurologists
Jean-Martin Charcot and Pierre Marie, and the English
neurologist Howard Henry Tooth. As currently used in the
clinic, the term CMT generally describes a large number
of clinically heterogenous and genetically diverse inherited
peripheral neuropathies (Fridman et al., 2015). CMT type 2A

(CMT2A), defined by its causal MFN2 gene mutations (Zuchner
et al., 2004), is the second most common form of CMT
(Cornett et al., 2016) and is remarkable for early onset and
rapid progression during childhood. In the largest reported
United States study (n = 99 patients from Wayne State University
plus 27 patients from the United Kingdom) (Feely et al., 2011),
the average age of onset for CMT2A was 4.4 years (vs 41 years
for other forms of CMT2); most CMT2A patients were non-
ambulatory by 20 years of age. These findings are consistent with
the International Neuropathies Consortium cohort of >1,400
CMT patients (including n = 910 CMT1 and 237 CMT2)
(Fridman et al., 2015). MFN2 mutations comprise ∼6% of
familial CMT (∼22% of familial CMT2) (Bombelli et al., 2014;
Choi et al., 2015) and are, depending upon nationality, the
second or third most common cause of CMT, after the PMP22
duplication/deletion and GJB1 mutations that cause CMT1A
(Fridman et al., 2015; Ando et al., 2017; Hoebeke et al., 2018;
Yoshimura et al., 2019). Among patients with CMT2A, the
majority of MFN2 mutations affect the amino terminal GTPase
and mid-protein MFN2 coiled-coiled domains, with disease onset
in the first 2 years of life and an aggressive clinical course.
A few patients have mutations at the extreme MFN2 carboxyl
terminus and typically exhibit later onset (range 5–33 years
old) and milder disease (Feely et al., 2011; Stuppia et al., 2015;
Figure 1). Strikingly, CMT provoked by vincristine therapy
has been described in children treated for acute lymphoblastic
leukemia (Chauvenet et al., 2003), providing an example of gene-
environment interactions that can induce the clinical phenotype.

The prototypical CMT2A patient exhibits loss of sensory
and motor nerve function in the distal limbs (Bombelli et al.,
2014), but some patients additionally show evidence of laryngeal
paralysis (Zuchner et al., 2006), loss of visual acuity from
retinal degeneration (Chung et al., 2006; Verhoeven et al., 2006;
Zuchner et al., 2006; Feely et al., 2011), sensorineural hearing
loss (Nicholson et al., 2008), spinal cord atrophy (Bombelli
et al., 2014), and upper motor neuron signs (Vucic et al., 2003;
Chung et al., 2006; Rance et al., 2012), which support reports
of central nervous system involvement (Brockmann et al., 2008;
Boaretto et al., 2010; Milley et al., 2018). Proximal limb weakness,
in addition to classical distal limb involvement, is observed in
approximately one third of CMT2A patients (Bombelli et al.,
2014), and occurs earlier than in CMT1A. Clinical heterogeneity
observed in CMT2A has been attributed in part to the different
functional impact of multiple implicated MFN2 mutations:
GTPase and coiled-coiled domain mutations tend to induce
more severe and early onset disease whereas mutations in the
carboxy terminal domain tend to have later onset and milder
disease (Feely et al., 2011; Stuppia et al., 2015). However, even
within family members having the same MFN2 mutation there
can be inter-individual variability in disease manifestation and
progression (Chung et al., 2006; Bombelli et al., 2014).

An unequivocal diagnosis of CMT2A requires genetic testing
that identifies a causal MFN2 mutation in a suggestive clinical
context. Disease severity and progress can be monitored by
tests of neuromuscular integrity that reveal areflexia (from
lower sensory-motor nerve damage), loss of vibratory and
proprioceptive senses (Gemignani et al., 2004; Park et al., 2012),
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FIGURE 1 | MFN2 mutation class and possible mechanisms mediating CMT2A. (top) Schematic depiction of MFN2 protein showing globular GTPase domain
(green) and alpha helical coiled-coil stalk region (orange, yellow) and disease characteristics of respective mutations. CMT2A transgenic mice described herein
express MFN2 R94Q and T195M, which are within the GTPase domain. (bottom) Possible cellular mechanisms by which dominant suppression of normal MFN1
and MFN2 function by damaging MFN2 mutations might provoke disease.

muscle weakness and atrophy (especially in the tibialis
anterior muscle, resulting in foot-drop; Neves and Kok,
2011); neuroelectrophysiological testing shows normal nerve
conduction velocity with reduced compound motor activation
potentials (CMAP) (Harding and Thomas, 1980; Berciano et al.,
2017). Histologically, there is loss of large myelinated fibers
with partial regeneration, but normal myelin (Muglia et al.,
2001; Verhoeven et al., 2006); neuronal and skeletal muscle
mitochondria are abnormal on ultrastructural examination
(Verhoeven et al., 2006; Sole et al., 2009).

Although the genetic cause of CMT2A is, by definition,
mutational MFN2 dysfunction (Zuchner et al., 2004; Bombelli
et al., 2014), the functional consequences linking MFN2
dysfunction to the cellular pathology underlying neuronal
die-back and neuromuscular degeneration remain unclear
(reviewed in Filadi et al., 2018). Mechanisms that have been
proposed include: 1. Disrupted mitochondrial fusion and loss
of fusion-related homeostatic repair (Chen and Chan, 2006;
Pareyson et al., 2015); 2. Related interruption of mitochondrial-
endoplasmic reticular communications that variably perturb
calcium crosstalk and phospholipid/cholesterol synthesis (Larrea
et al., 2019); 3. Dysregulated mitochondrial quality control with
mitochondrial depletion or retention of cytotoxic senescent
and damaged mitochondria (Rizzo et al., 2016; Filadi et al.,
2018); and 4. Interrupted mitochondrial trafficking through
neuronal axons (Baloh et al., 2007; Pareyson et al., 2015;
Crunkhorn, 2018; Figure 1). While it seems likely that
all of these mechanisms contribute in a combinatorial way
to CMT2A neuromuscular disease, disrupted mitochondrial
trafficking is particularly intriguing as a contributory mechanism
because a transportation defect could explain why CMT2A
preferentially affects the longest peripheral nerves innervating
lower and upper limbs; travel delays have greater impact
on long journeys.

In vivo PATHOPHYSIOLOGY PROVOKED
BY HUMAN CMT2A MFN2 MUTANTS
EXPRESSED IN MICE

Two CMT2A MFN2 mutants, MFN2R94Q and MFN2T105M,
have been expressed in mice by various groups attempting
to evoke features of peripheral axonopathy similar to the
human condition. Both of these mutations are in the MFN2
GTPase domain, and expression of either dominantly inhibits
mitochondrial fusion and induces mitochondrial clustering
in fibroblasts (Detmer and Chan, 2007). It is notable that
CMT2A MFN2 mutants induce phenotypes that recapitulate
some features of human CMT2A (detailed below), whereas
expressing wild-type (WT) MFN2 in the same experimental
systems is well tolerated. Absence of pathology provoked by
overexpressed WT MFN2 in mice suggests greater cell capacity
to compensate for mitofusin gain of function than for mitofusin
inhibition or gene deletion.

The first reported CMT2A MFN2 mutant mouse was
developed in David Chan’s laboratory and used a motor-neuron
specific HB9 promoter to drive expression of a bi-cistronic
MFN2T105M/EGFP transgene in motor neurons (Detmer et al.,
2008; Figure 2). Because H9B gene activity is highest during
fetal development (Arber et al., 1999; Thaler et al., 1999), HB9-
MFN2T105M transgene expression in these mice decreased
after birth and was not detected from P10 (Detmer et al.,
2008). Thus, these mice reflect developmental motor neuron
phenotypes that are not reversible by perinatal extinction of
pathological MFN2 mutant expression. Nevertheless, histological
loss of motor neuron axons and mitochondrial dysmorphology
with uneven distribution throughout axons were associated in
homozygous transgenic mice with abnormal musculoskeletal
hindlimb development and loss of tibialis anterior muscle mass.
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These developmental mouse phenotypes are not typical for
human CMT2A in which the disease first manifests in early
childhood. Additionally, early transgene extinction does not
recapitulate the human genetic condition. Thus, the utility of
these mice, which are no longer available, was limited.

A ROSA-targeted flox-stop transgene approach to
MFN2T105M expression was more recently employed by
David Pleasure to work around potential transgene insertion
effects and avoid perinatal extinction of transgenes being driven
by developmentally important gene promoters (Bannerman
et al., 2016; Figure 2). A flox-stop MFN2 T105M transgene
was knocked into the genetically safe mouse Rosa26 locus
where its transcription is driven by the powerful hybrid CAG
(CMV enhancer fused to chicken beta-actin) promoter. A loxP-
flanked STOP cassette makes the MFN2 T105M transgene silent
until Cre-recombination. Thus, tissue-specific MFN2T105M
expression can be accomplished by combining the flox-stop
transgene with a tissue-specific Cre. Crossing the MFN2T105M
mice with nestin-Cre (expressed in neuroectoderm) provoked
gait abnormalities and hind-limb muscle (i.e., soleus and tibialis
anterior) muscle fiber atrophy with evidence for diminished
mitochondria in nerve axons. Surprisingly, in the 10 weeks old
male mice described, axon size and RotaRod latency (time before
falling off a rotating cylinder, which measures neuromuscular
functional integrity) were normal. The ROSA-STOP-(CAG-
MFN2T105M) mice are available from The Jackson Laboratory
(stock number 025322) and have also been used in combination
with motor neuron-specific HB9-Cre to elicit mitochondrial
hypomotility in sciatic nerve axons studied ex vivo (Rocha
et al., 2018); an in vivo phenotype of the latter mice has
not been reported.

MFN2R94Q was first expressed in mice by Chrast and
Martinou using the neuron-specific enolase promoter, designated
“MitoCharc” mice (Cartoni et al., 2010; Figure 2). Heterozygous
(MitoCharc1) and homozygous (MitoCharc2) mice exhibited
age-dependent (5 months) decreases in RotaRod latency with
gait abnormalities, associated at 1 year with axons having
smaller diameters and increased numbers mitochondria. In a
follow-up study, diminished mitochondrial fusion, impaired
mitochondrial-ER communication with induction of an ER
stress response, and defective mitochondrial transport were
all implicated in observed neuromuscular dysfunction. The
heterozygous MitoCharc1 mice are available from The Jackson
Laboratory (stock number 012812).

More recently, Robert Baloh transgenically expressed
MFN2R94Q in mice using a Thy1 promoter that expresses in
most neuronal cell types (Zhou et al., 2019; Figure 2). Compared
to other CMT2A mouse models, this one exhibits a constellation
of abnormalities that closely resembles neuromuscular pathology
in human CMT2A. In functional studies, compared to both
normal controls and WT MFN2 transgenic mice, MFN2
R94Q mice exhibited fewer rearing events on open field
testing, decreased RotaRod latency, and diminished grip
strength, all reflecting impaired motor function. Additionally,
MFN2R94Q mice showed poor visual acuity by optokinetic
testing, recapitulating retinal (sensory neuron) involvement
sometimes seen in human CMT2A (Zuchner et al., 2006).

Histological studies showed axon degeneration and atrophy with
mitochondrial fragmentation and aggregation in the absence of
mitophagy. Importantly, forced concomitant expression of WT
MFN1 with MFN2R94Q prevented the CMT2A phenotypes,
suggesting a role for the putative imbalance between MFN1 and
MFN2 in CMT2A mitochondrial and neuromuscular defects.
However, the notion that correcting an MFN isoform imbalance
(and not simply restoring overall MFN expression/activity to
more normal levels) evoked phenotypic rescue in this mouse
requires that MFN2 expression fail to provide the same benefits
as MFN1 expression. Although the MFN2 rescue mice were
described, only a comparable rescue of body weight was reported;
functional neuromuscular phenotyping of mice expressing WT
MFN1 and MFN2R94Q is needed to address questions of
MFN subtype effects. All three mouse strains in this study are
available from The Jackson Laboratory (stock numbers 029745,
032728, and 033391).

Phenotypic heterogeneity in these CMT2A mice might be
the consequence either of the different transgenic systems used
to express mutant MFN2 (at different levels and in different
neuronal subtypes) or to the different MFN2 mutants examined.
Since the two versions of MFN2R94Q mice have different
phenotypes, it is the author’s opinion that transgene system,
rather than mutation identity, is likely the greatest source
of experimental variability. An obvious work-around that can
control for different transgene expression systems is to knock
human CMT2A mutations into analogous positions within
the mouse genome. Indeed, the knock-in approach has been
used to insert MFN2R94Q into the mouse genome (Strickland
et al., 2014). Heterozygous MFN2R94Q knock-in mice (i.e.,
that recapitulate the mono-allelic human condition) showed
decreased open field movement, but other read-outs of motor
dysfunction like RotaRod latency, grip strength, and beam
traversing, were normal. Also there was no evidence for sensory
neuron dysfunction in tests of thermal allodynia. Likewise, axon
diameter and mitochondrial movement in dorsal root ganglion
neurons were normal. By comparison, MFN2R94Q mice bred
to homozygosity died from unidentified reasons within 24 h
of birth. Thus, these MFN2 mutant knock-in mice have not
recapitulated seminal characteristics of human CMT2A. The
reasons why transgenic overexpression of MFN2R94Q evokes
CMT2A-like phenotypes in mice whereas a knock-in of the
same mutation failed to do so are not entirely clear. Since
expression level is a critical determinant of dysfunction provoked
by dominant inhibitory proteins, it is possible that mutant
transgenes were simply expressed at higher levels than the knock-
in mutant alleles.

Charcot-Marie-Tooth disease type 2A is typically a disease
of long peripheral nerves. In the classical presentation CMT2A
affected children do not manifest signs until the “toddler” stage
or somewhat later. The disease then progresses during childhood
and adolescence and stabilizes in young adulthood (Feely et al.,
2011; Fridman et al., 2015). If one views these data as a function of
patient size rather than age (which are obviously highly correlated
during childhood), the disease is silent in smaller humans,
progresses as they enlarge, and then stops progressing when
growth stops. Viewed in the context of characteristic involvement
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FIGURE 2 | Technical and phenotypic characteristics of published CMT2A mouse models. Mutant MFN2 transgenes (squares) were expressed using systems
shown in ovals. Resulting phenotypes are connected with arrows. References for each mouse are in parentheses.

of long nerves, disease progression as nerves elongate supports
a physical dimension to disease manifestation. If this is correct,
then mice may be resistant to knock-in attempts to provoke the
human disease because even their longest nerves (sciatic and
tail) are short in comparison with human peripheral nerves.
MFN2 mutant knock-ins of larger animal models (rats, dogs,
pigs, primates) would therefore be expected to more closely
reproduce clinical CMT2A.

MFN-MEDIATED FUSION, MITOPHAGY,
AND TRANSPORT IN DISEASE

As introduced above, it is widely accepted that mitochondrial
fusion is essential to cell health. MFN1 and MFN2 are necessary
for mitochondrial fusion, both as the initiators of enabling
mitochondria-mitochondria tethering and as the mediators of
outer membrane fusion. For these reasons, it is widely assumed
that CMT2A, the prototypical disease of MFN dysfunction, is
a disease of impaired mitochondrial fusion (Chan, 2012). Since
MFN1 can generally substitute for MFN2 as a mitochondrial
fusion factor (Detmer and Chan, 2007; Zhou et al., 2019), but
only MFN2 mutations cause disease, it is worth exploring how
impairment of other MFN2 functions might also contribute to
pathological phenotypes.

The underlying rationale for defective mitochondrial fusion
causing CMT2A is obvious: Mitochondrial fusion appears
essential to the health of all tissues and cell types, independent
of their mitochondrial density, morphology, or motility.
Accordingly, complete abrogation of mitochondrial fusion by
combined ablation of both MFN1 and MFN2 was detrimental to
neurons that contain small, highly motile mitochondria (Chen
et al., 2007), to cardiac and skeletal muscle that contain small,

but stationary mitochondria (Chen et al., 2010, 2011; Song
et al., 2015), as well as to fibroblasts whose mitochondria are
elongated and interconnected into structurally pliable networks
(Chen et al., 2003).

Mitochondrial fusion is an important mechanism by which
mitochondrial content exchange maintains biochemical and
genetic uniformity within the organelle collective. This process
of “complementation” moderates the number and impact of
mutations in the small mitochondrial genome (mtDNA) (Chan,
2012), which encodes 13 critical electron transport chain complex
proteins essential to normal mitochondrial respiratory function
(Chen et al., 2007, 2010, 2011). Moreover, the dynamic imbalance
resulting from reduced mitofusin activity or expression, thus
favoring mitochondrial fission over fusion, can lower the
threshold for apoptotic programmed cell death (Frank et al.,
2001; Sugioka et al., 2004). Given the apparent ubiquity and
importance of mitochondrial fusion demonstrated in vitro and
in multiple genetic mouse models, it seems paradoxical that
in human patients the damaging effects of CMT2A-linked
MFN2 mutations are restricted to distal neurons of the longest
peripheral nerves. If the pathophysiology relates exclusively to
impaired fusion, then one would predict that short and long
nerves, and central and peripheral nerves, and other tissues with
high mitochondrial density and metabolic demand (like cardiac
and skeletal muscle), would all be affected. And if CMT2A is only
caused by defective mitochondrial fusion, then severely damaging
MFN1 mutations should also cause a CMT2A-like syndrome. It
has been suggested that differences between MFN1 and MFN2
expression account for exclusivity of MFN2 mutations as causal
factors in disease. Thus, if MFN2 is expressed in neuronal cells at
levels far greater than MFN1, this could explain the unique role of
MFN2 (Lee et al., 2012; Zhou et al., 2019). However, this notion
has been difficult to validate at the protein level because of varying
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antibody affinities for the two mitofusins. Moreover, if increased
MFN2/MFN1 expression is a specific feature of the neurons
affected by CMT2A, it is hard to understand how this imbalance
provokes CMT2A-induced neuronal damage that increases with
distance from the spine, i.e., why within the same neuron the
distal axon dies back, but the proximal axon and soma are spared.
In this context it seems likely that other MFN2-mediated events,
in addition to altered fusion, contribute to CMT2A.

Mitophagy, which shares some of the same protein mediators
and can be co-regulated with apoptosis, can be considered as
a form of “programmed mitochondrial death” (Whelan et al.,
2012; Dorn and Kitsis, 2015). MFN2 plays a unique role in
mitophagy compared to MFN1, and mitophagic dysfunction may
also contribute to neuronal degeneration in CMT2A.

The classic mitophagy pathway is a mechanism for selective
removal of irreparably damaged mitochondria from cells via
the PINK1-Parkin pathway, as recently reviewed in detail
(Dorn, 2016; Pickles et al., 2018). An in vivo role played
by MFN2 as a signaling intermediate between mitochondrial
PINK1 kinase and the cytosolic E3 ubiquitin ligase Parkin was
described in neurons and cardiac myocytes (Lee et al., 2012;
Chen and Dorn, 2013; Chen et al., 2014; Song et al., 2015,
2017). Briefly, nuclear-encoded PINK1kinase is translated in
the cytosol and actively imported into mitochondria; in normal
mitochondria PINK1 is immediately degraded via targeted
proteolysis. Thus, healthy mitochondria contain little or no
PINK1 protein. However, PINK1 degradation is suppressed
in functionally impaired or damaged mitochondria, permitting
PINK1 to accumulate. When present, PINK1 phosphorylates its
many mitochondrial substrates, including at least three amino
acids on MFN2 (Chen and Dorn, 2013; Rocha et al., 2018). MFN2
phosphorylation by PINK1 promotes MFN2-Parkin binding
on the outer mitochondrial membrane, facilitating Parkin-
mediated ubiquitination of one hundred or more mitochondrial
outer membrane proteins (Sarraf et al., 2013). Ubiquitinated
mitochondrial outer membrane proteins attract autophagosomes
and stimulate autophagosomal engulfment of the damaged
organelle, thus initiating mitophagy (Pickles et al., 2018).

PINK1-phosphorylated MFN2 is not only a “Parkin receptor,”
but it loses the ability to promote mitochondrial fusion (Chen
and Dorn, 2013; Rocha et al., 2018). This binary functional
switching of MFN2 from mitochondrial fusion protein to
mitophagy effector serves to sequester organelles destined for
mitophagic elimination from fusing with healthy members of
the mitochondrial collective, thus preventing “mitochondrial
contagion” (Bhandari et al., 2014). In this context, it is reasonable
to postulate that fusion-impaired MFN2 mutants could also
be mitophagy-impaired. However, impaired mitophagy is not a
feature of CMT2A. Indeed, both an in vitro study of iPSC-derived
motor neurons derived from siblings harboring a MFN2A383V
mutation (Rizzo et al., 2016), and an in vivo mouse study of
MFN2R94Q (Zhou et al., 2019), suggest that mitophagy is either
not changed or is increased in experimental CMT2A, perhaps
as a compensatory reaction to respiratory dysfunction in fusion-
defective organelles.

Mitochondrial transport requires organelle coupling via
the ortholog of Drosophila Milton, Trak1, to dynein and

kinesin, the molecular motors that move cargo along cell
microtubular structures (Stowers et al., 2002). Because the Trak1-
dynein/kinesin-microtubule pathway is a general mechanism
for trans-cellular cargo transport, for mitochondria to be
transported as the cargo a mitochondrial Trak1 binding
protein Mitochondrial Rho GTPase 1 (Miro1) attaches and
detaches mitochondria from the cell transport apparatus
(Wang and Schwarz, 2009). By binding to Trak1, Miro1
protein located (along with MFN1 and MFN2) on outer
mitochondrial membranes can attach the mitochondria to
molecular motors of the transport apparatus, and release
the mitochondria where cytosolic calcium levels are locally
increased (Devine et al., 2016). Consistent with this mechanism,
Miro-deficient cells have impaired mitochondrial transport
(Lopez-Domenech et al., 2018).

Published data have implicated MFN proteins in
mitochondrial transport, which could explain selective die-
back of long peripheral nerves in CMT2A. However, a plausible
molecular mechanism by which mitofusins engage the transport
machinery has not been defined, and the relative roles of putative
MFN- vs canonical Miro-driven mitochondrial trafficking are
unclear. Evidence for diminished mitochondrial motility in
neurons expressing CMT2A MFN2 mutants is inferential (Baloh
et al., 2007; Misko et al., 2010; Rocha et al., 2018) and potentially
explainable by indirect effects of impaired mitochondrial
fusion (and resulting alterations in mitochondrial morphology,
connectivity, and respiratory function) on mitochondrial
motility. The observation that both mitofusins can interact with
Miro proteins when the protein pairs are co-expressed (Misko
et al., 2010) suggested direct interactions between MFN1 or
MFN2 and the canonical Miro-Trak mitochondrial transport
apparatus. Again however, because co-expressed proteins can
participate in non-physiological promiscuous interactions, and
co-immunoprecipitation may involve third unidentified protein
partners, these types of co-IP studies do not prove either a
naturally occurring or direct interaction between MFNs and
Miros. Thus, while published associations between mutational
or allelic loss-of-MFN function and mitochondrial dysmotility
suggest that mitofusins somehow either regulate or help mediate
mitochondrial transport, this notion requires unambiguous
delineation of the causal molecular events in the context of
endogenous proteins in relevant neuronal systems.

PHARMACOLOGICAL MITOFUSIN
ACTIVATION AS A RESEARCH TOOL
AND POTENTIAL CLINICAL
THERAPEUTIC

Until recently the only way to interrogate mitofusin function
was genetically, through gene deletion or overexpression of WT
or mutant MFNs. Several years ago, Franco et al. described an
MFN2-derived activating mini-peptide that, by competing with
endogenous peptide-peptide interactions constraining MFN1
and MFN2 into closed “inactive” conformations, induced a
more open and “active” conformation capable of promoting
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mitochondrial fusion (Franco et al., 2016). The MFN activator
peptide is useful as a research tool for in vitro studies of MFN
functioning (Zhou et al., 2019), but peptides are unwieldy as
clinical therapeutics because they are expensive to produce,
usually cannot be administered orally, and tend to be rapidly
eliminated. Thus, Rocha et al. used rational design to develop
small molecule peptidomimetics with even greater in vitro
potency than the original mitofusin activating peptide: First,
a minimally effective MFN activating peptide of 11 amino
acids was identified. Then, alanine scanning was used to
delineate the functionally important amino acids. Finally, a
pharmacophore model was used to perform an in silico screen
for commercially available compounds having similar structural
characteristics as the function-critical agonist peptide amino
acids. Biological screening of 55 such candidates identified two
with detectable agonist activity and de novo synthesis of so-called
“Franken-molecules” having different chemical moieties from
these fusogenic compounds led to a first-in-class small molecule
mitofusin agonist, Chimera B-A/l (Rocha et al., 2018). Chimera is
a potent mitochondrial fusogen (EC50 3–5 nM) lacking activity
for related dynamin-family proteins, which rapidly (<1 h)
normalized mitochondrial transport in ex vivo sciatic nerve

axons from CMT2A mice (Rocha et al., 2018). Because the
pharmacokinetic and in vivo pharmacodynamic characteristics
of Chimera B-A/l were not reported it is not clear whether this
compound will prove useful in vivo as a treatment for CMT2A.
Nevertheless, the possibility of using pharmacology, instead of or
in addition to genetic manipulation, to understand the various
roles played by mitofusins in cell biology and neurodegenerative
disease adds to the existing research tool kit and may hold
clinical promise.

AUTHOR CONTRIBUTIONS

GD wrote the manuscript and created the figures.

FUNDING

Supported by NIH R35135736, R41 NS113642, and R41
NS115184. GD is the Philip and Sima K. Needleman-endowed
Professor at Washington University in St. Louis and a Scholar-
Innovator awardee of the Harrington Discovery Institute.

REFERENCES
Ando, M., Hashiguchi, A., Okamoto, Y., Yoshimura, A., Hiramatsu, Y., Yuan, J.,

et al. (2017). Clinical and genetic diversities of Charcot-Marie-Tooth disease
with MFN2 mutations in a large case study. J. Peripher. Nerv. Syst. 22, 191–199.
doi: 10.1111/jns.12228

Arber, S., Han, B., Mendelsohn, M., Smith, M., Jessell, T. M., and Sockanathan, S.
(1999). Requirement for the homeobox gene Hb9 in the consolidation of motor
neuron identity. Neuron 23, 659–674. doi: 10.1016/s0896-6273(01)80026-x

Baloh, R. H., Schmidt, R. E., Pestronk, A., and Milbrandt, J. (2007). Altered
axonal mitochondrial transport in the pathogenesis of Charcot-Marie-Tooth
disease from mitofusin 2 mutations. J. Neurosci. 27, 422–430. doi: 10.1523/
JNEUROSCI.4798-06.2007

Bannerman, P., Burns, T., Xu, J., Miers, L., and Pleasure, D. (2016). Mice
hemizygous for a pathogenic mitofusin-2 allele exhibit hind limb/foot gait
deficits and phenotypic perturbations in nerve and muscle. PLoS One
11:e0167573. doi: 10.1371/journal.pone.0167573

Bell, M. B., Bush, Z., McGinnis, G. R., and Rowe, G. C. (2019). Adult skeletal muscle
deletion of Mitofusin 1 and 2 impedes exercise performance and training
capacity. J. Appl. Physiol. 126, 341–353. doi: 10.1152/japplphysiol.00719.2018

Berciano, J., Garcia, A., Gallardo, E., Peeters, K., Pelayo-Negro, A. L., Alvarez-
Paradelo, S., et al. (2017). Intermediate charcot-marie-tooth disease: an
electrophysiological reappraisal and systematic review. J. Neurol. 264, 1655–
1677. doi: 10.1007/s00415-017-8474-3

Bhandari, P., Song, M., Chen, Y., Burelle, Y., and Dorn, G. W. II (2014).
Mitochondrial contagion induced by Parkin deficiency in Drosophila hearts
and its containment by suppressing mitofusin. Circ. Res. 114, 257–265. doi:
10.1161/CIRCRESAHA.114.302734

Boaretto, F., Vettori, A., Casarin, A., Vazza, G., Muglia, M., Rossetto, M. G.,
et al. (2010). Severe CMT type 2 with fatal encephalopathy associated with a
novel MFN2 splicing mutation. Neurology 74, 1919–1921. doi: 10.1212/WNL.
0b013e3181e240f9

Bombelli, F., Stojkovic, T., Dubourg, O., Echaniz-Laguna, A., Tardieu, S., Larcher,
K., et al. (2014). Charcot-Marie-Tooth disease type 2A: from typical to rare
phenotypic and genotypic features. JAMA Neurol. 71, 1036–1042. doi: 10.1001/
jamaneurol.2014.629

Boutant, M., Kulkarni, S. S., Joffraud, M., Ratajczak, J., Valera-Alberni, M., Combe,
R., et al. (2017). Mfn2 is critical for brown adipose tissue thermogenic function.
Embo J. 36, 1543–1558. doi: 10.15252/embj.201694914

Brandt, T., Cavellini, L., Kuhlbrandt, W., and Cohen, M. M. (2016). A mitofusin-
dependent docking ring complex triggers mitochondrial fusion in vitro. Elife
5:14618. doi: 10.7554/eLife.14618

Brockmann, K., Dreha-Kulaczewski, S., Dechent, P., Bonnemann, C., Helms, G.,
Kyllerman, M., et al. (2008). Cerebral involvement in axonal charcot-marie-
tooth neuropathy caused by mitofusin2 mutations. J. Neurol. 255, 1049–1058.
doi: 10.1007/s00415-008-0847-1

Capel, E., Vatier, C., Cervera, P., Stojkovic, T., Disse, E., Cottereau, A. S., et al.
(2018). MFN2-associated lipomatosis: clinical spectrum and impact on adipose
tissue. J. Clin. Lipidol. 12, 1420–1435. doi: 10.1016/j.jacl.2018.07.009

Cartoni, R., Arnaud, E., Medard, J. J., Poirot, O., Courvoisier, D. S., Chrast, R.,
et al. (2010). Expression of mitofusin 2(R94Q) in a transgenic mouse leads
to charcot-marie-tooth neuropathy type 2A. Brain 133(Pt 5), 1460–1469. doi:
10.1093/brain/awq082

Chan, D. C. (2012). Fusion and fission: interlinked processes critical for
mitochondrial health. Annu. Rev. Genet. 46, 265–287. doi: 10.1146/annurev-
genet-110410-132529

Chauvenet, A. R., Shashi, V., Selsky, C., Morgan, E., Kurtzberg, J., and Bell, B.
(2003). Vincristine-induced neuropathy as the initial presentation of charcot-
marie-tooth disease in acute lymphoblastic leukemia: a pediatric oncology
group study. J. Pediatr. Hematol. Oncol. 25, 316–320. doi: 10.1097/00043426-
200304000-00010

Chen, H., and Chan, D. C. (2006). Critical dependence of neurons on
mitochondrial dynamics. Curr. Opin. Cell Biol. 18, 453–459. doi: 10.1016/j.ceb.
2006.06.004

Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., and Chan,
D. C. (2003). Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial
fusion and are essential for embryonic development. J. Cell Biol. 160, 189–200.
doi: 10.1083/jcb.200211046

Chen, H., McCaffery, J. M., and Chan, D. C. (2007). Mitochondrial fusion protects
against neurodegeneration in the cerebellum. Cell 130, 548–562. doi: 10.1016/j.
cell.2007.06.026

Chen, H., Vermulst, M., Wang, Y. E., Chomyn, A., Prolla, T. A., McCaffery, J. M.,
et al. (2010). Mitochondrial fusion is required for mtDNA stability in skeletal
muscle and tolerance of mtDNA mutations. Cell 141, 280–289. doi: 10.1016/j.
cell.2010.02.026

Chen, Y., and Dorn, G. W. II (2013). PINK1-phosphorylated mitofusin 2 is a
Parkin receptor for culling damaged mitochondria. Science 340, 471–475. doi:
10.1126/science.1231031

Frontiers in Physiology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 782

https://doi.org/10.1111/jns.12228
https://doi.org/10.1016/s0896-6273(01)80026-x
https://doi.org/10.1523/JNEUROSCI.4798-06.2007
https://doi.org/10.1523/JNEUROSCI.4798-06.2007
https://doi.org/10.1371/journal.pone.0167573
https://doi.org/10.1152/japplphysiol.00719.2018
https://doi.org/10.1007/s00415-017-8474-3
https://doi.org/10.1161/CIRCRESAHA.114.302734
https://doi.org/10.1161/CIRCRESAHA.114.302734
https://doi.org/10.1212/WNL.0b013e3181e240f9
https://doi.org/10.1212/WNL.0b013e3181e240f9
https://doi.org/10.1001/jamaneurol.2014.629
https://doi.org/10.1001/jamaneurol.2014.629
https://doi.org/10.15252/embj.201694914
https://doi.org/10.7554/eLife.14618
https://doi.org/10.1007/s00415-008-0847-1
https://doi.org/10.1016/j.jacl.2018.07.009
https://doi.org/10.1093/brain/awq082
https://doi.org/10.1093/brain/awq082
https://doi.org/10.1146/annurev-genet-110410-132529
https://doi.org/10.1146/annurev-genet-110410-132529
https://doi.org/10.1097/00043426-200304000-00010
https://doi.org/10.1097/00043426-200304000-00010
https://doi.org/10.1016/j.ceb.2006.06.004
https://doi.org/10.1016/j.ceb.2006.06.004
https://doi.org/10.1083/jcb.200211046
https://doi.org/10.1016/j.cell.2007.06.026
https://doi.org/10.1016/j.cell.2007.06.026
https://doi.org/10.1016/j.cell.2010.02.026
https://doi.org/10.1016/j.cell.2010.02.026
https://doi.org/10.1126/science.1231031
https://doi.org/10.1126/science.1231031
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00782 July 7, 2020 Time: 19:57 # 8

Dorn Mitofusin 2 Dysfunction and Disease

Chen, Y., Liu, Y., and Dorn, G. W. II (2011). Mitochondrial fusion is essential
for organelle function and cardiac homeostasis. Circ. Res. 109, 1327–1331.
doi: 10.1161/CIRCRESAHA.111.258723

Chen, Y., Sparks, M., Bhandari, P., Matkovich, S. J., and Dorn, G. W. II (2014).
Mitochondrial genome linearization is a causative factor for cardiomyopathy
in mice and Drosophila. Antioxid Redox Signal 21, 1949–1959. doi: 10.1089/ars.
2013.5432

Chen, Y. C. G., Jowdy, C., Schneider, T. G., Csordás, N., Wang, W., Liu, Y., et al.
(2012). Mitofusin 2-containing mitochondrial-reticular microdomains
direct rapid cardiomyocyte bioenergetic responses via interorganelle
Ca(2+) crosstalk. Circ. Res. 111, 863–875. doi: 10.1161/CIRCRESAHA.112.2
66585

Choi, B. O., Nakhro, K., Park, H. J., Hyun, Y. S., Lee, J. H., Kanwal, S., et al. (2015).
A cohort study of MFN2 mutations and phenotypic spectrums in Charcot-
Marie-Tooth disease 2A patients. Clin. Genet. 87, 594–598. doi: 10.1111/cge.
12432

Chung, K. W., Kim, S. B., Park, K. D., Choi, K. G., Lee, J. H., Eun, H. W., et al.
(2006). Early onset severe and late-onset mild Charcot-Marie-Tooth disease
with mitofusin 2 (MFN2) mutations. Brain 129(Pt 8), 2103–2118. doi: 10.1093/
brain/awl174

Cornett, K. M., Menezes, M. P., Bray, P., Halaki, M., Shy, R. R., Yum, S. W., et al.
(2016). Phenotypic variability of childhood charcot-marie-tooth disease. JAMA
Neurol. 73, 645–651. doi: 10.1001/jamaneurol.2016.0171

Crunkhorn, S. (2018). Neurodegenerative disorders: rescuing mitochondrial
motility. Nat. Rev. Drug Discov. 17:391. doi: 10.1038/nrd.2018.76

De Brito, O. M., and Scorrano, L. (2008). Mitofusin 2 tethers endoplasmic
reticulum to mitochondria. Nature 456, 605–610. doi: 10.1038/nature07534

Detmer, S. A., and Chan, D. C. (2007). Complementation between mouse Mfn1
and Mfn2 protects mitochondrial fusion defects caused by CMT2A disease
mutations. J. Cell Biol. 176, 405–414. doi: 10.1083/jcb.200611080

Detmer, S. A., Vande Velde, C., Cleveland, D. W., and Chan, D. C. (2008). Hindlimb
gait defects due to motor axon loss and reduced distal muscles in a transgenic
mouse model of Charcot-Marie-Tooth type 2A. Hum. Mol. Genet. 17, 367–375.
doi: 10.1093/hmg/ddm314

Devine, M. J., Birsa, N., and Kittler, J. T. (2016). Miro sculpts mitochondrial
dynamics in neuronal health and disease. Neurobiol. Dis. 90, 27–34. doi: 10.
1016/j.nbd.2015.12.008

Dorn, G. W. II (2016). Central Parkin: the evolving role of Parkin in the heart.
Biochim. Biophys. Acta 1857, 1307–1312. doi: 10.1016/j.bbabio.2016.03.014

Dorn, G. W. II (2020). Mitofusins as mitochondrial anchors and tethers. J. Mol.
Cell. Cardiol. 142, 146–153. doi: 10.1016/j.yjmcc.2020.04.016

Dorn, G. W. II, and Kitsis, R. N. (2015). The mitochondrial dynamism-
mitophagy-cell death interactome: multiple roles performed by members of
a mitochondrial molecular ensemble. Circ. Res. 116, 167–182. doi: 10.1161/
CIRCRESAHA.116.303554

Feely, S. M., Laura, M., Siskind, C. E., Sottile, S., Davis, M., Gibbons, V. S.,
et al. (2011). MFN2 mutations cause severe phenotypes in most patients with
CMT2A. Neurology 76, 1690–1696. doi: 10.1212/WNL.0b013e31821a441e

Filadi, R., Pendin, D., and Pizzo, P. (2018). Mitofusin 2: from functions to disease.
Cell Death Dis. 9:330. doi: 10.1038/s41419-017-0023-6

Franco, A., Kitsis, R. N., Fleischer, J. A., Gavathiotis, E., Kornfeld, O. S., Gong,
G., et al. (2016). Correcting mitochondrial fusion by manipulating mitofusin
conformations. Nature 540, 74–79. doi: 10.1038/nature20156

Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G.,
Catez, F., et al. (2001). The role of dynamin-related protein 1, a mediator of
mitochondrial fission, in apoptosis. Dev. Cell 1, 515–525. doi: 10.1016/s1534-
5807(01)00055-7

Fridman, V., Bundy, B., Reilly, M. M., Pareyson, D., Bacon, C., Burns, J.,
et al. (2015). CMT subtypes and disease burden in patients enrolled in the
Inherited Neuropathies Consortium natural history study: a cross-sectional
analysis. J. Neurol. Neurosurg. Psychiatry 86, 873–878. doi: 10.1136/jnnp-2014-3
08826

Gemignani, F., Melli, G., Alfieri, S., Inglese, C., and Marbini, A. (2004). Sensory
manifestations in charcot-marie-tooth disease. J. Peripher. Nerv. Syst. 9, 7–14.
doi: 10.1111/j.1085-9489.2004.09103.x

Gong, G., Song, M., Csordas, G., Kelly, D. P., Matkovich, S. J., and Dorn,
G. W. II (2015). Parkin-mediated mitophagy directs perinatal cardiac metabolic
maturation in mice. Science 350:aad2459. doi: 10.1126/science.aad2459

Han, S., Nandy, P., Austria, Q., Siedlak, S. L., Torres, S., Fujioka, H., et al. (2020).
Mfn2 ablation in the adult mouse hippocampus and cortex causes neuronal
death. Cells 9:116. doi: 10.3390/cells9010116

Harding, A. E., and Thomas, P. K. (1980). The clinical features of hereditary motor
and sensory neuropathy types I and II. Brain 103, 259–280. doi: 10.1093/brain/
103.2.259

Hoebeke, C., Bonello-Palot, N., Audic, F., Boulay, C., Tufod, D., Attarian, S.,
et al. (2018). Retrospective study of 75 children with peripheral inherited
neuropathy: genotype-phenotype correlations. Arch. Pediatr 25, 452–458. doi:
10.1016/j.arcped.2018.09.006

Ishihara, N., Eura, Y., and Mihara, K. (2004). Mitofusin 1 and 2 play distinct roles
in mitochondrial fusion reactions via GTPase activity. J. Cell Sci. 117(Pt 26),
6535–6546. doi: 10.1242/jcs.01565

Kasahara, A., Cipolat, S., Chen, Y., Dorn, G. W. II, and Scorrano, L. (2013).
Mitochondrial fusion directs cardiomyocyte differentiation via calcineurin and
Notch signaling. Science 342, 734–737. doi: 10.1126/science.1241359

Koshiba, T., Detmer, S. A., Kaiser, J. T., Chen, H., McCaffery, J. M., and Chan, D. C.
(2004). Structural basis of mitochondrial tethering by mitofusin complexes.
Science 305, 858–862. doi: 10.1126/science.1099793

Larrea, D., Pera, M., Gonnelli, A., Quintana-Cabrera, R., Akhman, H. O.,
Guardia-Laguarta, C., et al. (2019). MFN2 mutations in Charcot-Marie-Tooth
disease alter mitochondria-associated ER membrane function but do not
impair bioenergetics. Hum. Mol. Genet. 28, 1782–1800. doi: 10.1093/hmg/
ddz008

Lee, S., Sterky, F. H., Mourier, A., Terzioglu, M., Cullheim, S., Olson, L., et al.
(2012). Mitofusin 2 is necessary for striatal axonal projections of midbrain
dopamine neurons. Hum. Mol. Genet. 21, 4827–4835. doi: 10.1093/hmg/
dds352

Li, Y. J., Cao, Y. L., Feng, J. X., Qi, Y., Meng, S., Yang, J. F., et al. (2019). Structural
insights of human mitofusin-2 into mitochondrial fusion and CMT2A onset.
Nat. Commun. 10:4914. doi: 10.1038/s41467-019-12912-0

Lopez-Domenech, G., Covill-Cooke, C., Ivankovic, D., Halff, E. F., Sheehan, D. F.,
Norkett, R., et al. (2018). Miro proteins coordinate microtubule- and actin-
dependent mitochondrial transport and distribution. Embo J 37, 321–336. doi:
10.15252/embj.201696380

Mattie, S., Riemer, J., Wideman, J. G., and McBride, H. M. (2018). A new
mitofusin topology places the redox-regulated C terminus in the mitochondrial
intermembrane space. J. Cell Biol. 217, 507–515. doi: 10.1083/jcb.201611194

Milley, G. M., Varga, E. T., Grosz, Z., Nemes, C., Aranyi, Z., Boczan, J., et al. (2018).
Genotypic and phenotypic spectrum of the most common causative genes of
charcot-marie-tooth disease in hungarian patients. Neuromuscul. Disord. 28,
38–43. doi: 10.1016/j.nmd.2017.08.007

Misko, A., Jiang, S., Wegorzewska, I., Milbrandt, J., and Baloh, R. H. (2010).
Mitofusin 2 is necessary for transport of axonal mitochondria and interacts
with the Miro/Milton complex. J. Neurosci. 30, 4232–4240. doi: 10.1523/
JNEUROSCI.6248-09.2010

Mourier, A., Motori, E., Brandt, T., Lagouge, M., Atanassov, I., Galinier, A., et al.
(2015). Mitofusin 2 is required to maintain mitochondrial coenzyme Q levels.
J. Cell Biol. 208, 429–442. doi: 10.1083/jcb.201411100

Muglia, M., Zappia, M., Timmerman, V., Valentino, P., Gabriele, A. L., Conforti,
F. L., et al. (2001). Clinical and genetic study of a large charcot-marie-tooth
type 2A family from southern Italy. Neurology 56, 100–103. doi: 10.1212/wnl.
56.1.100

Naon, D., Zaninello, M., Giacomello, M., Varanita, T., Grespi, F.,
Lakshminaranayan, S., et al. (2016). Critical reappraisal confirms that
Mitofusin 2 is an endoplasmic reticulum-mitochondria tether. Proc. Natl. Acad.
Sci. U.S.A. 113, 11249–11254. doi: 10.1073/pnas.1606786113

Neves, E. L., and Kok, F. (2011). Clinical and neurophysiological investigation
of a large family with dominant Charcot-Marie-Tooth type 2 disease with
pyramidal signs. Arq. Neuropsiquiatr. 69, 424–430. doi: 10.1590/s0004-
282x2011000400003

Nicholson, G. A., Magdelaine, C., Zhu, D., Grew, S., Ryan, M. M., Sturtz, F., et al.
(2008). Severe early-onset axonal neuropathy with homozygous and compound
heterozygous MFN2 mutations. Neurology 70, 1678–1681. doi: 10.1212/01.wnl.
0000311275.89032.22

Pareyson, D., Saveri, P., Sagnelli, A., and Piscosquito, G. (2015). Mitochondrial
dynamics and inherited peripheral nerve diseases. Neurosci. Lett. 596, 66–77.
doi: 10.1016/j.neulet.2015.04.001

Frontiers in Physiology | www.frontiersin.org 8 July 2020 | Volume 11 | Article 782

https://doi.org/10.1161/CIRCRESAHA.111.258723
https://doi.org/10.1089/ars.2013.5432
https://doi.org/10.1089/ars.2013.5432
https://doi.org/10.1161/CIRCRESAHA.112.266585
https://doi.org/10.1161/CIRCRESAHA.112.266585
https://doi.org/10.1111/cge.12432
https://doi.org/10.1111/cge.12432
https://doi.org/10.1093/brain/awl174
https://doi.org/10.1093/brain/awl174
https://doi.org/10.1001/jamaneurol.2016.0171
https://doi.org/10.1038/nrd.2018.76
https://doi.org/10.1038/nature07534
https://doi.org/10.1083/jcb.200611080
https://doi.org/10.1093/hmg/ddm314
https://doi.org/10.1016/j.nbd.2015.12.008
https://doi.org/10.1016/j.nbd.2015.12.008
https://doi.org/10.1016/j.bbabio.2016.03.014
https://doi.org/10.1016/j.yjmcc.2020.04.016
https://doi.org/10.1161/CIRCRESAHA.116.303554
https://doi.org/10.1161/CIRCRESAHA.116.303554
https://doi.org/10.1212/WNL.0b013e31821a441e
https://doi.org/10.1038/s41419-017-0023-6
https://doi.org/10.1038/nature20156
https://doi.org/10.1016/s1534-5807(01)00055-7
https://doi.org/10.1016/s1534-5807(01)00055-7
https://doi.org/10.1136/jnnp-2014-308826
https://doi.org/10.1136/jnnp-2014-308826
https://doi.org/10.1111/j.1085-9489.2004.09103.x
https://doi.org/10.1126/science.aad2459
https://doi.org/10.3390/cells9010116
https://doi.org/10.1093/brain/103.2.259
https://doi.org/10.1093/brain/103.2.259
https://doi.org/10.1016/j.arcped.2018.09.006
https://doi.org/10.1016/j.arcped.2018.09.006
https://doi.org/10.1242/jcs.01565
https://doi.org/10.1126/science.1241359
https://doi.org/10.1126/science.1099793
https://doi.org/10.1093/hmg/ddz008
https://doi.org/10.1093/hmg/ddz008
https://doi.org/10.1093/hmg/dds352
https://doi.org/10.1093/hmg/dds352
https://doi.org/10.1038/s41467-019-12912-0
https://doi.org/10.15252/embj.201696380
https://doi.org/10.15252/embj.201696380
https://doi.org/10.1083/jcb.201611194
https://doi.org/10.1016/j.nmd.2017.08.007
https://doi.org/10.1523/JNEUROSCI.6248-09.2010
https://doi.org/10.1523/JNEUROSCI.6248-09.2010
https://doi.org/10.1083/jcb.201411100
https://doi.org/10.1212/wnl.56.1.100
https://doi.org/10.1212/wnl.56.1.100
https://doi.org/10.1073/pnas.1606786113
https://doi.org/10.1590/s0004-282x2011000400003
https://doi.org/10.1590/s0004-282x2011000400003
https://doi.org/10.1212/01.wnl.0000311275.89032.22
https://doi.org/10.1212/01.wnl.0000311275.89032.22
https://doi.org/10.1016/j.neulet.2015.04.001
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00782 July 7, 2020 Time: 19:57 # 9

Dorn Mitofusin 2 Dysfunction and Disease

Park, S. Y., Kim, S. Y., Hong, Y. H., Cho, S. I., Seong, M. W., and Park, S. S. (2012). A
novel double mutation in cis in MFN2 causes Charcot-Marie-Tooth neuropathy
type 2A. Neurogenetics 13, 275–280. doi: 10.1007/s10048-012-0327-8

Pickles, S., Vigie, P., and Youle, R. J. (2018). Mitophagy and quality control
mechanisms in mitochondrial maintenance. Curr. Biol. 28, R170–R185. doi:
10.1016/j.cub.2018.01.004

Ramirez, S., Gomez-Valades, A. G., Schneeberger, M., Varela, L., Haddad-Tovolli,
R., Altirriba, J., et al. (2017). Mitochondrial dynamics mediated by mitofusin 1
is required for pomc neuron glucose-sensing and insulin release control. Cell
Metab 25, 1390–1399.e1396.

Rance, G., Ryan, M. M., Bayliss, K., Gill, K., O’Sullivan, C., and Whitechurch, M.
(2012). Auditory function in children with charcot-marie-tooth disease. Brain
135(Pt 5), 1412–1422. doi: 10.1093/brain/aws085

Rizzo, F., Ronchi, D., Salani, S., Nizzardo, M., Fortunato, F., Bordoni, A., et al.
(2016). Selective mitochondrial depletion, apoptosis resistance, and increased
mitophagy in human Charcot-Marie-Tooth 2A motor neurons. Hum. Mol.
Genet. 25, 4266–4281. doi: 10.1093/hmg/ddw258

Rocha, A. G., Franco, A., Krezel, A. M., Rumsey, J. M., Alberti, J. M., Knight,
W. C., et al. (2018). MFN2 agonists reverse mitochondrial defects in preclinical
models of Charcot-Marie-Tooth disease type 2A. Science 360, 336–341. doi:
10.1126/science.aao1785

Rocha, N., Bulger, D. A., Frontini, A., Titheradge, H., Gribsholt, S. B., Knox,
R., et al. (2017). Human biallelic MFN2 mutations induce mitochondrial
dysfunction, upper body adipose hyperplasia, and suppression of leptin
expression. Elife 6:23813. doi: 10.7554/eLife.23813

Santel, A., Frank, S., Gaume, B., Herrler, M., Youle, R. J., and Fuller, M. T. (2003).
Mitofusin-1 protein is a generally expressed mediator of mitochondrial fusion
in mammalian cells. J. Cell Sci. 116(Pt 13), 2763–2774. doi: 10.1242/jcs.00479

Santel, A., and Fuller, M. T. (2001). Control of mitochondrial morphology by a
human mitofusin. J. Cell Sci. 114(Pt 5), 867–874.

Sarraf, S. A., Raman, M., Guarani-Pereira, V., Sowa, M. E., Huttlin, E. L., Gygi, S. P.,
et al. (2013). Landscape of the PARKIN-dependent ubiquitylome in response to
mitochondrial depolarization. Nature 496, 372–376. doi: 10.1038/nature12043

Sebastian, D., Hernandez-Alvarez, M. I., Segales, J., Sorianello, E., Munoz, J. P.,
Sala, D., et al. (2012). Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic
reticulum function with insulin signaling and is essential for normal glucose
homeostasis. Proc. Natl. Acad. Sci. U.S.A. 109, 5523–5528. doi: 10.1073/pnas.
1108220109

Sebastian, D., Sorianello, E., Segales, J., Irazoki, A., Ruiz-Bonilla, V., Sala, D., et al.
(2016). Mfn2 deficiency links age-related sarcopenia and impaired autophagy
to activation of an adaptive mitophagy pathway. Embo J. 35, 1677–1693. doi:
10.15252/embj.201593084

Seidlmayer, L. K., Mages, C., Berbner, A., Eder-Negrin, P., Arias-Loza, P. A., Kaspar,
M., et al. (2019). Mitofusin 2 is essential for IP3-mediated SR/mitochondria
metabolic feedback in ventricular myocytes. Front. Physiol. 10:733. doi: 10.3389/
fphys.2019.00733

Sole, G., Ferrer, X., Vital, C., Martin-Negrier, M. L., Vital, A., and Latour, P.
(2009). Ultrastructural mitochondrial modifications characteristic of mitofusin
2 mutations (CMT2A). J. Peripher. Nerv. Syst. 14, 206–207. doi: 10.1111/j.1529-
8027.2009.00234.x

Song, M., Chen, Y., Gong, G., Murphy, E., Rabinovitch, P. S., and Dorn, G. W.
II (2014). Super-suppression of mitochondrial reactive oxygen species signaling
impairs compensatory autophagy in primary mitophagic cardiomyopathy. Circ.
Res. 115, 348–353. doi: 10.1161/CIRCRESAHA.115.304384

Song, M., Franco, A., Fleischer, J. A., Zhang, L., and Dorn, G. W. II (2017).
Abrogating mitochondrial dynamics in mouse hearts accelerates mitochondrial
senescence. Cell Metab. 26, 872–883.e875. doi: 10.1016/j.cmet.2017.09.023

Song, M., Mihara, K., Chen, Y., Scorrano, L., and Dorn, G. W. II (2015).
Mitochondrial fission and fusion factors reciprocally orchestrate mitophagic
culling in mouse hearts and cultured fibroblasts. Cell Metab. 21, 273–285.
doi: 10.1016/j.cmet.2014.12.011

Stowers, R. S., Megeath, L. J., Gorska-Andrzejak, J., Meinertzhagen, I. A., and
Schwarz, T. L. (2002). Axonal transport of mitochondria to synapses depends

on milton, a novel Drosophila protein. Neuron 36, 1063–1077. doi: 10.1016/
s0896-6273(02)01094-2

Strickland, A. V., Rebelo, A. P., Zhang, F., Price, J., Bolon, B., Silva, J. P., et al.
(2014). Characterization of the mitofusin 2 R94W mutation in a knock-in
mouse model. J. Peripher. Nerv. Syst. 19, 152–164. doi: 10.1111/jns5.12066

Stuppia, G., Rizzo, F., Riboldi, G., Del, Bo, R., Nizzardo, M., et al. (2015). MFN2-
related neuropathies: clinical features, molecular pathogenesis and therapeutic
perspectives. J. Neurol. Sci. 356, 7–18. doi: 10.1016/j.jns.2015.05.033

Sugioka, R., Shimizu, S., and Tsujimoto, Y. (2004). Fzo1, a protein involved in
mitochondrial fusion, inhibits apoptosis. J. Biol. Chem. 279, 52726–52734. doi:
10.1074/jbc.M408910200

Thaler, J., Harrison, K., Sharma, K., Lettieri, K., Kehrl, J., and Pfaff, S. L. (1999).
Active suppression of interneuron programs within developing motor neurons
revealed by analysis of homeodomain factor HB9. Neuron 23, 675–687. doi:
10.1016/s0896-6273(01)80027-1

Verhoeven, K., Claeys, K. G., Zuchner, S., Schroder, J. M., Weis, J., Ceuterick, C.,
et al. (2006). MFN2 mutation distribution and genotype/phenotype correlation
in Charcot-Marie-Tooth type 2. Brain 129(Pt 8), 2093–2102. doi: 10.1093/brain/
awl126

Vucic, S., Kennerson, M., Zhu, D., Miedema, E., Kok, C., and Nicholson, G. A.
(2003). CMT with pyramidal features. Charcot-marie-tooth. Neurology 60,
696–699. doi: 10.1212/01.wnl.0000048561.61921.71

Wang, X., and Schwarz, T. L. (2009). The mechanism of Ca2+ -dependent
regulation of kinesin-mediated mitochondrial motility. Cell 136, 163–174. doi:
10.1016/j.cell.2008.11.046

Whelan, R. S., Konstantinidis, K., Wei, A. C., Chen, Y., Reyna, D. E., Jha, S., et al.
(2012). Bax regulates primary necrosis through mitochondrial dynamics. Proc.
Natl. Acad. Sci. U.S.A. 109, 6566–6571. doi: 10.1073/pnas.1201608109

Yoshimura, A., Yuan, J. H., Hashiguchi, A., Ando, M., Higuchi, Y., Nakamura, T.,
et al. (2019). Genetic profile and onset features of 1005 patients with charcot-
marie-tooth disease in Japan. J. Neurol. Neurosurg. Psychiatry 90, 195–202.
doi: 10.1136/jnnp-2018-318839

Zhao, J., Wu, X., Wu, D., Yu, Y., Yu, Y., Wang, Y., et al. (2018). Embryonic
surface ectoderm-specific mitofusin 2 conditional knockout induces congenital
cataracts in mice. Sci. Rep. 8:1522. doi: 10.1038/s41598-018-19849-2

Zhou, Y., Carmona, S., Muhammad, A., Bell, S., Landeros, J., Vazquez, M., et al.
(2019). Restoring mitofusin balance prevents axonal degeneration in a Charcot-
Marie-Tooth type 2A model. J. Clin. Invest. 130, 1756–1771. doi: 10.1172/
jci124194

Zuchner, S., De Jonghe, P., Jordanova, A., Claeys, K. G., Guergueltcheva, V.,
Cherninkova, S., et al. (2006). Axonal neuropathy with optic atrophy is caused
by mutations in mitofusin 2. Ann. Neurol. 59, 276–281. doi: 10.1002/ana.
20797

Zuchner, S., Mersiyanova, I. V., Muglia, M., Bissar-Tadmouri, N., Rochelle, J.,
Dadali, E. L., et al. (2004). Mutations in the mitochondrial GTPase mitofusin
2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat. Genet. 36, 449–451.
doi: 10.1038/ng1341

Conflict of Interest: GD is an inventor on patent applications PCT/US17/052556
submitted by Stanford University and Washington University, PCT/US18/028514
submitted by Washington University, and PCT/US19/46356 and PCT/US20/14784
submitted by Mitochondria Emotion, Inc., that cover the use of peptides or
small molecule mitofusin agonists to treat chronic neurodegenerative diseases.
GD is the founder of Mitochondria in Motion, Inc., a Saint Louis based biotech
R&D company focused on enhancing mitochondrial trafficking and fitness in
neurodegenerative diseases.

Copyright © 2020 Dorn. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 782

https://doi.org/10.1007/s10048-012-0327-8
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1093/brain/aws085
https://doi.org/10.1093/hmg/ddw258
https://doi.org/10.1126/science.aao1785
https://doi.org/10.1126/science.aao1785
https://doi.org/10.7554/eLife.23813
https://doi.org/10.1242/jcs.00479
https://doi.org/10.1038/nature12043
https://doi.org/10.1073/pnas.1108220109
https://doi.org/10.1073/pnas.1108220109
https://doi.org/10.15252/embj.201593084
https://doi.org/10.15252/embj.201593084
https://doi.org/10.3389/fphys.2019.00733
https://doi.org/10.3389/fphys.2019.00733
https://doi.org/10.1111/j.1529-8027.2009.00234.x
https://doi.org/10.1111/j.1529-8027.2009.00234.x
https://doi.org/10.1161/CIRCRESAHA.115.304384
https://doi.org/10.1016/j.cmet.2017.09.023
https://doi.org/10.1016/j.cmet.2014.12.011
https://doi.org/10.1016/s0896-6273(02)01094-2
https://doi.org/10.1016/s0896-6273(02)01094-2
https://doi.org/10.1111/jns5.12066
https://doi.org/10.1016/j.jns.2015.05.033
https://doi.org/10.1074/jbc.M408910200
https://doi.org/10.1074/jbc.M408910200
https://doi.org/10.1016/s0896-6273(01)80027-1
https://doi.org/10.1016/s0896-6273(01)80027-1
https://doi.org/10.1093/brain/awl126
https://doi.org/10.1093/brain/awl126
https://doi.org/10.1212/01.wnl.0000048561.61921.71
https://doi.org/10.1016/j.cell.2008.11.046
https://doi.org/10.1016/j.cell.2008.11.046
https://doi.org/10.1073/pnas.1201608109
https://doi.org/10.1136/jnnp-2018-318839
https://doi.org/10.1038/s41598-018-19849-2
https://doi.org/10.1172/jci124194
https://doi.org/10.1172/jci124194
https://doi.org/10.1002/ana.20797
https://doi.org/10.1002/ana.20797
https://doi.org/10.1038/ng1341
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Mitofusin 2 Dysfunction and Disease in Mice and Men
	Overview of Mitofusins
	Mfn2 Mutations and Charcot-Marie-Tooth Disease
	In vivo Pathophysiology Provoked by Human Cmt2A Mfn2 Mutants Expressed in Mice
	Mfn-Mediated Fusion, Mitophagy, and Transport in Disease
	Pharmacological Mitofusin Activation as a Research Tool and Potential Clinical Therapeutic
	Author Contributions
	Funding
	References


