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A B S T R A C T   

Mutations in the gene encoding MFN2 have been identified as associated with Charcot–Marie–Tooth disease type 
2A (CMT2A), a neurological disorder characterized by a broad clinical phenotype involving the entire nervous 
system. MFN2, a dynamin-like GTPase protein located on the outer mitochondrial membrane, is well-known for 
its involvement in mitochondrial fusion. Numerous studies have demonstrated its participation in a network 
crucial for various other mitochondrial functions, including mitophagy, axonal transport, and its controversial 
role in endoplasmic reticulum (ER)-mitochondria contacts. Considerable progress has been made in the last three 
decades in elucidating the disease pathogenesis, aided by the generation of animal and cellular models that have 
been instrumental in studying disease physiology. A review of the literature reveals that, up to now, no definitive 
pharmacological treatment for any CMT2A variant has been established; nonetheless, recent years have wit
nessed substantial progress. Many treatment approaches, especially concerning molecular therapy, such as his
tone deacetylase inhibitors, peptide therapy to increase mitochondrial fusion, the new therapeutic strategies 
based on MF1/MF2 balance, and SARM1 inhibitors, are currently in preclinical testing. The literature on gene 
silencing and gene replacement therapies is still limited, except for a recent study by Rizzo et al.(Rizzo et al., 
2023), which recently first achieved encouraging results in in vitro and in vivo models of the disease. The near- 
future goal for these promising therapies is to progress to the stage of clinical translation.   

1. Introduction 

Charcot-Marie-Tooth disease (CMT) includes a wide spectrum of 
primary inherited sensory-motor neuropathies, also defined as heredi
tary sensory and motor neuropathies (HSMN). Characterized by the 
degeneration of the peripheral nerves' axonal or myelin structures, dis
eases within this spectrum exhibit pathological and molecular features 
impacting the motor and sensory neurons (Laurá et al., 2019; Reilly 
et al., 2011). The overall prevalence of the disease has been estimated at 
1/2000-2500, making it the most common inherited neuromuscular 
disorder (Braathen, 2012). Its transmission is predominantly autosomal 
dominant, although some subtypes of autosomal recessive axonal and 
demyelinating CMT have been described. From a clinical perspective, 
CMT closely overlap with distal hereditary motor neuropathy (dHMN), a 
pure length-dependent motor nerve syndrome with no sensory 

involvement. CMTs can be classified based on their neurophysiological 
properties and inheritance patterns. Demyelinating CMT type 1 is 
distinguished by a decrease in motor nerve conduction velocity (MNCV), 
whereas axonal CMT type 2 exhibits normal motor nerve conduction 
velocity (Laurá et al., 2019). The most common form of CMT is type 2A, 
caused by mutations in the mitochondrial GTPase mitofusin 2 (OMIM 
609260), accounting for around 30-40% of axonal CMT cases and rep
resenting 4-7% of all CMTs with a confirmed genetic diagnosis 
(Braathen, 2012; Fridman et al., 2015; Murphy et al., 2012). CMT2A 
patients present with a “classic phenotype” characterized by mild 
weakness and sensory loss during the first two decades of life, with slow 
progression thereafter. Some of patients experience pure motor neu
ropathies, while many others have significant loss of proprioception in 
addition to weakness. This suggests that in some cases, there is 
involvement of large-diameter sensory axons or their perikaryons, while 

* Corresponding author at: Department of Pathophysiology and Transplantation (DEPT), University of Milan, Milan, Italy. 
E-mail address: elena.abati@unimi.it (E. Abati).   

1 These authors equally contributed to the work. 

Contents lists available at ScienceDirect 

Neurobiology of Disease 

journal homepage: www.elsevier.com/locate/ynbdi 

https://doi.org/10.1016/j.nbd.2024.106467 
Received 3 January 2024; Received in revised form 4 March 2024; Accepted 4 March 2024   

mailto:elena.abati@unimi.it
www.sciencedirect.com/science/journal/09699961
https://www.elsevier.com/locate/ynbdi
https://doi.org/10.1016/j.nbd.2024.106467
https://doi.org/10.1016/j.nbd.2024.106467
https://doi.org/10.1016/j.nbd.2024.106467
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2024.106467&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Neurobiology of Disease 193 (2024) 106467

2

in other cases they are spared. The distinction between motor and sen
sory involvement is not specific to the mutation, as the same mutations 
may cause both motor and sensorimotor phenotypes (Feely et al., 2011; 
Pipis et al., 2021). CMT2A is associated with mutations in the nuclear- 
encoded mitochondrial gene mitofusin 2 (MFN2), which is translated 
into the 757-amino acid long protein Mitofusin2 (MFN2) (Stuppia et al., 
2015). The human MFN2 gene is located at chromosome 1p (GRCh18 
1:11,980,181-12,015,211; NM_014874.4) and has 19 exons. Two 
distinct variants of the transcript encoding the identical protein have 
been discovered: variant 1 (NM_014874.4) 4685 base pairs long and 
variant 2 (NM_001127660) 4540 base pairs long, which is distinct from 
the first for the untranslated region in the 5’ UTR. The gene has ubiq
uitous expression in all human tissues; it is more abundant in heart, 
skeletal muscle, adipose tissue and liver (Casasnovas Pons et al., 2010). 
Although MFN2 is ubiquitously expressed, the predominant conse
quence of MFN2 mutations is axonal neuropathy (Detmer and Chan, 
2007). The significance of maintaining appropriate mitochondrial dy
namics in motor axons has been discussed in previous studies (Detmer 
et al., 2008). This phenomenon can be attributed to the specific 
composition of peripheral nerves, where mitochondria must travel along 
the axon for extended distances, and the existence of a mitochondrial 
network is crucial for the maintenance of peripheral nerve axons (Kijima 
et al., 2005). 

More than 100 MFN2 mutations have been detected in CMT2A pa
tients, predominantly in the form of missense mutations. However, a 
smaller proportion consists of nonsense variants or deletions. 

Although few recessive and semi-dominant forms have been 
described (Nicholson et al., 2008; Piscosquito et al., 2015; Polke et al., 
2011; Tomaselli et al., 2016), CMT2A is generally associated with het
erozygous MFN2 mutations, many of which are de novo dominant mu
tations (Cartoni and Martinou, 2009; Chen et al., 2003; Detmer and 
Chan, 2007; Feely et al., 2011; Pipis et al., 2021; Züchner et al., 2004). 
MFN2 mutations seem to induce disease through a “dominant-negative” 
mechanism, meaning that expression of this variant results in prolific 
and stable mitochondrial tethering that also blocks mitochondrial fusion 
by endogenous wild-type mitofusins (Amiott et al., 2008; Baloh et al., 
2007; Feely et al., 2011; Loiseau et al., 2007; Misko et al., 2010). These 
considerations emphasize the importance of maintaining proper func
tionality of the native protein. 

As documented in other case series, the majority of mutations are 
localized within the highly conserved amino-terminal GTP binding 
domain and coiled-coil domains (heptad repeat HR1-2) that are mainly 
involved in the regulation of mitochondria-related processes, such as 
mitochondrial fusion, mitochondrial transport along axons, and 
mitophagy (Fig. 1) (Pipis et al., 2021). This indicates the need for further 
investigation into how the specific location of the domain mutation af
fects the characteristics of mitochondrial metabolism. Most of them (p. 
R94Q, p.R104W, p.T236M, p.S249C and p.R280H) are located in the 
GTPase domain of MFN2 and exhibit a diminished capacity to hydrolyze 
GTP to GDP, which is the final step in mitochondrial fusion. Conse
quently, this leads to the formation of shortened and depolarized 
“clumped mitochondria” that remain tethered together but are unable to 
undergo fusion due to the absence of GTPase activity 35. The impact of 
loss-of-function mutations in the HR1 domain on the formation of per
inuclear mitochondrial clumping aggregates with impaired GTP cata
lytic activity remains uncertain. An alternative hypothesis is that these 
mutations in the HR1 domain promote an inactive conformation of 
mitofusin, rendering it unable to complete the fusion process. As 

explained by Franco et al. (Franco et al., 2022)prolonged exposure to the 
mitofusin agonist MiM 111 effectively reverses the mitochondrial fusion 
dysfunction observed in the HR1 mutant (M376A) by promoting an open 
conformation. This finding suggests a potential therapeutic approach for 
addressing this variant. In a recent study conducted by Abati et al. (Abati 
et al., 2022), a novel heterozygous missense variant (p.K357E) was 
identified. This variant is located outside the functional domain, spe
cifically within a helix bundle formed by helices from the N-terminal 
and C-terminal regions of the MFN2 protein, within the highly 
conserved R3 region. This helix bundle plays a crucial role in the proper 
expression of the GTPase domain. Additionally, the structural integrity 
of this helix bundle enables close interaction between the membranes of 
neighboring mitochondria, thereby facilitating precise mitochondrial 
fusion (Figs. 2 and 7). 

1.1. The protein Mitofusin 2 and its interplay with Mitofusin 1 protein 

Mammals express two Mitofusin (Mfn) paralogs, Mfn1 and Mfn2. In 
humans, MFN1 (UniProt ID: Q8IWA4, 741 amino acid residues [aa]) and 
MFN2 (UniProt ID: O95140, 757 aa) protein sequences share a 63% 
identity, 81% similarity and display a certain grade of functional 
redundancy in mice (Chen et al., 2003; Koshiba et al., 2004a). Both 
MFN1/2 are dynamin-like GTPases, embedded in the outer mitochon
drial membrane (OMM) via two adjacent transmembrane regions (Chen 
et al., 2003; Li et al., 2019; Song et al., 2009). The relative mRNA or 
protein expression levels of MFN1 and MFN2 vary between tissues: 
MFN1 predominates in heart, liver, pancreas, adrenal glands and testis, 
whereas MFN2 is more abundant in heart, skeletal muscle, adrenal 
glands and brown adipose tissue and brain (Chandhok et al., 2018; 
Santel et al., 2003). In nerve cells, MFN1 exhibits lower basal expression, 
rendering these cells more vulnerable to harm caused by MFN2 muta
tions, particularly affecting the lower motor and dorsal root ganglia 
(DRG) neurons along with their extensive axons (Chen et al., 2007; Eura 
et al., 2003; Misko et al., 2010). The co-existence of two isoforms of MFN 
in mammalian cells raises the question as to whether they play similar, 
separate or dependent biological roles. 

At a molecular level, the best-characterized function of MFN1 and 
MFN2 is to mediate the fusion of the OMM after GTP hydrolysis (Li et al., 
2019). Before mitochondrial fusion, MFN1 and MFN2 interact with each 
other on the OMMs of juxtaposed mitochondria and form three distinct 
molecular complexes that are capable of promoting mitochondrial 
fusion–MFN1 homotypic oligomers, MFN2 homotypic oligomers, and 
MFN1-MFN2 heterotypic oligomers (Detmer and Chan, 2007; Samanas 
et al., 2020), a process named mitochondrial tethering (Franco et al., 
2016; Zhou et al., 2021). 

1.2. Mechanisms of MFN2 dysfunction 

1.2.1. Mitochondrial fusion 
Though the exact molecular mechanisms by which MFNs facilitate 

this process are still not fully understood, groundbreaking studies have 
demonstrated that MFNs, present on the OMM of two neighboring 
mitochondria, physically interact in a trans manner. This interaction 
occurs through the formation of antiparallel dimers between their HR2 
domains (Koshiba et al., 2004b). Interestingly, a recent paper suggested 
the presence of two distinguishable and evolving conformational states 
in mammalian MFNs (Franco et al., 2016). According to this model, the 
MFNs in the resting state are tethering-non-permissive due to 

Fig. 1. Schematic representation of MFN2 protein structure. The scheme represents the linear structure of MFN2. Note the large N-terminal GTPase domain, followed 
by the HR1- domain, the PR domain, the two TM domains, and the C-terminal HR2 domain. The numbers above indicate the initial and the terminal amino acids of 
the corresponding domains. 
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intramolecular, antiparallel interactions between HR1 and HR2, and 
strict adherence of the globular GTPase domain to the OMM. However, 
in the tethering-permissive state, the destabilization of the intra
molecular HR1-HR2 interaction permits the HR2 domain to extend into 
the cytosol, where it can come into contact with and bind HR2 domains 
of MFNs in the opposing membrane, mediating tethering. 

Interestingly, it has been demonstrated that a TAT-peptide-mediated 
strategy is effective in destabilizing the interaction between HR1 and 
HR2, which is not normally permissive. This strategy corrects the fusion 
defects that are observed with certain MFN2 mutants associated with 
CMT2A (see below) (Franco et al., 2016). 

1.2.2. The controversial role in endoplasmic reticulum-mitochondria 
contacts and endoplasmic reticulum stress 

While its undisputed function in mitochondrial fusion, MFNs have 
also been proposed as a crucial controller of the juxtaposition between 
endoplasmic reticulum (ER) and mitochondria. Interestingly, a fraction 
of MFN2 is also located at ER membrane, in particular at specialized 
sites of contacts with mitochondria called mitochondria-associated 
membranes (MAM). 

However, the precise role of MFNs in this interaction between or
ganelles continues to be a topic of intense debate. It is our partial 
opinion, however, that although the significant role of MFN2 in the 
modulation of ER-mitochondria tethering is universally acknowledged, 
the discovery of either an increased (Filadi et al., 2015; Cosson et al., 
2012) or, at the very least, a mostly present ER-mitochondria connection 
in MFN2-KO cells (de Brito and Scorrano, 2008) (Naon et al., 2016) 
inevitably implies that this protein is not truly essential in the formation 
and maintenance of this inter-organelle tethering. Further investigations 
will be required to more precisely assess the influence of MFN2 in this 
crucial intracellular pathway. Finally, the ER is a key storage repository 
of intracellular Ca2+, and Ca2+ that is released from the ER can be taken 

up by mitochondria. However, the proximity between mitochondria and 
ER, and thus mitochondria-ER contact sites (MERCs), are critical for this 
process. 

Another hypothetical role performed by MFN2, which is connected 
to its participation in the association between the ER and mitochondria, 
relates to the response of ER stress. The ER stress response constitutes a 
process triggered by a variety of conditions that disturb protein folding 
within the organelle, e.g., protein synthesis impairment, Ca2+ imbal
ance, and redox capacity defects. During evolution, cells have developed 
a complex signal transduction mechanism, the unfolded protein 
response (UPR), that aims at clearing unfolded proteins and restoring ER 
homeostasis. In particular, Zorzano and colleagues(Muñoz et al., 2013) 
reported the induction of UPR mediators in MFN2-deficient MEFs under 
basal or ER stress conditions. MFN2 has been proposed as an upstream 
modulator of PERK protein kinase RNA (PKR)-like ER kinase, a 
specialized protein located in ER membranes which is responsible for 
recognizing unfolded proteins accumulation and activate specific 
signaling pathways. Once activated, UPR works by expanding the ER, 
upregulating chaperones and inhibiting protein translation. It is still 
unclear whether Mfn2 ablation induces an increase or decrease of ER 
stress-induced apoptosis (Ngoh et al., 2012). 

1.2.3. Mitophagy 
Furthermore, MFN2 performs a vital function in mitophagy, which is 

the extensively comprehended process for eliminating mitochondria, 
together with the mitochondrial serine-threonine kinase PTEN induced 
putative kinase 1 (PINK1) and the cytosolic ubiquitin ligase PARK2/ 
Parkin. This process entails the degradation of cellular components, 
including mitochondria, by enclosing them in autophagosomes that 
fusion with lysosomes (Karbowski and Youle, 2011). Autophagy fulfils a 
crucial function in cellular health by decomposing protein aggregates 
and regenerating organelles, thereby ensuring the provision of vital 

Fig. 2. Schematic representation of pathogenesis of CMT2A. a. Mfn2 ablation triggers the activation of UPR proteins present in ER membranes. Specifically, MFN2 
has been suggested as an upstream regulator of PERK, which, under normal conditions, keeps the kinase in an inactive state. Upon activation, the UPR functions by 
expanding the ER, increasing chaperone levels, and inhibiting protein translation. Mitochondria exhibit elevated Ca2+ absorption and ATP generation to meet the 
heightened energy requirements. It remains uncertain whether the deletion of Mfn2 leads to an augmentation or reduction of ER stress-induced apoptosis. b. Scheme 
of the OMM-fusion activity of MFNs. Tethering is mediated by the interaction between HR2 domains belonging to MFNs on opposite OMM. Recent data suggest that 
dimerization of the GTPase domains, as well as a power stroke due to GTP hydrolysis, may be important for fusion. c. MFN2 has been proposed to be essential for the 
transport of mitochondria along axons, being involved in their attachment to microtubules through interaction with the two main motor proteins Miro and Milton. d. 
Excessive fragmentation can generate mitochondria that lack mtDNA, leading to impaired respiration. 
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molecules during periods of nutrient scarcity (Webster et al., 2014). 
Mitophagy is regulated intricately through post-translational modifica
tions such as ubiquitination and deacetylation of lysine residues. Various 
proteins, including Sirtuine1 (Sirt1), a cellular energy sensor, PINK1, 
Parkin, an E3 ubiquitin ligase, and MFN2, govern the dynamics of 
mitophagy. In cases where there is consistent damage to mitochondria, 
PINK1 phosphorylates MFN2, which in turn recruits Parkin. Parkin then 
ubiquitinates MFN2 and other proteins present in the outer mitochon
drial membrane. This process leads to the recruitment of the adaptor 
protein p62/Sequestome 1, which binds to LC3-II on the autophago
some, ultimately resulting in the degradation of mitochondria (Chen and 
Dorn, 2013; Gegg et al., 2010; Tanaka et al., 2010; Webster et al., 2014). 
In addition, Jiajia Li et al. (Li et al., 2022) have untangled these intricate 
relationships and gained a deeper understanding of how PINK1- 
mitofusin interactions coordinate mitochondrial fate. The study has 
elucidated the tight dependence of this metabolic pathway on the site- 
specific phosphorylation of MFN2 (T111, S378, and S442) by PINK1. 
They observed that MFN2, when non-phosphorylated, exhibited fuso
genic behavior. However, when phosphorylation was mimicked at spe
cific sites such as T111, S378, or S442, it resulted in the recruitment of 
Parkin to mitochondria and initiated mitophagy. The impact of phos
phorylation varied depending on the specific site, with MFN2 S378 
playing a major role in disabling mitochondrial fusion, while having 
minimal effect on Parkin recruitment. On the other hand, mimicking 
phosphorylation at T111 or S442 had a similar effect to S378 in sup
pressing mitochondrial fusion, but phosphorylation at S442 in particular 
facilitated the translocation of Parkin to mitochondria. 

1.2.4. Axonal transport 
Mitochondrial trafficking is a critical process that guarantees the 

accurate localization of mitochondria within the cellular cytoplasm 
(Milone and Benarroch, 2012). For short distances, movement occurs 
along actin microfilaments and requires myosin motors, while for longer 
distances, movement occurs along microtubules and requires kinesins or 
dynein motors (Milone and Benarroch, 2012). Members of the kinesin-1 
family of ATPases, such as KIF5 and KIF1, are responsible for rapid 
anterograde transport of mitochondria (Chen et al., 2009; Kang et al., 
2008; Koutsopoulos et al., 2010). MFN2 is involved in this process by 
interacting with Miro 1 and Miro 2, outer mitochondrial membrane 
proteins that are engaged in the specific attachment of mitochondria to 
KIF5 in neurons. These Miro proteins also function as calcium and en
ergy sensors, allowing mitochondria to be appropriately positioned in 
response to alterations in metabolic status and synaptic activity (Miller 
and Sheetz, 2004; Saotome et al., 2008). The survival and efficient nerve 
conduction in the axon heavily rely on substantial ATP levels, particu
larly at crucial locations such as the nodes of Ranvier of long neuronal 
axons. Nonetheless, disruptions in both mitochondrial transport and 
energy production could present a dual impediment. This combination 
might restrain the axon's capacity to meet the elevated energy re
quirements, ultimately leading to axonal dysfunction. 

1.2.5. ROS production and inflammation 
Recently, Juan Tur et al. (Tur et al., 2020)elucidated the role of 

MFN2 in the generation of reactive oxygen species (ROS) and inflam
mation in macrophages. The expression of Mfn2 was induced by pro- 
inflammatory stimuli such as lipopolysaccharide (LPS). By utilizing 
myeloid-conditional knockout (KO) mouse models for Mfn2 and Mfn1, it 
was observed that Mfn2, but not Mfn1, is necessary for the adaptation of 
mitochondrial respiration to stressful conditions and the generation of 
reactive oxygen species (ROS) following pro-inflammatory activation. 
The deficiency of Mfn2 specifically impairs the synthesis of pro- 
inflammatory cytokines and nitric oxide. Moreover, the absence of 
Mfn2, but not Mfn1, is associated with dysfunctions in autophagy, 
apoptosis, phagocytosis, and antigen processing. Mice with the 
Mfn2floxed;CreLysM fail to exhibit protection against Listeria, Myco
bacterium tuberculosis, or LPS endotoxemia. These findings highlight an 

unexpected role of Mfn2 in ROS production and inflammation in 
macrophages. 

1.3. Pathogenesis of Charcot-Marie-Tooth type 2A 

MFN2 is a critical protein that sustains cellular bioenergetics through 
coordination of the mitochondrial functional network. This intricate 
system comprises highly conserved mechanisms such as mitochondrial 
fusion and fission, trafficking, interorganellar communication between 
mitochondria and the ER, and mitophagy function negatively, and this 
disbalance has been suggested as a potential mechanism for 
neurodegeneration. 

Several studies have shown that mutations in the MFN2 gene disrupt 
mitochondrial fusion and subsequently alter mitochondrial shape, 
resulting in a wide range of spherical or oval mitochondrial sizes. 
Furthermore, in MFN2-mutant cells, mitochondria tend to aggregate in 
clusters (Rizzo et al., 2016; Saporta et al., 2015; Van Lent et al., 2021). 
Cells that lack mitochondrial fusion have a severe defect in respiratory 
capacity. Essentially, an excessive level of mitochondrial fragmentation 
leads to a depletion of mitochondrial DNA (mtDNA) (Chen et al., 2005). 
Since mtDNA encodes several proteins of the respiratory chain, mtDNA 
depletion leads to impairment of oxidative phosphorylation. The syn
aptic dysfunction thus induced is typically followed by dendritic and 
axonal degeneration, leading to neurodegeneration, especially in neu
rons that exhibit low levels of MFN1. These low levels are insufficient to 
compensate for the deficit of MFN2. MFN2 is also located at the ER, 
where it acts as a mediator of ER-mitochondria cross-talk at MAM level. 
Several studies have highlighted the role of MAM in neuronal function, 
with important implications in various neurodegenerative disorders 
(Krols et al., 2019; Bernard-Marissal et al., 2015; Hedskog et al., 2013). 
MFN2 has been suggested to modulate both positively and negatively 
the interplay between the two organelles. Marissal and colleagues, in 
their study (Bernard-Marissal et al., 2019) quantified ER–mitochondria 
contacts in neurons overexpressing either WT or mutated MFN2. The 
presence of a mutant protein results in a decrease in the interactions 
between the endoplasmic reticulum and mitochondria in fibroblasts 
derived from patients with CMT2A, primary neurons, and also in vivo, 
specifically in motoneurons of a mouse model of CMT2A. Those changes 
were concomitant with ER stress and calcium handling defects. 

Another pathogenic mechanism associated with MFN2 mutations is 
the alteration of the mitophagy process, where MFN2 plays a central 
role. Mitophagy is essential in neurons due to their heightened suscep
tibility to the buildup of impaired cellular constituents (Nixon and Yang, 
2012). The susceptibility of neurons to autophagic/lysosomal dysfunc
tion is unsurprising when considering that neurons need to persist 
throughout the lifespan of the organism and lack the ability for mitosis, 
which aids in the disposal of accumulating waste materials by dividing 
cells. Rizzo and colleagues, in their study on induced pluripotent stem 
cell (IPSC)-derived CMT2A motor neurons (MNs), observed a significant 
reduction in mitochondria in human motor neurons expressing mutant 
MFN2. Additionally, they observed an increase in mitophagy within 
these motor neurons, suggesting that this could potentially be the main 
underlying mechanism responsible for this phenomenon (Rizzo et al., 
2016). 

Indeed, deficient axonal mitochondrial transport is a common 
occurrence in neuronal models of CMT2A. In murine neuronal cells 
expressing mutant MFN2, axonal mitochondria demonstrate slower 
anterograde and retrograde movements compared to control cells 
(Bannerman et al., 2016; Detmer et al., 2008; Stavropoulos et al., 2021; 
Zhou et al., 2021). As demonstrated in the same study cited above the 
mitochondrial distribution in CMT2A cells was abnormal with promi
nent perinuclear localization and poor spreading in peripheral cellular 
regions (Zhou et al., 2021). These data were confirmed by the trans
duction of WT-MNs and CMT2A-MNs with viral particles expressing a 
fluorescent protein fused to a mitochondrial localization signal peptide. 
These findings, which were also observed in histological sections of 
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peripheral nerves from patients with CMT2A (Baloh et al., 2007; Bar
bullushi et al., 2019; Calvo et al., 2009; Koshiba et al., 2004a; Verhoeven 
et al., 2006), suggest the existence of a primary deficiency in mito
chondrial axonal transport in vivo and its involvement in the patho
genesis of CMT2A in the human body. However, it is still a matter of 
debate whether or not such abnormalities are a cause or merely a 
consequence of a degenerating axon. Additional research is necessary to 
establish this elusive aspect. 

1.4. Treatment of CMT2A disease 

Much progress has been made in the last three decades in the iden
tification of genes and mutations and in the elucidation of the disease 
pathogenesis, through the generation of animal and cellular models, that 
have been instrumental to study disease physiology. However, therapies 
are not yet available. Up to now, the mainstay of CMT2A treatment has 
relied mainly on supportive care, whose most important aspect is 
physical activity. Important aspects of physical therapy and rehabilita
tion for patients with CMT may involve gait training, therapeutic exer
cise, stretching, balance and postural stabilization, fall risk prevention 
strategies, aquatic therapy, energy conservation techniques, serial 
casting/night splinting, patient education, training on appropriate as
sistive devices, and prevention of secondary impairments. Protection of 
joint range of motion (ROM) to avoid the possibility of contractures and 
maximize functional use of all extremities should be stressed in the 
management of CMT (Abresch et al., 2012). It has been shown that 
various types of properly fitted ankle–foot orthoses (AFO) may signifi
cantly reduce the need for proximal compensations, increasing ROM and 
preventing painful contractions. Due to the relatively rare and varied 
presentation of CMT-related deformities, surgical treatment guidelines 
are lacking (Reilly et al., 2017). The objectives of surgical intervention 
typically involve realigning joints, rectifying bony deformities, and 
addressing muscle imbalance (Yagerman et al., 2012). Surgical de
terminations are commonly influenced by factors such as the patient's 
age, the extent of deformity severity, the necessity to forestall additional 
deterioration, and when pain and reduced function persist despite the 
aforementioned non-surgical interventions. Only a small number of 
studies have investigated the long-term outcomes of surgical procedures 
in patients with CMT(Ward et al., 2008; Leeuwesteijn et al., 2010). 
Consequently, providing specific guidance on the appropriate surgical 
procedures and optimal timing for individual patients remains chal
lenging. In consideration of the frequent respiratory manifestations and 
given a multidisciplinary approach to the disease, consideration should 
be given to respiratory support and speech therapy. Moreover, there is a 
conspicuous lack of controlled trials focusing on the treatment of pain 
and fatigue, despite these symptoms being prominent in CMT (Herr
mann, 2008). 

A definitive cure for CMT remains elusive, and significant advance
ments in the field are still pending. This can be due to several issues: 
CMTs result from over 1500 mutations affecting at least 100 genes. 
Secondly, therapy necessitates targeting the peripheral nervous system 
(PNS), which, akin to the CNS, is safeguarded by the blood-nerve bar
rier. Thirdly, CMT rodents and cellular models not always reproduce the 
severity of disease, particularly for axonal CMT2A. 

Transgenic or mutagenized mice currently represent the most faith
ful in vivo models of CMT2A (Detmer et al., 2008; Cartoni et al., 2010; 
Zhou et al., 2021; Stavropoulos et al., 2021; Bannerman et al., 2016; 
Hines et al., 2023). Among them, the most used so far was the Mito
Charc1 mouse, carrying the R94Q amino acid substitution in the human 
MFN2 gene under the neuron-specific enolase (Eno) promoter (Cartoni 
et al., 2010). A notable limitation of this model is the mild-to-late onset 
of pathological phenotypes, in contrast to the severe-early clinical pre
sentation typically seen in CMT2A patients with the R94Q MFN2 mu
tation. In 2019, Zhou and colleagues developed the Tg(Thy1- 
MFN2R94Q)44Balo/J), characterized by hemizygous expression of the 
MFN2-R94Q transgene under the thymocyte differentiation antigen 1, 

allele 2 (Thy1.2) promoter integrated into the Y chromosome (Zhou 
et al., 2021. This model presents a more severe phenotype with preco
cious onset, sensorimotor symptoms, visual disturbances, diffuse axonal 
degenerations and mitochondrial abnormalities. Overall, the primary 
technical limitations of existing murine models is related to the level and 
pattern of expression of the MFN2 gene, since mutant MFN2 over
expression is often needed to achieve the phenotype. We reviewed 
thoroughly the characteristics and limitations of murine models of 
CMT2 in (Barbullushi et al., 2019). 

Additionally, there is a requirement for natural history studies across 
numerous forms of CMT. These studies should focus on identifying 
biomarkers and developing informative outcome measures to effectively 
track the disease progression, which is frequently very slow (Juneja 
et al., 2019;Rossor et al., 2020). Despite these considerations, there has 
been a shift in the treatment paradigm in recent years. MFN2 agonists 
and histone deacetylase inhibitors have exhibited promising outcomes 
in experimental models (Picci et al., 2020; Rocha et al., 2018). Below, 
we review the progress made so far in preclinical research (Table 1). 
Within this context, uncovering the genetic and phenotypic range of 
CMT2A is increasingly crucial. 

1.5. Peptide therapy to increase mitochondrial fusion 

A novel therapeutic strategy strives to improve mitochondrial fusion 
rates by administering peptides that are specifically designed for this 
purpose (Fig. 3) (Franco et al., 2016; Rocha et al., 2018). As mentioned 
above, the initiation of mitochondrial fusion occurs due to intermolec
ular interactions between HR2 domains found on mitofusins situated 
across two opposing mitochondrial membranes. Additionally, the HR2 
domain can undergo intramolecular binding with HR1-HR2. The state of 
mitofusins varies based on the accessibility of the HR2 domain, enabling 
them to transition between a fusion-restricted state (inactive) to a 
fusion-facilitating state (active) (Franco et al., 2016). Based on this 
model Franco and colleagues generated a cell-permeant minipeptide 
(MP1) that competes with the HR1-HR2 interaction to destabilize 
fusion-constrained mitofusin and promote the fusion-permissive 
conformation(Franco et al., 2016). They examined the functional 
import of intra-molecular Mfn2 HR1-HR2 binding by introducing into 
murine embryonic fibroblasts (MEFs) a recombinant Mfn2 HR1 frag
ment containing the sequences predicted to mediate intra-molecular 
HR1-HR2 binding (adeno-HR1) with destabilization of HR1-HR2 bind
ing unfolds and extends HR2 into the cytosol, into a tethering-permissive 
state. In order to enhance its permeability and flexibility, the minipep
tide was fused with the TAT sequence from the HIV transactivator 
protein, and glycine residues were substituted for leucine residues. The 
resulting molecule, TAT-MP1Gly, specifically restored the mitochon
drial defect only in cultured neurons that expressed a wild-type MFN2 
allele alongside the mutated variant (Franco et al., 2016). Taking into 
account that most CMT2A mutations are autosomal dominant (Cartoni 
and Martinou, 2009; Chen et al., 2003; Detmer and Chan, 2007; Feely 
et al., 2011; Pipis et al., 2021; Züchner et al., 2004), patients have one 
MFN2 mutant allele, one wild-type MFN2 allele and two normal MFN1 
alleles, thus could be promising for future studies as an alternative to 
genetic therapeutic approaches. 

Recently, Rocha and colleagues discovered a new class of small- 
molecules, referred to as mitofusin agonists, which have the ability to 
allosterically disrupt HR1-HR2 interactions, resulting in a conclusive 
shift toward the fusion-ready MFN2 conformation and an augmentation 
in fusion events. Mitofusin agonists have exhibited encouraging out
comes both in laboratory experiments and animal models. They effec
tively reversed the formation of immobile mitochondrial clusters in 
cultured primary murine neurons with R94Q or T105M mutations. 
Furthermore, they restored the compromised mitochondrial axonal 
transport in peripheral nerves of mice bearing the T105M mutation 
(Rocha et al., 2018). Similarly to the peptides that we described above, 
mitofusin agonists were not effective in MFN1 or MFN2 null cells (Rocha 
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et al., 2018). Hence, mitofusin agonists don't restore the function of 
CMT2A MFN2 GTPase domain mutants. Instead, they stabilize the 
fusion-permissive open conformation of native, healthy MFN1 or MFN2, 
allowing them to counteract the dominant inhibition of mitochondrial 
fusion caused by these dysfunctional disease-associated proteins. 

Considering the limited pharmacokinetic characteristics of the pro
totype peptidomimetic small molecule mitofusin activator developed by 
Rocha and colleagues, Dang et al. (Dang et al., 2020) have recently 
proposed a rational design of a series of 6-phenylhexanamide derivatives 
whose pharmacokinetic optimization yielded a 4-hydroxy cyclohexyl 
analog, with the potency, selectivity, and oral bioavailability of a pre
clinical candidate. The active trans-diastereomer, trans- 4-hydroxy 
cyclohexyl, demonstrated excellent cell permeability, microsomal sta
bility, and in vivo pharmacokinetics, significantly enhancing pharma
ceutical properties compared to its precursors. Upon systemic 
administration to a preclinical mouse model of CMT2A, this compound 
reversed the characteristic mitochondrial dismotility in sciatic nerve 
neurons, indicating in vivo target engagement in pathophysiologically 
relevant models and tissues. Preclinical profiling of 6-phenylhexana
mide derivatives supports their potential as the inaugural disease- 
modifying treatments for CMT2A. Finally, Franco et al. (Franco et al., 
2016) have recently proposed a new class of direct mitofusin activators 
that have shown excellent results regarding intermittent, or burst, 

mitofusin activation in CMT2A neuromuscular dysfunction. In this 
study, they demonstrated that pharmacological activation of endoge
nous normal mitofusins effectively mitigated the dominant inhibitory 
effects of CMT2A mutants in reprogrammed human patient motor 
neurons. This intervention resulted in the reversal of characteristic 
mitochondrial stasis and fragmentation, regardless of the underlying 
MFN2 mutation. In a murine model expressing the human MFN2 T105M 
variant, intermittent mitofusin activation using the small molecule 
MiM111 normalized the neuromuscular dysfunction associated with 
CMT2A. Additionally, it attenuated pre-existing axon and skeletal 
myocyte atrophy and facilitated axon regrowth by enhancing mito
chondrial transport along peripheral axons. Moreover, MiM111 
administration resulted in increased in vivo mitochondrial localization 
at neuromuscular junctional synapses. Neurons from MiM111-treated 
MFN2 T105M mice exhibited accelerated primary outgrowth and 
enhanced post-axotomy regrowth, indicative of heightened mitochon
drial motility. 

1.6. Histone-deacetylases inhibitors 

Inhibitors of histone deacetylases (HDACs) are a promising class of 
novel therapeutics (Fig. 4). Epigenetic modifications of chromatin have 
profound effects on cell-specific gene expression. One type of 

Table 1 
Overview of preclinical studies for CMT2A treatment approaches.  

Category Compound Delivery Mechanism Clinical 
trials 

References 

Drug therapy MFN2 agonists (peptide therapy) Intramuscular Improve mitochondrial fusion rates (stabilize the 
fusion-permissive open conformation of MFN2) 
Restored the compromised mitochondrial axonal 
transport 

N.A Rocha et al., 2018 
Franco et al., 2016, 
2020 

Drug therapy 6-phenylhexanamide derivative 
mitofusin activators 

Intravenous Improves mitochondrial motility N.A Dang et al., 2020 

Drug therapy HDAC6s inhibitors Intraperitoneal Reduces microtubles acetylation, rescued defective 
axonal transport 

N.A Picci et al., 2020 
Shen et al., 2021 

Molecular 
therapy 

MFN1 Transgenic To increase MFN1 expression N.A Zhou et al., 2021 
Shahin et al., 2023 
Stravopoulus et al. 
2023 

Molecular 
therapy 

SARM1 inhibitors Transgenic To ablate SARM1 NADase activity at the basis of 
axonal degeneration 

N.A Geisler et al., 2019 
Hughes et al., 2021 
Sato-Yamada 
et al., 2022 

Gene therapy MFN2 gene replacement Intrathecal (via adeno- 
associated virus 9 (AAV9)) 

introduction of an exogenous functional wild-type 
MFN2 gene copy 

N.A Rizzo et al., 2023  

Fig. 3. Schematic representation of peptide-based therapy. Mutants of the GTPase mitofusin 2, when exposed to a mitofusin activator (MIM111), exhibit an inability 
to fuse two mitochondria, resulting in the formation of aggregated clusters of mitochondria, decreased fusion and transport. Conversely, HR1 mutants of mitofusin 2, 
when exposed to mitofusin activators (MIM111), demonstrate the ability to successfully accomplish mitochondrial fusion (Franco et al. 2020). 
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modification is the acetylation and deacetylation of lysine residues 
within the amino terminal tails of histone proteins. This coordinated 
process is carried out by 2 classes of nuclear enzymes, histone acetyl
transferases (HATs) and HDACs. HDACs promote chromatin condensa
tion and gene silencing. Although histones are the most intensively 
investigated substrates, various nonhistone proteins may be also modi
fied by HATs and HDACs, including transcription factors, cytoskeletal 
proteins, signal transduction mediators, and molecular chaperons 
(Ganai, 2016; Glozak et al., 2005). HDACs are a family of 11 zinc- 
dependent enzymes that catalyze the deacetylation of conserved lysine 
residues within histones as well as non-histone proteins impacting 
various cellular functions without affecting chromatin acetylation 
(Ganai, 2016; Glozak et al., 2005). Among these proteins, HDAC6 stands 
out due to its distinct characteristics. It comprises tandem catalytic do
mains (CD1 and CD2), a C-terminal zinc finger ubiquitin-binding 
domain (ZnF-UBP), and an N-terminal microtubule-binding domain 
(MBD). Notably, CD1 has exhibited minimal deacetylase activity on 
substrates containing internal lysine residues,whereas CD2 primarily 
facilitates the deacetylation process for numerous HDAC6 nonhistone 
substrates. These substrates include α-tubulin, heat shock protein 90, 
peroxiredoxin, cortactin, survivin, and β-catenin (Kutil et al., 2019; 
Miyake et al., 2016; Osko and Christianson, 2019). 

Furthermore, the zinc finger domain exhibits a strong affinity for 
ubiquitin, contributing to the process of protein clearance and degra
dation through the aggresomal pathway. α-Tubulin was among the 
initial substrates recognized for cytoplasmic HDAC6. Subsequent 
extensive demonstrations have illustrated that pharmacological inhibi
tion of HDAC6 elevates the levels of acetylated α-tubulin at lysine. This 
action effectively reinstates the compromised mitochondrial axonal 
transport observed in models simulating neurodegenerative disorders 

(Hammond et al., 2010). Recent evidence indicates that various genetic 
forms of CMT2 might arise from comparable pathogenic pathways, 
marked by disturbances in α-tubulin acetylation and impaired axonal 
transport (Prior et al., 2018). While the exploration of new HDAC6 in
hibitors (HDAC6i) has gained interest in the past decade, the research 
has focused on a restricted set of drug candidates with only a limited 
number of druglike candidates that have been investigated and shown to 
possess efficacy in animal models. Significantly, in mutant heat shock 
protein β-1- induced CMT type 2F (CMT2F) models (d'Ydewalle et al., 
2011)and mutant glycyltRNA synthetase-induced CMT type 2D 
(CMT2D) models (Benoy et al., 2018;Mo et al., 2018), the intra perito
neal (IP) injection of a selective HDAC6i Tubastatin A (TubA), restored 
the impaired levels of Ac-αtub in sciatic nerves, rescued defective axonal 
transport, and ameliorated the CMT phenotype. Subsequent to these 
findings, it was observed that HDAC6i also exhibit the potential to 
ameliorate disrupted mitochondrial fusion and mitochondrial transport 
(Guedes-Dias et al., 2015; Kalinski et al., 2019). Therefore, this strategy 
was repurposed also for testing in CMT2A models, Shen and colleagues 
recently published about the effect of pharmacological HDAC6 inhibi
tion with the compound termed SW-100 on MitoCharc1 mice, which was 
designed by simplification of the tricyclic-capped HDAC6i, TubA (Picci 
et al., 2020). SW-100 is a phenylhydroxamate-based HDAC6i bearing a 
tetrahydroquinoline (THQ) capping group, In the MFN2R94Q-induced 
mouse model of CMT2A, SW-100 (20 mg/kg, administered twice a 
day IP) was observed to reverse α-tubulin acetylation defects in distal 
nerve regions and improve motor and sensory function (Picci et al., 
2020). However, they discovered that the half-life of SW-100 was rela
tively brief in liver microsomes and hepatocytes. Consequently, this led 
to low drug concentrations in the brain and plasma, necessitating a 
repeated daily dose for animal efficacy studies. This limitation restricted 

Fig. 4. Schematic representation of HDAC6s inhibitor therapy. (a) HDAC6 facilitates the transition from proteasomal-mediated to autophagy-mediated protein 
degradation. The proteasomal pathway serves as the primary route for protein degradation. However, if the proteasomal degradation pathway is impaired or 
overwhelmed, HDAC6 redirects ubiquitinated proteins to the perinuclear region, promoting the formation of aggresomes. (b) HDAC6 negatively regulates the 
anterograde and retrograde transport of various organelles, including mitochondria. This is primarily achieved through the deacetylation of α-tubulin, a key 
component of microtubule tracks. Deacetylation of α-tubulin reduces the affinity of motor proteins to microtubules, resulting in a slowdown of axonal transport. 
Consequently, HDAC6 plays a neurotoxic role by suppressing the proper transport of vital cargoes along axons. Based on these pathogenic mechanisms, the role of 
HDAC6 inhibitors is established. 
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its further preclinical development. Structure–activity relationship 
studies led to the identification of a new THQ-based HDAC6i, named 
SW-101 that has shown a significantly enhanced drug exposure in 
plasma and the brain in comparison with SW-100. They discovered that 
administering SW-101 once daily at a dose of 20 mg/kg increased the 
levels of acetylated α-tubulin in the distal sciatic nerve, counteract 
progressive motor dysfunction and improved both motor and sensory 
symptoms in Mitocharc1 mice (Shen et al., 2021). 

1.7. Strategies based on MFN1 overexpression 

As explained above, before mitochondrial fusion, MFN1 and MFN2 
engage with each other on the Outer Mitochondrial Membranes (OMMs) 
of adjacent mitochondria, creating both heterotypic and homotypic 
complexes, in a process known as mitochondrial tethering (Franco et al., 
2016; Zhou et al., 2021). Among these interactions, the MFN1-MFN2 
heterotypic interaction is notably preferred (Samanas et al., 2020). In 
experiments conducted with MEFs, it was noted that MFN1WT comple
ments various MFN2 mutants in mitochondrial fusion more effectively 
than MFN2WT itself (Detmer and Chan, 2007). This method also 
demonstrated promising outcomes in murine models (Fig. 5). 

In 2019, Zhou and colleagues provided what we believe is the first in 
vivo proof of concept that restoring MFN1:MFN2 balance by augmenting 
levels of MFN1 in the nervous system is a viable therapeutic approach 
for CMT2A (Zhou et al., 2019). They overexpressed a Flag-tagged 
human MFN1 under the mouse prion protein (PrP) promoter – which 
drives expression within the CNS – in a transgenic mouse model 
expressing the R94Q mutation under the Thy1.2 promoter, generating 
the double transgenic (MFN2R94Q:MFN1) mice (Zhou et al., 2021). 
Elevating the level of MFN1 in the nervous system was well tolerated 
and resulted in complete or near-complete restoration of deficiencies in 
locomotor activity, sensorimotor coordination, and vision loss in 
MFN2R94Q mice. 

It is unknown why MFN1 levels are very low in the adult nervous 
system, but the fact that Prp-MFN1 transgenic mice are phenotypically 
normal indicates that MFN1 overexpression at levels equivalent to 
MFN2 is well tolerated. 

Simultaneously, they demonstrated that at the molecular level, the 
augmentation of MFN1 rescued mitochondrial aggregation and axon 
degeneration. Additionally, the authors analyzed the transcriptomic 

signatures of MFN2R94Q, (MFN2R94Q:MFN1), and nontransgenic 
mice. This analysis revealed that the affected mice exhibited down
regulation in oxidative phosphorylation and respiration electron trans
port pathways, which were subsequently restored by the overexpression 
of MFN1. 

In a subsequent study involving the same transgenic animals, Shahin 
and colleagues evaluated the impact of increasing MFN1 levels on 
retinal degeneration associated with CMT2A (Shahin et al., 2023). The 
results indicated that the imbalance in the MFN1/MFN2 ratio, caused by 
the R94Q mutation and the subsequent impairment in mitochondrial 
fusion-fission pathways, led to retinal degeneration in MFN2R94Q mice 
through P62/LC3B-mediated mitophagy and autophagy. Conversely, 
the augmentation of MFN1 levels restored vision and maintained retinal 
morphology by re-establishing a well-balanced homeostasis in mito
chondrial fusion-fission (MFN1/MFN2 ratio) (Shahin et al., 2023; Zhou 
et al., 2021). Stavropoulos and co-researchers subsequently applied a 
similar approach in a cellular model using SH-SY5Y cells, an immor
talized human neuroblastoma line, that expressed the MFN2K357T 
mutation through the identical Thy1.2 expression cassette utilized by 
Zhou et al. (Stavropoulos et al., 2023). 

Then, they transfected these cells with various plasmids containing 
MFN2K357T, MFN2WT or MFN1WT. Cells that overexpressed MFN2WT 

exhibited mitochondria widely distributed from the cell body to the 
axon-like processes. Conversely, overexpression of MFN1WT led to 
highly interconnected mitochondria across both the cell body and the 
axon-like processes, accompanied by the presence of mitochondrial 
aggregates. Cells that overexpressed MFN2K357T showed prominent 
mitochondrial aggregates around the nucleus and an absence of 
detectable mitochondria in the axon-like processes. These defects 
induced by MFN2K357T were more effectively resolved when co- 
overexpressing MFN1WT rather than MFN2WT, showcasing the greater 
capacity of MFN1WT to alleviate the CMT2A disease phenotype in vitro. 
The hypothesis that has been formulated is that, although the interaction 
between MFN1WT and MFN2K357T might not suffice to stimulate mito
chondrial fusion in cells co-transfected with both, the interaction be
tween MFN1WT and MFN2WT, as well as between MFN1WT and itself, can 
facilitate fusion when the expression of MFN1WT is heightened. This 
effectively counteracts the mitochondrial fusion impairments induced 
by MFN2K357T in a manner dose-dependent manner. This mechanism, 
observed similarly in MFN2 activators presents an advantage as it can be 

Fig. 5. Schematic representation of MFN1 overexpression-based therapy. Enhanced expression of MFN1 in the nervous system successfully rescued MFN2R94Q 
mutant mice phenotypes, indicating that the relative levels of MFN isoforms play a crucial role in conferring selectivity to the nervous system in CMT2A. This study 
provides in vivo evidence supporting the concept that increasing MFN1 levels could be a promising therapeutic approach for the treatment of this disease (Zhou 
et al. 2019). 
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applied to various MFN2 mutation types, as long as CMT2A patients still 
possess one MFN2WT allele or two MFN1WT alleles. Beyond the afore
mentioned discussion, it's important to note that MFN2, in contrast to 
MFN1, serves as a mediator in ER-mitochondrial tethering, a process 
that facilitates mitochondrial Ca2+ uptake, a process that is. also altered 
in CMT2A. Before identifying the most appropriate MFN candidate for 
CMT2A gene therapy, it's essential to evaluate their therapeutic effec
tiveness in additional molecular functions in which MFN2 is involved 
and that are impacted by MFN2 mutations. 

1.8. SARM1 pathways 

Axonal degeneration, a characteristic hallmark of various neuro
logical disorders, such as CMT2A, is perceived as an inherent program of 
subcellular self-destruction that is genetically encoded. Within this 
process, the SARM1, a unique member of the Myd88 family of adaptor 
proteins, has been recognized as the central mediator of axonal degen
eration in pathological conditions (Fig. 6) (Gerdts et al., 2015;Osterloh 
et al., 2012). The activation of SARM1 initiates axonal degeneration, 
even in the absence of identifiable damage (Gerdts et al., 2016). A 
decrease in mitochondrial membrane potential presumably triggers a 
decline in the survival factor within the axon, specifically nicotinamide 
mononucleotide adenylyl-transferase 2 (NMNAT2), which subsequently 
activates SARM1, culminating in axonal degeneration (Summers et al., 
2020). Geisler and colleagues (Geisler et al., 2019) developed SARM1 
dominant-negatives that potently block axonal degeneration in cellular 
models of axotomy and neuropathy. To evaluate in vivo efficacy, adeno- 
associated virus (AAV) was employed to express the most effective 
SARM1 dominant-negative construct, alongside nerve transection 
serving as a severe axonal degeneration model. In vehicle-treated mice, 
axonal degeneration occurred swiftly; however, in mice expressing the 
SARM1 dominant-negative construct, axons remained intact for over 10 
days post-transection. This preservation of axons mirrored the protec
tion observed in SARM1-null mice. Another interesting study in the field 
of SARM1 inhibitors is that of Hughes and colleagues (Hughes et al., 
2021) developed a biochemical screen to find small molecule inhibitors 
of the SARM1 NADase, identified and further optimized a class of iso
quinolines effective in the biochemical SARM1 assay, and generated 
DSRM-3716, a potent small molecule inhibitor that showed double-digit 
nM IC50 against recombinant SARM1. Considering that SARM1 activity 
can be tracked by measuring cADPR levels, they monitored changes in 
cADPR levels and found that DSRM-3716 prevented increases in axonal 
cADPR induced by transection or rotenone exposure in a dose- 

dependent manner. Additionally, they demonstrated how DSR-3716 
can prevent axonal degeneration even when axons have already tran
sitioned into a metastable state in which the regression of axon blebs, 
which characterizes it, has been confirmed. The potential for axonal 
protection and the prospect of even restoring an intermediate pool of 
damaged axons to a healthy state through SARM1 inhibition can hold 
significant therapeutic implications as a therapeutic target for CMT2A. 
Another intriguing animal model, which is relevant to the potential 
therapeutic efficacy of SARM1 inhibition, is the recently developed 
model by Sato-Yamada et al. (Sato-Yamada et al., 2022) They investi
gated the involvement of SARM1 in a rat model carrying a dominant 
CMT2A mutation (Mfn2H361Y) characterized by all characteristic fea
tures of the corresponding human disease. Through the generation of 
Sarm1-knockout (Sarm1–/–) and Mfn2H361Y Sarm1 double-mutant 
rats, they observed that the deletion of Sarm1 rescued various pheno
types related to axonal, synaptic, muscle, and functional impairments. 
This finding demonstrates that SARM1 plays a significant role in the 
neuropathology observed in this model. Remarkably, despite the pres
ence of mutant MFN2 protein in these double-mutant rats, the loss of 
SARM1 also notably mitigated several mitochondrial defects, including 
abnormalities in the number, size, and cristae density of synaptic 
mitochondria. 

2. Perspectives on gene therapy: RNA interference and gene 
replacement therapy targeting MFN2 

Despite gene therapies being widely approved as treatments for 
neuromuscular diseases like SMA, there is a lack of literature regarding 
gene therapy studies for CMT2A. In recent years, advancements in 
treating genetic diseases have been significant developments. Various 
investigations into gene therapy-based approaches hold promise to 
revolutionize therapeutic possibilities for rare diseases, these ap
proaches involve replacing missing or defective genes using viral vectors 
(Kagiava et al., 2019; Schiza et al., 2019).Despite gene therapies being 
widely approved for neuromuscular diseases like SMA (Mendell et al., 
2017), literature concerning this specific pathology remains lacking. 
Rizzo et al. have recently proposed a study (Rizzo et al., 2023)related to 
a combined RNA interference and gene replacement therapy targeting 
MFN2. They implemented this approach in motor neurons differentiated 
from induced pluripotent stem cells (iPSCs) derived from CMT2A pa
tients, displaying the accurate suppression of native MFN2 and the 
introduction of an exogenous functional wild-type gene copy. This 
methodology notably ameliorates the CMT2A motor neuron phenotype 
in vitro, stabilizing the abnormal distribution of axonal mitochondria 
and rectifying irregular mitophagic processes. The accurate molecular 
correction of MFN2 was further validated in vivo using the MitoCharc1 
CMT2A transgenic mouse model following the administration of con
structs through cerebrospinal fluid delivery in newborn mice via adeno- 
associated virus 9 (AAV9). Demonstrating efficacy both in vitro and in 
vivo, their findings pave the way for future preclinical and clinical trials. 

Fig. 6. Schematic representation of SARM1 inhibitors therapy. In homeostasis, 
the cellular concentration of NAD+ is sufficiently high to inhibit SARM1. 
However, when cellular NAD+ levels decrease due to reduced NAD+ synthesis 
(e.g., inhibition of NMNAT1/2) or increased NAD+ consumption, the inhibitory 
NAD+ molecules dissociate from SARM1, resulting in subsequent NADase ac
tivity. This leads to an almost complete depletion of the cellular NAD+ pool and 
induces energetic stress, ultimately resulting in cell death. 

Fig. 7. Schematic representation of gene therapy based on MFN2 gene 
replacement. Newborn (P1) MitoCharc1mice CMT2A are injected intra
cerebroventricularly (ICV) with AAV9-KD-rMFN2. (Rizzo et al., 2023). 
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3. Conclusion 

We are entering a groundbreaking phase in CMT2A research marked 
by the elucidation of pathophysiological mechanisms and the advance
ment of innovative treatments. Understanding the underlying causes 
and mechanisms driving axonal degeneration is fundamental to finding 
a cure. A comprehensive understanding of the temporal progression of 
axonal degeneration will pave the way for implementing molecular 
therapies like SARM1 inhibitors (Summers et al., 2020; Geisler et al., 
2019), capable of preventing degeneration in both in vivo and in vitro 
disease models. 

Recent exploration of the multifaceted roles of the MFN2 protein has 
revealed its involvement not only in established mechanisms like 
mitochondrial fusion, axonal mitochondrial transport, and mitophagy 
but also its role in interorganellar communication between mitochon
dria and the ER. Additionally, its contentious role in ER-stress induced 
apoptosis underscores the criticality of preserving the central role of 
native MFN2 in gene silencing and MFN2 agonists therapies. These 
discoveries have also uncovered potential new therapeutic targets. 

Our review underscores the need for a personalized medicine 
approach tailored to the diverse mechanisms underlying MFN2-related 
diseases while targeting the common pathways of axonal degeneration. 

Despite the transformative impact of gene therapy on other neuro
muscular diseases, its potential benefits have not yet been effectively 
realized in CMT2A therapy. The pioneering study by Rizzo et al.(Rizzo 
et al., 2023), focusing on gene silencing and gene replacement therapies, 
suggests employing a combined RNAi and gene therapy strategy as a 
potential therapeutic avenue for addressing the broad spectrum of 
human diseases linked to MFN2 mutations. 

As promising treatments advance toward clinical application, the 
identification of optimal outcome measures, novel biomarkers, and 
suitable trial designs becomes imperative. These steps are crucial to 
facilitate the successful testing and validation of these novel treatments 
for patients affected by CMT2A. 
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