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Abstract: Centronuclear myopathies (CNM) are rare congenital disorders characterized by muscle
weakness and structural defects including fiber hypotrophy and organelle mispositioning. The main
CNM forms are caused by mutations in: the MTM1 gene encoding the phosphoinositide phosphatase
myotubularin (myotubular myopathy), the DNM2 gene encoding the mechanoenzyme dynamin 2, the
BIN1 gene encoding the membrane curvature sensing amphiphysin 2, and the RYR1 gene encoding
the skeletal muscle calcium release channel/ryanodine receptor. MTM1, BIN1, and DNM2 proteins
are involved in membrane remodeling and trafficking, while RyR1 directly regulates excitation-
contraction coupling (ECC). Several CNM animal models have been generated or identified, which
confirm shared pathological anomalies in T-tubule remodeling, ECC, organelle mispositioning,
protein homeostasis, neuromuscular junction, and muscle regeneration. Dynamin 2 plays a crucial
role in CNM physiopathology and has been validated as a common therapeutic target for three
CNM forms. Indeed, the promising results in preclinical models set up the basis for ongoing
clinical trials. Another two clinical trials to treat myotubular myopathy by MTM1 gene therapy or
tamoxifen repurposing are also ongoing. Here, we review the contribution of the different CNM
models to understanding physiopathology and therapy development with a focus on the commonly
dysregulated pathways and current therapeutic targets.

Keywords: centronuclear myopathy; myotubular myopathy; myotubularin; dynamin; amphiphysin;
ryanodine receptor; autophagy; triads; membrane trafficking; satellite cell

1. Introduction

Centronuclear myopathies (CNM) are a subgroup of congenital muscle disorders encom-
passing myotubular myopathy and are characterized by the abnormal nuclei position in the
center of the myofibers in the absence of excessive regeneration, unlike what is commonly
observed in dystrophies [1]. The first published patient description was in 1996 by Spiro et al. [2]
and since then, major advances have been made in the identification of causative genes. Clinical
presentation and inheritance are heterogenous and can be classified into three main groups: the
most severe X-linked CNM (XLMTM, myotubular myopathy) caused by mutations in MTM1
encoding myotubularin (MTM1) [3]; autosomal dominant CNM (ADCNM) caused by domi-
nant mutations in DNM2 encoding dynamin 2 (DNM2) [4] or in BIN1 encoding amphiphysin
2 (BIN1) [5]; and autosomal recessive CNM (ARCNM) caused by a mutation in BIN1 [6] or
RYR1 encoding ryanodine receptor (RyR1) [7,8]. Around 16% of CNM cases have an unknown
genetic cause [9]. Mutations in other genes including TTN [10], SPEG [11], CACNA1S [12], and
ZAK [13] have been identified in congenital myopathies with a CNM-like phenotype combined
with other features. In the present review we aim to provide an overview of the clinical and
pathological aspects of CNM with a focus on the main genetic forms with mutations in MTM1,
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BIN1, DNM2, and RYR1 genes, and highlight common disease mechanisms. Finally, updates on
novel therapeutic targets and a current translation of different treatment approaches to human
clinical trials will be discussed.

2. MTM1 and Myotubular Myopathy
2.1. Disease Presentation and Genetics

X-linked centronuclear myopathy or myotubular myopathy (XLCNM, XLMTM, OMIM#310400)
is caused by recessive mutations in the MTM1 gene encoding the 3′-phosphoinositide phosphatase
myotubularin [3] (Table 1). The disease name comes from the resemblance of patient muscle fibers to
fetal myotubes upon the analysis of muscle biopsies [2]. More than 300 loss-of-function mutations
have been identified without specific hotspots [14–18], most resulting in a strong decrease in MTM1
protein levels [19,20].

XLMTM is a rare congenital myopathy that affects about 1/50,000 newborn males per
year [21]. Recent estimations have proposed that it accounts for the largest proportion of
CNM patients, representing around 57% of the prevalent population [9]. It is characterized
by a severe neonatal or prenatal myopathy, constituting one of the most severe forms of
CNM. It has a poor prognosis as 60% of patients died within the first two years of life,
while some affected boys survived into childhood and even adulthood [14].

The general clinical picture is composed of severe hypotonia, muscle atrophy, and
generalized weakness at birth. Most patients also present respiratory insufficiency, re-
quiring immediate ventilatory assistance, and swallowing difficulties, needing a feeding
tube. Moderate ptosis (drooping of the upper eyelid), ophthalmoplegia (weakness of eye
muscles), and scoliosis are often observed [21,22]. Non-muscle phenotypes have been fre-
quently reported. It is frequent to observe dolichocephaly (large head relative to its width).
Pyloric stenosis and cavernous hemangiomas of the liver were reported as complications in
long-term survivors [23]. Following the fatal death of three patients in the ASPIRO clinical
study (MTM1 gene therapy, see therapy section) possibly linked to liver complications,
hepatobiliary disease in XLMTM was further characterized in two recent studies [24,25].
Overall, it was shown that hepatobiliary disease, and in particular, cholestasis, is a common
comorbidity in XLMTM patients that should be closely monitored. It can manifest from
an early age, especially after infection or vaccination, and presents with an increase in
liver enzymes (transaminases and bilirubin) and liver ultrasound abnormalities as hepatic
peliosis or gallstones. It was not correlating clinical severity nor MTM1 mutation.

Most female XLMTM carriers were first assumed to be asymptomatic, but recent
studies have shown they can have symptoms with a wide spectrum of clinical involvement
from severe neonatal and generalized weakness with respiratory dysfunction to more
commonly observed milder forms in adulthood [26,27]. Prevalence of manifesting XLMTM
carriers may be higher than currently assumed as demonstrated with a new cohort of 76
female carriers published in 2021 with 51% manifesting carriers [28]. It is characteristic to
observe asymmetric weakness and growth, facial involvement, ptosis, and skeletal and
joint abnormalities [26,27]. The differences in severities are not explained by the MTM1
mutation. Skewed X-chromosome inactivation (XCI) was noted in some female carriers
(six patients out of 32 with a ratio of 95:5) [26], although this was demonstrated to not be
correlated with the severity of the phenotypes [27]. Severity in females may be explained
by disease modifier genes or the susceptibility of the MTM1 gene to escape XCI.
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Table 1. Phenotype in patients with MTM1, BIN1, DNM2, or RYR1 mutations.

CNM Form/
Mutated Gene

Incidence/
Prevalence [9,21]

Severity/
Age of Onset

Clinical Presentations
(Common Findings)

[1,21]

Muscle Histology
[21,22] Altered Pathways Ref(s)

XLMTM/
MTM1

17 per mln births */
57% CNM patients

+++/
Neonatal,20% moderate
late-onset form

Severe neonatal hypotonia,
generalized muscle weakness.
25% male die in the first year of
life. In late-onset cases, slowly
progressive weakness.
Moderate ptosis and
ophthalmoplegia.
Respiratory failure and
swallowing difficulties.
Others: dolichocephaly,
possible hepatobiliary disease

Fiber hypotrophy, rounded
fibers, centralized nuclei, type 1
fiber predominance.
Pale peripheral halo lacking of
oxidative activity.
Female and late-onset cases:
necklaces and internalized
nuclei.

Abnormal triads
Satellite cell deficiency
NMJ dysfunction
Increased levels of PI(3)P
Epigenetic dysregulation
Defective autophagy
Defective endosome recycling

[3,26,29–36]

ADCNM/
DNM2

2 per mln births */
12% CNM patients

+ or ++/
Adulthood or
adolescence, neonatal

Slowly progressive muscle
weakness. Pediatric cases:
generalized muscle weakness,
hypotonia and breathing
difficulties, improving over the
time.
Ophthalmoplegia and ptosis
frequently present.
Other: mild peripheral nerve
involvement in some cases.

Hypotrophy of type 1 fibers,
with some hypertrophic fibers,
centralized or internalized
nuclei, type 1 fiber
predominance.
Radiating sarcoplasmic
strands, accumulation of
oxidative activity around
centralized nuclei.

Abnormal triad
Defective autophagy
NMJ dysfunction

[4,33,37–39]

ARCNM/
BIN1 1 per mln births */

4% CNM patients

++/
Childhood

Diffuse muscle weakness from
slowly to rapidly progressive
and facial weakness.
Ophthalmoplegia and ptosis
(some cases).

Fiber hypotrophy, rounded
fibers, centralized and
clustered nuclei, type 1 fiber
predominance.
Central accumulation of
oxidative activity.

Abnormal triads
Abnormal nuclear shape [6,33,40,41]

ADCNM/
BIN1

+/
Adulthood

Mildly progressive muscle
weakness without facial
involvement

Abnormal triads
Defective autophagy [5]

ARCNM/
RYR1

2 per mln births*/
12% CNM patients

++/
Neonatal,
childhood

Proximal muscle weakness and
hypotonia, improving over
time.
Ophthalmoplegia with or
without ptosis.
Possible breathing difficulties.

Fiber hypotrophy with size
heterogenicity, predominantly
internalized nuclei (some
centralized), type 1 fiber
predominancy.
Cores depleted of oxidative
activity with undefined
boundaries.

Defective calcium homeostasis
Epigenetic dysregulation
Oxidative stress

[7,8,42–44]

* Incidence is expressed as affected newborns per million (mln) births. It represents the overall cases estimated for Europe, the U.S., Japan, and Australia [9]. Particularities in clinical presentations or histological
findings that differentiate from other CNM forms are highlighted in bold.
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Main morphological features observed in muscle biopsies from patients with XLMTM
are smaller round myofibers with centralized nuclei, predominance of type 1 slowly
contracting fibers and lack of oxidative activity in the periphery of the fibers. Centralized
nuclei are surrounded by an area depleted of myofilaments containing mitochondria,
glycogen, and some tubular structures [1]. Necklace fibers have been reported in late
onset XLMTM cases [30] and female carriers [26]. Patients were mildly affected during
childhood and worsening after the first and second decades of life. Necklace are basophilic
rings located underneath the sarcolemma following the contour of the cell and composed
of glycogen, mitochondria, and reticulum as observed with periodic acid–Schiff (PAS),
oxidative staining, and electron microscopy. In those patients, myonuclei were usually
aligned in the necklace.

2.2. Myotubularin Function and Animal Models for XLMTM
2.2.1. Myotubularin

Myotubularin (MTM1) is a ubiquitously expressed phosphosinositide (PI) phos-
phatase that regulates intracellular vesicle trafficking through the spatial and temporal
regulation of PI phosphorylation. PIs are lipids that determine membrane identity and
regulate protein recruitment [45,46]. MTM1 specifically dephosphorylates position 3 of
phosphatidylinositol-3,5-bisphosphate (PI(3,5)P2 to PI(5)P) and phosphatidylinositol-3-
phosphate (PI(3)P to PI), second messenger lipids produced by PI 3-kinase (PI3K) and
5-kinase (PI5K), respectively [47–49]. These lipids are important to regulate intracellular
processes such as autophagy or vesicle sorting within and through endosomal compart-
ments [46]. MTM1 is part of a highly conserved protein family conserved throughout
evolution in Eucaryotes [50,51] (Figure 1).
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Figure 1. Schematic illustration of localization and functions of MTM1, DNM2, BIN1, and RyR1 in skeletal muscle. ECM (extracellular matrix), ALR (autophagic lysosome reformation),
Ub (ubiquitin), Ach (acetylcholine), MVB (multivesicular bodies). The figure uses modified images from Servier Medical Art Commons Attribution 3.0 Unported License (http:
//smart.servier.com, accessed on 29 August 2021).

http://smart.servier.com
http://smart.servier.com
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The MTM1 protein has the following protein domains (Figure 2), from the N-terminal
to C-terminal [51]. The PH-GRAM domain (Pleckstrin homology-glucosyltransferase, Rab-
like GTPase activator and myotubularin) can bind lipids, especially PI(3,5)P2, which is
enriched in early endosomes [52], and may also interact with effector proteins. The RID
domain (Rac1-induced recruitment domain or myotubularin-related domain) regulates
its recruitment to the plasma membrane [53] and interacts with the muscle intermediate
filament desmin [31]. The phosphatase domain encompasses a signature motif conserved
among phosphatases and is responsible for phosphoinositide dephosphorylation [48].
The SID (SET interacting domain) that interacts with SET domain proteins involved in
epigenetic regulation [54]. A coiled coil domain is essential for homodimerization and/or
heterodimerization of myotubularin. Finally, a PDZ (PSD95, disc large, ZO-1) binding site
is localized at the C-terminal, mediating protein–protein interactions.

Figure 2. Scheme of MTM1, DNM2, BIN1, and RyR1 protein domains. MTM1: PH-GRAM (Pleckstrin
homology-glucosyltransferase; Rab-like GTPase activator and myotubularin), RID (Rac1-induced
recruitment domain), SID (SET interacting domain), CC-PDZ (coiled coil; PSD95, disc large, ZO-1).
DNM2: PH (Pleckstrin-homology), GED (GTPase effector domain), PRD (proline-rich domain).
BIN1: N (N-terminal amphipathic helix α), BAR (Bin-amphiphysin-Rvs), PI (phosphoinositides),
CLAP (clathrin and AP2 binding), MBD (Myc binding domain), SH3 (SRC homology 3). RyR1:
NTD (N-terminal domain), SPRY (SPla and the RYanodine receptor), HD (helical domain), CTD
(C-terminal domain).

Mutations in MTM1 spread throughout all the different domains with no hotspots
and no clear genotype–phenotype correlations [55–57].

2.2.2. Mouse Models for XLMTM

The development of animal models mimicking XLMTM have been essential to deci-
pher the pathomechanisms and validate several therapeutic targets. Here, we focus on
animal models for which specific orthologs of human MTM1 are found (mammals and
fish) (Table 2).

A first XLMTM mouse model was generated through exon 4 deletion (Mtm1δ4 line,
Mtm1 knockout Mtm1−/y), leading to complete knockout of the MTM1 protein in all
tissues [58,59]. Mtm1−/y mice have a reduced lifespan of 1–3 months, probably dying
due to respiratory failure. Males develop a progressive and generalized myopathy with
severe muscle weakness and decrease in body weight starting at 3–4 weeks of age. No
phenotype has been reported to date in heterozygous female mice (Mtm1+/−). Conditional
ablation of this exon only in skeletal muscle using a Cre recombinase expression driven by
the HSA (human skeletal actin) promotor causes almost identical phenotypes, pointing to
myotubularin loss in muscle as the main cause of the disease. Histopathological hallmarks
in muscle biopsies resemble those observed in patients with high incidence of small fibers
with centralized or internalized nuclei, and a peripheral halo depleted of oxidative activity
underlying mitochondria mispositioning. The fact that mice, unlike patients, are not
affected from birth can be explained due to the different timing of late myogenesis as
muscle development is completed in human before birth but finalizes at two weeks of age
in mice. Ultrastructural analysis showed Z-line misalignment, decreased number of triads,
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swollen sarcoplasmic reticulum, and accumulation of mitochondria and glycogen around
centralized nuclei, as reported in XLMTM patients. These results point to myotubularin as
a key player for muscle skeletal maintenance.

Table 2. Main fish and mammalian models for XLMTM.

Genotype
and Specie

Skeletal Muscle Phenotypes Altered Pathways in
Muscle

Ref(s)
Lifespan and Motor
Phenotype Muscle Histology

Mtm1−/y (Mtm1KO,
Mtm1δ4) mouse

Short lifespan (6–8 weeks),
decreased body weight
and progressive and
generalized severe
myopathy (from 3 weeks)
with breathing difficulties.

Fiber hypotrophy,
centralized and
internalized nuclei, pale
peripheral halo in
oxidative staining.

Abnormal triads and
defective ECC
Deficient autophagy and
UPS
Dysfunctional
mitochondria
Abnormal NMJ
Satellite cell deficiency
and defective regeneration
Increased levels of PI(3)P
Defective endosome
recycling

[31,35,59,63,66–73]

Mtm1gt/y (gene trap)
mouse

Short lifespan (6 weeks),
decreased body weight
and progressive and
generalized severe
myopathy (from 3 weeks).

Fiber hypotrophy,
centralized and
internalized nuclei.

Defective autophagy
mTORC1 overactivation
Dysfunctional
mitochondria
Increased levels of PI(3)P

[61]

Mtm1∆5/y, Mtm1∆7/y

mouse

Short lifespan (6–7 weeks)
decreased body weight
and generalized severe
myopathy (from 3wks).

Fiber hypotrophy,
centralized nuclei.

Defective muscular
postnatal development
and muscle maturation

[62]

Mtm1R69C/y (Mtm1-KI)
mouse

Reduced lifespan (median
66 weeks),
non-progressive mild
myopathy (from 8 weeks)
and altered breathing.

Fiber hypotrophy,
centralized nuclei.
Central and peripheral
accumulations of
oxidative staining.

Abnormal triads
NMJ dysfunction
Satellite cell deficiency

[60,68,74]

mtm1 morphant
zebrafish

Impaired motor function
from 24 hpf.

Fiber hypotrophy,
abnormal nuclei position
and shape.

Abnormal triads and ECC
Abnormal mitochondria
(disrupted cristae)
Increased levels of PI(3)P

[34]

mtm1-null (mtm1∆8/∆8)
zebrafish

Reduced lifespan (7–9 dpf)
and impaired motor
function and phenotypic
changes from 3 dpf.
Enlarged, globular and
fatty liver.

Not specified. Abnormal triads [63]

MTM1
N155K, Q384P dog

Reduced lifespan,
generalized and
progressive severe
myopathy (from 2–3
month).

Fiber size variability,
hypotrophy type 1 fibers,
centralized nuclei, type 1
fiber predominance.
Subsarcolemmal and
central accumulations of
oxidative staining.

Abnormal triads
Increased levels of PI(3)P
Defective autophagy with
Q384P mutation
Transcriptional
dysregulation with N155K

[64,65,75]

Hpf: hours post fertilization, dpf: days post fertilization, ECC: excitation–contraction coupling, NMJ: neuromuscular junction, PI(3)P:
phosphatidylinositol 3-phosphate.

A Mtm1 knock-in (KI) mouse model was generated carrying the R69C mutation
(Mtm1R69C/y) previously identified in patients with a mild phenotype [60]. Analysis of this
model revealed that this mutation causes the skipping of exon 4, leading to premature
termination of myotubularin translation. However, some full-length Mtm1 mRNA with the
missense mutation is expressed, resulting in a milder phenotype compared to Mtm1−/y

mice with a median survival of 66 weeks. Muscle weakness appears at eight weeks of age,
but does not progress with age, with muscle fiber hypotrophy and nuclei centralization
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already present at four weeks. Interestingly, the central nuclei increase over time, but do
not correlate with worsening of muscle force [60].

A third Mtm1 mouse model was developed by a gene trap strategy (Mtm1gt/y) where
a vector with the neomycin reporter was inserted into intron 1 of the Mtm1 gene, disrupting
its expression [61]. Mtm1gt/y mice survive for at least six weeks and develop a progressive
myopathy from three weeks with histological defects as internalize nuclei, decreased
myofiber size, and disorganized sarcomeres, similar to the Mtm1−/y mouse.

Recently, novel Mtm1 knockout mouse models were generated using CRISPR tech-
nology by deletion of the 5-base pair (bp) (Mtm1∆5/y) or 7-bp (Mtm1∆7/y) in the exon
3 [62]. As in Mtm1−/y mice, these mutant mice have a maximum lifespan of eight weeks,
smaller body weight than the controls, and histopathological hallmarks similar to XLMTM
patients [62].

2.2.3. Other Animal Models for XLMTM

Zebrafish: The morpholino antisense technology was used in zebrafish to reduce the
level of myotubularin (mtm1 morphant) and resulted in impairment of motor function
and histopathologic changes resembling those seen in patients with mispositioned nuclei,
fiber hypotrophy, and abnormal triads [34] (Table 2). Similar phenotypes were found in a
zebrafish mutant created using zinc finger nucleases to produce a deletion of 8-bp in exon
5 of the mtm1 gene (mtm1-null), leading to frameshift and early stop mutation [63].

Dogs: In addition, two spontaneous canine models have been identified for XLMTM
(Table 2). First, a Labrador retriever dog harboring the mutation N155K (exon 7) in
the MTM1 gene [64], followed by the identification of the mutation Q384P (exon 11) in a
Rottweiler dog [65]. The affected dogs developed a progressive myopathy with generalized
muscle weakness and atrophy, and mispositioned nuclei and mitochondria together with
type 1 fiber predominancy in muscle biopsies.

3. DNM2 and Autosomal Dominant Centronuclear Myopathy
3.1. Disease Presentation and Genetics

DNM2-related autosomal dominant centronuclear myopathy (DNM2-related AD-
CNM, OMIM#160150) is caused by heterozygous mutations in DNM2, encoding the large
ubiquitous GTPase dynamin 2 (Table 1) [4]. More than 15 different CNM mutations
affecting mainly the stalk and PH domains (see below) have been reported [76]. They
are suspected to be gain-of-function mutations that result in more stable oligomer struc-
tures and increased GTPase activity in vitro compared to wild-type dynamin 2 [77–79].
Different heterozygous DNM2 mutations have been found in patients with dominant
intermediate and axonal forms of Charcot Marie Tooth neuropathy (CMTDIB and CMT2B
OMIM#606482) affecting peripheral nerves. Of note, a homozygous mutation was also
reported in a single family with lethal congenital contracture syndrome (OMIM#615368).
In this review, we will only focus on DNM2 mutations causing CNM.

CNM, caused by DNM2 mutations, accounts for around 12% of CNM patients.
The yearly incidence of DNM2-related ADCNM was estimated to be 21 newborns globally
(including Europe, the United States, Japan, and Australia) per year [9]. It presents a large
clinical variability ranging from severe and neonatal onset to milder forms, with adult
onset [4,37,38] DNM2-related ADCNM patients generally having a better prognosis even
in neonatal cases, in comparison with XLMTM.

Adult or adolescent cases present with delayed motor milestones during childhood, in
particular, for walking and climbing stairs or running [22]. Severe pediatric cases, however,
often present generalized muscle weakness and hypotonia together with moderate facial
weakness, ophthalmoplegia, and ptosis. Most patients with early onset-severe form develop
breathing complications at the end of the first decade [76]. Common to all DNM2 cases
is hyporeflexia or areflexia [76]. Achilles tendon contractures are frequently reported for
DNM2 patients [80]. Coexistence of typical CNM-features with peripheral neuropathy with
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mild axonal peripheral nerve involvement has been described in patients carrying a CNM
mutation [81,82].

The analysis of muscle biopsies of DNM2-related ADCNM shows a significantly high
proportion of muscle fibers with central and internal nuclei, predominance of type 1 fibers,
and fiber size heterogeneity. The central internuclear space is depleted of sarcomeres and
occupied by glycogen granules, mitochondria, endoplasmic reticulum, and Golgi appara-
tus [1]. As a discriminatory feature from other CNM forms, myofibers present characteristic
radiating sarcoplasmic strands (RSS, also named “spokes of a wheel”), visible with oxida-
tive reactions and easily observed in electron microscopy with a radial distribution of the
intermyofibrillar sarcoplasmic reticulum around the centralized nuclei.

3.2. Dynamin 2 Function and Animal Models for ADCNM
3.2.1. Dynamin 2

Dynamin 2 (DNM2) is a large GTPase with membrane fission and tubulation activities.
It is a key player during final steps of clathrin-mediated endocytosis to trigger the fission
and release of vesicles. This mechanoenzyme is also implicated in membrane trafficking
and recycling, cytoskeleton remodeling through interaction with actin and microtubules
networks, apoptosis, and cytokinesis [83] (Figure 1).

In mammals, there are three genes encoding “classical” dynamins. While dynamin 2
is the only member ubiquitously expressed, dynamin 1 is mainly expressed in the brain,
and dynamin 3 is particularly expressed in the brain, testis, and lung. Each dynamin has
several splice isoforms. In the case of DNM2, exon 10a/b is mutually exclusive, while
exons 12b and 13b are alternatively spliced [84,85]. Exon 12b was recently observed in
mice and human tissues with predominant expression in skeletal muscle, which increased
during muscle development [84]. In adult skeletal muscle, both Dnm2 isoforms including
exon 12b as well as the ubiquitous Dnm2 isoforms (without exon 12b) are expressed.

Dynamin 2 is comprised of several functional domains (Figure 2) [83]. The N-
terminal GTPase domain mediates the hydrolysis of GTP to GDP. GTP binding favors
dynamin oligomerization, while GTP hydrolysis triggers dynamin oligomer disassem-
bly [86]. The middle domain or stalk allows dynamin 2 dimerization in a cross-like fashion
and is thus essential for its oligomerization. It may also bind to actin [87]. The Pleckstrin-
homology (PH) domain binds to phosphoinositides such as PI(4,5)P2 and its affinity in-
creases with dynamin polymerization. Dynamin 2 may also bind other PIs such as PI(3,4)P2,
PI(3,4,5)P3, and PI(3)P [88]. The GTPase effector domain (GED) (together with the middle
domain) is involved in oligomerization and in regulating the GTPase activity through
its interaction with the GTPase domain. The C-terminal proline-rich domain (PRD) me-
diates interaction with other proteins containing Src-homology domain 3 (SH3) such as
endophilins, amphiphysins, sorting nexins, and syndapins. These interactions may regulate
dynamin recruitment to the membrane or activity.

Dynamins oligomerize around tubular membrane templates, forming spiral structures
before triggering membrane fission. Briefly, dynamin dimerizes through its middle/stalk
domain, then dimers oligomerize to form a tetramer structure. This tetramer can have
two conformations: open-active conformation or close-autoinhibited conformation. When
the PH domain is flipped back on the middle/stalk domain, it forms an autoinhibitory
state that is released upon binding to the lipid membrane by the PH domain [89]. Then,
dynamin oligomerizes around membrane tubes, forming helicoidal structures, triggering
membrane constriction upon GTP binding, and ultimately fission concomitant to GTP
hydrolysis [83,90]. To date, several models have been proposed for the detailed mechanism
of the action of dynamins [90].

DNM2 mutations have been associated with tissue-specific diseases and mainly con-
centrate in the middle/stalk and PH domains. A gain-of-function mechanism has been
proposed for ADCNM mutations with a muscle-specific phenotype. Most ADCNM muta-
tions linked to severe forms such as the common S619L missense are concentrated in the
auto-inhibitory PH–stalk interface, while the common R465W mutation leading to a mild
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adult form is located in the tetramerization interface [89]. It is hypothesized that muta-
tions in the PH–stalk interface open dynamin conformation and favors its oligomerization
around membranes. In vitro studies have shown that ADCNM-mutants are hyperactive
and form more stable oligomers [77,79,91]. More specifically, the S619L mutation behaves
like a lipid unsensitized mutant, resulting in high GTPase activity independent of lipid
binding [78,92].

3.2.2. Mouse Models for DNM2-Related ADCNM

The first in vivo model for ADCNM was generated by homologous recombination
and expresses the most frequent DNM2 mutation observed in patients (Dnm2R465W/+) [93]
(Table 3). This model mimics adult-onset cases with a slowly progressive myopathy as
in patients. Dnm2R465W/+ mice have a normal lifespan and body weight. Impairment of
contractile properties manifest from three weeks of age, while muscle atrophy progresses
with age starting from two months. In muscle, a clear disorganization and central accumu-
lation of mitochondria and reticulum is evidenced by oxidative staining from two months
of age. Of note, centralized nuclei, sarcoplasmic strands, or type 1 fiber predominance
characteristics of the human pathology were not seen. Mice homozygous for the mutation
generally die on the first day of life; associated with mislocalized nuclei observed in 20% of
fibers. Recently, a second ADCNM mouse model was described and reproduces the severe
neonatal cases caused by the S619L mutation (Dnm2S619L/+) [94]. Some heterozygous mice
die between E18.5 and postnatal day 10. Survivors present a normal lifespan with decreased
body weight perhaps due to feeding difficulties. Impairment in motor function is observed
from three weeks, and at eight weeks, histology shows fiber hypotrophy, abnormal central
accumulation of oxidative activity, and a very slight increase in centralized nuclei (around
5% vs. 2% in WT). The main ultrastructural defect observed is the presence of enlarged
and rounded mitochondria devoid of most cristae, potentially underlying the impaired
muscle performance. This mitochondria anomaly was also confirmed in a patient with
the same mutation. Similar to the Dnm2R465W/+ model, homozygous Dnm2S619L/S619L mice
do not survive past the first postnatal day. No defect in nerve conduction or structure
was observed in both Dnm2 knock-in models, although more specific electrophysiological
studies will be required to totally exclude possible nerve involvement in these models.

Importantly, Dnm2 homozygous knock-out is embryonically lethal [83], while specific
knock-out in skeletal muscle leads to structural and metabolic defects of muscle unlike the
CNM phenotypes [95]. Conversely, heterozygous Dnm2+/− mice have a normal lifespan
and do not display obvious phenotypes [96].

In addition to knock-in mouse models, transient exogenous overexpression of human
DNM2 CNM mutations in wild type (WT) mouse muscle with adeno-associated virus (AAV)
was performed and correlated with a reduction in muscle force and CNM-like histological
defects including fiber hypotrophy, nuclei mislocalization, and altered mitochondrial
staining [97,98]. In detail, sarcomere structures were altered, neuromuscular junction
(NMJ) was disrupted, and triads were abnormal with rounder and longitudinally oriented
T-tubules and swollen sarcoplasmic reticulum. The structural defects found correlate
with clinical severity observed in patients and knock-in mouse models with increased
severity with the S619L mutation compared to the R465W mutation [98]. Interestingly,
overexpression of WT DNM2 in muscle, either through AAV [97,98] or transgenesis [99],
resulted in a clear increase in myofibers with centralized nuclei, central accumulations of
oxidative staining, and decreased muscle performance, recapitulating the CNM phenotypes,
and thus suggesting DNM2-related ADCNM mutations are gain-of-function in vivo [99].

3.2.3. Other Animal Models for DNM2-Related ADCNM

The role of dynamin in endocytosis was first suggested through the study of the single
dynamin ortholog, shibire gene drosophila mutants, presenting paralysis and depletion
of vesicles in synaptic terminals at non-permissive temperatures [100,101]. Transgenic
drosophila expressing human DNM2 CNM mutants in muscle were also studied [77].
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Similarly to mice, overexpression of WT and CNM mutants led to impaired locomotion,
fiber hypotrophy, and fragmentation of T-tubules (Table 3).

Table 3. Main fish and mammalian models for DNM2-related ADCNM.

Genotype and Specie
Skeletal Muscle Phenotypes

Altered Pathways in
Muscle

Ref(s)
Lifespan and Motor
Phenotypes Muscle Histology

Dnm2R465W/+ mouse (mild adult CNM form)

Homozygous: died at
P1 (2% survived 3
weeks).
Heterozygous: normal
lifespan, normal body
weight, progressive
moderate myopathy,
normal body weight.
Progressive moderate
myopathy (from 3
weeks).

Fiber hypotrophy,
normal nuclei position,
central accumulation of
oxidative activity.

Defective ECC and
calcium homeostasis
Defective autophagy
Defective actin
organization and
polymerization
Defective GLUT4
trafficking
Defective costamere
Deficient satellite cells

[93,106–114]

Dnm2S619L/+ (Dnm2SL/+) mouse (severe neonatal
CNM form)

Homozygous: none
survived to P2.
Heterozygous: partial
mortality from E18.5 to
P10. Normal lifespan
after P10, decreased
body weight,
generalized severe
myopathy.

Fiber hypotrophy,
normal nuclei position,
central accumulation of
oxidative activity.

Abnormal mitochondria
(swollen and disrupted
cristae)

[94]

Transient expression of
DNM2

Mouse
hDNM2-WT, R465W,
S619L

Decreased muscle force
2- and 4-weeks
post-injection (higher
impact of mutants).

Fiber hypotrophy,
centralized and
internalized nuclei
Central and peripheral
accumulations of
oxidative activity.

Abnormal triads
Abnormal mitochondria
(enlarge and disrupted
cristae with S619L
mutant)
Abnormal NMJ

[97,98]

Zebrafish
hDNM2-WT, S619L

Motor function
impaired at 2dpf
(higher impact mutant).

Fiber hypotrophy.
Disorganized
perinuclear material.

Abnormal triads and
deficient ECC
Swollen organelles
Abnormal NMJ

[39,102]

Zebrafish
hDNM2-R522H

Motor function
impaired
Dose-dependent 24 dpf
mortality.

Fiber size variability
and increased central
nuclei.

Abnormal NMJ [104]

Stable expression of
DNM2

Mouse
Tg MCK-rat Dnm2
rat Dnm2-WT

Impaired motor
function.

Fiber hypotrophy and
centralized nuclei.
Central accumulation of
oxidative staining and
radial strands.

Abnormal T-tubule [99]

Drosophila
Tg hDNM2-WT
R465W, S619L, A618T

Defects in the eclosion.
Defective locomotor
activity. Fiber hypotrophy. Abnormal T-tubule [77]

Zebrafish
Tg(hDNM2-EGFP)
WT,R465W,S619L

Impaired motor
function (highest impact
for S619L) from 2dpf.

Not specified. Abnormal triad
Abnormal NMJ [103]

DNM2R465W/+ dog Mildly progressive
weakness.

Fiber size variability,
central nuclei.
Abnormal
mitochondrial
positioning: necklace
fibers.

Not described yet [105]

dpf: days post fertilization, E: embryonic day, P: postnatal day, ECC: excitation–contraction coupling, NMJ: neuromuscular junction, PI(3)P:
Phosphatidylinositol 3-phosphate, Tg: transgenic.

Zebrafish: In developing zebrafish larvae, DNM2 exogenous expression of human DNM2-
S619L induces defective motor function as seen by weaker swimming patterns [39,102]. Muscle
structure displays abnormally located nuclei, perinuclear disorganization, and abnormal triads.
Stimulus-associated intracellular calcium release is impaired and NMJs are disorganized. These
findings were confirmed with transgenic lines overexpressing human DNM2 fused to enhanced
GFP (EGFP), Tg(DNM2-EGFP) for WT-DNM2, and CNM-mutants (R465W, S619L) [103]. Sim-
ilar to overexpression in mice, WT and CNM mutants provoked major muscle defects and
impairment of motor function. Bragato et al. overexpressed the human DNM2-R522H CNM
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mutant in zebrafish and noted locomotion was severely impaired, muscles presented with
increased centralized nuclei and decreased fiber size, and NMJ were altered [104].

Dog: The most common R465W DNM2 mutation was recently identified in a Border
collie (DNM2R465W/+) with mildly progressive weakness and CNM histological hallmarks
as myofiber hypotrophy, central nuclei, necklace fibers, and abnormal mitochondrial
positioning (Table 3). Of note, histological anomalies preceded the clinical signs [105].

4. BIN1 and Autosomal CNM Forms
4.1. Disease Presentation and Genetics

BIN1-related centronuclear myopathy (BIN1-related CNM, OMIM#255200) is caused
by mutations in BIN1 encoding amphiphysin 2, a ubiquitous protein implicated in mem-
brane curvature and tubulation (Table 1) [6]. Autosomal recessive CNM with childhood
onset is caused by BIN1 mutations that are probably loss-of-function [6,40,115–117] Au-
tosomal dominant CNM cases caused by heterozygous BIN1 mutation have also been
reported with adult-onset and mild CNM [5]. The prevalence of BIN1-related CNM cases
is estimated to be around 4% of total CNM patients and its worldwide incidence predicted
to be seven newborns per year [9]. However, the finding of a specific BIN1 mutation with a
founder effect in Spanish Roma suggests that the incidence may be much higher in specific
populations [116].

BIN1 patients present with a wide range of clinical presentations but are generally
associated with a disease severity intermediate between the XLMTM severe neonatal form
and the autosomal dominant adult-onset DNM2-ADCNM cases. Classical ARCNM cases
have neonatal-childhood onset with more severe symptoms than ADCNM cases linked to
BIN1 mutations, which present mild severity and adult onset. These are usually slowly
progressive, and the prognosis is relatively good, even for neonatal cases in comparison
with XLMTM. An exception is a few ARCNM cases with a splice mutation affecting
the muscle-specific exon 11 of BIN1 and with childhood onset and highly progressive
myopathy [40].

BIN1-related ARCNM patients present muscle atrophy with diffuse muscle weakness
together with facial weakness, ptosis, and ophthalmoplegia. Delayed motor milestones
during childhood are common antecedents. Patients generally do not need ventilatory
assistance. BIN1-related ADCNM cases present mildly progressive muscle weakness
without facial weakness [5]. Other non-muscle phenotypes found in some patients are
cardiac arrhythmia [115].

4.2. Amphiphysin 2 Function and Animal Models for BIN1-Related ARCNM
4.2.1. Amphiphysin 2

Amphiphysin 2, also known as Bridging Interactor 1 (BIN1) or SH3P9, is a ubiquitous
protein belonging to the BAR protein family of proteins that are involved in membrane
trafficking and tubulation. It is implicated in several cellular functions including endocy-
tosis, endosome recycling, cytoskeleton regulation, cell cycle progression, apoptosis, and
DNA repair [118] (Figure 1).

In mammals, there are two different genes encoding for amphiphysins: amphiphysin1
(AMPH1), which is highly expressed in the brain, and amphiphysin 2 (BIN1), which is
highly expressed in skeletal muscle (based on human GTEx data). BIN1 has 20 exons, some
of them alternatively splice to produce at least 12 tissue-specific isoforms with diverse
functions [118]. Isoforms 1–7 are mainly expressed in the brain, the muscle-specific isoform
8 contains a polybasic domain, and other isoforms are rather ubiquitously expressed.

BIN1 has the following domains that present differently depending on the isoform
(Figure 2) [118]. The Bin1/Amphiphysin/Rsv (N-BAR) domain is present in all isoforms
and is encoded by exon 1 to 10, although exon 7 is not always included. Its homo- or
hetero-dimerization stabilizes BIN1 oligomerization, forming a positive concave face that
binds to negatively charged lipids, and thus conveys membrane curvature sensing. The N-
terminus amphipathic alpha helix inserts into the membrane and contributes to curvature
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generation [119,120]. The phosphoinositide (PI) binding domain is encoded by the muscle
specific exon 11 (initially named exon 10 from cDNAs as it is never found with exon
7) [33,121] and corresponds to a short polybasic sequence that increases BIN1 affinity
toward negatively charged lipids such as PI(4,5)P2, PI(3)P, or PI(5)P [122,123]. It was shown
to enhance membrane tubulation in cells [6,123] and also regulate BIN1 conformation by
binding to the SH3 domain into a “folded” conformation, potentially preventing further
access to the SH3 domain by interactors [124]. The clathrin and AP2 binding (CLAP)
domain is encoded by exons 13–16, which is important for endocytosis and is specifically
present in the brain but not in muscle isoforms [125,126]. The Myc binding domain (MBD)
is encoded by exons 17–18 [127]. Exon 17 is not always present in adult skeletal muscle
isoforms [33,121] The Src homology 3 (SH3) domain is present in all isoforms and encoded
by the last exons 19–20. It is implicated in protein–protein interactions by binding to their
proline rich domain (PRD) [128]. Protein binding partners include dynamin, synaptojanin,
N-WASP, and Nesprin.

CNM homozygous missense mutations in the BAR domain were shown to impair its
membrane tubulation properties. D151N and R154Q mutations are predicted to decrease
the ability to form a dimer and bind phosphoinositides [6,117]. The K35N mutation de-
creases the number of positively charged amino acids of the N-terminal amphipathic helix,
decreasing the ability of BIN1 to sense and generate membrane curvature [6]. Moreover, a
splice site mutation skipping the muscle specific in-frame exon 11 removes the PI binding
domain and decreases membrane tubulation [40]. This mis-splicing was also observed
in patients with myotonic dystrophy 1 (DM1) due to alterations in splicing in the context
of that disease [122]. Other ARCNM mutations truncate the SH3 domain (as K573X or
K575X) and affect binding to DNM2, MTM1, and N-WASP, but do not impair membrane
tubulation [6,129,130].

The heterozygous mutations causing ADCNM are different and encompass two muta-
tions in the N-terminal amphipathic helix (K21del and R24C) and three stop-loss mutations
causing the addition of 52 amino acids following the SH3 domain [5]. Of note, Bin1
heterozygous knock-out mice present no phenotype [131] and heterozygous carriers of
BIN1 recessive mutations are not affected [5], suggesting dominant and recessive BIN1
mutations have a different functional impact. Further in cellulo studies were undertaken
to understand the difference between dominant and recessive mutations in the N-BAR do-
main. Expression of BIN1 mutations in COS cells impaired the formation of BIN1-induced
membrane tubules. However, co-expression of WT-BIN1 allowed for the recruitment of
recessive mutants to the membrane tubules, but dominant mutants were not recruited. It
was then hypothesized that recessive mutations induce a partial loss-of-function whereas
dominant mutations lead to a full loss-of-function or a dominant-negative effect.

4.2.2. Mouse Models for BIN1-Related ARCNM

No animal models carrying the patients’ mutations have been described up to now.
However, several animal models with the deletion of an in-frame exon or full knock-out
of Bin1 have been generated. The first constitutive Bin1 KO (Bin1−/−) was described in
2003, with partial deletion of exon 3 and no exons 4 and 5 [132] (Table 4). This led to
perinatal death during the first day of life. The cause of death was not completely clear, but
defects in heart with aberrant sarcomere structure and ventricular cardiomyopathy were
proposed. However, cardiomyocyte-specific loss of Bin1 causes a dilated cardiomyopathy
beginning by 8–10 months of age [133]. More recently, a mouse model lacking the last exon
20 (Bin1ex20−/−), causing truncation of the SH3 domain similarly to some CNM patients,
has been described [84,131]. This deletion also leads to perinatal death, although no
cardiac defects have been found. The pups probably die due to feeding problems as strong
hypoglycemia was noted at day 1 [131]. Skeletal muscle-specific deletion of the same exon
induced by a Cre recombinase under the control of the HSA promotor (Bin1ex20hsa−/−)
also causes perinatal death. Altogether, these data suggest BIN1 is necessary for perinatal
maturation of skeletal muscle, but dispensable for cardiac muscle development [131].
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The study of the skeletal muscle of Bin1ex20−/− newborns showed centralized nuclei,
central collapse of oxidative activity, and altered triad structures, reminiscent of CNM
histopathology. Inducible deletion of BIN1 in adult skeletal muscle (Bin1ex20hsa(i)−/−) with
80% reduction in BIN1 protein level does not cause histological defects, or abnormal muscle
ultrastructure or triad structures, suggesting that BIN1 is mainly necessary for muscle
maturation [131]. However, acute downregulation of Bin1 in the flexor digitorum brevis
(FDB) muscle with shRNA promotes disruption of the T-tubule structure and alterations in
intracellular Ca2+ release [134].

Table 4. Main fish and mammalian models for BIN1-related ARCNM.

Genotype and Specie
Skeletal Muscle Phenotypes Altered Pathways in

Muscle
Ref (s)

Lifespan and Motor
Phenotypes Muscle Histology

Bin1−/− mouse
(Bin1ex3-6 deletion)

Perinatal death at P0. Skeletal muscle not
examined in detail. Non investigated [132]

Bin1ex20−/− mouse
(Bin1ex20 deletion)

Perinatal death at P0,
feeding defect, no
difference in body weight.

Centralized nuclei
Central collapse of
oxidative staining.

Abnormal triads [84,131]

Bin1ex20hsa−/− mouse
(Bin1ex20skm−/−,
Bin1ex20 skeletal muscle
deletion from E9)

Perinatal death at P0,
feeding defect. Not described. Not described [84,131]

Bin1ex20mck−/− mouse
(Bin1ex20 skeletal muscle
deletion from E17)

Normal lifespan,
decreased body weight
(from 4 months) and
progressive moderate
myopathy (from 8 weeks).

Fiber hypotrophy, normal
nuclei position until 8
months.
Central accumulation of
oxidative staining.

Abnormal triads and
defective ECC
Defective autophagy

[135]

Bin1ex20hsa(i)−/− mouse
(Bin1ex20skm(i)−/−

deletion in adult skeletal
muscle)

No impact on lifespan or
body weight and normal
motor function.

Muscle histology
comparable to WT. None [131]

Bin1 shRNA
knock-down in adult
muscle

Not described. Not described. Abnormal triads and
defective ECC [134]

Bin1ex11−/− mouse
(splice switching from
muscle-specific to
ubiquitous isoform)

Normal lifespan and body
weight and normal motor
function.

Muscle histology
comparable to WT. Slight,
but significant, increased
in mis-localized nuclei.

Satellite cell deficiency
and defective muscle
regeneration

[131]

Bin1ex11 transient
skipping by U7-ex11 AS
in mouse

Reduced muscle force. Histology comparable
with WT.

Abnormal T-tubule
orientation [122]

bin1 morphant zebrafish Defective motor function
(from 17–26 hpf).

Mislocalized, rounded and
grouped nuclei.

Abnormal triads and
defective ECC [136]

BIN1ex11 splice acceptor
mutation in dog
(decreased BIN1
expression)

Highly progressive
myopathy.

Fiber hypotrophy,
internalized nuclei.
Central accumulation of
oxidative staining and
some radial strands.

Abnormal triads
Defective autophagy [40]

hpf: hours post fertilization, dpf: days post fertilization, E: embryonic day, P: postnatal day, ECC: excitation–contraction coupling, NMJ:
neuromuscular junction, skm: skeletal muscle, MCK: muscle creatine kinase, HSA: human skeletal actin.

As skipping of the muscle-specific exon 11 of BIN1 causes ARCNM with highly progressive
myopathy [40], a mouse model with deletion of Bin1 in-frame exon 11 (Bin1ex11−/−) was
generated, causing an isoform switching from the muscle-specific isoform 8 (with exon 11) to
the ubiquitous isoform 9 (without exon 11) in skeletal muscle [131]. This switch does not alter
normal muscle structure and function, but impaired muscle regeneration induced by injury. A
slight decrease in T-tubule network was quantified with no impact on the excitation–contraction
coupling (ECC). However, a similar Bin1 mis-splicing was reproduced in adult muscle by
injection of U7-exon 11 antisense and this was sufficient to induce T-tubule alterations with an
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impact in muscle force [122]. Altogether, these mouse models lead to better understanding of
the BIN1 function in muscle, pointing to BIN1 as a key player for muscle maturation, and is
required for muscle function and regeneration in adulthood.

The disadvantages of these previously described models were the early lethality or
absence of a clear muscle phenotype, preventing their use for testing therapies. Recently, a
viable mouse model muscle-specific knock-out of Bin1 was described and faithfully repro-
duces CNM motor and histological phenotypes [135]. The ubiquitous exon 20 was deleted
from 17 days post-coitum (dpc) in muscles with a Cre recombinase under the control of the
muscle creatine kinase (MCK) promotor (Bin1ex20mck−/−) [135]. In comparison, thasHSA
promoter used to obtain perinatal lethal mice expresses from 9 dpc. Mice presented a
normal lifespan and developed a progressive myopathy with decreased muscle force at
eight weeks of age. In muscle sections, histological CNM-hallmarks were observed as
abnormal mitochondrial distribution with central accumulation of oxidative activity and
fiber hypotrophy. Bin1ex20mck−/− muscle fibers present defects in the T-tubule network
and impaired ECC, which are probably the main contributors to the muscle weakness
observed in this mouse model. All CNM hallmarks had worsened by four months of
age. However, no centralized nuclei were observed until 12 months of age (maximum
age analyzed).

4.2.3. Other Animal Models for BIN1-Related ARCNM

Zebrafish: bin1 morphant zebrafish also revealed common features observed in muscle
biopsies from CNM patients [136] (Table 4). They presented with dorsal curvature and
S-shape (reminiscent to kyphosis/scoliosis seen in CNM patients) and a deficit in early
motor function. Histology showed mis-localized and grouped nuclei and disorganized
myofibers. Unusual membranous whorls, as observed in the dogs, were also observed by
electron microscopy as well as abnormal triads. Interestingly, overexpression of BIN1 with
or without exon 11 rescue abnormal triads, again supporting that exon 11 is not essential
for muscle development.

Dogs: A spontaneous canine model with exon 11 mis-splicing was described in
2013 [40] (Table 4). A group of Great Danes presented a rapidly progressive myopathy
named as Inherited Myopathy of Great Danes (IMGD), characterized by muscle atrophy
and exercise intolerance with an onset at about six months of age [137–139]. They were
affected by an homozygous BIN1 mutation at the exon 11 AG acceptor splice site that leads
to exonization of part of intron 10 and loss of BIN1 protein [40]. The dogs reproduced
the histopathological hallmarks found in patients, with increased internalized nuclei,
muscle atrophy, and membrane abnormalities such as aberrant triads, and accumulation of
membranous structures.

5. RYR1 and Autosomal Recessive Centronuclear Myopathy
5.1. Disease Presentation and Genetics

RYR1-related autosomal recessive centronuclear myopathy (RYR1-related ARCNM,
OMIM#255320) is caused by mutations in the RYR1 gene encoding the ryanodine recep-
tor, which is the main sarcoplasmic reticulum (SR) calcium release channel in skeletal
muscle [8] (Table 1). Recessive mutations in RYR1 cause different albeit overlapping my-
opathies including multi-minicore disease (MmD), congenital fiber type disproportion,
or CNM. Dominant mutations in this gene have been associated with central core dis-
ease (CDD, OMIM#117000), King–Denborough syndrome, and malignant hyperthermia
(MHS, OMIM#145600). In the present review, we focused on recessive mutations causing
CNM-like phenotypes. Recessive cases are normally caused by compound heterozygous
mutations in RYR1, with one mutation causing premature termination that may reduce
RyR1 protein expression and a second heterozygous RYR1 missense mutation, resulting in a
dramatic decrease in the overall RYR1 protein levels. [7,8]. The prevalence of ARCNM cases
associated with RYR1 mutations represents about 12% of CNM patients. The incidence of
global is estimated in 21 newborns per year [9].
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RYR1-related ARCNM patients generally present at birth or with childhood onset.
Severity is usually intermediate between the severe form of XLMTM and mild DNM2-
related ADCNM cases. Patients are profoundly weak and hypotonic at birth, but most im-
prove over time, making the prognosis better than for XLMTM. It is clinically characterized
by proximal muscle weakness, hypotonia, reduced or absent deep tendon reflexes, associ-
ated with ophthalmoplegia with or without ptosis [22]. Some patients require ventilatory
assistance and generally suffer frequent respiratory tract infections. Other comorbidities
commonly found are thoracic deformities and spinal involvement. The prognosis of the
disease is relatively good in comparison with XLMTM, even in neonatal cases, as they
showed improvements over time.

In the first described cohort of patients with RYR1-related ARCNM, muscle histology was
characterized by fibers with centralized and internalized nuclei, but to a lower extent than other
genetic forms of CNM [8]. Muscle biopsies presented predominance of hypotrophic type 1
fibers with hypertrophy of type 2 fibers. Oxidative staining showed abnormalities with central
accumulations and some cases with peripheral halos depleted of oxidative activity resembling
XLMTM histology. Most patients developed cores on follow-up biopsies [7]. In another cohort
of seven unrelated patients with heterozygous compound mutations, muscle biopsies showed
a significant number of fibers with internalized nuclei and core-like structures [7]. However,
they were distinguishable from classical “cores”, because these areas with depleted oxidative
staining were larger, more diffuse, and had no limited boundaries. Ultrastructural studies
commonly reveal Z-disk streaming in those large areas with myofibrillar disorganization and
accumulation of Z-disk proteins [7]. These main RYR1 disease features were confirmed more
recently in other cohorts [42]. Overall, the clinic and histopathology of RYR1-related ARCNM
mostly represent a continuum between classical CNM and core myopathies, with core-like
structures and internal rather than central nuclei. Its diagnosis requires a muscle biopsy, apart
from the genetic confirmation.

5.2. RyR1 Function and Animal Models for RYR1-Related ARCNM
5.2.1. Ryanodine Receptor 1

Ryanodine receptor 1 (RyR1) is a large transmembrane Ca2+ release channel, located at
the terminal cisternae of the sarcoplasmic reticulum in close apposition with the T-tubules,
in a specific structure of the muscle called the triad. It mediates excitation–contraction
coupling (ECC) by releasing calcium from the SR into the cytosol in response to muscle
fiber stimulation by the motor neuron at the neuromuscular junction (NMJ). RyR1 was
described to mediate several cell functions as a regulator of calcium concentrations and
redox homeostasis, and gene expression as an epigenetic modulator [140] (Figure 1).

In mammals, there are three different ryanodine receptors encoded by three different
genes, with tissue-specific expression: RyR1 is predominantly expressed in skeletal muscle,
while RyR2 encodes the cardiac ryanodine receptor and RyR3, originally identified in
the brain, is expressed in many tissues including skeletal muscle at relatively low levels.
RyRs are homotetramers with a total molecular weight higher than 2.2 MDa. Briefly, it
consists of an ion conductive pore formed by its C-terminal transmembrane domain and is
regulated by its large N-terminal cytoplasmic domain (for more details see [141,142], Figure
2). The cytoplasmic domain of RyR1 can interact with Ca2+ and Mg2+ ions, ligands such as
caffeine, ATP, and ryanodine, and accessory proteins as calmodulin and STAC3 [142]. RyR1
also directly interacts with the voltage-gated Ca2+ channel (Cav1.1; DHPR) located at the T-
tubule. In the SR lumen, it indirectly connects with the Ca2+ buffering protein calsequestrin.
Most RyR1 mutations identified to date are located clustering in 3–4 different large hotspots
along the gene, although new mutations are also increasingly being identified outside of
those regions [142].

5.2.2. Mouse Models for RYR1-Related ARCNM

Both dominant (or de novo) and recessive mutations have been reported in RYR1-
related myopathies. We focused here on models generated to reproduce recessive muta-
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tions, as in patients with ARCNM (Table 5). The two main pathophysiological mechanisms
of RyR1 diseases are either alteration of calcium channel permeability or reduction in the
amount of protein. A comprehensive review of the different preclinical models available
for RYR1-related myopathies was recently published [143]. Models described below for
compound heterozygous RYR1 mutations carry one frameshift mutation together with
a missense mutation in the other allele, resulting in low levels of RyR1 proteins with
mono-allelic expression of the missense mutation.

A mouse model mimicking recessive cases of RYR1-related myopathy with early
clinical onset was generated using the CRISPR/Cas9 gene-editing strategy [144]. One allele
contains the patient point mutation T4706M and the second allele corresponds to a 16 base
pair frame-shift deletion, resulting in a premature stop codon (Ryr1TM/Indel). Ryr1TM/+ and
Ryr1Indel/+ mice were phenotypically indistinguishable from WT mice, and the combination
of both alleles resulted in a high reduction in RyR1 protein level (80%). Ryr1TM/Indel mice
present a motor phenotype from 14 days of age, with a decrease in body weight and a
median survival of 42 days. At the end of their life, they exhibit reduced movement,
muscle weakness, hindlimb paralysis, and severe scoliosis. The probable cause of death
is respiratory failure caused by the combination of muscle weakness and spine curvature
changes (commonly observed in patients). Muscle biopsies exhibited hypotrophy in type
I and type II fibers without changes in fiber type and no evidence of cores in oxidative
activity. There was a modest albeit significant increase in centralized nuclei (0.8%). Specific
muscle force was reduced probably due to ECC defects as mice exhibited reduced twitch
and tetanic calcium release.

In parallel, another mouse model carrying compound heterozygous recessive Ryr1
mutations was generated by homologous recombination [145] (Table 5). It harbors a
frameshift mutation (Q1970fsX16 in exon 36) together with the missense mutation A4329D
(in exon 91) and is named Ryr1 Q1970fsX16/A4329D. It recapitulates the main features found
in multi-minicore patients. Mice had decreased body weight and spontaneous movement
from 20 weeks of age. Specifically, muscle force was decreased, together with a reduction in
electrically evoked Ca2+ transients. Skeletal muscle biopsies showed the presence of cores
with myofibrillar disorganization and misplacement of mitochondria. The combination of
these two mutations resulted in a reduced RyR1 protein level by around 65%.

As a common feature of diseases caused by recessive RYR1 mutations is a pronounced
decrease in the RyR1 protein, several models were generated to shed light on the patho-
physiological effect of the RyR1 protein level reduction. The full deletion of Ryr1 expression
in mice (skrm1/skrm1) induces perinatal lethality, possibly because of respiratory failure
due to the lack of ECC and muscle contraction [146]. A severe decline in muscle mass as
well as skeletal muscle abnormalities including abnormal junctions between SR to T-tubules
was observed [147]. Recently, inducible skeletal muscle specific Ryr1 deletion (Ryr1-Rec)
at the adult stage was characterized [43]. Protein level was reduced to maximum 50% of
the initial level, with more pronounced reduction in mRNA (80%). This correlates with
progressive muscle weakness and atrophy together with defective ECC and reduced cal-
cium fluxes. This mouse model recapitulates main features observed in a group of patients
with central core disease and similar RyR1 protein reduction [148]. Main observed features
were muscle atrophy, abnormal mitochondrial distribution, fiber remodeling, inhibition of
autophagy, and increased protein expression of proteins implicated in calcium handling
and muscle structure including STIM1 and desmin. Of note, the Ryr1+/− mice did not
present muscle weakness or reduced Ca2+ release, although only a 15% decrease in protein
was achieved [149]. Overall, it seems that the reduction in RyR1 protein to at least 50% is
necessary to observe functional defects in mice.
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Table 5. Main fish and mammalian models for RYR1-related ARCNM.

Genotype and Specie
Skeletal Muscle Phenotypes

Altered Pathways in
Muscle

Ref (s)Lifespan and Motor
Phenotypes Muscle Histology

Ryr1TM/Indel mouse
(compound
heterozygous
mutation)

Short lifespan (6-8
weeks), decreased body
weight, progressive
and severe myopathy.

Fiber hypotrophy, some
centralized nuclei.
No cores.

Defective ECC [144]

Ryr1Q1970fsX16+A4329D

mouse (compound
heterozygous
mutation)

Normal lifespan,
decreased body weight
and moderate
myopathy (from 3–4
months)/

Hypotrophy of type 2
fibers, nuclei position
not described.
Cores.

Abnormal triads and
defective ECC
Epigenetic
dysregulation

[145]

skrm1/skrm1 mouse
(Ryr1 null mutation,
dyspedic mouse)

Perinatal death,
respiratory failure. Fiber hypotrophy. Abnormal triads and

defective ECC [146,147]

Ryr1-Rec mouse (Ryr1
deletion in adult
skeletal muscle)

Progressive myopathy,
body weight reduction.

Fiber hypotrophy,
normal nuclei position.
Accumulation/depletion
oxidative staining.
“Dusty” cores.

Abnormal triads
(multiple triads) and
defective ECC
Defective autophagy

[43]

ryr1bmi340

relatively relaxed
zebrafish mutant

Decreased motor
function (from 36 hpf)
and lethality at 7–15
dpf.

Amorphous cores.
Abnormal triads and
defective ECC
Oxidative stress

[150,151]

ryr1a;ryr1b zebrafish
double-mutant

Complete paralysis and
lethality at 7 dpf. Not described. Defective ECC [152]

hpf: hours post fertilization, dpf: days post fertilization, E: embryonic day, P: postnatal day, ECC: excitation–contraction coupling, NMJ:
neuromuscular junction, skm: skeletal muscle, MCK: muscle creatine kinase, has: human skeletal actin.

5.2.3. Other Models for RYR1-Related ARCNM

Zebrafish: A recessive zebrafish model of RYR1-related myopathy named relatively
relaxed (ryrmi340) was characterized in 2007 [150] with a mutation in ryr1b (expressed in
slow and fast twitch muscles) (Table 5). The mutation (32-bp insertion) led to decreased
mRNA of ryr1b, resulting in a slow swimming phenotype due to weak muscle contractions.
The defect in contraction can be explained by defective ECC as Ca2+ transients induced
by depolarization are decreased in fast muscles. The absence of RyR1 leads to defects in
DHPR localization at T-tubule–SR junctions. Ultrastructural studies revealed small cores
and swollen sarcoplasmic reticulum in fast muscle. Increased oxidative stress was also
observed [151]. A ryr1a;ryr1b double-mutant zebrafish model have recently been generated,
resulting in complete paralysis of embryos and early death [152].

6. Common Pathomechanisms of CNMs

In the past years, in-depth studies of patients and cellular and animal models have
led to a better understanding of the mechanisms involved in the different CNM forms,
and highlighted common altered pathways (Figure 3). Moreover, transcriptomic studies
of CNM mouse and dog models were able to underline a common disease signature and
potential biomarkers [153,154]. A better understanding of the pathomechanisms is useful
to identify therapeutic targets.
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Figure 3. Schematic illustration of pathogenic alterations in skeletal muscle caused by mutations in MTM1, BIN1, DNM2, and RYR1. ECM (extracellular matrix), ALR (autophagic
lysosome reformation), SR (sarcoplasmic reticulum), Ub (ubiquitin), NMJ (neuromuscular junction), ECC (excitation-contraction coupling), Ach (acetylcholine), MVB (multivesicular
bodies). The figure uses modified images from Servier Medical Art Commons Attribution 3.0 Unported License (http://smart.servier.com, accessed on 29 August 2021).

http://smart.servier.com
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6.1. Excitation–Contraction Coupling and the Triad

Skeletal muscle contraction is triggered by excitation–contraction coupling (ECC) that
occurs at the triad and is leading to increased cytosolic Ca2+ concentration. The triad is
composed of the juxtaposition of a transversal invagination of the plasma membrane called
a T-tubule and two sarcoplasmic reticulum (SR) cisternae [58]. ECC relies on the tight
control of SR Ca2+ release via RyR1, which is directly activated by DHPR upon T-tubule
depolarization. Defects in ECC and calcium homeostasis are a common feature of CNM
and probably the main cause for the observed muscle weakness.

One of the first models showing amphiphysin is essential for the maturation of T-tubules
is the amphiphysin null mutant in drosophila (amphmut), ortholog for amphiphysin-1 (AMPH1)
and amphiphysin-2 (BIN1) in mammals [155]. Flies were fertile and viable but flightless with
T-tubule malformations. Triad alterations were also observed following a decrease in BIN1 in
muscle in a spontaneous CNM dog model [40]. Interestingly, skipping of the skeletal muscle-
specific exon 11 in patients promoted a progressive and severe CNM while this isoform switch
from the muscle to the ubiquitous isoform in muscle in the Bin1ex11−/− mouse correlated
with a slight decrease in the T-tubule network without a detectable impact on ECC [40,131].
Defects in T-tubule formation were described in mice lacking BIN1, and Bin1ex20−/− primary
myotubes displayed no T-tubules connected to the plasma membrane [131]. Impairment of
BIN1 in skeletal muscle, following deletion of exon 20, triggered during early embryogenesis
at E9 (HSA-Cre; Bin1ex20hsa−/−) or later from E17 (MCK-Cre; Bin1ex20mck−/−) led to either
perinatal lethality or viability, respectively [131,135]. This difference supports that BIN1 is
important for T-tubule formation as T-tubules start to form from E15 [156]. Muscle fibers
from Bin1ex20mck−/− mice presented T-tubules, but at decreased density and impaired DHPR
current and SR Ca2+ release (60% decrease), suggesting that BIN1 is also important for the
late maturation of T-tubules [135]. Acute downregulation of Bin1 with shRNA in adult mice
led to a defective T-tubule network linked to alterations in intracellular Ca2+ release [134],
while no impact in triad structure was noted after the deletion of BIN1 by tamoxifen induction
(Bin1ex20hsa(i)−/−) [131]. Similarly, skipping of Bin1 exon 11 using a U7 small nuclear RNA
significantly reduced muscle force, correlating with extensive T-tubule disorganization [122].

Mtm1 deficiency in mice leads to an abnormal triad shape, T-tubule orientation, and a
reduced number of triads per sarcomere. Abnormal localization and expression of DHPR
and RyR1 were also observed [67]. Abnormal triad structure and reduced DHPR and RyR1
expression are features also found in myotubular myopathy patients [29,34,157]. At the
functional level, ECC was impaired with a reduced peak amplitude of voltage-activated
SR Ca2+ release and delayed activation kinetics [67,70,71]. Abnormal triad and defective
ECC was also found in zebrafish myotubularin morphants [34]. In addition, dilated SR at
the triad was noted in Mtm1−/y mice. Subcellular fractionation suggests MTM1 is mainly
associated with SR membranes at the triad and that its enzymatic activity is necessary for
SR remodeling [158]. PI(3)P was proposed to be important for promoting SR membrane
curvature in skeletal muscle [158].

Similar investigations were conducted in the Dnm2R465W/+ mouse model, where
muscle weakness appeared before fiber hypotrophy and histological abnormalities were
present [93]. Altered calcium homeostasis (abnormal cytosolic Ca2+ concentration) was
observed with muscle weakness [93,110], although the T-tubule network appeared unal-
tered unlike in Mtm1−/y mice. Muscle fibers exhibited alteration in the DHPR Ca2+ current
and altered Ca2+ release by RyR1 to a lower extent than the Mtm1−/y fibers (30% vs. 60%
decrease), correlating with the lower force of Mtm1−/y muscle. Spatial non-uniformity of
Ca2+ release and spontaneous Ca2+ sparks were observed in both Dnm2R465W/+ [112] and
Mtm1−/y fibers [70,71]. Spontaneous Ca2+ sparks are uncommon events in skeletal muscle,
which occur when the RyR1 channel is opened by Ca2+ independently of the DHPR control
(Ca2+− induce Ca2+ release). The DNM2 mouse model (Dnm2S619L/+) with a more severe
reduction in muscle force showed only a slight triad misalignment [94]. Interestingly,
overexpression of human DNM2 (WT or CNM mutants) in mice, drosophila, or zebrafish
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led to a decreased number of triads per sarcomere and swollen and longitudinally oriented
T-tubules [77,97,98,102].

RyR1 heterozygous compound mutations in mice led to reduced RyR1 protein lev-
els and muscle contraction defects due to defective ECC, resulting in reduced SR Ca2+

release. For example, the Ryr1TM/Indel mouse presented a pronounced decrease in RYR1
protein level (80%) and decreased DHPR protein level. Detailed studies showed abnormal
intracellular calcium dynamics, with significant reduction in twitch and tetanic evoked
Ca2+ release, resulting in reduced specific force production [144]. Similarly, the recessive
Ryr1Q1970fsX16/A4329D mouse model showed reduced electrically evoked Ca2+ currents,
although no changes in DHPR protein expression were found [145]. In Ryr1-Rec mouse
(muscle-specific Ryr1 deletion), the current via DHPR and the calcium influx via RyR1
were both reduced, while no changes in DHPR expression or alterations in the T-tubule
network and density were noted [43]. This apparent discrepancy may be explained by a
“retrograde coupling” where RYR1 controls DHPR function [159]. RyR1 has no membrane
remodeling action per se, but may control the triad structure and the correct positioning
and localization of DHPR at the T-tubule. Its decrease leads to defects in DHPR expression
and localization at the T-tubule [144,150] and total absence causes an abnormal junction
between the SR and T-tubule [147]. The expression level of other proteins implicated in
calcium handling may also be altered. For example, ORA1, STIM1, and CLIMP63 expres-
sion is increased after RYR1 depletion; as these proteins are known to be implicated in
reticulum morphogenesis, it may explain the formation of abnormal multiple triads in
RyR1 mouse models and in patients [148].

It is important to highlight that as Ca2+ is a second messenger, aberrant calcium
homeostasis due to impaired ECC can also induce epigenetic and transcriptional changes
as well as modulate intracellular pathways. Zebrafish ryr mutants with reduced expression
of several ryr transcripts (ryr1a, ryr1b and ryr3) and complete loss of protein showed
altered intracellular calcium that impacts on tissue patterning in embryos by blocking Shh
signaling essential for normal development [160]. Epigenetic dysregulation with increased
expression of histone deacetylases was previously found in patients and mouse models
with RyR1 mutations [44,145]. Upregulation of histone deacetylase-4 was also observed in
muscle biopsies from XLMTM patients [29].

While RyR1 is the main calcium channel of the SR, MTM1, DNM2, and BIN1 have
been suspected to play a key role in T-tubule formation and maintenance. In muscle
biopsies, MTM1 is enriched at the triads on both sides of the Z-line and associated with
SR membranes [158]. BIN1 locates to or in the vicinity of T-tubules [118,125]. DNM2
is colocalizing with BIN1 longitudinally in immature muscle, but is mainly found at
the Z-line in close proximity to the triad in mature muscle [84,97]. Mutations in these
three proteins were shown to induce abnormal localization of BIN1, DHPR, and RYR1
in patients [22,33]. MTM1 may recruit BIN1 and DNM2 to specific muscle membranes.
MTM1 can directly bind BIN1 and BIN1 binds DNM2. In cells, MTM1 directly binds BIN1
and enhances BIN1 membrane tubulation properties [130], while BIN1 appears to bind
and negatively regulate DNM2 in vitro and probably in vivo [84,161]. Moreover, MTM1
and DNM2 can be recruited to membrane tubules induced by BIN1 overexpression, while
DNM2-CNM mutations promote tubule fragmentation [6,77,102,123,161]. There is some
evidence in cardiomyocytes and neurons that BIN1 and dynamin regulates CaV1.2 (DHPR)
transport to the plasma membrane or T-tubule [162,163]. Finally, RyR1 was described
to bind to phosphoinositides [164], while modulation of the phosphoinositide level with
PI3K blockers such as wortmannin rescued the Ca2+ release defect of Mtm1−/y fibers [70].
Overall, it is possible that the phosphoinositide substrates and product of MTM1 control
both membrane remodeling and the activity of RyR1 at the triad.
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6.2. Cytoskeleton Regulation and Organelle Positioning
6.2.1. Cytoskeleton Regulation

A highly organized intracellular network of membrane organelles and cytoskeletal
systems are important for a proper sarcomere structure and muscle contraction. There
are three main cytoskeletal components regulating spatial organization in the cell and
regulating the position and movement of organelles in a dynamic way: microfilaments
(MFs) or actin filaments, microtubules (MTs), and intermediate filaments (IFs).

Actin. Actin cytoskeleton is a key player for endocytosis, nuclei positioning, NMJ
formation, costamere maintenance, and triad organization. MTM1, DNM2, and BIN1 have
been reported to have direct or indirect impact on actin remodeling.

MTM1 can be recruited to plasma membrane “ruffles” or actin rich membrane protru-
sions induced by the activation of the Rho-GTPase RAC1 in HeLa cells. This was shown to
be dependent on its RID domain [53]. RAC1 is a small GTPase involved in the regulation of
actin dynamics, and is responsible for the activation of the regulator of actin polymerization,
N-WASP [165]. In addition, the C. elegans ortholog mtm-1 was described to interact with the
guanine nucleotide exchange factor (GEF) complex regulating RAC1 to control cytoskeleton
rearrangements during apoptotic cell clearance [166]. Further implications of MTM1 in
actin dynamics in muscle have not been described in detail to date. DNM2 directly binds
actin filaments (F-actin) and regulates the actin cytoskeleton dynamics by interaction with
proteins implicated in actin polymerization [167,168] or by bundling and organizing actin
filaments [87]. Indeed, myofibers from Dnm2R465W/+ presented altered actin organization
and decreased polymerization [111]. Correct actin remodeling is important for endocyto-
sis, NMJ development, but also essential for costamere organization. Costameres are the
structural-functional component of striated muscle connecting the sarcomeres to the cell
membrane and to the extracellular matrix through integrins [169,170]. Overall, costameres
maintain sarcomere structure and adhesion to allow an efficient transmission of muscle
force. It is composed of complexes of transmembrane proteins including the focal adhe-
sion complex and dystrophin–glycoprotein complex together with the cytosolic proteins
vinculin, FAK, or talin [170]. Vassilopoulos et al. characterized a new complex formed by
clathrin plaques, anchoring desmin filaments, and regulated by the clathrin adaptor AP2
together with DNM2 and the actin nucleating-promoting factor N-WASP [109,171]. DNM2
was required to organize desmin and actin around those clathrin plaques and its depletion
in myotubes led to costamere disorganization and desmin aggregation [109]. DNM2 was
previously implicated, together with clathrin, in the regulation of actin dynamics for focal
adhesion turnover and maintenance [172,173]. Costamere dysfunction is also linked to
defective recycling as later described in the membrane trafficking section.

BIN1 was shown to regulate actin by direct binding to F-actin through its BAR do-
main [174] and by recruiting actin-regulating proteins as N-WASP through its SH3 do-
main [129]. This function appears to be involved in triad organization and maintenance
and nuclei positioning [41,129]. Of note, N-WASP localization is disrupted in muscle
biopsies from patients with DNM2 and BIN1 mutations and to a lesser extent in patients
with MTM1 mutations [129]. More generally, BAR domain proteins have been shown to
regulate cytoskeletal organization through the regulation of Rho GTPases [175].

Microtubules. Microtubules are implicated in the cell organization, intracellular trans-
port, and nuclei positioning. In more detail, when myoblasts fused to form myotubes,
nucleation of microtubules changes from the centrosome to the nuclear envelope. This
event, together with other proteins, drives nuclear movements [176]. Dynamin was orig-
inally discovered in 1989 as a protein binding to microtubules [177]. It was then shown
how microtubules activate dynamin GTPase activity, although the physiological impact
of this regulation is still unknown [178]. DNM2 was suggested as a possible regulator of
microtubule polymerization–depolymerization as DNM2 depletion in COS cells increased
the level of the acetylated tubulin, stabilizing the formation of microtubules [179]. In
COS-1 cells, overexpressed DNM2-CNM mutants showed decreased colocalization with
microtubules, while no defects in microtubule dynamics and organization was observed in



Int. J. Mol. Sci. 2021, 22, 11377 23 of 47

the DNM2-related ADCNM patients’ fibroblasts [180]. In addition, BIN1 was described to
bind to CLIP170, a microtubule + end binding protein, to regulate nuclei positioning [41].

Intermediate filaments. Desmin is one of the major cytoplasmic intermediate filaments
in the skeletal muscle and maintains mechanical integrity during contraction [181]. Mu-
tations in desmin cause desmin-related myopathy (OMIM#601419) and cardiomyopathy
(OMIM#604765). Desmin localizes to Z-disk, where it plays a key role in the integration
and maintenance of the structure and function of striated muscle [181]. Specifically, desmin
anchors several structures (mitochondria, nucleus, and Z-disk) to the sarcolemma cy-
toskeleton at the costamere and regulates peripheral nuclei positioning in myofibers [182].
Desmin localization and expression were found to be commonly dysregulated in patients
with mutations in DNM2 [22,109], MTM1 [22,31,32], BIN1 [22], and RYR1 [43]. Desmin
accumulated in the center of the myofibers.

MTM1 interacts with desmin specifically in skeletal muscle and regulates its assembly
and proper localization [31]. Mtm1 depletion in muscle leads to increased levels of desmin
that form insoluble aggregates. Expression and localization of desmin were reestablished
after AAV-mediated MTM1 expression. Interestingly, this was also rescued by the over-
expression of phosphatase-dead myotubularin (MTM1-C375S), suggesting that desmin
aggregation is independent of the phosphatase activity of MTM1 [183]. Desmin protein
level was found increased in another Mtm1 deficient mouse model and rescued by au-
tophagy activation [61]. Desmin aggregation in Mtm1−/y myofibers was also rescued by
Dnm2 downregulation [184]. Slight desmin alterations have been observed in Dnm2R465W/+

fibers and linked to defective costameres [109]. This abnormal desmin localization was also
observed in muscle from Bin1ex20mck−/− and also rescued after DNM2 reduction [135].
Finally, desmin protein increase and abnormal central accumulation were also found in
muscle fibers from the Ryr1-Rec mouse line with adult deletion of Ryr1 [43].

6.2.2. Organelle Positioning

Nuclei position. Alteration of the cytoskeletal network correlates with organelle misposi-
tioning. In particular, abnormal nuclei positioning is a key hallmark in CNM patients and does
not correlate with excessive muscle regeneration, unlike that of dystrophies. Of note, nuclei
misposition is not consistently reproduced in the different CNM mouse models.

During muscle development, following myoblast fusion, the nuclei initially moved
to the center of the fiber (nuclear centralization), and then spread along its axis (nuclear
spreading) to finally translocate to the periphery where it is distributed regularly along
the sarcolemma (nuclear dispersion), defining a volume of cytoplasm controlled by gene
transcription from a single nucleus called the myonuclear domain (MND). Following this
step, some nuclei remained clustered under the NMJ (nuclear clustering) as described in
detail in [176]. It was discovered that during this process, there is a switch from microtubule
(MT)-driven to actin-driven nuclear positioning [176]. Interestingly, the role of BIN1 in
nuclei positioning is conserved through evolution and in different tissues. Indeed, the
Caenorhabditis elegans amph-1 (BIN1 ortholog) null mutant (amph-1(tm1060)) displays nuclear
mispositioning in intestine and seam cells [41]. In this organism, amphiphysin has been
proposed to link the nuclear envelope through direct binding to Nesprin with both actin
and microtubule cytoskeletons through actin and CLIP-170 [41]. BIN1 mutations in the SH3
domain disrupt N-WASP interaction, participating in nuclei mispositioning [129]. Patient
biopsies from BIN1 and DNM2-CNM, and to a lesser extent, XLMTM, showed impaired
organization of N-WASP [129]. In addition, desmin has been described as a key player
in the positioning of non-synaptic nuclei acting as a repellent between nuclei, leading to
their proper distribution along the periphery of the fiber [185,186]. Desmin aggregation
commonly observed in CNM could impact proper nuclei positioning.

In situations where nuclei are mispositioned such as in CNM, myonuclear domains
can be disrupted, causing muscle dysfunction. In Dnm2R465W/+ mouse myofibers, no
major anomalies in myonuclear morphology and ultrastructure were described, while
an impairment in the spatial distribution of nuclei was identified [108]. The number of
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myonuclei is decreased together with fiber size, contributing to the maintenance of the
MNDs. On the other hand, in Mtm1 deficient mice, dogs, and human muscles, a smaller
size of MND was found, together with myonuclei misposition [75]. These phenotypes
correlated to decreased myofilament force production, most probably contributing to
muscle weakness. Conversely, regenerating muscles with a high number of centralized
nuclei displayed normal contractile function. The authors proposed that the decrease in
global nuclear synthetic activity led to reduced expression of contractile protein (e.g., actin
and myosin), contributing to muscle weakness [75].

It is thus still unclear if centralization of nuclei in CNM muscles is causing disease. In
XLMTM patients, it was described that the percentage of centralized nuclei was highly variable
and did not correlate to disease severity [187]. In addition, nuclei internalization was not
reproduced in several CNM mouse models displaying muscle weakness [93,94,135].

Mitochondrial position and function. Mitochondrial mispositioning is a feature shared
by all CNM forms and has been observed in patients as well as in different animal mod-
els. Mitochondrial shape defects were also reported. Mitochondrial enlargement was
described in murine muscles expressing the DNM2-R465W mutant [93,97,98]. In the severe
Dnm2S619L/+ mouse model and patients with the same mutation, swollen mitochondria
with disrupted cristae were noted in skeletal muscle, but not in liver or heart [94]. Similarly,
enlarged mitochondria lacking cristae were observed in murine muscles overexpressing
the DNM2-S619L mutant [98]. At the functional level, decreased COX (cytochrome c
oxidase) enzyme activity, together with lower ATP content, was observed in Mtm1−/y

muscles [31]. In addition, decreased expression of oxidative phosphorylation genes and
decreased COX activity was present in the Mtm1 gene trap model [61]. Zebrafish with ryr
reduction displayed an increase in mitochondrial oxidative stress, possibly due to excessive
calcium influx from overloaded SR to mitochondria [151]. Of note, DNM2 was recently
proposed to mediate mitochondrial fission together with DRP1 [188], although this point is
still controversial [189,190]. Enlarged mitochondria lacking cristae were observed in the
muscle from the skeletal muscle specific DNM2-KO mouse [95], and reducing the level
of DNM2 in Bin1ex20mck−/− and Dnm2-KI (R465W and S619L) mouse models rescued
mitochondrial anomalies [94,135,191]. Altogether, this suggests that the balance of DNM2
activity/expression is important for mitochondria homeostasis and positioning, directly
or indirectly. MTM1 was also described to have a direct, non-desmin-dependent role in
mitochondrial distribution, dynamics, and function [31]. As previously discussed, cy-
toskeleton and, in particular, desmin may be implicated in mitochondrial positioning, as
loss of desmin induces defects in mitochondrial position and dynamics [192].

6.3. Membrane Trafficking

MTM1, DNM2, and BIN1 are proteins involved in membrane trafficking and all three
bind phosphoinositides at membranes. Moreover, MTM1 dephosphorylates PIs, modifying
the physico-chemical properties of membranes and the recruitment of proteins, while BIN1
and DNM2 induce membrane curvature and potentially fission.

6.3.1. Endocytosis

The function of dynamin in endocytosis was described for the first time with the char-
acterization of the shibire gene (unique drosophila ortholog) implicated in synaptic vesicle
recycling [193]. This role was more recently demonstrated in mammalian cells expressing
dynamin mutants with reduced GTPase activity [194]. Dynamins catalyze membrane
fission, promoting vesicle internalization. The recruitment of dynamin is dependent on
interaction with SH3 containing proteins (such as amphiphysin 1, 2, and sorting nexin 9)
through its PRD domain [195,196] and on binding to phosphoinositides such as PI (4,5)P2
through its PH domain [197]. The ability of dynamin to catalyze membrane fission is
required for both clathrin mediated endocytosis (CME) and clathrin-independent endocy-
tosis. The impact of CNM mutants in endocytosis was largely studied with contradictory
findings, perhaps due to differences in experimental setup and cell lines. For example, COS
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cells overexpressing CNM mutants [180,198] and fibroblasts from R465W homozygous
mice displayed impaired CME [93], while no effects were observed in patient and mouse
DNM2R465W/+ fibroblasts [180]. A stable cell line was established from Dnm2 knock-out
mouse fibroblast expressing DNM2-CNM mutants to mimic the heterozygous and homozy-
gous states. These CNM mutants fully rescued CME, even in the absence of WT-DNM2,
although they impaired clathrin-independent endocytosis [199]. Transferrin (TfR) uptake
was studied in myoblasts with endogenous levels of DNM2-R369Q and R465W mutations
and in myoblasts from DNM2R465W/+ mice [114]. An increased CME was noted, in agree-
ment with in vitro results showing the hyperactivity of CNM mutants. Further studies will
be needed to assess the involvement of the endocytic pathway alteration in skeletal muscle
and in the pathophysiology of CNM. As this pathway is not muscle specific, the relevance
in other tissues should also be considered, although non-muscle tissues may depend more
on the activity of other dynamins such as dynamin 1 in the brain. It has been also de-
scribed that the internalization of glucose transporter GLUT4, specifically expressed in
muscle and adipose tissue, is mainly mediated by DNM2-mediated endocytosis [200,201].
DNM2R465W/+ myofibers exhibited defective insulin induced GLUT4 translocation [111].

Concerning BIN1, its N-BAR domain binds membranes and promotes tubulation, a
process necessary for endocytosis. Importantly, only the neuronal BIN1 isoform 1, and not
the muscular BIN1 isoform 8, contains a CLAP domain that is able to bind clathrin and AP2
to mediate clathrin mediated endocytosis [117]. As knock-down of the ubiquitous BIN1
isoform, which does not contain the CLAP domain, did not affect transferrin uptake [201],
a main impact of CNM mutations in BIN1 may not be on endocytosis, but probably on
biogenesis of the T-tubule.

6.3.2. Endosome Recycling

The PI desphosphorylation activity of MTM1 plays a crucial role in membrane recy-
cling from endosomes to the plasma membrane, which is dependent on phosphoinositide
conversion [35]. MTM1 depletion leads to PI(3)P accumulation in endosomes, resulting
in the accumulation of signaling receptors such as epidermal growth factor receptor in
these compartments [202]. MTM1 is also implicated in integrin recycling, which forms
the major component of focal adhesions at costameres [73]. In 2011, Ribeiro et al. ob-
served that depletion of the MTM1 drosophila ortholog mtm promoted the accumulation
of integrins in endosomes [36]. This defect in integrin localization was later confirmed in
XLMTM cells and human and mouse muscle sections [35,36,73]. More specifically, MTM1
is involved in β-1 integrin recycling from endosomes to the plasma membrane as this
process requires phosphoinositide conversion from PI(3)P to PI(4)P [35]. The accumulation
of β-1 integrin in early endosomes in Mtm1−/y cells and myofibers correlates with focal
adhesion defects, and reduction in the cell migration and myoblast fusion [73]. In muscle,
this alteration in the costamere and link to the extracellular matrix due to defective integrin
recycling may explain the decreased fiber size, rounded fiber shape and increased interfiber
space found in XLMTM. These histological defects and β-1 integrin accumulation were
efficiently rescued when BIN1 was overexpressed [73], suggesting that BIN1 and MTM1
are functionally linked and participate together in the maintenance of focal adhesions in
skeletal muscle. Indeed, amphiphysins are also involved in endosome recycling. BIN1 was
described to localize with endosome markers such as EEA1, APPL1, CD63, Rab11, and
EHD1 [203,204] and the C. elegans amph-1 (BIN1 ortholog) null mutant presented defective
recycling endosome function and morphology [205]. BIN1 knock-out in HeLa and MEF
cells did not impair transferrin uptake, however, recycling was impaired [132,205]. Less is
known about the participation of DNM2 in endosome recycling in skeletal muscle. It was
described to play a role in vesicle trafficking from the late endosome to Golgi compartment
or in recycling pathways from early endosomes to the lysosome or plasma membrane in
cultured cells [206]. Expression of the temperature sensitive mutant of DNM1 (dynamin
1G273D, dynts) in HeLa cells causes defects in transferring recycling [207]. Recently, DNM2
was shown to be a crucial player in a process relevant for muscle tissue: triggering the scis-
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sion and release of autophagosome precursors from recycling endosomes [113], a critical
step for autophagy described in more detail in the section on protein homeostasis.

6.4. Protein Homeostasis

Autophagy-lysosome, together with the ubiquitin-proteasome system (UPS), are the
main catalytic pathways for protein degradation and organelle clearance. They coordi-
nate in muscle to maintain protein homeostasis and its dysregulation has been shown to
contribute to the pathogenesis of several neuromuscular disorders [208].

6.4.1. Autophagy

Autophagy is a natural mechanism in which dysfunctional organelles or protein
aggregates are engulfed in specific structures called autophagosomes that fuse with lyso-
somes for cargo degradation. The autophagic flux can be measured by the amount of
proteins such as LC3-II (membrane protein at the autophagosome) and p62 (specifically
degraded by autophagy) [209]. Defects in autophagy have been associated with numer-
ous diseases including myopathies. For example, the defect in fusion of lysosome to
the autophagosome caused by mutations in the lysosomal protein LAMP-2 induces the
accumulation of autophagosomes and contributes to X-linked vacuolar cardiomyopathy
and myopathy [210]. The maintenance of muscle mass depends on the balance between
protein synthesis and degradation. As autophagy flux dysregulation has been shown
to induce muscle atrophy [211], it is proposed to be a main cause of muscle atrophy in
CNM where it correlates with the accumulation of mitochondria, membrane structures,
the disorganization of sarcomere, and enlargement of SR.

Myotubularin deficiency results in increased PI(3)P levels, a key lipid for endosomal
trafficking (as previously mentioned), and also participates in autophagosome formation
and autophagosome-lysosome fusion [212,213]. PI(3)P levels were found to be elevated in
skeletal muscle from mtm1 morphant zebrafish [34], Mtm1 deficient and Mtm1 knock-in
mouse models [60,61,63], and myotubes from XLMTM patients [29]. Mtm1 deficiency
in mice results in defective autophagy with the accumulation of p62 aggregates and
abnormal mitochondria together with mTORC1 overactivation (negative regulator of
autophagy) [66]. Interestingly, this defect in autophagy was mainly detected in skeletal
muscle tissues, thus contributing to the skeletal muscle-specificity of the disease [61].
Defective autophagy with the accumulation of autophagic vesicles was also found in
MTM1-Q384P dogs [65]. Normalization of autophagy by either re-expression of MTM1 or
the inactivation of the mTORC1 rescued muscle mass in Mtm1−/y mice [61,66]. Thus, the
autophagy defects may also contribute to muscle dysfunction due to the accumulation of
dysfunctional mitochondria, ubiquitinated proteins, and aggregation of proteins such as
desmin. Moreover, the early increased expression in genes related to atrophy, commonly
named as atrogenes, may play a key role in the onset of the severe muscle atrophy in
Mtm1−/y mice [66]. It can be hypothesized that at the early stage of the disease, the
high PI(3)P levels will activate autophagy, while also blocking autophagosome-lysosome
fusion necessary for protein clearance [212]. At later stage autophagy, inhibition would
be exacerbated by mTORC1 signaling. The relationship between MTM1 and mTORC1 is
still not clear, but some studies have shown that PI(3)P levels may modulate mTORC1
activity [214].

Fiber hypotrophy has also been described in mouse models with DNM2 muta-
tions [93,108]. This hypotrophy could be linked to an imbalance of anabolic/catabolic path-
ways as, similar to Mtm1−/y mice, transcriptional activation of the ubiquitin-proteasome
and autophagy pathways was found at two months in the Dnm2R465W/+ mice [93,107].
Fasting Dnm2R465W/+ mice led to an accumulation of immature autophagic structures [107].
An autophagy impairment in basal conditions was observed in Dnm2R465W/+ immortal-
ized mouse myoblasts, and rescued with allele-specific correction of this mutation by
CRISPR/Cas9 [114]. The fact that Dnm2 expression is induced in cells under starvation
conditions suggests a key implication of DNM2 in the autophagic process [107]. Indeed,
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the role of DNM2 in autophagic lysosome reformation (ALR) was described in 2013 in
hepatocytes [215]. ALR is a process that aims to maintain lysosome homeostasis by gener-
ating new functional lysosomes from autolysosomes, where DNM2 may normally mediate
the proto-lysosome scission [216]. Defective ALR have recently been associated with the
cause of skeletal muscle disease [217]. DNM2 was also found to locate specifically on
recycling endosomes where it binds LC3 and regulates the release of autophagosome pre-
cursors. This process is impaired with the R465W mutation, which sequesters DNM2 at the
plasma membrane where it binds ISTN1 at endocytic sites [113]. BIN1 mutations and defi-
ciency may also affect the autophagy pathway, as increased p62 staining was described in
BIN1-related ADCNM muscles [5]. In addition, ultrastructural studies in Bin1ex20mck−/−

mice revealed the accumulation of autophagosomes confirmed by LC3 staining in muscle
sections [135]. Concerning RYR1, increased LC3II and p62 protein levels, together with
mTORC1 overactivation and inhibition of autophagy flux, were observed in the Ryr1-
Rec mice [43]. Dysregulation of cytoplasmic calcium may affect autophagy [218]. DHPR
downregulation in mice has also been reported to cause autophagy abnormalities [219].

6.4.2. Ubiquitin-Proteasome System

The ubiquitin-proteasome system (UPS) is also an important catalytic pathway in-
volved in the clearance of unfolded and misfolding proteins. A direct link was described
between MTM1 and UPS. MTM1 binds to UBQLN2, a protein that associates with both
proteasomes and ubiquitin ligases [220], and mediates the proteasomal degradation of
misfolded intermediate filaments such as desmin and vimentin [69]. Mtm1 KD in cells
and mouse muscles causes the accumulation of desmin aggregates and poly-ubiquitinated
conjugates as well as the activation of unfolded protein response (UPR). These defects were
restored when MTM1-WT and a MTM1 phosphatase-dead mutant were expressed, while
overexpression of the MTM1-K255A mutant, which abolishes binding to UBQLN2, did not
restore these phenotypes [69].

As previously described, the DNM2-R465W mutant promotes autophagy defects
in muscle fibers and cells, whereas the proteasome activity was found to be normal,
together with unchanged levels of ubiquitinated proteins in MEF cells homozygous for
that mutation [107]. However, it was recently proposed that DNM2 is degraded by the
UPS in an ERα-dependent manner [221]. ERα is an estrogen receptor found in muscle
and has been described to mediate the activation of UPS [222]. Tamoxifen may act as an
agonist of ERα in muscle [221]. Activation of UPS or treatment with tamoxifen was found
to decrease DNM2 protein levels in the context of Mtm1 deficiency [221]. Thus, defective
UPS in Mtm1-deficient muscle would lead to the accumulation of cytoskeletal proteins and
may contribute to the increased DNM2 expression observed in XLMTM.

While there is no reported link between protein homeostasis and BIN1, calcium
(which is modulated by RyR1) has been described to directly induce muscle proteasome
activity [223].

6.5. The Neuromuscular Junction

The signal triggering muscle contraction originates in the nervous system and is trans-
mitted to the muscle at the neuromuscular junction (NMJ), which is a synaptic connection
between the terminal end of a motor neuron and a muscle fiber.

There are some cases where CNM patients have been misdiagnosed with congenital
myasthenic syndrome because they had abnormal neuromuscular transmission in neu-
rophysiology studies. However, a diagnosis of CNM was suggested by histopathology.
They presented fatigability, which favorably responded to acetyl cholinesterase (AChE)
inhibitors (pyridostigmine) [224]. AChEs are enzymes responsible for the degradation of
the acetylcholine neurotransmitter, so its inhibition will increase the duration of action of
acetylcholine. These findings led to the study of NMJ in the mtm1 morphant zebrafish,
showing defects in NMJ organization and improvement in motor function in response to
the AChE inhibitor edrophonium [224]. A defective NMJ structure has also been observed
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in autosomal CNM and XLMTM patients [225–227]. NMJ defects and the potential of AChE
inhibitors were further investigated in the Mtm1−/y mouse model [68]. NMJs of Mtm1−/y

mice were more disorganized than in the control muscle and structurally abnormal, with
increased size and lower complexity. Ultrastructural analysis revealed disorganized sar-
coplasm at the post-synaptic junction, with increased vacuolar content that may be due to
defective endosome trafficking at/to the NMJ. Dysfunction of NMJ transmission was also
described in the Mtm1R69C/y mouse with amelioration after pyridostigmine treatment [68].

Defects in NMJ transmission may also play a role in the pathogenesis of DNM2-CNM.
A disorganized NMJ pattern was observed in a zebrafish model transiently overexpressing
the human DNM2-S619L mutant, and treatment with AChE inhibitors rapidly alleviated
the motor dysfunction observed in these animals [39]. Additionally, evidence of abnormal
neuromuscular transmission was found in five patients with DNM2 mutations (S619L
and E368K), with favorable response to pyridostigmine treatment. Accordingly, defects
in NMJ number and fragmentation were found after intramuscular overexpression of
DNM2-WT or DNM2-CNM mutants in mice, correlating with the decrease in muscle force
observed [98]. Gain-of-function but also loss-of-function of DNM2 may cause defects in
NMJ as a specific deletion of Dnm2 in skeletal muscle promotes irregular NMJs, resulting
in degenerative intramuscular peripheral nerves [95]. However, no obvious NMJ defects
were reported in Dnm2S619L/+ and Dnm2R465W/+ mouse models [93,94], although further
studies will be required. Dynamin is known to regulate synaptic vesicle recycling at
the presynaptic membrane [83]. Recently, DNM2 was shown to regulate postsynaptic
development of NMJ via actin remodeling at the structures known as synaptic podosomes
in mouse myotubes [228]. In this study, DNM2 was able to oligomerize around actin
filaments forming bundles to regulate podosome maturation and turnover. CNM mutants
affected this process and were linked with defects in the electrophysiological activity of
drosophila NMJ [228].

Amphiphysin is also localized post-synaptically at the NMJ in drosophila larvae [155].
However, no defects in neurotransmission were found in the drosophila amph mutant,
supporting that this protein is not essential for the development and synaptic vesicle
recycling at NMJ, at least in flies [155]. It would be interesting to check whether BIN1
deficiency has any impact on NMJ formation and maintenance in other models and in
CNM patients. We can expect to observe some defects as transcriptomic analysis of
Dnm2S619L/+, BIN1ex20mck−/−, and Mtm1−/y mice showed upregulation in the expression
of acetylcholine receptor subunits (Chrna1, Chrna9, Chrnd) [153]. Dysregulation of these
genes was also observed in XLMTM patients [229] and MTM1 dogs [154].

No role for RyR1 at the postsynaptic compartment of the NMJ has been proposed as of
yet, and no NMJ defects were observed in the ryr1 relatively relaxed zebrafish model [150].
However, several studies have documented a role for RyR1 in presynaptic release at the
NMJ [230,231].

6.6. Muscle Regeneration

Satellite cells (SCs) are resident stem cells of the muscle providing a source of nuclei
for muscle growth and regeneration [232]. In response to injury, they proliferate intensely
to repair the damaged tissue [233]. A decrease in Pax7+ SCs progressing with age was
described in Mtm1−/y myofibers [72]. Mtm1−/y myoblasts displayed increased apoptosis,
lower proliferation, and poor engraftment, resulting in a lower number of dividing cells
and SCs during regeneration [72]. Fewer SCs were also detected in gastrocnemius and
quadriceps from Mtm1R69C/y mice [74]. Similarly, SCs were significantly lower in patients
with MTM1 deficiency compared to the controls [32]. Inhibition of myostatin increases the
number of SCs in Mtm1R69C/y gastrocnemius [74]. Similarly, a decrease in SC content has
been found in Dnm2R465W/+ muscles [108]. Almeida et al. investigated the consequences
of SC depletion in Dnm2R465W/+ muscles and found that muscle regeneration was less
efficient and slower in Dnm2R465W/+ mice [106]. The Dnm2 mutation affects SC proliferation
capacity and activation, with altered expression of myogenic factors in response to muscle
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injury. SC content and function was not studied in Bin1ex20mck−/− muscles. However, it
has been investigated in Bin1ex11−/− mice, which displayed a slower regeneration after
muscle damage, potentially due to the reduced pool of SCs found in this mouse [131]. A
defective muscle regeneration pathway was also recently suggested from the common
CNM transcriptomic signature (Mtm1−/y, Dnm2R465W/+ and Bin1ex20mck−/−)[153] and
may be related to the observed activation of the inflammatory pathway [234]. Further
studies will be needed to determine the specific mechanism implicating the CNM genes in
SC survival and functions.

7. Therapeutic Targets in CNM

In this section, we discuss an update of the potential therapies that may be applicable
to treat one or more forms of CNM (Table 6). A more detailed description of most therapies
tested in preclinical studies and a comparison between them can be found in the review by
Tasfaout et al. [235].

Table 6. List of therapeutic approaches and targets.

Approach Purpose CNM Form/Model Therapeutic Effect
Observed Ref(s) Status

DNM2 reduction with
ASO

Normalization/
reduction of DNM2

XLMTM/
Mtm1−/y mouse

Prevention and
reversion of CNM
phenotypes: lifespan
prolongation and rescue
of body weight,
improvement/rescue of
muscle mass, histology,
force, motor function
and histology.

[236] Phase 1/2 clinical trial
initiated in 2020 in
MTM1 and DNM2
patients
(UNITE-CNM:
NCT04033159)

AD-CNM/Dnm2
R465W/+ mouse

Rescue of muscle mass
and histology. [191]

AD-CNM/Dnm2
S619L/+ mouse

Reversion force, motor
function, fiber size and
histology phenotypes.

[94]

AR-CNM/
Bin1ex20mck−/− mouse

Improvement of force,
fiber size and histology
phenotypes.

[135]

DNM2 reduction with
AAV-shRNA

Normalization/reduction
of DNM2

XLMTM/
Mtm1−/y mouse

Improvement of muscle
mass, force and rescue
of histology.

[184]
Preclinical studies

AD-CNM/Dnm2
R465W/+ mouse

Rescue of muscle mass
and histology. [191]

Specific reduction of
Dnm2-R465W transcript

AD-CNM/Dnm2
R465W/+ mouse

Rescue of muscle mass,
force and histology. [237] Preclinical studies

Acetylcholine esterase
inhibitor (AChEI:
Edrophonium,
pyridostigmine)

NMJ transmission
improvement

XLMTM/
Mtm1R69C/y mouse

Improvement of motor
function including
exercise intolerance and
fatigability.

[68] FDA-approved drug.
Use in clinic for
myopathies as
symptomatic treatment.
Alleviated fatigability
and improved strength
in MTM1 and DNM2
patients [39,224]

XLMTM/
mtm1 morphant
zebrafish

Fast improvement in
motor function. [224]

AD-CNM/hDNM2-
S619L zebrafish
(transient expression)

Rescue of the motor
function. [39]

MTM1 gene
replacement
(AAV-MTM1)

MTM1 expression
XLMTM/
Mtm1−/y mouse

Prevention and
reversion of CNM
phenotypes:
lifespan prolongation,
rescue of body weight
and histology,
improvement in muscle
mass, force, and motor
function.

[238,239] Phase 1/2 clinical trial
initiated in 2017 in
MTM1 patients
(ASPIRO:
NCT03199469). First
results showing striking
muscular
improvements. On hold
due to fatal serious
adverse events

XLMTM/
XLMTM dog

Prolongation of
survival,
improve/rescue muscle
mass, force, histology,
and respiratory function

[238,240]
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Table 6. Cont.

Approach Purpose CNM Form/Model Therapeutic Effect
Observed Ref(s) Status

Myotubularin
replacement
(3E10Fv-MTM1)

MTM1
re-expression

XLMTM/
Mtm1−/y mouse

Intramuscular injection
slightly improves
muscle force. No
amelioration of muscle
histology.

[241]
Preclinical studies by
Valerion Therapeutics

MTMR2 gene therapy
(AAV-MTMR2) MTMR2 expression XLMTM/

Mtm1−/y mouse

Lifespan prolongation,
improvement in body
weight, muscle mass,
force and histology.
Better rescue with short
isoform of MTMR2
(MTMR2-S).

[242,243] Preclinical studies

BIN1 gene therapy
(AAV-BIN1) BIN1 expression XLMTM/

Mtm1−/y mouse

Lifespan prolongation
and
rescue/improvement in
muscle mass, force and
histology.

[73] Preclinical studies

Allele-specific RNA
silencing
(AAV-shRNA against
Dnm2-R465W)

Reduction of mutated
DNM2

AD-CNM/Dnm2
R465W/+ mouse

Rescued in muscle mass,
specific force and
histology.

[237] Preclinical studies

Exon skipping
(ASO to skip
pseudo-exon)

Increase RyR1 protein
level

AR-CNM/
Fetal primary muscle
cells carrying RyR1
patient mutation

Restore of calcium
release from SR. [244] Cell studies

Cell transplantation Muscle regeneration XLMTM/
Mtm1R69C/y mouse

Improvement in muscle
strength and mass. [245] Preclinical studies

Myostatin inhibition
(ActRIIB-mFC)

Muscle growth
signaling pathway

XLMTM/
Mtm1−/y mouse

Slight prolongation of
lifespan, increase in
muscle weight and
transient slight
improvement of muscle
force.

[246]
Preclinical studies

XLMTM/
Mtm1R69C/y mouse

Increased
gastrocnemius weight.
No other improvements
noted.

[74]

mTORC1 inhibition
(AZD8055) Autophagy activation XLMTM/

Mtm1gt/y
Restoration of muscle
mass. [61] Preclinical studies

PI3K inhibition
(Wortmannin) Decreased PI(3)P levels

XLMTM/
Mtm1−/y mouse

Lifespan prolongation
and improvement of
muscle histology.
No improvement in
body weight.

[63,70]
Preclinical studies

XLMTM/
mtm1 morphant
zebrafish

Lifespan prolongation
and improved motor
function.

[63]

p38MAPK inhibition
Drug repurposing,
mechanism of action to
be investigated

AR-CNM/
ryr relatively relaxed
zebrafish

Not therapeutic
improvement of motor
function, although
positive
chemical-genetic
interactions.

[247] Preclinical studies

Antioxidant
N-acetylcysteine (NAC)

Drug repurposing,
decreased oxidative
stress

AR-CNM/
ryr relatively relaxed
zebrafish

Restore motor function
and improve histology. [151]

Phase 1/2 clinical trial
initiated in 2015 and
completed in 2018.
Neither elevated
oxidative stress nor
exercise intolerance
were rescued [248]

Tamoxifen
(Estrogen receptor
modulator)

Drug repurposing,
pathways to be
investigated.

XLMTM/
Mtm1−/y mouse

Lifespan prolongation
and delay of disease
progression:
improvement in muscle
force, histology and
motor function.
No rescue of body
weight.

[221,249]

Phase 1/2 clinical trial
initiated at the end of
2020 in MTM1 patients
(TAM4MTM:
NCT04915846)
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7.1. Common Therapeutic Strategies

• Gene silencing: DNM2 reduction or normalization

The aim of this approach is to normalize or reduce DNM2 protein levels to compensate
for the increase in DNM2 expression or activity in different CNM forms.

In vitro experiments have shown that DNM2-CNM mutations promote oligomeriza-
tion and result in increased GTPase activity [77–79]. Overexpression of human WT DNM2
in mouse muscle induced CNM phenotypes [97,98] and its overexpression in other systems
such as zebrafish, drosophila, or mouse myoblasts also led to muscle CNM phenotypes
and excessive T-tubule fragmentation [77,102]. Altogether, these data support that DNM2-
CNM mutations are gain-of-function. In addition, muscle biopsies from Mtm1−/y mice and
XLMTM patients displayed an increase of DNM2 protein. Altogether, these observations
led to a ‘cross-therapy’ strategy whereby decreasing DNM2 expression was tested in CNM
models linked to mutations in different CNM genes. [96]. A first proof-of-concept was
achieved by genetic crossing of Mtm1−/y with Dnm2+/− mice and obtention of Mtm1−/y

Dnm2−/+ males with rescued muscle histology, muscle force, and locomotor activity com-
pared to Mtm1−/y littermates [96]. Decrease or normalization of the total DNM2 levels
could also be achieved by either AAV-mediated expression of shRNA targeting Dnm2
mRNA or using antisense oligonucleotides (ASO) against Dnm2 pre-mRNA and mRNA,
which ameliorated the Mtm1−/y phenotypes [184,236]. Systemic ASO delivery resulted in
prevention and even reversion of the CNM phenotypes [236]. The concept of cross-therapy
in CNM was then further expanded to other CNM forms. Bin1ex20−/− mice normally
die on the first day of life, whereas genetic reduction in DNM2 levels to 50% resulted in
viable pups with normal survival (analyzed up to 18 months), muscle force, and triads [84].
Acute DNM2 downregulation with Dnm2 ASO was recently tested in the viable BIN1
mouse model (Bin1ex20mck−/−), which displayed a slight increase in DNM2 protein level;
DNM2 reduction improved muscle phenotypes with total correction of mitochondrial
mislocalization [135]. Finally, ASO systemic injections positively rescued CNM phenotypes
in the moderate Dnm2R465W/+ and severe Dnm2S619L/+ mouse models, respectively [94,191].
Of note, Dnm2S619L/+ mouse muscles also presented increased DNM2 protein expression
when untreated. In addition to providing a potential common therapeutic approach, these
findings validate the epistasis between MTM1, BIN1, and DNM2.

Dynacure is a company leading further preclinical development of an ASO product
targeting DNM2 (www.dynacure.com). After confirmation of safety and tolerability in
preclinical models and non-human primates, the UNITE-CNM trial was launched as a
phase 1/2 study (ClinicalTrials.gov Identifier: NCT04033159). This study aims to assess
safety, tolerability, pharmacokinetics (PK) and pharmacodynamics (PD) as well as the
preliminary efficacy of intravenous injection (IV) of an ASO against human DNM2 mRNA
in male and female patients≥16 years with confirmed DNM2 or MTM1 mutations. Another
study is also planned in clinically symptomatic pediatric patients from two to 17 years
(DyNaMic study, ClinicalTrials.gov Identifier: NCT04743557), pending the results of the
first trial.

• Acetylcholinesterase inhibition

The rationale of this therapy is to improve the poor NMJ transmission observed in
XLMTM and DNM2-CNM patients and animal models. The acetylcholinesterase inhibitors
edrophonium (zebrafish) and pyridostigmine (mice and human) were tested. These drugs
prevent the degradation of the acetylcholine neurotransmitter, prolonging its half-life at
the NMJ. They were tested in mtm1 morphant zebrafish [224], zebrafish with transient
expression of the DNM2-S619L mutation [39], and Mtm1R69C/y mice [68], leading to motor
function improvements. Pyridostigmine is a drug already approved by the FDA and used
in patients to treat myasthenia gravis [250]. Pyridostigmine treatment in patients with
DNM2 mutations resulted in reduced fatigability and improvement in muscle strength and
motor function [39]. Acetylcholinesterase inhibitors also resulted in favorable responses in
XLMTM patients [224].

www.dynacure.com
ClinicalTrials.gov
ClinicalTrials.gov
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7.2. Specific Therapeutic Strategies

• Gene replacement: MTM1 re-expression in XLMTM

The rational of this approach is to express MTM1 using AAV vectors in XLMTM patients as
most patients lack MTM1 protein expression [19,20,238]. The preclinical studies were conducted
on Mtm1−/y mice and XLMTM dogs. In Mtm1−/y mice, AAV-mediated Mtm1 intramuscular
expression under the control of the ubiquitous CMV promoter resulted in the recovery of
muscle mass, force, and histology [239]. Then, mice and dogs lacking MTM1 were treated with
a single systemic or locoregional injection of AAV-Mtm1 (or canine MTM1) under the control
of the desmin promoter for specific muscle expression [238,240,251]. Successful results were
achieved, with muscle phenotypes rescued together with increase in lifespan and body weight.
No safety issues were observed in dogs, in which long-term expression of myotubularin four
years after injection was shown, corresponding with gait and respiratory functions compara-
ble to age-matched healthy control dogs [251]. This therapy was then translated to human
clinical studies after testing safety in non-human primates with tolerated doses up to 8× 1014

vg/kg [252]. The initiation of a clinical trial for AAV-MTM1 gene therapy took place in 2017 by
Audentes Therapeutics (acquired by Astellas Pharma in 2019, www.astellasgenetherapies.com).
The ASPIRO Phase 1/2 Study (ClinicalTrials.gov Identifier NCT03199469) aims to evaluate the
safety and efficacy of AT132 (resamirigene bilparvovec; rAAV-Des-hMTM1) in XLMTM male
patients younger than five years old with mechanical ventilatory support. The first part of the
study consists of a dose escalation phase where doses of 1.3× 1014 vg/kg and 3.5× 1014 vg/kg
are tested, followed by a pivotal expansion to further confirm the efficacy and safety of the
highest dose. Striking preliminary results showing the therapeutic efficacy of the study were
presented in October 2019, with a robust expression of MTM1, 24 and 48 weeks after the single
injection of AT132 [253]. Muscle biopsies showed improvements in fiber size and organelle
mislocalization compared to baseline, although persistence of internal nuclei in many samples
was observed. Significant improvements in neuromuscular function and respiratory strength
were quantified, with some patients even able to sit or walk without any support or acquiring
total ventilator independence. However, after this release, three patients treated with the higher
dose and one patient treated with the low dose presented with hepatobiliary complications a
few weeks after dosing and later died, likely due to treatment-related complications currently
under study [254]. The three study participants in the high dose cohort had clinical evidence of
cholestasis before dosing [252,254]. Recent studies suggest a subset of XLMTM patients may
present with underlying hepatobiliary disease, and in particular, intermittent presentation of
cholestasis [24,25].

• Enzyme replacement: MTM1 delivery in XLMTM

Similar to the rationale for gene replacement, here, the strategy is to directly replace
the missing enzyme. It is based on the delivery of MTM1 fused to a mouse monoclonal
antibody (3E10Fv) designed to increase uptake into muscle fibers (3E10Fv-MTM1 fusion
protein). Preclinical studies were conducted on Mtm1−/y mice by intramuscular injection
of four doses of this fusion protein, with slight improvement in muscle force potentially
linked with increased number of triads and T-tubules found after treatment [241]. Further
development of this product was announced by Valerion (VAL-0620, www.valerion.com),
which uses the 3E10 antibody technology to replace enzymes in other disorders such as
Pompe disease.

• Gene transfer: MTMR2 expression in XLMTM

MTMR2 is a ubiquitously expressed homolog of MTM1 (65% amino acid sequence
identity) with phosphatase activity [255]. Intramuscular and systemic injections of AAV
expressing MTMR2 in Mtm1−/y showed amelioration of all muscle phenotypes together
with the normalization of PI(3)P levels [242,243]. In addition, a short isoform of MTMR2
that provides a better rescue was identified [243]. MTMR2 gene therapy may therefore
be a possible alternative to MTM1 re-expression in XLMTM to restore PI(3)P levels while
bypassing potential immunoreactivity toward MTM1 re-expression.

www.astellasgenetherapies.com
ClinicalTrials.gov
www.valerion.com
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• Gene transfer delivery: BIN1 expression in XLMTM

Another gene therapy alternative was recently described by Lionello et al. based
on the expression of BIN1 in the Mtm1−/y mouse [73]. The genetic and AAV-mediated
overexpression of human BIN1 rescued lifespan and improved muscle force and histological
defects. It also led to a striking rescue of the Mtm1−/y muscle transcriptome [153]. As with
DNM2 downregulation, this study strengthens the “cross-therapy” rationale, where the
modulation of one CNM gene (BIN1) can rescue the loss of another CNM gene (MTM1).
BIN1 is a known interactor of MTM1 in skeletal muscle and MTM1 was described as
a positive regulator of BIN1 membrane tubulation properties. Both are implicated in
endosome recycling as previously described, and BIN1 expression was shown to rescue
recycling of β1-integrin to [130] the plasma membrane [73]. In addition, BIN1 is a known
interactor of DNM2 and several studies have shown that it can negatively regulate DNM2
activity in vitro [84,161].

• Allele-specific targeting of DNM2 mutations in DNM2-related ADCNM

Different approaches have been proposed to specifically target the transcript con-
taining DNM2 mutations. The first approach, named spliceosome-mediated RNA trans-
splicing (SMarT), consists in the correction of the mutation at the post-transcriptional level
by modifying the mRNA sequence [256]. It was tested in vitro in fibroblast and in vivo in
WT muscle and results in successful trans-splicing events [257]. A second strategy, allele-
specific inactivation or correction of the heterozygous DNM2 R465W mutation directly
in the DNA, was successfully achieve by CRISPR/Cas 9 in the patients’ fibroblasts and
Dnm2R465W/+ mouse myoblasts [114]. This approach rescued autophagy and transferrin
uptake defects observed in the mutant mouse myoblasts. Finally, allele-specific RNA
silencing has been achieved in patient-derived fibroblast and in DNM2R465W/+ mice [237].
This approach is based on the design and validation of siRNA to specifically silence the
mutated DNM2 transcript without affecting the WT transcript. This approach resulted in
rescued muscle mass, specific force, and histology in young DNM2R465W/+ mice. For these
different approaches, potential toxicities, and off-targets, and sustained in vivo efficacy
will have to be carefully investigated.

• Exon skipping for RYR1-related myopathy

A first proof-of-concept for exon skipping was carried out on cells from a patient
with recessive RYR1 mutations associated with a congenital myopathy [244]. In this case,
a deep intronic mutation results in the exonization of an intronic sequence, leading to
a destabilized and decreased protein. U7-antisense oligonucleotides expressed from a
lentiviral vector successfully allows for the skipping of the pseudo-exon in primary muscle
cells, leading to an increase in the RYR1 protein and the restoration of calcium release of
normal amplitude.

• Cell transplantation or cell therapy in XLMTM

Cell transplantation aims to compensate the satellite cell depletion observed in dif-
ferent CNM animal models and patients [32,72,74,106,108,131]. Moreover, satellite cells
from Mtm1−/y mice were defective and unable to “rebuild” damaged skeletal muscle. A
cell therapy approach was tested in the mild Mtm1R69C/y mouse model by the injection of
skeletal muscle-derived WT myoblasts into the gastrocnemius [245]. This resulted in slight
improvements in muscle strength and mass.

• Myostatin inhibition in XLMTM

This approach was designed to counteract hypotrophic signaling pathways in Mtm1−/y

mice. The product used for preclinical studies consisted of the soluble form of the myostatin
receptor, activin type II receptor (ActRIIB-mFC) [246]. In Mtm1−/y mice, the inhibition
of myostatin action results in a small prolongation of lifespan (17%) and an increase in
muscle weight with a slight and transient improvement in forelimb grip strength correlated
with hypertrophy of type 2b fibers [246]. The same approach was tested in the less severe
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Mtm1R69C/y mouse model with no clinical benefit, resulting in increased gastrocnemius
weight but not quadricep weight [74]. This was potentially explained by the increase in
satellite cell activation after treatment only in the gastrocnemius [74]. Myostatin inhibitors
were also shown to be beneficial in DMD mouse models, but this positive impact has not
been later translated in clinical studies [258]. Potentially, this low benefit in XLMTM could
be due to the low myostatin plasma levels found in sick Mtm1−/y mice and observed in
XLMTM and ADCNM patients [259,260].

• Pharmacologic inhibition of mTORC1 in XLMTM

In this case, mTORC1, a main negative regulator of autophagy, was targeted to restore
autophagy defects in the Mtm1gt/y mouse model. Mice were treated for three days with
oral administration of AZD8055, an ATP-competitive inhibitor of mTORC1 activity [61].
The treatment induces autophagy-mediated degradation in Mtm1 deficient muscles and
results in the improvement of the muscle mass. This drug is already used in humans to
treat cancer and prevent organ transplant rejection [261].

• Pharmacological inhibition of PI3K in XLMTM

PI3K inhibition aims to rebalance the elevated PI(3)P levels in muscles with myotubu-
larin deficiency [34,60,63,158]. In mice, the class II kinase PIK3C2B was shown to be a
modifier of Mtm1−/y disease [63]. Its total genetic ablation in this mouse model resulted
in a striking rescue of survival and muscle phenotypes, while partial PIK3C2B reduction
had a milder impact. Conversely, the reduction in the class III kinase PIK3C3 worsened
the muscle phenotypes. Wortmannin, a general PI3K inhibitor, ameliorated muscle phe-
notypes and slightly prolonged survival in mtm1 zebrafish and Mtm1−/y mice [63,70],
and rescued calcium release defects in isolated Mtm1−/y myofibers [70]. However, the
achieved amelioration was not complete, most likely because this drug is not specific
for PIK3C2B and also targets PIK3C3. Specific inhibitors for class I and III PI3K did not
show any rescue in mtm1 deficient zebrafish. Thus, the challenge of this therapy will be to
develop specific and potent PIK3C2B inhibitors. Of note, expression of phosphatase-death
MTM1 in Mtm1−/y myofibers rescued its intracellular structure and improved the muscle
performance, pointing to phenotypes independent of PI(3)P levels [183].

• Drug repurposing: Pharmacologic inhibition of p38 MAPK in RYR1-related AR myopathy

Several FDA-approved inhibitors of p38 MAPK were identified as potential therapeu-
tic candidates for RYR1-related myopathies using a multi-species discovery pipeline [247].
First, these potential hits were uncovered in a screening conducted using the C. elegans RyR
model [262]. However, none of those compounds were able to improve movement in the
ryr1b single or ryr1a/ryr1b double mutant zebrafish model. These drugs were tested in mus-
cle cells with opposing results depending on the RyR1 level: they inhibited calcium release
in normal conditions, but they also enhanced calcium release in the absence of RyR1 [247].
However, the mechanism of action of p38 inhibitors needs to be further investigated and
its efficacy should be tested in novel mouse models with a low RyR1 amount and/or RyR1
loss-of-function.

• Drug repurposing: antioxidant therapy in RYR1-related AR myopathy

The antioxidant N-acetylcysteine (NAC) was described to restore the motor function
and improve the histology in the ryr relatively relaxed zebrafish mouse model [151]. This
finding was confirmed in myotubes derived from RYR1-related myopathy patients, where
this antioxidant reduces cell death induced by the oxidant H2O2 [151]. This treatment
aims to counteract the downstream effects of calcium dysregulation on the mitochondria.
NAC is a FDA-approved drug with a limited side effect profile. As no specific treatments
exist for RYR1-related myopathies, it was decided to test whether NAC could decrease
oxidative stress and increase muscle endurance in those patients in a phase1/2 clinical
study (ClinicalTrials.gov Identifier: NCT02362425). The results of this study, initiated in
2015, were recently published, showing that NAC was unable to decrease the elevated
oxidative stress in patients with no improvements in exercise tolerance [248].

ClinicalTrials.gov
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• Drug repurposing: tamoxifen treatment in XLMTM

Tamoxifen is a selective estrogen receptor modulator that has been used in breast
cancer treatment since the 1970s. It is an FDA-approved drug with a good safety profile
including in pediatric patients. In 2013, Dorchies et al. used this drug to treat a Duchenne
muscular dystrophy (DMD) mouse model, showing an anti-fibrotic effect in the heart and
diaphragm as well as muscle force improvements [263,264]. This led to the initiation of
a Phase 1 (ClinicalTrials.gov Identifier NCT02835079) and later a Phase 3 clinical trial on
DMD boys (ClinicalTrials.gov Identifier NCT03354039) to test the safety and efficacy of
tamoxifen to reduce disease progression [265]. Then, in 2018, two parallel independent
studies showed the efficacy of tamoxifen treatment to prolong survival and improve muscle
force and histology of Mtm1−/y mice [221,249]. The exact mechanism of therapeutic rescue
is not yet known, but it is not thought to be mediated by transcriptional modulation via
an estrogen receptor as minimal transcriptional changes were observed after tamoxifen
treatment [153,221]. Both studies showed normalization of the DNM2 protein levels, and
as described in the UPS section, tamoxifen was proposed as a possible modulator of the
DNM2 protein levels [221]. These positive data resulted in the initiation of a clinical trial,
Phase 1/2, in male patients with MTM1 mutations older than two years (TAM4MTM,
ClinicalTrials.gov Identifier NCT04915846). The objective is to test the efficacy and safety
of tamoxifen therapy to improve respiratory and motor function in XLMTM males.

8. Conclusions and Perspectives

In the last few years, several advances in the understanding of the pathomechanisms
have been made, which have led to the identification of novel therapeutic strategies, some
of which are now in clinical trials. Current therapeutic development is mainly focused on
the XLMTM form, although the DNM2 targeting approach was shown to be potentially
applicable to other CNM forms; DNM2 and BIN1-related CNM. More therapeutic strategies
have been tested in XLMTM models as this was the first form described, however, now
there are faithful animal models available for all CNM forms including recessive RYR1-
CNM. These laboratory models will allow for a better investigation of disease mechanisms
in those CNM forms and drug screening. Potentially several altered pathways can be
targeted, suggesting the potential for combined therapies to treat CNM. This will need to
be further investigated over the next years.

It is still unclear why mutations in these proteins, most ubiquitously expressed except for
RyR1, cause predominantly tissue-specific phenotypes generally restricted to skeletal muscle.
This may be due to the implication of these proteins in muscle specific structures such as
costameres, NMJs, and triads. One of the most common pathomechanisms found in CNM with
mutations in RYR1, MTM1, DNM2, and BIN1 is a defective excitation–contraction coupling. This
mechanism may be the main one underlying muscle weakness in CNM. Abnormal myonuclei
and mitochondria position may be caused by cytoskeleton defects, while muscle atrophy might
be explained by the dysregulation of protein homeostasis, transcription, and decrease in satellite
cells. However, some non-muscle phenotypes have been described such as peripheral nerve
involvement in some DNM2-CNM cases or liver dysfunction in XLMTM patients, calling for
more investigation into non-muscle tissues.
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