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Abstract

Congenital myopathies (CMs) are a kind of non-progressive or slow-progressive muscle diseases caused by genetic
mutations, which are currently defined and categorized mainly according to their clinicopathological features.

CMs exhibit pleiotropy and genetic heterogeneity. Currently, supportive treatment and pharmacological remission
are the mainstay of treatment, with no cure available. Some adeno-associated viruses show promising prospects

in the treatment of MTM1 and BIN1-associated myopathies; however, such gene-level therapeutic interventions
target only specific mutation types and are not generalizable. Thus, it is particularly crucial to identify the specific
causative genes. Here, we outline the pathogenic mechanisms based on the classification of causative genes:
excitation-contraction coupling and triadic assembly (RYR1, MTM1, DNM2, BIN1), actin-myosin interaction and
production of myofibril forces (NEB, ACTA1, TNNTT, TPM2, TPM3), as well as other biological processes. Furthermore,
we provide a comprehensive overview of recent therapeutic advancements and potential treatment modalities

of CMs. Despite ongoing research endeavors, targeted strategies and collaboration are imperative to address
diagnostic uncertainties and explore potential treatments.
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Introduction

Congenital myopathies (CMs) result from genetic
abnormalities affecting muscle development and typi-
cally manifest at birth or during early infancy. Unlike
myotonic dystrophy and metabolic myopathies, CMs
have a slow-progressive or non-progressive course, with
rarely seen degeneration, necrosis, and regeneration of
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kinase levels are slightly elevated or normal, and electro-
myography mostly shows myogenic changes or normal. It
is difficult to identify the specific type of CM according
to the clinical presentation alone. Skeletal muscle biopsy
is valuable in the diagnosis of CMs, and histopathologic
or ultrastructural features within the muscle can be an
important basis for differential diagnosis. For example,
central core disease (CCD) is characterized by a lack of
oxidase in the core of muscle fibers, centronuclear myop-
athy (CNM) is characterized by the presence of a central
nucleus in muscle fibers, and nemaline myopathy (NM) is
characterized by electron dense rods within muscle fibers
[4]. In addition, abnormal structures such as aggregated
columnar helical structures, cap-like structures, actin
aggregates, and zebra-striated bodies can be observed
within muscle fibers of patients with other types of CMs.
However, skeletal muscle biopsy also has limitations. Due
to the limitations of biopsy sampling, only focal patho-
logical changes can be observed, that is, maybe typi-
cal pathological changes cannot be detected in a single
muscle biopsy, and minor or nonspecific pathological
changes do not assist in making a definitive diagnosis. In
addition, structural changes of muscles in patients with
CMs may change over time, further reducing the speci-
ficity of the patient’s pathologic diagnosis. Therefore,
repeated muscle biopsies may be required to make a
definitive diagnosis.

The four types of CMs, including CCD, multiminicore
disease (MmD), CNM, and NM, have clearer histopath-
ologic and clinical features, and there are more clinical
data and samples than the other types of CMs. In addi-
tion, there are many other types of CMs, such as congeni-
tal fiber-type disproportion (CFTD), cylindrical spirals
myopathy, and cap myopathy. Among them, mutations in
ryanodine receptor type 1 (RYR1) seem to be the most
common cause of CMs, especially CCD and MmD, while
nebulin (NEB) recessive mutations and alpha-actin 1
(ACTA1) dominant mutations are closely related to NM,
and X-linked recessive mutations of Myotubularin 1
(MTM1) are the most common cause of CNM [5]. The
earlier classification of CMs was based on histopatho-
logic features, and with the understanding of the genetic
basis of the disease, it may be more scientific to classify
CMs for myopathy through the causative gene. Grouping
myopathies caused by mutations in the same causative
gene helps to assess clinical symptoms and prognosis,
which is more instructive for therapeutic measures and
clinical trial design. However, this basis for categorization
can blur the established diagnostic boundaries between
subgroups of classical CMs. Given the genetic heteroge-
neity of CMs, different causative genes cause the same
or similar pathologic phenotypes, and categorization by
genes may put pressure on clinical diagnosis and treat-
ment. Perhaps a classification criterion that integrates
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multiple factors, such as pathologic features and caus-
ative genes, would be more appropriate.

Supportive therapy is mainly used for the current treat-
ment of CMs, including maintaining normal body pos-
ture through corrective surgery, gastrostomy surgery for
patients with dysphagia, regular testing of respiratory
and cardiac functions, and timely non-invasive ventila-
tion and coughing assistance for patients with respiratory
muscle weakness. Other therapeutic measures include
calcium agonists and other pharmacologic therapies and
gene therapies [6]. Pharmacologic therapies are more
categorized and more widely applicable, but mostly
non-specific in improving complications of CMs. Gene
therapy can address the underlying causative genes, but
it needs to be recognized that many gene therapies are
mutation-specific and only benefit a subset of patients
suffering from a specific disease [7]. Given the wide vari-
ety of causative genes associated with CMs, further sci-
entific research and development is necessary to fully
cure more patients.

Pathogenesis

Excitation-contraction coupling and triadic assembly
Excitation-contraction coupling (ECC) converts elec-
trical signals (plasma membrane depolarization) into
chemical signals (cytoplasmic Ca®* elevation) and relies
on Triad to finely regulate sarcoplasmic Ca** levels dur-
ing muscle contraction. Transverse tubules (T-tubules)
are invaginations of the sarcolemma. In skeletal muscle
cells, T-tubules are connected to the sarcoplasmic reticu-
lum on both sides, forming tightly adherent membrane
contacts called “Triad” [8—10]. The triad consists of many
specialized structural components, such as voltage-sens-
ing dihydropyridine receptors in the T tubule membrane
and Ca’' release channel, RYR1, in the sarcoplasmic
reticulum. In ECC, depolarization of the T tubule mem-
brane induces a conformational change in dihydropyri-
dine receptors, which opens the Ca?* channel RyR1 in the
sarcoplasmic reticulum to release Ca®*, thereby induc-
ing muscle contraction (Fig. 1) [10]. MTM1, Dynamin
2 (DNM2), and Bridging Integrator 1(BIN1) involved in
the cell membrane remodeling process are closely related
to triad biogenesis in skeletal muscle, and mutations in
genes encoding related proteins cause varying degrees of
ECC dysfunction, which is a very important pathogenic
factor of CMs (Table 1).

RYR1

Mutations in RYR1 are the most common cause in
CMs. The RYR1 gene encodes the ryanodine receptor 1,
which is a calcium release channel connecting the termi-
nal cisternae and T-tubules at the end of the sarcoplas-
mic reticulum in skeletal muscle. This receptor is a key
component of the ECC mechanism [53, 54]. Mutations
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Fig. 1 Schematic diagram of the structure of the triad. The sarcoplasmic reticulum is a specialized smooth endoplasmic reticulum in the myofibrils, which
is enlarged at both ends to form a flat sac known as the terminal cisterna. The sarcolemma, located at the site of the terminal cisterna, forms funnel-like
invaginations, called T-tubules. The T-tubules in skeletal muscle cells are connected to the sarcoplasmic reticulum on both sides, forming a tightly adher-

ent membrane contact called the “triad”

in RYR1 impair the normal process of calcium release,
thereby limiting/reducing muscle contraction induced by
neural excitation. In addition, mutations in RYR1 dimin-
ish the stability of RYR1, and Ca®*, caffeine and volatile
anesthetics predispose patients to malignant hyperther-
mia, which is characterized by fatal muscle tonus and
spasms, hyperthermia and rhabdomyolysis [11]. Skeletal
muscle biopsies of patients with RYR1 mutation-asso-
ciated myopathies indicate pathological sarcoplasmic
reticulum calcium leakage and increased calcium-acti-
vated protease activity [12]. Increased calcium-activated
protease activity and mitochondrial Ca** overload led to
pathological reactive oxygen species (ROS) production,
thereby triggering muscle dysfunction. Both the reces-
sive RYR1 mutant zebrafish model and RYR1 patients
show high levels of oxidative stress. Treatment with
antioxidants can correct this in zebrafish and improve
their muscle function, suggesting a potential therapeutic
option for this disease [55, 56].

Mutations in RYRI are associated with several types
of CMs, such as CCD, MmD and CNM. Mutations in
RYR1 are closely associated with CCD. In patients with
CCD, there is a lack of mitochondria in skeletal muscle, a
reduction in local oxidase activity, and a well-defined core
that extends for a considerable distance along the center
of the longitudinal axis of myofibrils [5]. Depending on
the specific type of mutation, CCD can be inherited in an

autosomal dominant or recessive manner, and it is gen-
erally accepted that functional alterations are the domi-
nant form, whereas the reduction of RyR1 channels is the
recessive form [57]. Clinically, CCD caused by dominant
RyR1 mutations is usually less symptomatic. To date, the
most mutations in RYR1 associated with CCD and MH
are dominant missense mutations.

MTM1

MTM1 is a lipid phosphatase that regulates PI(3)P
homeostasis in endosomes, which are crucial for cellu-
lar signaling and membrane transport [58]. MTM1 trig-
gers endoplasmic reticulum remodeling by hydrolyzing
PI(3)P, reducing membrane contacts between periph-
eral endoplasmic reticulum tubules and early endo-
somes in response to fluctuating nutrient conditions,
such as starvation [58, 59]. This remodeling process
delays mitochondrial fission, promotes the formation of
a hyperfused mitochondrial network, and facilitates the
transfer of fatty acids to mitochondria for B-oxidation.
Consequently, it enhances the production of mitochon-
drial adenosine triphosphate (ATP) to maintain cellular
energetic homeostasis. Furthermore, MTMI initiates
exocytosis by hydrolyzing PI(3)P in early endosomes and
participates in regulating cargo protein delivery through
mediating endosomal exocytosis [13, 14]. Overall, MTM1
is involved in the delivery of cargo proteins by regulating
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Table 1 Congenital myopathies-related genes and underlying mechanisms
Gene Encoded protein Function Congenital References
myopathy
RYR1 Ryanodine receptor 1 a major component required for skeletal muscle ECC CCD, MmMD and CNM [11,12]
MTM1 Myotubularin 1 regulated endoplasmic reticulum, metabolic organelles and CNM (XLCNM) [13-15]
endosomal exocytosis
DNM?2 Dynamin 2 regulated T-tubule formation, autophagy, lipid droplet dynamics, ~ CNM (ADCNM) [6,17]
mitochondrial metabolism, and endocytic trafficking of GLUT4
BIN1 Bridging integrator 1 essential for T-tubule biogenesis CNM [10, 18,
(ARCNM) 19]
NEB Nebulin regulated the length and hardness of thin filaments, promoted NM [20-23]
filament activation and cross-bridge recruitment
ACTA1 Alpha-actin 1 molecular basis for force production NM, CFTD [24-27]
TNNT1 Troponin T1 modulated actin-myosin interactions NM [28-31]
TPM2 {3 subunit of Tropomyosin ~ modulated actin-myosin interactions NM [32-34]
TPM3 a subunit of Tropomyosin -~ modulated actin-myosin interactions NM [35-37]
MEGF10 Multiple EGF-like domains  essential for muscle development and repair by regulating MuSCs  EMARDD [38-40]
protein 10 proliferation and differentiation
TRIM32 Tripartite motif-containing  regulated cytoskeleton composition Sarcotubular myopathy  [41,42]
protein 32
CFL2 Cofilin 2 regulated actin aggregation, maintained sarcomere structure,and  NM [43,44]
moduated the cell cycle
CNTNI1 Contactin 1 cell adhesion molecule; neural adhesion and neuromuscular junc-  Compton-North congeni- [45, 46]
tion protein tal myopathy
HACD1 3-hydroxyacyl-CoA involved in the elongation of the very long chain fatty acids CNM [47,48]
dehydratase
enzyme
SCN4A Sodium channel protein essential for the generation and propagation of the muscle action  ion channel-related [49, 50]
type 4 subunit alpha potential congenital myopathy
PYROXD1 pyridine nucleotide- involved in redox regulation CNM, core myopathy, [51,52]

disulphide oxidoreductase
domain 1

myofibrillar myopathy

CCD, central core disease; CNM, centronuclear myopathy; NM, nemaline myopathy; MmD, multiminicore disease; XLCNM, X-linked centronuclear myopathy; ADCNM,
autosomal dominant centronuclear myopathy; ARCNM, autosomal recessive centronuclear myopathy; EMARDD, early-onset myopathy, areflexia, respiratory

distress, and dysphagia

PI(3)P and thereby affecting the endoplasmic reticulum
and early endosomes, regulating metabolic organelles to
perform metabolic recombination in cells under limited
nutrient supply, and regulating endosomal exocytosis.
Loss-of-function mutation in MTM1 results in a defec-
tive shape of the endoplasmic reticulum, aberrant mito-
chondrial morphology, depletion of cellular ATP, and
accumulation of endosomal f1-integrin.

X-linked recessive mutations in MTM1 (XLCNM
or XLMTM: X-linked myotubular myopathy; OMIM
310400) are the most common cause of CNM, and
XLMTM is also the most common and severe form
of CNM. Muscle biopsies of patients with CNM show
severe alterations in the size of the patient’s fibers, with
the presence of very small round fibers that have large,
aggregated nuclei in the center as well as abnormal cen-
tral aggregates of mitochondria and other organelles [15].
These small round fibers are associated with myofibril-
lar undergrowth (i.e., dystrophy), and in addition, there
is a link between small round fibers and fiber type [60].
Most of the small, rounded fibers are slow myofibers.

Fast myofibers are larger in cross-section, and even fiber
hypertrophy is present. Mislocalization of mitochondria,
myotubular elements and other organelles is another fea-
ture of XLMTM. Abnormal or absent triad structures
and impaired ECC processes exist in XLMTM mod-
els and patient biopsies, which may be associated with
MTM1 loss of function. In addition, another study found
severe liver abnormalities in a zebrafish model with
MTM1 loss of function [61]. This suggests that MTM1
mutations may be closely related to liver abnormalities,
explaining the concomitant hepatobiliary diseases in
some XLMTM patients.

The most common type of mutations in the MTM1
gene is the single nucleotide mutation, and other less
common forms of mutations are deletions (small and
large deletions, which can encompass the entire gene)
and more complex rearrangements [15]. The majority of
pathogenic MTM1 mutations lead to complete deletion
of MTM protein, which is usually associated with severe
phenotypes; however, there are also missense mutations
that theoretically only partially (not completely) disrupt
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protein function or RNA processing and/or protein sta-
bility, which are associated with less severe phenotypes.

DNM2

DNM encodes dynamins, which consist of five struc-
tural domains and play a key role in shaping and remod-
eling cellular membranes [62-64]. Three classical
dynamin proteins are identified as follows: DNM1 exhib-
its predominant expression in the brain, while DNM3
is expressed in the brain, lung, and testis. In contrast,
DNM?2 demonstrates ubiquitous expression. Studies in
Drosophila, zebrafish, and mice have suggested a poten-
tial role of DNM2 in the formation or maintenance of
T-tubules, autophagy, lipid droplets, and mitochondrial
metabolism. DNM2 is required for the release of autoph-
agy precursors from recycling endosomes and the release
process is mediated by DNM2-dependent scission of
tubules, which is realized by the binding of DNM2 to
LC3 [16, 17]. In addition, DNM2 regulates the clathrin-
dependent and non-dependent endocytosis of glucose
transporter-4 (GLUT4), which is crucial for insulin sig-
naling pathways to achieve glucose homeostasis [65]. It is
involved in cytoskeletal regulation, particularly actin for-
mation and organization, controlling intracellular trans-
port of GLUT4-containing vesicles by regulating actin
polymerization.

Mutations in DNM2 lead to autosomal dominant cen-
tronuclear myopathy (ADCNM, OMIM 160150), and
mutations affecting the central middle domain are usu-
ally associated with relatively mild clinical phenotypes,
while mutations in the PH and GED structural domains
tend to have more severe clinical phenotypes [16]. The
self-assembly and lipid-binding capacity of DNM2 is
required for effective membrane fission, but mutations
in DNM2 in the central middle domain or PH struc-
tural domains lead to the formation of abnormally stable
polymers with enhanced lipid-binding affinity and resis-
tance to BINI1-mediated GTPase inhibition [8, 66, 67].
Unregulated membrane fission activity results in struc-
tural abnormalities in T-tubules and dysregulation of
Ca”?" homeostasis. In cells with DNM2R*5Y mutations,
increased binding of DNM2*®¥ to another chaper-
one protein, intersectin 1 (ITSN1), in the plasma mem-
brane (ITSN1 serves as a scaffold for dynamin and other
endocytosis proteins, and its recruitment to endocytosis
sites can ensure its role in clathrin-mediated endocyto-
sis) impedes DNM2 recruitment to the sites of autopha-
gosome biogenesis (reduced binding of DNM2 to LC3
proteins), thereby impairing autophagy and leading to
the accumulation of immature autophagosomes [16, 17,
68]. Impaired autophagic flux prevents the timely clear-
ance of abnormal mitochondria and easily aggregated
unfolded proteins that thereby accumulate in myocytes,
which may be related to pathological phenotypes such as
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vacuolization and centronucleus of myofibrils in CNM
patients. In addition, DNM2 mutations in the ADCNM
mouse model disorganize actin filaments, thereby affect-
ing the translocation of GLUT4 to the plasma membrane,
which explains the aberrant perinuclear accumulation of
GLUT4 observed in muscle biopsies from CNM patients.

Targeted reduction of CNM2 expression has been
reported to effectively prevent and reverse CNM associ-
ated with MTM1, BIN1 and DNM2 mutations in mouse
models [65, 69-74]. It has been suggested that differ-
ent splicing modalities lead to the formation of different
DNM?2 isoforms, and universal rather than muscle-spe-
cific phenotype is the main cause of CNM [75]. This sug-
gests that subsequent therapies against CNM should not
target muscle-specific DNM2 subtypes but should be
designed or screened for AAV serotypes or oligonucle-
otides that target muscle.

BIN1
BIN1 encodes bridging integrator 1 (also known as
amphiphysin 2), which is an important membrane
remodeling protein and plays an essential role in T-tubule
biogenesis in skeletal muscle. BIN1 belongs to the BAR
protein family and possesses a BAR structural domain
associated with lipid binding. BIN1 has an amphipathic
helix at the N-terminus and is usually considered to be
a curvature-inducing module, but it has been suggested
that it also senses curvature and other intramembrane
stresses and is involved in membrane fission [63, 76].
Another structural domain shared between different
BIN1 isoforms is the Src homology 3 (SH3) structural
domain, which interacts with the PRD structural domains
of dynamins to jointly regulate T-tubule biogenesis [77].
BIN1 mutations are associated with autosomal reces-
sive centronuclear myopathy (ARCNM, OMIM 255200),
and the majority of mutations occur in the BAR struc-
tural domain, the N-terminal amphipathic helix, and
the C-terminal SH3 structural domain. CNM-associated
mutations in the N-terminal amphipathic helix decrease
the stability of the BIN1 scaffold. Mutations in the BAR
structural domain are related to a decrease in its tubula-
tion property [10, 18, 19]. The primary role of the SH3
structural domain of BIN1 is to bind dynamins, and
mutations in the SH3 structural domain affect the inter-
action of BIN1 with dynamins. Muscle-specific isoforms
of BIN1 have a distinctive PI motif, and this structural
domain interacts with the specificity of phosphoinositi-
des which is associated with phosphoinositides. Muta-
tions in the PI motif are associated with severe forms
of CNM, with the majority of patients dying within 2—4
years of onset [78]. This mutation occurs at the splic-
ing acceptor site and results in the inability to form
muscle-specific BIN1 isoforms, blocking the recruit-
ment of phosphoinositides by BIN1 and thereby affecting
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the recruitment of dynamins. BIN1 recruits DNM2 via
PI(4,5)P2 to promote T-tubule biogenesis and inhibits
the GTPase activity of DNM2 in a chemical-dependent
manner to maintain T-tubule structure. Mutations in the
SH3 structural domain of BIN1 render BIN1 unable to
bind DNM2, and BINT1 fails to inhibit the GTPase activity
of DNM2 [79-81]. The uncontrolled GTPase membrane
fission activity results in the breakage and fragmentation
of T-tubules. Overall, the biogenesis and maturation of
T-tubules is realized by balancing the interaction of BIN1
with two proteins, MTM1 and DNM2 [82]. Low levels
of DNM2 membrane fission activity promote T-tubule
biogenesis, and high levels of MTM1 maintain T-tubule
morphology, which are essential for T-tubule maturation.

Actin-myosin interaction and myofibril force production

Skeletal muscle is composed of cells that are extremely
contractile. To achieve contractile function, each differ-
entiated muscle cell contains myofibrils, which consist of
repeating sarcomeres. The sarcomere is the smallest con-
tractible unit of muscle, composed of overlapping myo-
sin (thick filaments) and actin (thin filaments), with thin
filaments in the opposite direction being anchored to
the Z-wire at the end of the sarcomere and bipolar thick
filaments occupying the center of the sarcomere [83, 84].
Muscle contraction is driven by actin-activated myosin
[85, 86]. During each bridging cycle, the energy generated
by ATP hydrolysis is converted into myosin head move-
ment, which is a process regulated by calcium-mediated
changes in protein conformation (Fig. 2). The length of
the sarcomere determines the overlap between thin and
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thick filaments, and thus the number of force-generating
interactions between actin and myosin, which is closely
related to the magnitude of the force produced; therefore,
appropriate filament length is important for myofiber
strength [87]. NEB- and ACTA1-specific mutations may
affect the filament length, and shorter-than-normal fila-
ment lengths have been associated with lower myofiber
force (Table 1). In addition, qualitative changes in actin-
myosin interactions as well as myofiber disturbance are
important factors in the production of lower muscle
force. Troponin and tropomyosin act as protein switches
that regulate actin-myosin interactions in response to
changes in intracellular Ca** concentration in myocytes,
and aberrant mutations in the genes encoding troponin
(TNNT) and tropomyosin (TPM) at different loci differ-
entially affect the force-producing process of myofibers,
thereby leading to different myopathies.

NEB

NEB encodes nebulin protein, a macromolecular protein
essential for skeletal muscle force production. Nebulin
regulates the length and hardness of thin filaments, pro-
motes filament activation and cross-bridge recruitment
[20-22]. Its highly repetitive structure consists of 185
tandemly repeating structural domains associated with
troponin and tropomyosin arrangement on the filaments
[88, 89]. Nebulin stiffens the filaments by acting on the
actin subunits on the filaments, finely regulates their heli-
ces, which is required for the movement of pro-tropo-
myosin/tropomyosin on the filaments. After activation
of the skeletal muscle, nebulin promotes the aggregation

Troponin complex
=== Nebulin(encoded by NEB)
wmsssen  Tropomyosin(encoded by TPM)

weazaeaen Titin

(Q Myosin

Fig. 2 Schematic diagram of fine myofilament composition and actin-myosin interactions. Troponin and tropomyosin act as protein switches that requ-
late actin-myosin interactions in response to changes in Ca®* concentration within the myocyte. (a and b) When nerve impulses reach myofibers, Ca*
released from the sarcoplasmic reticulum and interacts with troponin complexes, Nebulin, and tropomyosin, leading to conformational changes in the
thin filaments to expose myosin binding sites. (c and d) ATP is decomposed into ADP and inorganic phosphate, thereby releasing energy. The energy is
utilized by the myosin head, causing the myosin head to bend and move forward. Myosin with the altered conformation binds to actin to form a muscle
bridge. The forward movement of the myosin head shortens the distance between actin and myosin, resulting in actin slipping away from myosin and
binding to new myosin to form a new muscle bridge. The above steps are repeated. The constant interaction between actin and myosin leads to muscle
contraction, thereby generating force. Mutations in genes such as NEB, ACTA1, TNNT1, TPM2, and TPM3, which encode key proteins involved in the above
process, result in aberrant protein function and cause different types of congenital myopathies
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of myosin heads toward the thin filaments. Myosin exists
in two different states of relaxation: “hyper-relaxed” and
“disordered relaxed” In the hyper-relaxed state, myo-
sin heads interact with the backbone of thick filaments,
limiting their interaction with actin; in the disordered
relaxed state, myosin molecules are immobilized and can
weakly bind actin in order to make a rapid transition to
the active state when actin filaments open [90, 91]. The
ATPase activity in the myosin head in the disordered
relaxed state is 10 times higher than that in the hyper-
relaxed state. It has been suggested that the ratio of myo-
sin molecules in the hyper-relaxed state in muscle fibers
of NM patients (which may be related to myosin-binding
proteins involved in the isolation of the hyper-relaxed
state) is disturbed, which affects the basal ATP consump-
tion of the skeletal muscle and alters the energetic and
metabolic state of NM muscle [22]. This may explain the
phenomenon of glycogen deposition and aberrant mito-
chondria in the muscle of NM patients who are usually
very thin.

NEB mutations lead to a wide spectrum of phenotypic
variations in NM, ranging from severe fetal cases to adult-
onset presentations [23]. Furthermore, identifying the
causative mutation sites is impeded by the gene’s excep-
tionally long sequences [92]. Patients with an infantile
onset develop diffuse weakness in infancy that improves
with age and the patients gradually become able to walk
[92, 93]. Patients with NM present with many character-
istic nemaline rods or neuronal rods in the cytoplasm of
the skeletal muscle. Studies in mouse models and NM
patients have shown that nebulin deficiency reduces the
sensitivity of skeletal muscle force production to Ca*.
In addition, the helical structure of the thin filaments is
disrupted in nebulin-deficient skeletal muscle, and the
twisted filament helices alter the structure of the tropo-
nin complexes, impeding the movement of tropomyosin
and resulting in reduced cross-bridge formation, and
thus skeletal muscle can only produce low levels of force
[94]. Fast skeletal muscle troponin activators can enhance
force formation by retarding the rate of Ca?* dissociation
from troponin C (TnC) and promotes cross-bridge for-
mation at a given Ca?" concentration [95]. This suggests a
therapeutic direction for NM.

ACTA1

The sarcomere is the smallest contractile unit of mus-
cle, and the thin filament is a sarcomere microstruc-
ture essential for normal muscle contraction. The main
structural and functional component of thin filaments
is F-actin, formed by the polymerized helix of ACTA1-
encoded a-actin. a-actin is a multifunctional protein that
polymerizes and forms the helical chain of thin filaments,
and the dynamic cross-bridges formed with the thick
myosin filaments result in the sliding movement between
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actin and myosin that shortens the contractile unit and
generates the force that enables movement [24, 25].
Overall, actin interacts with myosin, tropomyosin, tropo-
nin, and nebulin as the molecular basis for force produc-
tion in skeletal muscle.

ACTA1 mutations are associated with CMs, such as
NM, CFTD, and zebra body myopathy [26, 27]. ACTA1-
associated NM (NEM3, MIM: 617336) accounts for
approximately 25% of all NM cases, and up to 50% of the
severe cases of NM are associated with ACTA1 muta-
tions, mostly heterozygous missense mutations that
occur de novo and affect highly conserved amino acid
sequences [25, 96]. Mouse models carrying missense
ACTA1 mutations have shown that mutations in Asp-
286Gly ACTAL1 affect actin-actin interactions, impedes
myosin cross-bridge binding, limits the number of
strongly bound cross-bridges, and triggers a number
of functional alterations in myofibers [97]. Heterozy-
gous missense mutations (D292V, L221P, P332S) in the
ACTALI gene have been reported to be associated with
CFTD [98]. CFTD is a rare CM, and its main pathologi-
cal feature is that type I myofibers (slow myofibers) are
generally smaller than type II myofibers (fast myofibers).

TNNT1

Tnntl encodes troponin T in slow skeletal muscle, a
30-35 kDa protein with ~ 220 to 300 amino acids. It plays
a key role in regulating calcium for actin filament func-
tion. There are three homologous genes encoding dif-
ferent muscle fiber type-specific isoforms: Tnntl (slow
skeletal muscle, sTnT), Tnnt3 (fast skeletal muscle, fTnT),
and Tnnt2 (cardiac, cTnT). The N-terminal region of the
three isoforms differs significantly, but they are highly
conserved in the middle and C-terminal regions, which
contain binding sites for TnC, Tnl, and tropomyosin
[99]. Of the 14 exons of TNNT1, exon 5, which encodes
the N-terminal 11 amino acid fragments, is alternatively
spliced, giving rise to high- and low-molecular weight
sTnT variants [100]. Compared to high-molecular weight
sTnT, low-molecular weight sTnT has a shorter N-termi-
nal variable region, a change in molecular conformation,
and an increased affinity for tropomyosin and Tnl [28].
Muscle spindles are a special sensory organ in skeletal
muscle. Under the activation of y-motor neurons, the
intrafusal fibers in muscle spindles contract to produce
baseline tension, which is essential for sensing changes
in muscle length [29]. Both sTnT and cTnT are expressed
in spindle intrafusal fibers of adult mice, and low-molec-
ular weight sTnT predominates in intrafusal fibers, sug-
gesting that myofilaments are less sensitive to Ca",
which may be the key to maintaining proper tension in
intrafusal nuclear bag fibers [101]. In a mouse model of
ANM, sTnT-knockout mice exhibit impaired neuromus-
cular coordination, indicating abnormal muscle spindle
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function [101, 102]. Further studies have shown that
knockout of sTnT is compensated by an increase in cITnT
in muscle spindles, and that this compensation produces
abnormally high myofilament Ca®* sensitivity, which
generates hypertonicity in intrafusal nuclear bag fibers
and increases the sensitivity of the spindle to changes
in length and stretch [101, 102]. Compensatory upregu-
lation of ¢TnT in intrafusal nuclear bag fibers may be a
potential mechanism underlying abnormalities in neuro-
muscular reflex-related functions in patients with ANM,
which may be related to patients’ symptoms of tremors
and clonus.

A nonsense mutation in exon 11 of TNNT1 forms a
stop codon that results in the loss of 83 amino acids from
the C-terminal end of the sTnT protein, causing the loss
of the primary site of interaction with Tnl and TnC and
the second site of interaction with tropomyosin [99].
sTnT with no tropomyosin binding site fails to integrate
into myofilaments and is degraded in myocytes to avoid
toxic effects [31, 103]. Deletion of sTnT results in severe
NM in childhood, which is characterized by pathological
changes in fiber size, atrophy of slow type I muscle fibers
and hypertrophy of fast type II muscle fibers, and the
presence of nemaline rods in muscle fibers [30, 31]. It is
generally believed that hypertrophy of type II fibers is a
compensatory response to atrophy of type I fibers.

TPM2 and TPM3

Tropomyosin is encoded by at least four distinct
genes, TPM1-4, wherein TPM1 and TPM3 encode the
a-subunit of the muscle Tropomyosin a-f dimer, while
TPM2 encodes the B-subunit of the Tropomyosin o-f
dimer. Selective splicing of TPM generates many tissue-
specific isoforms [104]. TPM1 is mainly expressed in car-
diac and type II fast muscle fibers, whereas TPM2 and
TPM3 are mainly expressed in type I slow muscle fibers.
Tropomyosin serves as a protein switch to turn on or
off the actin/myosin interaction and plays a key regula-
tory role in muscle force generation. In the resting state
of muscle, tropomyosin polymers line up along actin fila-
ments, covering the myosin-binding site and inhibiting
the activation of the contractile unit; during muscle con-
traction, the intracellular Ca®* level increases, inducing
a conformational change in the troponin/tropomyosin
complex and exposing the myosin-binding site to trigger
force generation [98].

In addition to being involved in sarcomere contraction,
tropomyosin is also involved in the regulation of early
skeletal muscle development. Skeletal muscle develop-
ment relies on cytoskeletal dynamics to direct muscle
precursor migration and myofiber morphogenesis, while
TPM2 mutations are likely to adversely affect cytoskel-
etal dynamics, which may disrupt overall myogenesis
[32-34]. Myogenesis begins with mononuclear muscle
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precursor cells known as myoblasts, which differentiate
and fuse with each other to form multinucleated myo-
tubes. The Multinucleated myotube cells attach to tendon
cells through a process of myotube guidance and then are
assembled with sarcomeres to become mature into con-
tractile myofibers [34]. Drosophila and zebrafish models
of the TPM2 mutation exhibit abnormal muscle mor-
phology, possibly because of improper regulation of actin
dynamics during myoblast migration, fusion and myo-
tube lengthening [105]. This suggests that TPM2 muta-
tions may disrupt myoblast fusion and myotube guidance
prior to sarcomere assembly, thereby hindering muscle
morphogenesis, and thus muscular dysplasia may be an
important etiological component of TPM2-associated
myopathies. Bonnet et al. found that RNA-binding pro-
tein quaking (QKI) and TPM3 are both essential in early
myofibril formation and QKI controls TPM3 transcript
levels through physical interaction with its 3UTR [35].
This also suggests that muscle defects in CMs associated
with human TPM3 mutations may be due to defects in
myofiber formation rather than impaired regulation of
muscle contraction.

The TPM2 gene is located on chromosome 9 and is
highly expressed in skeletal muscle, and CM-associated
TPM2 mutations appear to be de novo and affect con-
served amino acid sequences. TPM2 expression is higher
in slow muscle fibers (65%) than in fast muscle fibers
(29%) [106]. The TPMS3 locus is located on chromo-
some 1 and encodes the muscle fiber-specific isoform
of a-Tropomyosin in type I slow muscle. TPM3 mis-
sense mutation (M9R) is associated with a late-onset
form of NM in childhood, which weakens the affinity of
TPM3 with actin and leads to local structural instability
of tropomyosin coiled-coil dimers, while homozygous
nonsense mutation is associated with a severe infantile
form of NM, and functional TPM3 may be absent from
these patients [36, 37]. Mutations in TPM2 and TPM3
are associated with CMs, such as NM, cap myopathy,
and CFTD. Cap myopathy is a rare CM, characterized
by a well-demarcated cap-like structure underneath the
myofibrillar membrane and abnormal accumulation of
tropomyosin. Highly oxidized type I slow muscle fibers
predominate in the skeletal muscle of patients with
CFTD who have hypotonia.

Massive evidence suggests that the mechanism of
muscle dysfunction in Tropomyosin-associated myopa-
thies depends on the specific type of mutations. Tropo-
myosin p.K49del, p.E139del, and p.Q147P mutations
have been reported to weaken the binding of tropomy-
osin to actin and disrupt the helical structure of tropo-
myosin, which may be associated with abnormalities in
protein secondary structure [107]. Other mutations are
associated with abnormal calcium sensitivity of myofila-
ments. p.RI1G, p.K7del, Argl68His (R168H) cause an
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increase in calcium sensitivity, while p.E41K and p.E117K
decrease calcium sensitivity [108—111]. And beyond that,
the p.K7del mutation perhaps alters the -tropomyosin-
troponin interaction and the tropomyosin-actin interac-
tion [108]. An abnormal sensitivity of myofilaments to
Ca2+may account for hypertonia or hypotonia in certain
patients, while chronic muscle overcontraction result-
ing from increased myofibril sensitivity to calcium could
explain joint spasms in patients.

Other biological processes

MEGF10 and TRIM32

Multiple EGF-like domains protein 10 (MEGF10) is a
transmembrane protein that contains multiple EGF-like
repeats located on the plasma membrane. It serves as a
regulatory factor for muscle development and is highly
expressed in activated muscle satellite cells (MuSCs), reg-
ulating their proliferation, differentiation, and fusion into
multinucleated muscle fibers [39]. In adult skeletal mus-
cle, MuSCs are usually in a state of mitotic arrest but can
be induced to enter the cell cycle under load or trauma,
thus forming a population of precursor cells. After
undergoing several rounds of division, they fuse with
existing fibers or form new ones with multiple nuclei
[112]. Additionally, MuSCs possess the capacity for self-
renewal and replenishment of the quiescent MuSC pool
following activation [113—-115]. MEGF10 plays a key role
in muscle development and repair by regulating the dif-
ferentiation program of MuSCs and maintaining their
self-renewal through activating the Notch signaling path-
way [38]. When MEGF10 is silenced in mouse muscles,
it results in downregulation of components of the Notch
signaling pathway, severe depletion of self-renewing
MuSC pools, and premature differentiation of MuSCs
[38, 116]. Extracellular part of MEGF10 contains 17 EGEF-
like domains, and multiple tyrosine phosphorylation resi-
dues in the cytoplasmic domain mediate cell proliferation
and differentiation signals [117]. Mutations in MEGF10
may affect the conformation of cysteine in the EGF-like
domain, leading to defects in tyrosine phosphorylation of
MEGF10 and impairment of intracellular signaling [40].
The proliferation and migration of MEGF10™/~ MuSCs
are reduced, and the regenerative ability of MEGF107/~
mouse skeletal muscles is impaired [118]. Mutations in
MEGFI10 cause early-onset myopathy, areflexia, respira-
tory distress, and dysphagia (EMARDD, OMIM 614399)
[39, 40], which results in decreased muscle tone, respira-
tory failure, delayed reflexes, swallowing difficulties, and
a marked reduction in the number of multinucleated
muscle fibers in patients’ muscles.

Tripartite motif-containing protein 32 (TRIM32) is a
member of the tripartite motif (TRIM) family and con-
sists of three interconnected motifs. It acts as an E3 ubiq-
uitin ligase, participating in a series of post-translational
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modifications by attaching ubiquitin moieties to target
substrates [119]. TRIM32 binds to myosin head and neck
regions and ubiquitinates actin, which may be involved
in regulating cytoskeleton composition [41]. There are
reports that expressing specific pathological mutations
in Drosophila thin (the homologue of TRIM32) can lead
to abnormal myofibrillar abnormalities in fruit flies [120,
121]. In addition, the lack of Trim32 in the mouse hip-
pocampus is related to upregulation of Notchl, indicat-
ing that Trim32 may be related to the Notch signaling
pathway; however, its exact relationship with skeletal
muscle development and myopathy still needs further
exploration [120, 122]. TRIM32 mutations are associ-
ated with sarcotubular myopathy (OMIM 268950), and
most of the mutations occur in highly conserved NHL
domains. Patients with sarcotubular myopathy exhibit
mild to moderate symmetric proximal muscle weakness
and emaciation and have difficulties with vigorous activ-
ity [42]. A muscle biopsy shows varying sizes of muscle
fibers, an increased number of nuclei, and small vacuoles
in some muscle fibers.

The Notch signaling pathway plays a key role in the reg-
ulation of skeletal muscle development and regeneration.
Proteins encoded by MEGF10 and TRIM32 are associ-
ated with this pathway and involved in regulating mus-
cle function; their mutations are associated with specific
types of CMs [120]. Further exploration of the Notch sig-
naling pathway in skeletal muscle development, homeo-
stasis, and disease background holds great promise for
understanding the convergence mechanism of muscular
diseases and identifying new therapeutic targets.

Cofilin 2 (CFL2)

CFL2 encodes for the cofilin2 protein, which resides in
the formed sarcomere and belongs to the skeletal muscle-
specific actin depolymerizing factor (ADF)/cofilin pro-
tein family. CFL2 maintains the length of F-actin through
its actin-serving activity and contributes to regulating
actin filament dynamics by maintaining the structure of
the sarcomere [43]. Reduction or functional deficiency of
CFL2 affects the development and maintenance of sar-
comere structure, leading to muscle dysfunction. Rosen
et al. investigated the pathogenicity of the human CFL2
p-A35T mutation and concluded that this mutation may
lead to protein misfolding and splicing defects in the
body, resulting in reduced expression of CFL2 and myop-
athy [123]. The absence of Drosophila cofilin (DmCFL)
leads to actin aggregation, muscle structure collapse, and
weakness similar to NM patients [44]. In addition, CFL2
plays a crucial role in regulating cell cycle progression
during myogenic differentiation of C2C12 cells by influ-
encing cell proliferation and the expression of myogenic
transcription factors. Knockout of the CFL2 gene pro-
motes cell cycle transition from the GO/G1 phase to the
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G2/M phase, stimulates cell proliferation, and markedly
downregulates the expression of myogenic transcrip-
tion factors such as MyoD, MyoG, and MEF2C, thereby
impairing the differentiation of C2C12 myoblasts and the
formation of myotubes [124]. Overall, CFL2 is involved
in regulating actin aggregation and maintaining sarco-
mere structure, which may also involve regulation of the
cell cycle, thereby affecting muscle regeneration after
injury. CFL2 mutations have been found in some patients
with NM, and the role of CFL2 in increasing sarcomere
production suggests that muscle growth may promote
the occurrence and development of NM, especially dur-
ing periods of rapid muscle growth after birth and during
adolescence [125-127]. This is consistent with clinical
findings that symptoms worsen or develop further during
adolescent growth spurts in some patients with NM.
Furthermore, several other genes associated with
CMS include CNTN1, HACD1, SCN4A4, and PYROXD1
(Table 1). CNTN1 functions as a neural adhesion and
neuromuscular junction protein. HACD1 is involved in
elongating very long chain fatty acids (VLCFA). SCN4A
is pivotal in muscle action potential, while PYROXD1
functions as a nuclear-cytoplasmic oxidoreductase.

Table 2 Treatment strategies of congenital myopathies
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Treatments

The management of CMs has shown some improvement
over the past three years (Table 2). The potential treat-
ment methods for CMs can be roughly divided into the
following aspects: treatment for potential genetic defects,
calcium/myosin regulation targeting muscle contraction,
and treatments targeting genes involved in the same way
[128].

Treatments for potential genetic defects

Currently, there is no approved treatment for CMs in
clinical practice. Therefore, the primary focus of patient
care lies in managing accompanying symptoms, particu-
larly respiratory dysfunction which can be latent and life-
threatening even with mild clinical symptoms. This often
necessitates mechanical support ranging from non-inva-
sive ventilation during nighttime sleep to near-perma-
nent mechanical ventilation via tracheostomy.

Most patients suffer from systemic muscle atrophy, and
facial involvement varies. Muscle pathological features
of the face include a high, arched palate and drooping
upper eyelids, but generally no involvement of extraocu-
lar muscles [2, 144]. Many patients experience persistent

Strategy  Gene targets Myopathy model Phase References
Gene MTM1 (AAV) BINT-related CNM; XLCNM preclinical [129,130]
therapy MTM1 (AAV) XLCNM preclinical [131]
MTM1 (AAV) XLCNM clinical trial [132]
BINT (AAV) DNM2-related myopathy; preclinical [133,134]
XLCNM
DNM2 (AAV) CNM preclinical [70]
DNM2(CRISPR/Cas9) CNM preclinical [135]
DNM2 (antisense oligonucleotides ASOs) CNM linked to BINT; preclinical [73, 74]
ADCNM
DNM2(ASOs) XLCNM /1 clinical trial NCT04033159
Drug Rycal: a RyR stabilizing molecule RYR1- provides a [12]
therapy related myopathies rationale for
a clinical trial
(NCT04141670)
Tamoxifen Bin1- and Dnm2-related preclinical [136]
CNM
Acetazolamide jon channel-related clinical trial [137]
congenital myopathy
tirasemtiv: a fast NM preclinical [138]
skeletal muscle troponin activator
omecamtiv mecarbil (OM): a small molecule nebulin-based NM preclinical [139]
activator of Myh7(slow skeletal muscle troponin
activator)
L-carnitine congenital myopathies linked to TPM3 mutations preclinical [140]
TMP269 and 5-aza-2-deoxycytidine (5-Aza): congenital myopathies linked to recessive RYR1 preclinical [141]
HDAC and DNA mutations
methyltransferase inhibitors
valproic acid: HDAC inhibitor XLCNM preclinical [142]
metformin: autophagy-promoting compounds  BAG3 myofibrillar myopathy preclinical [143]

CNM, centronuclear myopathy; NM, nemaline myopathy; MmD, multiminicore disease; XLCNM, X-linked centronuclear myopathy; ADCNM, autosomal dominant

centronuclear myopathy
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involvement of the medulla oblongata, with difficulties
in chewing and swallowing that require a gastrostomy to
assist with feeding. For infants and young children who
have a weak suction ability, tube feeding is necessary [27].
Patients with severe CMs and skeletal deformities such
as clubfoot/clubfeet, pectus excavatum, scoliosis, and
short ribs may require surgical correction or conserva-
tive treatment based on their condition. Contracts are
a significant issue for patients, leading to various joint
symptoms and disability. Some patients also experience
excessive joint laxity, particularly in the shoulders, hands,
and knees. [145]. Additionally, up to 17% of XLMTM
patients may suffer from liver and gallbladder diseases,
with a small number at risk of life-threatening hepatic
peliosis [15, 146]. These issues necessitate attention and
appropriate management.

Calcium/myosin regulation targeting muscle contraction
Mutations in certain genes can lead to a decrease in the
sensitivity of skeletal muscle troponin to Ca®*. By adjust-
ing the sensitivity of muscle fibers to Ca®* through exog-
enous activators, the patient’s muscle strength can be
improved. Tirasemtiv is a fast skeletal muscle troponin
activator that selectively increases the sensitivity of fast-
twitch muscle fibers to calcium and has shown good ther-
apeutic effects in animal models. However, in a phase 3
clinical trial conducted among patients with amyotrophic
lateral sclerosis, tirasemtiv did not meet the endpoint
due to treatment-related side effects such as dizziness,
fatigue, nausea, weight loss, and insomnia [147]. Relde-
semtiv (formerly CK-2127107) is a second-generation
fast skeletal muscle troponin activator that has fewer side
effects compared with tirasemtiv in structure. However,
no clinical trials have been conducted on it specifically
for patients with CMs [148, 149].

Omecamtiv microbil (OM), a small-molecule cardiac
myosin activator (MYH7 or B-MHC), is currently in
phase 3 clinical trials for the treatment of heart failure
[139]. Myh7, or B-MHC, is expressed both in the heart
and slow-twitch skeletal muscle, indicating that OM may
also be effective for slow-twitch muscles. The research
results of nemaline myopathy in animal models confirm
its therapeutic effect on skeletal muscle [139]. Unlike
various existing calcium sensitizers, OM does not affect
calcium transients, thereby limiting potential side effects
and making it a promising therapeutic option. It should
be noted that troponin activators are only suitable for
specific mutation types, and some pathogenic gene muta-
tions cause an increase in calcium sensitivity in patients
with CMs, which is not suitable for such drugs. Rycals are
a class of compounds derived from the 1,4-benzothiaze-
pine backbone. They stabilize RyR1 channel complexes by
restoring calstatinl binding, alleviate intracellular Ca**
overload, and improve skeletal muscle function. There is
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evidence that drug therapy targeting epigenetic enzymes
can improve muscle strength, RyR1 protein content, and
muscle ultrastructure in a mouse model of CMs associ-
ated with recessive RYR1 mutations [141]. This study
provides conceptual evidence for the development of
drugs that modify the entire genome epigenetically when
treating patients with CMs, representing a new direction
in drug therapy.

Treatments targeting genes involved in the same way

The therapeutic approach targeting genes involved in
the same pathway does not correct pathogenic genes but
aims to compensate for specific protein deficiencies by
enhancing the expression of related genes. For example,
BIN1, MTM1, and DNM2 interact to jointly regulate the
biogenesis and stability of T-tubules. In DNM2-related
myopathy, treatment can be achieved by regulating the
expression level of BIN1 to improve skeletal muscle
condition [150]. Delivering therapeutic gene modifiers
to skeletal muscles is a pressing challenge due to their
dispersion throughout various parts of the body. While
recombinant adeno-associated viruses (rAAVs) are com-
monly used for gene replacement therapy and gene edit-
ing, selective transduction of specific tissues remains a
challenge after systemic administration. However, capsid
variants of AAVs, such as those containing RGD motifs,
have been identified to efficiently deliver to muscle tis-
sues, providing a practical tool for treatment develop-
ment and testing [151]. Another major limitation of
virus-based gene transfer strategies is the limited packag-
ing capacity of viruses, such as AAVs, which limits their
ability (approximately 5 kb) to deliver large genes like
NEB into cells. An alternative approach could be to intro-
duce functional protein fragments or truncated proteins,
for example, injecting AAV that encapsulates the nebulin
protein fragment (containing the Z-disk region and super
repeats of nebulin) in a NEB knockout mouse model
[128]. However, despite this injection, marked improve-
ments in the structure and function of mouse sarcomere
have not been observed, so further experimental explo-
ration is necessary. Silencing mutated mRNA without
affecting normal alleles through allele-specific RNA
interference is also a therapeutic strategy that is worthy
of development. Due to the diverse types of pathogenic
genes and complex mutation types in CMs, Dudhal et al.
[152] developed multifunctional siRNAs that target two
non-pathogenic single nucleotide polymorphisms (SNPs)
with the aim of generating universal small interfering
RNAs without considering mutation type. This innova-
tive approach has significantly enriched the molecular
toolbox, as this type of small interfering RNA can effec-
tively target all DNM2 mutations and possesses broad
applicability, thus warranting further exploration and
development.
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Prospectives

CMs are a rare genetic disease caused by various types
of mutations in genes involved in multiple physiological
processes, including muscle ECC and triadic assembly,
interactions between thick and thin muscle filaments,
production of myofibrillar force, MuSCs activation and
regeneration, and ion channel functions. The pleiotropy
and genetic heterogeneity of this disease make clini-
cal diagnosis very challenging, and there are numerous
and diverse types of gene mutations that prevent effec-
tive treatment at the genetic level. As such, most current
treatment strategies focus on specific mutation types
only and lack universality across patients.

Currently, while drug therapy remains the primary
treatment option for CMs in clinical practice, targeted
therapeutic strategies and novel drugs are under develop-
ment to better meet the needs of patients. Despite ongo-
ing research efforts, there remain unclear areas in clinical
diagnosis and identification, as well as unknown fields
and potential treatment possibilities related to patho-
genic molecular mechanisms and treatment strategies.
To overcome this rare disease, it is crucial for researchers
and medical professionals to continue collaborating and
delving deeper into the field of CM research.

Acknowledgements
Not applicable.

Author contributions

Bin Dai, Meiyuan Li and Yuntian Shen contributed to the conception of

the study; Han Zhang, Mengyuan Chang, Daiyue Chen, Jiawen Yang, Yijie
Zhang, Jiacheng Sun and Xinlei Yao performed the data analyses; Han Zhang,
Mengyuan Chang and Daiyue Chen drafted the manuscript; Bin Dai, Meiyuan
Li, Yuntian Shen, Hualin Sun and Xiaosong Gu reviewed and modified the
manuscript; All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (Nos. 82072160), the Natural Science Foundation of Jiangsu Province
(No. BK20232023), the “QingLan Project”in Jiangsu Universities, the Priority
Academic Program Development of Jiangsu Higher Education Institutions,
and Nantong Science and Technology Program (Nos. JC22022037,
MS22022010, JC12022010).

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 January 2024 / Accepted: 15 August 2024
Published online: 02 September 2024

Page 12 of 15

References

1. Bachmann C, Franchini M, Van den Bersselaar LR, Kruijt N, Voermans NC, Bou-
man K, Kamsteeg EJ, Knop KC, Ruggiero L, Santoro L, et al. Targeted transcript
analysis in muscles from patients with genetically diverse congenital myopa-
thies. Brain Commun. 2022;4:fcac224.

2. Gonorazky HD, Bbnnemann CG, Dowling JJ. The genetics of congenital
myopathies. Handb Clin Neurol. 2018;148:549-64.

3. Wang CH, Dowling JJ, North K, Schroth MK, Sejersen T, Shapiro F, Bellini J,
Weiss H, Guillet M, Amburgey K, et al. Consensus statement on standard of
care for congenital myopathies. J Child Neurol. 2012,27:363-82.

4. Ravenscroft G, Laing NG, Bonnemann CG. Pathophysiological concepts in the
congenital myopathies: blurring the boundaries, sharpening the focus. Brain.
2015;138:246-68.

5. Jungbluth H, Treves S, Zorzato F, Sarkozy A, Ochala J, Sewry C, Phadke R,
Gautel M, Muntoni F. Congenital myopathies: disorders of excitation-contrac-
tion coupling and muscle contraction. Nat Rev Neurol. 2018;14:151-67.

6. Jungbluth H, Ochala J, Treves S, Gautel M. Current and future thera-
peutic approaches to the congenital myopathies. Semin Cell Dev Biol.
2017;64:191-200.

7. Findlay AR, Weihl CC. Genetic-based treatment strategies for muscular
dystrophy and Congenital Myopathies. Continuum (Minneap Minn).
2022;28:1800-16.

8. Fujise K, Noguchi S, Takeda T. Centronuclear Myopathy caused by defective
membrane remodelling of Dynamin 2 and BIN1 variants. Int J Mol Sci.
2022;23:6274.

9. Franzini-Armstrong C. The relationship between form and function
throughout the history of excitation-contraction coupling. J Gen Physiol.
2018;150:189-210.

10. Lee E, Marcucci M, Daniell L, Pypaert M, Weisz OA, Ochoa GC, Farsad K, Wenk
MR, De Camilli P. Amphiphysin 2 (Bin1) and T-tubule biogenesis in muscle.
Science. 2002,297:1193-6.

11, lyer KA, HuY, Klose T, Murayama T, Samsé M. Molecular mechanism of the
severe MH/CCD mutation Y522S in skeletal ryanodine receptor (RyR1) by
cryo-EM. Proc Natl Acad Sci U S A. 2022;119:e2122140119.

12. Kushnir A, Todd JJ, Witherspoon JW, Yuan Q, Reiken S, Lin H, Munce RH, Wajs-
berg B, Melville Z, Clarke OB, et al. Intracellular calcium leak as a therapeutic
target for RYR1-related myopathies. Acta Neuropathol. 2020;139:1089-104.

13. Ketel K, Krauss M, Nicot AS, Puchkov D, Wieffer M, Mller R, Subramanian D,
Schultz C, Laporte J, Haucke V. A phosphoinositide conversion mechanism
for exit from endosomes. Nature. 2016;529:408-12.

14.  Campa CC, Margaria JP, Derle A, Del Giudice M, De Santis MC, Gozzelino L,
Copperi F, Bosia C, Hirsch E. Rab11 activity and PtdIns(3)P turnover removes
recycling cargo from endosomes. Nat Chem Biol. 2018;14:801-10.

15. Lawlor MW, Dowling JJ. X-linked myotubular myopathy. Neuromuscul Disord.
2021;31:1004-12.

16. Puri C, Manni MM, Vicinanza M, Hilcenko C, Zhu Y, Runwal G, Stamatakou E,
Menzies FM, Mamchaoui K, Bitoun M, Rubinsztein DC. A DNM2 centronuclear
myopathy mutation reveals a link between Recycling Endosome Scission and
Autophagy. Dev Cell. 2020;53:154-e168156.

17. Puri C, Rubinsztein DC. A location, location, location mutation impairs DNM2-
mediated release of nascent autophagosomes from recycling endosomes.
Autophagy. 2020;16:1353-4.

18.  Adam J, Basnet N, Mizuno N. Structural insights into the cooperative remod-
eling of membranes by amphiphysin/BIN1. Sci Rep. 2015;5:15452.

19. WuT, Shi Z, Baumgart T. Mutations in BIN1 associated with centronuclear
myopathy disrupt membrane remodeling by affecting protein density and
oligomerization. PLoS ONE. 2014;9:e93060.

20. Jin JR, Wang K. Nebulin as a giant actin-binding template protein in skeletal
muscle sarcomere. Interaction of actin and cloned human nebulin fragments.
FEBS Lett. 1991;281:93-6.

21, Kruger M, Wright J, Wang K. Nebulin as a length regulator of thin filaments of
vertebrate skeletal muscles: correlation of thin filament length, nebulin size,
and epitope profile. J Cell Biol. 1991;115:97-107.

22. Ranu N, Laitila J, Dugdale HF, Mariano J, Kolb JS, Wallgren-Pettersson C,
Witting N, Vissing J, Vilchez JJ, Fiorillo C, et al. NEB mutations disrupt the
super-relaxed state of myosin and remodel the muscle metabolic proteome
in nemaline myopathy. Acta Neuropathol Commun. 2022;10:185.

23.  Kiiski KJ, Lehtokari VL, Vihola AK, Laitila JM, Huovinen S, Sagath LJ, Evila
AE, Paetau AE, Sewry CA, Hackman PB, et al. Dominantly inherited distal
nemaline/cap myopathy caused by a large deletion in the nebulin gene.
Neuromuscul Disord. 2019;29:97-107.



Zhang et al. Journal of Translational Medicine

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2024) 22:815

Ebashi S. Regulatory mechanism of muscle contraction with special reference
to the Ca-troponin-tropomyosin system. Essays Biochem. 1974;10:1-36.
Joureau B, de Winter JM, Conijn S, Bogaards SJP, Kovacevic |, Kalganov A,
Persson M, Lindqvist J, Stienen GIM, Irving TC, et al. Dysfunctional sarcomere
contractility contributes to muscle weakness in ACTA1-related nemaline
myopathy (NEM3). Ann Neurol. 2018;83:269-82.

Malfatti E, Romero NB. Nemaline myopathies: state of the art. Rev Neurol
(Paris). 2016;172:614-9.

Labasse C, Brochier G, Taratuto AL, Cadot B, Rendu J, Monges S, Biancalana

V, Quijano-Roy S, Bui MT, Chanut A, et al. Severe ACTA1-related nemaline
myopathy: intranuclear rods, cytoplasmic bodies, and enlarged perinuclear
space as characteristic pathological features on muscle biopsies. Acta Neuro-
pathol Commun. 2022;10:101.

Larsson L, Wang X, Yu F, Ho6k P, Borg K, Chong SM, Jin JP. Adaptation by
alternative RNA splicing of slow troponin T isoforms in type 1 but not type 2
Charcot-Marie-tooth disease. Am J Physiol Cell Physiol. 2008;295:C722-731.
Matthews PB. MUSCLE SPINDLES AND THEIR MOTOR CONTROL. Physiol Rev.
1964,44:219-88.

Holling T, Lisfeld J, Johannsen J, Matschke J, Song F, Altmeppen HC, Kutsche
K. Autosomal dominantly inherited myopathy likely caused by the TNNT1
variant p.(Asp65Ala). Hum Mutat. 2022;43:1224-33.

Wei B, Lu'Y, Jin JP. Deficiency of slow skeletal muscle troponin T causes
atrophy of type | slow fibres and decreases tolerance to fatigue. J Physiol.
2014;592:1367-80.

Shin H, Kim D, Helfman DM. Tropomyosin isoform Tpm?2.1 regulates collective
and amoeboid cell migration and cell aggregation in breast epithelial cells.
Oncotarget. 2017;8:95192-205.

Wang W, Chen M, Gao Y, Song X, Zheng H, Zhang K, Zhang B, Chen D. P2Y6
regulates cytoskeleton reorganization and cell migration of C2C12 myoblasts
via ROCK pathway. J Cell Biochem. 2018;119:1889-98.

Yang S, Weske A, Du Y, Valera JM, Jones KL, Johnson AN. FGF signal-

ing directs myotube guidance by regulating rac activity. Development.
2020;147:dev183624.

Bonnet A, Lambert G, Ernest S, Dutrieux FX, Coulpier F, Lemoine S, Lobbardi R,
Rosa FM. Quaking RNA-Binding proteins control early myofibril formation by
modulating Tropomyosin. Dev Cell. 2017;42:527-e541524.

Laing NG, Wilton SD, Akkari PA, Dorosz S, Boundy K, Kneebone C, Blumbergs
P, White S, Watkins H, Love DR, et al. A mutation in the alpha tropomyosin
gene TPM3 associated with autosomal dominant nemaline myopathy NEMT1.
Nat Genet. 1995;10:249.

Tan P, Briner J, Boltshauser E, Davis MR, Wilton SD, North K, Wallgren-Petters-
son C, Laing NG. Homozygosity for a nonsense mutation in the alpha-
tropomyosin slow gene TPM3 in a patient with severe infantile nemaline
myopathy. Neuromuscul Disord. 1999,9:573-9.

Holterman CE, Le Grand F, Kuang S, Seale P, Rudnicki MA. Megf10 regu-

lates the progression of the satellite cell myogenic program. J Cell Biol.
2007;179:911-22.

Logan CV, Lucke B, Pottinger C, Abdelhamed ZA, Parry DA, Szymanska K,
Diggle CP, van Riesen A, Morgan JE, Markham G, et al. Mutations in MEGF10,
a regulator of satellite cell myogenesis, cause early onset myopathy, areflexia,
respiratory distress and dysphagia (EMARDD). Nat Genet. 2011;43:1189-92.
Takayama K, Mitsuhashi S, Shin JY, Tanaka R, Fujii T, Tsuburaya R, Mukaida S,
Noguchi S, Nonaka I, Nishino I. Japanese multiple epidermal growth factor 10
(MEGF10) myopathy with novel mutations: a phenotype-genotype correla-
tion. Neuromuscul Disord. 2016;26:604-9.

Kudryashova E, Kudryashov D, Kramerova |, Spencer MJ. Trim32 is a ubiquitin
ligase mutated in limb girdle muscular dystrophy type 2H that binds to
skeletal muscle myosin and ubiquitinates actin. J Mol Biol. 2005,354:413-24.
Schoser BG, Frosk P, Engel AG, Klutzny U, Lochmdiller H, Wrogemann K.
Commonality of TRIM32 mutation in causing sarcotubular myopathy and
LGMD2H. Ann Neurol. 2005;57:591-5.

Kremneva E, Makkonen MH, Skwarek-Maruszewska A, Gateva G, Michelot

A, Dominguez R, Lappalainen P. Cofilin-2 controls actin filament length in
muscle sarcomeres. Dev Cell. 2014;31:215-26.

Balakrishnan M, Yu SF, Chin SM, Soffar DB, Windner SE, Goode BL, Baylies MK.
Cofilin Loss in Drosophila Muscles Contributes to muscle weakness through
defective sarcomerogenesis during muscle growth. Cell Rep. 2020;32:107893.
Compton AG, Albrecht DE, Seto JT, Cooper ST, llkovski B, Jones KJ, Challis

D, Mowat D, Ranscht B, Bahlo M, et al. Mutations in contactin-1, a neural
adhesion and neuromuscular junction protein, cause a familial form of lethal
congenital myopathy. Am J Hum Genet. 2008;83:714-24.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 13 of 15

Davisson MT, Bronson RT, Tadenev AL, Motley WW, Krishnaswamy A, Seburn
KL, Burgess RW. A spontaneous mutation in contactin 1 in the mouse. PLoS
ONE. 2011;6:29538.

Walmsley GL, Blot S, Venner K, Sewry C, Laporte J, Blondelle J, Barthélémy

l, Maurer M, Blanchard-Gutton N, Pilot-Storck F, et al. Progressive structural
defects in Canine Centronuclear Myopathy Indicate a role for HACD1 in main-
taining skeletal muscle membrane systems. Am J Pathol. 2017,187:441-56.
Sawai M, Uchida Y, Ohno Y, Miyamoto M, Nishioka C, Itohara S, SassaT,

Kihara A. The 3-hydroxyacyl-CoA dehydratases HACD1 and HACD2 exhibit
functional redundancy and are active in a wide range of fatty acid elongation
pathways. J Biol Chem. 2017;292:15538-51.

Zaharieva IT, Thor MG, Oates EC, van Karnebeek C, Hendson G, Blom E,
Witting N, Rasmussen M, Gabbett MT, Ravenscroft G, et al. Loss-of-function
mutations in SCN4A cause severe foetal hypokinesia or classical’ congenital
myopathy. Brain. 2016;139:674-91.

Elia N, Palmio J, Castafeda MS, Shieh PB, Quinonez M, Suominen T, Hanna
MG, Mannikké R, Udd B, Cannon SC. Myasthenic congenital myopathy

from recessive mutations at a single residue in na(V)1.4. Neurology.
2019,92:€1405-15.

O'Grady GL, Best HA, Sztal TE, Schartner V, Sanjuan-Vazquez M, Donkervoort
S, Abath Neto O, Sutton RB, llkovski B, Romero NB, et al. Variants in the oxido-
reductase PYROXD1 cause early-onset myopathy with internalized nuclei and
myofibrillar disorganization. Am J Hum Genet. 2016;99:1086-105.

Lornage X, SchartnerV, Balbueno |, Biancalana V, Willis T, Echaniz-Laguna A,
Scheidecker S, Quinlivan R, Fardeau M, Malfatti E, et al. Clinical, histological,
and genetic characterization of PYROXD1-related myopathy. Acta Neuro-
pathol Commun. 2019;7:138.

Woll KA, Van Petegem F. Calcium-release channels: structure and function of
IP(3) receptors and ryanodine receptors. Physiol Rev. 2022;102:209-68.
Quane KA, Healy JM, Keating KE, Manning BM, Couch FJ, Palmucci LM,
Doriguzzi C, Fagerlund TH, Berg K, Ording H, et al. Mutations in the ryanodine
receptor gene in central core disease and malignant hyperthermia. Nat
Genet. 1993,5:51-5.

Hirata H, Watanabe T, Hatakeyama J, Sprague SM, Saint-Amant L, Nagashima
A, Cui WW, Zhou W, Kuwada JY. Zebrafish relatively relaxed mutants have a
ryanodine receptor defect, show slow swimming and provide a model of
multi-minicore disease. Development. 2007;134:2771-81.

Dowling JJ, Arbogast S, Hur J, Nelson DD, McEvoy A, Waugh T, Marty |, Lunardi
J, Brooks SV, Kuwada JY, Ferreiro A. Oxidative stress and successful antioxidant
treatment in models of RYR1-related myopathy. Brain. 2012;135:1115-27.
Fusto A, Cassandrini D, Fiorillo C, CodemoV, Astrea G, D’Amico A, Maggi

L, Magri F, Pane M, Tasca G, et al. Expanding the clinical-pathological and
genetic spectrum of RYR1-related congenital myopathies with cores

and minicores: an Italian population study. Acta Neuropathol Commun.
2022;10:54.

Jang W, Puchkov D, Sams¢ P, Liang Y, Nadler-Holly M, Sigrist SJ, Kintscher U,
Liu F, Mamchaoui K, Mouly V, Haucke V. Endosomal lipid signaling reshapes
the endoplasmic reticulum to control mitochondrial function. Science.
2022;378:eabq5209.

Volpatti JR, Al-Maawali A, Smith L, Al-Hashim A, Brill JA, Dowling JJ. The
expanding spectrum of neurological disorders of phosphoinositide metabo-
lism. Dis Model Mech. 2019;12:dmm038174.

Lawlor MW, Beggs AH, Buj-Bello A, Childers MK, Dowling JJ, James ES, Meng
H, Moore SA, Prasad S, Schoser B, Sewry CA. Skeletal Muscle Pathology in
X-Linked Myotubular Myopathy: review with cross-species comparisons. J
Neuropathol Exp Neurol. 2016;75:102-10.

Karolczak S, Deshwar AR, Aristegui E, Kamath BM, Lawlor MW, Andreoletti

G, Volpatti J, Ellis JL, Yin C, Dowling JJ. Loss of Mtm1 causes cholestatic

liver disease in a model of X-linked myotubular myopathy. J Clin Invest.
2023;133:2166275.

Trochet D, Bitoun M. A review of Dynamin 2 involvement in cancers high-
lights a promising therapeutic target. J Exp Clin Cancer Res. 2021;40:238.
Hohendahl A, Roux A, Galli V. Structural insights into the centronuclear
myopathy-associated functions of BINT and dynamin 2. J Struct Biol.
2016;196:37-47.

Zhao M, Maani N, Dowling JJ. Dynamin 2 (DNM2) as cause of, and modifier
for, human neuromuscular disease. Neurotherapeutics. 2018;15:966-75.
Gonzélez-Jamett AM, Baez-Matus X, Olivares MJ, Hinostroza F, Guerra-Fernan-
dez MJ, Vasquez-Navarrete J, Bui MT, Guicheney P, Romero NB, Bevilacqua JA,
et al. Dynamin-2 mutations linked to Centronuclear Myopathy impair actin-
dependent trafficking in muscle cells. Sci Rep. 2017,7:4580.



Zhang et al. Journal of Translational Medicine

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

(2024) 22:815

Marks B, Stowell MH, Vallis Y, Mills IG, Gibson A, Hopkins CR, McMahon HT.
GTPase activity of dynamin and resulting conformation change are essential
for endocytosis. Nature. 2001;410:231-5.

Zhao M, Smith L, Volpatti J, Fabian L, Dowling JJ. Insights into wild-type dyna-
min 2 and the consequences of DNM2 mutations from transgenic zebrafish.
Hum Mol Genet. 2019;28:4186-96.

Lei Y, Klionsky DJ. Scission, a critical step in autophagosome formation.
Autophagy. 2020;16:1363-5.

Reubold TF, Faelber K, Plattner N, Posor Y, Ketel K, Curth U, Schlegel J, Anand
R, Manstein DJ, Noé F, et al. Crystal structure of the dynamin tetramer. Nature.
2015;525:404-8.

de Carvalho Neves J, Moschovaki-Filippidou F, Bohm J, Laporte J. DNM2 lev-
els normalization improves muscle phenotypes of a novel mouse model for
moderate centronuclear myopathy. Mol Ther Nucleic Acids. 2023;33:321-34.
Tasfaout H, Lionello VM, Kretz C, Koebel P, Messaddeq N, Bitz D, Laporte J,
Cowling BS. Single intramuscular injection of AAV-shRNA reduces DNM2 and
prevents Myotubular Myopathy in mice. Mol Ther. 2018,26:1082-92.
Cowling BS, Prokic I, Tasfaout H, Rabai A, Humbert F, Rinaldi B, Nicot AS,
Kretz C, Friant S, Roux A, Laporte J. Amphiphysin (BINT) negatively regulates
dynamin 2 for normal muscle maturation. J Clin Invest. 2017;127:4477-87.
Massana Munoz X, Kretz C, Silva-Rojas R, Ochala J, Menuet A, Romero NB,
Cowling BS, Laporte J. Physiological impact and disease reversion for the
severe form of centronuclear myopathy linked to dynamin. JCl Insight.
2020;5:137899.

Silva-Rojas R, Nattarayan V, Jaque-Fernandez F, Gomez-Oca R, Menuet

A, Reiss D, Goret M, Messaddeq N, Lionello VM, Kretz C, et al. Mice with
muscle-specific deletion of Bin1 recapitulate centronuclear myopathy and
acute downregulation of dynamin 2 improves their phenotypes. Mol Ther.
2022,;30:868-80.

GoOmez-Oca R, Edelweiss E, Djeddi S, Gerbier M, Massana-Murioz X, Oulad-
Abdelghani M, Crucifix C, Spiegelhalter C, Messaddeq N, Poussin-Cour-
montagne P, et al. Differential impact of ubiquitous and muscle dynamin 2
isoforms in muscle physiology and centronuclear myopathy. Nat Commun.
2022;13:6849.

Campelo F, Kozlov MM. Sensing membrane stresses by protein insertions.
PLoS Comput Biol. 2014;10:21003556.

Grabs D, Slepnev VI, Songyang Z, David C, Lynch M, Cantley LC, De Camilli P
The SH3 domain of amphiphysin binds the proline-rich domain of dynamin
at a single site that defines a new SH3 binding consensus sequence. J Biol
Chem. 1997,272:13419-25.

Bohm J, Vasli N, Maurer M, Cowling BS, Shelton GD, Kress W, Toussaint A, Pro-
kic |, Schara U, Anderson TJ, et al. Altered splicing of the BINT muscle-specific
exon in humans and dogs with highly progressive centronuclear myopathy.
PLoS Genet. 2013;9:21003430.

Takei K, Slepnev VI, Haucke V, De Camilli P. Functional partnership between
amphiphysin and dynamin in clathrin-mediated endocytosis. Nat Cell Biol.
1999;1:33-9.

Boucrot E, Pick A, Camdere G, Liska N, Evergren E, McMahon HT, Kozlov MM.
Membrane fission is promoted by insertion of amphipathic helices and is
restricted by crescent BAR domains. Cell. 2012;149:124-36.

Fujise K, Okubo M, Abe T, Yamada H, Nishino |, Noguchi S, Takei K, Takeda T.
Mutant BINT-Dynamin 2 complexes dysregulate membrane remodeling in
the pathogenesis of centronuclear myopathy. J Biol Chem. 2021,296:100077.
Perdreau-Dahl H, Lipsett DB, Frisk M, Kermani F, Carlson CR, Brech A, Shen X,
Bergan-Dahl A, Hou Y, Tuomainen T, et al. BINT, Myotubularin, and Dynamin-2
coordinate T-Tubule growth in Cardiomyocytes. Circ Res. 2023;132:2188-205.
Squire JM. Architecture and function in the muscle sarcomere. Curr Opin
Struct Biol. 1997:7:247-57.

Moraczewska J, Robaszkiewicz K, Sliwinska M, Czajkowska M, Ly T, Kostyukova
A, Wen H, Zheng W. Congenital myopathy-related mutations in tropomyosin
disrupt regulatory function through altered actin affinity and tropomodulin
binding. Febs j. 2019;286:1877-93.

Tobacman LS. Thin filament-mediated regulation of cardiac contraction.
Annu Rev Physiol. 1996,58:447-81.

Berchtold MW, Brinkmeier H, Miintener M. Calcium ion in skeletal muscle:

its crucial role for muscle function, plasticity, and disease. Physiol Rev.
2000;80:1215-65.

Winter JM, Joureau B, Lee EJ, Kiss B, Yuen M, Gupta VA, Pappas CT, Gregorio
CC, Stienen GJ, Edvardson S, et al. Mutation-specific effects on thin filament
length in thin filament myopathy. Ann Neurol. 2016;79:959-69.

Lindqvist J, Ma W, Li F, Hernandez Y, Kolb J, Kiss B, Tonino P, van der Pijl

R, Karimi E, Gong H, et al. Triggering typical nemaline myopathy with

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

103.

104.

105.

106.

107.

108.

109.

110.

Page 14 of 15

compound heterozygous nebulin mutations reveals myofilament structural
changes as pathomechanism. Nat Commun. 2020;11:2699.

Labeit S, Gibson T, Lakey A, Leonard K, Zeviani M, Knight P, Wardale J, Trinick
J. Evidence that nebulin is a protein-ruler in muscle thin filaments. FEBS Lett.
1991,282:313-6.

McNamara JW, Li A, Dos Remedios CG, Cooke R. The role of super-relaxed
myosin in skeletal and cardiac muscle. Biophys Rev. 2015;7:5-14.

Hooijman P, Stewart MA, Cooke R. A new state of cardiac myosin with very
slow ATP turnover: a potential cardioprotective mechanism in the heart.
Biophys J. 2011;100:1969-76.

Pelin K, Hilpeld P, Donner K, Sewry C, Akkari PA, Wilton SD, Wattanasirichai-
goon D, Bang ML, Centner T, Hanefeld F, et al. Mutations in the nebulin gene
associated with autosomal recessive nemaline myopathy. Proc Natl Acad Sci
U S A 1999,96:2305-10.

Ogasawara M, Nishino I. A review of major causative genes in congenital
myopathies. J Hum Genet. 2023,68:215-25.

Kiss B, Lee EJ, Ma W, Li FW, Tonino P, Mijailovich SM, Irving TC, Granzier HL.
Nebulin stiffens the thin filament and augments cross-bridge interaction in
skeletal muscle. Proc Natl Acad Sci U S A. 2018;115:10369-74.

Russell AJ, Hartman JJ, Hinken AC, Muci AR, Kawas R, Driscoll L, Godinez G,
Lee KH, Marquez D, Browne WF, et al. Activation of fast skeletal muscle tropo-
nin as a potential therapeutic approach for treating neuromuscular diseases.
Nat Med. 2012;18:452-5.

Nowak KJ, Ravenscroft G, Laing NG. Skeletal muscle a-actin diseases (acti-
nopathies): pathology and mechanisms. Acta Neuropathol. 2013;125:19-32.
Ochala J, Ravenscroft G, Laing NG, Nowak KJ. Nemaline myopathy-related
skeletal muscle a-actin (ACTAT) mutation, Asp286Gly, prevents proper strong
myosin binding and triggers muscle weakness. PLoS ONE. 2012;7:e45923.
Clarke NF, llkovski B, Cooper S, Valova VA, Robinson PJ, Nonaka I, Feng JJ,
Marston S, North K. The pathogenesis of ACTA1-related congenital fiber type
disproportion. Ann Neurol. 2007,61:552-61.

Wei B, Jin JR. TNNT1, TNNT2, and TNNT3: isoform genes, regulation, and
structure-function relationships. Gene. 2016;582:1-13.

Huang QQ, Chen A, Jin JP. Genomic sequence and structural organization of
mouse slow skeletal muscle troponin T gene. Gene. 1999;229:1-10.

Oki K, Wei B, Feng HZ, Jin JP.The loss of slow skeletal muscle isoform of
troponin T in spindle intrafusal fibres explains the pathophysiology of amish
nemaline myopathy. J Physiol. 2019;597:3999-4012.

. Fox MD, Carson VJ, Feng HZ, Lawlor MW, Gray JT, Brigatti KW, Jin JP, Strauss

KA. TNNT1 nemaline myopathy: natural history and therapeutic frontier. Hum
Mol Genet. 2018;27:3272-82.

Jin JP, Brotto MA, Hossain MM, Huang QQ, Brotto LS, Nosek TM, Morton DH,
Crawford TO. Truncation by Glu180 nonsense mutation results in complete
loss of slow skeletal muscle troponin T in a lethal nemaline myopathy. J Biol
Chem. 2003;278:26159-65.

Pittenger MF, Kazzaz JA, Helfman DM. Functional properties of non-muscle
tropomyosin isoforms. Curr Opin Cell Biol. 1994,6:96-104.

McAdow J, Yang S, Ou T, Huang G, Dobbs MB, Gurnett CA, Greenberg MJ,
Johnson AN. A pathogenic mechanism associated with myopathies and
structural birth defects involves TPM2-directed myogenesis. JCl Insight.
2022;7:€152466.

Clarkson E, Costa CF, Machesky LM. Congenital myopathies: diseases of the
actin cytoskeleton. J Pathol. 2004;204:407-17.

Marttila M, Lemola E, Wallefeld W, Memo M, Donner K, Laing NG, Marston
S, Gronholm M, Wallgren-Pettersson C. Abnormal actin binding of aberrant
B-tropomyosins is a molecular cause of muscle weakness in TPM2-related
nemaline and cap myopathy. Biochem J. 2012,442:231-9.

Mokbel N, Ilkovski B, Kreissl M, Memo M, Jeffries CM, Marttila M, Lehtokari
VL, Lemola E, Gronholm M, Yang N, et al. K7del is a common TPM2 gene
mutation associated with nemaline myopathy and raised myofibre calcium
sensitivity. Brain. 2013;136:494-507.

Robinson P, Lipscomb S, Preston LC, Altin E, Watkins H, Ashley CC, Redwood
CS. Mutations in fast skeletal troponin |, troponin T, and beta-tropomyosin
that cause distal arthrogryposis all increase contractile function. Faseb j.
2007;21:896-905.

Ochala J, Li M, Ohlsson M, Oldfors A, Larsson L. Defective regulation of
contractile function in muscle fibres carrying an E41K beta-tropomyosin
mutation. J Physiol. 2008;586:2993-3004.

. Karpicheva OE, Avrova SV, Bogdanov AL, Sirenko VV, Redwood CS, Borovikov

YS. Molecular mechanisms of Deregulation of muscle contractility caused by
the R168H mutation in TPM3 and its attenuation by Therapeutic agents. Int J
Mol Sci. 2023;24:5829.



Zhang et al. Journal of Translational Medicine

N

114.

117.

118.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

(2024) 22:815

. Chargé SB, Rudnicki MA. Cellular and molecular regulation of muscle regen-

eration. Physiol Rev. 2004;84:209-38.

. Zammit PS, Golding JP, Nagata Y, Hudon V, Partridge TA, Beauchamp JR.

Muscle satellite cells adopt divergent fates: a mechanism for self-renewal? J
Cell Biol. 2004;166:347-57.

Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A, Partridge TA, Morgan JE.
Stem cell function, self-renewal, and behavioral heterogeneity of cells from
the adult muscle satellite cell niche. Cell. 2005;122:289-301.

. Kuang S, Kuroda K, Le Grand F, Rudnicki MA. Asymmetric self-renewal and

commitment of satellite stem cells in muscle. Cell. 2007;129:999-1010.

. Conboy IM, Rando TA. The regulation of notch signaling controls satellite

cell activation and cell fate determination in postnatal myogenesis. Dev Cell.
2002;3:397-409.

Kay JN, Chu MW, Sanes JR. MEGF10 and MEGF11 mediate homotypic interac-
tions required for mosaic spacing of retinal neurons. Nature. 2012;483:465-9.
Li C, Vargas-Franco D, Saha M, Davis RM, Manko KA, Draper |, Pacak CA, Kang
PB. Megf10 deficiency impairs skeletal muscle stem cell migration and
muscle regeneration. FEBS Open Bio. 2021;11:114-23.

. Kudryashova E, Wu J, Havton LA, Spencer MJ. Deficiency of the E3 ubiquitin

ligase TRIM32 in mice leads to a myopathy with a neurogenic component.
Hum Mol Genet. 2009;18:1353-67.

Vargas-Franco D, Kalra R, Draper I, Pacak CA, Asakura A, Kang PB. The notch
signaling pathway in skeletal muscle health and disease. Muscle Nerve.
2022;,66:530-44.

LaBeau-DiMenna EM, Clark KA, Bauman KD, Parker DS, Cripps RM, Geisbrecht
ER.Thin, a Trim32 ortholog, is essential for myofibril stability and is required
for the integrity of the costamere in Drosophila. Proc Natl Acad Sci U S A.
2012;109:17983-8.

Ntim M, Li QF, Zhang Y, Liu XD, Li N, Sun HL, Zhang X, Khan B, Wang B, Wu Q,
et al. TRIM32 Deficiency impairs synaptic plasticity by excitatory-inhibitory
imbalance via Notch Pathway. Cereb Cortex. 2020;30:4617-32.

Rosen SM, Joshi M, Hitt T, Beggs AH, Agrawal PB. Knockin mouse model of
the human CFL2 p.A35T mutation results in a unique splicing defect and
severe myopathy phenotype. Hum Mol Genet. 2020;29:1996-2003.

Nguyen MT, Min KH, Kim D, Park SY, Lee W. CFL2 is an essential mediator for
myogenic differentiation in C2C12 myoblasts. Biochem Biophys Res Com-
mun. 2020;533:710-6.

Fattori F, Fiorillo C, Rodolico C, Tasca G, Verardo M, Bellacchio E, Pizzi S, Ciolfi
A, Fagiolari G, Lupica A, et al. Expanding the histopathological spectrum of
CFL2-related myopathies. Clin Genet. 2018;93:1234-9.

Agrawal PB, Greenleaf RS, Tomczak KK, Lehtokari VL, Wallgren-Pettersson

C, Wallefeld W, Laing NG, Darras BT, Maciver SK, Dormitzer PR, Beggs AH.
Nemaline myopathy with minicores caused by mutation of the CFL2 gene
encoding the skeletal muscle actin-binding protein, cofilin-2. Am J Hum
Genet. 2007,80:162-7.

Bachman JF, Klose A, Liu W, Paris ND, Blanc RS, Schmalz M, Knapp E, Chakkal-
akal JV. Prepubertal skeletal muscle growth requires Pax7-expressing satellite
cell-derived myonuclear contribution. Development. 2018;145:dev167197.
Fisher G, Mackels L, Markati T, Sarkozy A, Ochala J, Jungbluth H, Ramdas S,
Servais L. Early clinical and pre-clinical therapy development in Nemaline
myopathy. Expert Opin Ther Targets. 2022,26:853-67.

Giraud Q, Spiegelhalter C, Messaddeq N, Laporte J. MTM1 overexpres-

sion prevents and reverts BIN1-related centronuclear myopathy. Brain.
2023;146:4158-73.

Dupont JB, Guo J, Renaud-Gabardos E, Poulard K, Latournerie V, Lawlor

MW, Grange RW, Gray JT, Buj-Bello A, Childers MK, Mack DL. AAV-Mediated
gene transfer restores a normal muscle transcriptome in a Canine Model of
X-Linked Myotubular Myopathy. Mol Ther. 2020,28:382-93.

Ross JA, Tasfaout H, Levy Y, Morgan J, Cowling BS, Laporte J, Zanoteli E,
Romero NB, Lowe DA, Jungbluth H, et al. rAAV-related therapy fully rescues
myonuclear and myofilament function in X-linked myotubular myopathy.
Acta Neuropathol Commun. 2020;8:167.

Andreoletti G, Romano O, Chou HJ, Sefid-Dashti MJ, Grilli A, Chen C, Laksh-
man N, Purushothaman P, Varfaj F, Mavilio F, et al. High-throughput transcrip-
tome analyses from ASPIRO, a phase 1/2/3 study of gene replacement ther-
apy for X-linked myotubular myopathy. Am J Hum Genet. 2023;110:1648-60.
Lionello VM, Kretz C, Edelweiss E, Crucifix C, Gdmez-Oca R, Messaddeq

N, Buono S, Koebel P Massana Murioz X, Diedhiou N, et al. BINT modula-
tion in vivo rescues dynamin-related myopathy. Proc Natl Acad Sci U S A,
2022;119:22109576119.

Lionello VM, Nicot AS, Sartori M, Kretz C, Kessler P, Buono S, Djerroud S,
Messaddeq N, Koebel P, Prokic |, et al. Amphiphysin 2 modulation rescues

137.

140.

147.

148.

149.

Page 15 of 15

myotubular myopathy and prevents focal adhesion defects in mice. Sci Trans|
Med. 2019;11:eaav1866.

. Rabai A, Reisser L, Reina-San-Martin B, Mamchaoui K, Cowling BS, Nicot AS,

Laporte J. Allele-specific CRISPR/Cas9 correction of a heterozygous DNM2
mutation rescues Centronuclear Myopathy Cell phenotypes. Mol Ther
Nucleic Acids. 2019;16:246-56.

. Gineste C, Simon A, Braun M, Reiss D, Laporte J. Tamoxifen improves muscle

structure and function of Bin1- and Dnm2-related centronuclear myopathies.
Brain. 2023;146:3029-48.

Matthews E, Hartley L, Sud R, Hanna MG, Muntoni F, Munot P. Acetazolamide

can improve symptoms and signs in ion channel-related congenital myopa-

thy. J Neurol Neurosurg Psychiatry. 2019;,90:243-5.

. de Winter JM, Gineste C, Minardi E, Brocca L, Rossi M, Borsboom T, Beggs

AH, Bernard M, Bendahan D, Hwee DT, et al. Acute and chronic tirasemtiv
treatment improves in vivo and in vitro muscle performance in actin-based
nemaline myopathy mice. Hum Mol Genet. 2021;30:1305-20.

. Lindqvist J, Lee EJ, Karimi E, Kolb J, Granzier H. Omecamtiv Mecarbil lowers

the contractile deficit in a mouse model of nebulin-based nemaline myopa-
thy. PLoS ONE. 2019;14:0224467.

Hsu PJ, Wang HD, Tseng YC, Pan SW, Sampurna BP, Jong YJ, Yuh CH. L-Carni-
tine ameliorates congenital myopathy in a tropomyosin 3 de novo mutation
transgenic zebrafish. J Biomed Sci. 2021,28:8.

. Ruiz A, Benucci S, Duthaler U, Bachmann C, Franchini M, Noreen F, Pietrangelo

L, Protasi F, Treves S, Zorzato F. Improvement of muscle strength in a mouse
model for congenital myopathy treated with HDAC and DNA methyltransfer-
ase inhibitors. Elife. 2022;11:¢73718.

. Volpatti JR, Ghahramani-Seno MM, Mansat M, Sabha N, Sarikaya E, Goodman

SJ, Chater-Diehl E, Celik A, Pannia E, Froment C, et al. X-linked myotubular
myopathy is associated with epigenetic alterations and is ameliorated by
HDAC inhibition. Acta Neuropathol. 2022;144:537-63.

. Ruparelia AA, McKaige EA, Williams C, Schulze KE, Fuchs M, Oorschot

V, Lacene E, Meregalli M, Lee C, Serrano RJ, et al. Metformin rescues
muscle function in BAG3 myofibrillar myopathy models. Autophagy.
2021;17:2494-510.

. Pelin K, Wallgren-Pettersson C. Update on the Genetics of Congenital Myopa-

thies. Semin Pediatr Neurol. 2019:29:12-22.

. Rees M, Nikoopour R, Fukuzawa A, Kho AL, Fernandez-Garcia MA, Wraige

E, Bodi |, Deshpande C, Ozdemir O, Daimagiler HS, et al. Making sense of
missense variants in TTN-related congenital myopathies. Acta Neuropathol.
2021;141:431-53.

. Molera C, Sarishvili T, Nascimento A, Rtskhiladze I, Mufioz Bartolo G, Fernan-

dez Cebrian S, Valverde Fernandez J, Munoz Cabello B, Graham RJ, Miller W,
et al. Intrahepatic Cholestasis is a clinically significant feature Associated with
Natural History of X-Linked Myotubular Myopathy (XLMTM): a Case Series
and Biopsy Report. J Neuromuscul Dis. 2022;9:73-82.

Shefner JM, Cudkowicz ME, Hardiman O, Cockcroft BM, Lee JH, Malik FI,
Meng L, Rudnicki SA, Wolff AA, Andrews JA. A phase Il trial of tirasemtiv as a
potential treatment for amyotrophic lateral sclerosis. Amyotroph Lateral Scler
Frontotemporal Degener. 2019,0:1-11.

Shefner JM, Andrews JA, Genge A, Jackson C, Lechtzin N, Miller TM, Cockroft
BM, Meng L, Wei J, Wolff AA, et al. A phase 2, Double-Blind, randomized,
dose-ranging trial of Reldesemtiv in patients with ALS. Amyotroph Lateral
Scler Frontotemporal Degener. 2021,22:287-99.

van de Locht M, Borsboom TC, Winter JM, Ottenheijm CAC. Troponin variants
in congenital myopathies: how they affect skeletal muscle mechanics. Int J
Mol Sci. 2021,22:9187.

. Asgarian Z, Siam A, Counsell JR. One transgene, two myopathies: an MTM1

‘cross gene therapy'for BIN1 deficiency? Brain. 2023;146:3966-8.

. Tabebordbar M, Lagerborg KA, Stanton A, King EM, Ye S, Tellez L, Krunnfusz

A, Tavakoli S, Widrick JJ, Messemer KA, et al. Directed evolution of a family of
AAV capsid variants enabling potent muscle-directed gene delivery across
species. Cell. 2021;184:4919-e49384922.

. Dudhal S, Mekzine L, Prudhon B, Soocheta K, Cadot B, Mamchaoui K, Trochet

D, Bitoun M. Development of versatile allele-specific siRNAs able to silence all
the dominant dynamin 2 mutations. Mol Ther Nucleic Acids. 2022,29:733-48.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Congenital myopathies: pathophysiological mechanisms and promising therapies
	﻿Abstract
	﻿Introduction
	﻿Pathogenesis
	﻿Excitation-contraction coupling and triadic assembly
	﻿RYR1
	﻿MTM1
	﻿DNM2
	﻿BIN1


	﻿Actin-myosin interaction and myofibril force production
	﻿NEB
	﻿ACTA1
	﻿TNNT1
	﻿TPM2 and TPM3

	﻿Other biological processes
	﻿MEGF10 and TRIM32
	﻿Cofilin 2 (CFL2)

	﻿Treatments
	﻿Treatments for potential genetic defects
	﻿Calcium/myosin regulation targeting muscle contraction
	﻿Treatments targeting genes involved in the same way

	﻿Prospectives
	﻿References


