S International Journal of

7
Molecular Sciences m\D\Py

Review

Signal Exchange through Extracellular Vesicles in
Neuromuscular Junction Establishment and
Maintenance: From Physiology to Pathology

Serena Maggio, Paola Ceccaroli'”, Emanuela Polidori”, Andrea Cioccoloni, Vilberto Stocchi and
Michele Guescini *
Department of Biomolecular Sciences, University of Urbino Carlo Bo, Via I Maggetti, 26, 61029 Urbino, Italy;
serena.maggio@uniurb.it (S.M.); paola.ceccaroli@uniurb.it (P.C.); emanuela.polidori@uniurb.it (E.P);
a.cioccoloni@campus.uniurb.it (A.C.); vilberto.stocchi@uniurb.it (V.S.)
* Correspondence: michele.guescini@uniurb.it; Tel.: +39-0722-303424; Fax: +39-0722-303401

check for
Received: 24 May 2019; Accepted: 6 June 2019; Published: 8 June 2019 updates

Abstract: Neuromuscular junction (NM]J) formation involves morphological changes both in motor
terminals and muscle membrane. The molecular mechanisms leading to NMJ formation and
maintenance have not yet been fully elucidated. During the last decade, it has become clear that
virtually all cells release different types of extracellular vesicles (EVs), which can be taken up by
nearby or distant cells modulating their activity. Initially, EVs were associated to a mechanism
involved in the elimination of unwanted material; subsequent evidence demonstrated that exosomes,
and more in general EVs, play a key role in intercellular communication by transferring proteins,
lipids, DNA and RNA to target cells. Recently, EVs have emerged as potent carriers for Wnt,
bone morphogenetic protein, miRNA secretion and extracellular traveling. Convincing evidence
demonstrates that presynaptic terminals release exosomes that are taken up by muscle cells, and these
exosomes can modulate synaptic plasticity in the recipient muscle cell in vivo. Furthermore, recent
data highlighted that EVs could also be a potential cause of neurodegenerative disorders. Indeed,
mutant SOD1, TDP-43 and FUS/TLS can be secreted by neural cells packaged into EVs and enter in
neighboring neural cells, contributing to the onset and severity of the disease.

Keywords: neuromuscular junction; extracellular vesicles; exosomes; miRNA; morphogens; Wnts;
motor neuron disorders

1. Introduction

The neuromuscular junction (NM]J) is a chemical synapse formed between motoneurons and
skeletal muscles and is covered by Schwann cells (SCs). NM] is essential for our physical mobility and
daily life.

NM]J translates the electrical impulses delivered by the motoneuron into action potentials in the
juxtaposed muscle fiber. The conversion of electrical into chemical signals relays on acetylcholine
(ACh) release from presynaptic terminals, as well as high-density clustering of nicotinic acetylcholine
receptors (NAChRs) on the postsynaptic muscle membrane [1,2].

Vertebrate NMJs are the best-studied peripheral synaptic units. During vertebrate embryonic
development, motor nerves penetrate peripheral regions to reach myotubes. Subsequently, motoneuron
axons innervate skeletal muscle at the end-plate band, a discrete central region where axon terminals
branch into synaptic varicosities apposed to foldings of the muscle membrane, the junctional folds [3-6].

NM]J formation is a multi-step process that requires a coordinated integration of both anterograde
and retrograde signals and involves morphological changes both in presynaptic motor terminals
and postsynaptic muscle fiber membrane. Presynaptic active zone differentiation is accompanied
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by morphological changes in motor terminals that begin to accumulate synaptic vesicles containing
acetylcholine, neurotransmitter receptors and other presynaptic components.

In turn, postsynaptic differentiation is characterized by an enrichment in AChRs, and
acetylcholinesterase (AChE), which rapidly degrades acetylcholine and small invaginated fractions of
the muscle membrane to shape the mature NM]J [7]. Before the neuromuscular junction takes place,
aneural AChRs are first clustered in a central and prospective synaptic region of the muscle, a process
called muscle pre-patterning [8]. After the interaction between motor axon and muscle, AChR clusters
form at postsynaptic regions exactly opposed to the sites of nerve contact. These mature clusters (also
called neural AChR clusters) form by recruiting aneural AChR clusters as well as accumulating newly
synthesized AChRs [7].

Motoneurons and muscle cells develop independently, but their mutual interactions contribute to
NM]J formation. Indeed, a growing body of evidence suggests that NMJ development requires extensive
communication among the three components of the synapse: presynaptic motoneurons, postsynaptic
muscle fibers and SCs. For example, the current working model indicates that the apposition of pre-
and postsynaptic terminals could be driven by the signal exchange between motoneurons and target
muscle fibers. Indeed, it has been demonstrated that both nerves and muscles secrete signaling proteins
acting at both sides of the NM]J to exert positive and negative effects on the differentiation of pre- and
postsynaptic terminals [7,9-11].

For example, motoneuron terminals secrete factors such as agrin that act to concentrate AChRs
at the NMJ by promoting the activation of signaling pathways involved in NM]J structure and
function. Motoneurons also release ACh, a negative signal that suppresses this machinery, to eliminate
supernumerary AChR clusters from extrasynaptic regions. On the other side, the innervated muscle
releases retrograde factors involved in AChR transport to the post-junctional membrane as well as
AChR clustering and stability [11].

Despite intense studies, the molecular mechanisms that regulate and stabilize AChR clustering
remain unclear. Cumulative evidence obtained from different model organisms has demonstrated that
signaling molecules that act during early development, such as Wnts, bone morphogenetic proteins
(BMPs) and miRNAs, regulate crucial events that lead to the formation and maintenance of proper
neuronal connections. This review is focused on the involvement of extracellular vesicles (EVs) in
carrying these signals in physiological and pathological conditions. Before dealing with the recent
evidence on the role of EVs in mediating signal exchange at the NM]J, the signal pathways mainly
involved in the establishment and function of the NM]J are introduced.

2. Signaling Pathways in the Establishment and Function of the Neuromuscular Junction

Muscle-specific kinase (MuSK) is a member of the receptor tyrosine kinase superfamily; it is
required for both aneural and neural AChR cluster formation [12]. The activation mechanism of
MuSK is complex, involving at least three other key proteins: agrin, derived from motoneurons, Lrp4
(low-density lipoprotein receptor-related protein 4) and Dok7, which are expressed in the plasma
membrane and cytoplasm of muscle myotubes, respectively [13].

In greater detail, MuSK can form a receptor complex with Lrp4 acting as a central scaffold
that orchestrates all steps of NMJ formation and maintenance from the postsynaptic side [14,15].
Mutant mice lacking agrin, Lrp4 or MuSK do not form NM]Js, indicating their critical role in NM]J
formation. In addition to Lrp4, MuSK requires Dok?7 for activation. In response to stimulation
signals, Dok7 becomes a substrate of MuSK and is phosphorylated on Tyr396 and Tyr406. In turn,
phosphorylated Dok7 recruits the adaptor proteins Crk and Crk-L, which play a role in NM]J
formation [16]. Dok7-deficient mice show neither muscle pre-patterning of AChRs nor NMJ formation.
Given that mutations in the human Dok7 gene result in congenital myasthenia (Dok7 myasthenia) [17],
Dok7 would be required not only for the formation but also for the maintenance of NM]Js [16].

The glycoprotein agrin plays an essential role in NM]J formation; it is synthesized in motoneuron’s
cell body, transported along the axon and secreted into synaptic clefts. Once released, agrin binds to



Int. ]. Mol. Sci. 2019, 20, 2804 30f16

Lrp4, activating MuSK [18], which leads to AChR clustering in the postsynaptic membrane. Agrin is
sufficient to induce ectopic AChR clusters in adult muscles [19] and to elicit the formation of a
postsynaptic apparatus in denervated muscles [20].

Moreover, experimental data show that Lrp4 interacts with MuSK even in the absence of agrin.
This basal interaction, along with the action of Dok?7, is sufficient for the partial activation of MuSK,
which seems to be important for the pre-patterning of AChRs in myotubes before innervation [10].

The extracellular region (ectodomain) of Musk is characterized by sequence and structural
similarities to the cysteine-rich domain (CRD) of Frizzled (Fz) proteins, the receptors for Wnts.
In agreement with this finding, it has been suggested that Wnts may regulate NMJ formation through
MuSK/Lrp4 signaling [21,22].

Wnts act as morphogens to regulate crucial events of cell fate and development; in the formation of
neuronal circuits, Wnts regulate axon guidance, dendritic development, synaptogenesis and synaptic
function [23-25]. There are multiple Wnt isoforms (19 in mice and humans) transduced by Fz receptors
and co-receptors such as Lrp5 and Lrp6 [26]. Three main Wnt pathways can be activated by Wnt
ligands: (i) the Wnt canonical pathway; (ii) the Wnt planar cell polarity (PCP) pathway; and (iii) the
Wnt calcium-dependent pathway.

In the canonical pathway, the binding of Wnts to Fz receptors and Lrp5/6 activates dishevelled
(Dvl), which inhibits glycogen synthase kinase-3 3 (Gsk-3f3), leading to the disassembly of axin
destruction complex (formed by Gsk-33, axin, adenomatous polyposis coli protein (APC) and
B-catenin). This results in the inhibition of -catenin phosphorylation and its accumulation in the
cytoplasm [27-30], followed by f3-catenin translocation to the nucleus to regulate gene expression.

In PCP signaling, Fz receptors activate a cascade of the small GTPases RAC1 and RHOA, which
in turn activate c-Jun N-terminal kinase (JNK) and Rho kinase (ROCK) as downstream effectors that
control cytoskeleton rearrangements and gene expression [31].

In the Wnt-Ca?* signaling pathway, Fz activation leads to increased intracellular Ca®*, which can
activate protein kinase C (PKC) and calcium/calmodulin-dependent protein kinase II (CaMKII) as well
as the nuclear import of the transcription factor nuclear factor of activated T cells (NF-AT).

Among the Wnt isoforms, it has been reported that Wnt4, 9a and 11 can bind the MuSK complex
through CRD and/or Lrp4 to promote AChR clustering [22,32,33]. In contrast, Wnt3a disperses AChR
clusters by repressing the expression of Rapsyn, a scaffold protein essential for the anchoring of
AChRs [34]. In addition, several other Wnts negatively (Wnt7a, 8a and 10b) or positively (Wnt3 and
10b) modulate aneural or agrin-induced AChR clusters in a MuSK-independent manner [4,16].

Wnt canonical 3-catenin dependent and non-canonical PCP and calcium signaling branches are
intersecting pathways for successful NMJ formation. Dvl1 acts at the crossroad of the Wnt/ 3-catenin
and Wnt/PCP pathways, and it interacts with MuSK and regulates AChR clustering in muscle cells [35].
The Wnt canonical pathway in muscle translocates (3-catenin to the nucleus and it drives the expression
of a retrograde signaling that controls motor axon outgrowth within the target field and presynaptic
differentiation. For example, Slit2, a well-known axon guidance cue, has been recently identified as
one of the 3-catenin-dependent retrograde factors [36]. In the PCP pathway, Vangl2 accumulates in
the synapse-rich region and leads to AChR clustering and/or stabilization. Alterations of the Wnt
canonical pathway or the Vangl2-dependent PCP pathway induce similar NMJ defects; both pathways
would then initiate muscle pre-patterning and contribute to nerve/muscle target recognition and NM]J
differentiation/maturation [25].

Recent studies, mainly in Drosophila, have also revealed crucial functions for the bone
morphogenetic protein (BMP) signaling pathway, which has been described as the major retrograde
pathway promoting NMJ growth [37]. BMP signaling involves the formation of heteromeric complexes
of two types of transmembrane receptors, BMPRI and BMPRII. For example, upon BMP-2 binding,
the activated BMPRI phosphorylates the proteins Smad-1, -5 or -8, which in turn form heteromeric
complexes with the common mediator Smad-4. Once activated, Smad complexes translocate into the
nucleus to regulate the transcription of specific target genes.
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It has been reported that agrin can bind BMP-2 and -4, thus increasing the mRNA expression levels
and the immunoreactivity of BMP-4 in differentiated C2C12 muscle cells [38]. In line with these data,
BMPs expressed by muscle cells exert autocrine effects, but could also be involved in the modulation
of motor neuron behavior. This hypothesis is consistent with the crucial role that the retrograde
secretion of the BMP ligand glass bottom boat (Gbb) plays on the nerve terminal development and
NM]J establishment in Drosophila [39]. In the NM]J development and growth, in vivo evidence points
out an anterograde action of Wnt signals on postsynaptic differentiation, whereas BMP ligands likely
act through retrograde mechanisms to induce presynaptic effects.

3. Secretion and Transport of Morphogens via Extracellular Vesicles

Due to post-translational lipid modifications, Wnts appear paradoxically ill-suited to free diffusion
in the hydrophilic extracellular environment. Indeed, one of the mechanisms for transporting lipophilic
ligands is to load them onto membranous vesicles. Recently, exosomes have emerged as potent carriers
for Wnt secretion and extracellular traveling [40-43].

The first evidence of Wnt loading onto lipid-based vehicles comes from the expression studies of
the GPI-anchored GFP in the Drosophila; when GPI-GFP expression was driven in Wingless-expressing
cells, Wg (Wingless, the fly orthologue of mouse Wntl) was found to co-localize within these migrating
GFP-positive particles, called argosomes [44].

Virtually all cells release different types of extracellular vesicles (EVs), which can be taken up by
nearby or distant cells, modulating their activity. Therefore, EVs can act as intercellular mediators in
many physiological and pathological situations, including development, physiological communication,
immune response, cancer progression and metastasis, as well as cardiovascular and neurodegenerative
diseases [45].

These vesicles have received different names over the years (i.e., nanoparticles, microparticles,
argosomes, etc.), but today are often collectively referred to as EVs. According to the International
Society for Extracellular Vesicles, three main types of EVs have been described based on their mechanism
of release and size: exosomes are less than 150 nm in diameter, while microvesicles/shedding particles
and apoptotic bodies are both considered to be larger than 100 nm [46].

Exosomes are small-membrane vesicles of endocytic origin that are secreted by many cells. These
vesicles are formed by the inward budding of the limiting membrane of late endosomes and accumulate
as intraluminal vesicles (ILVs) inside multivesicular bodies (MVBs). Stimulation of cells induces the
fusion of the limiting membrane of the MVBs with the plasma membrane and the secretion of the ILVs,
which then are termed as exosomes [47].

The last two types of vesicles are released directly from the plasma membrane in living and dying
cells, respectively. Shedding microvesicles originate by outward budding from the surface of the
plasma membrane, followed by fission [48].

Initially, exosomes were associated with a mechanism involved in the elimination of unwanted
material [49]. However, subsequent experimental evidence demonstrated that exosomes, and more
generally, extracellular vesicles, play a key role in intercellular communication [50]., Recent data also
suggest that exosomes represent an alternative way of releasing waste products to maintain cellular
homeostasis [51].

Today, EVs have gained particular attention owing to their fundamental role in cell-to-cell
communication by transferring genetic information between cells. Indeed, EVs can carry proteins,
lipids, DNA, mRNA and microRNA to target cells, and each of them may be involved in changes in
target-cell phenotype [52].

Recent evidence from D. melanogaster showed the relevance of EVs in neuron-muscle
communication, demonstrating the release and transport of Wg via exosomes in vivo in the larval
NM]J. Furthermore, several studies have now extended this role of exosomes in Wnt signaling to
human and mouse models; in detail, a portion of Wnt3a and Wnt5a was found to co-fractionate
with exosomal markers in murine fibroblasts and human Caco-2 cells, respectively. Of note, these
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studies demonstrated that Wnts carried by exosomes could activate Wnt-responsive reporters in cell
culture [42,43].

Regarding the Drosophila larval NMJ, one of the best-characterized models, the release of Wg
also occurs in association with exosomes through its binding to the transmembrane protein Evi (also
known as Wntless), which is present in MVBs. Evidence for Evi-dependent loading of Wg in exosomes
comes from expressing Evi-GFP in motoneurons, which led to the appearance of Evi in the subsynaptic
reticulum in muscle tissue; on the other hand, Evi downregulation in motoneurons resulted in lower
levels of endogenous Evi in muscles and stunted NMJs. The secretion of Evi-containing exosomes
is inhibited by lowering extracellular [Ca?*]. Furthermore, co-localizations of Cd63 with Wg were
observed both within the MVB and outside the source cell. In line with the above-reported data, it
was recently demonstrated that exosomes released by C2C12 muscle cells can induce motoneuron
development and branching in NSC-34 cells [53].

Altogether, these data suggest that presynaptic boutons are capable of releasing exosomes that
are taken up by muscle cells, and that these exosomes have a physiological function in synaptic
plasticity in the recipient muscle cell in vivo. In this anterograde pathway, exosome-carried Wg binds
to postsynaptic Fz2, activating a signal cascade which leads to the differentiation of the postsynaptic
membrane [54]. Wg also guides an autocrine response on the motoneuron; the binding of Wg with the
heterodimer Fz2/Arrow activates the kinase Gsk-33/Shaggy/Sgg, leading to cytoskeletal remodeling
and bouton growth [55] (Figure 1A).
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Figure 1. The role of extracellular vesicles (EVs) in the motoneuron-muscle communication.
(A) Neuromuscular junction (NM]) formation involves morphological changes both in presynaptic
motor terminals and postsynaptic muscle membrane. Mounting evidence shows that EVs carry
morphogens, such as Wnts and BMPs, and several miRNAs, suggesting their involvement in the
instauration and maintenance of NM]J. In the extracellular milieu, soluble and EV-carried signals can
activate agrin-Lrp4-MuSK signaling required for both aneural and neural AChR clustering. MuSK
forms a receptor complex with Lrp4 acting as a central scaffold that orchestrates all steps of NM]J
formation and maintenance in the postsynaptic side. Once released by the motoneuron, agrin together
with Wnt bind their target receptors, activating MuSK tyrosine kinase which leads to AChR clustering
in the postsynaptic membrane. Lrp4-MuSK interaction, along with the action of Dok?7, is sufficient for
the partial activation of MuSK, which is important for pre-patterning of AChRs in myotubes before
innervation. Wnts can also bind to Fz receptors and Lrp5/6, activating Dvl, which inhibits Gsk-33 and
leads to the disassembly of axin destruction complex (formed by Gsk-3f3, axin, APC and {3-catenin).
Wnt pathway activation results in the inhibition of 3-catenin phosphorylation and its translocation
into the nucleus to regulate target genes. (B) Dysregulation of signal exchange mediated by EVs at
the NMJ in motoneuron disorders. Familiar amyotrophic lateral sclerosis (FALS) disease is caused by
mutations in the prion-like domains of SOD1, TDP43 and FUS/TLS proteins. These mutations induce
protein aggregation and the formation of insoluble granules which accumulate into the neuronal cells,
leading to cell death and subsequently to denervation and NM]J degradation. The transmission of these
misfolded proteins is mediated by EVs, which facilitate their spread through the surrounding neuronal
cells. The involvement of EVs in the pathogenesis of ALS and other neurodegenerative diseases also
arises through EV-carried miRNAs (including myomiR-218, -206, -133a, -133b, -1), regulating the
establishment of the appropriate skeletal muscle-nerve interaction. An impaired expression of these
EV-miRNAs has been observed during the onset of neurodegenerative diseases.

Altogether the reported evidence shows that Wnts are prominent factors in the regulation of
synaptic development and plasticity; moreover, the EV-mediated release of Wnts seems to be a
widespread mechanism. As a matter of fact, Wnts can be internalized as well as secreted via microglia,
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as documented by Kerr et al. [56], who showed that glia-derived Wg also regulates the localization of
glutamate receptors at postsynaptic sites of the NMJ.

Continuous coordination of synaptic growth, in relation to muscle size, also requires the release of
a retrograde signal of the BMP family that acts on BMP receptors in the presynaptic cell [57]. Currently,
there is not direct evidence available on the role of EVs in the transport of BMPs in the NMJ. However,
it is conceivable their involvement in the establishment and modulation of the NM] because other
experimental models showed that BMPs are carried by EVs [58]. Similarly, Clayton et al. [59] showed
that TGF-3 associated with EVs mediated anti-proliferative effects on blood lymphocytes.

Moreover, EVs seem to be involved in the transport of synaptotagmin 4 (Syt4, a
membrane-trafficking protein), an essential retrograde signal from muscle to motoneuron. Since
presynaptic boutons are capable of releasing exosomes containing Syt4 that are taken up by muscle,
the Syt4 exosomal transport suggests the presynaptic control of retrograde signals [52].

4. Role of miRNAs in Motoneuron Function

A growing body of research has established that miRNAs play a major role in a wide range of
developmental processes such as cell proliferation, apoptosis, developmental timing, neuronal cell
fate [60-64], neuronal gene expression [65], brain morphogenesis [66], muscle differentiation [67] and
stem cell division [68]. MicroRNAs have a key role in the fine-tuning of eukaryotic gene expression at
the post-transcriptional level, inhibiting protein translation or promoting mRNA degradation, although
in some cases they were found able to increase gene expression [69].

In the last decade, compelling evidence has also documented a crucial role for miRNAs in
motoneuron development, function, survival and regeneration after injury [70]. In motoneuron
progenitor cells, the DICER loss of function (an important component for miRNA biogenesis) causes
aberrant development, as well as progressive motoneuron degeneration in adult mice [71]. For example,
the dysregulation of miR-9 and miR-17-3p has been associated with negative consequences in the
development and differentiation of chick embryo spinal motoneurons [72]. Although there is no
knowledge of the complete miRNome of motoneurons at present, it is almost evident that there is a
highly dynamic network of a subset of miRNAs, named MotomiRs, that is critical for the biology of
motoneurons (development, viability and regeneration) [73]. Among the MotomiRs, only miR-218 has
been described as a motoneuron-enriched miRNA; in more detail, miR-218 is crucial to establishing the
right motoneuron identity regulating neuromuscular synapses, membrane excitability and motoneuron
survival [74]. Indeed, miR-218 has been predicted to target and regulate 333 different motoneuron
mRNAs, named TARGET?!8. Among these, the glutamate re-uptake receptor (SLC1A2) was found to
be upregulated after miR-218 suppression [74], suggesting its essential role in preventing neuronal
excitotoxicity, a fundamental event in motor neurodegeneration. MiRNAs are distributed in neuronal
compartments where can regulate mRNA translation at axonal compartments. In particular, they seem
to play a significant role at the NMJ. The main studies have been performed in Drosophila models,
wherein it has been demonstrated that the lack of expression of miR-124, miR-125 and let-7 causes
defects in NM]J function [75,76] and phenotype [77]. Other miRNAs, such as miR-8, miR-289 and
miR-958, are involved in synaptic growth at the NMJ [78]. Moreover, the cluster miR-310/313, as
well as miR-153, are involved in the regulation of synaptic homeostasis; in fact, they control the
neurotransmitter release in motoneurons during the larval stage [79].

In light of accumulating evidence demonstrating that miRNAs are secreted enwrapped in EVs
and that vesicles represent a novel form of information exchange within the nervous system [80], the
above-reported data open a new exciting scenario for the involvement of extracellular miRNAs in NMJ
establishment and function.

5. Impairment of Motoneuron-Muscle Communication Mediated by EV-miRNAs

Motoneuron degeneration is the leading candidate as the cause of neurodegenerative disorders [81],
in which structural, physiological and metabolic changes of different cell types (such as motoneuron,
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muscle and Schwann cells) seem to contribute mutually and synergistically to the onset and severity of
the disease. Many factors seem to lead to motoneuron death; for example, oxidative stress, excitotoxicity,
deficits in axonal transport, mitochondrial dysfunction and miRNA dysregulation have been considered
possible contributors. Among the cell types involved in this scenario, skeletal muscle is now considered
an important tissue in the pathogenesis of motoneuron disorder activating a retrograde signaling
cascade that contributes to motor neuron degradation [82]. The findings that muscle cells release
in vitro [83] and in vivo [84] exosomes containing miRNAs [84,85] are in agreement with the idea that
EV-miRNAs can function as signaling molecules at the NM].

Consequently, in pathological conditions miRNA cargo can change, thus modifying autocrine
and paracrine signaling pathways [86]. Interestingly, there is a large body of evidence [87] supporting
the role of miRNA dysregulation in degenerative disorders, such as amyotrophic lateral sclerosis (ALS)
and spinal muscular atrophy (SMA) type 1.

Recently, in ALS model rats, miR-218 was found to be released extracellularly from motoneurons
and taken up by astrocytes, downregulating the excitatory glutamate transporter 2 (EAAT?2) [88].
Moreover, Rizzuti et al. [89] identified 15 downregulated miRNAs in motoneuron progenitors
derived from human ALS-induced pluripotent stem cells and found that the predicted target
genes of the differentially expressed miRNAs are involved in neurodegeneration-related pathways.
The involvement of muscle in the pathogenesis of ALS is suggested by the dysregulation of
muscle-specific miRNAs (myomiR) found in G93A-SOD1 transgenic mice, a murine model of ALS, and
in the skeletal muscle of ALS patients. MyomiRs play an important role in the regulation of muscle
homeostasis (proliferation, differentiation and regeneration). However, in addition to their canonical
role, they are now considered important players in ALS pathogenesis due to their involvement in NMJ
maintenance and repair. Among the canonical MyomiRs (miR-1, -133a/b and -206), miR-206 was found
to be upregulated in the synaptic region of G93A-SOD1 mice and in the skeletal muscle of ALS patients,
and seems to promote a partially successful compensatory response to skeletal muscle denervation, a
common event during disease progression.

Moreover, G93A-SOD1 mice are characterized by strong oxidative stress; this evidence is consistent
with the finding that H,O,-stressed myotubes release increased levels of exosomes carrying DNA
which can induce inflammation [90]. In response to denervation, MyoD and myogenin promote the
transcriptional activation of miR-206, which in turn targets HDAC4 (histone deacetylase 4) and FGF
(fibroblast growth factor) signaling pathways in muscle. HDAC4 is a regulator of neuromuscular-related
gene expression and muscle remodeling, influencing the formation of appropriate nerve types which
connect to the muscle [91]. In fact, its inhibition induces the expression of FGFB1, a promoter of
re-innervation and regeneration within NMJ. MiR-206 also regulates satellite cell markers, probably in
an attempt to promote satellite cell activation, proliferation and differentiation required for myogenesis,
as well as to assist with NM]J protection.

Following denervation, MyoD also promotes the expression of miR-133b, which is located in a
bicistronic transcript together with miR-206 [92]. Interestingly, miR-133b directly stimulates neurite
outgrowth following nerve damage in rat brain, suggesting its involvement in nerve regeneration;
furthermore, miR-133b may suffice to replace absent functions in miR-206 null mice. These various
observations imply the likelihood that both miR-206 and miR-133b have functions in the recovery
and maintenance of nerve-muscle signaling. This is consistent with the finding that EV-MyomiRs are
upregulated during muscle cell differentiation [85] and in response to muscle contraction [78].

On the contrary, miR-1 and miR-133a are downregulated following nerve injury; studies performed
on Drosophila and C. elegans showed that miR-1 regulates both pre- and postsynaptic NM]J behavior,
modulating the expression of nicotinic acetylcholine receptor (nAChR) subunits and thereby altering
muscle sensitivity to ACh (Figure 1B).

It is noteworthy that other potential targets of miR-206 are BDNF, NGF and IGF-1, suggesting
that mir-206 could also be involved in the regulation of muscle mass and synapse formation
during re-innervation.
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On balance, muscle EV-miRNAs may contribute to regulate developmental gene expression in
growing muscle and peripheral nerve and aid in coordinating nerve and muscle gene expression
programs in order to establish the appropriate skeletal muscle-nerve interaction and maintain a correct
neuromuscular junction association. This idea is supported by recent findings in which a large increase
in miR-206 was observed in exosomes produced by denervated myofiber, suggesting that its biological
action could be not limited to local muscle repair but also extended to non-muscle neighboring cells,
such as motor nerve terminals at the motor end plate [86].

Altogether, the above-reported data suggest that miRNAs encapsulated in EVs could participate
and interfere with the balance between denervation/re-innervation and muscle regeneration/atrophy
processes and can be regarded as important modulators of the course of neurodegenerative diseases.

6. Involvement of EVs in the Prion-Like Mechanism of Motoneuron Diseases

Recent data demonstrate the involvement of EVs in the transmission of misfolded proteins to
surrounding cells, promoting the aggregation of other proteins in a prion-like mechanism [93-95]
(Figure 1B). A growing body of evidence shows that amyotrophic lateral sclerosis is characterized by
abnormal protein aggregation in motoneurons and neural accessory cells [95,96]. This pathology is a
fatal neuromuscular condition characterized by the degeneration of upper and lower motoneurons,
which causes progressive muscle paralysis and spasticity, affecting mobility, speech, swallowing and
respiration [97]. ALS cases can be classified into two categories: sporadic ALS (SALS) and familial
ALS (FALS).

SALS represents the 90-95% of all cases and is caused by some apparently facilitating gene
mutations [98] such as repeated expansions of the gene that encodes ataxin-2 [99]. FALS occurs
in mendelian-inherited mutations of the following genes: Cu/Zn superoxide dismutase (SOD1),
TAR-DNA-binding protein 43 (TDP-43), fused in sarcoma/translocated in liposarcoma (FUS/TLS) and
the chromosome 9 open reading frame 72 gene (C90rf72) [93,98].

These mutations induce protein misfolding, leading to the aggregation and formation of inclusion
bodies. It is known that these aggregates induce cellular stress [100], giving rise to axonal retraction
and ultimately cell death [98].

For example in the mutant SOD1 model of ALS, the intracellular aggregates of misfolded
SOD1 escape proteasomal and autophagy degradation, accumulating intracellularly and leading
to pathogenesis [98,100,101]. Moreover, it has been reported that mutant SOD1 can spread to the
surrounding neural cells through macropinocytosis; once reaching the host cell, misfolded SOD1
rapidly exits the macropinocytic compartment and then acts as a seed inducing the aggregation of other
SOD1 [102]. Recent evidence suggests that EVs are involved in this mechanism; indeed independent
studies show that mutant SOD1 is secreted by neural cells packaged into EVs and, in this way, it can
enter neighboring neural cells much more efficiently [93,95,103].

The reported prion-like mechanism appears not to be limited to SOD]1, as suggested by TDP-43,
FUS/TLS and C9o0rf72 examples.

TDP-43 is an RNA-binding protein containing a prion-like domain, which commonly shuttles
between the nucleus and cytoplasm, where it lies in granules with mRNAs which are transcriptionally
silenced [98]. In response to stressors, TDP-43 is detectable mainly in the cytoplasm, where it is
incorporated into stress granules [98,104,105]. EVs have been shown to mediate the transfer of
TDP-3 granules from cell to cell. Indeed, it has been observed that TDP-43 is secreted packaged in
microvesicles [104] and exosomes [94]. Furthermore, in ALS patients, mutant TDP-43 packaged in
exosomes seems to induce an increased activation of peripheral monocytes and an impairment in their
cytokine secretion [106].

In a subset of FALS and SALS cases, pathogenesis causes were found in autosomal dominant
mutations of the gene encoding for fused in sarcoma/translocated in liposarcoma (FUS/TLS)
protein [107-110]. FUS is involved in DNA repair, splicing, transcription, dendritic RNA transport and
miRNA biogenesis and function [107]. Similar to TDP-43, FUS is an RNA-binding protein that moves
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between the nucleus and the cytoplasm, participating in nucleo-cytoplasmic RNA shuttling [111].
Mutations in FUS cause an imbalance in the nucleo-cytoplasmic shuttling process, leading to its
accumulation in the cytoplasm and the formation of aggregates consisting of FUS ribonucleoprotein
complexes [112-114]. In this way, FUS gains toxicity and induces severe defects in synaptic transmission
at the NM]J [115,116]. In ALS patients, like for SOD1 and TDP-43, EV's can carry mutant FUS promoting
the diffusion of the FUS-mediated toxicity by a prion-like mechanism [95,107] (Figure 1B).

Finally, C90rf72 contains a hexanucleotide repeat expansion (HRE) known to be the commonest
single genetic cause of ALS [117]. The predicted protein encoded by the C90rf72 gene belongs to the
highly conserved GDP-GTP exchange factors for RAB GTPases [98,117,118] which are involved in the
formation of multivesicular bodies and fusion events. Increasing evidence suggests that mutations in
CYorf72 may be involved in ALS pathogenesis, inducing impairment in the vesicular trafficking and
extracellular vesicle secretion [117].

7. Conclusions and Perspectives

Pioneering studies on NM]J establishment in Drosophila have paved the way for our understanding
of the contribution of EVs to the delivery of Wnts from neural presynaptic to postsynaptic muscle
membrane. This first evidence has been corroborated by independent experiments in vertebrates,
confirming the ability of EVs to carry morphogens such as Wnts and BMPs. Moreover, recent data
provide important clues about the role of EVs in spreading proteins containing prion-like domains and
deregulated miRNAs, thus contributing to neurodegenerative diseases. Of note, the involvement of
EVs in the transport of mutated proteins during disease suggests a possible use of vesicles as early and
easily accessible biomarkers since they can be detected from plasma.

However, many outstanding questions relating to EV biology remain. For example, it is unclear
whether morphogens and miRNAs are differentially loaded in specific EV subpopulations and whether
there are molecular signatures that target EVs to specific recipient cells either in physiological or
pathological conditions.

Answering the above-reported questions will provide a deeper understanding of the precise role
of EVs in muscle-motoneuron communication and will allow the elucidation of the activation pattern
of specific signaling pathways induced by EV cargo in a time- and concentration-dependent manner.

Author Contributions: M.G., V.S, SM., PC,, EP. and A.C. wrote and revised the manuscript.

Funding: This research was funded by the Ministry of Health grant number GR-2011-02350264 titled “Study of
the role of extracellular vesicles in promoting myogenic differentiation” to Michele Guescini.

Acknowledgments: We apologize to all colleagues whose work could not be cited as a result of space limitations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Slater, C.R. Reliability of neuromuscular transmission and how it is maintained. Handb. Clin. Neurol. 2008,
91,27-101. [PubMed]

2. Madhavan, R.; Peng, H.B. Molecular regulation of postsynaptic differentiation at the neuromuscular junction.
IUBMB Life 2005, 57, 719-730. [CrossRef] [PubMed]

3. Ruegg, M.A; Bixby, J.L. Agrin orchestrates synaptic differentiation at the vertebrate neuromuscular junction.
Trends Neurosci. 1998, 21, 22-27. [CrossRef]

4. Sohal, G.S,; Ali, M.M,; Tsai, N.T. Formation of the cranial motor neurons in the absence of the floor plate. Int.
J. Dev. Neurosci. 1995, 13, 819-824. [CrossRef]

5. Korkut, C.; Budnik, V. WNTs tune up the neuromuscular junction. Nat. Rev. Neurosci. 2009, 10, 627-634.
[CrossRef] [PubMed]

6. Zhang, B,; Xiong, W.C.; Mei, L. Get ready to Wnt: Prepatterning in neuromuscular junction formation. Dev.
Cell 2009, 16, 325-327. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/18631840
http://dx.doi.org/10.1080/15216540500338739
http://www.ncbi.nlm.nih.gov/pubmed/16511964
http://dx.doi.org/10.1016/S0166-2236(97)01154-5
http://dx.doi.org/10.1016/0736-5748(95)00077-1
http://dx.doi.org/10.1038/nrn2681
http://www.ncbi.nlm.nih.gov/pubmed/19693027
http://dx.doi.org/10.1016/j.devcel.2009.03.001

Int. ]. Mol. Sci. 2019, 20, 2804 110f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Sanes, J.R.; Lichtman, J.W. Induction, assembly, maturation and maintenance of a postsynaptic apparatus.
Nat. Rev. Neurosci. 2001, 2, 791-805. [CrossRef]

Yang, X.; Arber, S.; William, C.; Li, L.; Tanabe, Y.; Jessell, T.M.; Birchmeier, C.; Burden, S.]J. Patterning of
muscle acetylcholine receptor gene expression in the absence of motor innervation. Neuron 2001, 30, 399-410.
[CrossRef]

Fox, M.A.; Umemori, H. Seeking long-term relationship: Axon and target communicate to organize synaptic
differentiation. J. Neurochem. 2006, 97, 1215-1231. [CrossRef]

Kummer, T.T.; Misgeld, T.; Sanes, ].R. Assembly of the postsynaptic membrane at the neuromuscular junction:
Paradigm lost. Curr. Opin. Neurobiol. 2006, 16, 74-82. [CrossRef]

Wu, H.; Xiong, W.C.; Mei, L. To build a synapse: Signaling pathways in neuromuscular junction assembly.
Development 2010, 137, 1017-1033. [CrossRef] [PubMed]

Zhang, J.; Lefebvre, J.L.; Zhao, S.; Granato, M. Zebrafish unplugged reveals a role for muscle-specific kinase
homologs in axonal pathway choice. Nat. Neurosci. 2004, 7, 1303-1309. [CrossRef] [PubMed]

Hubbard, S.R.; Gnanasambandan, K. Structure and activation of MuSK, a receptor tyrosine kinase central to
neuromuscular junction formation. Biochim. Biophys. Acta 2013, 1834, 2166-2169. [CrossRef] [PubMed]
Tintignac, L.A.; Brenner, H.R.; Ruegg, M.A. Mechanisms Regulating Neuromuscular Junction Development
and Function and Causes of Muscle Wasting. Physiol. Rev. 2015, 95, 809-852. [CrossRef] [PubMed]

Li, L.; Xiong, W.C.; Mei, L. Neuromuscular Junction Formation, Aging, and Disorders. Annu. Rev. Physiol.
2018, 80, 159-188. [CrossRef] [PubMed]

Eguchi, T.,; Tezuka, T.; Miyoshi, S.; Yamanashi, Y. Postnatal knockdown of dok-7 gene expression in mice
causes structural defects in neuromuscular synapses and myasthenic pathology. Genes Cells Devoted Mol.
Cell. Mech. 2016, 21, 670-676. [CrossRef] [PubMed]

Beeson, D.; Higuchi, O.; Palace, J.; Cossins, J.; Spearman, H.; Maxwell, S.; Newsom-Davis, J.; Burke, G.;
Fawcett, P; Motomura, M.; et al. Dok-7 mutations underlie a neuromuscular junction synaptopathy. Science
2006, 313, 1975-1978. [CrossRef] [PubMed]

Kim, N.; Stiegler, A.L.; Cameron, T.O.; Hallock, P.T.; Gomez, A.M.; Huang, ].H.; Hubbard, S.R.; Dustin, M.L.;
Burden, S.J. Lrp4 is a receptor for Agrin and forms a complex with MuSK. Cell 2008, 135, 334-342. [CrossRef]
[PubMed]

Jones, G.; Meier, T.; Lichtsteiner, M.; Witzemann, V.; Sakmann, B.; Brenner, H.R. Induction by agrin of ectopic
and functional postsynaptic-like membrane in innervated muscle. Proc. Natl. Acad. Sci. USA 1997, 94,
2654-2659. [CrossRef] [PubMed]

Bezakova, G.; Lomo, T. Muscle activity and muscle agrin regulate the organization of cytoskeletal proteins
and attached acetylcholine receptor (AchR) aggregates in skeletal muscle fibers. J. Cell Biol. 2001, 153,
1453-1463. [CrossRef]

Jing, L.; Lefebvre, J.L.; Gordon, L.R.; Granato, M. Wnt signals organize synaptic prepattern and axon guidance
through the zebrafish unplugged/MuSK receptor. Neuron 2009, 61, 721-733. [CrossRef] [PubMed]

Zhang, B.; Liang, C.; Bates, R.; Yin, Y.; Xiong, W.C.; Mei, L. Wnt proteins regulate acetylcholine receptor
clustering in muscle cells. Mol. Brain 2012, 5, 7. [CrossRef] [PubMed]

Sahores, M.; Gibb, A.; Salinas, P.C. Frizzled-5, a receptor for the synaptic organizer Wnt7a, regulates
activity-mediated synaptogenesis. Development 2010, 137, 2215-2225. [CrossRef] [PubMed]

Henriquez, J.P; Salinas, P.C. Dual roles for Wnt signalling during the formation of the vertebrate
neuromuscular junction. Acta Physiol. 2012, 204, 128-136. [CrossRef] [PubMed]

Boéx, M.M.].; Bauché, S.; Fontaine, B.; Legay, C.; Strochlic, L. Regulation of mammalian neuromuscular
junction formation and maintenance by Wnt signaling. Curr. Opin. Physiol. 2018, 4, 88-95. [CrossRef]

He, X.; Semenov, M.; Tamai, K.; Zeng, X. LDL receptor-related proteins 5 and 6 in Wnt/beta-catenin signaling:
Arrows point the way. Development 2004, 131, 1663-1677. [CrossRef]

Logan, C.Y.; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol.
2004, 20, 781-810. [CrossRef] [PubMed]

Gordon, M.D.; Nusse, R. Wnt signaling: Multiple pathways, multiple receptors, and multiple transcription
factors. J. Biol. Chem. 2006, 281, 22429-22433. [CrossRef] [PubMed]

Clevers, H.; Nusse, R. Wnt/beta-catenin signaling and disease. Cell 2012, 149, 1192-1205. [CrossRef]

Kim, W.; Kim, M.; Jho, E.H. Wnt/beta-catenin signalling: From plasma membrane to nucleus. Biochem. ].
2013, 450, 9-21. [CrossRef]


http://dx.doi.org/10.1038/35097557
http://dx.doi.org/10.1016/S0896-6273(01)00287-2
http://dx.doi.org/10.1111/j.1471-4159.2006.03834.x
http://dx.doi.org/10.1016/j.conb.2005.12.003
http://dx.doi.org/10.1242/dev.038711
http://www.ncbi.nlm.nih.gov/pubmed/20215342
http://dx.doi.org/10.1038/nn1350
http://www.ncbi.nlm.nih.gov/pubmed/15543140
http://dx.doi.org/10.1016/j.bbapap.2013.02.034
http://www.ncbi.nlm.nih.gov/pubmed/23467009
http://dx.doi.org/10.1152/physrev.00033.2014
http://www.ncbi.nlm.nih.gov/pubmed/26109340
http://dx.doi.org/10.1146/annurev-physiol-022516-034255
http://www.ncbi.nlm.nih.gov/pubmed/29195055
http://dx.doi.org/10.1111/gtc.12370
http://www.ncbi.nlm.nih.gov/pubmed/27091576
http://dx.doi.org/10.1126/science.1130837
http://www.ncbi.nlm.nih.gov/pubmed/16917026
http://dx.doi.org/10.1016/j.cell.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18848351
http://dx.doi.org/10.1073/pnas.94.6.2654
http://www.ncbi.nlm.nih.gov/pubmed/9122251
http://dx.doi.org/10.1083/jcb.153.7.1453
http://dx.doi.org/10.1016/j.neuron.2008.12.025
http://www.ncbi.nlm.nih.gov/pubmed/19285469
http://dx.doi.org/10.1186/1756-6606-5-7
http://www.ncbi.nlm.nih.gov/pubmed/22309736
http://dx.doi.org/10.1242/dev.046722
http://www.ncbi.nlm.nih.gov/pubmed/20530549
http://dx.doi.org/10.1111/j.1748-1716.2011.02295.x
http://www.ncbi.nlm.nih.gov/pubmed/21554559
http://dx.doi.org/10.1016/j.cophys.2018.07.002
http://dx.doi.org/10.1242/dev.01117
http://dx.doi.org/10.1146/annurev.cellbio.20.010403.113126
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://dx.doi.org/10.1074/jbc.R600015200
http://www.ncbi.nlm.nih.gov/pubmed/16793760
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://dx.doi.org/10.1042/BJ20121284

Int. ]. Mol. Sci. 2019, 20, 2804 12 0of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Butler, M.T.; Wallingford, J.B. Planar cell polarity in development and disease. Nat. Rev. Mol. Cell Biol. 2017,
18, 375-388. [CrossRef] [PubMed]

Strochlic, L.; Falk, J.; Goillot, E.; Sigoillot, S.; Bourgeois, F.; Delers, P.; Rouviere, J.; Swain, A.; Castellani, V.;
Schaeffer, L.; et al. Wnt4 participates in the formation of vertebrate neuromuscular junction. PLoS ONE 2012,
7,€29976. [CrossRef] [PubMed]

Messeant, J.; Ezan, J.; Delers, P.; Glebov, K.; Marchiol, C.; Lager, F.; Renault, G.; Tissir, E.;; Montcouquiol, M.;
Sans, N.; et al. Wnt proteins contribute to neuromuscular junction formation through distinct signaling
pathways. Development 2017, 144, 1712-1724. [CrossRef] [PubMed]

Wang, J.; Ruan, N.J.; Qian, L.; Lei, W.L.; Chen, F,; Luo, Z.G. Wnt/beta-catenin signaling suppresses Rapsyn
expression and inhibits acetylcholine receptor clustering at the neuromuscular junction. J. Biol. Chem. 2008,
283, 21668-21675. [CrossRef] [PubMed]

Luo, Z.G.; Wang, Q.; Zhou, ].Z.; Wang, J.; Luo, Z; Liu, M.; He, X.; Wynshaw-Boris, A.; Xiong, W.C.; Lu, B,;
et al. Regulation of AChR clustering by Dishevelled interacting with MuSK and PAK1. Neuron 2002, 35,
489-505. [CrossRef]

Wu, H,; Barik, A.; Lu, Y,; Shen, C.; Bowman, A ; Li, L.; Sathyamurthy, A.; Lin, TW.; Xiong, W.C.; Mei, L. Slit2
as a beta-catenin/Ctnnb1-dependent retrograde signal for presynaptic differentiation. eLife 2015, 4, e07266.
[CrossRef] [PubMed]

Berke, B.; Wittnam, J.; McNeill, E.; Van Vactor, D.L.; Keshishian, H. Retrograde BMP signaling at the
synapse: A permissive signal for synapse maturation and activity-dependent plasticity. J. Neurosci. 2013, 33,
17937-17950. [CrossRef]

Chou, HJ.; Lai, D.M.; Huang, C.W.; McLennan, L.S.; Wang, H.D.; Wang, P.Y. BMP4 is a peripherally-derived
factor for motor neurons and attenuates glutamate-induced excitotoxicity in vitro. PLoS ONE 2013, 8, e58441.
[CrossRef]

McCabe, B.D.; Marques, G.; Haghighi, A.P; Fetter, R.D.; Crotty, M.L.; Haerry, T.E.; Goodman, C.S;
O’Connor, M.B. The BMP homolog Gbb provides a retrograde signal that regulates synaptic growth at the
Drosophila neuromuscular junction. Neuron 2003, 39, 241-254. [CrossRef]

Luga, V.; Zhang, L.; Viloria-Petit, A.M.; Ogunjimi, A.A.; Inanlou, M.R,; Chiu, E.; Buchanan, M.; Hosein, A.N;
Basik, M.; Wrana, J.L. Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in breast
cancer cell migration. Cell 2012, 151, 1542-1556. [CrossRef]

Korkut, C.; Ataman, B.; Ramachandran, P; Ashley, J.; Barria, R.; Gherbesi, N.; Budnik, V. Trans-synaptic
transmission of vesicular Wnt signals through Evi/Wntless. Cell 2009, 139, 393-404. [CrossRef] [PubMed]
Gross, ].C.; Chaudhary, V.; Bartscherer, K.; Boutros, M. Active Wnt proteins are secreted on exosomes. Nat.
Cell Biol. 2012, 14, 1036-1045. [CrossRef] [PubMed]

Beckett, K.; Monier, S.; Palmer, L.; Alexandre, C.; Green, H.; Bonneil, E.; Raposo, G.; Thibault, P; Le Borgne, R.;
Vincent, J.P. Drosophila S2 cells secrete wingless on exosome-like vesicles but the wingless gradient forms
independently of exosomes. Traffic 2013, 14, 82-96. [CrossRef] [PubMed]

Greco, V.; Hannus, M.; Eaton, S. Argosomes: A potential vehicle for the spread of morphogens through
epithelia. Cell 2001, 106, 633—645. [CrossRef]

Lo Cicero, A.; Stahl, P.D.; Raposo, G. Extracellular vesicles shuffling intercellular messages: For good or for
bad. Curr. Opin. Cell Biol. 2015, 35, 69-77. [CrossRef] [PubMed]

Kalra, H,; Simpson, R.J.; Ji, H.; Aikawa, E.; Altevogt, P; Askenase, P.,; Bond, V.C.; Borras, FE.; Breakefield, X.;
Budnik, V.; et al. Vesiclepedia: A compendium for extracellular vesicles with continuous community
annotation. PLoS Biol. 2012, 10, e1001450. [CrossRef]

Stoorvogel, W.; Kleijmeer, M.].; Geuze, H.].; Raposo, G. The biogenesis and functions of exosomes. Traffic
2002, 3, 321-330. [CrossRef]

Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles: Artefacts no more. Trends Cell Biol. 2009, 19,
43-51. [CrossRef]

Johnstone, RM.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). . Biol. Chem.
1987, 262, 9412-9420.

Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular membrane vesicles as a mechanism of
cell-to-cell communication: Advantages and disadvantages. Am. ]. Physiol. Cell Physiol. 2014, 306,
C621-C633. [CrossRef]


http://dx.doi.org/10.1038/nrm.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28293032
http://dx.doi.org/10.1371/journal.pone.0029976
http://www.ncbi.nlm.nih.gov/pubmed/22253844
http://dx.doi.org/10.1242/dev.146167
http://www.ncbi.nlm.nih.gov/pubmed/28348167
http://dx.doi.org/10.1074/jbc.M709939200
http://www.ncbi.nlm.nih.gov/pubmed/18541538
http://dx.doi.org/10.1016/S0896-6273(02)00783-3
http://dx.doi.org/10.7554/eLife.07266
http://www.ncbi.nlm.nih.gov/pubmed/26159615
http://dx.doi.org/10.1523/JNEUROSCI.6075-11.2013
http://dx.doi.org/10.1371/journal.pone.0058441
http://dx.doi.org/10.1016/S0896-6273(03)00426-4
http://dx.doi.org/10.1016/j.cell.2012.11.024
http://dx.doi.org/10.1016/j.cell.2009.07.051
http://www.ncbi.nlm.nih.gov/pubmed/19837038
http://dx.doi.org/10.1038/ncb2574
http://www.ncbi.nlm.nih.gov/pubmed/22983114
http://dx.doi.org/10.1111/tra.12016
http://www.ncbi.nlm.nih.gov/pubmed/23035643
http://dx.doi.org/10.1016/S0092-8674(01)00484-6
http://dx.doi.org/10.1016/j.ceb.2015.04.013
http://www.ncbi.nlm.nih.gov/pubmed/26001269
http://dx.doi.org/10.1371/journal.pbio.1001450
http://dx.doi.org/10.1034/j.1600-0854.2002.30502.x
http://dx.doi.org/10.1016/j.tcb.2008.11.003
http://dx.doi.org/10.1152/ajpcell.00228.2013

Int. ]. Mol. Sci. 2019, 20, 2804 13 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.
62.
63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Hessvik, N.P,; Overbye, A.; Brech, A.; Torgersen, M.L.; Jakobsen, 1.S.; Sandvig, K.; Llorente, A. PIKfyve
inhibition increases exosome release and induces secretory autophagy. Cell. Mol. Life Sci. 2016, 73, 4717-4737.
[CrossRef] [PubMed]

Korkut, C.; Li, Y.; Koles, K.; Brewer, C.; Ashley, J.; Yoshihara, M.; Budnik, V. Regulation of postsynaptic
retrograde signaling by presynaptic exosome release. Neuron 2013, 77, 1039-1046. [CrossRef] [PubMed]
Madison, R.D.; McGee, C.; Rawson, R.; Robinson, G.A. Extracellular vesicles from a muscle cell line (C2C12)
enhance cell survival and neurite outgrowth of a motor neuron cell line (NSC-34). |. Extracell. Vesicles 2014, 3,
22865. [CrossRef] [PubMed]

Mosca, T.J.; Schwarz, T.L. The nuclear import of Frizzled2-C by Importins-betall and alpha2 promotes
postsynaptic development. Nat. Neurosci. 2010, 13, 935-943. [CrossRef] [PubMed]

Packard, M.; Koo, E.S.; Gorczyca, M.; Sharpe, J.; Cumberledge, S.; Budnik, V. The Drosophila Wnt, wingless,
provides an essential signal for pre- and postsynaptic differentiation. Cell 2002, 111, 319-330. [CrossRef]
Kerr, K.S.; Fuentes-Medel, Y.; Brewer, C.; Barria, R.; Ashley, ]J.; Abruzzi, K.C; Sheehan, A,
Tasdemir-Yilmaz, O.E.; Freeman, M.R.; Budnik, V. Glial wingless/Wnt regulates glutamate receptor clustering
and synaptic physiology at the Drosophila neuromuscular junction. J. Neurosci. 2014, 34, 2910-2920.
[CrossRef] [PubMed]

Marques, G. Morphogens and synaptogenesis in Drosophila. J. Neurobiol. 2005, 64, 417-434. [CrossRef]
[PubMed]

Nahar, N.N.; Missana, L.R.; Garimella, R.; Tague, S.E.; Anderson, H.C. Matrix vesicles are carriers of bone
morphogenetic proteins (BMPs), vascular endothelial growth factor (VEGF), and noncollagenous matrix
proteins. J. Bone Miner. Metab. 2008, 26, 514-519. [CrossRef]

Clayton, A.; Mitchell, ].P,; Court, J.; Mason, M.D.; Tabi, Z. Human tumor-derived exosomes selectively impair
lymphocyte responses to interleukin-2. Cancer Res. 2007, 67, 7458-7466. [CrossRef]

Mattick, J.S.; Makunin, I.V. Small regulatory RNAs in mammals. Hum. Mol. Genet. 2005, 14, R121-R132.
[CrossRef]

Berezikov, E.; Plasterk, R.H. Camels and zebrafish, viruses and cancer: A microRNA update. Hum. Mol.
Genet. 2005, 14, R183-R190. [CrossRef] [PubMed]

Bartel, B. MicroRNAs directing siRNA biogenesis. Nat. Struct. Mol. Biol. 2005, 12, 569-571. [CrossRef]
Zamore, P.D.; Haley, B. Ribo-gnome: The big world of small RNAs. Science 2005, 309, 1519-1524. [CrossRef]
Croce, C.M.; Calin, G.A. miRNAs, cancer, and stem cell division. Cell 2005, 122, 6-7. [CrossRef] [PubMed]
Klein, M.E.; Impey, S.; Goodman, R.H. Role reversal: The regulation of neuronal gene expression by
microRNAs. Curr. Opin. Neurobiol. 2005, 15, 507-513. [CrossRef] [PubMed]

Giraldez, A.J.; Cinalli, RM.; Glasner, M.E.; Enright, A.J.; Thomson, ].M.; Baskerville, S.; Hammond, S.M.;
Bartel, D.P,; Schier, A.F. MicroRNAs regulate brain morphogenesis in zebrafish. Science 2005, 308, 833-838.
[CrossRef] [PubMed]

Naguibneva, I.; Ameyar-Zazoua, M.; Polesskaya, A.; Ait-Si-Ali, S.; Groisman, R.; Souidi, M.; Cuvellier, S.;
Harel-Bellan, A. The microRNA miR-181 targets the homeobox protein Hox-A11 during mammalian myoblast
differentiation. Nat. Cell Biol. 2006, 8, 278-284. [CrossRef] [PubMed]

Hatfield, S.D.; Shcherbata, H.R.; Fischer, K.A.; Nakahara, K.; Carthew, R.W.; Ruohola-Baker, H. Stem cell
division is regulated by the microRNA pathway. Nature 2005, 435, 974-978. [CrossRef]

Vasudevan, S.; Tong, Y.; Steitz, J.A. Switching from repression to activation: microRNAs can up-regulate
translation. Science 2007, 318, 1931-1934. [CrossRef]

Makeyev, E.V.; Maniatis, T. Multilevel regulation of gene expression by microRNAs. Science 2008, 319,
1789-1790. [CrossRef]

Haramati, S.; Chapnik, E.; Sztainberg, Y.; Eilam, R.; Zwang, R.; Gershoni, N.; McGlinn, E.; Heiser, PW.;
Wills, A.M.; Wirguin, L; et al. miRNA malfunction causes spinal motor neuron disease. Proc. Natl. Acad. Sci.
USA 2010, 107, 13111-13116. [CrossRef] [PubMed]

Kye, M.]J.; Goncalves Ido, C. The role of miRNA in motor neuron disease. Front. Cell. Neurosci. 2014, 8, 15.
[CrossRef] [PubMed]

Hawley, Z.C.E.; Campos-Melo, D.; Droppelmann, C.A.; Strong, M.]. MotomiRs: miRNAs in Motor Neuron
Function and Disease. Front. Mol. Neurosci. 2017, 10, 127. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00018-016-2309-8
http://www.ncbi.nlm.nih.gov/pubmed/27438886
http://dx.doi.org/10.1016/j.neuron.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23522040
http://dx.doi.org/10.3402/jev.v3.22865
http://www.ncbi.nlm.nih.gov/pubmed/24563732
http://dx.doi.org/10.1038/nn.2593
http://www.ncbi.nlm.nih.gov/pubmed/20601947
http://dx.doi.org/10.1016/S0092-8674(02)01047-4
http://dx.doi.org/10.1523/JNEUROSCI.3714-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24553932
http://dx.doi.org/10.1002/neu.20165
http://www.ncbi.nlm.nih.gov/pubmed/16041756
http://dx.doi.org/10.1007/s00774-008-0859-z
http://dx.doi.org/10.1158/0008-5472.CAN-06-3456
http://dx.doi.org/10.1093/hmg/ddi101
http://dx.doi.org/10.1093/hmg/ddi271
http://www.ncbi.nlm.nih.gov/pubmed/16244316
http://dx.doi.org/10.1038/nsmb0705-569
http://dx.doi.org/10.1126/science.1111444
http://dx.doi.org/10.1016/j.cell.2005.06.036
http://www.ncbi.nlm.nih.gov/pubmed/16009126
http://dx.doi.org/10.1016/j.conb.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16150590
http://dx.doi.org/10.1126/science.1109020
http://www.ncbi.nlm.nih.gov/pubmed/15774722
http://dx.doi.org/10.1038/ncb1373
http://www.ncbi.nlm.nih.gov/pubmed/16489342
http://dx.doi.org/10.1038/nature03816
http://dx.doi.org/10.1126/science.1149460
http://dx.doi.org/10.1126/science.1152326
http://dx.doi.org/10.1073/pnas.1006151107
http://www.ncbi.nlm.nih.gov/pubmed/20616011
http://dx.doi.org/10.3389/fncel.2014.00015
http://www.ncbi.nlm.nih.gov/pubmed/24523674
http://dx.doi.org/10.3389/fnmol.2017.00127
http://www.ncbi.nlm.nih.gov/pubmed/28522960

Int. ]. Mol. Sci. 2019, 20, 2804 14 of 16

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Amin, N.D; Bai, G.; Klug, J.R.; Bonanomi, D.; Pankratz, M.T.; Gifford, W.D.; Hinckley, C.A.; Sternfeld, M.].;
Driscoll, S.P; Dominguez, B.; et al. Loss of motoneuron-specific microRNA-218 causes systemic
neuromuscular failure. Science 2015, 350, 1525-1529. [CrossRef] [PubMed]

Sun, K.; Westholm, J.O.; Tsurudome, K.; Hagen, ].W.; Lu, Y.; Kohwi, M.; Betel, D.; Gao, F.B.; Haghighi, A.P;
Doe, C.Q.; et al. Neurophysiological defects and neuronal gene deregulation in Drosophila mir-124 mutants.
PLoS Genet. 2012, 8, €1002515. [CrossRef] [PubMed]

Zhu, F; Liu, J.L.; Li, J.P; Xiao, E; Zhang, Z.X.; Zhang, L. MicroRNA-124 (miR-124) regulates Ku70 expression
and is correlated with neuronal death induced by ischemia/reperfusion. J. Mol. Neurosci. 2014, 52, 148-155.
[CrossRef]

Cayzgill, E.E.; Johnston, L.A. Temporal regulation of metamorphic processes in Drosophila by the let-7 and
miR-125 heterochronic microRNAs. Curr. Biol. 2008, 18, 943-950. [CrossRef]

Nesler, K.R.; Sand, R.I.; Symmes, B.A.; Pradhan, S.J.; Boin, N.G.; Laun, A.E.; Barbee, S.A. The miRNA
pathway controls rapid changes in activity-dependent synaptic structure at the Drosophila melanogaster
neuromuscular junction. PLoS ONE 2013, 8, e68385. [CrossRef]

Tsurudome, K.; Tsang, K.; Liao, E.H.; Ball, R.; Penney, J.; Yang, J.S.; Elazzouzi, F; He, T.; Chishti, A.;
Lnenicka, G.; et al. The Drosophila miR-310 cluster negatively regulates synaptic strength at the
neuromuscular junction. Neuron 2010, 68, 879-893. [CrossRef]

Janas, A.M.; Sapon, K ; Janas, T.; Stowell, M.H. Exosomes and other extracellular vesicles in neural cells and
neurodegenerative diseases. Biochim. Biophys. Acta 2016, 1858, 1139-1151. [CrossRef]

Kennel, PE; Finiels, F; Revah, F.; Mallet, ]. Neuromuscular function impairment is not caused by motor
neurone loss in FALS mice: An electromyographic study. Neuroreport 1996, 7, 1427-1431. [CrossRef]
[PubMed]

Tsitkanou, S.; Della Gatta, P.A.; Russell, A.P. Skeletal Muscle Satellite Cells, Mitochondria, and MicroRNAs:
Their Involvement in the Pathogenesis of ALS. Front. Physiol. 2016, 7, 403. [CrossRef] [PubMed]

Guescini, M.; Guidolin, D.; Vallorani, L.; Casadei, L.; Gioacchini, A.M.; Tibollo, P.; Battistelli, M.; Falcieri, E.;
Battistin, L.; Agnati, L.E; et al. C2C12 myoblasts release micro-vesicles containing mtDNA and proteins
involved in signal transduction. Exp. Cell Res. 2010, 316, 1977-1984. [CrossRef] [PubMed]

Guescini, M.; Canonico, B.; Lucertini, F; Maggio, S.; Annibalini, G.; Barbieri, E.; Luchetti, F,; Papa, S.;
Stocchi, V. Muscle Releases Alpha-Sarcoglycan Positive Extracellular Vesicles Carrying miRNAs in the
Bloodstream. PLoS ONE 2015, 10, e0125094. [CrossRef] [PubMed]

Forterre, A ; Jalabert, A.; Chikh, K; Pesenti, S.; Euthine, V.; Granjon, A.; Errazuriz, E.; Lefai, E.; Vidal, H,;
Rome, S. Myotube-derived exosomal miRNAs downregulate Sirtuinl in myoblasts during muscle cell
differentiation. Cell Cycle 2014, 13, 78-89. [CrossRef] [PubMed]

De Gasperi, R; Hamidi, S.; Harlow, L.M.; Ksiezak-Reding, H.; Bauman, W.A.; Cardozo, C.P.
Denervation-related alterations and biological activity of miRNAs contained in exosomes released by
skeletal muscle fibers. Sci. Rep. 2017, 7, 12888. [CrossRef] [PubMed]

Karnati, HK.; Panigrahi, M.K.; Gutti, RK.; Greig, N.H.; Tamargo, LA. miRNAs: Key Players in
Neurodegenerative Disorders and Epilepsy. J. Alzheimer’s Dis. 2015, 48, 563-580. [CrossRef] [PubMed]
Hoye, M.L.; Regan, M.R; Jensen, L.A.; Lake, A.M.; Reddy, L.V.; Vidensky, S.; Richard, J.P.; Maragakis, N.J.;
Rothstein, J.D.; Dougherty, ].D.; et al. Motor neuron-derived microRNAs cause astrocyte dysfunction in
amyotrophic lateral sclerosis. Brain 2018, 141, 2561-2575. [CrossRef]

Rizzuti, M.; Filosa, G.; Melzi, V.; Calandriello, L.; Dioni, L.; Bollati, V.; Bresolin, N.; Comi, G.P; Barabino, S.;
Nizzardo, M.; et al. MicroRNA expression analysis identifies a subset of downregulated miRNAs in ALS
motor neuron progenitors. Sci. Rep. 2018, 8, 10105. [CrossRef]

Guescini, M.; Maggio, S.; Ceccaroli, P; Battistelli, M.; Annibalini, G.; Piccoli, G.; Sestili, P.; Stocchi, V.
Extracellular Vesicles Released by Oxidatively Injured or Intact C2C12 Myotubes Promote Distinct Responses
Converging toward Myogenesis. Int. ]. Mol. Sci. 2017, 18, 2488. [CrossRef]

Cohen, T].; Barrientos, T.; Hartman, Z.C.; Garvey, S.M.; Cox, G.A.; Yao, T.P. The deacetylase HDAC4 controls
myocyte enhancing factor-2-dependent structural gene expression in response to neural activity. FASEB ].
2009, 23, 99-106. [CrossRef] [PubMed]

Williams, A.H.; Valdez, G.; Moresi, V.; Qi, X.; McAnally, J.; Elliott, ].L.; Bassel-Duby, R.; Sanes, ].R.; Olson, E.N.
MicroRNA-206 delays ALS progression and promotes regeneration of neuromuscular synapses in mice.
Science 2009, 326, 1549-1554. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.aad2509
http://www.ncbi.nlm.nih.gov/pubmed/26680198
http://dx.doi.org/10.1371/journal.pgen.1002515
http://www.ncbi.nlm.nih.gov/pubmed/22347817
http://dx.doi.org/10.1007/s12031-013-0155-9
http://dx.doi.org/10.1016/j.cub.2008.06.020
http://dx.doi.org/10.1371/journal.pone.0068385
http://dx.doi.org/10.1016/j.neuron.2010.11.016
http://dx.doi.org/10.1016/j.bbamem.2016.02.011
http://dx.doi.org/10.1097/00001756-199605310-00021
http://www.ncbi.nlm.nih.gov/pubmed/8856691
http://dx.doi.org/10.3389/fphys.2016.00403
http://www.ncbi.nlm.nih.gov/pubmed/27679581
http://dx.doi.org/10.1016/j.yexcr.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20399774
http://dx.doi.org/10.1371/journal.pone.0125094
http://www.ncbi.nlm.nih.gov/pubmed/25955720
http://dx.doi.org/10.4161/cc.26808
http://www.ncbi.nlm.nih.gov/pubmed/24196440
http://dx.doi.org/10.1038/s41598-017-13105-9
http://www.ncbi.nlm.nih.gov/pubmed/29038428
http://dx.doi.org/10.3233/JAD-150395
http://www.ncbi.nlm.nih.gov/pubmed/26402105
http://dx.doi.org/10.1093/brain/awy182
http://dx.doi.org/10.1038/s41598-018-28366-1
http://dx.doi.org/10.3390/ijms18112488
http://dx.doi.org/10.1096/fj.08-115931
http://www.ncbi.nlm.nih.gov/pubmed/18780762
http://dx.doi.org/10.1126/science.1181046
http://www.ncbi.nlm.nih.gov/pubmed/20007902

Int. ]. Mol. Sci. 2019, 20, 2804 150f 16

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Grad, L.I; Yerbury, J.J.; Turner, B.J.; Guest, W.C.; Pokrishevsky, E.; O'Neill, M.A.; Yanai, A ; Silverman, ].M.;
Zeineddine, R.; Corcoran, L.; et al. Intercellular propagated misfolding of wild-type Cu/Zn superoxide
dismutase occurs via exosome-dependent and -independent mechanisms. Proc. Natl. Acad. Sci. USA 2014,
111, 3620-3625. [CrossRef] [PubMed]

Nonaka, T.; Masuda-Suzukake, M.; Arai, T.; Hasegawa, Y.; Akatsu, H.; Obi, T.; Yoshida, M.; Murayama, S.;
Mann, D.M.; Akiyama, H.; et al. Prion-like properties of pathological TDP-43 aggregates from diseased
brains. Cell Rep. 2013, 4, 124-134. [CrossRef] [PubMed]

Sproviero, D.; La Salvia, S.; Giannini, M.; Crippa, V.; Gagliardi, S.; Bernuzzi, S.; Diamanti, L.; Ceroni, M.;
Pansarasa, O.; Poletti, A.; et al. Pathological Proteins Are Transported by Extracellular Vesicles of Sporadic
Amyotrophic Lateral Sclerosis Patients. Front. Neurosci. 2018, 12, 487. [CrossRef] [PubMed]

Polymenidou, M.; Cleveland, D.W. The seeds of neurodegeneration: Prion-like spreading in ALS. Cell 2011,
147,498-508. [CrossRef]

Hardiman, O.; van den Berg, L.H.; Kiernan, M.C. Clinical diagnosis and management of amyotrophic lateral
sclerosis. Nat. Rev. Neurol. 2011, 7, 639-649. [CrossRef]

Robberecht, W.; Philips, T. The changing scene of amyotrophic lateral sclerosis. Nat. Rev. Neurosci. 2013, 14,
248-264. [CrossRef]

Elden, A.C.; Kim, H.J.; Hart, M.P.; Chen-Plotkin, A.S.; Johnson, B.S.; Fang, X.; Armakola, M.; Geser, F.;
Greene, R.; Lu, M.M,; et al. Ataxin-2 intermediate-length polyglutamine expansions are associated with
increased risk for ALS. Nature 2010, 466, 1069-1075. [CrossRef]

Bendotti, C.; Marino, M.; Cheroni, C.; Fontana, E.; Crippa, V.; Poletti, A.; De Biasi, S. Dysfunction of
constitutive and inducible ubiquitin-proteasome system in amyotrophic lateral sclerosis: Implication for
protein aggregation and immune response. Prog. Neurobiol. 2012, 97, 101-126. [CrossRef]

Chen, S.; Zhang, X.; Song, L.; Le, W. Autophagy dysregulation in amyotrophic lateral sclerosis. Brain Pathol.
2012, 22, 110-116. [CrossRef] [PubMed]

Munch, C.; O’Brien, J.; Bertolotti, A. Prion-like propagation of mutant superoxide dismutase-1 misfolding in
neuronal cells. Proc. Natl. Acad. Sci. USA 2011, 108, 3548-3553. [CrossRef] [PubMed]

Gomes, C.; Keller, S.; Altevogt, P.; Costa, J. Evidence for secretion of Cu, Zn superoxide dismutase via
exosomes from a cell model of amyotrophic lateral sclerosis. Neurosci. Lett. 2007, 428, 43—46. [CrossRef]
[PubMed]

Feiler, M.S; Strobel, B.; Freischmidt, A.; Helferich, A.M.; Kappel, J.; Brewer, B.M.; Li, D.; Thal, D.R.; Walther, P;
Ludolph, A.C.; et al. TDP-43 is intercellularly transmitted across axon terminals. J. Cell Biol. 2015, 211,
897-911. [CrossRef] [PubMed]

Dewey, C.M.; Cenik, B.; Sephton, C.E; Dries, D.R.; Mayer, P, 3rd; Good, S.K.; Johnson, B.A.; Herz, J.; Yu, G.
TDP-43 is directed to stress granules by sorbitol, a novel physiological osmotic and oxidative stressor. Mol.
Cell. Biol. 2011, 31, 1098-1108. [CrossRef] [PubMed]

Zondler, L.; Feiler, M.S.; Freischmidt, A.; Ruf, W.P; Ludolph, A.C.; Danzer, K.M.; Weishaupt, ].H. Impaired
activation of ALS monocytes by exosomes. Immunol. Cell Biol. 2017, 95, 207-214. [CrossRef] [PubMed]
Kamelgarn, M.; Chen, J.; Kuang, L.; Arenas, A.; Zhai, J.; Zhu, H.; Gal, J. Proteomic analysis of FUS interacting
proteins provides insights into FUS function and its role in ALS. Biochim. Biophys. Acta 2016, 1862, 2004-2014.
[CrossRef]

Kwiatkowski, T.J., Jr.; Bosco, D.A.; Leclerc, A.L.; Tamrazian, E.; Vanderburg, C.R.; Russ, C.; Davis, A.;
Gilchrist, J.; Kasarskis, E.J.; Munsat, T.; et al. Mutations in the FUS/TLS gene on chromosome 16 cause
familial amyotrophic lateral sclerosis. Science 2009, 323, 1205-1208. [CrossRef]

Vance, C.; Rogelj, B.; Hortobagyi, T.; De Vos, K J.; Nishimura, A.L.; Sreedharan, J.; Hu, X,; Smith, B.; Ruddy, D.;
Wright, P.; et al. Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral sclerosis
type 6. Science 2009, 323, 1208-1211. [CrossRef]

DeJesus-Hernandez, M.; Kocerha, J.; Finch, N.; Crook, R.; Baker, M.; Desaro, P; Johnston, A.; Rutherford, N.;
Wojtas, A.; Kennelly, K.; et al. De novo truncating FUS gene mutation as a cause of sporadic amyotrophic
lateral sclerosis. Hum. Mutat. 2010, 31, E1377-E1389. [CrossRef]

Zinszner, H.; Sok, J.; Immanuel, D.; Yin, Y.; Ron, D. TLS (FUS) binds RNA in vivo and engages in
nucleo-cytoplasmic shuttling. J. Cell Sci. 1997, 110 Pt 15, 1741-1750.


http://dx.doi.org/10.1073/pnas.1312245111
http://www.ncbi.nlm.nih.gov/pubmed/24550511
http://dx.doi.org/10.1016/j.celrep.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23831027
http://dx.doi.org/10.3389/fnins.2018.00487
http://www.ncbi.nlm.nih.gov/pubmed/30072868
http://dx.doi.org/10.1016/j.cell.2011.10.011
http://dx.doi.org/10.1038/nrneurol.2011.153
http://dx.doi.org/10.1038/nrn3430
http://dx.doi.org/10.1038/nature09320
http://dx.doi.org/10.1016/j.pneurobio.2011.10.001
http://dx.doi.org/10.1111/j.1750-3639.2011.00546.x
http://www.ncbi.nlm.nih.gov/pubmed/22150926
http://dx.doi.org/10.1073/pnas.1017275108
http://www.ncbi.nlm.nih.gov/pubmed/21321227
http://dx.doi.org/10.1016/j.neulet.2007.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17942226
http://dx.doi.org/10.1083/jcb.201504057
http://www.ncbi.nlm.nih.gov/pubmed/26598621
http://dx.doi.org/10.1128/MCB.01279-10
http://www.ncbi.nlm.nih.gov/pubmed/21173160
http://dx.doi.org/10.1038/icb.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27616750
http://dx.doi.org/10.1016/j.bbadis.2016.07.015
http://dx.doi.org/10.1126/science.1166066
http://dx.doi.org/10.1126/science.1165942
http://dx.doi.org/10.1002/humu.21241

Int. ]. Mol. Sci. 2019, 20, 2804 16 of 16

112.

113.

114.

115.

116.

117.

118.

Bosco, D.A.; Lemay, N.; Ko, HK,; Zhou, H.; Burke, C.; Kwiatkowski, TJ., Jr.; Sapp, P.; McKenna-Yasek, D.;
Brown, R.H., Jr.; Hayward, L.J. Mutant FUS proteins that cause amyotrophic lateral sclerosis incorporate into
stress granules. Hum. Mol. Genet. 2010, 19, 4160-4175. [CrossRef] [PubMed]

Ito, D.; Seki, M.; Tsunoda, Y.; Uchiyama, H.; Suzuki, N. Nuclear transport impairment of amyotrophic lateral
sclerosis-linked mutations in FUS/TLS. Ann. Neurol. 2011, 69, 152-162. [CrossRef] [PubMed]

Dormann, D.; Rodde, R.; Edbauer, D.; Bentmann, E.; Fischer, I.; Hruscha, A.; Than, M.E.; Mackenzie, L.R.;
Capell, A.; Schmid, B.; et al. ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-mediated
nuclear import. EMBO J. 2010, 29, 2841-2857. [CrossRef] [PubMed]

Sun, S.; Ling, S.C.; Qiu, J.; Albuquerque, C.P.; Zhou, Y.; Tokunaga, S.; Li, H.; Qiu, H.; Bui, A.; Yeo, G.W.; et al.
ALS-causative mutations in FUS/TLS confer gain and loss of function by altered association with SMN and
U1-snRNP. Nat. Commun. 2015, 6, 6171. [CrossRef] [PubMed]

Armstrong, G.A.; Drapeau, P. Loss and gain of FUS function impair neuromuscular synaptic transmission in
a genetic model of ALS. Hum. Mol. Genet. 2013, 22, 4282-4292. [CrossRef] [PubMed]

Aoki, Y,; Manzano, R.; Lee, Y.; Dafinca, R.; Aoki, M.; Douglas, A.G.L.; Varela, M.A.; Sathyaprakash, C.;
Scaber, J.; Barbagallo, P; et al. C9orf72 and RAB7L1 regulate vesicle trafficking in amyotrophic lateral
sclerosis and frontotemporal dementia. Brain 2017, 140, 887-897. [CrossRef] [PubMed]

Levine, T.P; Daniels, R.D.; Gatta, A.T.; Wong, L.H.; Hayes, M.]. The product of C90rf72, a gene strongly
implicated in neurodegeneration, is structurally related to DENN Rab-GEFs. Bioinformatics 2013, 29, 499-503.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/hmg/ddq335
http://www.ncbi.nlm.nih.gov/pubmed/20699327
http://dx.doi.org/10.1002/ana.22246
http://www.ncbi.nlm.nih.gov/pubmed/21280085
http://dx.doi.org/10.1038/emboj.2010.143
http://www.ncbi.nlm.nih.gov/pubmed/20606625
http://dx.doi.org/10.1038/ncomms7171
http://www.ncbi.nlm.nih.gov/pubmed/25625564
http://dx.doi.org/10.1093/hmg/ddt278
http://www.ncbi.nlm.nih.gov/pubmed/23771027
http://dx.doi.org/10.1093/brain/awx024
http://www.ncbi.nlm.nih.gov/pubmed/28334866
http://dx.doi.org/10.1093/bioinformatics/bts725
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Signaling Pathways in the Establishment and Function of the Neuromuscular Junction 
	Secretion and Transport of Morphogens via Extracellular Vesicles 
	Role of miRNAs in Motoneuron Function 
	Impairment of Motoneuron–Muscle Communication Mediated by EV-miRNAs 
	Involvement of EVs in the Prion-Like Mechanism of Motoneuron Diseases 
	Conclusions and Perspectives 
	References

