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Abstract
Background  The neuromuscular junction (NMJ) establishment occurs through complex communication events 
between motor neurons and muscle fibers; however, the molecular mechanisms leading to NMJ formation have yet 
to be fully elucidated. Little is known about the significance of extracellular vesicles (EVs) in mediating the interaction 
between motor neurons and muscle fiber in the NMJ establishment; this study investigates the role of motor neuron-
derived EVs during the earliest stages of NMJ formation.

Methods  NSC-34 cells have been used as a model of motor neurons; EVs have been isolated during neurite 
development using a serial ultracentrifugation protocol specifically adjusted to isolate large and small EVs. Isolated 
EVs were quantified through Nanoparticles Tracking Assay and characterized by Western Blot and TEM analyses. The 
microRNA (miRNA) cargo of EV subpopulations was identified by small-RNA sequencing and the predicted miRNA 
downstream targets were investigated.

Results  NGS analysis of small RNAs carried by NSC-34-derived EVs identified a total of 245 EV specific miRNAs, most 
of which are up-regulated in NSC-34 cells and EVs during neurite stretching. Target prediction analysis evidenced how 
these miRNAs synergically target the Wnt signaling pathway. Moreover, we found that NSC-34-derived EVs carry Wnt 
proteins, including Wnt11, Wnt4 and Wnt3a. Since several studies suggested a role for the Wnt-associated signaling 
network in NMJ formation, we investigated the potential role of NSC-34 EVs in NMJ development and demonstrated 
that EV administration to myotubes increases acetylcholine receptor (AChR) cluster formation, as revealed by 
immunofluorescence staining with α-bungarotoxin. Moreover, myotube treatment with NSC-34-derived EVs led to 
GSK3β and JNK phosphorylation, followed by β-catenin nuclear translocation, suggesting that neuron-derived EVs 
can induce AChR clustering through Wnt pathway activation.
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Background
The neuromuscular junction (NMJ) is a chemical syn-
apse formed between motor neuron and skeletal muscle. 
This interface allows the conversion of electrical impulses 
into chemical messages through neurotransmitter acetyl-
choline (ACh), which in turn enables the conversion of 
neuronal electrical signals into muscle-derived mechani-
cal responses via downstream calcium-induced calcium 
release [1, 2]. Proper NMJ formation and maintenance 
are essential for physical mobility and daily life.

NMJ formation is an elaborate process in which antero-
grade (presynaptic) and retrograde (postsynaptic) sig-
nals shepherd neuron-muscle interplay through distinct 
developmental steps. During embryonic development, 
motor neurons penetrate peripheral regions to reach 
myotubes and then innervate muscles at the end-plate 
band, a region where axon terminals branch into synaptic 
varicosities apposed to foldings of the muscle junctional 
folds. Before NMJ takes place, both motor terminals and 
muscle membrane undergo morphological changes: i) 
Presynaptic zones begin to accumulate synaptic vesicles 
containing acetylcholine; ii) Postsynaptic zones undergo 
acetylcholine receptor (AChR) enrichment; at first, these 
receptors are diffused on all the muscle membrane, and 
then AChRs are clustered into distinct oval-like plaques. 
On the whole, this process is called pre-patterning [1–
3]. A correct NMJ growth is the result of both pre- and 
post-synaptic differentiation processes, as plaque forma-
tion can be induced neuronally at contact sites or occur 
“spontaneously” as aneural AChR “hotspots’’ on the mus-
cle fibre [4]. Recent studies have shown that a complex 
network of molecular signals participates in regulation-
ing events that lead to the formation of NMJs. For exam-
ple, the motor neuron-derived Agrin binds to muscle 
low-density lipoprotein receptor-related protein 4 (Lrp4) 
leading to the activation of MuSK and AChR clustering 
in the postsynaptic membrane [5, 6]. Moreover, growing 
evidence suggests that some Wnt proteins cooperate with 
Agrin in NMJ development [7]. Wnts are glycoproteins 
known to activate a canonical signalling pathway that is 
β-catenin (Ctnnb1) dependent, as well as several non-
canonical pathways [8]. At the vertebrate NMJ, Wnts 
activate the receptor complexes formed by the muscle-
specific tyrosine kinase MuSK and Lrp4, or MuSK and 
classical Frizzled (Fzd) receptors [7, 9–11]. Furthermore, 
it has recently been demonstrated that Wnt4, -9a, and 
− 11 directly interact with MuSK, and this interaction 

enhances AChR clustering in muscle cells [12], these data 
are in line with previous evidence demonstrating that 
ectopic MuSK expression is sufficient to induce AChR 
clusters in the absence of the nerve when bound with 
Agrin [13]. Altogether, these results suggested that MuSK 
might be activated by ligands other than Agrin to regu-
late pre-patterning.

Despite intensive research activities, the molecular 
mechanisms leading to NMJ formation have not been 
fully elucidated yet: a new set of experiments suggested 
that, due to post-translational lipid modifications, Wnts 
can be loaded in membranous vesicles for secretion and 
extracellular travelling [14–17]. Indeed, recent evidence 
demonstrated that Wnt1, can be trafficked in exosomes 
through binding to the transmembrane exosomal pro-
tein, Evi, and in turn, Wnt1 can be transferred from pre- 
to post-synaptic cells via vesicle secretion in Drosophila 
larval NMJs [15, 18, 19]. A similar exosome-mediated 
mechanism for the transfer of transmembrane protein 
across cells was suggested for synaptotagmin-4 (Syt4), 
which functions in postsynaptic muscles to mediate 
activity-dependent presynaptic growth and potentiation 
of quantal release. A retrograde signal mediated by Syt4 
was transmitted from presynaptic boutons to postsyn-
aptic muscle compartments at Drosophila larval NMJ 
through anterograde delivery of Syt4 via exosomes, indi-
cating that these exosomes were delivered to the post-
synaptic membrane [20]. A similar process has been 
previously observed in the immune system [21].

Exosomes are a sub-population of extracellular vesicles 
(EVs) generated by the inward budding of endosomal 
limiting membranes into multivesicular bodies (MVBs). 
MVBs can either fuse with lysosomes to degrade obsolete 
cellular material or with the plasma membrane to release 
vesicle-associated signalling components [22, 23]. Exo-
somes and in general EVs have gained attention owing 
to their potential role in cell-to-cell communication by 
transferring proteins, lipids, DNA, mRNAs and microR-
NAs (miRNAs) to target cells, and each of them may be 
involved in modulating target-cell phenotype.

In line with these new findings, miRNAs have not only 
emerged as intracellular regulators of gene expression, 
but protein and miRNA-containing vesicles have been 
suggested as a new molecular mechanism for commu-
nication between cells in the nervous system [24, 25]. 
MiRNAs regulate various key cellular signalling net-
works such as Wnt, transforming growth factor-β and 

Conclusion  These data demonstrate that EVs released from differentiated motor neurons carry multimodal 
signals, miRNAs, and Wnts, which can stimulate AChR clustering in myotubes, a fundamental preparatory stage for 
NMJ formation. These new data highlight that EVs may play a role in the NMJ establishment and function under 
physiological and pathological conditions, particularly neurodegenerative diseases.
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Notch and control stem cell activity in maintaining tissue 
homeostasis [26]. The discovery that miRNAs are criti-
cal to motor neuron function and survival [27] led to the 
study of miRNA participation in NMJ formation and sta-
bilisation. Consistent with this theory, Nesler et al. [28] 
showed that five miRNAs act in an activity-dependent 
manner at the NMJ within Drosophila larvae, including 
miR-8. Notably, the Authors showed that miR-8 directly 
targets and suppresses Wingless (Wg) expression, an 
essential gene for NMJ development and plasticity. MiR-
8, along with miR-289 and miR-958, silenced Leuko-
cyte-antigen-related-like (Lar) expression, important for 
synaptic growth and motor axonal extension [18, 19, 28, 
29].

In this study, we investigated the crosstalk between 
myotubes and motor neurons during NMJ development, 
focusing on identifying the miRNAs loaded into large 
and small EVs (lEVs and sEVs) secreted from develop-
ing motor neurons. We identified several miRNAs impli-
cated in motor neuron and NMJ development, and we 
shed light on the molecular mechanism underlying the 
crosstalk between Wnt-signalling (both canonical and 
non-canonical) and miRNAs. Overall, our data suggest 
that motor neuron-derived EVs carry multimodal signals, 
including miRNAs and Wnts, which are fundamental in 
the preparatory stage of NMJ establishment.

Methods
Cell cultures
The C2C12 adherent mouse myoblast cell line was grown 
in High Glucose Dulbecco’s modified Eagle’s medium 
(DMEM; Lonza™ BioWhittaker™) supplemented with 1% 
penicillin/streptomycin (P/S, Euroclone), 2 mM gluta-
mine and 10% heat-inactivated fetal bovine serum (FBS; 
Euroclone) in 5% CO2 atmosphere at 37  °C. When cells 
were 90% confluent, C2C12 differentiation was triggered 
by replacing 10% FBS with 2% horse serum (HS; Euro-
clone) as previously described [30], and cells were cul-
tured for up to 7 more days.

The NSC-34 adherent mouse motor neuron cell line 
was maintained in DMEM (Sigma-Aldrich) supple-
mented with 10% FBS and 1% P/S and cultured at 37 °C 
under 5% CO2. For NSC-34 differentiation, cells were 
seeded onto collagen (Sigma-Aldrich) coated plates and 
when they reached 60% confluence, the growth medium 
was replaced with Neurobasal (ThermoFisher Scientific) 
differentiating medium supplemented with 1% P/S and 
0.5 mM L-glutamine (ThermoFisher Scientific) and cul-
tured for up to 7 more days. For both C2C12 and NSC-
34 cell cultures the differentiation media were changed 
every two days.

Co-culture experiments were performed by using 
Transwell permeable supports with a membrane filter 
of 0.4  μm pores interposed between the two cell lines: 

C2C12 myotubes at bottom and differentiated NSC-34 
cells above. After 48 h co-culture, myotubes were har-
vested and RNA extracted for gene expression analysis.

Stable transfection of HEK293 cells with Wnt11
Hek293 cell stable transformation was achieved by using 
the plasmid encoding Wnt11 in fusion with an HA tag 
(Sino Biologicals, cat. no. HG12056-CY) and the TransIT-
X2 kit (Mirus), following the manufacturer’s instructions. 
The Hek293 cells were grown in DMEM supplemented 
with 10% FBS at 37 °C with 5% CO₂ for 48 h, after which 
100 ng/mL hygromycin B was added to select for stable 
transformants.

Spinal cord explant
Spinal cord explants were isolated from E13.5 C57BL/6J 
embryos by longitudinal cuts along the spinal cord, the 
ventral horn was separated from the dorsal horn and 
placed in well as transverse sections of up to 1 mm thick-
ness. Before plating the spinal cord, the wells were coated 
using 1.5 ng/ml polyornithine (Sigma-Aldrich) in PBS 
overnight, replaced with laminin (Sigma-Aldrich), 1:333 
in water overnight, and then filled with explant medium 
(Neurobasal, ThermoFisher Scientific) supplemented 
with 1% P/S, 1% Glutamax, 2% B27, 25 ng/ml brain-
derived neurotrophic factor (BDNF) until the day on 
which culture was started. Cultures were maintained at 
37 °C and 5% CO2, and the growth medium was refreshed 
every 2 days. Experiments were carried out in accordance 
with the guidelines established by the European Com-
munities Council (Directive 2010/63/EU of 22 September 
2010).

Immunofluorescence microscopy
For immunofluorescence microscopy, the cells were 
grown on glass coverslips, fixed in 4% paraformaldehyde/
PBS permeabilized in PBS + 0,1% Triton X-10, and incu-
bated in blocking solution 4% Bovine Serum Albumin 
(BSA, Sigma-Aldrich) for 1 h. Then, samples were stained 
with the primary antibody for 1  h at 4  °C, followed by 
separate incubation with secondary antibody for 1  h at 
room temperature. Stained samples were mounted in 
Mowiol 4–88 (Sigma-Aldrich) and photographed using 
a DC300F digital camera connected to a Fluorescence 
microscope (IM50 software Leica, Wetzlar, Germany).

Nuclear DNA was stained with 4,6-diamino-2-phe-
nylindole (DAPI, 1:1000 dilution, Sigma-Aldrich) or 
Hoechst 33342 (1:400 dilution, Sigma-Aldrich). To assess 
acetylcholine receptor (AChR) clusterization, C2C12 
were stained for 1  h with α-Bungarotoxin Alexa Fluor™ 
488 conjugate (3μg/mL dilution, cod. B13422 Thermo-
Fischer Scientific) and displayed using a confocal laser 
microscope (SP8, Leica Microsystems GmbH, Wetzlar, 
Germany). Subsequently, the number, areas and intensity 
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of the AChR clusters were measured using Image J soft-
ware. Finally C2C12 myotubes treated with NSC34-
derived sEVs, were stained with Active β-catenin (1:50, 
Anti-Active-β-Catenin Antibody, clone 8E7 Millipore) to 
assess nuclear-boud/active β-catenin.

Extracellular vesicle isolation
EV isolation was carried out following the Minimal Infor-
mation for Studies of Extracellular Vesicles guidelines 
developed by the International Society for Extracellular 
Vesicles (ISEV) in 2023 [31]. Specifically, the cell-condi-
tioned medium was collected and purified by two serial 
centrifugations for 15  min at 1,000 × g and 15  min at 
2,000 × g to remove debris and apoptotic bodies.

Then, to pellet large EVs (lEVs), the supernatant was 
centrifuged at 12,000 × g for 30 min and 18,000 × g for 
30  min. The pellets resulting from both centrifugations 
were joined together, resuspended in phosphate-buffered 
saline (PBS) and further ultracentrifuged at 15,000 × g for 
30 min to wash the sample.

To isolate small EVs (sEVs) the collected supernatant 
was subjected to ultracentrifugation at 100,000 × g for 
2 h. The crude sEVs pellet was resuspended in a large vol-
ume of PBS and furtherly ultracentrifuged at 100,000 × 
g for 2 h to wash the sample. During the whole protocol, 
temperature was maintained at 4 °C.

Nanoparticle tracking assay (NTA)
NTA measurements were performed with a NanoSight 
LM10 (NanoSight, Amesbury, United Kingdom) and 
three videos of either 30–60  s were recorded of each 
sample. All measurements were performed at RT, never 
above 25 °C. The NTA 3.1 software (NanoSight) was used 
for capturing and analysing the data, which are presented 
as the mean ± SD of the three video recordings. Samples 
containing high particle numbers were diluted before 
analysis and the relative concentration was then calcu-
lated according to the dilution factor. Beads of 100  nm 
and 400 nm diameters (Malvern Instruments Ltd., Mal-
vern, UK) were used as control.

Transmission electron microscopy
For a detailed morphological analysis, vesicles were pro-
cessed for transmission electron microscopy observa-
tion using the conventional negative staining procedure. 
EVs were immediately fixed with 2.5% glutaraldehyde 
for 30 min and later adsorbed to formvar carbon-coated 
200 mesh grids (Agar Scientific Ltd., Stansted, UK) for 
10 min. Subsequently the grids were incubated with 2% 
(w/v) sodium phosphotungstate for 1  min and the liq-
uid excess was removed with filter paper. After negative 
staining, specimens were observed by means of a Philips 
CM10 transmission electron microscope at 80 kV.

Small RNA seq analysis
SmallRNA libraries were prepared from 12NSC-34 EV 
samples using TruSeq Small RNA Library PrepKit v2 
(Illumina, RS-200-0012/24/36/48), according to manu-
facturer’s indications. Briefly, 20 ng of purified RNA were 
linked to RNA 3’ and 5’ adapters, converted to cDNA 
and amplified using Illumina primers containing unique 
indexes for each sample. Each library was quantified 
using Agilent Bioanalyzer and High Sensitivity DNA kit 
(Agilent, 5067 − 4626) and an equal number of libraries 
were pooled together. Size-selection was performed to 
keep fragments between 130 and 160 bp. The library pool 
was quantified with Agilent High Sensitivity DNA kit, 
diluted to 1.8 pM and sequenced using NextSeq® 500/550 
High Output Kit v2 (75 cycles) (Illumina, FC-404-2005) 
on Illumina NextSeq 500 platform. Raw data gener-
ated from the Illumina NextSeq 500 system were con-
verted to FASTQ format. After a quality check, which 
was performed with FastQC tool (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​
r​m​a​t​​i​c​​s​.​b​a​b​r​a​h​a​m​.​a​c​.​u​k​/), the adapter sequences were 
trimmed using Cutadapt (​h​t​t​p​​:​/​/​​c​u​t​a​​d​a​​p​t​.​​r​e​a​​d​t​h​e​​d​o​​c​s​.​
i​o​/). In this step, sequences shorter than 10 nucleotides 
were also removed. Read mapping was performed using 
the STAR algorithm [32]. The reference genome was con-
stituted by mouse microRNAs sequences from the miR-
base 21 database (http://www.mirbase.org/). Raw counts 
from mapped reads were obtained using the htseq-count 
script from the HTSeq tools (​h​t​t​p​​:​/​/​​w​w​w​-​​h​u​​b​e​r​​.​e​m​​b​l​.​
d​​e​/​​H​T​S​e​q​/); raw counts were further normalised using 
DESeq2 bioconductor package ​(​​​h​t​t​p​:​/​/​b​i​o​c​o​n​d​u​c​t​o​r​.​o​
r​g​/​​​​​​)​ and analysed using Genespring GX software v. 14.8 
(Agilent Technologies) for PCA generation, class com-
parison and heatmap analysis. The log2 normalized 
miRNA expression data are available in Additional file 
1. A fold-change > 1.5 and p < 0.05 at moderated T-Test 
were applied to identify miRNAs significantly differen-
tially expressed. The list of predicted miRNA targets was 
identified using the prediction algorithm DNA Intelli-
gent Analysis (DIANA) DIANA-microT-CDS (v5.0). The 
predicted miRNA targets were annotated into functional 
pathways using DIANA-miRPath (v2.0) (​h​t​t​p​​:​/​/​​d​i​a​n​​a​.​​i​m​
i​​s​.​a​​t​h​e​n​​a​i​​n​n​o​​v​a​t​​i​o​n​.​​g​r​​/​D​i​​a​n​a​​T​o​o​l​​s​/​​i​n​d​​e​x​.​​p​h​p​?​​r​=​​s​i​t​e​/​i​n​d​
e​x).

RNA isolation and quantification
For miRNA quantification analyses, EVs were first 
treated with RNase A (Qiagen) and then total RNA was 
extracted from the EVs by using the RNAZOL DIRECT 
CLEAN UP kit (FMB, Fisher Molecular Biology) and 
reverse transcribed with the miRCURY LNA Universal 
RT microRNA PCR kit (Exiqon). The optional UniSP6 
RNA spike-in oligonucleotide was added to each reaction 
and used for normalisation. Quantitative RT-PCRs were 
performed with the miRCURY LNA SYBR® Green PCR 

https://www.bioinformatics.babraham.ac.uk/
https://www.bioinformatics.babraham.ac.uk/
http://cutadapt.readthedocs.io/
http://cutadapt.readthedocs.io/
http://www.mirbase.org/
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http://www-huber.embl.de/HTSeq/
http://bioconductor.org/
http://bioconductor.org/
http://diana.imis.athenainnovation.gr/DianaTools/index.php?r=site/index
http://diana.imis.athenainnovation.gr/DianaTools/index.php?r=site/index
http://diana.imis.athenainnovation.gr/DianaTools/index.php?r=site/index
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Fig. 1 (See legend on next page.)
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Kit and miRCURY LNA miRNA PCR Assays (Qiagen) 
specific for each miRNAs analysed. The qRT-PCR condi-
tions were the following: initial incubation step at 95  °C 
for 10 min followed by 50 cycles consisting of two steps 
at 95 °C for 10 s and 60 °C for 60 s. Cq were determined 
using the Cy0 method, performed according to the ΔCq 
method [33].

Total RNA from cell bodies was isolated by using 
E.Z.N.A. Total RNA kit (VWR Omega). cDNA was 
obtained using the Maxima Reverse Transcriptase kit 
(ThermoFisher Scientific). qRT-PCR amplifications were 
conducted using Sensi-FAST SYBR Green (Bioline); the 
final concentration of the primers used for the gene tar-
get quantification (Additional file 2) was 400 nM.

The amplification protocol consisted of the following 
steps: initial incubation at 95 °C for 2 min, followed by 40 
cycles (95 °C for 5 s; 60 °C for 5 s; 72 °C for 10 s). All the 
amplification reactions were performed using a LightCy-
cler 480 (Roche).

Melt-curve analysis was used to confirm the specific-
ity of amplification and lack of primer dimers. Relative 
quantification of mRNA expression levels was conducted 
according to the ΔCq method. The expression level of 
GAPDH was used as a reference gene for the normalisa-
tion of the mRNA target analysed [34]. In all RNA extrac-
tions, a DNase I digestion (Ambion) was performed to 
eliminate DNA contamination.

Western blotting analysis
Whole proteins were isolated from the organic phase of 
EVs or cell bodies from QIAzol Reagent-lysed samples 
(Qiagen User Protocol RY16 May-04) after phenol sepa-
ration of RNAs contained in aqueous phase and DNA 
in the interphase. The protein pellet was resuspended 
in ISOT buffer (8  M urea, 4% CHAPS, 65 mM DTE 
(1,4-Dithioerythritol), 40 mM Tris base supplemented 
with SigmaFAST Protease Inhibitor Cocktail (Sigma-
Aldrich) and 10 mM Sodium Fluoride). The obtained 
suspension was sonicated one time with 10  s pulse and 
then centrifuged at 12,000 × g for 10 min (4 °C).

The cell body protein concentration was determined 
by the Bradford assay using Bio-Rad Protein Assay Dye 

Reagent Concentrate (BioRad). To assess lEV and sEV 
protein concentration an aliquot of 20  µl of each sam-
ple was mixed with 20  µl of the BCA Working Reagent 
(ThermoFisher Scientific) and the tubes were then incu-
bated at 60 °C for 1 h. After the transfer to a 96-well plate, 
the absorbance was measured at 565 nm on a microplate 
reader (BioRad). Equal protein quantities were separated 
on 12% SDS-PAGE gel and transferred to Immuno blot 
Polyvinylidene Difluoride membranes, 0.2  μm (PVDF, 
ThermoFisher Scientific). Primary antibodies used are 
listed in Additional file 3. Membranes were incubated 
with the primary antibodies overnight at 4  °C followed 
by washing and application of the appropriate HRP-con-
jugated secondary antibodies. Immune complexes were 
visualised using Clarity Western ECL Substrate (BioRad) 
and the ChemiDoc MP Imaging System (BioRad).

Statistics
Statistical analysis was performed using GraphPad Prism 
8. Normality of data distribution was assessed with the 
Shapiro-Wilk test. Differences between group mean were 
assessed with a 2-tailed Student’s t-test for unpaired 
observation. More than 2 groups were compared using 
one-way ANOVA for repeated measures with Dunnett’s 
or Bonferroni post hoc analysis. Results are presented as 
mean ± standard deviation (SD). The level of significance 
was set at p ≤ 0.05.

Results
NSC-34 cells release large and small EVs during neurite 
development and branching
The NSC-34 cells express many of the morphological 
and physiological properties of motor neurons, includ-
ing extension of processes, formation of contacts with 
cultured myotubes, synthesis and storage of acetylcho-
line, support of action potentials, induction of myotube 
twitching, and expression of neurofilament proteins [35].

In our hands, undifferentiated NSC-34 cells did not 
reveal spontaneous neurite growth (Fig.  1A), whereas 
following differentiation, induced by shifting cells from 
proliferation to neurobasal medium, NSC-34 cells started 
to develop neurites that progressively stretched and 

(See figure on previous page.)
Fig. 1  Quantification and characterization of the EVs released during NSC-34 differentiation. Light microscopy images of the NSC-34 cells before (A; size 
bar: 200 μm) and after (B; size bar: 100 μm) inducing neuron process outgrowth. In particular, picture B clearly shows neurite development and branching 
obtained after 4 days of differentiation. Cell viability assayed after 4 days of differentiation is shown in Additional file 10. C) Time course of gene expression 
analysis of the key differentiation markers MAP2 (microtubule-associated protein), GAP-43 (growth associated protein 43) and ChAT (choline acetyltrans-
ferase), and (D) MotomiRs miR-9-3p and miR-124-3p in differentiating NSC-34 cells (n = 3, * p < 0.05, ** p < 0,01; one-way ANOVA test followed by Dunnett’s 
post-hoc test). The process of differentiation was carried out on NSC-34 cells for two days (Diff-T2), and four days (Diff-T4), and at each of these time points, 
the collection and characterisation of EVs was undertaken. E) Schematic representation of the serial ultracentrifugation protocol used to harvest EVs 
from conditioned medium, and separate large from small EVs (lEVs and sEVs, respectively); the NTA distribution plots of vesicle hydrodynamic diameter 
revealed the difference in size between lEVs and sEVs. F) The size distribution of lEVs and sEVs was also confirmed using transmission electron microscopy 
(in the panels b, c, d, e and f the size bar corresponds to 100 nm, while in the panels a and g the bar corresponds to 200 nm). G) Western blots analyses 
show the presence of the well-established EV markers: Alix, Hsp70 and Tsg101, and the negative marker for sEVs, Calnexin (5 µg of total proteins were 
loaded per lane). Molecular weight markers (kDa) are indicated. Original, uncropped immunoblots are reported in Additional file 7- Fig. S1
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Fig. 2 (See legend on next page.)
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branched (Fig.  1B). Along with the NSC-34 morpho-
logical differentiation, we observed the up-regulation of 
cytoskeletal marker genes, as evidenced by the increased 
mRNA levels of MAP2 (microtubule-associated protein), 
GAP-43 (growth-associated protein 43) and the motor 
neuron differentiation marker ChAT (choline acetyl-
transferase) at 4–6 days after the switch to neurobasal 
medium (Fig.  1C). Moreover, neuron-specific miR-9-3p 
and miR-124-3p were up-regulated during motor neu-
ron development (Fig. 1D), in accordance with previous 
studies showing that these two miRNAs are abundantly 
expressed in the mammalian nervous system and are 
mainly involved in controlling neuron fate and synaptic 
morphology [36, 37].

Based on the above results, NSC-34 cells were used as 
a model to study the release of EVs during motor neuron 
development. To this end, conditioned medium was har-
vested at various time points of NSC-34 differentiation 
and EVs were purified using a serial ultracentrifugation 
protocol precisely adjusted to remove cellular debris and 
isolate large and small EVs (lEVs and sEVs; Fig. 1E). The 
nanoparticle tracking assay of purified EVs showed that 
sEVs had a hydrodynamic diameter of about 122 nm. In 
comparison, lEVs showed a much more variable size with 
an average diameter of 170  nm (Fig.  1E). Furthermore, 
when examined by transmission electron microscopy 
(TEM) using negative staining, the isolated EVs appeared 
as closed rounding vesicles delimited by membrane 
structures; sEVs appeared as vesicles with an outer dense 
wall and an inner less dense region of approximately 
90–120 nm in diameter, whereas lEVs presented a larger 
and variable size than sEVs of about 140–200  nm in 
diameter and some of them displayed an electron-dense 
material delimited by well-defined membrane structure 
(Fig. 1F). These data are in agreement with common EV 
features reported in literature [38]. Finally, western blot 
analysis showed that sEVs are negative for calnexin, a 
marker of the endoplasmic reticulum and positive for 
Alix; moreover, sEVs and lEVs are both positive for Hsp70 
and Tsg101, two well-defined EV markers (Fig. 1G).

Analysis of EV-miRNAs released during NSC-34 
differentiation
Since EVs can mediate intercellular communication 
through their cargo of miRNAs, we performed a small-
RNA sequencing experiment to examine the whole 
miRNA cargo of EVs released during NSC-34 motor neu-
ron development. We analysed three replicates of four EV 
samples (n = 12), including lEVs and sEVs released at early 
(Diff-T2) and late (Diff-T5) NSC-34 differentiation time 
(Additional file 1). A total of 245 miRNAs were detect-
able in at least two samples. Firstly, the miRNA segrega-
tion into the two EV populations, without accounting for 
the differentiation time, was analysed: of the 245 miRNAs 
detected, 26 miRNAs (17.9%) were retained only in sEVs, 
19 miRNAs (13.1%) were packaged only in lEVs, and 100 
miRNAs (69%) were present in both vesicle populations 
(Fig. 2A, Additional file 4). These data suggest that a frac-
tion of miRNA is specific for either sEVs or lEVs.

Regarding the motor neuron development process, the 
analysis of the miRNAs released in small and large EVs 
showed that 60.3% (76 miRNAs) are commonly released 
at both Diff-T2 and Diff-T5 differentiation times, whereas 
the remaining miRNAs are differentially abundant in 
early and late NSC-34 differentiation EVs (Fig. 2A, Addi-
tional file 5 and 6).

The unsupervised Principal Component Analysis 
(PCA) conducted on all samples demonstrated a progres-
sive distance between samples at Diff-T5 and confirmed 
the differences between the cargo of small and large ves-
icles (Fig.  2B). We then focused on the identification of 
the miRNAs differentially abundant in small and large 
EVs as a function of the differentiation time. We com-
pared Diff-T5 sEVs vs. Diff-T2 sEVs and Diff-T5 lEVs 
vs. Diff-T2 lEVs. Of the total 126 miRNAs found in the 
sEVs, 14 miRNAs were significantly more abundant in 
Diff-T5 and 8 miRNAs in Diff-T2, as evidenced by vol-
cano plot and heatmap analysis (Fig. 2C and E). Instead, 
of the total 119 miRNAs found in lEVs 30 out of 32 dif-
ferentially abundant miRNAs were upregulated at the 
late time of differentiation (Fig. 2D and F). This evidence 
suggests that the number of secreted miRNAs increases 
during NSC-34 differentiation, with the most noticeable 
increase occurring in lEVs compared to sEVs (Fig. 2). This 

(See figure on previous page.)
Fig. 2  NGS analysis of miRNAs loaded into EVs and released during the NSC-34 differentiation process. A) Descriptive analyses of miRNAs detected in 
small and large EV samples (N = 12) at two differentiation time points (Diff-T2 and -T5) using small RNA seq. In the Venn diagrams, each area reports the 
number (%) of miRNAs detected in the corresponding group in at least two samples (N = 3 per group). The upper part of the panel A shows the compari-
son of the miRNAs detected in lEVs and sEVs regardless the differentiation time, while in the lower part lEVs and sEVs have been analysed separately, and 
the differences between the number of miRNAs detected at Diff-T2 and Diff-T5 have been reported. B) Unsupervised PCA analysis revealing the similar-
ity between groups. The progressive separation of EV samples collected at Diff-T5 can be appreciated. C) and D) Volcano plot evidencing the number 
of miRNAs differentially abundant (Moderated t-test < 0.05, fold change > 1.5) in small and large EVs, respectively, when comparing Diff-T5 vs. Diff-T2. E) 
and F) Heatmap representation of the differentially abundant miRNAs in three EV replicate samples during neuronal differentiation. Red color indicates 
greater abundance, green color indicates lower abundance. The Panel G reports the list of miRNAs differentially abundant in large and small EVs at Diff-T5 
differentiation and their relative expression. The X-axis represents the Log2 fold change in miRNA counts between Diff-T5-lEVs vs. Diff-T5-sEVs. Green bars 
are miRNAs more abundant in large EVs at Diff-T5, red bars are miRNAs more abundant in sEVs at Diff-T5
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observation was confirmed when we compared the miR-
NAs significantly modulated in Diff-T5 lEVs vs. Diff-T5 
sEVs (Fig.  2G), confirming that miRNA secretion dur-
ing neuronal differentiation is both stage and EV-type 
specific.

Functional analysis and gene expression validation of the 
differentially modulated EV-miRNAs
It has been suggested that miRNAs packaged into EVs 
can modulate the phenotype of recipient cells. To obtain 
a picture of the pathways possibly regulated by EV-miR-
NAs released during NSC-34 differentiation [39], two 
different web-based analytic tools were used, specifically 
DIANA miRPath [40] and miRSystem [41]. Moreover, 

since NSC-34 cells express motor neuron-like features 
mainly at late differentiation step, only the miRNAs sig-
nificantly up-regulated in Diff-T5-sEVs and -lEVs were 
used as a query for the in silico search.

Based on these algorithms, we were able to iden-
tify the putative targets of the EV-miRNAs and their 
enriched pathways. Among the significantly enriched 
pathways, there are pathways known to have a key role 
in motor neuron development and intercellular commu-
nication, such as axon guidance, neurotrophin, Wnt and 
TGF-𝛽 (Fig. 3A) [42]. To further support these findings, 
the expression of miRNAs regulating these pathways 
(miR-9-3p, -16-5p, -335-5p, -669a-3p, -344-3p, -218-1-
3p, -124-3p, -709, -34c-3p, -185-5p) were validated by 

Fig. 3  Dissecting the complex signals carried by neuron-derived EVs during NSC-34 differentiation. A) miRNAs significantly modulated in lEVs and sEVs 
collected from late stage of the NSC-34 neuron process outgrowth compared to early stage development using DIANA-mirPath v.3 (​h​t​t​p​s​:​​​/​​/​d​i​a​n​a​​l​a​​​b​.​​e​​
-​​c​e​​.​u​​​t​h​​​.​g​r​/​​h​​t​m​​l​/​​m​i​r​p​a​t​h​v​3​/). DIANA-mirPath is a miRNA ​p​a​t​h​w​a​y analysis web-server, providing accurate statistics, to predicted miRNA targets (in CDS 
or 3’-UTR regions) provided by the DIANA-microT-CDS algorithm or even experimentally validated miRNA interactions derived from DIANA-TarBase. In 
the three panels top ten pathway rankings were reported. B) Since, the prediction analysis of the significantly modulated EV-miRNAs, obtained by NGS, 
suggested that Axon guidance, neurotrophin, Wnt and TGF-𝛽 signalling pathways could be the targets of the miRNAs loaded into NSC-34-derived EVs, 
qRT-PCR analyses of selected key miRNAs (miR-9-3p, -16-5p, -335-5p, -669a-3p, -344b-3p, -218-1-3p, -124-3p, -709, -34c-3p, -185-5p) were performed both 
in cell bodies and EVs with the aim to confirm miRNA expression. MiRNA expression analysis performed in lEVs and sEVs at early (Diff-T2) and late (Diff-T5) 
is reported on the left part of the panel B (n = 3, * p < 0.05, ** p < 0,01; Diff-T5 vs Diff-T2 were compared by t-test for lEVs and sEVs separately); in the right 
part of the panel B, miRNA expression levels were quantified in cell bodies (n = 3, * p < 0.05, ** p < 0.01; t-test)

 

https://dianalab.e-ce.uth.gr/html/mirpathv3/
https://dianalab.e-ce.uth.gr/html/mirpathv3/
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qRT-PCR both in cell bodies and EVs released during 
NSC-34 differentiation. Quantitative RT-PCR confirmed 
the NGS results, and most of the analysed miRNAs were 
up-regulated in NSC-34 cell bodies and EVs along with 

neurite stretching (Fig.  3B). These data confirm that a 
number of miRNAs regulated during NSC-34 differen-
tiation and involved in motor neuron maturation are also 
loaded into EVs suggesting that they could have a role in 

Fig. 4 (See legend on next page.)
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the crosstalk between motor neurons and surrounding 
cells.

NSC-34-derived EVs carry Wnts
Wnts act as morphogens to regulate crucial events of cell 
fate and development; in the formation of neuronal cir-
cuits, Wnts regulate axon guidance, dendritic develop-
ment, synaptogenesis and synaptic function [43]. More 
recently, exosomes have emerged as potential carriers 
for Wnt secretion [14–17, 44]. Interestingly, NGS analy-
sis of the NSC-34 EV-miRNAs highlighted the loading 
into EVs of many miRNAs involved in the modulation of 
axon guidance and Wnt signalling pathway (Fig. 3A and 
B). Since several studies pointed out the role of the Wnt-
associated signalling network in NMJ formation, fur-
ther experiments were performed to investigate whether 
NSC-34-derived EVs are loaded with Wnts beyond the 
miRNAs involved in Wnt signalling modulation.

At first, the mRNA expression levels of several Wnts 
during NSC-34 differentiation was examined (Fig.  4A). 
Of note, Wnt1, Wnt3, and Wnt11 were expressed at levels 
significantly higher than the other tested Wnts, followed 
by Wnt5a and Wnt9a; on the contrary, the expression 
of other isoforms, such as Wnt3a, Wnt4, Wnt7b, and 
Wnt10, was barely detectable. Interestingly, among the 
most abundant transcripts Wnt1 and Wnt3 increase their 
expression during NSC-34 differentiation; Wnt5a is the 
only isoform down-regulated, while Wnt11 is constitu-
tively expressed at high levels. Subsequently, western 
blotting analyses were performed to investigate whether 
EVs carry Wnt morphogens into the extracellular envi-
ronment. The activity of Wnts, Agrin and its corecep-
tors Lrp4 and MuSK is critical for AChR clustering 
and thus for NMJ formation. Since in our experimental 
setup, Agrin protein was barely detectable in NSC-34 
cells (Fig.  4B), and it was not found at all in EVs (data 
not shown), we focused on Wnt4 and Wnt11 which can 
stimulate clustering, independently from Agrin, directly 
binding MuSK. Wnt4 is barely detectable both at mRNA 
level (Fig. 4A) in the whole cell and at protein level in EVs 
(Fig. 4C; the Wnt4 protein was undetectable in the whole 
cell, data not shown) [45]. Whereas the other Agrin-inde-
pendent stimulating Wnt, Wnt11 protein is easily detect-
able in NSC-34 cell bodies as shown in Fig.  4B, and in 
both lEVs and sEVs (Fig. 4C). Finally, we evaluated Wnt3a 

protein expression, one of the best characterised Wnts. 
As shown in Fig.  4B, Wnt3a shows a decreasing trend 
during neurite development, and in our hand, it is loaded 
into sEVs but not lEVs mirroring a reduction during 
NSC-34 differentiation (Fig. 4C). To confirm Wnt loading 
into EVs further, well-established markers (Tsg101, CD9 
and CD81 and the negative control for sEVs, Calnexin; 
Fig.  4C) were used to characterise lEVs and sEVs. The 
obtained results suggest that EVs could modulate NMJ 
development through Wnts.

NSC-34-derived EVs stimulate C2C12 plasma membrane 
remodelling favouring AChR clustering
An accurate communication process between the motor 
neuron and the skeletal muscle fibre is required for 
proper NMJ assembly, growth, and maintenance. Based 
on the above-reported observations that either miRNAs 
or Wnt11, both involved in NMJ formation, are loaded 
into NSC-34-derived EVs, we investigated whether the 
EVs from NSC-34 cells (donors) can stimulate plasma 
membrane remodelling in C2C12 myotubes (targets). To 
address this question, a transwell co-culture system with 
C2C12 myotubes (bottom) and differentiated NSC-34 
(top) was set up (Fig.  5A); after two days of co-culture, 
the signals released into the environment, including EVs, 
induced R-Spondin 2 (Rspo2) upregulation and Acetyl-
choline receptor alpha (AChR alpha) downregulation in 
myotubes, while ß-catenin and Vangl2 were unchanged. 
These data suggest that NSC-34 and C2C12 cross-talk 
can lead to myotube membrane remodelling, an initial 
phase of NMJ formation (Fig. 5B).

Subsequently, to gain insights into the role of NSC-
34-derived EVs on the modulation of muscle membrane 
receptors, an event that precedes the juxtaposition of 
motor neuron termination to the muscle fibre, C2C12 
myotubes were treated with EVs purified from five-day 
differentiated NSC-34 cells (Diff-T5 lEVs and sEVs). Thus, 
we aimed to evaluate whether NSC-34-derived EVs could 
modulate the levels of AChR clustering in myotubes.

Immunofluorescence staining with α-Bungarotoxin 
(Fig.  5C) allowed us to highlight a significant increase 
in AChR clusters in response to the EV administration. 
Morphometric analysis of the AChR clusters showed that 
lEV and sEV treatments increased the number of AChR 
clusters per µm of fibre and reduced the cluster area 

(See figure on previous page.)
Fig. 4  Expression analysis of Wnts during NSC-34 differentiation. (A) Gene expression analysis of Wnt isoforms in NSC-34 whole cell during neuron pro-
cess outgrowth (Diff-T0: undifferentiated NSC-34 cells; Diff-T2: NSC-34 switched to neurobasal medium for 2 days; Diff-T5: NSC-34 switched to neurobasal 
medium for 5 days; n = 3, * p < 0.05, ** p < 0,01; one-way ANOVA test followed by Dunnett’s post-hoc test). (B) Western blot analysis of Agrin, Wnt3a, and 
Wnt11 in differentiating NSC-34 cells. In each lane 30 µg of total proteins were loaded and actin expression was used as loading control. (C) lEVs and 
sEVs were isolated from NSC-34 during differentiation as indicated in Fig. 1. Whole cell extracts of undifferentiated NSC-34 cells (CB Diff-T0) and extracel-
lular vesicles (lEVs and sEVs) at indicated times were probed with Tsg101, CD81 and CD9, used as EV markers, and Calnexin as the negative control. The 
figure clearly shows that Wnt11 is present in both lEVs and sEVs whereas Wnt3a is expressed only in sEVs, with a decreasing trend during neurite process 
development. Five µg of total proteins were loaded in each lane. Molecular weight markers (kDa) are indicated. Original, uncropped immunoblots are 
reported in Additional File 8 - Fig. S2
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Fig. 5 (See legend on next page.)
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(Fig. 5D). The reduction of cluster area can be explained 
as a lower diffusion of AChRs on the myotube plasma 
membrane due to clustering. Finally, the fluorescence 
intensity emitted from clusters was higher in the treated 
samples, more clearly when the intensity was related to 
the cluster area (Fig.  5D). These data are in agreement 
with the stimulation of Rspo2 in the EV-treated myo-
tubes, whereas AChR alpha and Axin-1 mRNA expres-
sion showed a tendency to decrease (Fig. 5E). Axin-1 and 
Rspo2 modulate Wnt signalling supporting the hypothe-
sis of a possible involvement of the Wnt pathway in stim-
ulating AChR clustering.

According to the results obtained using the NSC-34 
in vitro model, we attempted to corroborate our find-
ings using an ex vivo model of primary motor neurons 
derived from spinal cord explants (Fig. 5F). The EVs were 
collected from motor neurons grown for 9–11 days after 
explantation. In detail, conditioned media were collected 
and ultracentrifuged following a similar protocol used to 
isolate NSC-34-derived EVs. Still, we no longer separated 
EVs in different sub-populations due to the low amount 
of collected EVs and since NSC-34-derived lEVs and sEVs 
induced overlapping effects on myotubes.

Then, mature myotubes were treated both with the EVs 
isolated from the ex vivo model of primary motor neu-
rons and motor neuron conditioned medium not cen-
trifuged (CM, soluble and vesicular signals) (Fig.  5F). 
As shown in Fig.  5G, in line with NSC-34-derived EVs 
effects, Rspo2 mRNA levels were higher in C2C12 treated 
with conditioned medium and EVs than in control sam-
ples, while Axin-1 expression seems to be slightly down-
regulated in response to EV treatment; conversely, it 
increased following the treatment with not centrifuged 
medium. Moreover, Rapsyn expression was not modu-
lated in response to both EV treatment and to not centri-
fuged medium (Fig. 5G).

Altogether, the collected data demonstrate that moto-
neurons release EVs containing molecular signals, 
proteins and microRNAs able to stimulate AChR aggre-
gation on the myotube membrane, a preparatory stage of 
the NMJ formation.

NSC-34-derived EVs act as platforms of integrated 
molecular signals triggering β-catenin dependent and 
independent Wnt pathways for AChR clustering
The above reported NGS data showed that EVs secreted 
from NSC-34 cells are enriched in miRNAs synergically 
targeting the effectors of the β-catenin dependent Wnt 
pathway (such as Axin-1, GSK3β, CSNK2a2/1a1, APC 
and, Ppp2R5c) and leading to its activation (Fig.  6A). 
Furthermore, we demonstrated that NSC-34-derived 
sEVs shuttle high levels of Wnt11, a Wnt isoform known 
to stimulate both the canonical and non-canonical Wnt 
pathways, and low quantities of Wnt3a, a negative mod-
ulator of the Wnt signalling [10, 18, 19]. This evidence 
prompted us to investigate whether sEV administration 
to C2C12 cells could activate Wnt signalling contributing 
to AChR clustering.

Since Wnt11 can stimulate AChR clustering even in the 
absence of Agrin, we first administered Agrin or Diff-T5 
NSC-34-derived sEVs to C2C12 myotubes, then AChR 
clustering was studied. Immunofluorescence staining 
with α-Bungarotoxin showed AChR cluster formation in 
the presence of both Agrin and sEVs (Fig.  6B), suggest-
ing that Wnt11 carried by sEVs could directly activate the 
MuSK receptor and stimulate down-stream signalling 
leading to AChR clustering.

Moreover, the gene expression analysis by qRT-PCR 
(Fig. 6C) highlighted Axin-1 and β-catenin mRNA down-
regulation. Axin-1 is a component of the destruction 
complex of β-catenin together with adenomatous polyp-
osis coli (APC), glycogen synthase kinase 3 beta (GSK3β) 
and casein kinase (CSNK), indeed Axin-1 mRNA deg-
radation is compatible with β-catenin-dependent Wnt 
activation and miR-124-3p activity. Of note, Rspo2 
increased after sEV treatment further corroborating 
Wnt-dependent AChR clustering (Fig.  6C) [46]. The 
immunofluorescence analysis evidenced a clear translo-
cation of β-catenin into the nucleus of myotubes treated 
with NSC-34-derived sEVs (Fig.  6D) Moreover, western 
blotting analysis of β-catenin active form further sup-
ported the sEV positive stimulation of the canonical Wnt 
signalling (Fig.  6E). This evidence is in agreement with 

(See figure on previous page.)
Fig. 5  Motor neuron-derived EVs stimulate AChR cluster formation in C2C12 plasma membrane. (A) C2C12 myotubes and differentiating NSC-34 cells 
were co-cultured and allowed to interact for 48 h without physical contact thanks to the presence of a membrane filter of 0.4 μm pores interposed be-
tween the two cell lines. (B) After 48 h co-culture, myotubes were harvested and mRNA extracted to evaluate the gene expression of selected targets; the 
obtained data show that the presence of NSC-34 cells (and likely their released signals) induced in C2C12 myotubes a decrease and an increase in AChR 
alpha and Rspo2 mRNAs, respectively (n = 3, * p < 0.05; t-test). (C) The α-Bungarotoxin confocal laser scanning microscopy analysis highlights a significant 
increase in AChR clusters in response to the EV administration. (D) The morphometric analysis of the AChR clusters shows that lEV and sEV treatments 
increased the number of AChR clusters per µm of fibre and reduces the cluster area; in detail the increase of the fluorescence intensity emitted from 
clusters in the treated samples, is more evident when the intensity was related to the cluster area (* p < 0.05, one-way ANOVA test followed by Dunnett’s 
post-hoc test). (E) At the molecular level, lEVs and sEVs induce the stimulation of Rspo2 in the EV-treated myotubes and a tendency to decrease of AChR 
alpha and Axin-1 mRNA expression (* p < 0.05, one-way ANOVA test followed by Dunnett’s post-hoc test). (F) An ex vivo model of primary motor neurons 
derived from spinal cord explants was used to corroborate the results obtained using the NSC-34 model. Total EVs were collected from motor neurons 
grown for 9–11 days after explantation and used to treat mature myotubes; the conditioned medium (CM) not centrifuged was used to compare bulk 
with vesicular signals. (G) In line with NSC34-derived EV effects, Rspo2 and Axin-1 mRNA levels are modulated by motor neuron EVs (* p < 0.05, one-way 
ANOVA test followed by Dunnett’s post-hoc test for Rspo2 and Bonferroni post-hoc test (Medium vs. EVs) for Axin-1)
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Fig. 6 (See legend on next page.)
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the accumulation of p-GSK3β following treatments with 
increasing concentration of the NSC-34-derived sEVs 
(Fig. 6F).

Since Wnt11 could also activate non-canonical Wnt/
PCP pathway through the hetero-dimer Lrp4/MuSK, the 
mRNA expression of Lrp4 and Lrp5/6 was also investi-
gated; qRT-PCR data showed Lrp6 down-regulation, 
while Lrp4 mRNA was unchanged suggesting that the 
formation of the hetero-dimer receptor Lrp4/MuSK 
could be favoured in response to EV treatment (Fig. 6C). 
Western blot analysis of JNK, one of the down-stream 
effectors of MuSK, revealed an increase in p-JNK in 
response to NSC-34-derived sEVs (Fig. 6F).

The results obtained support the current literature 
describing the involvement of both canonical and non-
canonical signalling pathways in NMJ formation; in fact, 
the data reported here show that EV treatment induces 
AChR clustering and this phenomenon is associated 
with β-catenin translocation into the nucleus, suggest-
ing activation of canonical Wnt signalling. Furthermore, 
as suggested by the increase in p-JNK following EV treat-
ment, it appears that NSC-34-derived EVs could also 
activate non-canonical signalling pathways thanks to 
their complex cargo. Interestingly, EV miRNAs appear to 
down-regulate Lrp6 mRNA, consequently Lrp6 mRNA 
decrease could favour the formation of the Lrp4/Musk 
receptor dimer, further supporting the idea of the activa-
tion of Wnt11-Lrp4/Musk-JNK axis.

EVs carrying Wnt11 induce GSK3β phosphorylation
Previous experiments suggested that motor neuron-
derived EVs may contribute to the early stages of NMJ 
development by inducing the clustering of AChRs 
through the activation of canonical and non-canonical 
Wnt signalling pathways. In this scenario, we hypothe-
sised that Wnt11 could act as an upstream stimulus, while 
the miRNAs enriched in NSC-34 EVs could fine-tune the 
downstream effectors of Wnt11. In an attempt to dissect 
the role of Wnt11 and miRNAs in this process, we forced 
the expression of exogenous Wnt11-HA tag fusion pro-
tein in Hek293 cells, then we collected sEVs from trans-
formed Hek293 and used them to treat myotubes. After 

18  h treatment, the modulation of Wnt signalling was 
investigated. First, we performed NTA of sEVs isolated 
by serial ultracentrifugation (Fig.  7A), then using west-
ern blot analysis we showed that the Hek293 cells over-
expressing Wnt11-HA tag fusion protein secreted sEVs 
positive for CD63, a typical exosomal marker, and Wnt11 
(Fig.  7B). Although, sEVs from wild-type Hek293 show 
the expression of low levels of endogenous Wnt11, the 
positivity for HA tag only in transformed Hek293 cells 
unambiguously demonstrates the loading of exogenous 
Wnt11-HA tag into sEVs (Fig. 7B). Notably, this evidence 
extends the finding that EVs carry Wnt11. Subsequently, 
EVs loaded with exogenous Wnt11 but not motor neu-
ron-derived miRNAs were administered to myotubes, 
and the WNT pathway was studied. Figures  7C and D 
clearly show that the administration of Hek-Wnt11 sEVs 
to myotubes induced GSK3β phosphorylation; interest-
ingly a slight increase in GSK3β phosphorylation was 
also observed for wt Hek sEVs (Fig.  7C and D), prob-
ably due to the presence of low levels of endogenous 
Wnt11. Evaluation of downstream markers of canonical 
Wnt signalling revealed that, although Wnt11 led to the 
GSK3β phosphorylation, the corresponding activation 
of β-catenin was not detected (Fig.  7C). These findings 
suggest that, in our experimental setup, NSC-34-derived 
miRNAs seem to be crucial for an efficient β-catenin 
activation. Moreover, Hek-Wnt11 sEV administration to 
myotubes did not induce a significant JNK phosphory-
lation (Fig.  7C and D). Overall, these data suggest that, 
without NSC-34 miRNAs, Wnt11 has a negligible effect 
on activating the non-canonical Wnt signalling pathway. 
However, it appears to activate GSK3β phosphorylation, 
a typical step in the canonical pathway.

Discussion
Recent findings from the Drosophila larval NMJ illus-
trate how intra- and inter-cellular membrane traffick-
ing and signalling pathways, particularly Wingless, bone 
morphogenic protein and c-Jun-activated kinase path-
ways, impinge on the establishment and stability of NMJ 
arbours [47].

(See figure on previous page.)
Fig. 6  NSC-34-derived EVs trigger β-catenin dependent and independent Wnt pathways for AChR clustering. (A) Target prediction of NSC-34-derived EV 
miRNAs and DIANAmirPath analysis of Wnt signalling (Kegg pathway), based on DIANA miRPath v.3.0 program. The miRNAs selected from the first two 
quartiles of Diff-T 2-T5 lEVs and sEVs have been used for the analysis. The miRNAs highlighted in red target the genes involved in the destruction complex 
of the 𝛽-catenin. (B) The α-Bungarotoxin confocal laser scanning microscopy analysis highlights a significant increase in AChR clusters in response to 
the Agrin and sEV treatments. (C) Expression analysis of some targets of the Wnt signalling pathway by qPCR analyses in C2C12 myotubes treated with 
Agrin or increasing quantities of NSC-34 sEVs (sEV concentrations were 5 × 108, 1 × 109, and 5 × 109 particles/mL indicated by symbols). * p < 0.05, one-way 
ANOVA test followed by Dunnett’s post-hoc test. (D) Western blotting analysis: the increased expression of GSK3 inactive form and JNK active form was 
measured as ratio of the phosphorylated isoform/not phosphorylated isoform. The fold change refers to the control condition (non-treated C2C12 myo-
tubes). ** p < 0.01, *** p < 0.001, one-way ANOVA test followed by Dunnett’s post-hoc test. (E) Immunofluorescence staining of C2C12 myotubes treated 
with NSC-34-derived sEVs, representative pictures showing the increased nuclear localization of 𝛽-catenin (red) and DAPI (blue) following EV treatment. 
(F) Western blotting analysis of the 𝛽-catenin active form in C2C12 myotubes treated with NSC-34 sEVs ranging from 108 to 5 × 1010 particles/mL. Tubulin 
expression was used as loading control. Arbitrary units refer to the control condition. * p < 0.05; ** p < 0.01 *** p < 0.001, one-way ANOVA test followed by 
Dunnett’s post-hoc test. Original, uncropped immunoblots are reported in Additional File 9 - Fig. S3
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Fig. 7 (See legend on next page.)
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In this study, we provide evidence that the EVs released 
by motor neurons are loaded with miRNAs and Wnts 
which are involved in modulating the remodelling of 
the postsynaptic muscle membrane. Indeed, we found 
that NSC-34-derived EVs induce AChR clustering in 
myotubes plasma membrane, a well-known process that 
occurs during the early stages of NMJ development. This 
process is considered essential for the juxtaposition of 
motor neuron terminals.

A growing body of evidence shows that miRNAs play a 
significant role in motor neuron development, especially 
at the NMJ. For example, the lack of expression of miR-
124, miR-125 and let-7 in Drosophila is associated with 
defects in NMJ function [48, 49] and phenotype [48, 50]. 
Moreover, miR-218 is crucial for establishing motor neu-
ron identity regulating neuromuscular synapses, mem-
brane excitability and motoneuron survival [51]. Other 
miRNAs, such as miR-310/313, as well as miR-153, are 
involved in the regulation of synaptic homeostasis [52]. 
MiRNAs are distributed in neuronal compartments 
where they can regulate mRNA translation, however 
accumulating evidence demonstrates that miRNAs are 
also secreted enwrapped into EVs contributing to infor-
mation exchange within the nervous system [53].

The herein-reported data open a new exciting sce-
nario for the involvement of EV-derived miRNAs in NMJ 
establishment and function. In this study, we observed 
an upregulation of miR-9 and miR-124 in NSCs during 
neuronal differentiation, confirming previous evidence 
that these two miRNAs exert synergistic effects on neu-
ronal differentiation and dendritic tree complexity [54]. 
We focused on the analysis of the miRNAs loaded into 
NSC-34-derived EVs and we found that EVs carry a 
dynamic network of miRNAs, including MotoMiRs (i.e. 
miR-9, miR-124, miR-218), which are critical for the 
development, viability and regeneration of motoneu-
rons [55]. Although the effect of a single microRNA on 
the expression levels of a specific transcript may appear 
small, the combinatory effects of different microRNAs 
on a same target, or on several targets within the same 
signalling pathway, could become noteworthy [55, 56]. 
Indeed, NGS analysis highlighted that EVs secreted from 
well-formed motor neurons contain a pool of miRNAs 
specifically enriched during motoneuron differentiation, 
which targets the transducers of the Wnt signalling, thus 

suggesting that these miRNAs can modulate Wnt signal-
ling activation in the recipient cells.

Starting from the evidence here reported, that EVs 
are enriched in miRNAs involved in Wnt signalling and 
axon guidance, and contain the morphogens Wnts, fun-
damental in NMJ formation, we demonstrated that NSC-
34-derived EVs induce the formation of AChR clusters, 
an essential step preceding NMJ formation. Using in 
vitro and ex-vivo experimental models, we also found 
that AChR clustering was paralleled with gene expres-
sion modulation; in more detail we highlighted AChR 
alpha, Axin-1 and Lrp6 mRNA expression decrease, 
whereas Rspo2 increases in response to EV treatments. 
AChR alpha mRNA downregulation could appear to be 
contradictory to AChR cluster formation, but it actually 
corroborates previous data from Liao et al. [57]. Liao’s 
group demonstrated that muscle-specific overexpression 
of AChR alpha (CHRNA1) not only causes muscle fibre 
atrophy, but also results in the loss of presynaptic motor 
nerve endings and a decrease in compound muscle 
action potentials. These findings suggest that CHRNA1 
overexpression in muscle may activate retrograde signal-
ling causing the degeneration of presynaptic motor nerve 
endings and increasing muscle fibre denervation.

In line with this predicted data, we highlighted 
Axin-1 and Lrp-6 mRNA decrease, two targets of the 
identified MotoMiRs, and an increase in GSK3β phos-
phorylation (p-GSK3β, inactive isoform), a well-known 
key transducer of the β-catenin-dependent Wnt signal-
ling, in myotubes incubated with NSC-34-derived EVs. 
In colorectal cancer, Axin-2 repression helps in prolong-
ing the duration of Wnt signalling by blocking the nega-
tive feedback loop as well as increasing the duration of 
Wnt target genes expression [58]. Because Axin is pres-
ent in cells at the rate-limiting level, a reduction in Axin 
levels would lead to β-catenin stabilisation [59]. Fur-
thermore, among the miRNAs enriched in NSC-34-de-
rived EVs, it has been previously shown that miR-9 and 
miR-124 together target and strongly suppress the small 
GTP-binding protein Rap2a, which is in turn a suppres-
sor of GSK3β leading to a decrease in its phosphoryla-
tion (Ser-9 phosphorylation). In this way, the synergistic 
action of miR-9 and miR-124 could lead to promotion of 
GSK3β inhibition and, as a result, boost neuronal matu-
ration and dendritic branching [54]. This evidence agrees 
with our current data showing that NSC-34-derived EVs 

(See figure on previous page.)
Fig. 7  Hek-WNT11 sEVs induce GSK3β phosphorylation. (A) NTA distribution plot of the hydrodynamic diameter size of Hek-WNT11 sEVs. (B) The Western 
blot analysis of the sEVs secreted by wild type and WNT11-HA tag-overexpressing HEK cells shows the presence of the well-established exosomal marker 
CD63, and the WNT11 or HA tag (10 µg of total proteins were loaded per lane). Molecular weight markers (kDa) are indicated. (C) Western blot analysis of 
GSK3α/β, JNK and β-catenin in C2C12 myotubes treated with increasing concentrations of Hek sEVs (lanes 2–4) or Hek-WNT11 sEVs (lanes 5–7) as indi-
cated in the figure. Non-treated C2C12 myotubes represent the control (lane 1); Tubulin was used as the housekeeping protein. Molecular weight markers 
(kDa) are indicated. Original, uncropped immunoblots are reported in Additional File 11 - Fig. S4. (D) Expression of GSK3 inactive form e JNK active form 
was measured as ratio of the phosphorylated isoform/not phosphorylated isoform. The fold change refers to the control condition. *** p < 0.001, one-way 
ANOVA test followed by Dunnett’s post-hoc test
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are enriched in miR-9 and miR-124, and the EV treat-
ment of myotubes increases GSK3β phosphorylation and 
β-catenin translocation to the nucleus.

Furthermore, since Wnt morphogens are hydropho-
bic molecules, owing to lipid post-translational modi-
fications, we asked whether they can be trafficked into 
extracellular space through EVs. It has been widely dem-
onstrated that Wnts act as autocrine as well as paracrine 
signalling molecules between Wnt-producing and Wnt-
receiving cells, however how they are transported to fulfil 
their paracrine signalling functions is still unclear. Sev-
eral mechanisms have been proposed to mediate inter-
cellular Wnt transport, including Wnt-binding proteins, 
cytonemes, lipoproteins, and exosomes [60].

A role for exosomes in transporting Wnt proteins was 
first reported in the Drosophila NMJ [15]. Pioneering 
studies by Budnik [20, 61] suggested that Wg is trans-
ferred in exosomes through binding to the exosomal 
protein, Evi, which is released from presynaptic termi-
nals [16]. In this model, Wg is carried across the synaptic 
cleft by Wls -containing exosomes to influence synaptic 
growth, function and plasticity. This observation is sup-
ported by a study that showed Wnt3a can localise with 
exosomes from Hek293 cells [16]. By using TSG101 pro-
tein as an exosomal marker, lysate immunoblot analysis 
of Wnt-expressing cells revealed the presence of Wnt3a 
and Wnt5a in the exosomal fractions. Furthermore, in 
vivo staining of the Drosophila wing disc revealed colo-
calization of Wg and the exosomal marker CD63-GFP 
in both intracellular MVBs and the extracellular space, 
although this was only a fraction of the total Wg staining 
[16]. Moreover, studies at the zebrafish NMJ have dem-
onstrated that Wnt11r binds to MuSK and is required for 
the formation of aneural AChR clusters [62].

In CNS injury, fibroblast-derived exosomes promote 
axonal regeneration by inducing re-localisation of neu-
ronal Wnt10b to lipid rafts, which promotes CNS repair 
through mTOR pathway activation [44]. All these data are 
in agreement with our current data showing that Wnt11, 
Wnt4 and Wnt3a are carried by NSC-34-derived EVs.

Recent evidence suggests that Wnts may regulate 
vertebrate NMJ formation by directly interacting with 
Lrp4 and MuSK. Besides MuSK, several Wnts includ-
ing Wnt7a, Wnt9a, and Wnt11 could also directly inter-
act with Lrp4. Of these, treatment with soluble Wnt11 
increases the number of AChR clusters in myotubes, in 
the absence of exogenous Agrin [10].

Since Agrin was barely detectable in NSC-34 cells 
and absent in EVs, we focused on Wnt11 because, first, 
it is expressed at high levels in differentiated NSC-34 
cells, and second, Wnt11 stimulates AChR clustering in 
an Agrin-independent manner. Our data demonstrate 
that Wnt11 is loaded into EVs and sEVs stimulate aneu-
ral AChR clustering through a process associated with 

canonical and non-canonical Wnt pathway stimulation, 
as highlighted by β-catenin stabilisation and nuclear 
translocation, as well as JNK activation and Rspo2 mRNA 
upregulation. Of note, the down-regulation of the Lrp6 
mRNA, probability due to EV-miRNA action, could alter 
the balance between Lrp6 and Lrp4 favouring MuSK/
Lrp4 hetero-dimer formation and ultimately Wnt11 stim-
ulation. The key role of MotoMiRs in modulating Wnt 
signalling is further supported by the results obtained 
using HEK-Wnt11-derived EVs, which are enriched in 
Wnt11, but not in NSC-34-derived microRNAs. Our data 
show that HEK-Wnt11 sEVs only partially activate the 
canonical Wnt pathway when administered to myotubes, 
confirming the importance of the synergistic action of 
microRNAs and morphogens (e.g. Wnt11) carried by 
NSC-34-derived EVs.

Conclusions
On the whole, it has been extensively demonstrated that 
extracellular vesicles are naturally occurring biological 
platforms able to carry multimodal signals, such as lipids, 
proteins, nucleic acids (mRNA, miRNAs, lncRNAs, and 
DNA), and small soluble molecules from a source cell to 
a target cell [63]. Interestingly, here we reported that neu-
ron-derived EVs can deliver to a target muscle cell inte-
grated signal units consisting of (i) the signal, i.e. Wnts, 
necessary for the activation of the Wnt signalling path-
way, and (ii) some key miRNAs, i.e. MotoMiRs, able to 
finely tune the effectors (transducers) of the Wnt signal-
ling pathway, such as GSK3β, JNK and β-catenin, thereby 
potentiating their action. As outlined, this data shed light 
on the complex mechanisms underpinning NMJ estab-
lishment, where, in addition to soluble factors, EVs can 
mediate the motor neuron/muscle crosstalk, inducing 
AChR clustering. Further studies will be needed to iden-
tify which miRNAs are essential in the stimulation of 
AChR clustering.

Furthermore, current and future results will also pro-
vide insights into whether EVs can be applied in the 
treatment of motor neuron lesions.
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