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Amyotrophic lateral sclerosis (ALS) is the most common
adult-onset paralytic disorder, characterized primarily by a
progressive loss of motor neurons (MNs) in which degenera-
tion skeletal muscle involvement has been demonstrated. Skel-
etal muscle is a plastic tissue that responds to insults through
proliferation and differentiation of satellite cells. Skeletal
muscle degeneration and regeneration are finely regulated
by signals that regulate satellite cell proliferation and differen-
tiation. It is known that satellite cell differentiation is
impaired in ALS, but little is known about the involvement
of microRNAs (miRNAs) and their role in intercellular
communication in ALS. Here we demonstrated impaired dif-
ferentiation of satellite cells derived from ALS mice related
to the impairment of myogenic p38MAPK and protein kinase
A (PKA)/pCREB signaling pathways that can be regulated by
miR-882 and -134-5p. These miRNAs participate in autocrine
signaling in association with miR-26a-5p that, secreted from
wild-type (WT) and captured by ALS myoblasts, enhances
ALS-related myoblast differentiation by repressing Smad4-
related signals. Moreover, miR-26a-5p and -431-5p work in a
paracrine way ameliorating motoneuron differentiation.
These findings emphasize the need to better understand
intercellular communication and its role in ALS pathogenesis
and progression. They also suggest that miRNAs could be
targeted or used as therapeutic agents for myofiber and MN
regeneration.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating motoneuronal
disorder characterized by the progressive loss of motor neurons
(MNs) with a worldwide incidence of 0.6-3.8/100,000 persons-per-
year and a prevalence that ranges from 4.1 to 8.4 per 100,000 people.'
The hallmark of ALS is the selective and progressive degeneration of
the lower and upper MNs, resulting in spasticity, hyperexcitability,
muscle atrophy, and weakness. Eventually, this leads to paralysis

that, in 50% of affected individuals, causes death within 2-5 years
of symptom onset.”

Most cases of ALS (about 90%-95%) have no known cause and are
defined as sporadic ALS. However, genetics and various environ-
mental factors are recognized as risk factors for the disease. Less
than 5%-10% of ALS cases have a genetic cause (familial ALS;
fALS), mainly with an autosomal dominant pattern of inheritance.>
The first gene whose mutations were associated to fALS was the Cu/
Zn superoxide dismutase 1 (SOD1), identified 30 years ago.’ Since
then, more than 40 genes have been associated with ALS (both
fALS and sALS),’ including the most common C9orf72, TARDBP
(encoding the protein TDP-43) and FUS/TLS (coding for the protein
FUS).”

The identification of fALS-related mutations has paved the way for
numerous studies to unveil the pathomechanisms of ALS, mainly
through cellular or transgenic (Tg) rodent models, among which
the earliest and historically most exploited is Tg mice overexpressing
the SOD1 missense mutation (G93A) linked to human ALS.® Studies
based on a such models permitted to propose perturbations in (1)
protein quality control and homeostasis’; (2) RNA homeostasis
and trafficking'’; (3) cytoskeletal dynamics''; and (4) mitophagy
and mitochondrial dysfunctions'>"?
ALS development or progression. The majority of such studies
were driven by a “neuro-centric” perspective, which posited that
MN dysfunctions were the primary cause of the disease. Conversely,

as important mechanism for
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alterations in skeletal muscle or other cell types were viewed as mere
consequences of MN loss. Growing evidences, however, suggest that
non-cell-autonomous events elicited by non-neuronal cells, such as
astrocytes, microglia, and peripheral blood mononuclear cells,
contribute to MN degeneration and ALS onset and progres-
sion.'>'*"!” Different data support the active participation of skeletal
muscle in MN death in ALS and have given rise to an opposite and
still debated “muscle-centric” perspective, according to which path-
ological changes in skeletal muscle cells or muscular toxicity drive or
contribute to denervation and MN loss."*'>'#~%°

Differently from neurons in central nervous system, myofibers of
skeletal muscle that degenerate during ALS progression”' are capable
of regenerating thanks to a population of adult stem cells called sat-
ellites cells. Several data support satellite cell involvement in ALS
development both in animal models* >° and patients.”® Moreover,
satellite cells are activated in ALS patients’ biopsies before the onset
of clear neurological symptoms>*** supporting the idea that satellite
cell dysfunction may contribute to ALS pathology, perhaps exacer-
bating neuromuscular junction (NMJ) dysfunction.”” Myogenic pro-
gram of satellite cells is tightly regulated by a broad spectrum of
signaling molecules (i.e., hormones, cytokines, and peptides) that
act in a paracrine/autocrine manner by regulating a series of tran-
scription factors (TFs) or chromatin-remodelling factors.”® In addi-
tion, circulating and exosome-derived microRNAs (miRNAs) have
been found to be important players in the regulation of skeletal mus-
cle development and differentiation.*

In the present study, we demonstrate that primary cultures of my-
ocytes (PCM), derived from pre-phenotypic condition of ALS-
related human SOD1 G93A mutant (hSODI1(G93A)) transgenic
mice, are characterized by an impaired/delayed myogenesis due
to the altered activation of the p38 MAP kinase signaling axis
and of myogenic regulatory factors (MRF). Considering the impor-
tance of cell communication in muscle development and repair and
the involvement of miRNAs in ALS, we used a transcriptomic
approach to demonstrate that PCM from human SOD1 wild-type
(hSOD1(WT)) secrete different miRNAs from hSODI1(G93A)
PCM. Interestingly, we showed that miRNAs secreted by hSOD1
(G93A) PCM (miR-134-5p and miR-882) hinder differentiation
by targeting important regulators of positive myoblast differentia-
tion such as Pax7, Crebl, and p38. Conversely, miR-26a, secreted
by hSOD1(WT) PCM, targets Igfbp5 and Smad4 stimulating differ-
entiation. Therefore, miR-26a, secreted from healthy myoblasts,
improves myogenesis of hSOD1(G93A) cells through inhibition
of Smad4 and its regulated genes. Notably, the same miRNA, and
miR-431-5p, facilitates the differentiation of MNs, enabling elonga-
tion of neurites and their branching.

This experimental evidence supports that deregulation of circulating
miRNAs plays a role in myocyte (re)programming and MN develop-
ment in ALS and opens new avenues for the identification of RNA-
based therapeutic molecules designed to stimulate muscle regenera-
tion in patients with ALS.
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RESULTS

Primary myocytes derived from hSOD1(G93A) mice show altered
expression of myogenic regulatory factors and impaired
activation of p38 MAPK signaling program

We already demonstrated that during in vitro differentiation PCM
derived from ALS-related hSOD1(G93A) mice showed impaired
differentiation compared to the hSOD1(WT) counterpart.3 % To
molecularly investigate this phenotype, we evaluated biochemical
parameters during PCM differentiation. The expression of
EmbMyHC began to be appreciable at 3 days in vitro (DIV) in
both hSOD1(G93A) and hSODI(WT) PCM cells, but hSOD1
(G93A) myotubes expressed remarkably less EmbMyHC than
hSOD1(WT) from 3 to 6 DIV (Figure 1A). We also evaluated the
expression of Pax7, MyoD, and myogenin (Figure 1A), crucial
TFs that, in concert with others, orchestrate myocyte proliferation
and differentiation.”’ Despite all three TFs had the expected expres-
sion trend during in vitro myogenesis, they behaved differently in
PCM with different hSOD1 genotypes. Pax7 and MyoD showed sig-
nificant reduction at 2 DIV in hSOD1(G93A) PCM compared with
controls, while myogenin reduction was detected at 3 DIV (Figure
1A). In summary, the proteins that should increase in abundance
during differentiation in hSOD1(G93A) PCM do not increase suf-
ficiently, while the one that should decrease (Pax7) decreases faster
than normal.

We also monitored the expression and/or activation state of other
TFs and kinases critical for myoblast proliferation and differentia-
tion. p38 mitogen-activated protein kinase (MAPK), which is funda-
mental for early stages of myogenesis’>>* was less phosphorylated in
hSOD1(G93A) cells (Figure 1B), while Akt, known to promote later
muscle differentiation stages,”* did not show significant differences
in the two genotypes (Figure S1). The expression of cyclin dependent
kinase inhibitor 1A (p21), which is regulated by and acts downstream
of MyoD to maintain a postmitotic state, was reduced in hSOD1
(G93A) PCM (Figure 1B). In addition, hSOD1(G93A) PCM exhibits
reduced phosphorylation of the protein kinase A (PKA) substrates
(Figure 1C). In support of this evidence, we showed that cAMP-
responsive element-binding protein (CREB), that is phosphorylated
by PKA, was less phosphorylated in hSOD1(G93A) PCM. CREB is
essential for transcription of various myogenic TFs, including
MyoD itself> (Figure 1D).

Factors secreted by hSOD1(WT) myocytes rescued the
myogenic differentiation of hSOD1(G93A) cells

To investigate intercellular communication in myogenic cells of skel-
etal muscle and its impacts on hSOD1(G93A) PCM differentiation,
we utilized a co-culture system that eliminates physical contact of
cells with a different genotype (Figure S2). Myotubes derived from
the hSODI1(G93A) myoblasts in co-culture with hSODI1(WT)
(G93Awr) were more similar to controls (WTy) and formed
much longer and bulkier myotubes than when co-cultured with
isogenic hSOD1(G93A) myoblasts (G93Ages34) (Figure 2A). This
observation was confirmed by quantitative analyses of myotube
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Figure 1. PCM derived from muscles of hSOD1(G93A) Tg mice show impaired in vitro differentiation compared to the hSOD1(WT) counterpart

(A) The expression of EmbMyHC, Pax7, MyoD, and myogenin was evaluated by WB in hSOD1(WT) and hSOD1(G93A) PCM at different DIV. The left shows representative
WBs and the corresponding Coomassie blue staining of the membrane, while the graphs on the right report the densitometric analysis for each protein. n = 3 for each DIV and
hSOD1 genotype. (B) p38 (MAPK) phosphorylation (Thr180/Tyr182) and the expression of p21 were analyzed by WB at different DIV. The top shows representative WBs, and
the graphs on the bottom show the corresponding densitometric analysis by reporting the ratio between phosphorylated and total protein amounts for p38 while the
abundance of p21 was determined by normalizing the optical density of immunoreactive bands to that of the corresponding Coomassie blue-stained lanes. n = 4 (different
PCM) for each DIV and hSOD1 genotype. (C) 4 DIV PCM protein extracts were analyzed for phosphorylation of PKA substrates by WB using a-pPKAs as antibody. Loading
control with the Coomassie blue staining. n = 4 (different PCM) for each DIV and hSOD1 genotype. (D) CREB phosphorylation (Ser133) was analyzed by WB at different DIV.

(legend continued on next page)
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area (Figures 2B and 2C), differentiation index, (Figure 2D), fusion
index (Figure 2E), and the expression of EmbMyHC (Figure 2F).

Furthermore, we demonstrated that altered expression of myogenin
(Figure 1A) and abnormal CREB activation in hSOD1(G93A) myo-
cytes (Figure 1D) were restored by co-culture of hSOD1(G93A)
PCM with WT counterpart (Figure 2G). All such parameters further
support the idea that secreted molecules by hSOD1(WT) myocytes
aided hSOD1(G93A) cells to recover a correct myogenic program.

To understand if secreted factors influence myogenic differentiation
during early or late stages of in vitro culturing, we analyzed the
expression of EmbMyHC, the differentiation and fusion index in 4
DIV hSOD1(G93A) cells in which the transwell inserts were kept
only for 2 DIV or maintained for the total culturing period (4
DIV). The abundance of EmbMyHC (Figure S3A), the differentia-
tion index (Figure S3B), and the fusion index (Figure S3C) were
comparable between the two considered conditions. This indicates
that factors implicated in the communication between cells influ-
encing myodifferentiation are early secreted.

Since miRNAs have been found to regulate myogenesis, our results
prompted us to unveil whether an alteration in secreted miRNAs
could explain crosstalk between PCMs bearing two different
hSOD1 genotypes and the differential myogenesis.

hSOD1(G93A) myocytes secrete different miRNAs from their WT
counterpart

We characterized secreted miRNA signature in hSOD1(WT) and
hSOD1(G93A) myotubes. A total of 492 miRNAs were identified
in the culture medium, and 53 miRNAs showed differential expres-
sion under the conditions considered. Hierarchical clustering reveals
that WTyr and G93Ar conditions cluster together, whereas the
G93AGo34 co-cultures form a separate sample cluster (Figure 3A).
This strongly suggests different behavior of hSOD1(G93A) PCM
respect to the WT and that the phenotypic rescue of atrophic myo-
tubes may be mediated by miRNAs secreted by the hSOD1(WT)
cells. Differentially expressed miRNAs were divided into two big
clusters: the first comprising miRNAs more expressed in the medium
of the WTyyr co-culture and less expressed in the G93Agg3a co-cul-
ture (blue cluster in Figure 3A), while the second encompasses the
opposite condition (violet cluster in Figure 3A). To confirm miRNA
transcriptomic analysis, we validated the expression of six miRNAs
by RT-qPCR: miR-26a-5p, -324-5p, and -431-5p within the blue
cluster and miR-28a-3p, -882, and -134-5p within the violet cluster.
We confirmed the reduced expression of miR-26a-5p, -324-5p, and
-431-5p in the medium derived from G93Agg3a co-culture in com-
parison with WTyr co-culture (Figure 3B). We also confirmed the
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increased expression of miR-28a-3p, -882, and -134-5p in the
G93AGe3a condition (Figure 3C).

miR-134-5p, -882, and -26a-5p affect the expression of genes
related to myogenesis

To fully understand miRNA activity, we need to explore their inter-
actions with target molecules. In the cluster representing miRNAs
enriched in the G93Agg3x medium, only miR-28a-3p, -882, -711,
-200a-5p, and -134-5p have target genes involved in the striated mus-
cle functions (indicated with @ in Figure 3A). Differently, in the clus-
ter representing miRNAs enriched in the WTyr medium, 10 miR-
NAs have target genes involved in the striated muscle functions
(indicated with # in Figure 3A).

Among the interactions between miRNAs and their targets described
in Figure S4 and Table S3, luciferase assays were eployed to validate
the interactions between miR-134-5p and Crebl (Figure 4A), miR-
26a-5p and Igfbp5 (Figure 4B), miR-882 and Pax7, and miR-882
and MyoD1 (Figure 4C). The interactions between miR-134-5p and
Crebl and miR-26a-5p and Igfbp5 were validated because indicated
as weak in considered databases (Table S3) and because the signifi-
cance of targets in muscle and axon growth and maintenance.’®””
The interactions between miR-882 and Pax7 and MyoDI were vali-
dated due to the importance of the targets in myoblast differentiation.

Moreover, to better understand the function of secreted miRNAs that
can mediate intercellular communication, we transfected C2C12 cells
using synthetic miR-26a-5p, -134-5p, and -882 molecules obtaining
their consistent upregulation (Figure 4D). miRNA upregulation
induced the downregulation of each miRNA target after 24 h of trans-
fection and additional 24 h of cell recovery (Figures 4E-4G).

Secreted miRNAs regulate genes in target cells

Can secreted miRNAs be internalized by cells to regulate the expres-
sion of target genes through a paracrine mechanism? We analyzed
whether the concentration of secreted miRNAs changes in target
cells (Figure S2 for an explanation of experimental design). We
showed that miR-26a-5p is the most highly expressed miRNA in
hSOD1(WT) PCM cells followed by miR-431-5p (Figure 5A). Differ-
ently, miR-28a-3p is the miRNA most expressed in hSOD1(G93A)
PCM cells. Considering the communication between PCM cells,
miR-431-5p, -26a-5p, and -324-5p expression increases within
hSOD1(G93A) PCM co-cultured with hSOD1(WT) cells in compar-
ison with the co-culture with hSOD1(G93A) PCM (Figure 5A). This
confirms that WT cells are responsible for the secretion of such miR-
NAs and that they can be captured by “accepting” co-cultured cells.
This was also confirmed by the overexpression of these miRNAs in
hSOD1(WT) cells when co-cultured with hSOD1(WT) PCM

The left shows representative WBs, and the graph on the right show the corresponding densitometric analysis by reporting the ratio between phosphorylated and total protein
amount. n = 4 (different PCM) for each DIV and hSOD1 genotype. * indicates bands considered for protein quantification. In (A, B, and D), “p < 0.05 and *p < 0.01, hSOD1
(WT) vs. hSOD1(G93A) in each DIV; §p < 0.05 and §§p < 0.01 with respect to hSOD1(WT) in 1 DIV; and #p < 0.05 and ##p < 0.01 with respect to hSOD1(G93A) in 1 DIV; two-
way ANOVA followed by Sidak’s multiple comparison test. In (C), *p < 0.05, Mann-Whitney test.
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Figure 2. hSOD1(G93A) co-cultured with hSOD1(WT) PCM recover the defective differentiation phenotype

(A) Representative fluorescent images of the three different co-culture conditions (WTwr, top; WTgeza, middle; and G93Aggza, bottom) (see Figure S2). At 4 DIV, target cells
were co-stained with anti-desmin antibody (red signal) and the Hoechst 33342 dye (blue signal). Scale bars, 20 um. (B) The graph reports the frequency distribution of the
myotube area under the three different culturing conditions. (C) The diagram reports the average myotube area in the three co-culture settings normalized to the mean value of
the WTyr cultures. n = 21 for WTyr and WTggsa, While is 35 for G93Aggsa. (D and E) The bar diagrams show the differentiation index and the fusion index under the three co-
culture conditions. (F) At 4 DIV, the EmbMyHC expression was assessed by WB in the three co-culture conditions. The left shows a representative WB and the corresponding
Coomassie blue staining of the membrane, while graphs on the right report the densitometric analysis. (G) The activation of CREB and the expression of myogenin were
assessed at 4 DIV co-cultures by WB as described in Figure 1. The left shows representative WBs and the corresponding Coomassie staining of the membrane, while the bar
diagrams on the right show the corresponding densitometric analysis. n is reported inside the bars. For all panels, n.s., not significant, *p < 0.05 **p < 0.01, and ***p < 0.0001.
One-way ANOVA followed by Tukey’s multiple comparison test.

(Figure 5A). Conversely, we showed that miR-28a-3p, -882, and target cells, we decided to test the expression of miRNA targets in
-134-5p are secreted from hSOD1(G93A) myocytes. In fact, their PCM derived from hSOD1(G93A) mice co-cultured with hSOD1
expression increases in tested cells when they are co-cultured with ~ (G93A) or hSODI1(WT) PCM and in PCM derived from hSOD1
cells with hSOD1(G93A) genotype (Figure 5A). (WT) mice co-cultured as previously described for hSOD1(G93A)

PCM. Igfbp5 was downregulated in hSOD1(G93A) PCM when co-
Because we confirmed the interactions between miRNAs and their ~ cultured with WT cells supporting our previous findings about the
targets by luciferase assay and the ability of secreted miRNAs to enter ~ activity of miR-26a-5p (Figure 5B). Similarly, the expressions of
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(A) Heatmap of differentially expressed miRNAs in the medium derived from the conditions described in the sample names (columns). The expression of each miRNA is
indicated as relative to the average of the miRNA in the samples. Biological replicates cluster together and G93Aggsa Samples cluster separated from WTtand G93Awt. On
the right, it is shown miRNA cluster with a low expression in the G93Azgza sample (blue) and the one with high expression in G93Aggsa (Violet). # and @ indicate miRNAs
associated with striated muscle functions according to target function. (B) Relative expression of miRNAs within the blue cluster according to RT-gPCR experiments. (C)
Relative expression of miRNAs within the violet cluster according to RT-gPCR. For both (B and C) *p < 0.05, **p < 0.005, and ***p < 0.0005 calculated according to t test

between indicated samples considering unequal variance. SD is indicated.

Pax7 and Crebl decreased in PCM co-cultured with hSOD1(G93A)
PCM confirming their ability to secrete miR-882 and -134-5p, the
regulators of Pax7 and Crebl, respectively (Figure 5B). On the con-
trary, we did not confirm a statistically significant downmodulation
of MyoD1 due to the upregulation of miR-882 induced by the secre-
tion of hSOD1(G93A) PCM, although we observed a tendency to-
ward MyoDI reduction concomitantly to miR-882 increase
(Figure 5B). We tested the expression of other important targets of
miR-26a-5p whose interaction with the miRNA had already been
validated: Smadl and Smad4’® (Figure S4). They are particularly
important for skeletal muscle differentiation and regeneration,3 o
and both were downmodulated in hSOD1(G93A) PCM co-cultured

6 Molecular Therapy: Nucleic Acids Vol. 36 September 2025

with hSOD1(WT) PCM (Figure 5B). All coding genes considered
showed a negative correlation between their expression and that of
regulatory miRNAs. This supports the functional relationship be-
tween miRNAs and the identified targets.

Secreted miRNAs from hSOD1(WT) PCM promote differentiation
of hSOD1(G93A) myocytes by targeting SMAD pathway
Considering that miR-26a-5p-Smadl-Smad4 interactions have
already been validated®® and that we demonstrated the upregulation
of miR-26a-5p and the downmodulation of Smadl and Smad4 in
hSOD1(G93A) PCM co-cultured with hSOD1(WT) cells (Figures
5A and 5B), we tested if known targets of Smad4 TF were influenced
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by its downregulation in the same type of co-culture. Interestingly,
the expression of three Smad4 targets (inhibitor of DNA binding 1
[Id1], leucine-rich repeat-containing G protein-coupled receptor 5
[Lgr5], and kinesin family member 7 [Kif7]) was diminished in
hSOD1(G93A) PCM co-cultured with WT counterpart (Figure
5C). The effect of gene downmodulation we showed in Figure 5C
can be indirect. Therefore, we next investigated Smad4 promoter
occupancy on target genes by chromatin immunoprecipitation
(ChIP)-PCR assay and found overall decreased enrichment associ-

independent transfections. Error bars indicate SD. p
values from t tests considering independent variance
between two groups in analysis are indicated as

Creb1 follows: *p < 0.05, *p < 0.001, and ***p < 0.0001.

. ated with miR-26a-5p upregulation in hSOD1
—— (G93A) PCM co-cultured with hSODI1(WT)
cells (Figure 5D).
vy,Ql Myoblast secreted miRNAs influence motor
@e:"s neuron differentiation: miR-26a enhances

neurite growth

We assessed the impact of secreted molecules
Igfbp5 from myoblasts on MN differentiation by em-
ploying conditioned media derived from
hSOD1(WT) or hSOD1(G93A) myoblasts in
MN differentiation media. This analysis
demonstrated that the genotype hSODI1
(G93A) exerts a detrimental effect on neurite
development (Figures 6A and 6B). This result
provides evidence that secreted miRNAs from
myoblasts can also influence MNs. Given the
significance of miR-26a in myoblast differenti-
ation, we investigated the impact of its upregu-
lation in MNs. Our findings revealed that this miRNA modulation
can induce neurite length (Figures 6C and 6D). We utilized growth
media derived from myoblasts stably expressing miR-26a, -134, and
-431 to demonstrate that miRNAs secreted from the same myoblasts
also influence MNs in a heterologous cell communication system.
The medium derived from these myoblasts contained elevated levels
of miRNAs that were upregulated (Figure S5). We demonstrated that
the medium derived from myoblasts overexpressing miR-26a
induced superior MN differentiation (neurite length exceeding
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Figure 5. Relative expression of miRNAs and targets within hSOD1(G93A) or hSOD1(WT) myoblasts co-cultured with hSOD1(WT) or hSOD1(G93A) myoblasts
respectively and Smad activity

(A) The bar diagram reports the normalized amount of mMiRNAs belonging to the blue (first three miRNAs) or violet (last three miRNAS) clusters in hSOD1(G93A) (G93Aggaa OF
G93AWwT) or hNSODT(WT) (WTggsa or WTw1) cells co-cultured as reported in Figure S2. miR-26a-5p is the most expressed miRNA in hSOD1(WT) cells, while miR-28a-3p is
most expressed in hSOD1(G93A) cells. (B) The bar diagram reports the normalized amount of miRNA targets. The expression of Igfbp5 is decreased in G93Awr condition,
while Pax7, MyoD1, and Creb1 are more expressed both in the G93Awt and WTw . Smad7 and Smad4 show an opposite behavior respect to Pax7, MyoD1, and Creb1.
Specular expression of miRNA and their targets support miRNA activity. (C) The bar diagram reports the normalized amount of Smad4 target genes in hSOD1(G93A) PCM co-
cultured with hSOD1(G93A) PCM (G93Agg3a) or hNSOD1(WT) (G93Aw ). Expression of all Smad4 target genes decreased in hSOD1(G93A) PCM co-cultured with hSOD1(WT)
PCM. hSOD1(WT) PCM secrete miR-26a-5p that modulate the expression of Smad4. (D) Relative DNA enrichment after Smad4 chromatin immunoprecipitation. Considering
a DNA region not associated with Smad4 interaction and the immunoprecipitation with the isotype antibody, no differences were evidenced between G93Agg3a and GO3AwT
co-cultures. We obtained opposite and expected results after the utilization of IgG against Smad4 confirming the low abundance of Smad4 caused by the upregulation of
miR-26a-5p. *p < 0.05 and **p < 0.005, calculated according to t test between indicated samples considering unequal variance. SD is indicated considering at least four
replicates per experiment.

controls) with a phenotype compatible to that observed from the sole  (Figures 6G and 6H). This phenomenon is believed to enhance neu-
upregulation of this miRNA in MN (Figures 6E and 6F). This finding  ral circuit complexity by facilitating interactions with a substantial
supports the hypothesis that miR-26a, secreted from myoblasts, is ~ number of targets.

responsible for the observed MN phenotype. Similarly to miR-26a,

miR-431 was found to be more abundant in the medium of The expression of miR-26a, Smad1, and Smad4 is consistently
hSOD1(WT) (Figure 5A). Notably, the medium produced by myo-  altered in SOD1(G93A) skeletal muscle

blasts overexpressing miR-431 exhibited an augmentation of the = To unravel if the proposed mechanisms are detectable in vivo, we
length of developing neurites (Figures 6E and 6F). In contrast, me-  tested the expression of miRNAs in skeletal muscle samples from
dium derived from myoblasts overexpressing miR-134, which we  hSOD1(G93A) and hSODI(WT) mice. Almost all miRNAs
tested for its relevance to neuron function and synaptic plasticity ~ described in the Figure 3A were differentially expressed in at least
such as miR-431,"""** did not exhibit significant effects on neurites  one condition (Figures 7A-7C and S6). The expression of miR-882
of differentiating motor neuronal cells (Figures 6E and 6F). Notably, ~ was the only that did not result statistically different between WT
MN cells overexpressing miR-26a (Figure 6G) and those cultured in ~ and G93A but showed a progressive decrease with aging both in
medium derived from C2Cl12 cells overexpressing miR-26a  WT and G93A (Figure S6). Comparing results obtained with
(Figure 6H) exhibit increased dendrite density per cell (Figure 6I),  PCM, only the expression of miR-26a-5p was as expected (less abun-
suggesting a role for miR-26a in MN differentiation. Furthermore, ~ dant in hSOD1(G93A) genotype). Since we demonstrated that the
dendrites exhibit a branched structure when miR-26a is present  expression and activity of Smadl and Smad4 are regulated by
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Figure 6. Activity of miRNAs on motor neuron cells

(A) Representative immunohistochemical images of motor neuron cultured with hSOD1(WT) (MCM WT) or hNSOD1(G93A) PCM (MCM G93A). In blue, it is indicated cell nuclei
and in red, motor neuron body and dendrites. (B) Calculation of neurite length. It decreases when hSOD1(G93A) PCM-derived culture medium was added to motor neurons.
(C) Representative immunohistochemical images of motor neuron cells transfected with an empty pCMVmIR-GFP vector (empty) or a pCMVmIiR-26a-GFP vector (miR-26a-
5p) are presented. Green indicates transfected cells (GFP positive), blue indicates nuclei, and red represents the motor neuron body and neurites. (D) Only transfected cells
(GFP-positive) were analyzed for neurite length, demonstrating an increase in neurite length when miR-26a is overexpressed. (E) Representative immunohistochemical
images of motor neurons cultured in medium derived from C2C12 cells (MC C2C12) overexpressing miR-26a-5p, miR-134-5p, and miR-431-5p are presented. Red staining
highlights the bodies and neurites of motor neurons, while blue staining depicts their nuclei. (F) Quantitative assessment of neurite length in motor neurons treated with culture
medium derived from C2C12 cells overexpressing miR-26a-5p, miR-134-5p, and miR-431-5p. The miR-26a-5p and miR-431-5p miRNAs exhibit a stimulatory effect on
neurite elongation. (G) Representative image of motor neuron neurite branching after miR-26a-5p overexpression. (H) Representative image of motor neuron neurite
branching of motor neurons cultured in medium derived from C2C12 cells (MC C2C12) overexpressing miR-26a-5p. In both cases neurites appeared branched and several
neurites outgrowth from cell body. (I) Quantification of neurites per body cell. The average number of neurites per 20 cells is represented. It increases when miR-26a is
expressed from the cells (MiR-26a modulation) or is present in the medium derived from C2C12 overexpressing miR-26a (MC C2C12). **p < 0.005 and ***p < 0.0005,
calculated according to t test between indicated samples considering unequal variance. SD is indicated considering at least three biological replicates and 15 cells analyzed
per biological replicate.
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miR-26a-5p, we evaluated the expression of the two TFs in the skel-
etal muscle during ALS progression. We showed that both Smadl
and Smad4 were downregulated in muscles of 3-month-old
hSOD1(WT) mice (Figures 7D and 7E) when miR-26a-5p is
upregulated.

The expressions of miR-26a-5p, -134-5p, -431-5p, Smad1, and
Smad4 are altered in FUS skeletal muscle

To assess whether alterations observed in skeletal muscle samples
from hSOD1(G93A) mice were genotype-specific, we analyzed the
expressions of three miRNAs (miR-26a-5p, -134-5p, and -431-5p)
in three different muscle types from FUS mice. We chose miR-
26a-5p due to its pivotal role in the communication between myo-
cytes and MNs, miR-134-5p, and miR-431-5p as they are crucial
for neuron function and synaptic plasticity.** ** miR-26a-5p expres-
sion was upregulated in control muscle tissue from 4-week-old mice
compared to those derived from FUS mice in both muscles enriched
in fast myofibers (tibialis anterior [TA] and gastrocnemius [GAS]).
Conversely, considering the same age, miR-26a-5p was not differen-
tially expressed in the triceps, which contains a higher proportion of
slow myofibers. Despite this, it exhibits a comparable trend at three
weeks to the expression revealed in GAS and TA (Figure 7F). The
expression of miR-431-5p exhibits a pattern similar to miR-26a-
5p, with its upregulation in the control group compared to FUS in
GAS and TA at four weeks. Notably, miR-431-5p is also upregulated
in the control group in the triceps at three months, coinciding with
the upregulating tendency of miR-26a-5p in the same region
(Figure 7G). Results for miR-134-5p were more complex with any
alteration in GAS and similar trend at three weeks in TA and triceps
(Figure 7H). Smadl and Smad4 were tested because we previously
demonstrated that they are targeted by miR-26a-5p. We tested their
expression in GAS derived from 4-week-old mice to compare results
obtained from GAS from hSOD1(G93A) mice and to evaluate its
correlation with the expression of miR-26a-5p in FUS mice. Both
Smadl and Smad4 were downregulated in WT GAS compared to
FUS, where we had previously demonstrated the upregulation of
miR-26a-5p (Figure 71).

DISCUSSION

ALS is a neurodegenerative disease that affects the motor system.
However, different cell types are affected: MNs are the most affected
cells, but glial and skeletal muscle cells are also heavily involved and
able to profoundly modulate the onset and progression of the dis-
ease. This complex interaction between MNs and neighboring and
target cells makes it difficult to discover the exact pathological mech-
anisms that cause the progressive loss of MNs. Analysis of chimeric
mice indicated that the restricted expression of human mutant SOD1
in MNss is not sufficient to induce a cell-autonomous degeneration of
MNs.* This makes it important to study the involvement of other
cells besides MNs in the development and progression of the disease.
Direct muscle toxicity and/or functional impairment resulting in
denervation and MN death has been demonstrated, at least in
fALS*** and muscle dysfunction and NMJ degeneration occur
long before disease onset.”” It was also demonstrated that skeletal
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muscle damage may in turn promote MN demise, in particular in
SOD1-related ALS forms, as a consequence of dying-back mecha-
nisms.'” Moreover, very recently, it has been demonstrated that skel-
etal muscle contributes to the ALS phenotype also in C9orf72-related
cases.® Finally, satellite cells also contribute to the initiation and
progresison of ALS muscle atrophy.”>** Data presented in this paper
corroborate previous reports describing skeletal muscle damages in
ALS and impaired myogenesis in different primary and immortal-
ized myocyte models of ALS (for a review, see study by Peggion
et al.'?). We have identified the potential for satellite cells/myocytes
to exhibit altered communication patterns even in a preclinical con-
dition via secreted miRNAs. We evidenced the contribution of miR-
NAs in the expression regulation of important genes coding for pro-
teins involved in myogenesis. These miRNAs can exacerbate
pathological condition or ameliorate differentiation potentiality of
myocytes derived from the hSOD1(G93A) ALS mouse model.
Furthermore, the same miRNAs that facilitate myoblast differentia-
tion also influence MN differentiation, maintaining a continuous
communication between myocytes and MNs.

Myogenesis is a highly complex, finely regulated process,”” whose
alteration impacts muscle regeneration.’® Therefore, to explore the
possibility that altered myogenesis is an intrinsic defect in ALS early
stages rather than a simple consequence of MN loss, we set up pri-
mary myocyte cultures from hSOD1(G93A) and control pups. We
showed a delayed in vitro differentiation of hSOD1(G93A) primary
myocytes, as demonstrated by the altered expression of several skel-
etal muscle differentiation markers.

In particular, we found a reduced expression of Pax7, a key player in
the prenatal and postnatal myogenesis processes, that belongs to the
Pax gene family that is critical for satellite cell biogenesis, survival,
and self-renewal.”’ Moreover, we also found an altered expression
of MyoD and myogenin, both belonging to the MRF family that
act as an orchestrating cascade in proliferation, induction of terminal
cell-cycle arrest, and stimulation of the differentiation process.”’
Such results confirm previous data demonstrating a reduced expres-
sion of Pax7 and MyoD in skeletal muscle biopsies from ALS pa-
tients’” and of myogenin in quadriceps derived from adult hSOD
(G93A) Tg mice.*”” They also demonstrate that skeletal muscle pre-
cursor cells from newborn mice (showing no pathologic phenotype)
display molecular alterations that are responsible for the phenotypic
manifestations of pathology in adult muscle.

The expression of TFs during myogenesis is finely regulated by the
activation of different signaling cascades, mainly controlled by pro-
tein kinases, which transmit and execute extracellular promyogenic
cues. Here, we showed an impaired activation of p38 MAPK in
ALS primary myocytes. The p38 pathway plays a critical role in
the regulation of myogenesis and muscle cell differentiation, by
acting at multiple levels and through many distinct mechanisms.>
For example, p38 phosphorylates several MRFs during skeletal mus-
cle differentiation, enhancing the expression of MyoD-responsive
genes and the transcriptional activities of myocyte enhancer binding
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Figure 7. Gene expression of miRNAs and Smad1 and Smad4 in skeletal muscle

(A-E) SOD1 mouse model. Expression relative to the average expression of the gene in all samples. 1M, 3M, and 4M indicate 1 month, 3 months, and 4 months, respectively.
Analyses were conducted on three biological replicates and four technical replicates for each sample. (F-I) FUS mouse model. 3W and 4W indicate 3 weeks and 4 weeks.
GAS, gastrocnemius; TA, tibialis anterior; TC, triceps; F, FUS mouse; C, control. Analyses were conducted on three biological replicates and two technical replicates for each

sample. “p < 0.05, according to Mann-Whitney test.

factors 2A (MEF2A) and MEF2C by direct phosphorylation.>* The
various functions attributed to p38 in myogenesis also include the
control of myoblast fusion and myofiber formation through the up-
regulation of CD53”” and the increased expression of p21 and myo-
genin.>
of both p21 and myogenin. Our findings support a reduced activa-
tion of the p38/MyoD and p21 axes and suggest that the impairment
of such a signaling pathway is strictly related to defective skeletal
muscle differentiation and—possibly—regeneration in ALS.

Interestingly, our data demonstrated a reduced expression

Our data also showed alterations in the PKA signaling pathway, as
evident from the reduced phosphorylation (activation) of its sub-
strate CREB. Among other cell functions, this TF is involved in
myoblast proliferation and differentiation in vitro and proliferation

and muscle regeneration in vivo’’ through its ability to act in the

Whnt-mediated transcription of myogenic TFs such as Myf5,
MyoD, and Pax3.”

Starting from our findings of defective myogenesis in hSOD1(G93A)
PCM, and the phenotypic rescue operated by the presence of control/
healthy PCM, we searched for secreted miRNAs that may be
involved in described processes by large-scale analyses. It is well
known that the skeletal muscle acts as a secretory organ by producing
cytokines (e.g., insulin-like growth factor [IGF]-1 and tumor necro-
sis factor alpha) and other fiber-derived molecules, which have auto-
crine and paracrine effects on skeletal muscle precursor cell prolifer-
ation and muscle hypertrophy’®>” and also regulate a variety of other
metabolic processes.’” ®* Soluble secreted factors or alterations of
extracellular molecules may in addition be markers of intrinsic skel-
etal muscle alterations. Importantly, the composition and relative
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Figure 8. Schematic description of proposed mechanisms

The downmodulation of significant MRFs prevents the proper differentiation of hNSOD1(G93A) myocytes. Particularly, miR-882 and -134-5p downmodulate Pax7, MyoD,
Creb, and p38. hSOD1(WT) PCM secretes miR-26a-5p that impacts on the expression and functionality of Smad4. It inhibits muscle differentiation; therefore, its down-
modulation may stimulate muscle differentiation. miR-26a, in concert with miR-431, affects the differentiation of motor neuron by increasing the legth of their neurites..

abundance of skeletal muscle secretome strictly depends on the my-
ocyte differentiation stage.®> Alteration in several secreted cytokines
and peptide hormones have been already associated to skeletal mus-
cle in ALS.*>"**"%° In addition, the alteration of metabolites secreted
by hSOD1(G93A) PCM has already been demonstrated.™

It was already known that alterations in the expression of miRNAs
are related to ALS®” and also to other neuro-muscular diseases and
myopathies.®®

However, here, for the first time to our knowledge, we specifically
evaluated secreted miRNAs from satellite cells from hSOD1(G93A)
muscle and differences in miRNA secretion of the same cells respect
to hSOD1(WT) muscle. Furthermore, we elucidated the mechanisms
by which specific miRNAs maintain impaired differentiation in
hSOD1(G93A) PCM. Additionally, we demonstrated that these miR-
NAs can rescue this phenotype, thereby highlighting the miRNA-
mediated influence of myocytes not only on their differentiation
but also for that of MNs (Figure 8). miRNAs secretion and transfer
to other cells occurs via vesicles® or prevalently by protein associa-
tion.”” Since methods to purify exosomes allow to recover only a sub-
population of secreted miRNAs, we purified secreted miRNAs by
avoiding any step of exosome purification. We identified 492
secreted miRNAs and 53 of them resulted differently concentrated
in one of the conditions analyzed. Among different altered miRNAs
we confirmed the expression of six of them by RT-qPCR: miR-431-
5p, -26a-5p, and -324-5p less abundant in the culture medium of
hSOD1(G93A) and miR-28a-3p, -882, and -143-5p more abundant
in the culture medium of the same myocytes. Considering differen-
tiation ability of each genotype, we can define permissive as the most

12 Molecular Therapy: Nucleic Acids Vol. 36 September 2025

abundant miRNAs in the co-culture composed only of hSOD1(WT)
PCM and non-permissive as the most abundant miRNAs in the co-
culture composed only of hSOD1(G93) PCM.

miR-26a and -431 are involved in skeletal muscle and neuron differ-
entiation, regeneration, and maintenance.”>**”'""”> miR-26a, in
particular, plays a role in promoting myoblast differentiation and
is required for skeletal muscle regeneration after injury by targeting
Smadl and Smad4.”® Moreover, miR-26a inhibits neuropathic pain
development.”® These notions suggest that manipulating miR-26a
levels may have therapeutic potential for treating skeletal muscle dis-
eases to prevent muscle wasting and neuropathic pathologies. We
showed how this miRNA can be secreted by WT cells and taken
up by hSOD1(G93A) cells where, by regulating Smad4, it interferes
with the regulation of specific targets of the TF itself by decreasing
its occupancy of promoter binding sites. We showed that miR-26a-
5p also regulates insulin-like growth factor binding protein-5
(Igfbp5), an important modulator of the IGF signaling. Igfbp5 is
the most conserved across species’” and plays an important role in
development and biological processes of muscle.”® Interestingly,
the overexpression of Igfbp5 in mice caused a severe body growth
reduction both prenatally and postnatally, and a 30% reduction in
skeletal muscle weight.”” Additionally, we demonstrated that miR-
264, secreted from myoblasts, facilitates the elongation of neurites
in developing MN cells, thereby supporting the notion of intercel-
lular communication. miR-26a-5p is downmodulated in the muscle
of both SOD1(G93A) and FUS mice while its targets (Smadl and
Smad4) are increased in their expression. This may impact muscle
regeneration also in association to a possible expression of Igfbp5
permitted by miR-26a-5p downmodulation. Notably, the similar



www.moleculartherapy.org

expression of miR-26a-5p, Smadl, and Samd4 between SODI1
(G93A) and FUS mice suggests that the proposed mechanism may
be applicable to various ALS models, not only to the one based on
the SOD1 G93A mutation.

miR-431 also promotes muscle regeneration by targeting Smad4 and
fine-tuning Pax7 levels.”” It also plays a role in the regulation of axon
regeneration.’” We have shown that it is secreted by WT myocytes
and uptaken from hSOD1(G93A) and MNs probably sustaining
the action of the miR-26a. Recently, it was reported that miR-324-
5p inhibits C2C12 cell differentiation and promotes intramuscular
lipid deposition via the inhibition of the long non-coding RNA
IncDum.*" However, the same study shows that the expression of
miR-324-5p increases during the first four days of C2C12 differenti-
ation demonstrating its importance in the first phases of differentia-
tion. In fact, miR-324 upregulation promotes differentiation of hu-
man primary myocytes.*’

Among miRNAs secreted from hSOD1(G93A) PCM, miR-28a,
although poorly studied in the skeletal muscle, was reported to be up-
regulated during human myoblast differentiation®* and downregu-
lated in muscle and serum/plasma after exercise.®” These last results
support detrimental activity of miR-28a in skeletal muscle. We evi-
denced that it is upregulated in hSOD1(G93A) PCM and it is known
that exercise, that induces its downregulation in muscle, has benefi-
cial effects on health, also promoting the activation of muscle repair
pathways. miR-28a was also studied in cardiac muscle, where its
reduction ameliorates oxidative stress induced apoptosis.** We
report here that miR-28a expression is reduced in the skeletal muscle
of hSOD1(G93A) 4-month-old mice, when inefficient antioxidant
defense represents an important pathological feature.

There is limited specific information available regarding the role of
miR-882 in muscle function. We showed its centrality in the
myogenic network through its ability to regulate the expression of
MpyoD1I and Pax7 that are downexpressed in hSOD1(G93A) PCM
(Figure 8). miR-882 is more secreted by hSOD1(G93A) PCM, sug-
gesting its upregulation in the same cells that may cause downregu-
lation of MyoDI and Pax7. Analysis of miR-882 expression in the
muscle of SOD1(G93A) mice did not show significant differences
with their respective controls but highlighted progressive downregu-
lation over time. Probably, this different expression of miRNAs in
skeletal muscle and PCM can be explained by the complexity of skel-
etal muscle, where most of the cells are myofibers or fibroblasts, in
the case of degeneration, and not satellite cells, that are the main
focus of this study.

The expression of miR-134-5p was studied during post-natal mouse
skeletal muscle development.®” It is particularly expressed two days
after birth, and then its expression decreases until it reaches its min-
imum after 12 weeks after birth. Therefore, miR-134-5p is important
in the first stages of post-natal muscle differentiation. miR-134-5p
enhances differentiation in embryonic stem cells*® and also impacts
on differentiation of neuronal progenitor cells.”” We confirmed its

interaction with Crebl and added another piece to the puzzle in
the regulation of the PKA signaling pathway (Figure 8). miR-134
also localizes to dendrites, where it influences dendritic spine
morphology.41 Furthermore, the induction of miR-134, along with
other miRNAs from the miR-379-410 cluster (miR-381 and miR-
329), is essential for activity-dependent dendritogenesis in primary
hippocampal neurons.”®* We showed that culture medium from
myoblasts overexpressing miR-134 did not impact MN morphology
and neurite length.

Conclusions

This work demonstrates that skeletal muscle precursor of neonatal
hSOD1(G93A) mice are different from those derived from hSOD1
(WT), supporting the idea that even satellite cells in a pre-phenotypic
condition retain molecular alterations associated with ALS. In addi-
tion, the possibility of communication between different types of
myocytes and MNs has been elucidated. This observation makes it
possible to think about cell therapy based on overexpression of mol-
ecules that can be secreted to improve the phenotype of defective
cells or the differentiation ability of satellite cells. We showed that
satellite cells secrete a plethora of miRNAs that have a positive or
negative impact on their differentiation in relation to the genotype
of secreting cells. Considering the therapeutic opportunity, we high-
lighted the importance of hSOD1(WT) myocytes in secreting miR-
26a, which, when assimilated by hSOD1(G93A) myocytes, enables
better differentiation by targeting Smad4 and limiting the induction
of Smad4-regulated genes. Furthermore, miR-26a, in conjunction
with miR-431, both of which are upregulated in hSOD1(WT) myo-
cytes, influences MN differentiation, thereby extending the length of
the neurites produced. This supports the importance of miRNAs in
modulating intercellular communication and the possibility of using
them to regulate skeletal muscle differentiation even in a genetically
inherited pathological condition.

MATERIALS AND METHODS

Mouse models

Tg mice overexpressing WT hSODI protein (strain B6SJL(Tg-
SOD1)2Gur/]), here abbreviated as hSODI1(WT), or the G93A
mutant form (B6SJL(Tg-SOD1*G93A)1Gur/]), here abbreviated as
hSOD1(G93A), were from Jackson Laboratories (cat. nos. 002297
and 002726, respectively). Colonies were preserved by breeding Tg
hemizygote males with WT B6SJLF1/] hybrid females. Newborns
were genotyped as previously described® using the MyTaq
Extract-PCR kit (Bioline). For the skeletal muscle analyses, mice
(1, 3, and 4 months old) were sacrificed by cervical dislocation.

Tg mice overexpressing WT hFUS protein (Tg(Prnp-FUS)
WT3Cshw/]), here abbreviated as FUS mice, were from The Jackson
Laboratory (cat. no. 017916). These mice were maintained as hemi-
zygotes on a C57BL/6 genetic background. Genotyping of newborn
mice was performed by standard PCR on DNA extracted from pha-
lanx biopsies, using primer sets provided by The Jackson Laboratory.
Hemizygous FUS mice were backcrossed to obtain homozygous an-
imals, whose skeletal muscles were analyzed at the presymptomatic
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(3 weeks of age) and onset (4 weeks of age) stages of the disease. For
tissue collection, animals were deeply anesthetized via intraperito-
neal injection of ketamine hydrochloride (IMALGENE, 100 mg/kg;
Alcyon Italia) and medetomidine hydrochloride (DOMITOR,
1 mg/kg; Alcyon Italia), and subsequently sacrificed by decapitation.

Primary myocyte cultures

Primary myoblasts from newborn (1-3 days) hSODI1(WT) or
hSODI1(G93A) mice were prepared as previously described.”
Briefly, the posterior limb muscles were removed, and cells isolated
by three successive treatments with 0.1% trypsin in phosphate-buff-
ered saline (PBS; 140 mM NaCl, 2 mM KCI, 1.5 mM KH,PO,, 8 mM
Na,HPO, [pH 7.4]) for 30 min at 37°C, seeded at a density of
2.5 x 10° cells onto 13-mm coverslips coated with collagen (0.1%
w/v in PBS) for immunocytochemistry, or at a density of 1 x 10° cells
onto 35-mm collagen-coated plates for biochemical assays, and
cultured in proliferation medium (Ham’s F12 with 10% fetal bovine
serum [FBS], 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin) for 2 days (2 DIV). At this time point, proliferation
medium was replaced by differentiation medium (Dulbecco’s modi-
fied Eagle’s medium containing 2% horse serum, 2 mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin) for myoblast dif-
ferentiation into myotubes. All reagents for cell culture were from
Euroclone.

NSC-34 motor neuron culture and differentiation

The NSC-34 MN cell line”' as maintained in growth medium con-
sisting of DMEM supplemented with 10% FBS, 4 mM L-glutamine
(Gibco), and 100 U/mL penicillin/100 pg/mL streptomycin (Gibco).
To induce differentiation, the cell cultures were switched to differen-
tiation medium consisting of Neurobasal (Gibco), 4 mM
L-glutamine (Gibco), and 100 U/mL penicillin/100 pg/mL strepto-
mycin (Gibco).

For the NSC-34 neurite growth assay, cells were seeded in triplicate
onto collagen I (Enzo ALX-522-440-0050)-coated coverslips at a
density of 4,000 cells/cm® in 400 pL. Cells were incubated with
different mediums for 48 h: (1) differentiation medium alone (con-
trols); (2) 50% MCM (primary myoblast conditioned medium) and
50% differentiation medium; and (3) 50% of the medium from
C2C12 cells overexpressing miR-26a, -134a, or -431 and 50% of dif-
ferentiation medium.

Preparation of co-cultures of myocytes and conditioned

medium

Co-culturing experiments were carried out in 24-well transwell
plates (tw) (Sarstedt) using four different cell combinations: (1)
hSOD1(WT) myocytes cultured on the bottom chamber (“target
cells”) and on the insert (“donor cells”) (WTwr); (2) hSOD1
(G93A) and hSOD1(WT) myocytes cultured on the bottom chamber
and the insert, respectively (G93Awr); (3) hSOD1(G93A) myocytes
cultured on the bottom chamber and on the insert (G93Ago34); and
(4) hSOD1(WT) and hSOD1(G93A) myocytes cultured on the bot-
tom chamber and on the insert, respectively (WTgg34) (Figure S2).
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Myoblasts were seeded in the collagen-treated upper insert (0.4 pm
pore size) at the concentration of 1.5 x 10° cells and in the lower
collagen-treated chamber at the concentration of 2.5 x 10° cells
and cultured in proliferating media for 2 days and then in differen-
tiation media. For both western blot (WB) and immunocytochem-
istry, cells on the bottom chamber of conditions (1), (2), and (3)
were used. The myocytes for immunocytochemistry were grown
on coverslips, while those for WB analysis were grown directly on
the plastic of the bottom chamber.

For the preparation of MCM, the supernatant of well-tw chambers
from the combinations (1), (2), and (3) of co-cultured cells was
collected at 2 DIV, centrifuged at 16,000 x g (4°C, 5 min) to remove
cell debris, and stored at —80°C for miRNA analyses.

In the co-culture conditions, miRNA functional studies were per-
formed with cells cultured on the bottom well.

Immunocytochemistry

Four DIV primary cultures and differentiated NSC-34 cells grown on
coverslips were rinsed twice with PBS and fixed with paraformalde-
hyde (2% (w/v) in PBS, 20 min, 4°C). After permeabilization in
Triton X-100 (0.5% [w/v] in PBS, 15 min, room temperature
[RT]), primary cultures were incubated (overnight, 4°C) with mouse
monoclonal antibody anti-desmin (mAb) (Boehringer Mannheim,
cat. no. 814377; 1:50 dilution in PBS containing 1% [w/v] bovine
serum albumin [BSA], PBS-BSA). NSC-34 differentiated cells were
stained with anti-neurofilament SMI32 (BioLegend, cat. n0.801701;
1:200) diluted in PBS containing 1% (w/v) BSA, PBS-BSA. After
extensive washings in PBS, cells were incubated (1 h, RT) with Alexa
Fluor 555-conjugated anti-mouse IgG (Molecular Probes, Thermo
Fisher Scientific, cat. no. A21424, 1:500 dilution in PBS-BSA), and
finally counterstained with the Hoechst 33342 nuclear fluorogenic
probe (Sigma-Aldrich, 5 pg/mL in PBS, 20 min, RT). After further
washings in PBS, the coverslips were mounted onto microscope
slides using a fluorescence mounting medium (DAKO). Myotubes
were observed with an inverted fluorescence microscope (Axiovert
100, Zeiss) equipped with a computer-assisted charge coupled cam-
era (AxioCam, Zeiss) at 10x magnification. Images from different
fields were digitalized and stored for subsequent analysis, while
MNs were observed using a Leica Stellaris 8 inverted confocal
microscope.

Phenotypic characterization of myotubes and motor neurons
The stage of myogenic differentiation at 4 DIV was assessed by the
following parameters.

(1) The differentiation index was calculated as the ratio between the

sum of myonuclei and the total number of desmin-positive cells.

(2) The fusion index (FI) was calculated as the ratio between the

number of total nuclei inside desmin-positive myotubes with
more than three nuclei and the total number of myonuclei.

Counts for both FI and the differentiation index were performed

in 16 randomly selected fields from four different biological
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replicates and reported as mean + SEM of four different cultures
for each condition.

(3) Differentiated myotubes were recognized by desmin-positive
staining and the presence of at least two nuclei. Myotube area
was measured by the Image] software. For determining the
area frequency distribution, myotubes with surface area between
0and 100,000 or 150,000 pixels were split into twenty intervals of
5,000- or 7,500-pixel, respectively, and the frequency of myo-
tubes in each interval was calculated.

To analyze neurite length of differentiated NSC-34 cells, images were
obtained using a Leica Stellaris 8 inverted confocal microscope with
laser illumination at 405, 488, and 555 nm wavelengths, depending
on the fluorescent probes used, and an HC PL APO CS2 40x/1.30
oil-immersion objective. For all images, the pinhole was set to 1
Airy unit. Confocal microscopy imaging was performed at
1,024 x 1,024 pixels per image, with a 0.2 Hz acquisition rate. To
avoid crosstalk between fluorophores, sequential scans (using the
“between frames” option) were performed. Subsequently, a z stack
was acquired through the entire thickness of the cell at 290 nm inter-
vals in the z-plane. Analysis of neurite length was carried out using
the Neuron] program, a plug-in for the Image] analysis program.
The number of dendrites originating from body cells was quantified
in the MN cell line overexpressing miR-26a, as well as in those
treated with the medium derived from C2CI12 cells overexpressing
the same miRNA.

Western blot analysis

After two washes with ice-cold PBS, PCM at different DIV were lysed
in an ice-cold lysis buffer containing 10% (w/v) glycerol, 2% (w/v)
SDS, 62.5 mM Tris/HCI (pH 6.8) and protease and phosphatase in-
hibitor cocktails, and then centrifuged (14,000 x g, 10 min, 4° C) to
pellet cell debris. The total protein content in the supernatant was
determined by the bicinchoninic acid assay kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. Protein sam-
ples were then diluted to the desired concentration by adding dithio-
threitol (f.c., 50 mM) and bromophenol blue (f.c., 0.004% [w/v]), and
boiled (5 min). Proteins were separated by SDS-PAGE using 7% or
10% (w/v) acrylamide-N,N’-methylenebisacrylamide (37.5:1 [w/w])
for the analysis of high or low molecular weight proteins, respec-
tively, or Mini-Protean TGX pre-cast gels (4%-20%, Bio-Rad Labo-
ratories), and then transferred onto polyvinylidene difluoride
(PVDF) membranes (0.45 pm pore size; Bio-Rad Laboratories).
Membranes were incubated in Tris-buffered saline (TBS, 20 mM
Tris-HCI (pH 7.6) and 150 mM NaCl) added with 0.1% (w/v) Tween
20 (TBS-T) and 3% (w/v) BSA (Sigma-Aldrich) as blocking solution
(1 h, RT), and then incubated with the desired primary Ab diluted in
blocking solution (overnight, 4°C). After washing in TBS-T, mem-
branes were incubated (1 h, RT) with horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit (Sigma-Aldrich, cat. nos. A9044 and
A0545, respectively) depending on the primary Ab used. After
washing in TBS-T, immunoreactive bands were visualized and digi-
talized by means of a digital camera workstation (NineAlliance,

UVITEC, Eppendorf), using an enhanced chemiluminescence re-
agent kit (Millipore). For densitometric analyses, the optical density
of each immunoreactive band was normalized to the optical density
of the corresponding Coomassie blue (50% [v/v] methanol, 7% [v/v]
acid acetic, 0.01% [w/v])-stained lane.”” For the analysis of phos-
phorylated proteins, samples were run in parallel onto different
gels, and PVDF membranes were probed with antibodies recog-
nizing either the phosphorylated or the total form of the protein of
interest. Densitometric values of each phosphorylated protein were
normalized to those of the corresponding total protein band (calcu-
lated as aforementioned).

The following primary Abs were used: anti-EmbMyHC mouse mAb
(cl.BF-G6), 1:5,000 (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa); anti-CREB rabbit mAb, 1:1,000 (Cell Signaling
Technology, cat. no. 9197s); anti-pSer133 CREB mouse mAb,
1:1,000 (Cell Signaling Technology, cat. no. 9196s); anti-p38 rabbit
polyclonal antibody (pAb), 1:1,000 (Cell Signaling Technology; cat.
no. 9212); anti-pThr180/Tyr182 p38 rabbit mAb, 1:1,000 (Cell
Signaling Technology; cat. no. 9211); anti-Pax7 mouse mAb, 1:300
(Santa Cruz Biotechnology, cat. no. sc-81648); anti-MyoD mouse
mAb (cl. 5.8A), 1:1,000 (Thermo Fisher Scientific, cat. no. MA5-
12902); anti-myogenin mouse mAb, 1:1,000 (Abcam, cat. no. Ab
1835); anti-Phospho-PKA substrate (RRXS*/T*) (100G7E) rabbit
mADb, 1:500 (Cell Signaling Technology; cat. no. 9624); anti-Akt1/
2/3 (H-136) pAb, 1:1,000 (Santa Cruz Biotechnology, cat. no. sc-
8312); anti-pSer473-Akt1/2/3 rabbit pAb, 1:1,000 (Santa Cruz
Biotechnology, cat. no. sc-7985-R); and anti-p21 (WAF1) mouse
mAD, 1:250 (Merck, Calbiochem, cat. no. P1484).

RNA extraction

Secreted miRNAs in the MCM were extracted using the TRIzol LS
solution (Thermo Fisher Scientific) following the manufacturer’s
protocol. Briefly, 600 pL of TRIzol LS (Thermo Fischer Scientific)
were added to 200 pL of culture medium; after 5 min of incubation
at RT, 160 pL of chloroform were added. After mixing, the solution
was incubated on ice for 15 min and then centrifugated at 12,000 x g
at 4°C for 20 min. Aqueous phase was transferred in a new tube and
precipitated at —20°C overnight adding an isovolume of isopropa-
nol. The RNA was washed two times with 80% of ethanol and resus-
pended in 10 pL of DNAse/RNAse free water (Thermo Fisher Scien-
tific). For each condition, we extracted miRNAs three times from
200 pL of medium totally using about 600 pL of medium. RNA ex-
tracted from the same sample was pooled and the concentration of
miRNAs was inferred according to the run in the 2100 Agilent bio-
analyzer using the smallRNA chip (Agilent Technologies) and inte-
grating the area under desired nucleotide dimension (18-26
nucleotides).

Total RNA from skeletal muscles (gastrocnemius for SOD1 mice and
gastrocnemius, TA, and triceps for FUS mice) and C2C12 cells and
PCM were extracted as we previously described in a study by Codolo
et al.” following the TRIzol protocol.
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Microarray expression profiles

Agilent Mouse miRNA Microarray 8 x 60 K platform (Agilent Tech-
nologies) was used to profile the expression of secreted miRNAs in
three different conditions of co-culture: (1), (2), and (3) (see afore-
mentioned text for the explanation of co-cultures). miRNAs
(150 ng) (according to the concentration established by the 2100 Agi-
lent bioanalyzer runs) were labeled using miRNA Complete Labeling
and Hyb Kit (Agilent Technologies), according to the manufacturer’s
protocol. Labeled RNA was hybridized onto microarray slides using
a rotational oven at 55°C for 22 h. At least three biological replicates
were used for each condition (excluding the WTyr co-culture
that was screened with two biological replicates). After hybridization,
miRNA microarray slides were washed using the Wash Buffer Kit
(Agilent Technologies) and dried at RT. Microarray slides were
scanned using a G2505C scanner (Agilent Technologies) at 3 pm
resolution. Probes features were extracted using the Feature
Extraction Software v. 10.7.3.1 with GE 1 Sep09 protocol (Agilent
Technologies).

Microarray data analysis and identification of miRNA function
Raw microarray data were first filtered for the number of miRNAs
presenting an expression value above the background (0% of unde-
tected values per sample type were allowed for each miRNA) and
then normalized according to the loess cyclic algorithm, as previ-
ously described.” Kruskal-Wallis Test was performed to identify
differentially expressed miRNAs, using 0.05 as the p value cut-off.
Pearson correlation with average linkage method was used to cluster
miRNAs and samples. miRNA function was inferred according to
the function of their targets. We decided to identify the function of
miRNAs using miRTarBase (release 8) and TarBase 8.0°>"° data-
bases. Interactions between miRNAs and their targets were shown
using the Cytoscape software (https://cytoscape.org/index.html).
Edges among protein coding genes represent interactions retrie-
ved from Biogrid database (Mus musculus 4.4.217) (https://
thebiogrid.org/).

RT-qPCR experiments

TagMan method was used to evaluate miRNA expression by RT-
qPCR. Secreted miRNAs (2 ng) or total RNA (10 ng) (in the case
of miRNAs within cells or tissues) were retrotranscribed using the
TagMan MicroRNA Reverse Transcription Kit (Thermo Fisher Sci-
entific), according to the user manual. RT-qPCR was performed us-
ing the 7500 Real-Time PCR System (Thermo Fisher Scientific) in
20 pL using the Taq Man Universal PCR Master Mix II (Thermo
Fisher Scientific) according to the manufacturer’s protocol. PCR re-
action was performed as follows: 50°C for 2 min; 95°C for 10 min;
95°C for 15 s, 60°C for 1 min, for 40 cycles.

To evaluate the expression of coding genes and precipitated DNA we
used the SYBR Green method. RT-qPCR primers (Table S1) were de-
signed by the primer design program Primer3Plus or downloaded
from a study by Forouhan et al.”” First-strand cDNA was synthetized
using the High-Capacity cDNA Reverse transcription kit (Thermo
Fisher Scientific) following the manufacturer’s protocol while
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precipitated DNA was de-crosslinked (65°C for 1 h), purified using
classic phenol-chloroform, followed by ethanol precipitation. RT-
qPCR were performed with ABI 7500 Standard RT-qPCR System
(Thermo Fisher Scientific). The total reaction volume was 10 pL,
including 2 pL 5x Hot FirePol EvaGreen qPCR Mix (Solis
BioDyne), 0.6 pL of 10 pM left primer, 0.6 pL of 10 pM right primer,
1 pL template (10 ng/pL), and 4.2 pL of water. Each assay was per-
formed in quadruplicate and using at least three biological replicates.
Negative controls without template were added each time. The PCR
program started with 2 min at 95°C, followed by 40 cycles of two
temperature steps (95°C, 15 s; 60°C, 1 min) and ended with 15 s at
95°C, 1 min at 60°C, 15 s at 95°C and, 15 s at 60°C. The last steps
of PCR are performed to acquire the dissociation curve to validate
the specificity of the PCR products.

Data analysis was carried on according to AACt method and statistic
was calculated using the t test using unequal variance between sam-
ples for miRNA, mRNA, and ChIP RT-qPCR experiments.

DNA extraction for miRNA cloning

To amplify the genomic region encompassing the genes encoding
miRNAs, genomic DNA was isolated from the C2C12 cell line.
The cells were cultured until they reached 80% of confluence, trypsi-
nized, and centrifuged. Subsequently, the medium was removed, and
genomic DNA was extracted using the kit PureLink Genomic DNA
Mini Kit (Invitrogen) in accordance with the manufacturer’s instruc-
tions. Eluted DNA was checked using the NanoDrop One spectro-
photometer (Thermo Scientific Scientific) for its quantification and
purity (A260/A280 and A260/A230 higher than 1.7).

miRNA cloning

The primers for miRNA cloning were designed to amplify around
500-700 bp region flanking the sequence of the-miRNA. Used
primers are described in Figure S7. The PCR reaction was performed
as follows: 25 pL of PrimeSTAR Max Premix 2x (Takara Bio), 1 pL
of forward primer (10 pM), 1 pL of reverse primer (10 pM), 1 pL
DNA (100 ng/pL), 22 pL of Gibco DNase/RNase free water. The
thermocycler program used was as follows: activation step (x1)
95°C for 5 min; first PCR cycle (x8) 95°C for 30 s (denaturation),
60°C for 45 s (annealing), 72°C for 90 s; second PCR cycle (x30)
95°C for 30 s (denaturation), 72°C for 70 s (annealing/elongation);
final elongation (x1) 72°C for 10 min. Amplicons were verified in
an agarose gel of 1.5%. The PCR products were subsequently purified
using the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) and
quantified with the NanoDrop One spectrophotometer (Thermo
Fisher Scientific) (A260/A280 and A260/A230 higher than 1.7).
pCMVmiR-GFP vector (Origene), a specific plasmid for miRNA
expression, was linearized with Ascl and Xhol restriction enzymes.
pCMV-miR-GFP vector (1 pg) was digested in 5 pL of Cutsmart
Buffer (New England Biolabs) with 1 pL of Ascl (New England Bio-
labs), and 1 pL of Xhol (New England Biolabs). The reaction was
incubated at 37°C for 30 min and the digested vector was run in elec-
trophoresis using low-melting agarose gel to separate vector back-
bone from excided multi cloning site. The backbone vector was
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extracted and purified from the gel with NucleoSpin Gel and PCR
Clean-up (Macherey-Nagel) following the manufacturer’s protocol.
After the purification, the digested product was quantified with the
NanoDrop One spectrophotometer (Thermo Fisher Scientific)
(A260/A280 and A260/A230 higher than 1.7). To clone prepared
amplicons into the purified pCMV-miR-GFP vector, the In-Fusion
HD Cloning Kit (Takara Bio) was utilized as follows: 50-100 ng of
purified PCR fragment, 100 ng of linearized vector, 2 pL of 5x In-
Fusion HD Enzyme premix, H,O up to 10 pL were mixed and incu-
bated for 15 min at 50°C in a water bath, then placed on ice. Stellar
Competent Cells (Takara Bio) were transformed by heat shock
following the manufacturer’s protocol. After bacteria plating, one
colony was expanded to purify the plasmid using GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific) following the manufac-
turer’s protocol. Plasmids were quantified with the NanoDrop One
spectrophotometer (Thermo Fisher Scientific) and sequenced to
confirm corrected cloning.

C2C12 cell culture, transfection, and production of stable
expressing miRNAs

C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s me-
dium with high glucose (Life Technologies) + 10% FBS (Life Tech-
nologies) in 10-cm dishes and split every 2 or 3 days before they
reached 70% of confluence. C2C12 myoblasts were transfected
with 150 nM of mirVana miRNA mimics or scrambled sequence,
purchased from Life Technologies. Transfection efficiency of this
protocol was estimated on about 60%.”° Each transfection experi-
ment was independently repeated at least in triplicate.

To evaluate the influence of secreted miRNAs on neurite develop-
ment, it was necessary to produce cells that overexpress desired
miRNA stably. It permits that all cells express the miRNA avoiding
the influence of untransfected cells. pPCMVmiR-GFP vector (Ori-
gene) containing miR-26a, -134a, or -431 gene were used to transfect
C2C12 cells. For the stable overexpression of miRNAs, cells were
cultured in the proliferative medium without antibiotics 24 h prior
to the transfection and 60,000 cells were seeded in 24-well plates
(SARSTEDT) in 900 pL DMEM GlutaMAXTM (Thermo Fisher Sci-
entific), 10% FBS (Thermo Fisher Scientific) without antibiotics. The
transfection mix (47.5 pL of OptiMEM, 1 pL of 1 pg/pL miRNA
plasmid, and 1.5 pL of TransIT-X2 [Mirus]) was added to the cells
and the transfection occurred for 24 h. Then, stably transfected cells
were selected with 1 mg/mL of the G418/Geneticin antibiotic. After
three weeks of selection, antibiotic concentration was reduced to
0.3 mg/mL in order to maintain the selection pressure and reduce
cell toxicity for other 2 weeks. After antibiotic selection, G418 was
removed and cells were grown in proliferative medium. Cells stable
expressing the empty plasmid pCMVmiR was created to be used as a
control. miRNA expression on the culture medium of these cells was
evaluated using RT-qPCR based on TagMan probes.

NSC-34 cell transfection
For transfection, NSC34 cells were seeded in triplicate onto collagen
I-coated coverslips at a density of 20,000 cells per well in growth me-

dium. After 24 h, the cells were transfected with 1 pg of pPCMVmiR-
26a-GFP miRNA plasmid using Lipofectamine 3000 reagent (Gibco)
according to the manufacturer’s instructions. As control, cells were
transfected with 1 pg of pCMVmiR-GFP empty vector. Twenty-
four hours post-transfection, cell cultures were switched to differen-
tiation medium. Neurite growth was evaluated as previously
described.

Validation of miRNA-target interactions

miRNA target predictions are error prone and, therefore, a way to
filter them based on the correlation between miRNA and putative
target within the cell is needed.”*”® Since we analyzed secreted miR-
NAs where targets are not present, we decided to recover miRNA
targets using miRTarBase (release 8)”° and TarBase 8.0'" databases
(Table S2) that contain validated miRNA targets. Since we focused
our attention on myoblast differentiation, we considered miRNA
target genes associated with striated muscle functions (muscle cell
differentiation, muscle tissue development, and muscle cell apoptotic
process) according to Biological Process category in the Gene
Ontology definitions (Table S3). If databases did not include any in-
formation on target-miRNA physical interactions, because interac-
tions were described according to sequencing, microarray, or RT-
qPCR experiments, or if interactions were described in a tissue or
cells different from skeletal muscle, we performed luciferase assays.
In brief, C2C12 cells were transfected with miRNA mimics and
100 pg/mL of pmirGLO Dual-Luciferase miRNA Target Expression
Vector (Promega) containing the target sequence or a control
sequence (primers for cloning are listed in Table S4). Assays were
performed using the Dual-Luciferase Reporter Assay (Promega),
measuring firefly and renilla luciferase activities with Turner Designs
TD-20/20 Luminometer (DLReady). miRNA transfections were
independently replicated at least three times.

Smad4 target identification and chromatin immunoprecipitation
PCR

To identify Smad4 targets, we used data presented in a study by Ga-
mart et al,,'”" where a combination of Smad4 ChIP-seq and gene
expression analysis after Smad4 depletion in mouse limb buds was
used and checked in UCSC Genome Browser the position of
Smad4-binding sites in chosen genes. Genes we used to evaluate
Smad4 binding in their promoter regions were inhibitors of DNA
binding 1 (Idl: Smad4 binding site in the chr2:152576577-
152576583), leucine rich repeat containing G protein coupled recep-
tor 5 (Lgr5: Smad4 binding site in the chr10:115431572-115431578),
and kinesin family member 7 (Kif7: Smad4 binding site in the
chr7:79365377-79365383).

Before the immunoprecipitation cells were cross-linked with PBS 1%
formaldehyde for 10 min, they were harvested and lysates were son-
icated to an average DNA fragment length of 200-400 bp using the
Bioruptor sonicator (Diagenode). The experiment was conducted
using 15 pg of chromatin and 5-8 pg of anti-mouse Smad4 (B-8)
(Santa Cruz, sc-7966) or anti-mouse IgG isotype control (Cell
Signaling Technology, 5415 s). Briefly, chromatin was precleared
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by adding 50 pL Protein A/G PLUS-Agarose (Santa Crus, sc-2003)
and incubated for 30 min at 4°C. After the solution was centrifugated
at full speed for 5 min at 4°C, the supernatant was transferred to a
new tube where the primary antibody was added. After an overnight
incubation at 4°C, 50 pL of Protein A/G PLUS-Agarose was added
and incubated for 2 h at 4°C. Beads were harvested by centrifugation
at 12,000 rpm for 20 s. Beads were washed twice with 1 mL of Lysis
Buffer High Salt (Santa Cruz; sc-45001) and other two times with
Wash Buffer (Santa Cruz; sc-45002). Beads were resuspended in
the Elution Buffer (Santa Cruz; sc-45003). DNA samples were puri-
fied and subjected to quantitative real-time PCR as previously
described. As negative control of precipitation, in addition to the
IgG isotype antibody, a real-time PCR against a DNA region without
Smad4 binding sites was used (Table S1).

Statistical analysis

Data were analyzed using Origin 2018 (version 9.5) or GraphPad
(version 8.0.2) softwares. Statistical analyses were performed as indi-
cated in the figure legends. The significant level was established at
p < 0.05. Microarray data were analyzed by Kruskal-Wallis test to
identify differentially expressed miRNAs setting p < 0.05 as cut-off
value. All analyses were conducted in double-blind manner.
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