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Amyotrophiclateral sclerosis (ALS) is characterized by neuromuscular
junction (NMJ) disruption and neurodegeneration. Recent findings
highlight a pivotal role for TAR DNA-binding protein 43 (TDP-43) in forming
axonal pathological condensates and facilitating NMJ disruption through
inhibition of local protein synthesis. However, the mechanisms that drive
local TDP-43 accumulation remain unknown. Here we identify that the
TDP-43 axonal accumulationin peripheral nerves of SOD1 patients and
mice stems fromits aberrant local synthesis. This is a non-cell-autonomous
process driven by muscle-derived miR-126a-5p extracellular vesicles (EVs).
Inhibiting muscle secretion of miR-126a-5p prompts presynaptic TDP-

43 synthesis and accumulation, which disrupts axonal translation and
causes NMJ degeneration. Introducing miR-126 to SOD1°°** mice, primary
co-cultures and humaninduced pluripotent stem cell (iPSC)-derived
co-cultures with ALS mutations exhibits neuroprotective effects and delays
motor decline. These findings identify a transcellular communication axis
between muscles and motor neurons that regulates axonal local synthesis
and NMJ maintenance, offering insights into ALS onset and progression.

ALS s alethal adult-onset motor neuron (MN) disease, characterized
by disruption of NMJs, axonal degeneration and neuronal death'*.
Most ALS cases are linked to TDP-43 pathology, characterized by its
mislocalization from the nucleus to the cytoplasmand the formation
of phosphorylated aggregates® .

TDP-43 is a multifunctional DNA/RNA-binding protein with
roles in transcriptional and splicing regulation, RNA processing
and RNA transport/subcellular localization®'?. Recently, we showed
that TDP-43 co-localizes with the core stress granule component
G3BP1in axonal condensates of patients with ALS and mice. These

TDP-43-G3BP1 condensates sequester RNA and inhibit local pro-
tein synthesis, resulting in mitochondrial malfunction and NMJ
disruption with subsequent axonal degeneration®. Thus, TDP-43
has profound effects in axons and NMJs, and its aggregation causes
pathology not limited to the spinal MN cell bodies but also found
in the distal portions of motor axons. Furthermore, recent stud-
ies revealed aggregation of TDP-43 in peripheral motor axons of
patients with ALS during initial diagnosis**". Thus, axonal TDP-43
condensates exert pathological regulation over essential local syn-
thesis events.

A full list of affiliations appears at the end of the paper.
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Fig.1| TDP-43 peripheral pathology in SOD1 patients and SODI mouse
models. a, Immunohistochemical staining for pTDP-43 in obturator nerve
biopsies of non-ALS patients (motor neuropathy), patients with SOD1

(c.442 G > A) and patients with sALS. Arrowheads indicate Schwann cells. Scale
bar, 10 pm. b, Immunofluorescent staining for pTDP-43 in intramuscular nerves
inbiopsies of non-ALS patients, patients with SODI (c.26 T > A) and patients
with sALS. White indicates NFH-pTDP-43 co-localization. Scale bar, 5 pm.

c-e, Immunofluorescent images and quantification of pTDP-43 in sciatic nerve
cross-sections of SOD1%** (d) and SOD1%*”® (e) mice and their littermates. White
indicates NFH-masked TDP-43. Scale bar, 10 um.n =17 (d) and n =9 (e) nerve
sections. *P=0.0368, ***P=0.000044. f-h, Immunofluorescent images and
quantification of TDP-43 in sciatic nerve cross-sections of SOD1%"® (g) and
SOD1%*A (h) mice and their littermates. White indicates NFH-masked TDP-43.
Scale bar,10 pm. n=24,31(g) and n=18,16 (h) nerve sections. ***P=0.0006 (g),
P=0.0004 (h).ij, Representative images and quantification of western blots for
TDP-43 (43 kD) and tubulin (55 kD) in sciatic nerve axoplasms of SOD1°°** (i) and
SOD1%7® (j) mice versus their littermates. n = 3, 4 mice, respectively. *P = 0.0149
@), **P=0.0002 (i). kI, Representative images and quantitative analysis for the

percent of NMJs with apparent TDP-43/pTDP-43 patch in EDL muscles from

P290 SOD1%"® and littermate controls. Red dashed line marks BTX perimeter.
Scale bar, 30 um. n =3 mice per group.***P=0.0009, *P = 0.0288.

m-p, Immunofluorescentimages and quantification of NFH-pTDP-43
co-localization in NMJs of presymptomatic (P60) SOD1*** (m,n) and (P290)
SOD1%*R (0,p) mice versus their littermates. White indicates NFH-pTDP-43
co-localization. Scale bar, 15 pm. n =29, 20 (n); n =53, 59 (p) NMJs. **P=0.0005
(n), ***P=0.000019 (p). q-t, Representative images and quantification of the
OPP labeling in NMJs of presymptomatic (P60) SOD1°** (q,r) and (P290) SOD1%*™®
(s,t) mice and their littermates. White indicates OPP-ChAT or OPP-NFH-
synaptophysin three-dimensional co-localization. Scale bar, 10 pm. n =30 (r) and
n=72,40 (t) NMJs.**P=0.0032, ***P=1.21x10". For d,e,g h,r,t, data are shown
asthemean +s.d., repeated in three mice per genotype. Fori,j,k,I, data are shown
asthemean +s.e.m., repeated in three mice per genotype. For n,p, dataare
showninviolin density plots with markings of first, median and third quartiles,
repeated in three mice per genotype. Ford,e,g-1,n,p,r,t, two-tailed unpaired
Student’s t-test. coloc, co-localization; LM, littermate; SN, sciatic nerve.

Localized protein synthesis is a mechanism enabling spatially
constrained and temporally sensitive cellular responses to changes
in intracellular or extracellular environment'**, Neurons, with their
extensively long axons, rely onlocal protein synthesis for proper func-
tion and survival' 2. Alterations in this process can lead to various
neuropathological disorders, including ALS'®"***, Each MN harbors
numerous remote NMJs, and how translation is coordinated within
each synapse s still unknown. Moreover, although TDP-43 is a potent
driver of ALS toxicity and akey local synthesis regulator, the mode of its
accumulation alongaxonsand NMJsis a critical unaddressed question.

Here, we studied the localized accumulation of TDP-43 in axons
and NMgJs. Our findings highlight the presence of distal TDP-43 pathol-
ogy in patients with SOD1 ALS and mouse models. We found that TDP-
43 accumulates at NMJs due to aberrant local synthesis triggered by
areduction in miR-126a-5p within muscle EVs. This chain of events
ultimately initiates neurodegeneration. Notably, miR-126 is neuropro-
tectivein neuromuscular co-cultures, delays TDP-43 accumulation at
NM]Js and postpones the onset of motor symptoms in SOD1°** mice.
This unveils anew role for muscle EV-loaded micro RNAs (miRNAs) in
regulating NM] protein synthesis, thereby affecting NMJ maintenance
and disruptionin ALS.

Results

TDP-43 peripheral pathology in SOD1 patients and SOD1
mouse models

TDP-43 pathology is not limited to the spinal MN cell bodies but is
also found in motor axons of patients with ALS”"", SOD1 patients
are traditionally considered negative for TDP-43 pathology based on
observations from postmortem spinal and cortical MNs. However,
unexpectedly, when analyzing their peripheral nerves, we identified
phosphorylated TDP-43 (pTDP-43) aggregates along the axons in an
obturator nerve biopsy fromaSOD1 c.442 G > A mutant patientandin

intramuscular nerves fromaSOD1¢.26 T > A mutant patient (Fig. 1a,b
and Extended Data Fig. 1). These pTDP-43 aggregates resemble those
found in sporadic ALS (sALS) biopsies and minimally detectable in
non-ALS pathologies. We next examined TDP-43 in SOD1%** and
SOD1%® mouse models. Immunofluorescent and biochemical analy-
ses of sciatic nerves from both models indicated the accumulation of
TDP-43and pTDP-43in peripheral nerves at symptomatic stages of the
disease (Fig.1c-j and Extended Data Figs. 1b—-f and 2). Notably, we did
notobserve TDP-43 mislocalization or aggregationin cell bodies of spi-
nal MNs (Extended DataFig. 3). Additionally, using three-dimensional
co-localization analysis, we discovered that pTDP-43 accumulates in
NMJs of SOD1°%** and SOD1°*”® mice before symptom onset and through-
outdisease progression (Fig.1k-p and Extended Data Fig.4a-h). Inter-
estingly, the pathology was more apparent in fast fatigable extensor
digitorum longus (EDL) muscles compared to the slow fatigable soleus
muscles (Fig. 1k, and Extended Data Fig. 4i-I). Accumulation of TDP-
43 in NMJs is negatively correlated with local protein synthesis®. To
verify whether this also occurs in SOD1 mutants, we used O-propargyl
puromycin (OPP) to label and quantify newly synthesized proteins in
NMgJs. Indeed, analysis of the OPP signal specifically within presyn-
aptic axons revealed a reduction in presynaptic protein synthesis in
both SOD1%** and SOD1%*® NMJs as well as in NMJs in SOD1%°** primary
co-cultures (Fig. 1g-t and Supplementary Fig. 1). Thus, our findings
reveal a confined accumulation of TDP-43 in peripheral nerves and
NMJs of patients with SOD1 ALS and animal models, which may affect
local protein synthesis. Furthermore, TDP-43 retains its typical nuclear
localization in the SOD1 models, suggesting that this process can be
regulated by local translation within distal axons and NMJs.

Muscles restrain local TDP-43 mRNA translation
Reanalyzing axonal RNA sequencing (RNA-seq) data”, we found
that TDP-43 mRNA is abundant in axons (Extended Data Fig. 5a). To

Fig.2| TDP-43 mRNA localization and local translation in MN axons.

a, Quantitative RT-PCR analysis of the relative mRNA levels of TDP-43 and PolB
in RNA preparations from soma or axonal compartments of radial MFCs.n=3
neuronal cultures; each repeat represents a pool of several radial chambers.
RQ, relative quantification. NS = 0.9814, **P = 0.0015. b, Representative image
of anagarose gel with cDNA amplicons of TDP-43, PoIB and B-actin amplified
from sciatic nerve axoplasm RNA. n = 5mice. ¢, Representative images of
smFISH for mRNA of TDP-43 and B-actin in primary MN axons compared to

no probe control. Scale bar, 5 um. d, Representative images of smFISH for
mRNAs of TDP-43 and B-actin in EDL muscle NMJs compared to no probe
control. White indicates smFISH-NFH three-dimensional co-localization result.
Scale bar, 10 pm. e,f, Representative images and quantification of TDP-43
puro-PLA inaxons in the presence or absence of anisomycin (40 pM) and inin

vitro NMJs (lowest panel). Scale bars, 20 pum and 5 um. n =97, 91, 62 axons and
NMJs, respectively. NS = 0.0525, ****P=3 x 10 (Aniso), P=1.31 x 10" (NM)).

g h, Representative images and orthogonal slices of TDP-43 puro-PLA in EDL
NMJs treated with puromycin (g) or with anisomycin + puromycin (h) muscles.

ij, Representative images and orthogonal slices of B-actin puro-PLA labeling in
EDL NMJs treated with puromycin (i) or with anisomycin + puromycin (j) muscles.
SynP, synaptophysin labeling. Scale bar, 10 um. For a, data are shown as the

mean + s.e.m., two-way ANOVA with multiple comparisons. For ¢, representative
experiment repeated in three neuronal cultures. For d, representative experiment
repeated in three ex vivo muscle preparations. For f, data are shown in violin
density plots with markings of first, median and third quartiles, one-way ANOVA
with Holm-Sidak correction for multiple comparisons, repeated in three
neuronal cultures. Aniso, anisomycin; coloc, co-localization; NS, not significant.
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determine whether TDP-43 mRNA islocalized and locally translated in
axons, we isolated pure axonal RNA from primary MN cultures using
radial microfluidic chambers (MFCs)" and performed quantitative
polymerse chainreaction (QPCR). Thisrevealed aroughly similar abun-
dance of TDP-43 mRNA in axons and somata (Fig. 2a). Additionally, we
purified RNA from sciatic nerve axoplasms after PCR amplification for
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for axonal RNA) and -actin (Actb) mRNAs (as a positive control for
axonal RNA). We detected clear amplicons of both TDP-43 and -actin
mRNAs in the absence of Polb (Fig. 2b). Moreover, single-molecule
fluorescence in situ hybridization (smFISH) in primary MNs revealed
axonal-localized puncta of TDP-43 and B-actin mRNA (Fig. 2c and
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Extended Data Fig. 5b). smFISH for TDP-43 and B-actin on EDL mus-
cles showed that both mRNAs are localized in presynaptic axons at
NM]Js (Fig. 2d). Altogether, this evidence indicates that TDP-43 mRNA
islocalized in distal axons and NMJs both in vitro and in vivo.

To test whether TDP-43 mRNA is locally translated in axons and
NM]Js, we used a puromycin proximity ligation assay (puro-PLA)*.
Quantitative analysis of TDP-43 puro-PLA in primary MNs grown in
compartmental MFCs indicated that TDP-43 is synthesized in axons
(Fig. 2e,f). This was further validated by ablation of axonal TDP-
43 followed by TDP-43 small interfering RNA (siRNA) treatment
(Extended Data Fig. 5¢,d). Next, we repeated the TDP-43 puro-PLA in
a compartmental neuromuscular co-culture™”**°, Unexpectedly, the
number of TDP-43 puro-PLA puncta in presynaptic axons was mark-
edly reduced, implying a role for muscles in controlling local protein
synthesis (Fig. 2f and Extended Data Fig. 5e). We also visualized TDP-43
and B-actinlocaltranslation ex vivo, detecting presynaptic TDP-43 syn-
thesisinasmallfraction of NMJs (Fig. 2g—j and Supplementary Fig. 2a).
Lastly, examination of NMJs within EDL muscle of SOD1°"® mice sug-
gestsincreaseinlocal translation of TDP-43 (Supplementary Fig. 2b).
Overall, these results indicate that TDP-43 mRNA is distributed into
axonswhereitcanbelocally translated, a process thatis limited in the
NM]J but may increase in mice harboring SOD1 mutations.

Muscles communicate with presynaptic axons via
miRNA-loaded EVs

Our results suggest that the presynaptic local synthesis of TDP-43 can
besilenced by transcellular processes, such as by miRNA-loaded EVs®'.
Therefore, we hypothesized that the EVmachineryis also presentinthe
postsynaptic apparatus in NMJs. Using in vivo immunofluorescence,
we found that several hallmark EV markers, such as CD63, CHMP2A
and CD8], are enriched in postsynaptic regions in muscles (Fig. 3a-c
and Extended Data Fig. 6a-d). To determine whether these represent
functionally secreted EVs, we used compartmental neuromuscular
co-cultures in which muscles were transfected with CD63-pHluorin
(Fig.3d)*. Liveimaging of CD63-pHluorinin co-cultures shows astrong
signal rising in synaptic regions (bungarotoxin (BTX) positive) com-
pared to extrasynaptic regions in muscles, reinforcing our observa-
tion of EV enrichment in NMJs (Fig. 3e,f, Extended Data Fig. 6e and
Supplementary Video 1). Similar experiments with CD63-GFP visual-
ize the transmission of EVs from skeletal muscles and their uptake
into axons (Supplementary Fig. 3a-f and Supplementary Videos 2
and 3). Using SYTO RNASelect to label total RNA in primary muscle
cultures, we further observed the uptake and the intra-axonal shut-
tling of muscle-derived RNA (Supplementary Fig. 3g,h). To further
characterize this process, we isolated muscle-derived EVs from the
conditioned media of primary myocytes by ultracentrifugation®.
Transmission electron microscopy (TEM) and nanoparticle tracking
analysis (NTA) validated the predominant presence of bi-layer EVs with
an average diameter of 100 nm, congruent with the size of exosomes
(Fig. 3g,h). RNA-seq analysis of axonal RNA from axons treated with

muscle-derived EVsidentified transcriptional changes, implying that
these EVs carry miRNAs, as suggested by the immediate reduction
in the abundance of multiple transcripts (Supplementary Fig. 3i and
Supplementary Table 1). Additionally, western blot characterization
of EV preparations validated the presence of the hallmark exosome
marker CD63 and theinclusion of the RNA-induced silencing complex
(RISC) component Argonaut 2 (Ago2), as also previously reported™,
suggesting the transmission of miRNAs and RISC machinery through
muscle EVs (Fig. 3i and Supplementary Fig. 4a,b). Notably, we did
not detect traces of TDP-43 in these preparations, suggesting that
itis not primarily sorted into muscle EVs. Using an NMJ co-culture,
we transfected primary muscle cells with Ago2-GFP and observed
Ago2-GFP puncta in adjacent axons (Supplementary Fig. 5a,b and
Supplementary Videos 4 and 5). Immunostaining confirmed Ago2
transfer from muscles to axons (Fig. 3j,k and Supplementary Fig. 5c).
Additionally, miRNA sequencing of axons treated with muscle-derived
EVsrevealed anincrease in muscle-specific miRNAs (myomiRs) and a
decrease in axonal protein synthesis (Supplementary Fig. 4c-h and
Supplementary Table 1). Together, these results suggest that RISC
components are transferred from muscle to neuron via exosome-like
EVs, regulating the RNA population at the NMJ.

EV-derived miR-126a-5p regulates TDP-43 turnover at NMJs
Toelucidate the function of muscle-derived EVsin presynaptic axons,
we performed small RNA-seq for muscle EVs and whole-cell lysates. This
revealed a subpopulation of miRNAs that is compartmentalized into
EVs (Fig.4aand Supplementary Table 2). Of the most compartmental-
ized miRNAs in muscle-derived EVs, we identified miR-126a-5p, which
we previously reported to be downregulated in SOD1%*** muscles and
MNs™*. This result was further validated by specific TagMan RT-qPCR
for muscle-derived miR-126a-5p (Fig. 4b). The compartmentalization
of miR-126a-5p and other miRNAs implies a paracrine function rather
than anautocrine function, such as was previously indicated for miR-
206 (ref.36) (whichwas not compartmentalized in muscle-derived EVs).
Based onthis assumption, we performed miRNAFISH for miR-126a-5pin
EDL muscles and confirmed that its expression was almost exclusively
confined to the NMJ region, strengthening our hypothesis that these
miRNAs target mRNA transcriptsin non-muscle neighboring cells such
as presynaptic motor axons (Fig. 4c). Next, we used TargetScan miRNA
target predictions to test whether any of the ALS-associated genes
(Amyotrophic Lateral Sclerosis online Database (ALSoD)*) are pre-
dicted targets of miR-126a-5p. Thisrevealed more than 50 out of the 154
genes, of which six are definitive ALS genes, including TDP-43 having the
highest prediction score of all (TARDBP; Supplementary Table 3). Our
verification revealed that the majority of both the mouse and human
TARDBP mRNA transcript variantsinclude at least one binding site for
miR-126a-5p (miR-126-5p in humans).

The dominant axonal mouse variant of Tardbp mRNA isisoform
3 (Supplementary Table 4; NM_001003899.2), which contains two
binding sites for miR-126a-5p in its 3’ untranslated region (UTR).

Fig. 3| Muscles communicate with presynaptic axons viaEVs.

a-c, Representative images and quantitative analysis (b,c) of NMJ
immunolabeling for CD63 (upper panel b) and CHMP2A (lower panel c).

Gray indicates three-dimensional co-localization result of CD63/CHMP2A
and BTX. Scalebar, 10 um. n =19 (b) and n =39 (c) muscles. ***P=0.00012 (b),
#*p =117 x107°(c). d, lllustration of experimental setup in e and f. Primary
skeletal muscles were transfected with CD63-pHIuorin vector and co-cultured
with primary MNs in compartmental MFCs. e, f, Representative images and
quantification of CD63-pHIuorin signal and localization in neuromuscular
co-cultures. Scale bar, 20 pm. n =24 muscles from three independent repeats.
Two-tailed paired Student’s ¢-test, **P= 0.0015. g, Representative TEM images
of muscle-derived EVs. Scale bars, 300 nm (left panel) and 100 nm (right panel).
h, Representative NTA plot for muscle conditioned media. i, Representative
images of western blots for CD63 (55 kD), CD81 (26 kD), CD9 (22 kD), Ago2

(87 kD) and TDP-43 (43 kD) in protein lysates of primary muscles and primary
muscle-derived EVs. j, lllustration of experimental setup for j. Primary skeletal
muscles were transfected with Ago2-GFP vector and co-cultured with primary
MNs in compartmental MFCs. k, Upper panel: representative images of
immunolabeling for Ago2 and GFP in neuromuscular co-cultures. Lower panel:
inset and representative image of Imaris puncta analysis for Ago2 and GFP
antibody labeling within axons. Yellow arrowheads indicate co-localized GFP
and Ago2 signalsin axons. Scale bar, 10 pm. For b,¢,f, data are shown as pairs of
signal intensity in synaptic versus extra-synaptic regions within the same muscle.
For b,c, experiment was repeated in three mice. For f, experiment was repeated
inthree co-cultures. For b,c,f, two-tailed paired Student’s t-test. For g,h I,
representative for three biological repeats of muscle culture and EV preparation.
For k, repeated once. Representative of 15 images. coloc, co-localization;
Ex.synaptic, extra-synaptic.
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We validated the ability of miR-126a-5p to silence Tardbp as well as sev-
eral other predicted and MN-related transcripts after lentiviral deliv-
ery of miR-126 to primary MNs (Fig. 4d,e and Extended Data Fig. 7a,b).
Notably, we validated that miR-126-5p regulation over TDP-43 mRNAs
is conserved in humans (Extended Data Fig. 7c-f). Next, we con-
firmed the directinteraction between miR-126a-5p and TDP-43 mRNA
using dual-luciferase reporter assay, which showed that the effect
of miR-126-5p is abolished upon mutation of TDP-43 binding site
(Fig. 4f,g). Furthermore, miR-126 overexpressionin primary MNs led

toamilddecreasein TDP-43 protein levelsinwhole-cell lysates, poten-
tially due to the existence of additional TDP-43 mRNA isoforms in cell
bodies with non-affinity or lower affinity to miR-126a-5p (Fig. 4h).
Thus, our observations reveal a population of muscle-derived miR-
NAs with unique compartmentalization to NMJs, suggesting that
at least part of these may participate in regulating presynaptic
mRNA translation. Specifically, we identified the EV-localized and
NM]J-localized miR-126a-5p as a potential suppressor of presynaptic
TDP-43 translation.
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Deregulation of miR-126 in patients with ALS and SOD1 models
Our dataimply that miR-126a-5p is a potent muscle-derived repressor of
TDP-43. Consideringits unique NMJ compartmentalization, its enrich-
mentinEVsand the observed effect of muscles over TDP-43 synthesis
in NMJs, we sought to determine whether alterations in miR-126-5p
levels could potentially increase the local synthesis of TDP-43 in NMJs
of ALSmodels. Indeed, our previous studies revealed deregulation of
miR-126a-5p in both SOD1*** and TDP-43**T models of ALS*"*.

We assessed the levels of miR-126-5p in ALS patient-derived serum
EVs as anindication of its state in muscles, as also previously reported
for other myomiRs*. We found an approximately threefold reduction
inthe relative abundance of miR-126-5p in patients with SALS compared

to healthy donors (Fig. 4i). Due to the local accumulation of TDP-43 in
peripheral nerves of SOD1 mice models (Fig.1and Extended DataFig.1),
we examined the abundance of miR-126a-5pin the spinal cords and gas-
trocnemius muscles of SOD1%** and SOD1%*7® In both mutant SOD1mod-
els, the levels of miR-126a-5p were specifically reduced in the muscles
of SOD1 mutants yet remained unaffected in their spinal cords (Fig. 4j,k
and Extended Data Fig. 7g). Because we identified that miR-126a-5p
is compartmentalized to NMJs, we further inspected if its low expres-
sionin mutant SOD1 muscles also reflects its presence in NMJs. Indeed,
miR-126a-5p FISH in EDL NMJs of presymptomatic (postnatal day 60
(P60)) SOD1°%** mice and their littermates revealed a profound reduc-
tion, specifically in NMJs (Extended Data Fig. 7h,i). Overall, these data
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Fig.4|Local deregulation of EV-loaded miR-126a-5p in NMJs may directly
regulate TDP-43 expression. a, Volcano plot of small RNA-seq from muscle-
derived EVs and whole-cell lysates of muscle cultures. Data are shown as log,FC
of EVmiRNAs over whole-cell lysates. Blue dots indicate miRNA with log,FC > 0.5
and -log,,Padj > 2. n =3 cultures/isolated EVs. Wald test with correction for
multiple comparisons. b, Quantitative TagMan RT-PCR for miR-126a-5p in
whole-cell muscle lysates versus muscle-derived EVs. n = 3 cultures/isolated
EVs.**P=0.0073. ¢, Representative images of miR-126a-5p FISH in NMJs of EDL
muscles. Scale bar, 10 pm. d, TagMan RT-qPCR analysis of miR-126a-5p levels in
GFP-infected and miR-126-infected primary MNs. U6 was used as loading control.
n=3neuronal cultures. ***P=0.000014. e, Top, scheme of TDP-43 transcript
variant 3 mRNA with marking of the approximate location of two miR-126a-

5p binding sites. Bottom, RT-qPCR for mmu-Tardbp transcript variant 3 in
primary MNs infected with either empty GFP backbone or miR126-GFP vector.
n=3neuronal cultures. *P=0.0046.f,g, Scheme and quantitative analysis (g)
of dual-luciferase assay for miR-126a-5p and mmu-Tardbp mRNA interaction.
One hundred base pairs (bp) of the 3’ UTR of mmu-Tardbp mRNA, including

one miR-126a-5p (wt) or amutant miR-126a-5p (mut), were inserted into dual-
luciferase reporter plasmid. n =9 replicates from three repeats. ***P=2.46 x10”".
h, Representative images and quantification of western blots for TDP-43 (43 kD)
in primary MNs infected with GFP or with miR126-GFP vector. Tubulin (55 kD) was
used as loading control. n =4 neuronal cultures. *P=0.0258.i, TagMan RT-qPCR
analysis for miR-126-5p in serum-derived EVs of patients with sALS (n=7) and
healthy controls (n = 5). ***P=0.000019.j,k, TagMan RT-qPCR for miR-126-5p in
P60 SOD1°** GC muscles and P60 SOD1%°** SC (j) and P357 SOD1%7® GC muscles
and P357 SOD1%*7* SC (k). U6 was used as loading control.n =3 (SC), n =3 (j; GC)
and n = 6-8 (k; GC) mice in each group. One-tailed (j; GC) or two-tailed (j, k)
unpaired t-test, *P (j) < 0.0491, NS (j) = 0.6973, ***P (k) < 0.0004, NS (k) = 0.9591.
Forb,d,e h-k, dataare shown asthe mean + s.e.m. For g, dataare shown as the
mean +s.d. For b, two-tailed paired Student’s ¢-test. For d,e,g,h,i,j (SC) k, two-
tailed unpaired Student’s ¢-test. For j (GC), one-tailed unpaired Student’s ¢-test.
For ¢, images represent eight repeats in mouse muscles. FC, fold change; CDS,
coding sequence; GC, gastrocnemius; mut, mutant; NS, not significant; Padj,
adjusted Pvalue; SC, spinal cord; wt, wild-type.

suggest amechanism that local TDP-43 accumulation is suppressed by
muscle-derived mir-126-5p, and this process is disrupted in SOD1 ALS.

Muscle EVs protect NMJs by limiting TDP-43 synthesis

To analyze the effect of muscle-derived EVs containing miR-126a-5p on
NM]Jintegrity and functionality, we first adopted a previously described
conditional knockdown (KD) method for Rab27a, a GTPase control-
ling the release of exosomes from cells*. We validated that Rab27ais
expressed in skeletal muscles and is present in NMJs (Fig. 5a), and then
we used compartmental microfluidic co-cultures to specifically knock
downRab27ainmuscles using adoxycyclineinduction system (Fig. 5b).
Western blotand NTA confirmed theinduction and function of shRab27a
inmuscles (Fig. 5c-e). Co-culture analysis revealed anincrease in newly
synthesized TDP-43 at presynaptic axons upon Rab27a KD in muscles
(Fig.5f,gand Supplementary Fig. 6a,b). Given the central role of TDP-43
inlocal protein synthesis, we performed asimilar experiment using OPP
tolabel total protein synthesis in presynaptic axons and found an overall
decreaseinaxonal proteinsynthesis (Fig. 5h,iand Supplementary Fig. 6¢),
resembling our observations in the TDP-43ANLS model”. Lastly, we
assessed the impact of Rab27a KD on NMJ function and integrity. We
detected impairmentin NMJ function as measured by the percent of con-
tractinginnervated muscles (Fig. 5j). Additionally, co-cultures labeled for
presynaptic and postsynaptic markers (NFH/BTX) revealed significant
NM]J disruption and axon degeneration (Fig. 5k,1). These results were
also replicated using the neutral sphingomyelinase inhibitor GW4869,
known for its robustness in blocking exosome release* (Fig. 5m-p and
Supplementary Fig. 6d-f). Notably, GW4869 was demonstrated before to
alsoblock the clearance of pathological TDP-43 from cells viaexosomes*.

This, together with our attempt to overexpress TDP-43-eGFP in mus-
clesin co-culture (Supplementary Fig. 7), and its absence in muscle EV
fractions, confirms that the main source of axonal TDP-43 in the NMJ is
local translation rather than its transmission from muscles. Hence, the
inhibition of EV machinery in postsynaptic muscles reduces general
presynaptic protein synthesis via increased local expression of axonal
TDP-43. Furthermore, prolonged disruption of the EV machinery pro-
moted NMJ dysfunction and degeneration, indicating a vital mode for
muscle-derived EV secretion in NMJ maintenance.

miR-126a-5p protects NMJs by repressing TDP-43 synthesis

To ensure that alteration in muscle-derived miR-126a-5p but not
general EV secretion is vital for NMJ function, we repeated this set of
experiments using an antisense oligonucleotide against miR-126a-5p
(miR126i), which sequesters miR-126a-5p in stable heteroduplexes
and effectively preventsits binding to endogenous targets*. First, the
potency of miR126i was validated by transfecting it into primary mus-
cles and performing RT-qPCR for TDP-43 mRNA after 5 days (Fig. 6a).
Next, we introduced miR126i specifically to the neuromuscular com-
partments of co-culture (Fig. 6b; at 5 days in co-culture). Five days
later, we found a marked increase in the density of TDP-43 in distal
axons within the neuromuscular compartment (Fig. 6¢,d). As in the
shRab27a-treated and GW4869-treated co-cultures, miR126i led to a
significantincrease in newly synthesized TDP-43 in presynaptic axons
(Fig. 6e,fand Supplementary Fig. 8a,b). This was associated with an
increase in presynaptic pTDP-43 (Supplementary Fig. 8c,d), adecrease
in overall presynaptic protein synthesis (Fig. 6g,h) and NMJ dysfunction
and degeneration (Fig. 6i-k). Altogether, these observations indicate

Fig. 5| Muscle EVs preserve NMJ integrity by regulating TDP-43 synthesis.

a, Representative images of Rab27ain NMJs. Top, NMJ markers; bottom,
co-localization of Rab27a with BTX (yellow). Scale bar, 10 um. b, Experimental
setup incand d. Tet-On shRNA-Rab27 vectors were transfected into primary
muscles that were co-cultured in MFCs with primary MNs. At co-culture day 5,
doxycycline was added to the muscle compartment. TRE, tetracycline responsive
element. ¢, Representative western blot and quantificaton of Rab27a (29 kD)

in primary muscles transfected with Tet-On shRNA-Rab27 +/- doxycycline.
Tubulin was used as aloading control. n = 3 muscle cultures. **P < 0.0016.

d, Representative NTA histograms comparing size distribution of EVs from Tet-
On shRNA-Rab27a transfected primary muscles +/- doxycycline. e, NTA particle
concentrations analysis in the EVs above. ***P=2.43 x10”. n =4 EV preparations
from four muscle cultures. f,g, Representative images and quantification of
TDP-43 puro-PLA in presynaptic axons in co-cultures with Tet-On shRNA-Rab27a-
expressing muscles +/- doxycycline. TDP-43 puro-PLA-NFH co-localization
isshownin gray (right). Scale bar, 10 um. n =151,140 NMJs. ***P=4.2 x 10,

h,i, Representative images and quantification of OPP labeling in Tet-On shRNA-
Rab27a co-cultures +/- doxycycline. OPP-NFH co-localization is shown in gray
(right). Scale bar, 10 pm. n = 61,25 NMJs ***P = 9,75 x 107, j, Percent of contracting

innervated muscles in Tet-On shRNA-Rab27a co-cultures +/- doxycycline.
n=9,9,5co-cultures.**P=0.0004, NS = 0.7059.k,I, Representative images

and quantification of NMJ disruption in Tet-On shRNA-Rab27a co-cultures +/—
doxycycline. Scale bar, 10 pm. n =4 co-cultures. **P=0.0010. m, Representative
NTA histogram comparing size distribution of EVs from primary muscles
cultured in the presence of 10 uM GW4869 or DMSO in the culture media.n, NTA
particle concentration analysis in the EVs above.n =3 EV preparations from three
muscle cultures ***P=1.28 x 10°. 0, Analysis of TDP-43 puro-PLA in presynaptic
axons in DMSO-treated versus GW4860-treated (10 pM) co-cultures. n =128,
131NMJs ***P=3.5 x 1075, p, Analysis of OPP labeling in DMSO-treated versus
GW4860-treated (10 pM) co-cultures. n = 94,95 NMJs ***P=4.3x107°, For
d,e,i,m,n,p, dataareshown as the mean *s.d., repeated in three independent
repeats. For ¢,j,1, dataare shown as the mean + s.e.m., repeated in three
independent repeats. For g,0 data are shown in violin density plots with markings
of first, median and third quartiles, repeated in three independent repeats. For
b,c.e g il,n-p, two-tailed unpaired Student’s t-test. For j, one-way ANOVA with
Holm-Sidak correction for multiple comparisons. coloc, co-localization;

Dox, doxycycline; NS, not significant.
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Fig. 6 | Postsynaptic miR-126a-5p preserves NMJ integrity via regulation of
TDP-43 expression in axons. a, RT-qPCR for TDP-43 mRNA in primary muscles
5days after miR126i treatment. GAPDH was used as loading control. RQ, relative
quantification. n =3 cultures *P=0.0203. b, lllustration of experimental setup
inc-k.Neuromuscular compartment in co-cultures was exclusively transfected
atday 5 with miR126i. ¢,d, Representative images and analysis of TDP-43 density
(puncta/100 um) in axons within the neuromuscular compartment in control
versus miR126i-treated co-cultures 5 days after transfection. Scale bar, 5 um.
n=222,216 axons.***P<1x107", e,f, Representative images and quantification
of TDP-43 puro-PLA signal in presynaptic axons in control and miR126i-treated
co-cultures. White indicates TDP-43 puro-PLA-NFH co-localization (right).
Scalebar, 10 pm. n= 62,80 NMJs. ****P=3.39 x 107, g,h, Representative images
and quantification of OPP labeling in control and miR126i-treated co-cultures.
White indicates OPP-NFH co-localization (right). Scale bar, 10 pum. n =259,

212 NMJs ***P=1.12 x 107", Percent of contracting innervated muscles in
control and miR126i-treated co-cultures. n=13,15 co-cultures. ***P=0.00014.
Jk, Representative image and quantification of NMJ disruption in control and
miR126i-treated co-cultures. Scale bar, 10 pm. n =13, 15 microfluidic co-cultures.

**P=0.0084.1,m, Representative images and quantification of axonal TDP-

43 density in control-siRNA-treated or TDP-43-siRNA-treated co-culturesin
presence/absence of miR126i. Scale bar, 10 pm. n =96, 89,70, 73 axons. Control
siRNA versus miR126i+control siRNA: ***P=4.15 x 10, miR126i+control siRNA
versus miR126i+TDP-43 siRNA: ****P=1.05 x 10”. n, Representative images

of NMJs in control-siRNA-treated or TDP-43-siRNA-treated co-culturesin
presence/absence of miR126i. Scale bar, 10 pm. o, Percent of axon degeneration
in co-cultures treated as described above. n =3 co-cultures. Control siRNA
versus miR126i+control siRNA:*P=0.0296; miR126i+control siRNA versus
miR126i+TDP-43 siRNA: *P=0.0296. For h,I, data are shown as the mean + s.d.,
repeated in three independent repeats. For a k,0, data are shown as the

mean +s.e.m., repeated in three independent repeats. For d,f,m, data are shown
in violin density plots with markings of first, median and third quartiles, repeated
inthreeindependent repeats. For a,d,f,h,i k, two-tailed unpaired Student’s t-test.
For m,0, one-way ANOVA with Holm-Sidak correction for multiple comparisons.
In e-0, miR126i or siRNA was administered exclusively to the neuromuscular
compartment. coloc, co-localization.

that muscle-derived EV-loaded miR-126a-5p maintains NMJ integrity
and function. Because miR-126 may silence the translation of other
presynaptic mRNAs, such as NRP1 (ref. 35), we aimed to investigate
whether TDP-43 synthesisis essential for the NMJ disruption caused by
miR-126-5p inhibition. To test this, we repeated the miR-126-5p inhibi-
tion experiment while simultaneously applying it with TDP-43 siRNAs,
control siRNA or TDP-43 siRNAs alone. The inclusion of TDP-43 siRNAs
in the axons completely prevented both the accumulation of axonal
TDP-43 and the subsequent degeneration induced by miR-126 inhibi-
tion (Fig. 61-o0 and Supplementary Fig. 8e), suggesting that, indeed,
miR-126 acts upon TDP-43. Thus, the loss of miR-126-5p facilitates local
translation and accumulation of TDP-43 in presynaptic axons, which
is sufficient to drive axon degeneration.

miR-126 protects motor function in SOD1°** mice via TDP-43

Overexpression of miR-126 in SOD1°** muscles can delay NMJ disrup-
tionand improve motor function in vivo®. miR-126a-5p levels decrease
inaxons of SOD1and TDP-43 mutants?. Therefore, we used alentivirus
tooverexpress miR-126 in primary MNs (Extended Data Fig. 8a-c) andin
co-cultures of MNs expressing SOD1 (Fig. 7a and Extended Data Fig. 8d).
Co-culture analysis of the percent of contracting muscles revealed
NM]J dysfunction in this ALS model, which was prevented by the
overexpression of miR-126 (Fig. 7b). To test the effect of mir-126a-5p
in vivo, we introduced PHP.eB adeno-associated virus (AAV) par-
ticles expressing miR-126-GFP to the central nervous system via
retro-orbital injections and to one gastrocnemius muscle at a

single timepoint to presymptomatic (P60) SOD1°** and littermate

mice. As a control, we used GFP PHP.eB AAV particles (Fig. 7c and
Extended Data Fig. 9a-c). CatWalk gait analysis performed at two
timepoints of the disease—symptomatic and late symptomatic (P90
and P130, respectively)—revealed complete preservation of motor
functions in the miR-126-injected SOD1°*** mice as indicated by their
stand duration, run duration and the percent of base of support on
four limbs (Fig. 7d and Extended Data Fig. 9d,e). Furthermore, visual
assessment of the hindlimb splay reflex showed no defects in this abil-
ity in the miR-126-injected SOD1°*** mice versus the GFP-injected ones
(Extended Data Fig. 9f,g). Notably, quantitative three-dimensional
co-localization analysis in the NMJs of these mice at their endstage
showed a marked reduction in pTDP-43 in presynaptic axons within
thestillintact NMJs (Fig. 7e,f). Notwithstanding these results, tracking
the weight and survival of these mice for longer periods did not unveil
apositive outcome over these parameters (Extended Data Fig. 9h,i).
Analyzing the expression of miR-126a-5p inthe injected gastrocnemius
atthe endstage of these mice revealed that the overexpression was not
sufficient to overcome miR-126-5p deficiency (Fig. 7g). Altogether,
these observations providein vivo proof of concept that miR-126 targets
TDP-43 accumulation in SOD1°** axons and NMJs. However, achieving
survival effect likely requires more consistent and robust infection.

miR-126 prevents TDP-43 toxicity in human ALS models
Human iPSC-derived models might offer potential advantages
over rodent models for ALS research, providing a more accurate

Fig. 7| miR-126 overexpression preserves motor functions in ALS models via
regulation of presynaptic TDP-43 expression. a, lllustration of experimental
setup inb. GFP-infected or miR-126-GFP-infected primary MNs were co-
cultured with primary skeletal muscles. b, Percent of contracting muscles at
tenth day of co-culture. n=23,23, 21,13 co-cultures, NS = 0.3070, **P = 0.0026,
P =154 x107%, NS = 0.307. ¢, lllustration of experimental setup for d-g.
SOD1%** and littermate mice (P60) were injected with PHP.eB miR126-GFP or
GFP-only AAV retro-orbitally and to the right gastrocnemius muscle. Bottom,
representative image of an NMJ in the left gastrocnemius muscle of littermate
miR126-GFP-injected mouse. Scale bar, 10 pm. d, Run duration analysis for
GFP-infected and miR126-GFP-infected WT and SOD1°** mice at P90 and
P130. n =8 mice in each group. WT+GFP versus SOD1°”**+GFP *P = 0.0193,
SOD1°**+GFP versus SOD1°***+miR126 *P = 0.0287; P130: WT+GFP versus
SOD1%3A+GFP*P = 0.0172, SOD1°***+GFP versus SOD1°**+miR126 *P = 0.0359.
e, f, Representative images and quantification of pTDP-43 in presynaptic axons
in NMJs of GFP-infected and miR-126-GFP-infected SOD1°*** mice at disease
endstage. White indicates pTDP-43-NFH three-dimensional co-localization
(rightmost). Scale bar, 10 um. n =24, 31 NMJs. ***P=2 x10°°. g, miR-126a-

5p RT-qPCRinright gastrocnemius muscles of GFP-treated and miR-126-
treated SOD1°*** compared to littermate-GFP-treated muscles. **P = 0.0028,

NS =0.3570. h,i, Representative images and analysis of pTDP-43 density in
distal axons of pLV-hSyn-GFP-infected or pLV-hSyn-miR126-GFP-infected
SOD1*YiPSC-MN co-cultures with SOD1*V iPSC-muscles expressing similar
plasmids under CMV promoter. Scale bar, 5 pm. n = 18,24 images. **P=0.0082.
Jj.k, Representative images and analysis of axonal degenerationindexin the
neuromuscular compartment of SOD1*" co-cultures expressing the above
vectors. Scale bar, 20 pm.n =19, 25***P=6 x 10"'2.1,m, Representative images
and analysis of pTDP-43 density in distal axons TDP-43¥*3"V iPSC-derived MN-
muscle co-cultures expressing the same vectors. Scale bar, 5 pm.n = 26,36
images. ***P=7.88 x 107°. n,0, Representative images and analysis of axonal
degeneration index within the distal compartment of above TDP-43"*3"V co-
cultures. Scale bar, 20 pm. n=24,36***P=1.16 x10”. For f j,0, data are shown
asthemean +s.d., repeated in three mice per genotype or threeindependent
repeats. Forb,d,g, data are shown as the mean + s.e.m., repeated in three mice
per genotype. Fori,m, data are shown in violin density plots with markings of
first, median and third quartiles, repeated in three independent repeats. Ford
(P90), multiple unpaired one-tailed Student’s t-tests. For f,g,i,k,m,0, two-tailed
unpaired Student’s t-test. For b,d (P130), one-way ANOVA with Holm-Sidak
correction. LV, lentivirus; NS, not significant; s, seconds; WT, wild-type.
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representation of human disease mechanisms and phenotypesthatare
absentin mice. To better replicate the human neuromuscular environ-
ment, we used a human motor unit model of iPSC-derived neuromus-
cular co-cultures growing in acompartmental chamber. The effect of
miR-126 on axonal TDP-43 accumulation and degeneration was tested
on iPSC co-cultures carrying SOD1*Y and TDP-43"**”Y mutations that
exhibit these pathologies (Extended Data Fig. 10a-c). iPSC-derived
MNs and muscle cells were infected with lentiviral vectors expressing
either GFP or miR-126-GFP (Extended Data Fig.10d,e). Expression of
miR-126 significantly reduced pTDP-43 accumulation along axons
and protected against degeneration in the ALS mutant co-cultures
(Fig. 7h-0). Together, these findings identify miR-126 as a suppressor
of axonal TDP-43 accumulation also in human models and highlight its
potential role for mitigating TDP-43 pathology and associated neuro-
degenerationin ALS.

In summary, our study identifies miR-126-5p as a key limiter of
axonal TDP-43 accumulation and its toxic effects in ALS. We dem-
onstrate that miR-126-5p controls local protein synthesis at NMJs,
which is crucial for its maintenance. Disruption of this mechanism
leads to NMJ degenerationin ALS. These findings highlight the role of
muscle-derived EV-loaded miRNAs in NM]J function and suggest that
modulating miR-126-5p expression could offer a potential therapeutic
strategy to prevent NMJ degenerationin ALS.

Discussion

Despite the crucial role of TDP-43in ALS pathology, the way it accumu-
lates along axons and NMJs was unknown. Here we establish the basis for
the presence of TDP-43 pathology in peripheral nervesand NMJsin ALS
SOD1 mutants. We uncover a novel communication pathway between
muscles and axons that governs the accumulation of presynaptic TDP-43
andregulates NMJ integrity. Intriguingly, we found that this accumula-
tionisinduced by thelocal synthesis of TDP-43 at NMJs, a process that is
regularly restrained by miR-126a-5p EVs derived from muscles (Fig. 8).
These observations align with our previous identification of anovel ALS
mechanism, wherein TDP-43 accumulates within axons, sequesters RNA
andinhibits local protein synthesis. This process triggers mitochondrial
dysfunction, disrupts NMJs and leads to degeneration®.

This newly discovered communication pathway profoundly influ-
ences NM]J stability at individual synapses, providing crucial insights
into how an NMJ independently adjusts its protein profile in response
to changing conditions. This supports the notion that TDP-43 conden-
sates along axons can govern spatiotemporal signaling and metabolic
processes*™*¢, Such regulation relies on precise control over local
protein synthesis, enabling neurons to respond spatially restricted and
time sensitive to environmental changes while maintaining axon and
synapse homeostasis***¢, Anomalies within axonal TDP-43 condensates
make neurons more susceptible to local stress, affecting their ability
to regenerate, ultimately culminating in neurodegeneration. Hence,
we propose this as a dynamic process regulated at the single-synapse
level through the localized synthesis of TDP-43.

Our observations pointtoalocal accumulation of TDP-43 in NMJs
and peripheral nerves of SOD1 mice without apparent cytoplasmic mis-
localization in spinal MNs. Indeed, we identified local deregulation of
miR-126a-5p in SOD1 models in muscles and specifically inits NMJ locali-
zation, whereas its expression remains unchanged in the spinal cord.

Still, we detected reduced miR-126-5p levelsin blood serum EVs of
asmallcohort of patients with sALS. Skeletal muscle-derived miRNAs
were previously recorded in circulating exosomes®**’, suggesting that
the observed reduction in serum miR-126-5p in patients reflects the
expression of this miRNA in skeletal muscles. Notably, miR-126a-5p
expression might mirror the condition of TDP-43 accumulationin tis-
sues, thus suggesting the involvement of miR-126a-5p in the pathogen-
esisof additional non-SOD1ALS cases. Future studies in larger patient
groups will have to validate this finding and may serve as a basis for
using miR-126a-5p as a biomarker.

TDP-43 mRNA

4

———
Local TDP-43 \
mRNA decay TDP-43 RNP
——~—

~N NMJ maintenance
’ } B
\ NMJ

! miR-126-5p destabilization

NMJ local translation

Total protein synthesis

Skeletal muscle

— miR-126-5p

Fig. 8| Graphical abstract. Local protein synthesis in presynaptic motor axons
isakey process essential for the function, maintenance and survival of NMJs. To
function properly, local protein synthesis depends on mRNA availability, which
iscontrolled by anterograde axonal transport and local ribonucleoproteins. We
identified that muscle-derived miR-126a-5p is enriched in NMJs and regulates
the translation of TDP-43 mRNA in presynaptic axons through EVs. Deregulation
of muscle-derived miR-126a-5p releases the inhibition of TDP-43 mRNA, leading
toitslocal translation and accumulationin the presynaptic axon, thereby
facilitating NMJ disruption via TDP-43-mediated local translation arrest.

Local synthesis of TDP-43 in motor axons and NMJs

In this study, we report, to our knowledge for the first time, that TDP-
43 mRNA is distributed into axons where it can be locally translated.
TDP-43is amajor regulator of the axonal transcriptome, primarily by
binding and shuttling mRNAs, including its own mRNA'"'>°9752 we
previously identified Elavl2 (also known as HuB) transcripts in MN
axons, of which expression is altered upon SOD1°*** and TDP-43"315T
overexpression”. Interestingly, Elavi2mRNA is also a predicted target
of miR-126a-5p. Recently, the RNA-binding protein (RBP) Khsrp was
reported to locally translate in axons upon nerve injury and, thus, to
regulate local RNA pools™. Additionally, the same report indicated
that the levels of several other RBPs increase upon injury, suggest-
ing that local translation is a common origin of several axonal RBPs.
Moreover, transcriptome analysis of microdissected ventral roots
highlighted the ribonucleoprotein complex mRNAs group as one of the
axonal-enriched cellular components mRNA®*. Hence, the discovery
of TDP-43 local translation may mark only a drop within alarger pool
of axonal RBPs and RNA regulators awaiting characterization.

Synaptic miRNA-loaded EVs as anew mode of local
synthesis control
Previous studies, including ours, highlighted the crucial role of local
proteinsynthesis in preserving synaptic function, integrity, plasticity
and mitochondrial health™*~’, This process relies on mRNA continu-
ously moving into axons and synapses®***"*°, However, understand-
ing of how specific transcripts are precisely translated or silenced at
individual synapses with high spatiotemporal precision remains lim-
ited. Previous studies established glia-axon communication through
miRNA-loaded and ribosome-loaded exosomes that promotes neuronal
growth and response to injury® -,

The synaptic transmission of miR-126a-5p, which limits the
presynaptic synthesis of TDP-43, represents a new mode of local
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communicationbetween postsynaptic muscles and presynaptic axons
in the form of RNA-loaded EVs. However, several more miRNAs are
potentially also compartmentalized in postsynaptic muscle EVs. Micro
RNAs are master regulators of translation, having the potency to target
andsilence tens to hundreds of transcripts®*. With respect to the axonal
transcriptome and the existence of axonal-specific 3’ UTR variants®~%,
our findings suggest that muscle-derived miRNAs can coordinate com-
plex synaptic processes. Such amode of local regulation would explain
how MNs canrespond precisely and timely to changes withineach of its
numerous presynaptic terminals while avoiding global transcriptome
modifications. Indeed, miR-126-5p can silence several ALS-related
genes associated with key metabolic and signaling pathways essen-
tial for spatiotemporal neuronal homeostasis (Extended Data Fig. 7b
and Supplementary Table 3), whereas alterations in these genes can
propagate neurodegeneration. Moreover, previous studies revealed
that miR-126-5p regulates semaphorins, neuropilins®*®and caspase-3
(ref. 69), which, incombination with our current observations, suggests
that, like neurotrophins, miR-126-5p routine transmission is neuropro-
tective, whereas disruptioninits transmission, whether controlled or
pathological, may orchestrate synapse destabilization or elimination
by alleviating transcriptinhibition of several transcripts and controlling
various synaptic processes (that is, TDP-43 mitochondria and energy
homeostasis, neuropilin1cytoskeleton, etc.). Notwithstanding, block-
ing TDP-43 synthesis in axons using siRNA halts the neurodegeneration
inco-cultures treated with miR-126-5p inhibitor, suggesting that accu-
mulation of axonal TDP-43 alone is sufficient to drive NMJ disruption
and axon degeneration. Future research will focus more in depth on
the multilevel regulation of synaptic miR-126a-5p as well as establish
the function of other miRNAs in NMJs.

Limitations and future directions
Several limitations must be acknowledged. First, the cohort size of
patients with ALS, and specifically of mutant SOD1biopsies, was limited
indemonstrating both the decrease in miR-126a-5p exosomes and the
accumulation of axonal TDP-43 pathology. Larger patient cohorts are
needed to validate these findings and better understand the variability
in miR-126 expression and its impact on NMJ integrity. Additionally,
although weidentified the pathological accumulation of TDP-43 at the
presynapse, TDP-43 is accumulated at the NMJs and also in other neigh-
boringcells, such as Schwann cells. This process remains unexplored.
Future studies shouldinvestigate the biology and role of TDP-43in these
non-neuronal cells and their potential involvement in NMJ pathology.
Another limitation lies inthe mode of miR-126a-5p delivery used in our
study. Although we demonstrated neuroprotective effects using over-
expressionstrategies, developing clinically viable delivery methods for
miR-126a-5p invivo remains a challenge. Optimizing targeted delivery
systems, such as modified exosomes or nanoparticle-based carriers,
could enhance the translational potential of this therapeutic approach.
Altogether, we demonstrate the contribution of localized transcel-
lular delivery from muscle to neuron of miR-126-5p to the accumulation
of axonal and presynaptic TDP-43 in ALS. This discovery strengthens
previous studies underlining the physiological and pathogenic role
of early TDP-43 accumulationin peripheral nerves to the progression
of ALS and opens new avenues for both understanding ALS disease
etiology and therapy development. Our results implicate EV-loaded
miRNAs as central players in the maintenance of NMJ integrity, laying
the foundation for further exploration of exosome-mediated intercel-
lular communication in human physiology.

Online content
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Methods
Thisresearch complies with all relevant ethical regulations as detailed
intherelevant sections below.

Human muscle biopsy for intramuscular nerve staining and
human obturator nerve

Intramuscular nerve staining was performed on muscle biopsies from
apatient withSODI ALS, a patient with sALS and amale non-ALS patient
(Supplementary Table 5). Obturator nerve biopsies were obtained from
a patient with SODI ALS, a patient with sALS and a non-ALS patient
(Supplementary Table 5). The local ethics committee of the San
Raffaele Hospital on human experimentation approved the study pro-
tocol (RF-2019-12369320); obturator nerves were collected and stored
inour tissue bank, after informed consent, both for patients with ALS
and for controls. All clinical and muscle biopsy materials used in this
study were obtained with writteninformed consent during 2016-2020
for diagnostic purposes followed by research application, approved
by theinstitutional review board. Biceps skeletal muscle samples were
excised viaopen biopsies, and pathological analysis was performed at
the Hacettepe University School of Medicine, Neuromuscular Diseases
Research Laboratory, in Ankara, Turkey (Hacettepe University ethics
committee approval no. G020/177,11/02/2020) and at the neuromus-
cular pathology laboratory at Sheba Medical Center in Ramat-Gan,
Israel. All procedures involving human participants were approved
by the Sheba Medical Center institutional review board, with approval
numbers 0004871-18, 0001680-7 and 0001681-7, in accordance with
the Declaration of Helsinki. Patients with ALS and non-ALS patients
were all Caucasianmales, aged 26-66 years (48.33 +13.12). Patients with
ALS were diagnosed with clinically definite or probable ALS according
to El Escorial criteria’®. Non-ALS control muscles included a variation
of findings, which were consistent with a diagnosis of normal muscle,
severe, chronic ongoing denervation and reinnervation due to spinal
stenosis.

Frozen muscle biopsies were cryosectioned to 10-um-thickslices,
mounted onto slides and air dried for 30 minutes at room temperature.
Sections were washed in PBS, fixed in 4% paraformaldehyde (PFA) for
20 minutes, permeabilized with 0.1% Triton and blocked with 5% goat
serum (TheJackson Laboratory) and 1 mg ml™ BSA (Amresco). Sections
were then incubated with appropriate antibodies overnightat4 °Cin
blocking solution: rabbit anti-phosphorylated TDP-43 (1:1,000; Pro-
teintech) and chicken anti-NFH (1:1,000; Abcam). Sections were washed
again and incubated for 2 hours with secondary antibodies (1:1,000;
The Jackson Laboratory and Thermo Fisher Scientific), washed and
mounted with ProLong Gold (Life Technologies).

For obturator nerve biopsies, the anterior motor branch of the
obturator nerve was sampled and processed in all patients according
to our standardized protocols™”*

Experimental animals

SODIG%A—ChAT::thomato and LMChAT::thomato embryos were Obtained by mat-
ing ChAT::ROSA“™™m® females with SOD1°°** males. Embryos were
genotyped to distinguish wild-type from SOD1°** embryos. The colony
was maintained by breeding males and females within the colony. HB9—
GFP (TheJackson Laboratory, stock no. 005029) mice were originally
obtained from TheJackson Laboratory. The colony was maintained by
breeding with ICR mice (Institute of Animal Science, Harlan). B6SJL.
SODI1%%** (The Jackson Laboratory, stock no, 002726) colonies were
maintained by breeding with C57BL/6) mice. Genotyping was per-
formed using PCR (Kapa Biosystems),and DNA samples were generated
from ear or tail tissue biopsies. B6SJK.SOD1%°** and littermate males
were used to characterize TDP-43 pathology. For the in vivo miR-126
and GFP PHP-eB AAV injectionsin B6SJK.SOD1** and littermates, four
female and three male mice of B6SJK.SOD1*** and five female and three
male littermate mice were used. All animal experiments were approved
and supervised by the Animal Ethics Committee of Tel Aviv University.

Colonies of LoxSOD1“’® mice (The Jackson Laboratory, stock no.
016149) harboring a floxed transgene comprising human SODI gene
bearing G37R mutation’>” were maintained by breeding heterozygous
loxSOD1%*"® males with females with pure C57BL/6) background to
eliminate confounding geneticinfluences. LoxSOD1%*? and littermates
of both sexes were used to characterize TDP-43 pathology. B6.SOD1%**
(TheJackson Laboratory, stock no. 004435) colonies were maintained
by breeding with female C57BL/6) mice. Mice were genotyped by PCR
of DNA extracted fromatail biopsy. B6.SOD1°°** and littermate males
were used to characterize TDP-43 pathology. All animal procedures
were approved by the Institutional Animal Care and Use Committee of
Ben-Gurion University ofthe Negev, in compliance with Israel’s Animal
Welfare Act (1994) and the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals (National Research Council,
2011). The animal facility is approved by the US Office of Laboratory
Animal Welfare (assurance no. A5060-01) and is fully accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care International.

Differentiation of iPSCs into functional MNs, myotubes and
neuromuscular co-culture

SOD1*Y and TDP-43Y%7ViPSC lines used in this study were obtained
from Michael Ward (NIH) and the iPSC Neurodegenerative Disease
Initiative. The use of these lines was approved by the institutional
ethics committee of Tel Aviv University (approval no. 0001160). All
lines were derived with informed donor consent under NIH protocols
andinaccordance with the Declaration of Helsinki. iPSC colony main-
tenance and differentiation into MNs was performed as previously
described™”. In brief, MN transcription factor cassette including the
transcription factors islet 1 (ISL1) and LIM homeobox 3 (LHX3) along
with NGN2 were integrated into a safe harbor locus in iPSCs under a
doxycycline-inducible promoter™.

Skeletal myotube differentiation was performed as follows.
Direct myogenic conversion of human iPSCs was performed by trans-
fection of iPSCs using a doxycycline-inducible MYOD1-shOct4 cas-
sette as described, and this cassette was a gift from Michael Ward
(Addgene plasmid no.182309; http://n2t.net/addgene:182309; RRID:
Addgene_182309).iPSC clones were cultured in six-well plates coated
with Matrigel (Corning, 356234), grownin mTesrlmedium (STEMCELL
Technologies, 85850) and passaged with mTesrl medium containing
10 puM Rho-kinase inhibitor (RI) (Sigma-Aldrich, YO503) for 1 day after
passaging. Culture media were refreshed daily until colonies reached
80% confluence. For differentiation, 300,000 iPSCs were plated in
a 35-mm dish coated with Matrigel (1:100) in mTesr1-RI medium.
On the following day, media were replaced with induction medium
supplement containing DMEM/F12 (Gibco, 31330038), 1x sodium
pyruvate (Gibco, 11360070), 1% NEAA (Biological Industries, 01-340-
1B) with 10 uM RI, 0.1 mM B-mercaptoethanol, 2 pg ml™ doxycycline
(Sigma-Aldrich, D9891) and 10 pg ml™ recombinant human insulin
(R&D Systems, 11376497001). Thisinduction mediumisreplaced every
day for two consecutive days, and then half-media volumeis replaced
for every alternate day until day 6. After the first 2 days of differen-
tiation, Rl is removed from the induction medium. On day 7, fresh
induction medium containing 3 pM CHIR99021 is added for 48 hours
alongwithinduction medium. Followed by CHIR treatment, induction
medium is replaced by maturation media containing the following:
Neurobasal A medium (Gibco, 10888022), 1x B27 Plus supplement
(Gibco, A3582801), 1% NEAA (Biological Industries, 01-340-1B), 1%
Optimal-Culture-One supplement (Gibco, A3320201), 0.1 pg mI™ Agrin
(R&D Systems, 6624-AG-050), 0.05 pg ml™ Sonic Hedgehog (Pepro-
Tech, 100-45), 2 ng ml™ doxycycline, 0.01 ug ml™ IGF1 (PeproTech,
100-11), 0.05 pg ml™ Laminin and 200 pM ascorbic acid (Thomas Sci-
entific, C988E92). This maturation medium is replaced every day for
two consecutive days, and then half-media volume is replaced with
fresh media every 2-3 days for 1 month.
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Human MN-myotube co-culture in MFCs

Day 2 differentiated myotubes were cultured in the distal part of MFCs
coated with ECM (1:100) and maintained with induction medium as
mentioned above.

For MN cultures, iPSC clones were cultured in six-well plates coated
with Matrigel (Corning, 356234), growninmTesrl medium (STEMCELL
Technologies, 85850) and passaged with mTesrl medium containing
10 uM RI (Sigma-Aldrich, YO503) for 1 day after passaging. Culture
media were refreshed daily until colonies reached 80% confluence.
Doxycyline-induced differentiationinto lower MNs was performed as
previously described with minor modifications. Intotal, 300,000iPSCs
were plated ina35-mm dish inmTesrl-RImedium. Onthe following day,
media were replaced with induction medium supplement containing
DMEM/F12 (Gibco, 31330038),1% N-2 Supplement (Gibco, 17502048),
1% NEAA (Biological Industries, 01-340-1B) and 1% GlutaMAX (Gibco,
35050038) with10 uMRI, 2 pg mI™ doxycycline (Sigma-Aldrich, D9891)
and 0.2 uM Compound E (Merck, 565790).

After day 9, day 2 differentiated MN cells (48 hours after doxy-
cycline induction) were resuspended with Accutase (Sigma-Aldrich,
SCROOS5) and re-plated in the proximal compartment of MFCs at a
concentration of 50,000 MNs per MFC. Prior to plating, MFCs were
coated overnight with 0.1 mg ml™ PDL (Sigma-Aldrich, P6407) in
PBS and 15 pg m1™ Laminin (Sigma-Aldrich, L2020) for 4 hours on
the following day. To prevent outgrowth of mitotically active cells,
40 pM BrdU (Sigma-Aldrich, B9285) was added to the medium during
the first 24 hours after plating. At the fourth day, cells were treated
with MM medium containing the following: Neurobasal medium
(Gibco, 21103049), 1% B27 (Gibco, 17504044), 1% N-2, 1% NEAA, 1%
Optimal-Culture-One supplement (Gibco, A3320201),1 pg ml™ Laminin,
20 ng mI™ BDNF, 20 ng mI™ GDNF and 10 ng mI™* NT3 (Alomone Labs,
N-260). Medium was refreshed every 3 days.

MN crossing into the myotube compartment was observed usually
within3-4 days after culturing. Throughout the co-culture condition,
separate media components for MNs and myotubes were followed as
aforementioned. For imaging, chambers were fixed using 4% PFA for
15 minutes and then processed forimmunofluorescence protocol.

Automated image analyses using CellProfiler

Along with Image]J, CellProfiler 4 was used to build an unbiased
semi-automated image analysis to perform quantitation of percentage
of degenerated neurons (neurofilament heavy chain (NFH) staining)
and amount of axonal pTDP-43 in MN-myotube co-culture of isogenic
and ALS lines. Deconvolution of z-stacked images is performed using
Image) where each slice from each fluorescent channel is exported as
a TIFF file. To begin quantification, the images to be quantified must
first be loaded into the input panel. For both NFH degeneration and
axonal pTDP-43 analysis, maximum intensity projections of NFH and
pTDP-43 channelimages were loaded into the pipeline module. Once
animagehasbeenloadedintothe pipeline, the image willbe converted
into separate grayscale images representing each of the color channels
using the ‘ColorToGray’ module. To enhance neurite particles within
images, we use the ‘EnhanceOrSuppressFeatures’ module to apply
filtering and opt to enhance the identification of neurites. To identify
‘intact NFH’, we use the ‘IdentifyPrimaryObjects’ module using the
grayscale maximum intensity of NFH channelimage as the inputimage.
Withinthe ‘IdentifyPrimaryObjects’ module, we selected ‘Global Otsu
Thresholding’ using two-class thresholding, set typical diameter of
objects between 10 and 120 pixel units and used both ‘intensity’ and
‘shape’ features to differentiate clumped objects. To identify ‘degen-
erated NFH’ objects from the same NFH channel, we used the same
method of ‘IdentifyPrimaryObjects’ module of same thresholding
and set the typical diameter of objects between 3 and 8 pixel units. For
axonal pTDP-43 quantification, aseparate image analysis pipeline was
generated with additional modules. In addition to the initial steps of
‘ColorToGray’ module and ‘IdentifyPrimaryObjects’ module to identify

NFHand pTDP-43 from theirimage channels, additional modules such
as ‘RelateObjects’ and ‘MaskObjects’ were used to identify axonal
pTDP-43 co-localization. To identify the individual pTDP-43 particles
withineach NFHimage, we used ‘NFH’ objects as the parent objects and
‘pTDP-43’ objects as the child objects within the module. Ultimately,
this allows for the counting of ‘pTDP43 objects’ per ‘NFH objects’.
Lastly, all the data collected were exported into separate spreadsheets
using the ‘ExportToSpreadsheet’ module that is provided with counts
of particles per image in .csv format. From this, the ratio of particle
count of degenerated NFH to intact NFH is used to calculate the per-
centof degenerated axonsin each co-culture, and the ratio of number
of pTDP43 objects present in each NFH object is used to calculate the
amount of axonal pTDP-43.

Immunofluorescent staining of cryosections

Sciatic nerve and spinal cord sections were prepared from fixating
respectivetissuesin 4% PFAfor16 hoursat4 °Cand thenincubated with
20%sucrose for16 hours at4 °C and cryo-embedding in Tissue-Tek OCT
compound (SciGen). Tissues were then cryosectioned to 10-pm-thick
slicesand washed with PBS, followed by permeabilization and blocking
in solution containing 10% goat serum, 1 mg ml™ BSA and 0.1% Triton
in PBS for 1 hour. Later, the sections were incubated overnight at 4 °C
with primary antibodies: rabbit anti-TDP-43 (1:2,000; Proteintech,
10782-2-AP), rabbit anti-pTDP-43 (1:2,000, Proteintech, 22309-1-AP),
chicken anti-NFH (1:500; Abcam, ab72996) and mouse anti-S100 B
(1:300; Sigma-Aldrich, $2532). This was followed by 2-hour incubation
atroomtemperature with secondary antibodies: goat anti-chicken 405
(1:500; Abcam, ab175675), goat anti-chicken 594 (1:500; Thermo Fisher
Scientific, A-11042), goat anti-mouse 488 (1:500; Abcam, ab150113) and
goat anti-rabbit (1:500; Abcam, ab150083). Samples were washed with
PBS and mounted with ProLong Gold (Life Technologies).

Immunofluorescent labeling of cell cultures

Cell cultures (either mass cultures or in MFCs) were performed as
previously described. In brief, cultures were fixed for 15 minutes with
4% PFA atroom temperature, followed by consecutive PBS washes. For
co-cultures, labeling of postsynaptic AChRs was performed prior to
permeabilization by incubation with either BTX-ATTO-633 or TMR-BTX
(0.5-1mg ml™in PBS) for 15 minutes at room temperature. After PBS
wash, cultures were permeabilized for 30 minutes at room tempera-
ture with 0.1% Triton X-100 in PBS or with permeabilization/blocking
solution (0.1% Triton X-100, 5% goat serum and 1 mg mI™ BSA in PBS)
for 30 minutes. After PBSrinse, cultures were incubated for 1 hour with
blocking solution (5% goat serum and 1 mg mI™ BSA in PBS), follow-
ing overnight incubation at 4 °C with primary antibodies in blocking
solution. After PBSrinse, cultures were incubated for 2 hoursat room
temperature withsecondary antibodies in blocking solution, followed
by several PBS washes.

Samples were mounted with ProLong Gold antifade reagent
(+DAPI; Molecular Probes). In some experiments, samples were labeled
with Phalloidin-FITC (1:250) after permeabilization (and other relevant
labeling procedures) to mark axonsinstead ofimmunofluorescent labe-
ling. Primary antibodies used included: rabbit anti-TDP-43 (1:2,000;
Proteintech, 10782-2-AP), rabbit anti-pTDP-43 (1:2,000; Proteintech,
22309-1-AP), chicken anti-NFH (1:500; Abcam, ab72996), rabbit
anti-NFH (1:1,000; Sigma-Aldrich, N4142), rabbit anti-Rab27a (1:200;
Proteintech, 17817-1-AP), chicken anti-GFP (1:500; Abcam, ab13970),
rabbitanti-Ago2 (1:500; Abcam, ab32381) and mouse anti-Titin (1:500;
DSHB, 9D10). Secondary antibodies used included: goat anti-chicken
405 (1:1,000; Abcam, ab175675), goat anti-rabbit 405 (1:500; Abcam,
ab175654), goat anti-chicken 488 (1:1,000; Abcam, ab150173), goat
anti-rabbit 594 (1:1,000; The Jackson Laboratory, 111-585-144), goat
anti-rabbit 488 (1:1,000; Invitrogen, A11034), goat anti-mouse 488
(1:500; Abcam, ab150113), goat anti-mouse 594 (1:1,000; Invitrogen,
A11032) and goat anti-rabbit 647 (1:500; Abcam, ab150083).
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Whole-mount NM]J staining

Gastrocnemius, tibialis anterior, EDL and soleus muscles were dis-
sected from adult mice, cleared from connective tissue and kept in
4% PFA until use. Muscles were washed in PBS, dissected into small
muscle bundles (approximately 200 fibers per bundle) and stained
for postsynaptic AChR with aBTX-ATTO-633 (Alomone Labs) or
oBTX-TMR-594 (Sigma-Aldrich) at 1 pg ml™ for 20 minutes at room
temperature while rocking. Next, muscles were permeabilized with
ice-cold MeOH at -20 °C for 5 minutes, blocked and further permea-
bilized with20 mg mI™BSA and 0.4% Triton for 1 hour. Muscle prepara-
tions were agitated overnight at room temperature with appropriate
antibodies: rabbit anti-TDP-43 (1:2,000; Proteintech, 10782-2-AP), rab-
bitanti-pTDP-43 (1:2,000; Proteintech, 22309-1-AP), chicken anti-NFH
(1:500; Abcam, ab72996), rabbit anti-Rab27a (1:200; Proteintech, 17817-
1-AP), mouse anti-Synapsin I (1:500; Millipore, AB1543), guinea pig
anti-Synaptophysin (1:300; SYSY,101004), CD63 (1:200; Santa Cruz Bio-
technology, H-193, s¢c-15363), rabbit anti-CD9 (1:100; Abcam, ab92726),
mouse anti-CD81 (1:100; Abcam, ab79559), rabbit anti-CHMP2a (1:500;
Proteintech,10477-1-AP) and chicken anti-GFP (1:500; Abcam, ab13970).
Thiswas followed by 4-hour incubation at room temperature with sec-
ondary antibodies: goat anti-chicken 405 (1:500; Abcam, ab175675),
goat anti-chicken 488 (1:500; Abcam, ab150173), goat anti-mouse
488 (1:500; Abcam, ab150113), goat anti-rabbit 647 (1:500; Abcam,
ab150083) and goat anti-guinea pig-488 (1:500; Abcam, ab150185).
In case required, DAPI was diluted within PBS used for the secondary
washes, incubated with the samples for 5 minutes and then washed.
Finally, muscle bundles were cut and spread into thinner layers and
mounted with VECTASHIELD (Vector Laboratories). Cover slides were
sealed with nail polish until use.

Dissociation of muscle fibers prior to their labeling was done by
incubating freshly isolated gastrocnemius muscle in DMEM (4.5 g™
glucose) containing 2.5% penicillin-streptomycin-nystatin (PSN, v/v;
Biological Industries) and Collagenase I (2 mg ml™; Sigma-Aldrich,
C-0130) for 3 hours at 37 °C and 5% CO,. Afterwards, muscles were
transferred into a BSA-coated (5% w/v inultrapure water) 100-mm dish
with 15 ml of DMEM (4.5 g I glucose) containing 2.5% PSN and left in
the CO,incubator for 30 minutes. Lastly, muscles were dissociated into
single fibers by gradual trituration using a BSA-coated 1-ml tip (pre-cut
to haveawider opening). Fibers were collected into al.7-ml Eppendorf
tube using afire-polished BSA-coated Pasteur pipette and briefly spun
down, and medium was replaced with fresh 4% PFA. Dissociated muscle
fibers were labeled similarly. To replace the various reagents during
the staining procedure, fibers were gently spun down in each step for
discarding maximal volume of the used solution.

miR-126-expressing viral particles

Genes of interest were cloned into a third-generation lentiviral pLL3.7
backbonewith either cytomegalovirus (CMV) or hSynapsin promoters.
HEK293T cells were transfected by employing the calcium phosphate
method and a mixture consisting of the vector of interest and vesicu-
lar stomatitis virus glycoprotein, and group antigens—-polymerase
(reverse transcriptase) was used. The medium was replaced after
5-8 hours, and the supernatant was collected 48 hours later. Next,
50 mM HEPES was added before freezing to maintain a neutral pH
for long-term storage at —80 °C. If necessary, the lentiviruses were
concentrated using a PEG Virus Precipitation Kit (Abcam). Lastly, the
lentiviruses were stored in Neurobasal medium (Gibco) at —-80 °C.
Lentiviruses were used to overexpress miR126-5p in muscle and MN
primary cultures. Two hours after plating, the cells were infected with
pLL-miR126-5p-GFP or with pLL-GFP (10° titer units). Custom-made
single-stranded AAV vectors, serotype 9 variant PHP.eB expressing
miR-126 or GFP, were designed and manufactured by the Viral Vector
Facility of ETH Zurich. The titer of the viruses was verified by RT-qPCR
in the facility and got virus concentration of approximately 3.2 x 10"
viralgenomes per1ml.

AAV-PHP.eB miR-126 delivery to mice

Theinjection procedure was performed on presymptomatic approxi-
mately P60 mice. Mice were first anesthetized using amixture of xylazin
and ketamine. Then, double injection was performed: intramuscular
injection to theright gastrocnemius and retro-orbital injection to the
right eye. Each injection was of 25 pl of AAV.PHP.eB-GFP or AAV.PHP.
eB miR126-5p-GFP (total of 50 ul per mouse, equal to 1.6 x 10" viral
genomes) using a 25-pl Hamilton syringe and a 30-gauge Hamilton
needle. All animal experimentations were approved by the Tel Aviv
University Animal Ethics Committee.

Gait analysis and phenotypic characterization of live animals
Evaluation of the motor abilities in SOD1°** and healthy mice delivered
with AAV.PHP.eB particles was performed using the CatWalk XT gait
analysis platform (Noldus Information Technology). The test was done
attheages of P90 (early symptoms) and P130 (late symptoms), 30 days
and 70 days after injections, respectively. Moreover, mice weight and
survival were monitored throughout the entire experiment duration.
Experiment endpoint was set at the point of which mice had reached
endstage disease condition at neuronal score 5 or at P200, after which
tissues were isolated for further analyses, such asimmunofluorescence
and PCR.

RNA extraction and cDNA synthesis

MN axonal RNA was extracted from the outer compartment of radial
MFCs at 14 daysin vitro (DIV). Axonal RNA was extracted by removing
the PBS (from prior wash) from the outer compartment and adding
100 pl of QlAzol lysis reagent (Qiagen). The inner well was filled with
higher volume of PBS to disable the inward flow of lysis reagent toward
the inner (soma) compartment and prevent soma contamination.
Axons were washed off the plate by pipetting the QIAzol around the
outer well for 30 seconds. RNA from somata in the inner compart-
ment was extracted with 100 pl of QIAzol reagent, and lysate was col-
lected in asimilar manner. cDNA for axon and somawas prepared with
High-Capacity Reverse Transcription Kit (Thermo Fisher Scientific,
4368814).

For sciatic nerve RNA extraction, sciatic axoplasm was obtained
from two adult mice sciatic nervesinatube containing 100 pl of RNase/
DNase-free ultrapure PBS, cut into small pieces and gently squeezed
onice. The axoplasm was then centrifuged at 17,000g for 15 minutes at
4 °C.RNAwas extracted using the RNAeasy MicroKit (Qiagen) accord-
ing to the manufacturer’s protocols, and RNA yield was quantified
using aQubit fluorometer (RNA Broad-Range Assay Kit; Thermo Fisher
Scientific).

Exosomal RNA was extracted by dissolving the exosomal pellet
in700 pl of QlAzol.

RNA was extracted using the RNAeasy Micro Kit (Qiagen) accord-
ing to the manufacturer’s protocols, and RNA yield was quantified
using a Qubit fluorometer (RNA Broad-Range Assay Kit; Thermo Fisher
Scientific). For standard whole-cell RNA preparations from MN/muscle
cultures, cultures were lysed in 700 pl of TRI reagent, and RNA was
isolated with ordinary chloroform, isopropanol precipitation protocol.

Small RNA next-generation sequencing

For small RNA next-generation sequencing, libraries were prepared
from10-15 ng of total RNA using the QlIAseq miRNA Library Kit and the
QIAseq miRNANGS 48 Index IL (Qiagen), by an experimenter who was
blinded to theidentity of samples. Samples were randomly allocated to
library preparation and sequencing in batches. Precise linear quantifica-
tionof miRNA is achieved by using unique molecular identifiers (UMIs)
of random 12 nucleotides after 3’ and 5’ adapter ligation, within the
reverse transcription primers”. cDNA libraries were amplified by PCR
for19 cycles, with a3’ primer thatincludes asix-nucleotide uniqueindex,
followed by on-bead size selection and cleaning. Library concentration
was determined with a Qubit fluorometer (dsDNA High-Sensitivity
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Assay Kit; Thermo Fisher Scientific) and library size with TapeStation
D1000 (Agilent). Libraries with differentindices were multiplexed and
sequenced onaNextSeq500/550 version 2 flow cell or NovaSeq SP100
(Ilumina), with 75-bp single read and 6-bp index read. FASTQfiles were
demultiplexed using the user-friendly transcriptome analysis pipeline
(UTAP)’*. Mouse miRNAs, as defined by miRBase’”’, were mapped using
the Qiagen RNA-seq Analysis Portal 1.0 and 2.5.1, GeneGlobe pipeline
(https://geneglobe.qiagen.com/us/analyze). We defined ‘true-positive’
miRNAs and reduced thelikelihood of considering ‘false-positive’ miR-
NAs by including only miRNAs with an average UMI count >100 across
all samples and with at least a single UMl across all samples, similar to
our previous works’® %, Datawere further normalized and average read
counts compared between groups using the DESeq2 package® under the
assumption that miRNA counts followed negative binomial distribution.
Significance was determined using the Wald test.

Axonal RNA-seq

RNA was extracted from primary MN axons grown in radial MFCs and
purified as described above®. RNA yields were quantified using a Qubit
fluorometer (RNA Broad-Range Assay Kit; Thermo Fisher Scientific).
RNA integrity was assessed by TapeStation. cDNA libraries were pre-
pared from 10 ng of axonal RNA by the genomic unit in the Weizmann
Institute of Science using the MARS-seq pipeline®>. MARS-seq libraries
with different UMIs were multiplexed and sequenced on a NovaSeq
SP100 flow cell (Illumina), with 75-bp single read and 15-bp UMl read.
After demultiplexing, FASTQfiles were mapped to mouse genome using
the GenCode annotations (vM25, 2020) in the UTAP piepeline’. We
defined ‘true-positive’ genes and reduced the likelihood of considering
‘false-positive’ genes by including only genes with anaverage UMI count
>15across all samples. Datawere further normalized and average read
counts compared between groups using the DESeq2 package® under
the assumption that gene counts followed negative binomial distribu-
tion. Significance was determined using the Wald test.

RT-qPCR analysis
SYBR Green-based assays (PerfeCTa SYBR Green FastMix; Quantabio)
and StepOne Real-Time PCR system (Thermo Fisher Scientific) were
used in RT-qPCRto quantify differential expression of mMRNAs in MNs,
MN axons and primary skeletal muscles. GAPDH mRNA was used as
areference RNA when calculating ACT. RT-qPCR primers and their
sequences are listed in Supplementary Table 5.

Actb mRNA was used as a reference RNA when calculating
ACT in Tardbp/Polb relative expression in axons and somata cDNA
preparations.

PCR amplification and Southern blot

Reverse transcription was performed with the High-Capacity Reverse
Transcription cDNA Kit using random primers (Thermo Fisher Scien-
tific). Standard PCR was used to amplify sciatic axoplasm cDNA for
detecting Tardbp, Polb and Actb mRNA using KAPA ReadyMix. Primer
sequences are listed in Supplementary Table 5.

TagMan miRNA RT-qPCR
TagMan RT-qPCRwas done to evaluate the levels of mature miR-126-5p.
U6 gene was used as areference gene when calculating ACT, as we aim
to quantify relative miR-126-5p levels in various tissues and cells.
Forthe TagMan experiment, cDNA was extracted from the purified
RNA using dedicated primers that willamplify miR126-5p signal using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, 4368813). Later, we ran the samples in qPCR using the TagMan
method to quantify the alteration inmiR-126-5p levels using miR126-5p
and U6 advanced TagMan primers (Thermo Fisher Scientific, 4427975).
gPCRTagManreactions were performed with TagqMan Fast Advanced
Master Mix for qPCR (Thermo Fisher Scientific) in a StepOne Real-Time
PCR system (Thermo Fisher Scientific).

TDP-43 isoforms quantification

Illumina FASTQ files were uploaded for bioinformatics analysis
to CLC Genomics Workbench version 24 (https://digitalinsights.
qiagen.com/products-overview/discovery-insights-portfolio/
analysis-and-visualization/qiagen-clc-genomics-workbench/) and
the ‘RNA-seq analysis’ tool with default options. In brief, reads were
trimmed from 5’ adapter sequence of GTTCAGAGTTCTACAGTCCGAC-
GATC. After this, trimmed reads were aligned to the GRCm39/mm39
mouse genome (downloaded from https://www.gencodegenes.org/
mouse/) with the following parameters: mismatch cost of 2, insertion
costof 3, deletion cost of 3, length fraction of 0.8 and similarity fraction
of 0.8. Aligned reads were annotated to mRNA tracks to define splicing
isoforms per gene. Finally, isoforms were quantified by the CLC Genom-
ics Workbench ‘expectation-maximization’ estimation algorithm.

Dual-luciferase reporter assay

HEK293A cells were seeded a day before transfection in three 60-mm
wells (2.5-3 x 10° per well; Thermo Fisher Scientific, 140675) per sam-
ple. Cells were co-transfected with mirVec plasmid expressing the
pre-microRNA-126 and dual-luciferase (Firefly and Renilla Luciferase)
plasmid (a kind gift from the Shomron laboratory, Tel Aviv Univer-
sity). Dual-luciferase plasmid was cloned downstream to Renilla Lucif-
erase with 100-bp context sequence of the 3’ UTR of mmu-TDP-43
mRNA containing either the wild-type miR-126a-5p binding site or a
mutant one where four nucleotides within this site have been mutated.
Transfection was performed by Lipofectamine 2000 (Invitrogen,
11668-027) for 72 hours, after which cells were washed once with PBS
(Sigma-Aldrich, D8537; 500 ml) and harvested according to the manu-
facturer’s protocol.

Serum EV purification

Patient blood serum samples were collected from Caucasian patients
with ALS aged 45-88 years (68.37 + 14.49) and healthy controls aged
23-66 years (43.87 £16.81) from both sexes (Supplementary Table 5),
with collaboration of Amir Dori from Sheba Hospital. From each sam-
ple,1 mlwas used to purify EVsinorder to evaluate the levels of mature
miR-126-5p. Using the exoRNeasy kit (Qiagen, 76064), we isolated EVs
fromthe serum samples and purified total RNA. The levels were normal-
ized tothe same volume and process for all the samples and conditions.

Protein extraction
Gastrocnemius muscles were extracted from adult mice and homoge-
nizedinice-cold PBSlysis buffer containing 0.1% Triton X-100, protease
and phosphatase inhibitors (Roche). Sciatic axoplasm was obtained
from both sciatic nerves from every mouse. Sciatic nerves were sec-
tioned, and axoplasm was extracted into 100 pl of PBS with protease
and phosphateinhibitors by gentle pressing the sections. Proteins from
primary MNs and primary muscle cultures were extracted using PBS
lysis buffer containing 0.1% Triton X-100, protease and phosphatase
inhibitors.

Tissue/culture lysates were centrifuged at 10,000g for 15 min-
utes at 4 °C. Protein concentration was determined using Bradford
(Bio-Rad) or BCA (Cyanogen) colorimetric assays.

Western blotting

Protein samples were mixed with SDS sample buffer and boiled at 95 °C
for 10 minutes and then loaded to 10% acrylamide gels for SDS-PAGE.
Proteins were transferred to nitrocellulose or PVDF membranes in
buffer containing 20% MeOH. Membranes were blocked with 5% skim
milk (BD Biosciences) or 5% BSA for 1 hour, followed by overnight
incubation at4 °Cwith primary antibodies: mouse anti-human-TDP-43
(1:2,000; Proteintech), rabbit anti-TDP-43 (1:2,000; Proteintech),
rabbit anti-ERK1/2 (1:10,000; Sigma-Aldrich), mouse anti-a-tubulin
(1:5,000; Abcam), rabbit anti-CD63 (1:100; Santa Cruz Biotechnology,
H-193, sc-15363), rabbit anti-CD9 (1:100-1:1,000; Abcam, ab92726),
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mouse anti-CD81 (1:100-1:2,000; Abcam, ab79559), rabbit anti-Ago2
(1:500; Abcam, ab32381), rabbit anti-ALIX (1:250; Abcam, ab76608),
mouse anti-SOD1 (1:500; Santa Cruz Biotechnology, FL-154), rabbit
anti-Rab27a (1:200; Proteintech, 17817-1-AP) and GM130 (1:200; BD
Biosciences, 610823), followed by species-specific HRP-conjugated
secondary antibodies: rabbit 111-035-003 and mouse 715-035-151, both
1:10,000 (The Jackson Laboratory). Membranes were then washed
with TBS with 0.05% Tween 20 (TBS-T) and incubated for 2 hours at
room temperature with secondary HRP antibody (1:10,000; The Jack-
son Laboratoy), washed with TBS-T and visualized in an iBright 1500
ECL imager (Life Technologies) after 5-minute incubation with ECL
reagents. Quantification was performed using FIJI ImageJ software
version 2.3.0/1.53q.

MFC preparation

MFCs were prepared as previously described™*°#, In brief, PDMS (Dow
Corning) was cast into custom-made epoxy replicamolds, left to cure
overnight at 60 °C, punched (6-mm/7-mm/9-mm punches according
tothetype of MFC), cleaned and positioned in 35-mm and 50-mm glass
plates (WPI) or over 22 x 22-mm microscope cover glasses (Mariend-
feld). Radial MFCs were positioned on pre-adhered round 13-mm cover
glasses within 24-well plates.

MN culture and MN-myocyte co-culture

Ventral spinal cords from embryonic day 12.5 (E12.5) embryos were
dissected in HBSS prior to dissociation. For Rab27a shRNA experi-
ments, co-cultures were performed with ventral spinal cord explants
isolated as previously described?”*°®, In brief, ventral spinal cords
were acquired transversely, sectioning spinal cords into small pieces
after dissecting the dorsal horns and plating in MFC proximal com-
partment in Neurobasal (Gibco), 2% B27 (Thermo Fisher Scientific),
1% GlutaMAX (Gibco), 1% penicillin-streptomycin and 25 ng mI" BDNF
(Alomone Labs).

Dissociated MN cultures were obtained by further trypsiniza-
tion and trituration of explants. Supernatant was collected and cen-
trifuged through BSA (Sigma-Aldrich) cushion. The pellet was then
resuspended and centrifuged through an OptiPrep (Sigma-Aldrich) gra-
dient (containing10.4% OptiPrep, 10 mM tricine and 4% w/v glucose).
MN-enriched fraction was collected from the interphase, resuspended
and plated in the proximal MFC compartment at a concentration of
200,000 MNs per regular MFC and 250,000 per radial MFC. MNs were
maintained in complete neurobasal medium containing Neuroba-
sal, 4% B27, 2% horse serum (Biological Industries), 1% GlutaMAX, 1%
penicillin-streptomycin, 25 pM B-mercaptoethanol, 25 ng mI™ BDNF,
1ng ml™ GDNF (Alomone Labs) and 0.5 ng mI™ CNTF (Alomone Labs).
Glial cell proliferation was restricted by the addition of 1 uM cytosine
arabinoside (Sigma-Aldrich) to culture medium in 1-3 DIV. At 3 DIV,
BDNF concentration in proximal compartment was reduced (1ng ml™),
whereas mediumin distal compartment was enriched with GDNF and
BDNF (25 ng ml™) to direct axonal growth.

Myocyte culture was performed as previously described”.
In brief, gastrocnemius muscles from a P60 adult C57BL/6]) mouse
were extracted into DMEM with 2.5% PSN (Biological Industries) with
2 mg ml™ Collagenase I (Sigma-Aldrich) for 3 hours and then dissoci-
ated and incubated with BIOAMF-2 (Biological Industries) in Matrigel
(BD Corning)-coated plates for 3 days. Myoblasts were purified by
performing pre-plating for three consecutive days and then plated at
adensity of 75,000 per MFC. Remaining myocytes were cryopreserved
in95% FBS, 5% DMSO and were used according to need by rapid thawing
at37 °Cand resuspensionin pre-warmed BIOAMF-2 medium (without
antibiotics), followed by 300g, 4-minute-long centrifugation. Pellet was
resuspended in BIOAMF-2 medium (without antibiotics), and muscles
were plated in Matrigel-precoated 24-well plates for overnight recov-
ery (150,000 myoblasts per well). In case the experiment performed
required transfection of plasmids (that is, Rab27a shRNA, CD63-GFP,

CD63-pHluorin, PLKO.1), myocytes were transfected 8 hours after
their plating in the 24-well plates (further details in the transfection
method section).

Prior to their co-culturing with primary MNs, primary myocytes
in 24-well plates were washed once with pre-warmed PBS and then
detached with 100 -pl-per-well Trypsin C solution (Biological Indus-
tries) for 15 minutes and then collected in fresh pre-warmed BIOAMF-2
mediumand processed through300g, 4-minute-long centrifugation.
Myocyte pellets were resuspended in BIODAMF-2 medium and plated
in the neuromuscular compartment of an MFC 1 hour after primary
MNs were plated in the neuronal compartment. To aid NMJ formation,
media in all compartments were then replaced to poor neurobasal
(PNB) medium, which contained only 1% penicillin-streptomycinand
1% GlutaMAX.

Vectors and primary muscle transfection

As detailed above, transfection of genetic vectors into muscles was
performed at the myocyte stage of differentiation and prior to their
culturingin MFCs. Myocytes were transfected using 1 pg of DNAand 3 pl
of TurboFect transfection reagent (Thermo Fisher Scientific) in300 pl
of Opti-MEM medium (Gibco). Transfection mix was prepared accord-
ingtothe manufacturer sinstructions. Transfection mix was discarded
after 12 hours, and myocytes were washed once with pre-warmed
optimum medium and then left to recover for an additional 4 hours
with BIOAMF-2 medium (no antibiotics). Muscles were then re-plated
inMFCs as described previously.

CD63-peGFP C2 (plasmid no. 62964), pCMV-lyso-pHIluorin
(CD63-pHluorin; plasmid no.70113) and pLKO-Tet-On-shRab27a (plas-
mid no.120930) were acquired from Addgene repositories.

pLL3.7-Ago2-eGFP was constructed in the Tel Aviv University len-
tiviral facility. pLL3.7-TDP-43-eGFP was constructed by cloning TDP-
43-eGFPinto PLL3.7 backbone (acquired from Addgene).

For shRab27a experiments, doxycycline was applied exclusively
at the neuromuscular compartment at 5 days into co-culture, in a
concentration of 1 pg ml™.

Live imaging of CD63-pHluorin signals was performed using
Tyrode’s solution (2 mM CaCl,, 2.5 mMKCI, 119 mM NacCl, 2 mM MgCl,,
20 mMglucose and 25 mMHEPES (pH 7.4)) in the presence or absence
of 50 mM NH,Cl (instead of NaCl) to neutralize intracellular pH.

Tracking muscle-derived RNA in axons

Primary skeletal muscles were cultured and differentiated as men-
tioned above. Upon differentiation, SYTO RNASelect Green (5 pM;
Invitrogen, $32703) was added to muscle growth media for 1 hour.
Cultures were washed three consecutive times with PBS, and fresh
collection media were added to cultures. Muscle conditioned media
were collected for 3 hours and then centrifuged at4,000gfor 5 minutes
and passed through a 0.45-pm filter. Medium was applied to the axons
within the distal compartment of MFCs. Prior to conditioned media
addition, neuronal RNA was labeled using SYTO64 (5 pM; Invitrogen,
S11346) for 10 minutes and then washed away by consecutive PBS and
medium washes.

GW4869 exosome/EV inhibitor

Muscle experiments were conducted using GW4869 inhibitor
(Sigma-Aldrich, D1692) dissolved in DMSO creating a5 mM stock solu-
tion. Theinhibitor or the DMSO control was diluted to the culture media
(BIOAMF-2) to afinal concentration of 10 pM.

Invitro NMJ quantification

NM]J disruption was determined by high-magpnification confocalimag-
ing and quantification of the overlap of presynaptic and postsynaptic
markers at the neuromuscular compartment in co-cultures. At the
endpoint of the experiments (normally 10-14 days), co-cultures in
MFCs were fixed with 4% PFA for 15 minutes at room temperature.
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oBTX-ATTO Fluor-633 (1:200; Alomone Labs, B-100-FR) or TMR-aBTX
(Sigma-Aldrich) was used to label the extracellular domain of postsyn-
aptic nAchR prior to membrane permeabilization. The percentage
of healthy NMJs was determined by dividing the number of intact
co-localization events, withintact non-degenerated axons, by the total
number of co-localization events identified in every MFC.

EV purification process

EVswereisolated from culture media using an ultracentrifuge protocol
as previously described. In brief, the conditioned medium from dif-
ferentiated primary muscle cultures (7 DIV) grown in10-cm plates was
collected inserum-free conditions for 16 hours. Conditioned medium
was then centrifuged at 300g for 10 minutes at 4 °C, and supernatant
was collected and transferred to anew tube centrifuged at 2,000g for
20 minutes at4 °C. Supernatant was collected again and centrifuged at
10,000gfor 30 minutes at 4 °C. Supernatant was then transferred into
ultracentrifugationsuitable tubes (Ultra-Clear centrifuge tubes; Beck-
man Coulter, 344059) and centrifuged at 100,000g for 70 minutes at
4 °Cusingthe Optima-80 XPN ultracentrifuge (Beckman Coulter) with
SW41 Ti rotor. Supernatant was discarded, and EV pellet was washed
withultrapure PBS 1x and centrifuged againat 100,000g for 60 minutes
at4 °C.The purified EVs were resuspended with 35 pl of 3.5x Laemmli
sample buffer for western blot, 30 pl of PBS 1x for electron micros-
copy, 50 pl of PBS 1x for functional experiments or 700 pl of QlAzol
for downstream RNA isolation.

In addition to the standard ultracentrifugation procedure, EVs
for western blots and NTA in Supplementary Fig. 3a,b, Fig. 5d,e and
Fig. 5m,n were isolated from primary muscle cultures grown in two
35-mm dishes per condition (total 4 ml) after 48 hours of medium
collectioninserum-free medium containing DMEM (4.5 g I glucose),
GlutaMAX (1%), B27 supplement (2%) and NEAA (1%) and in the presence
orabsence oftherelevant treatment or control. EVs were purified using
exoRNAeasy Midi exosome purification kit (Qiagen, 77144), following
the manufacturer sprotocol. Forthe NanoSightNTA, isolated EVs were
further diluted 10x in PBS (0.1 um filtered). Sample preparation for
SDS-PAGE was done by lysing the isolated EVs in 10x RIPA buffer (Mil-
lipore) containing protease and phosphatase inhibitor mix. EV protein
extracts were further concentrated using Amicon 0.5-ml centrifugal
filters (10-kDa molecular weight cutoff). Whole-cell lysates were pre-
pared by washing the culture once with1x PBS and lysing the cultures
with1x RIPA buffer containing protease and phosphatase inhibitor mix.
Protein concentrations were determined by BCA, and equal amounts
of proteinwere loaded.

TEM imaging and negative staining

Samples were adsorbed on formvar/carbon-coated grids and stained
with 2% aqueous uranyl acetate. Samples were examined using a JEM
1400Plus transmission electron microscope (Jeol). Images were cap-
tured using SIS Megaview Ill and the iTEM imaging platform (Olympus).
Images were analyzed using FIJI software version 2.3.0/1.53q. Prepa-
ration and imaging of the samples in TEM were conducted by Vered
Holdengreber at Tel Aviv University.

Fluorescence microscopy and image analysis

Confocalimages were captured using a Nikon Ti microscope equipped
with a Yokogawa CSU X-1spinning disk and an Andor iXon897 EMCCD
camera controlled by Andor 1Q3 software version 3.0; an Andor BC-43
benchtop spinning disk confocal system controlled by Andor Fusion
software version2.3a; or a 3i Marianas confocal system with a Zeiss
Axio Observer 7 microscope, equipped with a Yokogawa CSU-W1 spin-
ning disk and a Prime 95B Back-Illuminated Scientific CMOS camera
controlled by SlideBook software version 6.0. Phase-contrast movies
of muscle contraction were acquired using the same microscope.
High-contentimaging and analysis of phase neurite morphology was
performed using Sartorius Incucyte S3,2019A, including Neurotrack

module (cat. no. 9600-0010). All live imaging experiments were per-
formed with 5% CO, and 37 °C humidified using an in situ microscope
setup.

smFISH

TDP-43 mRNA single-molecule inexpensive FISH (smiFISH) was per-
formed as previously described***. In brief, primary MNs were isolated
and cultured for 7 days on cover glasses. Labeling procedures were
performed in an RNase-free environment and using RNAse-free rea-
gents. Cultures were fixed with 4% PFA and permeabilized overnight
with70% ethanol. Before hybridization, 40 pmol of 27 oligo-mix probes
were pre-hybridized to 50 pmol of the FLAP probe in 10 pl of 100 mM
NaCl, 50 mM Tris-HCl and 10 mM MgCl, (pH 7.9). Pre-hybridization
was performed on athermocycler using the following program: 85 °C
for 3 minutes, 65 °C for 3 minutes and 25 °C for 5 minutes. Samples
were incubated with SSC (Sigma-Aldrich, S6639)-based 15% forma-
mide (Thermo Fisher Scientific, 17899) buffer for 15 minutes. Sam-
ples were hybridized overnight at 37 °C with 27x FLAP-Y-Cy-3-tagged
complementary oligonucleotide probes targeting regions in mouse
Tardbp transcript variant 3 or with 23x FLAP-Y-Cy-3-tagged comple-
mentary probes targeting mouse Actb (Integrated DNA Technologies;
Supplementary Table 5). The final hybridization mixture contained the
probe duplexes (2 pl per 100 pl of final volume), 1x SSC, 0.34 mg ml™
tRNA (Sigma-Aldrich, 1753),15% formamide, 2 mM VRC (Sigma-Aldrich,
R3380), 0.2 mg ml™ RNAse-free BSA (Roche, 10711454001) and 10%
dextran sulfate (Sigma-Aldrich, D8906). Samples were washed twice
with warm 15% formamide and 1x SSC buffer (1 hour each), followed
by 30 minutes with 1x SSC buffer and 30 minutes with 1x PBS sup-
plemented with Phalloidin-FITC (1:250). Prior to mounting, samples
were labeled with DAPI (0.2 pg ml™). Samples were mounted with
VECTASHIELD antifade reagent.

Labeling of TDP-43 mRNA in NMJs in vivo was performed in a
similar way with the following modifications. Freshly isolated EDL
muscles were dissected into smaller fiber bundles and fixed in 4% PFA
for 1 hour while rocking. After PFA washout, tissues were permeabi-
lized for 1 hour with 1% Triton X-100 in diethylpyrocarbonate (DEPC)
water while rocking. Samples were washed with DEPC-PBS and then
pre-hybridized as mentioned above. smiFISH hybridization steps were
performed similarly to cultured cell yet with continuous agitation.
After post-hybridization washes as detailed above, tissues were fixed
againwith 4% PFA for 10 minutes, after which we performed standard
whole-mountimmunolabeled with chicken anti-NFH (1:500) overnight
atroom temperature while rocking. After primary antibody washout,
samples were incubated with secondary Alexa Fluor-405 anti-chicken
antibodies at room temperature for 4 hours while rocking. After sec-
ondary antibody washout, samples were mounted with VECTASHIELD
antifade reagent.

TDP-43 puro-PLA

Combined TDP-43 and puro-PLA was performed as previously
described? in order to evaluate the extent of TDP-43 protein syn-
thesis in MN axons. In brief, primary MNs were grown in MFCs in the
presence or absence of primary skeletal muscles in the neuromuscular
compartment. Puromycin labeling was performed exclusively to the
distal (axonal or neuromuscular compartment) for 30 minutes at a
concentration of 10 uM, followed by two rapid cold PBS 1x washes
and fixation in 4% PFA for 15 minutes. To validate the specificity of
puro-PLA labeling, protein synthesis was exclusively inhibited in the
distal/neuromuscular compartment by the addition of anisomycin
(40 uM) for 30 minutes prior to and along with puromycin labeling.
Toreduce the background labeling in neuromuscular co-cultures and
to expose the presynaptic PLA signals, primary muscles were trans-
fected with empty backbone vector (PLKO.1) expressing the puromy-
cinresistance gene puromycin acetyltransferase (PAC) prior to their
co-culturing®. Inco-cultures, postsynaptic AChRs were labeled before
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permeabilization with aBTX-ATTO-633 (Alomone Labs, B-100-FR) or
TMR-aBTX (Sigma-Aldrich). PLA was performed on the following pri-
mary antibodies: rabbit anti-TDP-43 (recognizing N terminal of TDP-43;
1:2,000; Proteintech, 10782-2-AP) and mouse anti-puromycin 12D10
clone (1:1,000; Millipore, MABE343). PLA was performed according to
manufacturer guidelines (Sigma-Aldrich, Duolink Proximity Ligation
Assay Kit,and Navinci, NaveniFlex PLAKit). After completion of the PLA
protocol, samples were fixed with 4% sucrose, 4% PFA for 10 minutes,
and then standard immunofluorescence labeling was performed to
visualize axonal markers.

Exvivo TDP-43 puro-PLA

Ex vivo puromycilation was performed by extracting EDL muscles
into pre-heated (37 °C), pre-oxygenized (95% O,, 5% CO,) and 0.22-pm
filtered DMEM labeling medium (+glucose 4.5 g 1) containing 10%
FBS, supplemented with puromycin (10 pM), anisomycin (40 pM)
or none of those. Labeling media were infused into the EDL muscles
at several locations using a 30-gauge insulin syringe (50-100 pl per
injectionsite). Muscles were incubated ina 60-mmdish containing the
labeling media for 40 minutesat 37 °Cand 5% CO, and after whichwere
rinsed for three times with rapid (2-minute) ice-cold PBS injections in
a60-mm dish with cold PBS prior to their fixation with cold 4% PFA in
asimilar injection fashion. Anisomycin-treated samples were further
injected and incubated for 40 minutes with labeling media containing
both anisomycin and puromycin. Muscle samples were kept for at least
2 hoursin PFAfixation (but no longer than 16 hours) before proceeding
with the protocol. EDL muscles were further cleared of connective tis-
sues and dissected into smaller muscle fiber bundles (approximately
200 fibers per bundle) using a scalpel. BTX labeling was performed
as described above using TMR-aBTX (Sigma-Aldrich) diluted in TBS
buffer (20 mM Tris base and 150 mM NaCl (pH 7.6)) while rocking. After
washing, samples were permeabilized with TBS containing 0.4% Triton
X-100for 30 minutes at room temperature while rocking, washed once
and further permeabilized with ice-cold MeOH for 5 minutes. The ex
vivo PLA reaction was performed using the NaveniFlex Tissue MR
ATTO647N kit (Navici, NT.MR.100.Atto647N) following the manufac-
turer’s instructions with slight volume modifications. Blocking and
primary antibody incubations were performed using reagents supplied
within the NaveniFlex kit. We used mouse anti-puromycin12D10 clone
(1:1,000; Millipore, MABE343), rabbit anti-TDP-43 (recognizing N ter-
minal of TDP-43;1:1,500; Proteintech, 10782-2-AP) or rabbit anti-B-actin
(1:500; Abcam, ab8227) that were incubated with samples overnight at
4 °Cwhilerocking. After washes according to protocol, samples were
incubated with secondary NaveniFlex antibodies for 2 hours at 37 °C,
rather than 1 hour as indicated by the manufacturer, for improving
their penetration into the whole-mount muscle preparations. After
completion of the PLA procedures, samples were postfixed with 4%
PFA for 10 minutes, washed with TBS and labeled with chicken anti-NFH
(1:500; Abcam, ab72996) and guinea pig anti-Synaptophysin (1:300;
SYSY,101004) in blocking solution (TBS, 5% goat serum, 1 mg ml™ BSA
and 0.1% Triton X-100) overnight at room temperature while rocking.
After TBS-T washes, samples were incubated for 4 hours at room tem-
perature while rocking with secondary antibodies: goat anti-chicken
(1:500; Abcam, ab150173) and goat anti-guinea pig-488 (1:500; Abcam,
ab150185). After TBS-T washes, samples were labeled with DAPI, washed
and mounted using VECTASHIELD.

OPP labeling of axonal protein synthesis

The puromycin derivative OPP was used to label axonal and presyn-
aptic protein synthesis in co-cultures and ex vivo in NMJs as previ-
ously described®”. In brief, to reduce background labeling in muscles
and to better visualize presynaptic protein synthesis, primary mus-
cle cultures were transfected with a PAC-expressing vector prior to
their co-culturing with primary MNs. At experimental timepoint, OPP
(20 uM) was added exclusively to the neuromuscular compartment of

MFCs for 30 minutes followed by two rapid cold PBS 1x washes and fixa-
tionin4% PFA for 15 minutes. Postsynaptic AChRs were labeled before
permeabilization with aBTX-ATTO-633 (Alomone Labs, B-100-FR) or
TMR-aBTX (Sigma-Aldrich). OPP was labeled with Alexa Fluor-594 pico-
lyl azide by click chemistry (Click-iT Plus OPP Kit; Molecular Probes,
C10457) according to manufacturer instructions. After click reaction
was washed, cultures were fixed once again with 4% sucrose, 4% PFA for
10 minutes before continuing with standard immunofluorescence labe-
ling for visualizing axonal markers and additional proteins. Samples
were mounted with ProLong Gold antifade reagent (Molecular Probes).

Exvivo OPP labeling in EDL muscles was performed by bathing and
infusing freshly isolated EDL or gastrocnemius muscles with 20 uM OPP
inRinger ssolutionorin DMEM medium (+glucose 4.5 g™ containing
10% FBS) (using a 30-gauge insulin syringe as described above in the
exvivo puro-PLA section) for 40 minutes at 37 °C, followed three rapid
washes with cold PBS 1x and fixation with 4% PFA for 20 minutes. Post-
synaptic AChRs were labeled as mentioned before permeabilization.
Tissues were permeabilizedin100% MeOH at 20 °C for 5 minutes. Tis-
sues were washed in PBS and then processed with the Click-iT protocol
whilerocking. After click reaction was washed, cultures were fixed once
again with 4% sucrose, 4% PFA for 10 minutes before continuing with
standard whole-mountimmunofluorescence protocol. Samples were
mounted with VECTASHIELD.

miR-126-5p inhibitor

miR-126-5p inhibitor (miR126i; Qiagen, miScript miRNA inhibitor) was
transfected into the neuromuscular compartment at the fifth day of
co-cultures at concentration of 100 nM. Transfection was performed
using TurboFect transfection reagent (Thermo Fisher Scientific) at
the following ratio: 0.75 pl of TurboFect per MFC (200 pl) with 1 pl of
miR-126-5p inhibitor (20 uM stock) in BIOAMF-2 medium. Medium in
transfected compartments was refreshed 3 days after transfection. NMJ
function analysis was performed at the fourth day after transfection.
Co-cultures underwent puromycin/OPP labeling and further fixa-
tion at the fifth day after transfection. Due to its discontinuation, the
experimentsinFig. 7 donein combination with siRNAs for TDP-43 were
performed with the new miRCURY LNA-miR-126-5p inhibitor (Qiagen,
339121) at afinal concentration of 50 nM.

TDP-43siRNA

To locally knock down TDP-43, we transfected axons and neuromus-
cular compartment in MFCs with two types of Silencer Select prede-
signed siRNAs for mmu-Tardbp or anegative control siRNA (s106687,
s106688 and 4390843, respectively; Ambion; Supplementary Table 5).
Lipofectamine 3000 was used to transfect a total of 80 nM siRNA mix
or negative control into the distal compartment of MFCs either alone
orincombination with 50 nM LNA-miR-126-5p inhibitor. Cultures were
fixed and labeled 4 days after transfection to analyze axonal integrity
and the TDP-43 distribution in axons.

miR-126a-5p FISH

miR-126a-5p FISH was performed on whole-mount EDL muscle tissues
as previously described®. In brief, to visualize miR-126a-5p in mouse
tissues, we adapted an LNA probe-based tyramide signal amplifica-
tion protocol. EDL muscles were isolated, physically cleared of con-
nective tissues and fixed in 4% PFA for 1 hour while rocking, followed
by three PBS washes. Tissues were then permeabilized in 1% Triton
X-100 in DEPC-PBS for 10 minutes while rocking. Samples were fur-
ther acetylated for 5 minutes in acetylation buffer (60 nM HCI, 1.3%
v/vTEA and 6% v/v aceticanhydride in DEPC water), followed by three
PBS 1x washes. Samples were pre-hybridized in hybridization mix for
30 minutes at 60 °C while rocking (5x SSC, 50% formamide, 5% tRNA,
9.25 mM citric acid and 2% Denhardt’s solution). Next, samples were
hybridized with miR-126-5p miRCURY LNA detection probes (Qiagen,
YD00612156-BCE) in hybridization solution for 1 hour at 60 °C while
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rocking, followed by three 10-minute washes with 0.1% SSC at 65 °C
and an additional wash with 2x SSC at room temperature for 5 minutes.
Samples were exposed to 3% hydrogen peroxide for 10 minutes at room
temperature, followed a single 5-minute wash with TN buffer. Samples
were blocked for 30 minutes at room temperature in blocking buffer
and thenincubated for 1 hour with anti-DIG antibody (1:400) at room
temperature while rocking, followed by three 5-minute washes with
TNT buffer. Lastly, signal was amplified by incubation inamplification
buffer containing Tyramide-647 for 10 minutes at room temperature,
followed by three 5-minute washes with TNT buffer. Prior to continuing
with standard whole-mount immunofluorescence protocol for labe-
ling presynaptic axons, tissues were fixed once more with 4% sucrose,
4% PFA solution. Rabbit anti-NFH (1:500) and rabbit anti-Synapsin |
(1:500) were incubated with samples overnight at room temperature
while rocking, followed by three PBS washes and 4-hour incubation
withsecondary antibody Alexa Fluor-488-conjugated goat anti-rabbit
(1:500). Samples were labeled with DAPI during secondary antibody
washes and mounted in VECTASHIELD.

Statistics and reproducibility

Statistical parameters, tests used, sample sizes and number of repeats
are noted in the figure legends. Assignment to experimental groups
(in vivo and in vitro) was made random. Data collection was rand-
omized. Data collection and analysis were performed blinded to the
conditions of the experiments whenever possible, however not for
all experiments. Exclusion of data points was performed based on
standard GraphPad Prism outlier analysis (ROUT method, Q =1%).
Images are representative of all experimental repeats. Statistical sig-
nificance was determined using Student’s ¢-test or Wald test when
comparing between two groups and multiple comparisons ANOVA
test when comparing more than two groups. In specific cases where
samples did appear to not have anormal distribution, anormality test
was performed, and the subsequent significance test was determined
accordingly. Kruskal-Wallis test was used to assess significance in
non-parametric datasets withmore than two groups. Insomeinstances,
multiple ¢-test analysis was performed instead of two-way ANOVA,
where groups on the same graph were not subject to comparison.
Multiple comparisons were corrected using Holm-Sidak correction.
Representative images of patient obturator nerve cross-section and
muscle biopsy cross-section (showing intramuscular nerves) are from
a single patient per genotype. Non-ALS and ALS samples, excluding
SOD1mutants, in both types of biopsies were previously validated by
us and others as positive of phospho-TDP43 using the same antibodies
and labeling and image acquisition techniques™". No statistical meth-
ods were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications®#**°, Threshold for
determining statistical significance was P < 0.05. All statistical analyses
were performed with GraphPad Prism 10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA and miRNA sequencing FASTQ files with raw sequencing
data, text files with raw read counts and Excel files with processed
read counts are available in the Gene Expression Omnibus (GEO) via
accession number GSE286913. GRCm39/mm39 genome was accessed
at https://www.gencodegenes.org/mouse/. All data generated in this
study are provided inthe Supplementary Information and Source Data
files. Source data are provided with this paper.

Code availability
R codes that were developed within this study and used for RNA-seq
analysis are available in the GEO via accession number GSE286913.
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Extended Data Fig. 1| TDP-43 peripheral pathology in SOD1 patients and SOD1
mouse models. a) Immunofluorescent staining for pTDP-43 in intramuscular
nerves within muscle biopsies of non-ALS (spinal stenosis), SODI (c.26 T> A),

and sALS patients. Blue indicates NFH, Gray indicates pTDP-43 and colocalized
pTDP-43 within NFH positive nerves (in the respective panel). Scale bar: 5 um.

b) Representativeimmunofluorescentimages of TDP-43 in sciatic nerve
longitudinal sections of SOD1°°** mice and their littermates (LM). Gray indicates
TDP-43 and NFH-masked TDP-43 (in the respective panel), blue indicates NFH.
Scale bar:10 pm. ¢) Representative images of TDP-43 immunolabeling in sciatic
nerve cross sections of p290 SOD1°"® mice and their littermates. Gray indicates
TDP-43 and NFH-masked TDP-43 (in the respective panel), blueindicates NFH,
yellow indicates SI00p. Scale bar: 10 um. d) Quantitative analysis of TDP-43
intensity within SI00 region in sciatic nerve sections of p290 SOD1%® mice and
their littermates. Data is shown as the mean TDP-43 intensity in SI00f3 mask + SD.

pTDP-43 Ser409/410

n =26;29 images from 3 mice in each condition. Two-tailed unpaired student’s
t-test. ***p = 2.11x10°%. e) Representative images of pTDP-43 immunolabeling
in sciatic nerve cross sections of p290 SOD1°"® mice and their littermates.
Gray indicates pTDP-43 and NFH-masked pTDP-43 (in the respective panel),
blueindicates NFH, yellow indicates SI00p. Scale bar: 10 um. f) Quantitative
analysis of pTDP-43 intensity within S100f region in sciatic nerve sections of
p290 SOD1%® mice and their littermates. Data is shown as the mean pTDP-43
intensity in SI00f3 mask + SD. n = 27; 29 images from 3 mice in each condition.
Two-tailed unpaired student’s t-test. **p = 0.0018. For a, immunofluorescent
labeling for pTDP-43 in SOD1 patient repeated once for 1 patient. Labeling on
non-ALS and ALS patients was repeated for 6 patients and 6 healthy controls. For
b, representative images of experiment repeated in 3 mice per genotype.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article https://doi.org/10.1038/s41593-025-02062-6

a b c B6/P110
SN B6SJL.SOD1%%Ap120 LM SOD16%A
M [ SOD1%% . TOP-43| T | o
243 | — B i - 55kD
TDP-43 - - 3 6- ) Tutililm - .
35kDa ‘8 8 o5 PO
TDP-43 C'frag? ; ~— -25kDa > e :
& 41 zZ 2.0
Tubulin +55kDa < . (2
c =15
5 £
pTDP-43 d | 2 _§ 1.0
_ |35kDa 5 E 05
Tubulin l55KkDa z o g
a Y- %00
1 | av.
hSOD 15kDa i~ o o\ogs‘* = o O\Ggs\x
e e
d SN SOD 17" P357 e f
LM | SOD1G7 ~
: 56 . 58y
pTDP-43| == = & s 0 et Q 2
135kDa z 5 6
TDP-43| <o e e e S c4 £
. c
135kDa £ 5 4
3 2 2
Tubulin| e e s . s 155kDa L:i & 20
, 3 e 5 hi
TDP-43 C'frag?| ~/ Late, =z "/-25kDa % 0 % ol
'_
hsOD1 o~ A ws |15kDa a »‘“o’\"@x = W 0\031@
0 O
g GC muscle B6SJL.SOD1%% P120 h [
wT [ SOD1%% 506 s 067
< > .
TOP43| o — — R 2 kol
35kDa 2 § 0.4+
¥ .g 0.4+ £
pTDP-43 i = 2 3
- |35kDa ks N 0.2
S z
2 5
Tubulin| e — ——— ww w— | 55kDa go 2 0.0+
c (a2}
; = Q hj
hSOD1 —— L15kDa A )
A 0.0- pa-0.2——|—|—
N\ 0\"“ o 0*\09?
O O
. P20 K B6/P110 S °©
] LM SOD1 LM SOD1csA
55kD —
TDP-43 TDP-43 - .
Tubulin| = — <F55kD Tubulin s — 55kD
3= il 20+ 07216
. )
3 o .
p c 1.5+
'c 24 £
= . =3
3 21,04
£ =
@ 14 Q
h a 0.5+
o
o a
= ~
0- o 0.0 =
N N
\{(600 \)‘\‘500

Extended Data Fig. 2| See next page for caption.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-02062-6

Extended Data Fig. 2| TDP-43 Peripheral pathology in SOD1 mouse models.

a) Western blots of sciatic nerve axoplasms from 3 p120 B6SJL.SOD1*** and 3
littermates for TDP-43 (43kD), pTDP-43 (43kD) and hSOD1 (17kD). Tubulin (55kD)
was used as aloading control. Adistinct 25kD additional band was observed in
the TDP-43 blot of SOD1¢%** samples, suggested to be C-terminal fragments,

as previously reported'®. b) Quantitative analysis of the pTDP-43/tubulin
intensities within blots from sciatic nerve axoplasms of p120 B6SJL.SOD1%%**

and littermates. n = 3 mice in each condition. Two-tailed unpaired student’s
t-test, p = 0.5146. ¢) Representative western blot image and quantitative analysis
of the TDP-43/tubulin intensities within blots from sciatic nerve axoplasms of
p110 B6.SOD1%%** and littermates. n = 3 mice in each condition. TDP-43 (43kD),
Tubulin (55kD). Two-tailed unpaired student’s t-test. n = 0.0582. d) Western blots
of sciatic nerve axoplasms from 3 p357 SOD1°*® and 3 littermates for TDP-43
(43kD), pTDP-43 (43kD) and hSOD1 (17kD). Tubulin (55kD) was used as a loading
control. Adistinct 25kD additional band was observed in the TDP-43 blot of

SOD1%Rsamples, suggested to be C-terminal fragments as previously reported.
e, f) Quantitative analysis of TDP-43/tubulin (e) and pTDP-43/tubulin (f) in sciatic
nerve axoplasms of p357 SOD1%*® and littermates. n = 3 mice in each condition.
Two-tailed unpaired student’s t-test, **p = 0.0081, *p < 0.0118. g) Western blots of
gastrocnemius muscle lysates from 3 p120 B6SJL.SOD1°** and 3 littermates for
TDP-43 (43kD), pTDP-43 (43kD) and hSOD1 (17kD). Tubulin (55kD) was used as a
loading control. h, i) Quantitative analysis of TDP-43/tubulin (h) and pTDP-43/
tubulin (i) background subtracted thus the negative values in gastrocnemius
muscles of B6SJL.SOD1*** and littermates. n =3 mice in each condition. Two-
tailed unpaired student’s t-test, p = 0.1348(h), *p = 0.0355(i). j, k) Representative
images and quantitative analyses of TDP-43/tubulin in gastrocnemius muscle
lysates from p290 SOD1%*7® (j) and P110 B6.SOD1*** (k) mice versus their
littermates. TDP-43 (43kD), Tubulin (55kD). n = 4 mice per condition (j;n=3
mice per condition (k). Two-tailed, unpaired student’s t-test. **p = 0.0038(j),
p=0.7216(k).
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| TDP-43 pathology is non apparent in spinal cords of
SOD1 mouse models. a) Representative images and quantitative analysis of
TDP-43/tubulin in spinal cord lysates from p110 B6.SOD1°*** mice and

their littermates. TDP-43 (43kD), Tubulin (55kD). n = 4 mice per condition.
Two-tailed, unpaired student’s t-test. p = 0.7451 b, c¢) Representative images
(b) and quantitative analysis (c) for the percent of ventral motor neurons

with nuclear pTDP-43 in spinal cords of p120 B6SJL.SOD1°°** mice and their
littermates. Data are shown as the mean percent of ventral motor neurons
with nuclear pTDP-43 + SEM. n = 3 mice in each condition. Yellow indicates
pTDP-43, blue indicates nuclei (DAPI), red indicates NeuN. Scale bars: 10 pm.
d) Representative images and quantitative analysis of TDP-43/tubulin in spinal
cord lysates from p290 SOD1°® mice and their littermates. TDP-43 (43kD),
Tubulin (55kD). n = 3 mice per condition. Two-tailed, unpaired student’s t-test.
p=0.2462e,f) Representative images (e) and quantitative analysis (f) for the
percent of ventral motor neurons with nuclear pTDP-43 in spinal cords of p290
SOD1“® mice and their littermates. Data are shown as the mean percent of

ventral motor neurons with nuclear pTDP-43 + SEM. n = 3 mice in each condition.
Yellow indicates pTDP-43, blue indicates nuclei (DAPI), red indicates NeuN.
Scale bars: 10 pm. g-i) Representative images (g) and quantitative analysis (h-i)
for the percent of ventral motor neurons with cytoplasmic (h) or nuclear (i)
pTDP-43in spinal cords of induced (-Dox; 2 weeks) TDP43ANLS mice and non-
induced controls (+Dox). Data are shown as the mean percent of ventral motor
neurons with cytoplasmic/nuclear pTDP-43 + SEM. n = 3 mice in each condition.
Two-tailed student’s t-test, ***p = 0.0004(h), *p = 0.0293(i). Yellow indicates
pTDP-43, blue indicates nuclei (DAPI), red indicates NeuN. Scale bars: 10 pm.

Jj) Quantitative distribution analysis for the percent of ventral motor neurons
with either nuclear TDP-43, cytoplasmic TDP-43 or equally distributed TDP-43 in
spinal cords of p290 SOD1°”® mice and their littermates. Data are shown as the
mean percent of TDP-43 positive neurons in the respective subcellular region
+SEM. Multiple unpaired t-test. p = 0.8013(mainly nuclear), p = 0.802(equally
distributed) n = 3 mice from each condition.
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Extended DataFig. 4| Comparison of TDP-43 and pTDP-43 accumulation
inNMJs of fast versus slow muscle fibers in SOD1 mouse models.

a) Representative immunofluorescentimages of TDP-43 localization in NMJs
from gastrocnemius muscle ofinduced TDP43ANLS (-Dox; 2-weeks) and non-
induced control (+Dox). Gray indicates TDP-43 and TDP-43:NFH 3D colocalization
result (in the respective panel), blue indicates NFH, red indicates BTX. Scale
bar:10 pm. experiment repeated in 5 mice per genotype. b) Representative
immunofluorescentimages of pTDP-43 localization in NMJs from EDL muscle

of p60 B6SJL.SOD1%** and littermate control mice. Gray indicates pTDP-43 and
pTDP-43:NFH 3D colocalization result (in the respective panel), blue indicates
NFH, red indicates BTX. Scale bar:10 pm. experiment repeated in 3 mice per
genotype. ¢) Representativeimmunofluorescent images of pTDP-43 localization
inNMJs from EDL muscle of p290 SOD1%”® and littermate control mice. Gray
indicates pTDP-43 and pTDP-43:NFH 3D colocalization result (in the respective
panel), blueindicates NFH, red indicates BTX. Scale bar: 10 um. experiment
repeated in 3 mice per genotype. d, ) Representative immunofluorescent images
(d) and quantitative analysis (e) of TDP-43 in NMJs from EDL muscle of p290
SOD1%7 and littermate control mice. Gray indicates TDP-43 and TDP-43:NFH 3D
colocalization result (in the respective panel), blue indicates NFH, red indicates
BTX. Scalebar:10 pm. Data are shown in violin density plots with markings of
first, median and third quartiles of mean TDP-43 intensity to NFH/Synaptophysin
intensity in NMJs. Two-tail unpaired student’s t-test. ****p = 2.57x10°.n = 38 NMJs
from 3 mice per condition. f) Quantitative analysis of the percent of pTDP-43
colocalization areain presynapses at NMJs of P60 B6SJL.SOD1”**, Two-tail

unpaired student’s t-test. **p = 0.0071. n = 33,21 NMJs from 3 mice per condition.
g, h) Representative immunofluorescentimages (g) and quantitative analysis
(h) of pTDP-43 in NMJs from EDL muscle of p90 B6SJL.SOD1*** and littermate
control mice. Gray indicates pTDP-43 and pTDP-43:NFH 3D colocalization result
(intherespective panel), blueindicates NFH, red indicates BTX. Scale bar: 10 um.
Data are shownin violin density plots with markings of first, median and third
quartiles of mean pTDP-43 intensity to NFH intensity (left panel) or percent of
pTDP-43 colocalization area in presynapses at NMJs. Two-tail unpaired student’s
t-test. *p = 0.0021(pTDP-43 intensity), ***p = 4.8x10° (pTDP-43 area).n =39;36
NMJs from 3 mice per condition. , j) Representative immunofluorescentimages
of TDP-43 (i) and pTDP-43 (j) localization in NMJs from soleus muscles of p290
SOD1%"® and littermate control mice. Gray indicates TDP-43 and TDP-43:NFH 3D
colocalization result (in the respective panel), blue indicates NFH, red indicates
BTX. Scale bar:10 pm. k) Quantitative analysis for the percent of NMJs with
apparent TDP-43/pTDP-43 patch in soleus muscles from p290 SOD1%* and
littermate controls. Data are shown as the mean percent of NMJs with TDP-43
(left panel) or pTDP-43 (right panel) patch + SEM. n = 3 mice per group. Two-tailed,
unpaired t-test. p = 0.0746(TDP-43), p = 0.0636(pTDP-43).1) Quantitative analysis
of TDP-43 (left panel) and pTDP-43 (right panel) intensity in NMJs from soleus
muscle of p290 SOD1%7® and littermate control mice. Data are shown in violin
density plots with markings of first, median and third quartiles of mean TDP-43
(left) or pTDP-43 (right) intensity to NFH/Synaptophysin intensity in NMJs.
Two-tail unpaired student’s t-test. n = 44;41 (TDP-43), n = 82,52 (pTDP-43) NMJs
from 3 mice per condition. ****p =5.295x107° (TDP-43), p = 0.0899(pTDP-43).
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Extended Data Fig. 5| TDP-43 mRNA localization and local translationin
motor neuron axons. a) Relative mRNA transcript levels in axons versus cell-
bodies (soma) of Tardbp, Elavl1, Staul, and Actb. Data are shown as fold change
(F.C) of normalized counts in axons over soma for each mRNA transcript. Raw
datareanalysis of axonal and soma RNA-seq from primary motor neurons (Rotem
etal.,2017). b) Representative images of smFISH for 3-actin and TDP-43 mRNAs
compared with no probe control in primary motor neuron cell bodies. Gray
indicates RNAFISH, green indicates phalloidin/HB9:GFP, blue indicates nuclei
(DAPI). Red dashed line marks proximal axon shown in magnified insets. Scale
bar:15 pm. Experiment performed in 3 neuronal cultures. c-d) Representative
images (c) and quantitative analysis (d) of TDP-43 immunolabeling of distal axons

Growth cone

NMJ

in MFC 4 days after localized transfection with TDP-43 siRNA mix or with control
siRNA. Magentaindicates TDP-43, green indicates NFH. Scale bar: 10 um. Dataare
showninviolin density plots with markings of first, median and third quartiles of
mean number of TDP-43 punctain 100 pm axons. Two-tailed unpaired student’s
t-test. ***p <1x107™. n=94;87 axons from 3 independently grown co-cultures.
e) Representativeimmunofluorescent images of TDP-43 puro-PLAin agrowth
cone ata premature NMJ, and in amature NMJ in healthy co-cultures. Blue
indicates NFH, gray indicates BTX, yellow indicates TDP-43 puro-PLA, white
dashed line indicates skeletal muscle margins (in NMJ panel, the entire region is
over askeletal muscle) Scale bar: 5 um. Experiment repeated in 3 neuromuscular
co-cultures.
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Extended Data Fig. 6 | Enrichment of extracellular vesicle machinery in
post-synaptic apparatus of NMJs. a) Representative images for the localization
of CD63 (upper panel), CD81 (mid panel) and CHMP2A (lower panel) in healthy
GC muscle NMJs. Blue indicates NFH, red indicates BTX, Dynamic blue-green-
yellow indicates CD63/CD81/CHMP2A according to raw fluorescent intensity
(blue=low; yellow=high). Scale bar:10 pm. Experiment repeated 3 times (CD63,
CD81) and 6 times for CHMP2A. b) Representative images for the localization

of CD63 (upper panel), CD81 (lower panel) in NMJs within dissociated muscle
fibers following enzymatic digestion of surrounding cells and connective
tissues. Red indicates BTX, Dynamic blue-green-yellow indicates CD63/CD81

according to raw fluorescent intensity (blue=low; yellow=high). Scale bar:10 pm.

Experiment repeated 3 times. ¢) Quantitative analysis of CD81 raw fluorescent
signal in synaptic versus extrasynaptic regions within the same muscle fiber.
Two-tail paired student’s t-test. ***p = 7.68 x 10°. n = 20 muscle fibers from 3

NMJ region

mice d) Representative images and 3D Imaris puncta colocalization analysis

of extracellular vesicle machinery in postsynaptic apparatus of enzymatically
denervated EDL muscle. White indicates BTX, yellow indicates CD-63, magenta
indicates CD-81. Imaris puncta analysis was performed on BTX colocalization
channels with CD-63 and CD-81. Scale bar: 10 pm. Experiment performed
once. e) Representative max intensity projected (MIP) low magnification
images (upper panel) and high magnification images of BTX-positive region
(lower panel) of CD63-pHluorin signal in cultured primary muscle before (pre)
and immediately after application of ammonium chloride (NH,CI). Dynamic
magenta-orange-white indicates CD63-pHluorin intensity in low magnification
images. Lower panel: magentaindicates BTX, green indicates CD63-pHluorin
signal. Scale bars: 50 pm; 10 pmin upper and lower panels respectively.
Experiment repeated in 2 neuromuscular co-cultures.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| miR-126a-5p regulates the mRNA of several predicted
targets including the mouse and human mRNA of TDP-43, and is dysregulated
in SOD1NMJs. a) Representative images of a 6DIV primary motor neuron culture
infected with lentiviral (pLV) miR-126 GFP. Green indicates GFP. Scale bar:

100 pm. Repeated in 3 neuronal cultures. b) Quantitative RT-PCR for multiple
predicted and non-predicted mouse mRNA targets of miR-126a-5p in primary
motor neurons expressing LV-GFP versus LV-miR126-GFP. Data are shown as the
mean relative expression of each target in LV-miR126-GFP over LV-GFP + SEM.
Two-way ANOVA with Holm-Sidak correction for multiple comparisons.n=3
neuronal cultures per condition. p = 0.0003(TDP-43), p = 0.0286(C90rf72),

p =8.78 x105(Caspase-3), p = 0.012(NRP1), p = 0.0003(DLK1), p = 0.0016(JNK3),
p =0.7869(FUS]), p= 0.0017(CRMP4), p = 0.999(SOD1), p = 0.999(G3BP1),
p=0.9346(Sema3A), p = 0.999(COX4), p = 0.992(COX?7). ¢) Graphical
illustrations of the human TDP-43 mRNA and two more predicted isoforms.
Greenindicates 3’UTRs, red marks the putative miR-126-5p target sites. d)
Representative low magnification image of healthy IPSC-derived motor neurons
(IPSC-MN; KOLF) infected with pLV-hSyn-miR126. Red indicates GFP ininfected
neurons. Scale bar: 150 pm. image e) Quantitative Tagman RT-PCR for miR-
126-5p in human IPSC-MN (KOLF) expressing either pLV-Syn-miR126-GFP or

pLV-Syn-GFP. Data are shown as the mean relative miR-126-5p expression + SEM
inmiR-126 infected IPSC-derived motor neurons versus GFP infected ones. Two-
tailed unpaired student’s t-test. n = 3 seperatly grown cultures. *p = 0.0162. f)
Quantitative RT-PCR for human TDP-43 mRNA with primers targeting the coding
sequence (CDS) in IPSC-derived motor neurons following 7 days of pLV-Syn-
miR126 or pLV-Syn-GFP infection. Data are shown as the mean relative mRNA
levels of human TDP-43 mRNA + SEM. Two-tailed unpaired student’s t-test.n=3
separately grown cultures. **p < 0.0042. g) Quantitative TaqMan RT-PCR for miR-
126-5p in p290 SOD1%7® GC muscles versus p290 SOD1%7® SC. Data are shown as
the meanrelative level of miR-126-5p + SEM. U6 was used as endogenous loading
control. Two-tailed unpaired t-test. n = 5 mice in each group. *p = 0.0263(GC),

p =0.888(SC). h-i) Representative images (h) and quantification (i) of miR-126a-
Sp FISHin NMJs of p60 B6SJL.SOD1*** EDL muscles versus littermate controls.
Blue indicates nuclei (DAPI), green indicates NFH, magenta indicates miR-126a-5p
FISH. Scale bar:10 pm. Data are shown in violin distribution plots of the miR-
126a-5p puncta per NMJ with markings of first, median and third quartiles. Two-
tailed unpaired student’s t-test. n = 15; 33 NMJs from 3 mice in each condition.
4 =3,689 %107,
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Extended Data Fig. 8 | miR-126-5p enhances neuronal growth of SOD1°%34 mm?) + SEM (c), or cell body cluster area (area/mm?) + SEM (d). n =10; 15; 15
primary motor neurons. a-c) Representative phase images with axonal marking ~ wells (over 6,000 neurons analyzed in every condition). One-way ANOVA with
(a) and quantification of neurite length (b) and cell-body cluster area (c) in WT, Holm-Sidak correction, **p = 0.00942(b), ****p = 0.00002(b), p = 0.1065(b),
SOD1°** or miR-126-GFP infected-SOD1°* primary motor neurons at 3DIV. “*p = 5.41x1078(c), *p = 0.0467. d) Representative image of pLV-miR-126 GFP
Blue, red and green segmented lines indicate the neurite tracing. Scale bar: infected primary motor neurons cultured in the proximal compartment of
100 pum. Data are shown as the mean neurite length/cell body cluster area (mm/ microfluidic chambers. Green indicates GFP. Scale bar: 100 pum.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| miR-126a-5p overexpression in vivo. a-b) Representative
images of sciatic nerve cross section (a) and phrenic nerve in the diaphragm

(b) of control animals injected with AAV PhP.Eb miR-126 viral particles. Green
indicates GFP, red indicates NFH. Scale bars: 200 pm. ¢) Quantitative Tagman
RT-PCR analysis of miR-126a-5p expression in SC, GC and brains of GFP-infected
versus miR126-infected healthy mice. Data are shown as the mean relative miR-
126a-5p level + SEM. n = 3 mice in each condition. Two-tailed unpaired student’s
t-test, *p = 0.0135(SC), 0.026(GC), 0.0363(Brain). d-e) Catwalk gait analysis of
WT and SOD1%°** mice infected with either GFP or miR126, at symptomatic (p90)
and late symptomatic (p130) stages. Data are shown as the mean stand duration
(d; seconds) and % base of support on 4 limbs (e). n = 8 mice in each group.
One-way ANOVA with Holm-Sidak correction. *p = 0.0277(d; p90; WT-GFP vs.
SOD-GFP, and SOD1-GFP vs. SOD1-miR), p = 0.2587(d; p130; WT-GFP vs. SOD-GFP,

and SOD1-GFP vs. SOD1-miR), **p = 0.0091(e; p90; WT-GFP vs. SOD-GFP, and
SOD1-GFP vs. SOD1-miR), *p = 0.0143(e; p130; WT-GFP vs. SOD-GFP, and SOD1-
GFP vs.SOD1-miR). f, g) Representative images (f) and quantification (g) of the
hindlimb splay reflex in SOD1°*** mice and their littermates infected with either
AAV PhP.Eb GFP, or with AAV PhP.Eb miR-126-GFP. Data are shown as the percent
of mice who presented normal splay reflex + SEM.n =8; 8;7; 7 miceineach
group. Non-parametric Kruskal-Wallis test, *p < 0.02(WT-GFP vs. SOD1-GFP),

*p =0.0258(SOD1-GFP vs. SOD1-miR). h, i) In vivo longitudinal tracking of mouse
weight (h) and survival (i) in all experimental groups. In (h), data are shown as
the mean weight gain/loss at every timepoint compared with weight oninjection
day + SEM. In (i), data are shown in a Kaplan-Maier survival curve starting at p150
(age of mice). n = (8,8;WT),(7,7;SOD1%%**) mice in each group. For a,b - images are
representative for 3 similarly injected mice.
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Extended Data Fig. 10 | IPSC-derived co-culture differentiation and NMJ
formation. a) Representative images from the distal (NMJ) compartment IPSCC-
derived co-culture of healthy (KOLF) motor neurons and skeletal muscles. Blue
indicates NFH, gray indicates BTX, magenta indicates Titin. White dashed line
indicates NMJ region shown ininset. Scale bar: 20 pm. b-c) Quantitative analysis
of axonal pTDP-43 fraction (b) and axonal degeneration index (c) in iPSC-derived
co-cultures of SOD1*, TDP-43"**"V, and their isogenic control (KOLF). Datain (b)
areshowninviolin density plots of pTDP-43 puncta area out of NFH area of axons
at the NMJ compartment with marking of first, median, and third quartiles.
n=21;26,18 imaging fields from 3 independently grown neuromuscular
co-cultures. One-way ANOVA with Holm-Sidak correction. **p = 0.0064,

**p = 4.4 x107'°, Datain (c) are shown as the mean NFH degeneration index

pLV-hSyn-GFP | NFH | pTDP-43

pLV-hSyn-miR126-GFP [NFH | pTDP-43

b3

of axons in the NMJ compartment + SD. n = 28; 23; 18 imaging fields from 3
neuromuscular co-cultures. One-way ANOVA with Holm-Sidak correction.
“xp = 4,66 x107°(SOD1*Y), 1.96 x 105(TDP43"3*"Y), d) Representative image
for lentivirus-infected IPSC-MN and IPSC-muscles in co-culture within MFC.
Greenin IPSC-MN (upper compartment) indicates pLV-hSyn-miR126-GFP,
Greenin IPSC-muscles (lower compartment) indicates pLV-CMV-miR126-GFP.
Scale bar:150 pm. e) Representative immunofluorescent images for pTDP-43
nuclear localizationin SOD1**" and TDP-43%*7V |[PSC-MN in the proximal MFC
compartment of co-cultures infected with either pLV-hSyn-GFP or pLV-hSyn-
miR126-GFP. Blue indicates NFH, gray indicates pTDP-43. White dashed
square marks the IPSC-MN magpnified in the inset. Scale bar: 20 um. For a,d,e
experiments repeated in 3 neuromuscular co-cultures.
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Software and code

Policy information about availability of computer code

Data collection  Data collection was done using software provided with the relevant equipment: Thermo-Fisher StepOne PCR machine running StepOne
sofware (version 2.3), Andor iXon Revolution (Andor 1Q3 software), Andor BC43 (Anor Fusion ver. 2.3 softare), 3i Marianas (3i SlideBook
software version 6) Spinning Disk confocal systemems. JEM-1400Plus Transmission Electron Microscope - Images were captured using SIS
Megaview Il and iTEM, the TEM imaging platform (Olympus, Tokyo, Japan). Sartorius Incucyte s3, 2019A (Nerotrack software module; cat.
n0.9600r0010). NanoSight: Nanoparticle Tracking. western-blots and northern-blots images were acquired using iBright. RNA sequencing was
performed on Illumina Novaseq SP100 flow cell sequencer.

Data analysis Fiji/Image J software (version 2.3.0/1.53q) was used to analyze confocal raw files and western-blots, GraphPad Prism (version 10.1.0 (264))
was used for statistical analyses .StepOne gPCR 96-well module (Thermo-fisher) was used to determine differentially
expressed genes, Andor Fusion (ver. 2.3), Andor iQ3 (ver. 3.0), 3i SlideBook softwares (ver. 6.0), Incucyte (ver.) were used for image viewing
and analysis. Bitplain Imaris (Ver. 8.4.6; Oxford instruments) was used for 3-dimentional colocalization analyses. Annotated sequencing data
were collected from Fastq files using GeneGlobe pipeline (Qiagen RNA-seq Analysis Platform 1 & 2.5.1; https://geneglobe.giagen.com/us/
analyze) for miRNA sequencing, and GeneCode (vM25, 2020; UTAP pipeline) for mRNA sequencing. Illumina fastq files were uploaded for
bioinformatics analysis to CLC genomic workbench V.24 and the “RNA-seq analysis” tool with default options. Following this, trimmed reads
were aligned to the GRCm39 - mm39 mouse genome (downloaded from: https://www.gencodegenes.org/mouse/). mRNA isoforms were
quantified by CLC genomic workbench “expectation-maximization” estimation algorithm. DESeq2 package was used for normalization and
comparison of read counts. R codes that were developed within this study and used for RNA-seq analysis were made available in the gene
expression omnibus (GEO) via accession number GSE286913. For more information see Methods..

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The RNA and miRNA sequencing Fastq files with raw sequencing data, text files with raw read counts, excel files with processed read counts were made available in
the gene expression omnibus (GEQ) via accession number GSE286913.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human muscle, and nerve biopsies were collected from patients based on their clinical diagnosis as having ALS or non-ALS
condition and based on their genetic background as carriers of mutant SOD1 gene. Human serum samples from ALS patients
and healthy donors were collected based on patient clinical diagnosis as having ALS condition, or healthy patients with
noneurological medical record. Serum samples include both male and female samples. We did not conduct a sex-based
analysis of our results as we did not have specific hypotheses about putative differences.

Reporting on race, ethnicity, or We did not ask donors to report their race, ethnicity, or other socially relevant information.
other socially relevant
groupings

Population characteristics Patient biopsies were acquired from ALS and non-ALS Caucasian male patients aged 26—66 years (48.33+213.12). ALS
patients were diagnosed with clinically definite or probable ALS according to El Escorial criteria. Non-ALS control muscles
included a variation of findings, which were consistent with a diagnosis of normal muscle, severe, chronic ongoing
denervation and reinnervation due to spinal stenosis.

Patient blood serum samples were acquired from Caucasian ALS patients aged45-88 (68.37+14.49), and healthy controls
aged 23-66 (43.87+16.81) from both sexes.

Recruitment Muscle biopsy samples (sALS, non-ALS) and corresponding clinical data were collected for diagnostic purposes at the Sheba
neuromuscular pathology lab and subsequently enrolled in this study (SMC 4485-17). Healthy subjects (serum donors) and
ALS patients volunteers where evaluated at the Sheba Medical Center neuromuscular clinic, where clinical data, serum
samples (6525-19, 6526-19) and muscle biopsies (Helsinki 4871-18 ) where collected and analyzed at the neuromuscular
pathology lab.

Muscle biopsy samples and corresponding clinical data were collected for diagnostic purposes at the Sheba neuromuscular
pathology lab and subsequently enrolled in this study (SMC 4485-17). Healthy subjects and ALS patients volunteers where
evaluated at the Sheba Medical Center neuromuscular clinic, where clinical data, serum samples (6525-19, 6526-19) and
muscle biopsies (Helsinki 4871-18 ) where collected and analyzed at the neuromuscular pathology lab.

Obturator nerve biopsies (sALS, SOD1-ALS, non-ALS) and corresponding clinical data were collected for diagnostic purposes
followed by research application at the Institute of experimental neurology, San Raffaele hospital, Milan, Italy
(RF-2019-12369320).

Muscle biopsy (SOD1-ALS) and the corresponding clinical data was collected for diagnostic purposes at the Department of
Neurology, Neuromuscular Diseases Research Laboratory, Hacettepe University, Turkey.

All ALS patients were diagnosed with clinically definite or probable ALS according to El Escorial criteria.

Ethics oversight Obturator nerve biopsies: The Local Ethics Committee of the San Raffaele Hospital on human experimentation approved the
study protocol (RF-2019-12369320)
Muscle biopsies:
1. Hacettepe university ethical committee approval number: GO20/177, 11/02/2020.
2. The Sheba Tel Hashomer medical center ethics committee for human experimentations approved the study protocol (IRB
SMC 4871-18)
Serum samples:
The Sheba Tel Hashomer medical center ethics committee for human experimentations approved the study protocol (IRB
SMC 6525-19 and 6526-19).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

We chose to use sample size of at least three independent repeats which is sufficient to determine statistical significance.

For in vivo descriptive experiments at least three mice from each group were measured. Sample sizes were determined based on ours and
other previous publications with SOD1 mouse models.

For in vivo AAV-miR126 injection experiment - sample sizes were determined based on previous publications:

lonescu, A. et al. Targeting the Sigma-1 Receptor via Pridopidine Ameliorates Central Features of ALS Pathology in a SOD1 G93A Model. Cell
Death Dis 10, (2019).

Maimon, R. et al. Mir126-5p downregulation facilitates axon degeneration and nmj disruption via a non—cell-autonomous mechanism in ALS.
Journal of Neuroscience 38, (2018).

Mead, R. J. et al. Optimised and Rapid Pre-clinical Screening in the SOD1G93A Transgenic Mouse Model of Amyotrophic Lateral Sclerosis (ALS).
PLoS One 6, 23244 (2011).

In general, the number of animals in each group was determined according to previous studies cited in our manuscript.

For in vitro experiments at least 3 microfluidic chambers, each with at least 10 axons / NMJs from 3 independent biological repeats were used
to overcome in-experiment variance between microfluidic chamber which tend to vary in the number of axons crossing from one
compaerment to another, and in the number of skeletal muscles.

High number of axons/NMIJs was needed for immunoflourescent assays, to gain the full image of the axonal population, which is not
homogeneous.

For muscle contraction essays, higher number of microfluidic chambers were used (7-10), as there is variability in this assay compared to
other methods in this manuscript and as each chamber was counted as a whole rather than counting single axons.

In rare cases, single outliers from technical repeats with extremely abnormal values due to technical issues were excluded automatically by
outlier-identification, performed via Graphpad Prism based on standard deviation. This was done only when sample size was n>10. Exclusion
was done via ROUT method; Q=1%.

To ensure reproducibility, experiments were performed at least three independent times, other than when noted otherwise, using similar
conditions and reagents.
All attempts at replication were successful.

In vitro studies:

Co-culture exeriments, cells were divided randomly to wells/microfluidic chambers. For Rab27a shRNA experiments, muscles in all chambers
were transfected with shRNA plasmids. Half of the co-cultures were treated with the doxycycline treatment to induce expression of the shRNA
and the other half remained untreated. For miR-126-5p inhibitor experiments, half of the co-culture were transfected with miR-126-5p
inhibitor and half were transfected with a mock control.

For HB9 motor neurons, cells were divided randomly between wells/chambers.

For IPSC derived motor neurons, cells were plated in similar numbers in wells/chambers based on known TDP-43 M337V\ SOD1 A5V or
isogenic control cell genotype.

For in vivo studies:

Mice were predetermined by their genotype. For each experiment, to every randomly selected SOD1 mouse a littermate non-mutant control,
age and sex matched, was assigned to serve as his biological control.

For human sample studies:

Samples from human participants were predetermined by their clinical diagnosis. The samples were labeled and slices from each patient were
chosen randomly for the experimental immunoflourescent essay.

Blinding was applied whenever possible, however not for all data due to insufficient manpower. The remaining experiments, were analyzed
and perfomed by the same person who obtained the data.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
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Antibodies %
Antibodies used Primary antibodies: g
1. Phospho (409/410)-TDP43, Proteintech Cat. 22309-1-AP. For WB/IF - 1:2000
Validation for WB and IF - https://www.ptglab.com/products/phospho-409-410--TDP43-Antibody-22309-1-
AP.htm#ttestedapplications
2. TDP43, Proteintech. Cat. 10782-2-AP. For WB/IF - 1:2000. For pull down - 2ug per sample in 1ml.
Validation for WB, IP and IF - https://www.ptglab.com/products/TARDBP-Antibody-10782-2-AP.htm#tested-applications
3. Neurofilament 200 (rabbit), Sigma. Cat. N4142. For IF - 1:500-1:1000
Validation for IF - https://www.sigmaaldrich.com/IL/en/product/sigma/n4142
4. Neurofilament 200 (Chicken), Abcam. Cat. ab72996. For IF 1:500-1:1000
Validation for IF based on 24 references appearing in - https://www.abcam.com/neurofilament-heavy-polypeptide-antibodyab72996.
html
5.Puromycin (clone 12D10), Millipore. Cat. MABE 343. For IF - 1:1000
Validation for IF - https://www.merckmillipore.com/INTL/en/product/Anti-Puromycin-Antibody-clone-12D10,MM_NF-MABE343?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F#anchor_Applications
6. ERK1/2 (065M4813V), Sigma. Cat. M5670. For WB - 1:10000
Validation for WB - 180 publications at https://www.sigmaaldrich.com/IL/en/product/sigma/m5670
7. alpha-Tubulin, Abcam. Cat. ab7291. For WB - 1:5000
Validation for WB - https://www.abcam.com/alpha-tubulin-antibody-dm1a-loading-control-ab7291.html
8. CD63 (H-193), Santa-Cruz. Cat. sc-15363. For WB - 1:200, for IF - 1:100. Both uses for IF and WB were validated in previously
based on at least 34 reported articles in https://www.scbt.com/p/cd63-antibody-h-193#citations
9. CD-81 Abcam. Cat. ab79559. For WB - 1:2,000, For IF: 1:200. Both IF and WB uses were validated in over 104 prior works as
indicated at: https://www.abcam.com/products/primary-antibodies/cd81-antibody-m38-ab79559.html
10. CD-9 Abcam Cat. ab92726. For WB - 1:100. WB used was validated in over 40 prior studies as indicated at: https://
www.abcam.com/products/primary-antibodies/cd9-antibody-ab223052.html
11. Rab27a, Proteintech. 17817-1-AP, For WB - 1:200. For IF- 1:200. Antibody is KD/KO validated. Both WB and IF uses were validated
in over 50 prior works as indicated at: https://www.ptglab.com/products/RAB27A-Antibody-17817-1-AP.htm#publications
12. Ago-2, Abcam. ab32381. For WB - 1:500. For IF -1:500. Both WB and IF uses were validated by over 340 prior works at indicated
by: https://www.abcam.com/products/primary-antibodies/argonaute-2-antibody-ab32381.html
13.SOD1 (FL-154), Santa-Cruz. sc-11407. FOR WB - 1:500. WB use was previosly validated in over 99 prior works as indicated at:
https://www.scbt.com/p/sod-1-antibody-fl-154#citations
14. CHMP2A, Proteintech. 10477-1-AP. For IF- 1:200. KO/KD validates. Over 40 prior works validate the use of this antibody: https://
www.ptglab.com/products/CHMP2A-Antibody-10477-1-AP.htm#publications
15. GFP Abcam. ab38689. For IF - 1:1,000. KO validated. Referenced in over 3100 prior works as indicated at: https://
www.abcam.com/products/primary-antibodies/gfp-antibody-ab13970.html
16. S100B, Sigma-Aldrich. S2532. For IF- 1:300. https://www.sigmaaldrich.com/IL/en/product/sigma/s25327?
srsltid=AfmBOorSDHIttfWpOh1HBLVMUxZXKdalDZYAj53MLQXLg3lim405YTkC.
17. ALIX, Abcam. ab76608. wb 1:250. https://www.abcam.com/en-us/products/primary-antibodies/alix-antibody-ab76608?
srsltid=AfmBOopAna05XiWfZsQ079yWXT97gM8iTKkk8tdAXN5QjnbSsoQtvSFa.
18. GM130, BD biosciences. 610823. WB 1:200. https://www.bdbiosciences.com/en-in/products/reagents/microscopy-
imagingreagents/
immunofluorescence-reagents/purified-mouse-anti-gm130.610823?tab=product_details.
19. Anti-Digoxigenin (DIG)-POD (poly), Fab fragments. Roche 11633716001 Used at 1:400 in miRNA-LNA FISH
Secondary antibodies:
1. Goat anti chicken 405, Abcam. Cat. ab175675. For IF - 1:500
2. Goat anti chicken 488, Abcam. Cat. ab150173. For IF - 1:1000
3. Goat anti mouse 488. Abcam. Cat. ab150113. For IF - 1:1000
4. Goat anti mouse 594. Invitrogen. Cat. A11032. For IF - 1:1000
5. Goat anti mouse 650. Abcam. Cat. ab96882. For IF - 1:1000
6. Goat anti rabbit 488. Invitrogen. Cat. A11034. For IF - 1:1000
7. Goat anti rabbit 594. Jackson Laboratories. Cat. 111-585-144. For IF - 1:1000
8. Goat anti rabbit 640. Abcam. Cat. ab150083. For IF - 1:1000.
9. Donkey anti mouse HRP. Jackson Laboratories. Cat. 715-035-151. For WB - 1:10000.
10. Donkey anti rabbit HRP. Jackson Laboratories. Cat. 715-035-152. For WB - 1:10000. =
Validation All antibodies were prevalidated by manufacturer and prior research, as stated in the supplied antibody data sheet and QA §

certificate.
1. Phospho (409/410)-TDP43, Proteintech Cat. 22309-1-AP. For WB/IF - 1:2000
Validation for WB and IF - https://www.ptglab.com/products/phospho-409-410--TDP43-Antibody-22309-1-




AP.htm#ttestedapplications

2. TDP43, Proteintech. Cat. 10782-2-AP. For WB/IF - 1:2000. For pull down - 2ug per sample in 1ml.

Validation for WB, IP and IF - https://www.ptglab.com/products/TARDBP-Antibody-10782-2-AP.htm#tested-applications
3. Neurofilament 200 (rabbit), Sigma. Cat. N4142. For IF - 1:500-1:1000

Validation for IF - https://www.sigmaaldrich.com/IL/en/product/sigma/n4142

4. Neurofilament 200 (Chicken), Abcam. Cat. ab72996. For IF 1:500-1:1000

Validation for IF based on 24 references appearing in - https://www.abcam.com/neurofilament-heavy-polypeptide-antibodyab72996.

html

5.Puromycin (clone 12D10), Millipore. Cat. MABE 343. For IF - 1:1000

Validation for IF - https://www.merckmillipore.com/INTL/en/product/Anti-Puromycin-Antibody-clone-12D10,MM_NF-MABE343?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F#anchor_Applications

6. ERK1/2 (065M4813V), Sigma. Cat. M5670. For WB - 1:10000

Validation for WB - 180 publications at https://www.sigmaaldrich.com/IL/en/product/sigma/m5670

7. alpha-Tubulin, Abcam. Cat. ab7291. For WB - 1:5000

Validation for WB - https://www.abcam.com/alpha-tubulin-antibody-dm1a-loading-control-ab7291.html

8. CD63 (H-193), Santa-Cruz. Cat. sc-15363. For WB - 1:200, for IF - 1:100. Both uses for IF and WB were validated in previously
based on at least 34 reported articles in https://www.scbt.com/p/cd63-antibody-h-193#citations

9. CD-81 Abcam. Cat. ab79559. For WB - 1:2,000, For IF: 1:200. Both IF and WB uses were validated in over 104 prior works as
indicated at: https://www.abcam.com/products/primary-antibodies/cd81-antibody-m38-ab79559.html

10. CD-9 Abcam Cat. ab92726. For WB - 1:100. WB used was validated in over 40 prior studies as indicated at: https://
www.abcam.com/products/primary-antibodies/cd9-antibody-ab223052.html

11. Rab27a, Proteintech. 17817-1-AP, For WB - 1:200. For IF- 1:200. Antibody is KD/KO validated. Both WB and IF uses were validated
in over 50 prior works as indicated at: https://www.ptglab.com/products/RAB27A-Antibody-17817-1-AP.htm#publications

12. Ago-2, Abcam. ab32381. For WB - 1:500. For IF -1:500. Both WB and IF uses were validated by over 340 prior works at indicated
by: https://www.abcam.com/products/primary-antibodies/argonaute-2-antibody-ab32381.html

13.SOD1 (FL-154), Santa-Cruz. sc-11407. FOR WB - 1:500. WB use was previosly validated in over 99 prior works as indicated at:
https://www.scbt.com/p/sod-1-antibody-fl-154#citations

14. CHMP2A, Proteintech. 10477-1-AP. For IF- 1:200. KO/KD validates. Over 40 prior works validate the use of this antibody: https://
www.ptglab.com/products/CHMP2A-Antibody-10477-1-AP.htm#publications

15. GFP Abcam. ab38689. For IF - 1:1,000. KO validated. Referenced in over 3100 prior works as indicated at: https://
www.abcam.com/products/primary-antibodies/gfp-antibody-ab13970.html

16. S100B, Sigma-Aldrich. S2532. For IF- 1:300. https://www.sigmaaldrich.com/IL/en/product/sigma/s25327?
srsltid=AfmBOorSDHIttfWpOh1HBLVMUxZXKdalDZYAj53MLQXLg3lim405YTkC.

17. ALIX, Abcam. ab76608. wb 1:250. https://www.abcam.com/en-us/products/primary-antibodies/alix-antibody-ab76608?
srsltid=AfmBOopAna05XiWfZsQ079yWXT97gM8iTKkk8tdAXN5QjnbSsoQtvSFa.

18. GM130, BD biosciences. 610823. WB 1:200. https://www.bdbiosciences.com/en-in/products/reagents/microscopy-
imagingreagents/

immunofluorescence-reagents/purified-mouse-anti-gm130.610823?tab=product_details.

19. Anti-Digoxigenin (DIG)-POD (poly), Fab fragments. - Some validation are supplied by the manufacturer, yet these HRP-conjugated
antibody fragments are well established and highly referenced for multiple uses.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK-293T cells were acquired from ATCC

The cell line used was not autheniticaticated, other than determining Neomycin (G-418) resistance.

Mycoplasma contamination Cell lines were routinly tested for mycoplasma, and found to be negative. We used mycoplasma detection kit (Biological

Industries, Israel).

Commonly misidentified lines  No commontly misidentified lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

1. HB9-GFP (Jax stock no. 005029).

2. ICR female mice 6-10-weeks old (Institute of Animal Science, Harlan) were used for maintenance of the HB9-GFP colony was
maintained by breeding.

3. SOD1G93A (Stock No: 002726; Jackson Laboratories) colonies were maintained by breeding with C57BL/6J mice. Mice were
euthanized at presymptomatic stages (p60), symptomatic stage (p90) and late symptomatic stage (p120-p130). PHP.eB injected mice
were presymptomatic at the time of injection (p60) and were kept live until end stage as determined by the animla's incapability to
rise from lying on its side for over 10 seconds, as indicated at https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4692639/.

4. 1o0xSOD1G37R mice (Stock No: 016149; Jackson Laboratory) harboring a floxed transgene comprising human SOD1 gene bearing
G37R mutation. Colonies were maintained by breeding heterozygous loxSOD1G37R males with female with pure C57BL/6)
background to eliminate confounding genetic influences.
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Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

5. SOD1G93A-ChAT::tdTomato and LM-ChAT::tdTomato mice were obtained by mating ChAT::ROSAtdTomato females (ChAT::cre and
tdTomato::lox mice, (Jax stock no. 006410 and 007908, respectively) with SOD1G93A males. Mice were genotyped to distinguish WT
from SOD1G93A as well as ChAT-ROSA tdTomato positive/neative genotypes.

6. B6.SOD1G93A (Stock No: 004435; Jackson Laboratories) colonies were maintained by breeding with female C57BL/6) mice. Mice
were genotyped by PCR of DNA extracted from a tail biopsy.

For in-vivo studies, mice were between the ages of 60-180days, mixed sex.

Littermate mice that are age and sex matched to mutant animals were used as controls.

Genotype was pre-validated via PCR.

The animals were grown at Tel Aviv SPF facility, or at Ben-Gurion Barrier facility (SOD1G37R) under strict hygiene standards. Animal
colonies are tested routinely for known pathogens according the list of Federation European Laboratory Animal Science Association
(FELASA). In the facilities, Groups of up to five mice per cage were housed on a 12 h light/dark cycle, on autoclaved ASPEN wood
chips bedding, at an ambient temperature of 22°C

+1°C, with humidity controlled at 50%, and were provided with UV-irradiated and micro-filtered Hydropac system for water.

No wild animals were used in this study.

Findings in this work apply to mice of both sexes. Sex of mice was taken into consideration in study desing upon injection of
PHP.eBmiR-126 or GFP viral particles - each experimental group was assigned with mice of both sexes.

No field-collected animals were used in this study.

Animal experiments were approved and supervised by the Animal Ethics Committee of Tel-Aviv University

All'animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Ben-Gurion University of the
Negeyv, in compliance with Israel’s Animal Welfare Act (1994) and the NIH Guide for the Care and Use of Laboratory Animals (NRC,
2011). The animal facility is approved by the U.S. Office of Laboratory Animal Welfare (OLAW; assurance number A5060-01) and is
fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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