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Local protein synthesis is vital for neuronal function, butits dysregulation
inneurodegenerative diseases remains poorly defined. Here we applied
spatial transcriptomics to adult mouse motor nerve axons and cell bodies
to enable subcellular mapping. Among transcripts found in mature axons,
the most enriched biological process is protein translation, and localization
of translation machinery was confirmed using multiplexed single-molecule
spatial transcriptomics combined withimmunofluorescence. Amyotrophic
lateral sclerosis (ALS)-associated mutations in the RNA-binding protein
fused in sarcoma (FUS), which suppress local translation, disrupt the
compartment-specific RNA signatures, including components of the
translation machinery. In particular, eukaryotic initiation factor 5a (Eif5a),
atranslation factor involved in elongation and termination, is found to
belocallyimpaired in mutant FUS axons with reduced levels of its active
hypusinated form. Axon-specific treatment with polyamine spermidine
restores Eif5a hypusination and ameliorates mutant FUS-dependent neuronal
defects, including suppression of local protein synthesis. Finally, in vivo
spermidine treatment reduces ALS-related toxicity in mutant FUS and TDP-43
Drosophilamodels, which may have implications for therapy development.

Localtranslationis afundamental mechanism sustaining axonal main-
tenance, growth, branching and regeneration’. In vitro transcriptomic
studies haverevealed afew thousand transcriptsinaxons and dendrites,
with components of the cytoskeleton, mitochondrion, ribosome and
translation machinery highly localized in distal neuronal compart-
ments”. The complex architecture of motor neurons extending their
long axonal processes ending in specialized synapses, called neuromus-
cularjunctions (NMJs), makes distal maintenance highly dependent on

efficientlocal proteintranslation and degradationindependent of the
soma’. Therefore, it is not surprising that several motor neuron diseases
and hereditary neuropathies, including spinal muscular atrophy>*,
Charcot-Marie-Tooth disease’” and amyotrophic lateral sclerosis
(ALS)®, show local translation defects.

ALSisaneurodegenerative disorder caused by the death of motor
neurons, which is proposed to be preceded by NMJ denervation and
axonal degeneration’. Mutations in fused in sarcoma (FUS) cause
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familial ALS'>" and are associated with rare forms of frontotemporal
lobar degeneration (FTLD)>"*, whereby its aggregation is a major
hallmark in patients'*. FUS protein is located mainly in the nucleus,
where it regulates DNA repair and RNA metabolism, but it also exerts
fundamentalrolesinthe cytoplasmrelated to mRNA stability, transport
and translation, miRNA processing, liquid-liquid phase separation,
mitochondrial biology and autophagy'. FUS also localizes in den-
drites, spines, in proximity of presynaptic and postsynaptic vesicles,
mature axons and at the NMJs*7">, Notably, ALS-linked mutations in
the nuclear localization signal of FUS*, thatis, R521H and R521C, cause
aberrant accumulation of the mutant protein in axons, whichleads to
decreased local axonal translation and increased axon-specific stress
activation through the integrated stress response pathway in motor
neurons®. The mechanisms underlying mutant FUS-dependent aber-
rant local translation impacting early axon integrity in disease are
not yet known.

Here through compartment-specific spatial transcriptomics,
we unveil the mRNA composition of axonal subtypes in adult mouse
nerves. Focusing on spinal motor axons, we investigated the local
transcriptome during FUS-mediated neurodegeneration, which is
associated with reduced intra-axonal protein translation. We further
identified axon-specific alterations in the composition of the transla-
tionmachinery. We find reduced eukaryotic initiation factor 5a (Eif5a)
hypusination, specifically in axons of cultured neurons as well as adult
sciatic nerves of mutant FUS mice before disease development®. Finally,
spermidine treatment in cultured axons rescues the reduction in
local translation caused by decreased hypusination, which alleviates
FUS-mediated impairments, including reduced axonal network and
disrupted neuronal activity. Notably, spermidine further reduces
toxicity caused by expression of disease-causing FUS and TDP-43 in
fly motor neurons. These findings uncover new mechanistic insights
with relevance for developing therapeutic strategies to treat ALS and
other neuromuscular disorders.

Results

Transcriptomic signature of spinal cord motor neuron somas
uncovered through integrative spatial transcriptomics and
single-nuclei RNA sequencing

To spatially resolve the transcriptomic composition of adult mouse
spinal cord lower motor neuron cell bodies and their respective axons
in a compartment-specific manner, we applied spatial transcriptom-
ics compatible with immunostaining to distinguish the neuronal
and axonal populations of interest. First, we performed compara-
tive unbiased transcriptomic analysis of digitally spatially profiled,
pooled motor neuron cell bodies (<20 per section) and nonmotor soma
in 12-month-old lumbar spinal cord tissue sections (choline acetyl-
transferase (ChAT)-positive/neurofilament H (NFH)-negative motor
neurons (orange) versus ChAT-negative/NFH-negative nonmotor neu-
rons (purple); Fig. 1a), using the GeoMx digital spatial profiling (DSP)
technology from NanoString®. Ultraviolet (UV)-photocleavable probes
against the whole-mouse transcriptome were collected from the two
distinct pooled neuronal types, and libraries were further prepared
for sequencing (Fig. 1a).

To evaluate the purity of the UV light-guided selection of the two
regions of interest (ROIs) corresponding to the pooled motor and
nonmotor neurons, we selected a subset of cell-specific genes known
tobe presentinthe mouse spinal cord®® (Extended Data Fig.1a). While
both ChAT-positive and ChAT-negative neurons were enriched for
pan-neuronal markers (Nefl, Syp, Grinl and Kcnal) compared to astro-
cytic (§100b) and other glialmarkers (Mog, Mag, Aif1, Itgam, Itgax, Ptprc
and Cx3crl) as expected®, adistinct transcriptomic signature was iden-
tified between the two neuronal subtypes by differential expression
(DE) analysis driven by the enrichment (log, fold change (FC) >2) of cho-
linergic markers in ChAT-positive compared to ChAT-negative neurons.
Thegenes found to be most significantly enriched inthe ChAT-positive

motor neurons are known motor neuron markers”~*° (including Chat,
Slci8a3 (ref.31), SlcSa7 (ref. 32) and Chod!*; Fig. 1b,c), further validat-
ing the sensitivity and specificity of the approach. Through the use
of multiplexed combinatorial single-molecule fluorescence in situ
hybridization (smFISH; Molecular Cartography), cell-type-specific
transcripts, including motor neuron subtype markers Chat and Chodl,
were confirmed at asingle-cell resolution in adult mouse spinal cords
(Fig.1d and Extended Data Fig. 1b-j).

To gain spatial information on our transcriptomic dataset, we
applied unbiased barcoded Visium spatial transcriptomics (10x
Genomics) to 12-month-old mouse spinal cord sections. We found
that (1) the ChAT-positive RNA signature obtained by digital spatial
segmentation mapped totranscriptomicareaslocalized inthe ventral
horn, as expected, (2) while the ChAT-negative RNA signature shown
in Fig. 1b,c mapped to medial gray and dorsal horn areas (Fig. 1e; top
four genes found to be most enriched in the ChAT-positive (Extended
DataFig. 1k) or ChAT-negative ROIs (Extended DataFig.1l)). To validate
our findings from unbiased spatial transcriptomics, we conducted
multiplexed smFISH targeting a highly expressed neuronal transcript
(including in motor neurons (stathmin 2 (Stmn2)**) and alow abundant
motor neuron transcript (galectin 1 (Lgals)*°). We found consistent
results in the expression patterns with both approaches (Extended
DataFigs.1m-o).

To identify potential new transcripts that are expressed in
motor neurons, we compared publicly available single-nuclei
RNA-sequencing (snRNA-seq) datasets”*° with our DSP data
(Extended Data Fig. 1p). ChAT-positive and ChAT-negative nuclei were
selected among the neuronal cell population from each published
dataset, and the differentially expressed genes (DEGs) across the four
studies and ours were compared (Supplementary Table1). Sixty-three
genes werecommonly found inall five datasets (Extended DataFig.1p).
Overall, we observe aconcordance (R?between 0.66 and 0.45) in fold
expression changes in our DSP data compared to previously pub-
lished snRNA-seq studies (Extended Data Fig. 1q-t), with 206 genes
identified in commonbetween our dataset and the most concordant
analyzed study”. Additionally, 201 genes were uniquely identified in
our DSP analysis (Extended Data Fig. 1p). Validation through unbiased
barcoded spatial transcriptomics (Fig. 1f,g) and immunofluorescence
(Fig. 1h) confirmed that Kcnj14 (uniquely found expressed in motor
neurons in the comparison between our dataset and the others) and
Tmsb10 (one of the genes that was most significantly enriched in our
dataset and not previously validated at the proteinlevel) are expressed
inthe ventral horn. This expression was notably prominent in motor
neurons and observed, to alesser extent, in other spinal cord neurons.
Altogether, our multi-omic integrative approach identifies a robust
motor neuron-enriched gene signature.

Distinct transcriptomic signatures in adult motor and
nonmotor axons using spatial transcriptomics

To map the transcriptome of adult motor axons in an unbiased
manner, GeoMx DSP was performed in 12-month-old mouse sciatic
nerve sections using the same approach as outlined above (Fig. 2a).
Through ChAT and NFH immunofluorescence costaining (Fig. 2a),
motor (ChAT-positive/NFH-positive (green)) and nonmotor axons
(ChAT-negative/NFH-positive (purple)) were successfully distin-
guished by digital segmentation, which further allowed for performing
whole-transcriptomic sequencing of the pooled motor and nonmotor
axons. Gene enrichment analysis of the most highly expressed genes
in mature adult axons revealed as top hit transcripts related to trans-
lation, synapse and ribonuclear complex (Fig.2b and Supplementary
Table 2). Interestingly, 82% of the transcripts known to encode ribo-
somal proteins were detected in our dataset. To validate their axonal
localization, we sought to apply multiplexed smFISH combined with
immunostaining to label axons in the same tissue section (Fig. 2c),
given the high resolution achieved in spinal cord sections (Fig. 1d).
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Fig.1|Integrative spatial transcriptomics and single-nuclei RNA-sequencing
technologies identify spinal MN-expressing genes. a, Experimental schematic
of the workflow applied to identify motor neuron-specific transcripts using
UV-photocleavable RNA probes against the whole-mouse genomein
combination with cell-specific antibodies using the NanoString GeoMx DSP
spatial transcriptomic platform. Top, representative immunofluorescence
image of amouse spinal cord section using ChAT and NFH antibodies to identify
motor neuron cell bodies (left inset) and nonmotor neurons (right inset).
Middle, representative image from the digital segmentation applied using
GeoMX DSP software. Bottom, next-generation sequencing of UV light-laser-
released RNAs extracted from pooled motor neurons or non-motor neurons.
Scale bars, 500 pmand 50 pm (inset). Schematics in a were created with
BioRender.com.b, Volcano plot of the DEGs between motor neurons (orange)
and nonmotor neurons (purple). c, Heatmap of the top 20 DEGs in motor and
nonmotor neurons. Colored scale, scaled log,-normalized counts. d, Multiplexed
smFISH of 15 known cell markers in the mouse spinal cord. Immunofluorescence

signal of NFH is reported in white. Scale bars, 500 pm; insets, 50 um. e, Spatial
integration of the transcriptomic analyses of mouse spinal cord using unbiased
spatial transcriptomics (10x Genomics Visium) and the GeoMx DSP DEGs. Each
dot represents a spatial transcriptional signature of the 10x Genomics Visium
capture area, whichis color-coded based on the normalized enrichment score
(NES) for the motor neuron signature (left) and nonmotor neuron signature
(center). On the right, the motor (orange) and nonmotor neuron (purple) dots
derived from the analysis are reported. f,g, Spatial transcriptomic profiling

(10x Genomics Visium) of mouse spinal cord motor neuron-expressing Kcnji4 (f)
and Tmsb10 (g) transcripts. Scale bar of colored dots, log, (gene expression +1).
Scale bars, 500 pm (left), 100 um (right). h, Representative immunofluorescence
images of the respective Kcnjl4 and Tmsb10 proteins in the spinal cord ventral
horns. Motor neurons are labeled with ChAT antibody (from two independent
experiments). Scale bar, 100 pm. Bottom, magnification of the dashed white
square inh. Scale bar, 50 pm. NS, not significant; MN, motor neurons; non-MN,
nonmotor neurons.
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Fig. 2| Transcriptional signature identified in mature sciatic nerve motor
and nonmotor axons by spatial transcriptomics. a, Experimental schematic
of the workflow applied to profile mouse adult sciatic nerve axons as detailed in
Fig.1a using the NanoString GeoMX DSP spatial transcriptomic platform. Scale
bars, 100 pum;inset, 10 pm. Schematics in a were created with BioRender.com.
b, GO analysis of the axonal transcripts identified in both motor and nonmotor
axons. ¢, Multiplexed smFISH of 12 known cell markers in transversal (top) and
longitudinal (bottom) sections of mouse sciatic nerve. Scale bars, 100 pum;
insets, 10 pm. d, Heatmap of the top 20 DEGs in motor axons and nonmotor
axons. Colored scale, scaled log,-normalized counts. e, Volcano plot of the DEGs
between motor axons (blue) and nonmotor axons (purple).fh, Laol (f) and Art3

(h) mRNA levels in motor (blue) and nonmotor axons (purple) from the GeoMx
DSP transcriptomic analysis. Data are represented as mean £ s.e.m. (n = 4).

Each data point corresponds to the measurement in one section. P=0.002 (f)
and 0.005 (h) using an unpaired two-tailed t test. g,i, Quantifications (left) and
representative immunofluorescence images (right) of the respective Laol (g) and
Art3 (i) proteins in longitudinal mouse sciatic nerve sections. Axons are labeled
with NFH antibody and motor axons with anti-ChAT antibody. ROIs were selected
based on NFH signal and assigned to motor or nonmotor classifications based

on ChAT signal. Scale bar, 5 um. Data are represented asmean + s.e.m. (n=4).
P=0.017 (g), 0.049 (i) using unpaired two-tailed t test. *P< 0.05; **P< 0.01.

To establish feasibility, we included probes for key resident cell types
(Fig. 2c and Extended Data Fig. 2), such as Schwann cells (Pmp22),
endoneurial fibroblasts (Cspg4) and macrophages (Cd68), and dem-
onstrated subcellular spatial resolution. We then analyzed and further
confirmed theintra-axonallocalization of newly identified axonal tran-
scripts, including Eef2, Rpl4 and Rpl15, which are linked to translation
(Extended Data Fig. 3a; with 5.4%, 6.7% and 8.1%, respectively, of the
total transcripts localizing inside NFH-positive axons; Extended Data
Fig. 3f), Hnrnpa2b1 (which belongs to the ‘Ribonucleoprotein com-
plex’ Gene Ontology (GO) term, with 24.5% of Hnrnpa2b1 transcripts
beingintra-axonal; Extended DataFig.3b,f), Sparc (whichis part of the
‘Synapse’ GO term, 13.6% of which localized in axons; Extended Data
Fig.3c), aswellas transcripts previously described tolocalize in axons
including Cox+4il, amitochondrial respiratory chain component with
13.2% being axonal transcripts (Extended Data Fig. 3d,f), and Nefhand
Nefl, two components of the neuronal cytoskeleton (Extended Data
Fig.3e; with 35.1% of Nefland 52.3% of Nefh transcripts being detected
in axons; Extended Data Fig. 3F). Altogether, the multiplexed smFISH
analysis further validates the spatial axonal transcriptomic analysis.

Next, we characterized the motor and nonmotor axonal transcrip-
tomes obtained from the sequencing of pooled motor (ChAT-positive
and NFH-positive) and nonmotor (NFH-positive only) axons (Fig. 2d,e).
DEG analysis revealed distinct RNA signatures, where Laol, Or10a4,
Sh2d2a, St14 and Etnpplwere the most enriched genes in motor axons,
whereas Duxf3,Art3, Cskand Apoe were the most enriched genesinthe
nonmotor axons (Fig. 2d). Despite the low total counts of Laol and Art3
(around 10-20 normalized counts; Fig. 2f,h, respectively), the axonal
localization of their respective protein products was confirmed by
immunofluorescence, withaclear enrichment of Laolin ChAT-positive
motor axons (Fig. 2g) and Art3 in nonmotor axons of mouse sciatic
nerves (Fig. 2i). These data uncover the transcriptomic diversity of
motor and nonmotor axons in adult sciatic nerves using unbiased
spatial transcriptomics.

Impaired accumulation of translation machinery components
in mutant FUS motor axons

ALS-linked mutations in FUS compromise local axonal mRNA trans-
lation before disease development in mutant FUS mice®, suggesting
that these axonal defects may contribute to ALS-linked phenotypes;

however, the underlying molecular mechanisms are unknown. To
map the mutant FUS-dependent RNA composition in motor axons,
which are most vulnerablein ALS, we performed GeoMx DSP in sciatic
nerves of humanized mutant FUS mice expressing the ALS-linked
FUSR521H mutation (mFUS*/hFUS®?™), which develop ALS-like
motor phenotypes® (Fig. 3a). DE analysis of 12-month-old motor
axons from mFUS*°/hFUS®?™ mice compared to nontransgenic
animals revealed a distinct mutant-dependent RNA signature with
the most upregulated transcripts being Duxf3, Acsf2, Gm52436 and
B2m, while the most downregulated transcripts being Zbtb12, Dohh,
Cpb2 and Micalll (Extended Data Fig. 4a). Gene enrichment analysis
of the DEGs between nontransgenic and mFUS*®/hFUS®?M motor
axons (Extended Data Fig. 4b,c) revealed a mutant FUS-dependent
upregulation of transcripts involved in translation. Interestingly,
several transcripts encoding translation factors (such as Eif5a, Eif4al,
Eifl and Eif4g3) and ribosomal proteins (such as Rps2, Rpsi5a, Rps17,
Rpl17,Rpl35a and Rpli3a) were collectively dysregulated, the major-
ity being upregulated in mFUS*®/hFUS®" sciatic nerve motor axons
(Fig. 3b,c). In contrast, their transcript levels remained unchanged
in their respective spinal cord motor neuron cell bodies of mFUS*®/
hFUS®?™ mice compared to nontransgenic animals, with the excep-
tion of Eifl transcript, whose levels were decreased in mutant FUS
motor cell bodies (Extended Data Fig. 4d). This was also confirmed
inspinal cord sections analyzed with the 10x Visium spatial transcrip-
tomics platform, revealing that these translation-related transcripts
are largely unchanged in motor neuron somas expressing mutant FUS
(Extended Data Fig. 4e,f).

To determine whether the mutant FUS-dependent axonal tran-
scriptomic dysregulation observed for components of the translation
machineryis recapitulated at the protein level, we performed immuno-
fluorescence imaging of elongation factor Eif4g3 as well as ribosomal
proteinsubunits (including Rpl24, Rps3a and Rps4x, previously found
to be present in Xenopus laevis axons®*°). Eif4g3 protein levels were
decreasedinmotor axons (Fig. 3d,e). A2.5-fold increased accumulation
of Rpl24 (Fig. 3f,g), along with a1.5-fold reduction of Rps3a and Rps4x
levels (Fig. 3h-k), was also observed in mutant FUS motor axons, but
their respective levels remained unchanged in motor neuron cellbod-
ies of adult mutant FUS mouse spinal cords, both at the RNA (Extended
Data Fig. 4g) and protein level (Fig. 31-q). Altogether, these findings

Fig. 3| Axon-specific altered translation machinery composition identified
in ALS-linked mutant FUS motor axons using spatial transcriptomics.

a, Representative images of a transversal section of a 12-month-old mFUS¥%/
hFUS®*" mouse sciatic nerve analyzed using the NanoString GeoMX DSP spatial
transcriptomic platform as detailed in Figs. 1a and 2a. Scale bars, 100 pm; insets,
10 pm. b, Volcano plot of the DEGs between motor axons from 12-month-old
nontransgenic (purple) and mFUS*°/hFUS®2* (pink) sciatic nerve animals.

¢, Dysregulated mRNA levels of transcripts encoding protein translation
machinery components in nontransgenic (purple) and mutant FUS (pink) axons
from the GeoMx DSP analysis. Data are represented as mean + s.e.m. (n =4).
Each data point corresponds to the measurement in one section. P = 0.032 (Eif1),
0.016 (Eif4al), 0.008 (Eif4g3), 0.015 (Rpl17), 0.021 (Rpl13a), 0.006 (Rpl35a),
0.018 (Rps15a), 0.036 (Rps17) and 0.008 (Rps2) using an unpaired two-tailed
ttest.d-k, Representative immunofluorescence images, their quantifications

and mRNA levels of Eif4g3 (d,e), Rpl24 (f,g), Rps3a (h,i) and Rps4x (j, k) in
longitudinal sections of mouse sciatic nerves. All axons are labeled with NFH
antibody, and motor axons with ChAT antibody. Data are represented as

mean +s.e.m. (n =8-15forimmunofluorescence; n = 4 for RNA quantifications).
P=0.034 (Eif4g3—protein), 0.038 (Rpl24—protein), 0.011 (RpI24—RNA),

0.008 (Rps3a—protein), 0.121 (Rps3a—RNA), 0.015 (Rps4x—protein) and

0.861 (Rps4x—RNA) using an unpaired two-tailed ¢ test. Scale bar, 5 pm.

I-q, Representative immunofluorescence images (left) and quantifications
(right) in transversal sections of mouse spinal cords of Rpl24 (I,m), Rps3a (n,0)
and Rps4x (p,q). Motor axons are labeled with ChAT antibody. Scale bar, 100 pm.
Data points represent the average of at least three ROls in one section.

Dataare represented as mean * s.e.m. (three to five sections per animal from
three to sixindependent biological replicates). P= NS using an unpaired two-
tailed t test. *P< 0.05; **P< 0.01.
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validate the mutant FUS-dependent axon-specific transcriptomic
dysregulation identified by GeoMx DSP of adult sciatic nerve axons.

Unique post-translational hypusination of Eif5a is decreased in
mutant FUS motor axons

One of the most downregulated transcripts in the mutant FUS motor
axons when compared to nontransgenic mice was Dohh, which encodes

for deoxyhypusine hydroxylase/monooxygenase protein (Fig. 3b). Dohh
isan enzymeinvolved in hypusination, a post-translational modification
thatuniquely occursinEif5a, atranslation factor regulating key steps of
proteinsynthesis® >, Hypusine is amodified amino acid derived from
the arginine/ornithine/putrescine/spermidine polyamine pathway.
Itis exclusively present in Eif5a in all eukaryotes and has an essential
role in its activity*°~*°. We investigated the polyamine biosynthesis
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and metabolism pathway in motor axons of mFUS*°/hFUS®?" mice,
including the Eif5a hypusination pathway involving deoxyhypusine
synthase (Dhps)-Dohh axis (Fig. 4a). Interestingly, all transcripts
encoding the enzymes involved in the production and catabolism of
spermidine/spermine (including arginase 1, ornithine decarboxylase,
spermidine synthase, spermine synthase and spermidine/spermine
Ni-acetyltransferase 1) were detected in adult motor axons, with similar
mRNA counts in both nontransgenic and mutant FUS mice (Fig. 4b).
Dhpsand Dohh mRNAs, which encode the two enzymes that catalyze the
first and last step in the conversion of lysine 50 of Eif5a into hypusine,
respectively (Fig. 4a), were also detected in motor axons of control
sciatic nerves. While the Dhps mRNA and protein levels remained unaf-
fected by the FUS mutation (Fig. 4c,d), Dohh mRNA and protein levels
weresignificantly reduced (Fig. 4e,f) in mutant FUS motor axons com-
pared to age-matched nontransgenic controls, but not in spinal cord
motor neuron cellbodies (Extended DataFig. 5a). Similarly, Eif5a protein
levels were decreased by 62% in12-month-old motor axons of mFUS®/
hFUS®™?" mouse sciatic nerves (Fig. 4h), although an increase in Eif5a
mRNA levels was found by DSP (Fig. 4g), with a similar nonstatistically
significant trend observed by multiplexed smFISH in the mutant motor
axons (Fig. 4i-m). EifSamRNA and protein levels remained unchangedin
spinal cord motor neuron cellbodies (Extended DataFig. 5b,c). Hypusine
levels (evaluated by immunofluorescence using an antibody specifically
recognizing hypusinated Eif5a only (Extended Data Fig. 5d)) were sig-
nificantly decreased in mutant FUS motor axons by 23% (Fig. 4n), and
anincrease, although not significant, was detected in motor neuroncell
bodies (Extended Data Fig. 5e) of mFUS*°/hFUS®?" mice compared to
nontransgenic animals, further suggesting a mutant FUS-dependent
depletion of active Eif5a at the periphery. Consistently, no significant
differencesin Eif5a, Dohh and Dhps mRNA levels were detected in the
spinal cord motor cell bodies using 10x Visium spatial transcriptomics
(Extended Data Fig. 5f,g). Eif5a was shown to be inactivated through
the acetylation of aresidue located near the hypusinated lysine 50
(ref. 46). We found that in mFUS*°/hFUS®*" motor axons, acetylated
Eif5a levels were increased by 2.5-fold compared to nontransgenic
motor axons (Fig. 40), in line with the decreased levels of the active
form of hypusinated Eif5a (Fig. 4n). Taken together, these data support
an axon-specificimpairment of Eif5a activation linked to its unique
post-translational hypusination modification, which may underlie
local translation defects caused by ALS-linked FUS mutations®.

Spermidine treatment rescues local translation defects in

mutant FUS axons through Dohh-mediated hypusination

To determine whether mutant FUS-induced axonal translation sup-
pression is caused by the reduced active form of Eif5a, we first treated
primary cortical neurons derived from hFUS®?" and nontransgenic
littermates with spermidine (100 uM for 48 h) to evaluate itsimpact on
Eif5Sahypusination and mutant FUS-dependent deficits® (Fig. 5a,b). While
hypusine levels were decreased by 25% in mutant FUS cortical axons

(Fig. 5¢), spermidine treatment restored axonal hypusinated Eif5a to
normal levels. The defects in hypusinated Eif5a were accompanied by
a47% decrease in axonal translation (as assessed after a short pulse of
puromycinincorporation), as previously reportedin hippocampal neu-
rons® (Fig. 5d). When spermidine was added, puromycinincorporation
in hFUS®™ cortical neurons reached 87% compared to control neurons,
nearly restoring the amount of protein synthesis to the levels measured
innontreated control axons. Spermidine treatment also restored the
mutant FUS-dependent reductionin the proximal axonal areato normal
levels (Fig. 5e). Furthermore, FUS mutation decreased total Eif5alevels
by 30% and increased inactive acetylated Eif5a levels in cortical axons.
Spermidine treatmentrestored both total Eif5a (Extended Data Fig. 6a,c)
and acetylated Fif5a (Extended DataFig. 6b,d) axonallevels in hFUS®*"
corticalneurons. Theseresultsareinline with aspermidine-dependent
axonal accumulation of active hypusinated Eif5a. Notably, mutant
FUS-expressing cell bodies (Extended Data Fig. 7a) did not show sig-
nificant alterations in hypusine levels (Extended Data Fig. 7b) or puro-
mycin incorporation (Extended Data Fig. 7c) as previously reported
in hippocampal neurons®, suggesting axon-specific mechanisms. To
further evaluate the functionally beneficial effects of spermidine in
more mature neuronal cultures, we measured spontaneous neuronal
activity using multielectrode arrays (MEA) of 1-month-old mutant FUS
cortical neurons (Fig. 5f~h), as neuronal activity was previously shown
tobereducedin mutant FUS neurons®. In agreement with previous find-
ings, amutant FUS-dependent reduction in burst duration and num-
ber of spikes per burst was measured in 1-month-old cortical neurons
(Fig. 5g,h) by 65% and 28%, respectively. Treatment with spermidine
significantly restored these functional deficits, close to those observed
in nontransgenic neurons. Taken together, spermidine-dependent
rescue of mutant FUS-induced axonal translation defects leads
toimproved functional activity of mutant FUS cortical neurons.

To gain further mechanistic insight and determine whether the
improved levels of local translation by spermidine were mediated by
Dohh-induced Eif5a hypusination, we silenced Dohh (using siRNAs) in
control and mutant FUS cortical neurons in the presence or absence
of spermidine (Fig. 5i). Dohh silencing (Fig. 51) significantly reduced
local translation in nontransgenic axons by more than half (Fig. 5m),
suggesting that Dohhis critical for axonal translation. Dohhsilencing
also abrogated spermidine-dependent rescue of axonal translation
defects caused by mutant FUS (Fig. 5j—m). These findings suggest
that spermidine rescue acts at least in part through Dohh-dependent
hypusination of Eif5a.

Axon-specific spermidine treatment ameliorates Eif5a
hypusination, axonal translation and length defects in mutant
FUS motor neurons

To test the effects of compartment-specific spermidine treatment, we
then cultured primary motor neurons, which are most vulnerable in
ALS, in microfluidic devices that allow separation of cell bodies from

Fig.4|Dohh and EifSa mRNAs are aberrantly localized in axons, and the
encoded proteins are impaired in mutant FUS sciatic nerve motor axons.

a, Schematic representation of the polyamine biosynthetic and metabolic
pathway. The active form of Eif5a requires a unique post-translational
modification, whichis theincorporation of a hypusine amino acid at lysine

50, using spermidine as a substrate through a two-step enzymatic reaction
involving Dhps and Dohh. b, Levels of transcripts encoding the enzymes
involved in the conversion of arginine to spermine from the GeoMx DSP
transcriptomic analysis of motor axons. Data are represented as mean + s.e.m.
(n=4).P=NS, using an unpaired two-tailed t test. Each data point corresponds
to the measurement in one section. c,e,g, mMRNA quantification of the targets
of interest in sciatic nerve motor axons in nontransgenic (purple) and mFUS*®/
hFUS®2" (pink) animals. Data are represented as mean +s.e.m. (n=4).P=NS
(c),0.004 (e) and 0.015 (g) using an unpaired two-tailed ¢ test. Each data point
corresponds to the measurement in one section. d,f h,n,0, Representative
immunofluorescence images (left panels) and respective protein levels of the

indicated target (immunofluorescence, right in sciatic nerve motor axons

in nontransgenic (purple) and mFUS*°/hFUS®*" (pink) animals. Scale bar,

5um. Dataare represented as mean + s.e.m. (n = 3-8 biological replicates for
immunofluorescence). P=NS (d), 0.005 (f), 0.017 (h), 0.023 (n) and 0.018 (0)
using an unpaired two-tailed ¢ test. i, Multiplexed smFISH of Eif5a transcript

in nontransgenic sciatic nerve transversal section combined with NFH
immunofluorescence to label axons. Theindicated squaresiniare insets shownin
j-Scalebar,100 pm (i).j, Insetsindicated ini. Light blue arrows point to detected
Eif5atranscripts. Scale bar, 5 um (j). k, Multiplexed smFISH of nontransgenic
(left) and mFUS*®/hFUS®?™ (right) sciatic nerve longitudinal sections. The
indicated blue squares represent the insets showninl. Scale bar, 500 pum (k).

1, Insetsindicated in k. Light blue arrows point to detected Eif5a transcripts. Scale
bar, 5 um (I). m, Quantification of the £if5a mRNAs detected inside NFH-positive
axons using multiplexed smFISH. Data are represented as mean + s.e.m.P=NS
using an unpaired ¢ test with four sections per animal was applied. Ink,I,m, the
dots are manually enlarged for visualization purposes. *P < 0.05; **P< 0.01.
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Fig. 5| SPMD-mediated boosting of Eif5a hypusination mitigates mutant
FUS-dependent decrease inlocal translation, axonal deficits and neuronal
activity defects through Dohh. a, Experimental schematic illustrating the
workflow used in primary cortical neurons cultured in multiwell dishes.

b, Representative immunofluorescence images of primary cortical neurons
derived from nontransgenic and hFUS®2" animals, treated with vehicle or
SPMD 100 pM for 48 h, labeled with hypusine (active Eif5a), puromycin
(protein synthesis) and NFH (axons) antibodies. Scale bars, 20 um; inset, 5 um.
c,d, Quantification of the respective immunofluorescence signal in proximal
axons of primary cortical neurons treated with vehicle or SPMD 100 pM

for 48 hfromb. Data are represented as mean + s.e.m. (n = 3 biological
replicates). P= 0.046 (c, non-tg versus hFUS®*"), 0.014 (¢, hFUS®** versus
hFUS®2H + SPMD), 0.004 (d, non-tg versus hFUS®?") and 0.024 (d, hFUS®2*
versus hFUS®?™ + SPMD) using one-way ANOVA with Bonferroni multiple
comparisons test. e, Quantification of the axonal network (proximal NFH area).
Dataare represented as mean + s.e.m. (n =3 biological replicates). P= 0.043
(non-tg versus hFUS®") and 0.045 (hFUS®™2" versus hFUS®?" + SPMD) using
one-way ANOVA with Bonferroni multiple comparisons test. f, Representative
network activity and bursts of nontransgenic and hFUS®?" cortical neurons
culturedin MEA and treated with SPMD (10 pM for 48 h). The orange boxes
above therepresentative burst recordings illustrate the duration of a burst.

g,h, Quantification of burst duration (g) and spikes per burst (h) from the
respective recordings reportedinf. Data are represented asmean +s.e.m. (n=3
biological replicates). P=0.004 (g, non-tg versus hFUS®2"), 0.045 (g, hFUS®"
versus hFUS®2" + SPMD) and 0.026 (h, non-tg versus hFUS®2") using one-way
ANOVA with Bonferroni multiple comparisons test. i, Experimental schematic
illustrating the workflow used in primary cortical neurons cultured in multiwell
dishes treated with siRNAs (control or against Dohh) in combination with SPMD.

Jj, Representativeimmunofluorescence images of primary cortical neurons derived
from nontransgenic and hFUS®?" animals, treated with or without SPMD 75 uM
for 48 hand labeled with Dohh, puromycin (protein synthesis) and NFH (axons)
antibodies. Scale bar, 20 pm. k, Insets of j. Scale bar, 5 um. I,m, Quantification
ofthe respective immunofluorescence signals fromj. Data are represented as
mean *s.e.m. (n=3biological replicates). P= 0.002 (I, non-tg siControl versus
non-tg siDOHH), NS (I, non-tg siControl versus hFUS®**" siControl), NS (I, \FUS®*"
siControl versus hFUS®**siDOHH), NS (I, hFUS®**" siDOHH versus hFUS®2
siDOHH +SPMD), <0.0001 (m, non-tg siControl versus non-tg siDOHH), <0.0001
(m, non-tg siControl versus hFUS®*" siControl), 0.0004 (m, hFUS®*" siControl
versus hFUS®**"siControl + SPMD), NS (m, hFUS®*" siDOHH versus hFUS®*"
siDOHH + SPMD) using one-way ANOVA with Bonferroni multiple comparisons test.
Schematicsinaandiwere created with BioRender.com. SPMD, spermidine;
ANOVA, analysis of variance. *P<0.05,**P<0.01, **P<0.001, ***P< 0.0001.

axons (Fig. 6a). Dose-dependent spermidine treatment (thatis, 100 and
200 pMfor 48 h) of the axonal compartment only (Fig. 6b-f), revealed
a29%and 57%increase, respectively, in hypusine levelsin mutant FUS
axons compared to vehicle-treated hFUS®" axons, while hypusine
levels were reduced by 41% in hFUS®™?" motor axons compared to non-
transgenic controls (Fig. 6¢). This was accompanied by improved axonal
translation reduction compared to nontreated hFUS®*" motor neurons
(Fig. 6d). As observed in cortical neurons (Extended Data Fig. 7a-c),
hypusine/puromycin levels were not altered in hFUS®*" motor cell
bodies (Extended Data Fig. 7d-f).

To determine whether spermidine also improves motor axonal
health, we measured axonal length and branching in the axonal com-
partment of cultured motor neurons (Fig. 6e,f and Extended Data
Fig.7g). Mutant FUS motor axons show reduced axonal length compared
to nontransgenic axons (Fig. 6f), although the number of branches
being unchanged (Extended Data Fig. 7g). Interestingly, spermidine
treatment ameliorated the axonal length deficits by nearly threefold.

Taken together, these results demonstrate that axon-specific
treatment with spermidine increases hypusinated Eif5a and rescues
the mutant FUS-dependent translation decrease and alleviates axonal
defects caused by mutant FUS.

Spermidine treatment ameliorates eclosion phenotypesin
FUS and TDP-43 ALS fly models

To investigate whether spermidine also improves ALS-linked
mutant-dependent defects in vivo, we dosed ALS Drosophila, whose

motor neuron-specific overexpression of wild-type (WT) or mutant
(R521G) human FUS leads to a severe eclosion phenotype*”*$, with only
12.5% and 8.0% flies eclosing after 14 days, respectively (Fig. 6g). Adose
response of spermidine was first evaluated in a control fly line that
ecloses normally, revealing that spermidine is well-tolerated (Extended
Data Fig. 7h). WT and mutant FUS flies were fed increasing doses of
spermidine and a significant amelioration of the eclosion phenotype
was observed (Fig. 6g).

Finally, to evaluate whether spermidine rescues exclusively
FUS-dependent deficits or whether its potential benefit could be
more widely applicable to other ALS forms, we also dosed flies that
overexpress specifically in motor neurons ALS-causing RNA-binding
protein human TDP-43 (either WT or mutant Q331K)*’, whose aggre-
gation is a major feature of nearly all ALS and half of FTLD cases™.
Similar to FUS flies, a severe eclosion phenotype is also observed,
especially in the mutant TDP-43 line with only 0.94% flies eclosing
(Fig. 6h).Notably, a dose-dependentimproved phenotypeis observed
inthe spermidine-treated animals. Altogether, spermidine treatment
represents a potential therapeutic strategy to improve ALS deficits
induced by mutant FUS and TDP-43.

Discussion

Leveraging spatial transcriptomics technologies, we performed
immuno-driven spatial profiling of specific cell populations in mouse
spinal cords, integrating transcriptomic profiles of motor and non-
motor neurons within ventral and intermediate/dorsal horn areas,

Fig. 6 | Axon-specific spermidine treatment increases Eif5a hypusinationin
motor axons and mitigates mutant FUS-dependent phenotypesinin vitro and
invivo ALS models. a, Experimental schematicillustrating the workflow used in
primary motor neurons cultured in compartmented microfluidic chambers with
treatment of spermidine in the axonal compartment only. Schematicsinawere
created with BioRender.com. b, Representative immunofluorescence images of
primary motor axons derived from nontransgenic and hFUS®?" animals in the
axonal compartment, treated with or without spermidine 100 and 200 pM for

48 hand labeled with hypusine (active Eif5a), puromycin (protein synthesis) and
NFH (axons) antibodies. Scale bar, 10 pm. ¢,d, Quantification of the respective
immunofluorescence signals fromb. Data are represented asmean +s.e.m. (n=4
biological replicates). P=0.001 (c, non-tg versus hFUS®*"), 0.036 (¢, hFUS®*2*
versus hFUS®?M + SPMD100), <0.0001 (¢, hFUS??" versus hFUS®#H + SPMD200),
0.0001 (d, non-tg versus hFUS®2"), NS (d, hFUS®?" versus hFUS®" + SPMD100)
and 0.017 (d, hFUS®*" versus hFUS®* + SPMD200) using one-way ANOVA with
Bonferroni’s multiple comparisons test. e, Representative immunofluorescence
images of primary motor axons derived from nontransgenic and hFUS®"
animals in the axonal compartment, treated with or without spermidine 100 and

200 pM for 48 hand labeled with NFH (axons) antibody. Scale bar, 250 um.

f, Quantification of the axonal length from full axonal compartment images
reported in e. Data are represented as mean + s.e.m. (n = 3-5 biological
replicates). P=0.0001 (non-tg vehicle versus hFUS®?" vehicle), 0.016 (hFUS®S2H
vehicle versus hFUS®2# SPMD100) and 0.005 (hFUS®2* vehicle versus hFUS®2H
SPMD200), using one-way ANOVA with Bonferroni’s multiple comparisons test.
g h, Eclosion assay in Drosophila melanogaster model of ALS induced by motor
neuron-specific expression of WT and mutant FUS (g) and TDP-43 (h). Flies

were fed with spermidine (a dose response of 0-5 mM). Data are represented
asmean +s.e.m. (n =15-16 crosses/condition from three independent
experiments). P=0.001 (FUS"", 0 versus 0.1),0.0006 (FUS"", 0 versus 0.5),
0.0002 (FUS"", 0 versus1),0.0005 (FUS"T, O versus 2.5),0.0006 (FUS"", O versus 5),
<0.0001 (FUS®#¢, 0 versus 0.1,0.5,1,2.5,5),0.001 (TDP-43"", 0 versus 0.1),
<0.0001(TDP-43"",0 versus 0.5,1,2.5),0.003 (TDP-43"", 0 versus 5), 0.0001
(TDP-43%3X 0 versus 0.1) and <0.0001 (TDP-43%* 0 versus 0.5,1,2.5,5)

using one-way ANOVA with Holm-Sidak’s multiple comparisons test. *P< 0.05,
*P<0.01, **P<0.001, ***P<0.0001.
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respectively, with snRNA-seq available datasets”>°. Additionally, to
ensure the spatial specificity of the identified transcriptomic signa-
tures, we applied unbiased spatial transcriptomic profiling of the mouse
spinal cord, improving the spatial transcriptomic resolution already
available on healthy and ALS spinal cords®** and validating the expres-
sion of poorly characterized genes in motor neurons.

Using whole-transcriptome profiling technology, we explored
the subcellular spatial transcriptome of mature axons and identi-
fied distinct transcriptomic signatures in both motor and nonmotor
axons. We discovered an enrichment of a substantial subset of specific
transcripts that had not been previously identified in adult sciatic
nerve axons. The variety of the identified axonal transcripts further
supports local translation in mature axons as a physiological mecha-
nism’. Moreover, this suggests specialized functionsin distinct axonal
subtypes. Art3, which was found to be enriched in nonmotor axons,
is an arginine-specific ADP-ribosyltransferase previously detected in
rat cortical axons after traumatic braininjury®, but its specific axonal
role is not yet fully characterized. It would be of interest to assess
whether Art3 can ADP-ribosylate axonal ribosomal proteins to modu-
late translation levels, as demonstrated in cancer®*. Laol is a secreted
L-amino acid oxidase which catabolizes L-phenylalanine, L-tyrosine,
L-tryptophan and moderately L-arginine, with arecognized important
roleinimmunomodulation®. Interestingly, asecreted protein similar
to Laol (interleukin-4-induced 1 (114i1)) was found to facilitate myelin
repair, effectively mitigating axonal injury and remyelination impair-
mentsinamodel of multiple sclerosis*®. Moreover, the /{4il transcript
was detected in the axoplasm of rat ventral roots*’, which is in line with
our data. Interestingly, the presence of Laol in mature axons further
supports the need for its local translation to maintain axons.

Mutant FUS causes the dysregulation of mRNAs encoding for ribo-
somal proteins and translation factors in the axons, whichisreflected
by their proteinlevels (Fig.3). Thisis an expected outcomein asystem
where local translation is impaired®. Indeed, locally synthesized ribo-
somal proteins are incorporated into pre-existing axonal ribosomes,
providing evidence that discards the role of nucleoli as the unique
compartment for ribosome assembly and further supports the idea of
plasticity of local translation®., We anticipate that translation factors,
suchaskEif5a, Eif4g3 and Eif4al, are also locally translated in axons and
canformactive translation hubsin response tolocal cues.

Recognizing that Dohh mRNA is directly bound by the FUS
protein®, it is possible that the mutant FUS-dependent reduction in
Dohh mRNA levels observed in mutant FUS axons is also due to reduced
stability or impaired transport of Dohh mRNAs. Indeed, mutations in
FUS have been shown to compromise both RNA stability of specific
targets' and axonal transport of organelles™. It would be mechanisti-
callyrelevant to test whether theinteraction between Dohh transcript
and FUS is thus modified by ALS-linked mutations. Nonetheless, our
findings suggest that defects in local translation may not be uniquely
caused by adirectaction of Dohh, given that Dohhsilencing did not fur-
ther exacerbate these deficits. In contrast, we demonstrate that Dohh
proteinisanimportant playerin axonal translation (Fig. 5j-m), further
strengthening its involvement in the spermidine-dependent rescue
of the mutant FUS-induced local translation deficits. Additionally,
mutant FUS might perturb directly the spermidine pathway, altering
thelocal translation/availability of additional enzymes involvedinits
production. Both mechanisms are nonmutually exclusive, and further
researchis therefore needed to fully understand how ALS-causing FUS
mutations alter hypusine/Eif5a in axons.

Toreverse the effect of mutant FUS on Eif5a specifically in axons,
we applied spermidine compartment-specific treatment (Fig. 6) to
serve as asubstrate for the incorporation of hypusine in Eif5a. Inter-
estingly, modulation of the polyamine pathway, including through
spermidine boosting, has been reported to be beneficial not only
during aging®® but also in neurodegenerative disorders, including
Huntington’s disease® and Parkinson’s disease (PD)®?, and other

genetic forms of ALS®*"*®, Hence, muscles of SOD1°°** mice display
polyamine defects®.

Spermidine-mediated effects have not only been linked to Eif5a
hypusination®>*® but also to autophagy activation in aging models®,
TDP-43 overexpressing mice® and models of PD*, possibly by acting
asamammaliantarget of rapamycin (mTOR)-independent autophagy
enhancer’. Inlight of these previous reports and considering that FUS
neurotoxicity has been associated with compromised autophagy”,
this mechanism cannot be excluded as a possible synergistic effectin
the spermidine-mediated amelioration of axonal defects. Our in vivo
findings showing spermidine-mediated reduced toxicity in WT/mutant
FUS-, as well as TDP-43-overexpressing fly models, support the ration-
aletotestthisapproachin more complexinvivo systems for potential
future therapy development.

Eif5aiscritically involvedin the release of ribosome stalling events
at very-difficult-to-translate polyproline tracts’. Moreover, FUS was
already shown to bind to stalled polyribosomes during translational
repression by mTOR inhibition, and FUS variants bearing ALS-linked
mutations R521G and P525L bind more abundantly to polyribosomes,
probably increasing the affinity of this RNA-binding protein to tar-
get mRNAs”. Therefore, it is likely that disease-causing mutations in
FUS lead to ribosome stalling, as recently demonstrated for mutant
huntingtin® and that the hypusinated Eif5a-dependent increase in
local translation mediated by axon-specific treatment of spermidine
resolves pausing of ribosomes. It would be of interest in the future
to determine whether there are increased ribosome stalling events
induced by FUS mutation, specifically in motor axons, and whether
spermidine treatment alleviates the ribosomal stress.

In sum, our application of spatial transcriptomics in a
compartment-specific manner identifies targetable pathwaysin neu-
rodegenerative disorders, pointing to a possible compartment-specific
treatment that can be achieved throughintervention atthe periphery.
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Methods

Mouse strains

The mouse strains used in this study are reported in ref. 8. All mice
usedinthisreport were maintained on a pure C57BL/6 background. All
experimental procedures were conducted according to the KU Leuven
ethical guidelines and approved by the KU Leuven Ethical Committee
for Animal Experimentation. Mice were maintained in standard housing
conditions, onadiurnal12-hlight/12-h dark cycle and with continuous
accesstofood and water. We used female mice for spatial transcriptom-
icsexperiments. For all the other mouse experiments, gender was bal-
anced. Adult 12-month-old mice were analyzed in all the experiments.

Eclosion phenotype with spermidine

Spermidine trihydrochloride (0-10 mM; Thermo Fisher Scientific,
10177463) was dissolved in milliQ H,0 and added to standard food at the
indicated concentrations. For the O condition, H,O0 was added. For FUS,
w-;;UAS-FUS (WT) and w-;;UAS-FUS (R521G) males were crossed to D42-
Gal4 virgins. For TDP-43, w-;;UAS-TDP-43 (WT) and w-;;UAS-TDP-43
(Q331K) males were crossed to D42-Gal4 virgins. As a control, w1118
males were crossed to D42-Gal4 virgins. Females laid the eggs on
drug-containing food for 48 h. Crosses were left to develop at 25°C,
and eclosion was scored 14 days after setup.

Primary neuronal cultures

Primary cortical neurons and motor neurons were prepared from
embryonic day15-16 (E15-E16) and 12-13 (E12-13), respectively, origi-
nating from positive and negative hFUS®?" littermates. Cortical and
spinal cord tissues were treated with 0.25% trypsin + EDTA for 15 min
at 37 °C. Trypsin activity was inhibited using Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 media supplemented with 10% of FBS
and 1% of penicillin-streptomycin and tissues were then mechanically
disaggregated using 1000 pl pipette tips. A4%bovine serum albumin
dissolved in 1x PBS solution was further added to the cell suspension
as a cushion and centrifuged for 10 min at 300g. The cell pellet was
resuspended in neurobasal media supplemented with 2% B27,200 mM
of L-glutamine and 1% of penicillin-streptomycin. Cells were seeded in
culture plates, microfluidic devices or MEA precoated with poly-L-lysine
or poly-D-lysine.

N2A cell cultures

N2A cells purchased from American Type Culture Collection were main-
tained in DMEM 1x supplemented with 10% FBS, 1% penicillin-strepto-
mycinand 1% L-glutamine. Cells were seeded and further processed for
western blot analysis.

Spatial transcriptomics of spinal cord neurons and sciatic
nerve axons by NanoString GeoMx profiling

Spatial transcriptomics was performed on four consecutive sections
of one nontransgenic and one mFUS*®/hFUS®*" mouse. In total,
5 um-paraffin-embedded sections of spinal cord and sciatic nerve tis-
sues were layered on normal glass microscope slides and were frozenon
dryice.Slides were analyzed on the NanoString GeoMx digital spatial
profiler platform using the whole-mouse transcriptome atlas panel
composed 0f 19,960 gene probes (NanoString). ROIs were drawn on
spinal cord ventral horns and full sciatic nerve sections and further
segmented into ChAT-positive and ChAT-negative areas of interest.
UV-photocleavable barcodes attached to probes were collected from
selected ROIs using UV light directed to the sample. Processing of the
samples was performed according to available protocols from the
manufacturer (NanoString). Raw Nanostring.dcc and.pkc counts and
configuration files were read using the R packages NanoStringNCTools
(v1.6.1)", GeomxTools (v3.2.0)” and GeoMxWorkflows (v1.4.0)" within
an R v4.2.0 environment to produce a non-normalized count matrix
with target names, which were converted to GENEIDs. The following
targetswere notincludedinthe annotation file and were excluded from

the final count matrix: Gm10406, LOC118568634, D830030K20Rik
and NegProbe-WTX. DE analysis was carried out using the DESeq2
package (v1.42.0)”7inR (v4.3.2). Thefiltered, collated count matrix and
experimental metadatawereimportedintoR, and datanormalization
and variance stabilization were performed on the gene counts using
the DESeq2 functions. DE analysis was conducted by fitting a negative
binomial generalized linear modelto the normalized counts. This linear
modelintegrated the following parameters ‘~ segment +class’ for global
comparisons and a reduced model ‘- class’ for within-class compari-
sons. Genes with a false discovery rate Benjamin-Hochberg-adjusted
Pvalue below the 0.05 significance threshold were considered differ-
entially expressed. Lists of DE genes were produced for the following
comparisons described in the Supplementary Information. GO of DE
genes was computed with Database for Annotation, Visualization and
Integrated Discovery (DAVID)",

Comparison of the NanoString GeoMx dataset with publicly
available snRNA-seq datasets
We compared our dataset obtained using NanoString GeoMx with pub-
licly available spinal cord snRNA-seq datasets (accessions GSE161621
(ref. 27), GSE167597 (ref.28), GSE228778 (ref. 29) and GSE190442
(ref.30)). The processed count matrices and author nucleiannotations,
or Seurat RDS objects (provided by the authors of these studies when
thisinformation was not already available in the original publication),
for these datasets were downloaded from GEO and analyzed using
the R Seurat package (v5.0.1)"°"*". Where necessary, we removed all
nucleiannotated as non-neuronal nuclei before the DEG comparison.
The author’s annotations labeled as ‘Skeletal MNs’, ‘Motoneurons’,
‘Skeletal Motor Neurons’ and ‘Motoneurons’ were used to define the
ChAT-positive cluster for the comparison in GSE161621, GSE228778,
GSE167597 and GSE190442, respectively. The rest of the nuclei were
assigned as ChAT-negative clusters in all datasets. DEG analysis was
performed between the annotated ChAT-positive and ChAT-negative
groups described above using the Seurat FindAlIMarkers function,
applying the Wilcoxon rank-sum test, generating lists of DE genes.
Lists (filtered on adjusted P < 0.05) of DE genes from the
NanoString GeoMx analysis were correlated with the DE genes from
the analysis of the ChAT-positive and ChAT-negative nuclei in the
publicly available datasets, based on the log,(FC) of genes present
in both datasets being correlated. For datasets containing human
neuronal nuclei GSE190442 and GSE228778, human gene names were
annotated with the Ensembl IDs and mapped to mouse gene analogs
using the getLDS function in the biomaRt R package (v2.58.0)%?, and
duplicate-mapped mouse Ensembl IDs were removed to compare the
genes across datasets. Spearman correlation was performed using the
ggpubr R package (v0.6.0) and visualized using ggplot2. Inclusion of DE
genesin each list was performed and visualized using the VennDiagram
R package (v1.7.3).

Unbiased spatial transcriptomics analysis of spinal cords using
10x Visium profiling
Samples were processed for spatial transcriptomics using the 10x
Genomics Visium platform. Spinal cords were dissected, washed with
1xDulbecco’s phosphate buffered saline, embedded in 5% carboxym-
ethylcellulose and snap-frozen in chilled isopentane. Tissue blocks
were stored at =70 °C in a sealed container. Both the tissue block and
the proprietary Visium Spatial Gene Expression Slide (10x Genomics,
PN-2000233) were equilibrated inside the cryostat for at least 30 min
at—20 °Cbefore sectioning. Sections were cut at a thickness of 10 pm
andimmediately placed onto thesslide. Slides containing sections were
stored at -70 °C for a maximum of 24 h before use. Two sections per
animal per genotype were used, resulting in a total of eight sections.
Fixation, staining, imaging and construction of cDNA libraries
were done according to the manufacturer’s instructions (Visium Spatial
Gene Expression User Guide_Rev D;10x Genomics, CGO00239) using
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the Visium Spatial Gene Expression Slide & ReagentKit (10x Genomics,
PN-1000187). Briefly, sections were fixed in chilled methanol for 30 min
at-20 °Cand stained with haematoxylinand eosin (H&E).Imaging was
performed on a Nikon-Marzhauser Slide Express 2 whole-slide scan-
ner at x10 magnification. Afterimaging, sections were permeabilized
at 37 °C for 18 min. Permeabilization time was determined using the
Visium Spatial Tissue Optimization Slide & Reagent Kit (10x Genomics,
PN-1000193) following the Visium Spatial Tissue Optimization User
Guide_RevA (10x Genomics, CG000238). After permeabilization, the
on-slide reverse transcription reaction was performed at 53 °C for
45 min. Second-strand synthesis was subsequently performed on-slide
for 15 min at 65 °C. All on-slide reactions were performed in a ther-
mocycler with a metal slide adapter plate (10x Genomics). Following
second-strand synthesis, samples were transferred to tubes for cDNA
amplification, clean-up and library preparation. Library quality was
assessed using an Agilent Technologies Bioanalyzer High Sensitivity
kit (Agilent Technologies, 5067-4626).

Visium libraries were sequenced on Illumina NextSeq 2000. The
sequencing depth was chosen by determining the number of 55 pm
spots that were covered by tissue, and this was multiplied by 50,000
reads. Raw reads were mapped to the mouse genome reference (mm10-
2020-A provided by 10x Genomics) with SpaceRanger (v1.1.0; 10x
Genomics) to generate spatial gene expression matrices. SpaceRanger
output files were then further processed with SCANPY (1.8.1)%*. H&E
images were manually inspected to identify spots overlapping spinal
cord tissue and to remove spots overlapping with artifacts due to the
embedding reagent. Genes that were expressed in less than three
spots per capture area were filtered out. Spots were removed if they
expressed fewer than 200 genes, more than 4,000 genes or if more
than40% of expressed genes were mitochondrial genes. Gene expres-
sion was then normalized to match a total sum of 10* counts per spot
and logarithmized.

Motor and nonmotor neuron signature enrichment analysis of
10x Visium spinal cord data

Gene set enrichment analysis was performed on 10x Visium spinal
cord data to localize ChAT-positive and ChAT-negative areas in tis-
sues. Specifically, ChAT-positive and ChAT-negative marker genes
identified from DE analysis of NanoString data were selected based on
adjusted Pvalue < 0.05and log,(FC) > 1. Then, for each of the two sets of
marker genes, we computed the normalized enrichment scores (NES)
using the GSEApy Python package on scaled log-normalized Visium
data subsetted to highly variable genes®* (with ssgsea function and
parameters sample_norm_method = ‘rank’, min_size=5). Finally, Visium
spots with NES > 0.1 were marked, respectively, as ChAT-positive and
ChAT-negative.

Multiplexed single-molecule RNA fluorescence in situ
hybridization

Tissue sections. Freshly dissected spinal cord and sciatic nerve sam-
ples from four controls and three mFUS*®/hFUS®*" mice were frozen
in2-methylbutane, sectioned witha cryostatand 10-pm-thick sections
were placed within the capture areas of cold equilibrated Resolve
Biosciences slides. Tissue sections were thawed and fixed with 4%
vol/vol formaldehyde (Sigma-Aldrich, F8775) in 1x PBS for 5 min at
4 °C. After fixation, sections were washed thrice in 1x PBS for 1 min,
followed by 1 min washes in 70% ethanol, isopropanol, 95% ethanol
and 70% ethanol at room temperature. Fixed samples were used for
Molecular Cartography (100-plex combinatorial smFISH) according to
the manufacturer’sinstructions (protocol1.4; available for registered
users), starting with the aspiration of ethanol and the addition of buffer
DST]1, followed by tissue priming and hybridization. Briefly, tissues were
primed for 30 min at 37 °C, followed by 24 h hybridization of all probes
specific for the target genes (see next section and Table 1 for probe
design details and target list). After the hybridization step, samples

Table 1] List of gene names included in the analysis

Cat. No. Gene ID Gene name
PAM3V ENSMUSG00000024397 Aif1
PVV88 ENSMUSGO0000000861 Bcllla
PIGVX ENSMUSG0O0000018774 Cd6s8
PSV75 ENSMUSTO0000070125 Chat
PD44D ENSMUSG00000022860 Chodl
Pz88Z ENSMUSG00000031818 Cox4il
PGX7V ENSMUSTO0O000035661 Cspg4
PNO8X ENSMUSG00000022053 Ebf2
PQT85 ENSMUSTO0000047864 Eef2
PCJVN ENSMUSG0O0000078812 Eif5a
PT81K ENSMUSGO0000030786 Itgam
P1X7D ENSMUSG0O0000074657 Kif5a
PHOOT ENSMUSTO0000089377 Lgals1
PHD48 ENSMUSG0O0000036634 Mag
QSRDE ENSMUSG0O0000052727 Map1b
PXD2K ENSMUSGO0000076439 Mog
PGE46 ENSMUSGO0000039542 Ncam1
PEX7S ENSMUSTO0000093369 Nefh
PEX4P ENSMUSG00000022055 Nefl
PHG45 ENSMUSG00000029231 Pdgfra
PNP98 ENSMUSG0O0000018217 Pmp22
P6PFL ENSMUSG00000021948 Prked
QYWEG ENSMUSG0O0000062078 Qk
PYV8C ENSMUSG0O0000012405 Rpl15
PZVv8D ENSMUSTO0000034966 Rpl4
PGWCL ENSMUSTO0000036387 S100b
PC18K ENSMUSGO0000030495 Slc7a10
PDQH6 ENSMUSTO0000029002 Stmn2
PF18P ENSMUSTO0000035371 Sv2a
Q6DD6 ENSMUSG00000023992 Trem2

were washed to remove excess probes and fluorescently tagged in a
two-step color development process. ROls were imaged as described
below, and fluorescence signals were removed during decolorization.
Color development, imaging and decolorization were repeated for
multiple cycles to build a unique combinatorial code for every target
gene that was derived from raw images as described below.

Probe design. The probes for the 30 genes were designed using
Resolve’s proprietary design algorithm. Briefly, the probe design was
performed at the gene level. For every targeted gene, all full-length
protein-coding transcript sequences from the ENSEMBL database were
used as design targets if the isoform had the GENCODE annotation tag
‘basic’®%¢, To speed up the process, the calculation of computationally
expensive parts, especially the off-target searches, was not performed
randomly. Instead, the selection of probe sequences was limited to
those with high success rates. To filter highly repetitive regions, the
abundance of k-mers was obtained from the background transcrip-
tome using jellyfish®. Every target sequence was scanned once for all
k-mers, and those regions with rare k-mers were preferred as seeds for
full probe design. A probe candidate was generated by extending aseed
sequence until a certain target stability was reached. A set of simple
proprietary rules was applied to discard sequences that were found
experimentally to cause problems. After these fast screens, every kept
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probe candidate was mapped to the background transcriptome using
ThermonucleotideBLAST®, and probes with stable off-target hits were
discarded. Specific probes were then scored based on the number of
on-target matches (isoforms), which were weighted by their associ-
ated Annotation of PRincipal and Alternative splice ISoforms (APPRIS)
level®’, favoring principal isoforms over others. A bonus was added if
the binding site was inside the protein-coding region. From the pool
ofaccepted probes, the final set was composed by greedily picking the
highest-scoring probes. Table 1 highlights the gene names and catalog
numbers for the specific probes designed by Resolve BioSciences.

Imaging. Samples were imaged on a Zeiss Celldiscoverer 7, using the
x50 Plan Apochromat water immersion objective with a numerical
aperture (NA) of 1.2 and the x0.5 magnification changer, resulting in
a x25 final magpnification. Standard CD7 LED excitation light source,
filters and dichroic mirrors were used together with customized emis-
sion filters optimized for detecting specific signals. Excitation time
per image was 1,000 ms for each channel (DAPI was 20 ms). A z-stack
was taken at each region with a distance per z-slice according to the
Nyquist-Shannon sampling theorem. The custom CD7 CMOS camera
(Zeiss Axiocam Mono 712, 3.45 pm pixel size) was used. For each region,
a z-stack per fluorescent color (two colors) was imaged per imaging
round. A total of eight imaging rounds were done for each position,
resultingin16 z-stacks per region. The completely automated imaging
process per round (including waterimmersion generation and precise
relocation of regions toimagein all three dimensions) was realized by a
custom Python script using the scripting APl of the Zeiss ZEN software
(Open Application Development).

Spot segmentation. The algorithms for spot segmentation were writ-
ten in Java and are based on the Image] library functionalities. Only
theiterative closest point algorithmis writtenin C++based on thelib-
pointmatcher library (https://github.com/ethz-asl/libpointmatcher).

Preprocessing. As afirst step, allimages were corrected for background
fluorescence. A target value for the allowed number of maxima was
determinedbased onthe areaoftheslice in pum? multiplied by the factor
0.5. This factor was empirically optimized. The brightest maxima per
plane were determined based on an empirically optimized threshold.
The number and location of the respective maxima were stored. This
procedure was done for every image slice independently. Maximathat did
not have a neighboring maximum n an adjacent slice (called a z-group)
were excluded. The resulting maxima list was further filtered in an iter-
ative loop by adjusting the allowed thresholds for (Babs-Bback) and
(Bperi-Bback) to reach a feature target value (Babs, absolute bright-
ness; Bback, local background; Bperi, background of periphery within
1pixel). Thetarget values for this feature were based onthe volume of the
three-dimensional (3D) image. Only maxima still in a z-group of at least
2 after filtering were passing the filter step. Each z-group was counted as
onehit. Themembers of the z-groups with the highest absolute brightness
were used as features and writtento afile. They resemble a3D point cloud.

Final signal segmentation and decoding. To align the raw dataimages
fromdifferentimaging rounds, theimages had to be corrected. Todo
so, the extracted feature point clouds were used to find the transforma-
tion matrices. For this purpose, an iterative closest point cloud algo-
rithm was used to minimize the error between two point clouds. The
point clouds of eachround were aligned to the point cloud of round one
(reference point cloud). The corresponding point clouds were stored
for downstream processes. Based upon the transformation matrices,
the corresponding images were processed by a rigid transformation
using trilinearinterpolation. The aligned images were used to createa
profile for each pixel consisting of 16 values (16 images from two color
channelsin eightimaging rounds). The pixel profiles were filtered for
variance from zero, normalized by the total brightness of all pixelsinthe

profile. Matched pixel profiles with the highest score were assigned an
ID to the pixel. Pixels with neighbors having the same ID were grouped.
The pixel groups werefiltered by group size, number of direct adjacent
pixelsinthe group and number of dimensions with asize of two pixels.
Thelocal 3D maxima of the groups were determined as potential final
transcript locations. Maxima were filtered by the number of maxima
in the raw data images where a maximum was expected. Remaining
maxima were further evaluated by the fit to the corresponding code.
The remaining maxima were written to the results file and considered
toresemble transcripts of the corresponding gene. The ratio of signals
matching codes used in the experiment to those not used was used as
an estimation for specificity (false positives).

Downstream analysis. Transcript signals were inspected using the
ImageJ Polylux tool plugin from Resolve BioSciences. For the quanti-
fication of the transcripts inside axons, the NFH signal was segmented
using QuPath’s standard watershed-based segmentation®. Objects
were exported to segmentation masks using a custom macro. These
masks were then used to split the gene expression into NFH-positive
and NFH-negative count matrices using an in-house script. For the
quantification of the transcripts inside motor neurons, areas were
manually segmented based on the expression of Chat and Chodl motor
neuron marker genes. Segmentation masks were used to extract
motor neuron-specific gene expression and respective areas using an
in-house script, based on the skimage.measure.regionprops function
(scikit-image = 0.20.0 (ref. 91)).

Immunofluorescence

Mice were perfused intracardially and fixed with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.2). The entire spinal cord and
sciatic nerves were dissected, postfixed for 3 hin the same fixative and
transferred to a30% sucrose phosphate buffer for at least 2 days. The
lumbar spinal cord and proximal sciatic nerve region were embedded
in optimal cutting temperature compound (Sakura) and snap-frozen
inisopentane (2-methylbutane) cooled at —40 °C on dry ice. Floating
lumbar spinal cord cryosections (30 pum) or mounted sciatic nerve
sections (10 pm) were incubated in blocking solution (1x PBS, 0.5%
Tween-20 and 1.5% bovine serum albumin) for 1 hat room temperature
and thenin1xPBS and 0.3% Triton X-100 overnight (ON) at room tem-
perature with the primary antibodies (listed in the antibodies section).
Primary antibodies were washed thrice with1x PBS and then detected
using AlexaFluor-488, Cy3 or AlexaFluor647 (1:500) coupled second-
ary antibodies (JacksonImmunoResearch). The sections were washed
thrice with1x PBS, incubated with DAPIfor 10 min, further washed and
mounted in Prolong Gold mounting medium (Invitrogen). The same
protocol was applied to fixed cells grown on coverslips or in micro-
fluidic devices. Analysis was performed on a Nikon C2 laser scanning
confocal microscope. Fluorescence intensity fromunsaturated images
captured withidentical confocal settings was quantified using Image)
(National Institutes of Health (NIH)). ROIs based on ChAT immunofluo-
rescencesignal were thresholded and chosen for quantification. Images
from microfluidic devices were analyzed using a GA3 analysis script
inNIS-Elements (6.02.01and 6.10.01; Nikon Instruments Europe B.V.).
For Fig. 6¢,f, the images were semi-automatically segmented (step 1)
and consequently skeletonized (step 2). From these binary layers, the
neuronlength, areaand branching points were analysed. For Fig. 6b-d,
binary layers were created, and the intensities of different markers at
different distances from the start of the grooves were measured. For
this, we used spaced lines 6.6 pmwide and 6.6 pm apart.

Compartmentalized microfluidic devices

The microfluidic devices were prepared as previously described”.
Master molds were fabricated by photolithography by the Bioengineer-
ing Department of the University of KU Leuven (Belgium). Devices
were molded by the addition of a liquid silicone base (Sylgard 182)
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on the soft-lithography-based mold and cured ON at 55 °C (Ellsworth
Adhesives) as previously described®”. After being cured and cut, the
microfluidic devices were washed in 70% ethanol, UV-irradiated for1h
and dried under the hood. The sterilized devices were mounted onto
glass coverslips. The devices were coated with 1x poly-D-lysine for at
least 2 h at 37 °C and washed sequentially in water and Neurobasal
Complete Medium before plating the cells.

Puromycin incorporation assay

Primary cortical and motor neurons after 5 or 8 days in culture
(day in vitro (DIV) 5-8) were incubated for 10 min with puromycin at
1pg ml™. After washing with 1x PBS, cells were fixed with 4% para-
formaldehyde, blocked and stained with the anti-puromycin antibody
(1:100) ON at 4 °C. Fluorescence was visualized using a Nikon C2 laser
scanning confocal microscope.

MEA

Primary cortical neurons from nontransgenic and hFUS®*" mouse
embryos were seeded on poly-L-lysine-coated MaxWell two six-well
plate (MaxWell Biosystems), each containing 26,400 electrodes. Before
eachrecording, neurons wereincubated with BrainPhys media (STEM-
CELL Technologies) to increase neuronal excitability. Recordings of
spontaneousactivities during a5-min period were performed. Analysis
ofall MEA activity and data processing (activity scan and network activ-
ity) was performed using MaxTwo software. Biological triplicates for
eachsample wereincluded.

Immunoblotting

N2A cells were homogenized in cold radioimmunoprecipitation
assay buffer supplemented with protease and phosphatase inhibitors
(Thermo Fisher Scientific). The lysates were centrifuged at 4 °C for
15minat13,000g. The supernatants were quantified by bicinchoninic
acid kit (Thermo Fisher Scientific), and equal protein amounts were
separated onsodium dodecyl sulfate-polyacrylamide gel electropho-
resis, transferred to PVDF membranes and probed with the indicated
antibodies, followed by horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch). Immunoreactivity was detected
with Pico or Femto enhanced chemiluminescence reagents (Pierce),
and quantifications were performed using ImageJ 1.51j8 software (NIH).

Statistics and reproducibility

All data are presented as means * s.e.m., unless otherwise stated.
The number of experimental replicates and tests used is reported in
the legends of Figs. 1-6 for each experiment. The datasets met the
assumptions of the statistical tests used. Random mice of the same
age and belonging to the indicated genotypes were selected for the
described experiments. All mice were age-matched and housed under
identical environmental and handling conditions to minimize potential
covariates. Blinding was not performed in the present study because
all the procedures, data acquisition and analysis involved objective
measurements that are not influenced by operator bias. For all tests,
thesignificance threshold was set at P < 0.05. Data were analyzed, and
graphs were generated using GraphPad Analysis software. Spatial
transcriptomics experiments were performed once. Data not passing
the quality control step were excluded from the analysis. No statistical
methods were used to predetermine sample sizes, but our sample sizes
aresimilar to those reported in previous publications®®*.

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

Data availability
Gene Expression Omnibus (GEO) accession for NanoString GeoMx
dataset: GSE269707. GEO accession for 10x Genomics Visium

dataset: GSE269377. Resolve Biosciences data are deposited in the
Zenodo repository accessible through the following DOI: 10.5281/
zeno0do.15851243. Source data are provided with this paper.

Code availability
The generated code is available at the following link: https://github.
com/sifrimlab/Piol motor_neuron.
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Extended Data Fig. 1| Analysis of the expression of known marker genes
inspecific spinal cord cell types through untargeted/targeted spatial
transcriptomics and comparison with publicly available snRNA-seq datasets.
a, Heatmap expression of selected spinal cord cell-type marker genes in motor
and nonmotor neurons from the NanoString GeoMx DSP analysis. Colored
scale, scaled log,-normalized counts. b—j, Multiplexed smFISH images of

motor neuron (b), microglia (c), macrophage (d), oligodendrocyte (e), dorsal
horn (), oligodendrocyte progenitor cell (g), astrocyte (h), excitatory neuron

(i) and slow-firing motor neuron (j) markers in 12-month-old mouse spinal
cords. Scale bars, 500 pm and 100 um for inset. k, 10x Genomics Visium spatial
visualization of selected genes found to be most enriched in motor neurons from
the NanoString GeoMx DSP dataset in 12-month-old animals. l,10x Genomics

Visium spatial visualization of selected genes found to be most enriched in
nonmotor neurons from the NanoString GeoMx DSP dataset. m, 10x Genomics
Visium spatial visualization of Stmn2 and LgalsI mRNAs. For kI, m, tissues are
stained with the H&E technique, and gray/white dots represent the capture
areas of the 10x Genomics Visium Chip. Scale bars, 500 pum and 100 pm for
insets. n,0, Representative multiplexed smFISH images of Chat with Stmn2 (n)
or Lgalsl (o) transcripts in 12-month-old mouse spinal cords. Scale bars, 500 pm
and 100 pm for inset. p, Venn diagram showing the overlap of DEGs between the
motor neuron cluster identified in the present study and in the indicated publicly
available datasets” . q-t, Correlation plots between our NanoString GeoMx
DSP dataset and the indicated published snRNA-seq study. Data are represented
asaregression line and relative s.e.m. Pvalues = 2.2 x 10 for all comparisons.
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Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2 | Spatial expression pattern of axonal mRNAs and Schwann cell markers in 12-month-old mouse sciatic nerve transversal sections.
cell-specific markers in transversal and longitudinal mouse sciatic nerve Jj, Quantifications of the indicated transcripts inside axons marked with NFH.
sections. Multiplexed smFISH images of (a) axonal, (b) microglia/macrophage, Data are represented as mean + s.e.m. (n = 6-8 biological replicates). Scale bars,
(c) endoneurial fibroblasts, (d) macrophage, (e) nonmyelinating Schwann cell, 100 pm; 10 pmand 5 pm for inset.

(f) peri/endo/epineurial cell, (g,h) myelinating Schwann cell and (i) general
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Extended Data Fig. 4| Mutant FUS-specific dysregulated RNA signature in
adult motor axons of mFUS*°/hFUS®?" sciatic nerves identified using axonal
spatial transcriptomics. a, Heatmap of the top 20 DEGs between 12-month-
old nontransgenic and mFUS*®/hFUS®™*" motor axons. Colored scale, scaled
log,-normalized counts. b, Gene ontology enrichment analysis of the most
upregulated genes in mFUS*/hFUS®2" motor axons obtained with DAVID.

¢, Gene ontology enrichment analysis of the most downregulated genes in
mFUSX/hFUS®#" motor axons obtained with DAVID. d, GeoMx DSP normalized
counts of the indicated genes belonging to the translation machinery. Dataare
represented as mean t s.e.m. (n =4). Pvalue = 0.031 (Eifl), not significant

(other genes) using an unpaired two-tailed ¢ test. Each data point corresponds

to the measurementin one section. e, Expression pattern of the indicated genes
inthe motor neuron cluster obtained by applying 10x Genomics Visium spatial
transcriptomics. Scales represent the log,-normalized expression. f, Violin
plot of the log-normalized expression for the indicated genes in the motor
neuron cluster originating from d. Data represent four biological replicates.
The embedded box plots indicate the median (center line), interquartile range
(25th and 75th percentiles; box edges) and whiskers extending to 1.5 times the
interquartile range. g, GeoMx DSP normalized counts of the indicated genes.
Data are represented as mean + s.e.m. (n = 4). Pvalues = not significant using
unpaired two-way t test. Each data point corresponds to the measurement in
onesection.
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Extended Data Fig. 5| The Eif5a hypusination pathway is not altered in motor
neuron cell bodies of mutant FUS spinal cords. a, GeoMx DSP normalized
counts of the indicated genes belonging to the hypusination pathway.

Data are represented as mean + s.e.m. (n = 4). Pvalues = not significant using
unpaired two-tailed t test. Each data point corresponds to the measurement
inonesection. b, Representative images (left) and quantification (right) of the
analysis of Eif5a transcripts in motor neurons (marked with Chat and Chod!
transcripts) using multiplexed smFISH. Scale bars, 500 pm and 100 um for
insets. Dataare represented as mean * s.e.m. (n = 3-4 biological replicates).
Pvalue = not significant using unpaired two-tailed ¢ test. ¢, Inmunofluorescence
analysis of Eif5a in spinal cord motor neurons in nontransgenic and mFUS*%/
hFUS®*" animals (left) and relative quantification (right). Data are represented
asmean *s.e.m. (n =3 biological replicates). Pvalue = not significant using
unpaired two-tailed t test. Scale bar, 50 pm. d, Western blot analysis of N2A cell
lysate runin a4-15% polyacrylamide gel and probed with antibodies specific

for hypusine and Eif5a. On the left, the membrane image is juxtaposed to the
enhanced chemiluminescent (ECL) signal. The experiment was performed
once. e, Immunofluorescence analysis of hypusinated Eif5a in spinal cord motor
neurons in nontransgenic and mFUS*®/hFUS®2" animals (left) and relative
quantification (right). Scale bar, 50 um. Data are represented as mean + s.e.m.
(n=3biological replicates). Pvalue = not significant using unpaired two-tailed
ttest. f, Expression pattern of EifSa, Dohh and Dhps, in the motor neuron cluster
obtained by applying 10x Genomics Visium spatial transcriptomics. Scales
represent the log-normalized expression. g, Violin plot of the log-normalized
expression for the indicated genes in the motor neuron cluster originating from
f. Datarepresent four biological replicates. P values are calculated using one-way
ANOVA with Bonferroni’s multiple comparisons test. The embedded box plots
indicate the median (center line), interquartile range (25th and 75th percentiles;
box edges) and whiskers extending to 1.5 times the interquartile range.
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Extended DataFig. 6 | Decreased total Eif5a and increased inactive acetylated
Eif5a levels are rescued by spermidine treatment in mutant FUS cortical
axons. a,b, Immunofluorescence analysis of puromycin, total (a) or acetylated
(b) EifSa and NFH in nontransgenic or hRFUS®2"-derived primary cortical neurons
treated with or without spermidine 100 uM for 48 h, and then pulse-labeled
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Extended Data Fig. 7| ALS-linked mutation in FUS does not impair hypusine
levels nor total protein synthesis in cell bodies. a, Inmunofluorescence
analysis of puromycin, hypusine and 4',6-diamidino-2-phenylindole (DAPI) in
nontransgenic or hRFUS®2H-derived primary cortical neuron cell bodies. Scale
bar, 10 pm. b,c, Quantifications of hypusine (b) and puromycin (c) signals in the
indicated conditions. Data are represented as mean + s.e.m. (n = 3 biological
replicates). Pvalues are calculated using one-way ANOVA with the Bonferroni
multiple comparisons test. d, Immunofluorescence analysis of puromycin,
hypusine and DAPI staining in nontransgenic or hFUS®?"-derived primary motor
neuron cell bodies, treated in the axonal compartment with spermidine 100 pM
for 48 hand pulse-labeled with puromycin. Scale bar, 10 um. e,f, Quantifications

100 uM

of hypusine (e) and puromycin (f) signals in the indicated conditions. Data are
represented as mean +s.e.m. (n =3 biological replicates). Pvalues are calculated
using one-way ANOVA with the Bonferroni multiple comparisons test. g, Axonal
branching quantification from Fig. 6e. Data are represented as mean + s.e.m.
(n=3-5biological replicates). Pvalues are calculated using one-way ANOVA
with the Bonferroni multiple comparisons test. h, Effect of spermidine
treatment ranging between 0 and 5mM on the eclosion of the control fly line.
Dataare represented as mean + s.e.m. (n =15-16 crosses/condition from three
independent experiments). Pvalues are calculated using one-way ANOVA with
Holm-Sidak’s multiple comparisons test.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection  Immunofluorescence images were taken with a Nikon C2 laser scanning confocal microscope using NIS-Elements AR software version 6.02.01
and 6.10.01. Molecular CartographyTM images were acquired with a Zeiss Celldiscoverer 7 using ZEN software version 3.10.

Data analysis Immunofluorescence images were analyzed with ImageJ software version 1.51j8 (National Institutes of Health), NIS-Elements AR Analysis
software version 6.02.01 and 6.10.01 (Nikon). Molecular cartographyTM images were analyzed through Polylux tool plugin (version 1.9.0) in
Imagel or custom code provided in the described Github webpage (https://github.com/sifrimlab/Piol_motor_neuron). Statistical analysis was
conducted with GraphPad Prism 10. Code used for analysis is reported in the Github webpage.

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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- 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

Original datasets:
GEO accession for Nanostring GeoMx dataset: GSE269707. GEO accession for 10X Genomics Visium dataset: GSE269377. Zenodo DOI for Resolve Biosciences
dataset: 10.5281/zenodo.15851243

Published datasets (GEO accession):
GSE161621
GSE190442
GSE228778
GSE167597
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Ensembl database: https://www.ensembl.org/index.html

Research involving human participants, their data, or biological material
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and sexual orientation and race, ethnicity and racism.
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Population characteristics NA
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Ethics oversight NA
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Life sciences study design

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

Sample size At least 3 biological replicates with at least 3 technical replicates per experimental condition. While no sample size calculation was performed,
sample sizes were chosen based on prior experimental experience and reproducibility of outcomes in comparable studies.

Data exclusions  Inthe transcriptomic datasets, cells and spatial transcriptomics spots not meeting quality requirements were excluded from the analysis.

Replication Replication numbers are described in the text for each experiment. In general, each experiment was replicated at least three times, except for
Fig. 1H (two times), Extended Data Fig. 5D (one time). All replication attempts were successful.

Randomization = Random mice of the same age and belonging to the indicated genotypes were selected for the described experiments. All mice were age-
matched and housed under identical environmental and handling conditions to minimize potential covariates.

Blinding Blinding was not performed in the present study because all the procedures, data acquisition, and analysis involved objective measurements
that are not influenced by operator bias.
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Mouse DyLight 550 Anti-Neurofilament H antibody Novus Biologicals CAT#NB500-416R
Rabbit Alexa Fluor® 647 Anti-Choline Acetyltransferase antibody [EPR16590] Abcam CAT#ab225262
Goat Anti-Choline Acetyltransferase antibody Sigma-Aldrich CAT#AB144P
Rabbit Anti-KCNJ14 Polyclonal antibody Proteintech CAT#14171-1-AP
Rabbit Anti-TMSB10 Polyclonal antibody ThermoFisher Scientific CAT#PA5-116041
Chicken Anti-Neurofilament H antibody Sigma-Aldrich CAT#AB5539
Rabbit Anti-IL-411 Polyclonal antibody Bioss Antibodies CAT#bs-6841R
Rabbit Anti-Art3 Polyclonal antibody Bioss Antibodies CAT#BS9103R
Rabbit Anti-Rpl24 Polyclonal antibody Proteintech CAT#17082-1-AP
Rabbit Anti-Rps3a Polyclonal antibody Proteintech CAT#14123-1-AP
Rabbit Anti-Rps4x Polyclonal antibody Proteintech CAT#14799-1-AP
Rabbit Anti-Eif4g3 Polyclonal antibody ThermoFisher Scientific CAT#PA5-31101
Rabbit Anti-Dhps Polyclonal antibody Sigma-Aldrich CAT#HPA029413
Rabbit Anti-Dohh Polyclonal antibody Sigma-Aldrich CAT#HPA041953
Rabbit Anti-Eif5Sa [EP526Y] Monoclonal antibody Abcam CAT#ab32443
Rabbit Anti-Hypusine Polyclonal antibody Sigma-Aldrich CATHABS1064-I
Rabbit Anti-Acetyl Eif5a/Eif5a2 (K47) antibody AssayBiotech CAT#D12065
Mouse Anti-Puromycin clone 12D10, Alexa Fluor™ 488 Conjugate Antibody Sigma-Aldrich CATHMABE343-AF488
Goat Anti-ChAT Polyclonal antibody Millipore CAT#AB144P

Secondary antibodies:

Alexa Fluor® 647 AffiniPure Donkey Anti-Goat IgG (H+L) Jackson ImmunoResearch CAT#705-605-147

Alexa Fluor® 488 AffiniPure Donkey Anti-Goat IgG (H+L) Jackson ImmunoResearch CAT#705-545-147

Cy™3 AffiniPure Donkey Anti-Goat IgG (H+L) Jackson ImmunoResearch CAT#705-165-147

Alexa Fluor 647-AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L) Jackson ImmunoResearch CAT#703-605-155
AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L), 0.5mg, Cy3 Jackson ImmunoResearch CAT#703-165-155
Alexa Fluor® 488 AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L) Jackson ImmunoResearch CAT#703-545-155
Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L) Jackson ImmunoResearch CAT#715-545-151
Alexa Fluor® 647 AffiniPure Donkey Anti-Mouse IgG (H+L) Jackson ImmunoResearch CAT#715-605-151
Cy3-AffiniPure Donkey Anti-Mouse IgG (H+L) 715-165-151

Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit IgG (H+L) Jackson ImmunoResearch CAT#711-545-152

Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit IgG (H+L) Jackson ImmunoResearch CAT#711-605-152
Cy3-AffiniPure Donkey Anti-Rabbit IgG (H+L) (min X Bov,Ck,Gt,GP,Hms,Hrs,Hu,Ms,Rat,Shp Sr Prot) Jackson ImmunoResearch
CAT#711-165-152

Validation Validation of the applicability of all primary antibodies was stated in the manufacturer's antibody page. In any case, to ensure their
applicability in the used experimental conditions, antibodies were tested in multiple tissues and negative controls were included.
Working dilutions were always assessed before executing the experiments.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) N2A cell line, ATCC CAT#CCL-131

Authentication No authentication was carried out.
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Mycoplasma contamination N2a cells were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly 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

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mouse strains: C57BL/6 hgFUSR521H, C57BL/6 mFus-/-, non-transgenic C57BI6J/Ntac. Drosophila strains: w-;;UAS-FUS (WT), w-;;UAS-
FUS (R521G), w-;;UAS-TDP43 (WT), w-;;UAS-TDP43 (Q331K).

No wild animals were used in the study.

Data collected included both sexes, excluding genomic analyses (Nanostring GEOMx, 10X Genomics Visium, Molecular
CartographyTM by Resolve Biosciences) where only females were included.

No field collected samples were used in the study.

All experimental procedures were conducted according to the KU Leuven ethical guidelines and approved by the KU Leuven Ethical
Committee for Animal Experimentation.

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

NA

NA

NA
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