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Abstract  15 

Chronic activation of glial cells leads to the dysfunction and degeneration of motor and cortical 16 

neurons in amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) with an 17 

unknown mechanism.  18 

To shed light on the molecular pathogenetic processes underlying the exordium and contribution 19 

of gliosis to disease onset and progression, we used cells, mice, and patient-derived cells 20 

modeling TDP-43, SOD1, and C9orf72-linked and sporadic ALS.  21 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

af360/8266576 by guest on 30 O
ctober 2025
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Our data reveal a sequential disease progression, starting with enhanced glial reactivity and 1 

proliferation, and transitioning into inflammation with upregulation of pro-inflammatory genes. 2 

Using mouse genetics, we show that expression of mutant TDP-43 in astrocytes is necessary to 3 

cause gliosis and behavioral abnormalities. Mechanistically, we show that glial MYC gain-of-4 

function drives neurodegeneration by promoting the release of astrocyte-derived EVs that 5 

nonetheless fail to provide trophic support to surrounding neurons.  6 

Our research reveals a novel functional role for MYC in glia-to-neuron miscommunication in 7 

ALS. 8 
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 19 

Introduction  20 

Neurodegenerative diseases are, in most cases, incurable conditions with common phenotypic 21 

and mechanistic features. At the molecular level, mitochondrial dysfunction, excitotoxicity, 22 

protein quality control disruption, RNA metabolism alterations, and gliosis have been observed 23 

in nearly all conditions. However, the causes or consequences of these pathological processes 24 

remain unknown. Gliosis manifests as temporal phenotypic and functional changes in astrocytes, 25 

oligodendrocytes, and microglia cells1,2,3,4 and it was initially reported by anatomopathological 26 
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studies of postmortem brains from individuals with chronic pathologies, such as Alzheimer‘s 1 

disease (AD)5, Parkinson‘s disease (PD)6, frontotemporal dementia (FTD)7, and amyotrophic 2 

lateral sclerosis (ALS)8, as well as in acute conditions like stroke and traumatic brain injury9. 3 

These findings were based on the expression of glial acidic fibrillary protein (GFAP), a structural 4 

astrocytic protein whose synthesis is increased upon gliosis4. Acute neurodegenerative diseases 5 

are characterized by a glial proliferative phase followed by inflammation, while chronic 6 

neurodegenerative conditions are characterized by elevated expression and release of pro-7 

inflammatory mediators2. Increasing evidence shows that neuroinflammation plays a crucial role 8 

in the development and progression of neurodegenerative diseases. However, treatments 9 

intended to block inflammatory signaling pathways have not been successful10, suggesting that 10 

the molecular mechanisms mediating gliosis in chronic neurodegenerative diseases have not 11 

been fully uncovered or that the optimal treatment time frame needs to be better defined. 12 

ALS is the most common chronic motor neuron disease that begins in adulthood and gradually 13 

affects motor neurons in the motor cortex, brainstem, and spinal cord11,12. ALS is a highly 14 

heterogeneous disease, both clinically and genetically. At early stages, patients show motor 15 

impairments in different districts of the body, and the disease may progress in 3-5 years to up to 16 

20 years13. ALS can be sporadic or familial, linked most frequently to gene mutations such as 17 

SOD1, C9ORF72, TARDBP, and FUS12. A hallmark observed in 97% of ALS cases is the 18 

presence of intracellular inclusions enriched with TAR DNA-binding protein 43 (TDP-43)14. 19 

This RNA-binding protein also accumulates in 50% of FTD cases14 and 57% of AD and PD 20 

cases15,16. A key pathogenic process underlying ALS is the miscommunication among 21 

neighboring cells17. Co-culture experiments with glia and neurons, or assembloids composed of 22 

glia, neurons, and muscle cells, showed that the expression of mutant superoxide dismutase 23 

(SOD1), TDP-43, and C9ORF72 in specific non-neuronal cell types drives neuronal death18. 24 

Accordingly, the selective removal of mutant SOD1 from astrocytes, oligodendrocytes, or 25 

microglia of a transgenic ALS mouse model at the embryonic stage significantly slowed disease 26 

progression and increased the lifespan of ALS mice19,20,21. Although these observations imply a 27 

key role for astrocytes in ALS, how the expression of disease-linked proteins in astrocytes causes 28 

motor neuron dysfunction and degeneration is unknown.  29 

Emerging evidence revealed that the glia-neuron communication relies on the release of 30 

extracellular vesicles (EVs). When EVs reach the target cell, they first dock to the plasma 31 
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membrane, and afterwards they can trigger signaling by activating surface receptors, be 1 

internalized by the cell through endocytosis, or fuse completely with the target cell22,23. In vitro 2 

research shows that EVs from glial cells expressing ALS-linked mutant SOD1 exacerbate motor 3 

neuron degeneration24,25,26. Furthermore, inhibiting overall exocytosis, including EV release, 4 

worsened symptoms in an ALS mouse model expressing mutant TDP-4327, while blocking non-5 

traditional protein secretion reduced toxicity in C9ORF72, TARDBP, FUS, and sporadic ALS 6 

models, both in vitro and in vivo28. Furthermore, EVs are considered potential biomarkers 7 

because they are consistently released into biofluids and carry proteins and nucleic acids that 8 

reflect the pathological state of their originating cells29,30. These findings suggest that disruptions 9 

in EV-mediated cell-to-cell communication contribute to ALS pathogenesis. However, the link 10 

between gliosis, EV function, and pathology remains to be clarified.  11 

Here, we show that increased GFAP expression occurs concomitantly with motor neuron 12 

degeneration during the early stages of ALS and precedes the onset of glial inflammation. 13 

Elevated GFAP levels are associated with enhanced astrocyte proliferation and increased 14 

phosphorylated MYC. Dysregulation of MYC activity in ALS triggers the release of altered 15 

astrocyte-derived EVs that lose their physiological ability to support neighboring neurons. 16 

Finally, changes in brain-specific EV populations are detected in the cerebrospinal fluid (CSF) of 17 

ALS patients at diagnosis, pointing to potential novel biomarkers for monitoring the different 18 

disease stages in ALS. 19 

Materials and methods  20 

A detailed version of the materials and methods is provided in the Supplementary material. 21 

 22 

Results 23 

Transient astrocyte activation at the early symptomatic stage in a 24 

TDP-43 mouse model of ALS  25 

We sought to address how gliosis changes as a function of ALS progression. To study the 26 

molecular and cellular mechanisms underlying gliosis in ALS, we used transgenic mice 27 
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expressing the human mutant TDP-43Q331K flanked by LoxP sites under the control of the prion 1 

promoter, leading to TDP-43Q331K expression selectively in the CNS and skeletal muscle33. These 2 

mice exhibit the onset of motor and cognitive dysfunction at 6 months of age, with a progressive 3 

increase in severity throughout the lifespan (Fig. 1A)33,34. Notably, they recapitulate key features 4 

of the disease, including gliosis, which is concomitant with the onset of motor symptoms33,34. By 5 

immunofluorescence, we detected human TDP-43Q331K in neurons, astrocytes, and 6 

oligodendrocytes, not microglia, as previously reported (Fig. 1B)34. By analyzing the GFAP-7 

positive cells in the spinal cord of TDP-43Q331K mice, we confirmed a significant increase of the 8 

GFAP signal at 6 months, but surprisingly, not at 10 months (Fig. 1C). To dig into the molecular 9 

processes leading to age-dependent gliosis, we immunopurified astrocytes, oligodendrocytes and 10 

microglia from the brain of TDP-43Q331K mice at the pre-symptomatic stage (3 months), disease 11 

onset (6 months) and advanced stage (10 months), and performed RNA sequencing analysis to 12 

identify the differentially expressed genes (DEGs) (Fig. 1D-G, Supplementary Table 1). First, 13 

we assessed the purity of each cell population by evaluating the enrichment of specific markers 14 

using cytofluorimetry (Supplementary Fig. 1A) and by comparing the results of the sequencing 15 

with published single-cell analysis35,36 (Supplementary Fig. 1B-C). By performing subtractive 16 

transcriptome analysis to determine the DEGs at disease onset with respect to the pre-17 

symptomatic stage, we found 113 downregulated and 190 upregulated DEGs in astrocytes (Fig. 18 

1D). We found genes controlling cell proliferation and de-differentiation, including Trans-acting 19 

T-cell-specific transcription factor GATA-3 (Gata3)37, Myocyte-specific enhancer factor 2B 20 

(Mef2B)38, Homeobox protein Hox-C4 (Hoxc4)39, Homeobox protein Hox-B3 (Hoxb3)40, 21 

Serine/threonine-protein kinase PAK 6 (Pak6)41, and Paired box protein Pax-1 (Pax1)42 (Fig. 22 

1D). Consistently, among the downregulated DEGs, we found genes that suppress cell 23 

proliferation, such as the cyclin-dependent kinase inhibitor 1A (Cdkn1a), encoding the CDK 24 

inhibitor p21CIP1 43, and RNA-binding motif protein 47 (Rbm47), which restrains cell 25 

proliferation by inhibiting the Wnt/β-catenin signaling44,45. The GO analysis highlighted the 26 

deregulation of the Transforming Growth Factor Beta (TGFβ) pathway, which is a key regulator 27 

of astrogliosis46,47 and accelerates disease progression in SOD1G93A mice, contributing to 28 

astrocyte-mediated inflammation48 (Fig. 1D). In oligodendrocytes at disease onset with respect 29 

to the pre-symptomatic stage, we found 282 downregulated and 1443 upregulated DEGs (Fig. 30 

1E, Supplementary Table 1). Interestingly, the GO analysis of oligodendrocytes highlighted an 31 
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increase in terms associated with the Extracellular Matrix (ECM) organization, like the Yes-1 

Associated Protein 1 (Yap1) and Piezo Type Mechanosensitive Ion Channel Component 1 2 

(Piezo1), that mediate cell differentiation and general myelination49,50 (Fig. 1E).  3 

We then analyzed the advanced disease stage to determine whether the cell proliferation and de-4 

differentiation gene signature is persistent throughout disease progression. At 10 months, we 5 

found 296 downregulated and 557 upregulated DEGs in astrocytes. We found a different gene 6 

signature at this age, with most of them associated with fibrosis and inflammation (Fig. 1F). The 7 

inflammatory state of late-stage astrocytes was further confirmed by the GO analysis, which 8 

showed upregulation of terms associated with primary cilium organization and axoneme 9 

assembly, typical of C3-positive reactive astrocytes51 (Fig. 1F). We analyzed microglia to 10 

determine whether neighboring cells that do not express the mutant protein also show signs of 11 

inflammation. At 10 months, we found 115 downregulated DEGs and 290 upregulated DEGs. 12 

CD11b-positive microglia presented a Tumor Necrosis Factor-related inflammatory signature, 13 

suggesting that activation of inflammatory pathways is a non-cell-autonomous process (Fig. 1G, 14 

Supplementary Table 1).  15 

Based on these observations, we sought to determine whether active astrocytes show aberrant 16 

proliferation in vivo. To address this question, we performed an immunohistochemistry assay 17 

targeting the proliferation marker Ki-67 in the brain of TDP-43Q331K mice (Fig. 2A). We 18 

observed comparable levels of Ki-67-positive cells between 3 and 6 months but an overall 19 

decrease in cell proliferation at 10 months. To selectively identify proliferating astrocytes, we 20 

quantified the number of GFAP+/Ki-67+ cells and found a marked increase in GFAP+/Ki-67+ 21 

astrocytes in the brain of 6-month-old TDP-43Q331K mice compared to 3-month-old mice, 22 

indicating increased proliferation of active astrocytes at disease onset (Fig. 2B).  23 

In vitro, cultured astrocytes isolated from post-natal TDP-43Q331K mouse brains (Supplementary 24 

Fig. 2A-B) exhibited a significant increase in proliferation rate by EdU incorporation (Fig. 2C) 25 

compared to wild-type (WT) astrocytes at early passages. Over successive passages, TDP-26 

43Q331K primary astrocytes showed a more pronounced decrease in proliferation rate (Fig. 2D) 27 

and an upregulation of the cell cycle inhibitors, Cdkn1a and Cdkn2a, compared to WT astrocytes 28 

(Fig. 2E). These observations indicate that astrocyte activation and proliferation occur 29 

concomitantly with the onset of motor dysfunction in a cell-autonomous fashion. Moreover, 30 
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these pathological processes are transient and followed by inflammation at the fully symptomatic 1 

stage. 2 

TDP-43
Q331K

 causes astrogliosis in a cell-autonomous fashion  3 

To assess the relevance of activated astrocytes expressing mutant TDP-43 on the mouse 4 

phenotype, we bred the TDP-43Q331K mice with GLAST-CreERT2 mice for astrocyte-specific 5 

expression of tamoxifen-activated Cre recombinase52. We then treated the TDP-6 

43Q331KxGLAST-CreERT2 mice with tamoxifen at 2 months to allow astrocyte-selective excision 7 

of the TDP-43Q331K transgene in adult mice (Fig. 3A). In TDP-43Q331KxGLAST-CreERT2 mice, 8 

transgene excision occurred in astrocytes, not neurons and oligodendrocytes (Fig. 3B-C). Loss of 9 

mutant TDP-43 from astrocytes restored the GFAP signal back to normal in the spinal cord of 6-10 

month-old TDP-43Q331KxGLAST-CreERT2 mice, indicating that sustained expression of mutant 11 

TDP-43 is required for gliosis (Fig. 3D). Next, we evaluated the contribution of astrogliosis to 12 

the motor and cognitive phenotypes of this ALS mouse model (Fig. 3A, Fig. 3E-G). We first 13 

assessed motor coordination on an accelerated rotarod and muscle strength by grip strength task 14 

in pre-symptomatic mice starting from 3 months, as previously described33. In the rotarod test, 15 

both male and female ALS mice showed no overt phenotype in motor dysfunction at 3 months 16 

(Supplementary Fig. 3A). In contrast, at 6 months, TDP-43Q331K mice developed significant 17 

motor deficits that worsened by 10 months (Fig. 3E). Astrocyte-specific ablation of mutant TDP-18 

43 preserved motor coordination up to 6 months, while at 10 months, TDP-43Q331KxGLAST-19 

CreERT2 mice performed as TDP-43Q331K mice (Fig. 3E). This result was also confirmed by the 20 

RNA levels of the Nerve Growth Factor Receptor (Ngfr) in the gastrocnemius muscle. Ngfr is a 21 

marker of denervation, specifically expressed by glial cells upon nerve damage at the 22 

neuromuscular junctions53,54 (Supplementary Fig. 3B). Ngfr expression significantly increased 23 

at 6 months, then decreased at 10 months in TDP-43Q331K mice. Accordingly, Ngfr levels were 24 

significantly upregulated in TDP-43Q331KxGLAST-CreERT2 mice at 10 months, showing 25 

additional evidence of postponed onset of the pathology in mice with astrocyte-specific removal 26 

of mutant TDP-43 (Supplementary Fig. 3B). 27 

Muscle strength was slightly but significantly decreased in TDP-43Q331K and TDP-28 

43Q331KxGLAST-CreERT2 mice at 3 months, and ablation of TDP-43Q331K did not significantly 29 

ameliorate this disease feature at 6 and 10 months (Fig. 3F, Supplementary Fig. 3C), 30 
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suggesting that astrocyte-specific removal of mutant TDP-43 is not sufficient to rescue muscle 1 

pathology in vivo. Next, we analyzed the effect of astrocyte-specific expression of TDP-43Q331K 2 

on cognitive functions. We analyzed disinhibition by exploiting the Elevated Plus Maze test, 3 

which quantifies the propensity to spend time in open (O) versus enclosed (E) arms. Mice 4 

displaying disinhibition tend to spend more time in the open arms of the maze55,56. As previously 5 

observed in TDP-43 mice, we detected a significant cognitive decline in TDP-43Q331K mice at 6 6 

months compared to age- and sex-matched WT and GLAST-CreERT2 mice (Fig. 3G and 7 

Supplementary Fig. 3D). This phenotype was rescued by ablation of TDP-43Q331K expression in 8 

astrocytes (Fig. 3G). Our results indicate that GFAP increase correlates with symptoms' onset 9 

and progression in TDP-43Q331K mice, and that selective removal of TDP-43 from astrocytes 10 

delays the onset and slows the progression of the disease. 11 

 12 

Analysis of ALS GWAS reveals transcription factor activity 13 

dysregulation centered on MYC 14 

To identify potential factors predisposing glial cells to transient activation and proliferation in 15 

ALS patients, we analyzed genome-wide association studies (GWAS) to identify single-16 

nucleotide polymorphisms (SNPs) within transcription factor (TF) binding sites. We used signed 17 

linkage disequilibrium profile (SLDP) regression, which focuses on the responsive elements 18 

bound by TFs and assesses whether introducing SNP alleles in the DNA sequence increases or 19 

decreases the binding of TFs57. We ran SLDP regression using 382 available TF annotations57 on 20 

a GWAS summary statistics from 29612 ALS patients versus 122656 healthy controls58. We 21 

detected 40 significant associations at per-trait FDR <5%. All these associations were positive, 22 

suggesting an enhanced binding of several TFs, including RE1-Silencing Transcription factor 23 

(REST), Rest corepressor 1 (coREST), Chromodomain-helicase-DNA-binding protein 2 24 

(CHD2), and Specific protein 1 (SP1) (Fig. 4A and Supplementary Table 2), whose increased 25 

activity has been previously associated with AD59, HD60, and TDP-43 pathology in flies61. 26 

Among the positive hints, we noticed representative members of the basic helix-loop-helix TF 27 

family, namely MYC, a well-known master regulator of cell proliferation, protein translation, 28 

and cell metabolism, Myc-associated factor X (MAX), which is the c-Myc binding partner, and 29 

Max-interacting protein 1 (MXI1), which competes with MYC for binding with MAX62. Using 30 
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STRING to assess predicted protein-protein interactions (https://string-db.org), we observed a 1 

hub around MYC (Fig. 4B)62. These results suggest that the activity of MYC is dysregulated in 2 

ALS.  3 

To correlate the results of the SLDP regression based on GWAS in ALS patients to the RNA 4 

sequencing analysis performed in TDP-43Q331K mice at 3, 6, and 10 months, we took advantage 5 

of a computational analysis designed to assess whether alterations in MYC activity influence 6 

gene expression. TF activity can be inferred robustly from transcriptomics data63. By comparing 7 

MYC target genes with the DEGs observed in astrocytes and oligodendrocytes at 6 months 8 

versus 3 months, we found a statistically significant impact of MYC activity on gene expression 9 

changes (Fig. 4C-D). No significant correlation was retrieved in DEGs observed in astrocytes 10 

and microglia at 10 months versus 3 months in TDP-43Q331K mice (Fig. 4E-F). These 11 

observations indicate that dysregulation of MYC activity might be responsible for the transitory 12 

proliferation of astrocytes at disease onset in TDP-43Q331K mice.  13 

MYC is overactivated in ALS astrocytes and neurons in vitro 14 

We next sought to shed light on the role of MYC in ALS. By analyzing the levels of c-Myc 15 

mRNA by quantitative RT-PCR and RNAscope® assay, we found no difference in the mRNA 16 

transcript levels in WT and TDP-43Q331K astrocytes (Fig. 5A, Supplementary Fig. 4A). 17 

Considering the pivotal role of TDP-43 in post-transcriptional regulation of RNA homeostasis64, 18 

we asked whether c-Myc mRNA stability is affected in TDP-43Q331K astrocytes. By RNA 19 

immunoprecipitation (RIP) assay in astrocytes expressing either normal or mutant HA-tagged 20 

TDP-43, we found that TDP-43WT  and TDP-43Q331K equally bind the c-Myc transcript 21 

(Supplementary Fig. 4B). To evaluate the decay rate of c-Myc mRNA in normal and mutant 22 

astrocytes, we inhibited transcription by Actinomycin D treatment for different time points and 23 

measured c-Myc mRNA abundance by quantitative RT-PCR. We detected no significant 24 

difference in c-Myc mRNA half-life upon TDP-43Q331K expression (Supplementary Fig. 4C). 25 

Total MYC protein content was unaffected by mutant TDP-43 expression in primary astrocytes 26 

(Fig. 5B). By cycloheximide chase assay, we found no significant change in MYC protein 27 

stability in TDP-43Q331K astrocytes compared to control astrocytes (Supplementary Fig. 4D). 28 

These results indicate that expression of TDP-43Q331K does not affect c-Myc transcript and 29 

protein levels and stability in astrocytes. We thus asked whether TDP-43Q331K modifies MYC 30 
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activity. Phosphorylation at serine 62 (S62) and threonine 58 (T58) controls both MYC 1 

degradation and its binding to chromatin, thereby regulating MYC transcriptional 2 

activity65,66,67,68. To test the correlation between MYC phosphorylation and MYC activity in 3 

vitro, we expressed phospho-defective (MYCT58A,S62A) or phosphomimetic (MYCT58D,S62D) 4 

mutant MYC in HEK293 cells and in primary astrocytes and performed a transcriptional assay 5 

using a reporter vector bearing the firefly luciferase gene under the control of MYC-responsive 6 

elements. We observed increased MYC transcriptional activity upon expression of 7 

MYCT58D,S62D, indicating that phosphorylation at S62 and T58 correlates with enhanced MYC 8 

transcriptional activity (Fig. 5C-D, Supplementary Fig. 4E). Accordingly, we found 9 

significantly increased MYC activity in TDP-43Q331K astrocytes and in HEK293 overexpressing 10 

TDP-43WT compared to control conditions (Fig. 5E, Supplementary Fig. 4F). Using a specific 11 

antibody that recognizes MYC when phosphorylated at S62 and T58, we revealed a significant 12 

increase of phosphorylated MYC in ALS astrocytes and in HEK overexpressing TDP-43WT (Fig. 13 

5F-G, Supplementary Fig. 4G). Importantly, phosphorylated MYC was also increased in 14 

human-induced neural progenitor cell (NPC)-derived astrocytes directly reprogrammed from 15 

fibroblasts donated by two C9orf72 patients and two sporadic ALS patients (Fig. 5H)69.  16 

Finally, we observed a correlation between MYC phosphorylation and the proliferative status of 17 

astrocytes in vitro. In passage 1 astrocytes, which exhibit higher proliferative capacity (Fig. 2C), 18 

phosphorylated MYC is increased (Supplementary Fig. 4H). Conversely, in low proliferative 19 

senescent astrocytes at passage 3 (Fig. 2D-E), phosphorylated MYC is turned off 20 

(Supplementary Fig. 4I). Taken together, these results indicate that MYC activity is aberrantly 21 

activated in ALS astrocytes.  22 

To test whether MYC is also phosphorylated in neurons, as previously reported70, we analyzed 23 

total MYC and activated MYC levels in iPSC-derived motor neurons from C9orf72, mutant 24 

TDP-43 (TDP-43M337V), mutant SOD1 (SOD1I114T), or sporadic ALS patients. The levels of total 25 

MYC were generally unaffected by ALS mutations but increased in the sporadic line 26 

(Supplementary Fig. 5A-B), whereas phosphorylated MYC levels were consistently increased 27 

across all ALS conditions (Supplementary Fig. 5C-D). These results suggest that MYC is 28 

usually hyperactivated in different cell types in in vivo and in vitro models of ALS, validating the 29 

prediction of the SLDP regression performed on GWAS data. 30 
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13 

Overactivated MYC in astrocytes mimics TDP-43
Q331K

-induced 1 

neurodegeneration  2 

To assess the impact of overactivated MYC in ALS, we crossed the TDP-43Q331KxGLAST-3 

CreERT2 mice with R26StopFLMYC mice carrying a floxed STOP cassette that prevents the 4 

expression of c-MYC (Fig. 6A). Upon tamoxifen injection, we generated mice with astrocyte-5 

specific overexpression of MYC in the absence of TDP-43Q331K (Supplementary Fig. 6A). If 6 

MYC activation is a downstream effect of TDP-43 gain of function in ALS, we would expect to 7 

observe motor neuron damage in the triple transgenic mice (MYC-StopflxTDP-43Q331KxGLAST-8 

CreERT2). First, we investigated neuronal degeneration by performing Nissl staining in the spinal 9 

cord to assess motor neuron loss. As expected, starting at symptom onset around 6 months, TDP-10 

43Q331K mice showed a reduction in healthy motor neurons along with an increase in enlarged 11 

motor neurons with cytoplasmic vacuolization71 (Fig. 6B-C, Supplementary Fig. 6B). On the 12 

contrary, TDP-43Q331KxGLAST-CreERT2 mice maintained a high number of healthy neurons at 6 13 

months (Fig. 6B-C), consistent with improved motor performance in the rotarod test upon 14 

mutant TDP-43 removal from astrocytes, as shown in Fig. 3E. In MYC-StopflxTDP-15 

43Q331KxGLAST-CreERT2 mice, which exhibit astrocyte-specific TDP-43Q331K depletion and 16 

concurrent c-MYC overexpression, motor neurons show an enlarged morphology and signs of 17 

induced neurotoxicity, mimicking the phenotype observed in TDP-43Q331K mice. Secondly, we 18 

measured Neurofilament light chain (NFL), a well-established biomarker of motor neuron 19 

degeneration72. NFL is increased in TDP-43Q331K mice at 6 months (Fig. 6D). Astrocyte-specific 20 

ablation of TDP-43Q331K reduced plasma NFL levels, whereas c-MYC overexpression increased 21 

NFL levels and dramatically reduced lifespan (Fig. 6D-E).  22 

To exclude the fact that these mice died earlier because of glioblastoma, we analyzed the 23 

expression of Ki-67 in the brain as a tumor marker. We included a validated model of 24 

medulloblastoma with combined OTX2 and c-MYC overexpression as a positive control73, where 25 

we found an evident Ki-67 staining at the level of the tumor. However, we did not detect any 26 

signal in mice with astrocyte-specific overexpression of c-MYC alone or c-MYC/TDP-43Q331K 27 

together (Supplementary Fig. 6C) 74.  28 
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14 

Taken together, these results indicate that MYC overexpression in astrocytes is sufficient to 1 

cause motor neuron toxicity in vivo and suggest that MYC acts downstream of TDP-43Q331K in 2 

astrocytes to cause motor neuron dysfunction and premature death. 3 

Inhibition of MYC activity in TDP-43
Q331K

 astrocytes reveals MYC-4 

dependent transcriptional programs driving gliosis  5 

To map the downstream pathways affected by MYC hyperactivation in ALS astrocytes, we 6 

cultured primary astrocytes from TDP-43Q331K mice and treated them with Omomyc, a dominant-7 

negative mini-protein that halts MYC binding to chromatin75–77. To minimize off-target effects, 8 

we titrated Omomyc to determine the minimal effective dose and shortest exposure time required 9 

to obtain a significant reduction of MYC transcriptional activity. We treated astrocytes with 20, 10 

40, and 60µM Omomyc and detected luciferase signal after 48 and 72 hours. As shown in Fig. 11 

6F, treatment with 40µM Omomyc for 48 hours is sufficient to significantly reduce MYC 12 

transcriptional activity in TDP-43Q331K astrocytes. By bulk RNA sequencing analysis, we 13 

observed a significant modulation of genes involved in lipid transport, such as Abcg1, cell 14 

chemotaxis, such as Mmp9, and several chemokines, namely, Cxcl2, Ccl2, and the small heat 15 

shock protein Hspb1, all previously investigated in ALS78–80. Of relevance, we also report 16 

Omomyc-dependent inhibition of Socs3, which is directly involved in the activation of the JAK-17 

STAT3 pathway, implicated in astrocyte reactivity and gliosis (Fig. 6G-H and Supplementary 18 

Table 3).  19 

These findings support a key role for hyperactivated astrocytic MYC in triggering early 20 

astrogliosis as a precursor to inflammation in the TDP-43Q331K model. 21 

The expression of either TDP-43
Q331K

 or MYC in astrocytes alters 22 

common pathways involving cell-to-cell communication  23 

To define the specific contribution of increased MYC phosphorylation on the proteome of TDP-24 

43Q331K astrocytes, we performed a label-free proteomic analysis on control astrocytes compared 25 

to astrocytes expressing TDP-43Q331K or MYC. The comparison between WT and TDP-43Q331K 26 

astrocytes revealed 57 differentially upregulated proteins (Fig. 7A). Remarkably, 54% of the 27 

upregulated targets overlapped with the differentially upregulated proteins in WT astrocytes 28 
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overexpressing MYC (Fig. 7A, Supplementary Table 4). Conversely, a minimal overlap was 1 

observed in downregulated proteins, confirming that MYC is a positive regulator of gene 2 

transcription that primarily promotes expression of its targets62.  3 

The GO analysis of upregulated proteins highlighted an enrichment of biological pathways 4 

involved in cell-to-cell interaction and signal transmission (Fig. 7B). The heatmap in Fig. 7C 5 

(left panel) shows that several upregulated proteins in TDP-43Q331K- or MYC-overexpressing 6 

astrocytes, such as SIGLEC1, IFITM3, and PAWR, participate in neuroinflammatory events, 7 

confirming the results obtained from the transcriptomic analysis on ALS astrocytes treated with 8 

Omomyc (Fig. 7C, Fig. 6G). Other upregulated proteins act as splicing factors (SRSF3, 9 

HMGN5) or are involved in RNA metabolism and RNA modification (MFAP1a, RBM27), 10 

further confirming TDP-43 gain of function in this specific ALS/FTD model33. The proteomic 11 

analysis also revealed an increase in proteins involved in translation (EIF4b, MRPS30) (Fig. 12 

7C). Accordingly, by measuring the total protein amount per cell, we found a higher protein-to-13 

cell ratio in TDP-43Q331K astrocytes, indicating increased cell biomass compared to controls 14 

(Supplementary Fig. 7A). Finally, among proteins related to intercellular communication, 15 

Charged multivesicular body protein 2b (CHMP2b), Charged multivesicular body protein 4b 16 

(CHMP4b), Synergin Gamma (SYNRG), and Angiomotin-like protein 1 (AMOTL1) participate 17 

in endosomal formation, multivesicular bodies (MVB) maturation, and vesicular trafficking (Fig. 18 

7C).  19 

MYC has previously been shown to exert a repressive function on lysosome biogenesis81, a 20 

process that is defective in ALS82,83. Consistently, we detected decreased levels of the lysosomal 21 

protein LAMP-1 in TDP-43Q331K astrocytes by immunoblotting (Supplementary Fig. 7B). When 22 

lysosome function is inhibited, cells favor the maturation of MVBs into extracellular vesicles 23 

(EVs), resulting in increased EV release as an alternative strategy to remove damaged 24 

proteins84,85,86,87. Changes in EV production or cargo may contribute to the intercellular 25 

miscommunication previously described in ALS30,88,89,90. Thus, we tested whether TDP-43Q331K 26 

astrocytes exhibited altered EV production. We isolated the EVs derived from astrocytes 27 

(Supplementary Fig. 7C) and confirmed EV purity by immunoblotting that revealed expression 28 

of specific EV markers, but not intracellular markers (Supplementary Fig. 7D)91. Using cryo-29 

electron microscopy, we detected EVs from both WT and TDP-43Q331K astrocytes 30 

(Supplementary Fig. 7E). By Nanoparticle Tracking Analysis (NTA), we quantified the number 31 
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of EVs produced by WT and TDP-43Q331K astrocytes in large EVs and small EVs. We observed a 1 

significant increase in small EVs, which mostly derive from MVBs (Supplementary Fig. 7F)84. 2 

Altogether, these results indicate that the endosomal and lysosomal pathways, along with EV 3 

secretion, are altered in TDP-43Q331K astrocytes, suggesting that functional communication 4 

between astrocytes and nearby neurons might be compromised. Moreover, our proteomic 5 

analysis in MYC overexpressing astrocytes hints towards a role of overactivated MYC in 6 

astrocyte-to-neuron miscommunication in the TDP-43Q331K ALS model. 7 

Astrocyte-derived EVs fail to support neurons in ALS 8 

To determine the functional consequences of altered EV release, we investigated whether TDP-9 

43Q331K astrocyte-derived EVs influence the physiology of receiving neurons. First, we tested if 10 

glia EVs could enter primary neurons. After transducing primary astrocytes with CD63-eGFP 11 

(Supplementary Fig. 7G) and purifying EVs, we incubated WT neurons with fluorescent-12 

tagged EVs and quantified the signal of internalized EVs (Supplementary Fig. 7H-I). TDP-13 

43Q331K and WT astrocyte-derived EVs had a similar propensity to be taken up by receiving cells 14 

and enter WT neurons (Supplementary Fig. 7I). To develop reproducible in vitro models for 15 

neuronal toxicity, we set up an in vitro assay to follow neuronal viability over time upon EV 16 

treatment (Fig. 7D, Supplementary Fig. 7J). We transduced WT and TDP-43Q331K cortical 17 

neurons with a lentivirus expressing the fluorescent protein mCherry to image them over time. 18 

We performed a first live acquisition at day in vitro (DIV) 7, followed by EV treatment. Live 19 

imaging acquisitions were performed at DIV 14 and 18 to verify how the treatment affected 20 

neuronal viability. The neuronal count was performed by applying a specific threshold on the 21 

mCherry fluorescent signal, using the addition of complete media and B27 removal as control 22 

and death conditions, respectively (Supplementary Fig. 7J). 23 

Interestingly, EVs from WT astrocytes exerted a significant pro-survival effect on WT neurons 24 

compared to untreated controls at DIV 14 and 18 (Fig. 7E). Conversely, both EVs produced by 25 

WT astrocytes overexpressing MYC and EVs derived from TDP-43Q331K astrocytes lost this 26 

protective effect on WT neurons, indicating that astrocyte-derived EVs have an altered biological 27 

effect on nearby neurons (Fig. 7E). Altogether, these results show that alterations in EV release 28 

trigger astrocyte-to-neuron miscommunication, resulting in astrocyte loss of function and 29 

reduced support to neighboring neurons in the TDP-43Q331K ALS model.  30 
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To characterize the differential cargo composition of astrocyte-derived EVs, we performed a 1 

label-free proteomic analysis in EVs released by control astrocytes, astrocytes expressing TDP-2 

43Q331K, or MYC. The comparison between WT and TDP-43Q331K EVs resulted in 46 3 

differentially upregulated proteins, 63% of which overlapped with the upregulated proteins in 4 

EVs secreted by WT astrocytes expressing MYC (Fig. 7F). The GO analysis clearly shows that 5 

most of the upregulated targets in EVs released by TDP-43Q331K- or MYC-overexpressing 6 

astrocytes are linked to RNA processing and RNA modification (Fig. 7G), such as 7 

Serine/arginine-rich splicing factor 1 (SRSF1) and 3 (SRSF3) (Fig. 7H, left panel). Interestingly, 8 

we also observed a significant increase in factors regulating the apoptotic signaling pathway 9 

(e.g., TKT, TUFM, ATXN2l, THUMPD1) (Fig. 7H, left panel), while among the downregulated 10 

cargos (Fig. 7H, right panel), most of the proteins are constituents of the extracellular matrix, 11 

suggesting possible alterations in the physical interaction between EVs and receiving neurons. 12 

 13 

Extracellular vesicle alterations in the CSF of ALS patients 14 

We wondered if any of the EV alterations observed in TDP-43Q331K primary astrocytes could be 15 

retrieved in ALS patients at the time of diagnosis. We analyzed the EVs in the cerebrospinal 16 

fluid (CSF) of 19 ALS patients and 10 patients with hydrocephalus as controls (Supplementary 17 

Table 5). We used a multiplex bead-based cytofluorometric assay to provide simultaneous 18 

semiquantitative measures of 37 transmembrane proteins commonly expressed in brain-derived 19 

EVs92 (Supplementary Fig. 8A).  20 

First, we examined whether we could detect any differences in established markers specific for 21 

EVs released by different cell populations of the nervous system, namely NCAM and PSA-22 

NCAM for neurons, O4 for oligodendrocytes, CD140a for oligodendrocyte precursor cells 23 

(OPC), GLAST for astrocytes, and CD11b for microglia (Fig. 8A). The relative levels of NCAM 24 

and its post-translationally modified isoform PSA-NCAM were significantly reduced in ALS 25 

CSF, along with O4, a marker of mature oligodendrocyte-derived EVs (Fig. 8A). CD140a, also 26 

known as Platelet-derived Growth Factor Receptor alpha (PDGF α), is specifically expressed by 27 

immature OPCs and was increased in ALS CSF, suggesting an imbalance between mature and 28 

immature oligodendrocytes at diagnosis in ALS patients (Fig. 8A). No significant changes were 29 

observed for astrocyte and microglia EVs (Fig. 8A). We then observed that specific EV markers, 30 
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namely CD9 and CD63, were reduced in the CSF of ALS patients, supporting the hypothesis that 1 

altered MYC activity leads to alterations in EV subpopulations (Fig. 8B). CD47-positive EVs, 2 

instead, were significantly enriched in ALS CSF (Fig. 8C). Conversely, we noticed that proteins 3 

involved in cell adhesion and signaling to the immune system, such as CD36, CD38, CD44, 4 

CX3CR1 were all decreased in ALS EVs compared to controls, as observed in EVs derived from 5 

TDP-43Q331K astrocytes (Fig. 8C-D). Integrins or their classical interaction partners showed a 6 

similar relative amount in ALS and control CSF (Supplementary Fig. 8B).  7 

Although CSF EVs comprise EVs derived from different neuronal and glial cells, these results 8 

confirm a global alteration of EV subpopulations in ALS. The decrease in neuronal and mature 9 

oligodendrocyte EVs clearly reflects the pathological situation, while the increase in EVs derived 10 

from oligodendrocyte precursors is consistent with our observation of an initial disease phase 11 

characterized by glia de-differentiation. 12 

 13 

Discussion 14 

We identified two phases of astrocyte activation in a slowly progressive in vivo model of ALS, 15 

consistent with previous reports in brain injury models93. Astrocytes respond to various 16 

pathological insults affecting the CNS, including acute injuries, such as ischemia, traumatic brain 17 

injury, spinal cord injury, and infections, as well as progressive disorders, such as 18 

neurodegenerative diseases and multiple sclerosis. These responses typically involve changes in 19 

cellular morphology and increased expression of intermediate filament proteins, including GFAP 20 

and vimentin94. In our model, we observed a peak in GFAP expression during the early 21 

symptomatic stages, characterized by astrocyte proliferation. Subsequently, GFAP levels decline 22 

as the neuroinflammatory response is activated. Accordingly, GFAP immunoreactivity in 23 

postmortem ALS tissue is comparable to that in healthy controls95. Nevertheless, extensive 24 

evidence derived from post-mortem studies reports widespread reactive neuroinflammation in 25 

ALS8,96–98. Astrocyte reactivity upon expression of mutant TARDPB, VCP, SOD1, and C9ORF72 26 

has also been confirmed in vitro under cell-autonomous conditions99. However, the precise 27 

timeline of astrocyte phenotypic changes remains poorly understood.  28 
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The GWAS analysis we performed on TF binding sites revealed that a network of TFs linked to 1 

MYC is predicted to have a deregulated function in ALS, and we further validated MYC as a 2 

critical player in astrocyte activation in ALS. Astrocyte reactivity involves a range of 3 

transcriptional and functional alterations that are still being explored. The most prominent 4 

evidence is that phosphorylated Signal transducer and activator of transcription (STAT) 3 is the 5 

master regulator of several reactive astrocyte phenotypes100. Increased phosphorylated STAT3 or 6 

the upregulation of its downstream targets has been reported in acute and chronic conditions, 7 

including ALS101. Treatments such as Janus kinase (JAK) inhibitors102 or niclosamide have been 8 

shown to inhibit the STAT3 pathway, reduce gliosis, and exert neuroprotective effects in ALS103. 9 

Accordingly, the RNA sequencing of Omomyc-treated primary astrocytes showed a direct 10 

regulation of Socs3, a well-known inhibitor of the STAT3 pathway104. This finding hints at 11 

MYC‘s role in shaping astrogliosis as an inflammatory precursor, thereby supporting the concept 12 

that astrocyte activation and inflammation represent downstream pathological events in the TDP-13 

43Q331K mouse model. 14 

We observed a significant increment of phosphorylated MYC in primary astrocytes derived from 15 

transgenic mouse models expressing either human TDP-43Q331K or SOD1G93A and in iNPC-16 

derived human astrocytes from sporadic ALS cases or presenting a pathological expansion in the 17 

C9orf72 gene. c-MYC is one of the most common dysregulated oncogenes in cancer expressing 18 

either human TDP-43Q331K or SOD1G93A and in iNPC-derived human astrocytes from sporadic 19 

ALS cases or presenting a pathological expansion in the C9orf72 gene. c-MYC is one of the most 20 

common dysregulated oncogenes in cancer62, and its expression is tightly regulated by 21 

continuous phosphorylation, ubiquitination, and degradation105. MYC is phosphorylated by 22 

mitogen-activated protein kinases (MAPKs)106 and dephosphorylated by protein phosphatase 2A 23 

(PP2A)67. Hyperactivation of MAPKs, such as ERK1/2 and p38, has been reported in 24 

ALS107,108,109 and may contribute to MYC phosphorylation in gliosis. In contrast, PP2A has been 25 

reported as inhibited in a transgenic model of AD, showing gliosis110. Based on this evidence, we 26 

propose that dysregulation of the MAPK pathway or PP2A activity may contribute to the 27 

enhanced MYC phosphorylation observed in ALS astrocytes. 28 

Here we report that phosphorylated MYC is also augmented in ALS motoneurons. We analyzed 29 

human motor neurons derived from iPSCs carrying mutations in TDP-43, SOD1, C9orf72, and 30 

those of sporadic patients. We recognize that we used a small number of iPSC lines per 31 
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condition, with lines derived from control individuals and no isogenic controls, and this 1 

represents a limitation in our analyses. Consequently, the increase in phosphorylated MYC 2 

observed should be considered as a preliminary indication of MYC alterations in ALS motor 3 

neurons, which needs further investigation. Anyhow, the results were consistent in all the motor 4 

neuronal lines analyzed. We speculate that MYC alterations observed in neuronal cells may 5 

predispose them to aberrant cell cycle re-entry. Cell cycle re-entry and neuronal de-6 

differentiation have been reported in AD iPSC neurons111, and cell-cycle re-entry-induced 7 

neuronal death has been associated with DNA damage response in post-mitotic neurons in aging 8 

and AD112, traumatic brain injury113, ALS, and FTD114,115. DNA damage response is a common 9 

phenomenon observed in ALS, occurring in models carrying mutations in SOD1116, 10 

C9orf72117,118, FUS119, and TDP-43120. Of interest, DNA damage can activate the transcription 11 

factor p53, whose knockout or silencing proved beneficial effects in rescuing C9orf72 disease 12 

models121. The involvement of p53, the genome's guardian, and MYC, the super manager of 13 

gene transcription, highlights the relevance of chromatin regulation, TF binding, and epigenetic 14 

alterations in neurodegenerative diseases like ALS.  15 

We showed that astrocytes expressing mutant TDP-43 fail to support neurons. Contrasting 16 

results were reported regarding the impact of mutant TDP-43-expressing astrocytes on neuronal 17 

survival122,123,124,125. In our TDP-43Q331K model, we report the inability of astrocyte-derived EVs 18 

to support neurons due to a variation in their composition. The loss of pro-survival signal 19 

observed in EVs released by transgenic astrocytes correlated with reduced expression of CD44 20 

on the surface of CSF EVs isolated from ALS patients. CD44 is a membrane glycoprotein 21 

involved in several cellular processes, including growth, survival, differentiation, and motility126. 22 

A decrease of CD44 levels in CSF-derived EVs from ALS patients suggests a loss in their pro-23 

survival signaling happening during early phases of the disease. Moreover, CD44 interacts with 24 

CD47, CD38, ICAM-1, CD36, and CX3CR1, all of which are associated with Regulatory T cells 25 

(Tregs), which are deregulated in ALS127. 26 

Alterations in glial-derived EVs in the CSF have been previously reported in a swine model of 27 

ALS carrying a mutation in SOD1128. Similar to our findings, EVs originating from OPCs were 28 

increased at early symptomatic stages and matched with previous reports showing enhanced 29 

proliferation of NG2-positive OPCs prior to motor neuron degeneration in SOD1G93A mice129,130. 30 

In contrast, TMEM119, a microglia-specific marker, was augmented only at later phases of the 31 
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disease128, suggesting that monitoring of brain-derived EVs in ALS CSF could be helpful to 1 

follow disease progression. Furthermore, we also reported a decrease in neuron-specific EVs and 2 

mature oligo-specific EVs at the time of disease diagnosis. NCAM- and O4-positive EVs, along 3 

with CD140a-positive EVs, should be considered for disease progression tracking, paired with 4 

the measurement of plasma NFL levels. 5 

In conclusion, our results suggest that astrocyte de-differentiation and proliferation occur before 6 

the onset of neuroinflammation in ALS, disrupting the astrocyte-mediated supporting function. 7 

Specific biomarkers reflecting these different phases of the disease should be further investigated 8 

in patients. 9 

Data availability 10 

The RNA-seq data discussed in this publication have been deposited in NCBI's Gene Expression 11 

Omnibus31 and are accessible through GEO Series accession number GSE275841 12 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE275841). 13 

The mass spectrometry proteomics data have been deposited in the ProteomeXchange 14 

Consortium via the PRIDE32 partner repository with the dataset identifier PXD064120 and 15 

10.6019/PXD064120. 16 

Raw data have been uploaded at 17 

https://zenodo.org/records/16320635?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImI4OTAzMm18 

M1LTBlZWUtNDU5Mi1hODFiLTc4ZGNmNWJlYmRhNSIsImRhdGEiOnt9LCJyYW5kb20iO19 

iIwYTM4MTUwYmQ0MjllY2M4YzliNGM5NTc4NGQ5NjI2MyJ9.aKJePp0mQ6GPki0Lm5uo20 
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further information can be requested directly to manuela.basso@unitn. it. 22 
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 18 

Figure Legends 19 

Figure 1 Proliferative and inflammatory phases of astrocytes in TDP-43Q 331K mice. (A) 20 

Representative cartoon specifying the time course of the disease in the transgenic TDP-43Q331K 21 

mouse model. (B) Representative confocal images with zoomed insert (2X) of 3- to 6-month-old 22 

TDP-43Q331K mouse brain slices immunostained with antibodies against NEUN (neurons), GFAP 23 

(astrocytes), NG2 (Oligodendrocytes), IBA1 (microglia), and humanTDP-43Q331K (myc-tag). 24 

Scale bar 20 µm. (C) Representative confocal images (left) and quantification (right) of GFAP 25 

expression in the ventral horn of the lumbar spinal cord. Scale bar 100 µm. Graph, mean ± SEM, 26 

one-way ANOVA analysis followed by  onferroni‘s post-hoc comparisons (n=3 mice for each 27 

condition). (D) (Left) Gene expression Volcano plots of astrocytes isolated from the cortices and 28 
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spinal cord of TDP-43Q331K mice at 6 (n=5 mice) vs. 3 (n=4 mice) months. Up and down-1 

regulated genes were selected with an FDR-corrected p-value threshold of 0.1 and a log2FC of 2 

0.75. (Right) GO term enrichment analysis from significantly upregulated and downregulated 3 

genes in astrocytes isolated from 6- vs. 3-month-old TDP-43Q331K mice. (E) (Left) Gene 4 

expression Volcano plot of oligodendrocytes isolated from the cortices and spinal cord of TDP-5 

43Q331K mice at 6 vs. 3 months (n=4 mice per age). Up and down-regulated genes were selected 6 

with an FDR-corrected p-value threshold of 0.1 and a log2FC of 0.75. (Right) GO term 7 

enrichment analysis from significantly upregulated and downregulated genes in oligodendrocytes 8 

isolated from 6- vs. 3-month-old TDP-43Q331K mice. (F) (Left) Gene expression Volcano plot of 9 

astrocytes isolated from the cortices and spinal cord of TDP-43Q331K mice at 10 (n=2 mice) vs. 3 10 

(n=4 mice) months. Up and down-regulated genes were selected with an FDR-corrected p-value 11 

threshold of 0.1 and a log2FC of 0.75. (Right) GO term enrichment analysis from significantly 12 

upregulated and downregulated genes in astrocytes isolated from 10- vs. 3-month-old TDP-13 

43Q331K mice. (G) (Left) Gene expression Volcano plot of microglia isolated from the brain of 14 

TDP-43Q331K mice at 10 (n=4 mice) vs. 3 (n=3 mice) months. Up and down-regulated genes were 15 

selected with an FDR-corrected p-value threshold of 0.05 and a log2FC of 0.75. (Right) GO term 16 

enrichment analysis from significantly upregulated and downregulated genes in microglia 17 

isolated from 10- vs. 3-month-old TDP-43Q331K mice. 18 

 19 

Figure 2 The proliferative capacity of TDP-43Q 331K astrocytes is enhanced in vivo and in 20 

vitro. (A) Representative immunohistochemical staining (left) and quantification (right) of Ki-21 

67-positive cells in the brain subventricular zone (SVZ) of TDP-43Q331K mice at 3, 6, and 10 22 

months. Normalization was performed on the total number of cells. Graph, mean ± SEM, one-23 

way ANOVA analysis followed by  onferroni‘s post-hoc comparisons (n=3 mice). (B) 24 

Representative images with zoomed insert (3X) (left) and quantification (right) of 25 

immunofluorescence staining of Ki-67- and GFAP-positive cells in the SVZ of TDP-43Q331K 26 

mice at 3 (n=4 mice) and 6 (n=3 mice) months. Graph, mean ± SEM, unpaired two-sample 27 

 tudent‘s t-test. Scale bar 50 µm. (C) Representative images (left) and quantification (right) of in 28 

vitro proliferation assay of WT and TDP-43Q331K (n=8 biological replicates) primary astrocytes 29 

analyzed with EdU staining. Graph, mean ± SEM, unpaired two-sample  tudent‘s t-test. Scale 30 

bar 100 µm. (D) Proliferative capacity of WT and TDP-43Q331K (n=8 biological replicates) 31 
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primary astrocytes over three consecutive passages in vitro, calculated as the ratio of EdU-1 

positive cells to the total number of cells; simple linear regression analysis. (E) Relative 2 

expression of Cdkn1a (left) and Cdkn2a (right) measured through quantitative real-time PCR in 3 

WT (n=3 biological replicates) and TDP-43Q331K (n=4 biological replicates) astrocytes after three 4 

passages in vitro. Graph, mean ± SEM, unpaired two-sample  tudent‘s t-test. 5 

 6 

Figure 3 Reduced astrogliosis correlates with phenotype amelioration in TDP-43Q 331K mice. 7 

(A) Timeline for the behavioral assessments. (B) Relative expression of human TDP-43Q331K was 8 

measured through quantitative real-time PCR in astrocytes (left) and oligodendrocytes (right) 9 

purified from the mouse brain and spinal cord. (Astrocytes: WT n=8, TDP-43Q331K n=5, TDP-10 

43Q331KxGLAST-CreERT2 n=5 biological replicates; Oligodendrocytes: WT n=4, TDP-43Q331K 11 

n=7, TDP-43Q331KxGLAST-CreERT2 n=7 biological replicates). Graph, mean ± SEM, one-way 12 

ANOVA analysis followed by  onferroni‘s post-hoc comparisons. (C) Representative confocal 13 

images with zoomed insert (2X) of 3- to 6-month-old TDP-43Q331KxGLAST-CreERT2 mouse 14 

brain immunostained with antibodies against GFAP (astrocytes), NEUN (neurons), IBA1 15 

(microglia), NG2 (oligodentrocytes), and human TDP-43Q331K (myc-tag). Scale bar 20 µm. (D) 16 

Representative confocal images (left) and quantification (right) of GFAP expression in the spinal 17 

cord of 6-month-old WT (n=4) and TDP-43Q331KxGLAST-CreERT2 (n=3) mice. Graph, mean ± 18 

SEM, unpaired two-sample  tudent‘s t-test. Scale bar 100 µm. (E-G) Longitudinal study of 19 

behavior: accelerated rotarod, grip strength, and elevated plus maze at 3, 6, and 1  months (n≥16 20 

WT, n≥15 GLA T-CreERT2, n≥16 TDP-43Q331K, n≥12 TDP-43Q331KGLAST-CreERT2 mice). 21 

Graph, mean ± SEM, Kruskal-Wallis test followed by Dunn's post-hoc comparisons for rotarod 22 

and grip strength; mixed-effect analysis followed by  onferroni‘s post-hoc comparisons for 23 

elevated plus maze. 24 

 25 

Figure 4 Transcriptional dysregulation in ALS is associated with a MYC-centered hub. (A) 26 

Plot -Log10(p) against the estimated effect size for the SLDP regression. Red points represent 27 

TFs with significant associations; non-significant associations are colored in gray. (B) STRING-28 

generated interaction network among selected enriched KEGG pathways. The network image 29 

shows a hub around MYC. (C-F) Green dots represent differentially expressed MYC-target 30 
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genes in the comparison indicated in the plot‘s title (log2FC >= 0.5 or log2FC <= 0.5, p.adj < 1 

0.05). The p-value indicates the significance of MYC inferred activity relative to a random 2 

background model (from decoupleR). The MYC targets are the ones defined in the CollecTRI 3 

regulons database (see methods). 4 

 5 

Figure 5 Phosphorylated MYC is aberrantly increased in astrocytes in several in vitro 6 

models of ALS. (A) Representative confocal images (left) and quantification (right) of c-Myc 7 

RNA expression in primary astrocytes through RNAscope staining. Scale bar 20 µm. Graph, 8 

mean ± SEM, unpaired two-sample  tudent‘s t-test. Data are reported as RNA molecules/cell. 9 

(n=3 biological replicates, with over 400 cells observed per condition). (B) Immunoblotting 10 

analysis (left) and quantification (right) of MYC expression in WT and TDP-43Q331K primary 11 

astrocytes. Graph, mean ± SEM, unpaired two-tailed  tudent‘s t-test (n=8 biological replicates 12 

per genotype). (C-D) (Left) Immunoblotting analysis of V5-tagged phospho-defective (58A62A) 13 

and phosphomimetic (58D62D) MYC expression in WT (C) and TDP-43Q331K (D) primary 14 

astrocytes. (Right) Luciferase reporter assay showing MYC transcriptional activity in WT (C) 15 

and TDP-43Q331K (D) primary astrocytes expressing phospho-defective (AA) and 16 

phosphomimetic (DD) MYC. Graph, mean ± SEM, paired two-tailed  tudent‘s t-test (n=6 17 

biological replicates per genotype). (E) Luciferase reporter assay showing MYC transcriptional 18 

activity in WT and TDP-43Q331K
 primary astrocytes. Graph, mean ± SEM, one-way ANOVA 19 

analysis followed by  onferroni‘s post-hoc comparisons (n=7 biological replicates for WT, n=10 20 

for TDP-43Q331K). (F-G) Representative confocal images (left) and quantification (right) of 21 

nuclear signal of primary TDP-43Q331K (F) or SOD1G93A (G) murine astrocytes immunostained 22 

with antibodies against p-MYCThr58/Ser62, GFAP, or Vimentin. Scale bar 10 and 20 µm, 23 

respectively. Mann-Whitney test (n=3 biological replicates for TDP-43Q331K and n≥4 for 24 

SOD1G93A, with over 500 and 1000 nuclei observed per condition, respectively). (H) 25 

Representative images (left) and quantification (right) of iNPC-derived astrocytes derived from 26 

C9orf72 or sporadic ALS patients immunostained with antibodies against p-MYCThr58/Ser62 and 27 

Vimentin. Scale bar 50 µm. Kruskal-Wallis‘ test followed by Dunn's post-hoc comparisons (n=2 28 

differentiation replicates for CTRL, n= 1 for C9orf72 1, n=3 for C9orf72 2, n=3 for sALS 1, n=3 29 

for sALS 2, with over 240 nuclei observed per condition).  30 
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 1 

Figure 6 MYC overactivation mimics TDP-43-induced neurodegeneration, and its 2 

inhibition prevents neuroinflammatory signaling pathways activation. (A) Representative 3 

cartoon specifying mouse lines used in B to E. (B) Representative images (left) with zoomed 4 

insert (3X, right) showing Nissl staining of motor neurons in the spinal cord of 6-month-old 5 

mice. Scale bar 50 µm. (C) Quantification of the number of neurons with healthy morphology 6 

from B. Graph, mean ± SEM, one-way ANOVA analysis followed by  onferroni‘s post-hoc 7 

comparisons (n=3 mice per genotype). (D) Plasma NFL levels in 6-month-old mice. Graph, 8 

mean ± SEM, one-way ANOVA analysis followed by  onferroni‘s post-hoc comparisons (n=6 9 

WT, n=7 TDP-43Q331K, n=7 TDP-43Q331KGLAST-CreERT2, n=8 MYC-StopflxTDP-10 

43Q331KxGLAST-CreERT2 mice). (E) Survival curve of behaviorally tested mice. Kaplan-Meier 11 

simple survival analysis. (n=19 WT, n=18 GLAST-CreERT2, n=17 TDP-43Q331K, n=17 TDP-12 

43Q331KGLAST-CreERT2, n=12 MYC-StopflxGLAST-CreERT2, n=14 MYC-StopflxTDP-13 

43Q331KxGLAST-CreERT2 mice). (F) Luciferase reporter assay showing MYC transcriptional 14 

activity in TDP-43Q331K primary astrocytes treated with Omomyc for 48h (up) and 72h (bottom). 15 

Graph, mean ± SEM, one-way ANOVA analysis followed by  onferroni‘s post-hoc comparisons 16 

(n=2 biological replicates). (G) GO term enrichment analysis from significantly deregulated 17 

genes (log2FC >= 0.5 and log2FC <= 0.5, p.adj <= 0.05) in primary astrocytes (TDP-43Q331K 18 

mice) treated with Omomyc versus vehicle (n=3 biological replicates per condition). (H) 19 

Enrichment by pathway terms visualized using the Gene concept network (cnet plot) function for 20 

protein interactions regarding the GOs: ‗lipid transport‘, ‗regulation of receptor signaling 21 

pathway via JAK- TAT‘, ‗cell chemotaxis‘, presented in panel G   22 

 23 

Figure 7 Increased MYC in TDP-43Q 331K astrocytes drives the release of altered EVs that 24 

do not support receiving neurons. (A) Venn chart depicting common up- and down-regulated 25 

proteins between TDP-43Q331K astrocyte and WT astrocyte overexpressing MYC. (B) GO term 26 

enrichment analysis from the shared up-regulated proteins between the TDP-43Q331K astrocyte 27 

and the WT astrocyte overexpressing MYC. (C) Heatmap representation, based on log2-28 

normalized protein abundance, showing the relative abundance of common up- and down-29 

regulated proteins (left and right, respectively) between TDP-43Q331K and WT astrocytes 30 
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overexpressing MYC, as measured by quantitative LC-MS/MS-based proteomic analysis. (D) 1 

Schematic representation of the neuronal viability experiment. (E) Neuronal survival assay of 2 

WT cortical neurons after 7 (DIV14) and 11 (DIV18) days of treatment with EVs derived from 3 

WT, WT MYC OE, and TDP-43Q331K astrocytes. Graphs, mean ± SEM, two-way ANOVA 4 

analysis followed by Tukey‘s post-hoc comparisons (n=2 biological replicates, data are 5 

represented as viability percentage in a single FOV). (F) Venn chart representing common up- 6 

and down-regulated proteins between EVs derived from TDP-43Q331K astrocyte or WT astrocyte 7 

overexpressing MYC. (G) GO term enrichment analysis from the shared up-regulated proteins 8 

between EVs from TDP-43Q331K astrocytes or WT astrocytes overexpressing MYC. (H) 9 

Heatmaps showing the relative abundance of common up- and down-regulated proteins (left and 10 

right, respectively) between EVs derived from TDP-43Q331K astrocyte or WT astrocyte 11 

overexpressing MYC, as quantified by proteomic analysis. 12 

 13 

Figure 8 Altered CSF-derived EV populations in ALS patients. (A-D) Brain-specific EV 14 

markers were measured with the MACSPlex EV Kit Neuro in cerebrospinal fluid (CSF) from 15 

ALS and control (Ctrl) patients. Data are presented in subgroups highlighting: (A) markers of 16 

distinct cell populations of the nervous system, (B) EV-specific markers, and (C-D) markers 17 

involved in cell adhesion and signaling to the immune system with either a significant difference 18 

(C) or a trend (D). The y-axis shows the median fluorescence intensity (MFI, expressed as 19 

arbitrary unit A.U.) of APC post background correction. For all graphs, mean ± SEM, unpaired 20 

two-tailed  tudent‘s t-test or Mann-Whitney test, depending on normality (n=10 controls, n=19 21 

ALS patients).  22 
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