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MYC-driven gliosis impairs neuron-glia
communication in amyotrophic lateral
sclerosis
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Chronic activation of glial cells leads to the dysfunction and degeneration of motor and cortical neurons in amyo-
trophic lateral sclerosis and frontotemporal dementia with an unknown mechanism.

To shed light on the molecular pathogenetic processes underlying the exordium and contribution of gliosis to disease
onset and progression, we used cells, mice and patient-derived cells modelling TDP-43, SOD1 and C9ORF72-linked
and sporadic ALS.

Our data reveal a sequential disease progression, starting with enhanced glial reactivity and proliferation, and tran-
sitioning into inflammation with upregulation of pro-inflammatory genes. Using mouse genetics, we show that ex-
pression of mutant TDP-43 in astrocytes is necessary to cause gliosis and behavioural abnormalities. Mechanistically,
we show that glial MYC gain-of-function drives neurodegeneration by promoting the release of astrocyte-derived
extracellular vesicles that nonetheless fail to provide trophic support to surrounding neurons.

Our research reveals a novel functional role for MYC in glia-to-neuron miscommunication in ALS.
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Introduction

Neurodegenerative diseases are, in most cases, incurable condi-
tions with common phenotypic and mechanistic features. At the
molecular level, mitochondrial dysfunction, excitotoxicity, protein
quality control disruption, RNA metabolism alterations and gliosis
have been observed in nearly all conditions. However, the causes or
consequences of these pathological processes remain unknown.
Gliosis manifests as temporal phenotypic and functional changes
in astrocytes, oligodendrocytes and microglia cells,"* and it was
initially reported by anatomopathological studies of post-mortem
brains from individuals with chronic pathologies, such as
Alzheimer’s disease (AD),” Parkinson’s disease (PD),° frontotempor-
al dementia (FTD)” and amyotrophic lateral sclerosis (ALS),? as well
asin acute conditions like stroke and traumatic brain injury.’ These
findings were based on the expression of glial acidic fibrillary pro-
tein (GFAP), a structural astrocytic protein whose synthesis is in-
creased upon gliosis.* Acute neurodegenerative diseases are
characterized by a glial proliferative phase followed by inflamma-
tion, while chronic neurodegenerative conditions are characterized

by elevated expression and release of pro-inflammatory media-
tors.? Increasing evidence shows that neuroinflammation plays a
crucial role in the development and progression of neurodegenera-
tive diseases. However, treatments intended to block inflammatory
signalling pathways have not been successful,'® suggesting that the
molecular mechanisms mediating gliosis in chronic neurodegen-
erative diseases have not been fully uncovered or that the optimal
treatment time frame needs to be better defined.

ALS is the most common chronic motor neuron disease that be-
gins in adulthood and gradually affects motor neurons in the motor
cortex, brainstem and spinal cord.’>'? ALS is a highly heteroge-
neous disease, both clinically and genetically. At early stages, pa-
tients show motor impairments in different districts of the body,
and the disease may progress in 3-5 years to up to 20 years.”® ALS
can be sporadic or familial, linked most frequently to gene muta-
tions such as SOD1, C9orf72, TARDBP and FUS.™ A hallmark ob-
served in 97% of ALS cases is the presence of intracellular
inclusions enriched with TAR DNA-binding protein 43 (TDP-43).™*
This RNA-binding protein also accumulates in 50% of FTD cases™*
and 57% of AD and PD cases.”>' A key pathogenic process
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underlying ALS is the miscommunication among neighbouring
cells.” Co-culture experiments with glia and neurons, or assem-
bloids composed of glia, neurons and muscle cells, showed that
the expression of mutant superoxide dismutase (SOD1), TDP-43
and C9ORF72 in specific non-neuronal cell types drives neuronal
death.'® Accordingly, the selective removal of mutant SOD1 from
astrocytes, oligodendrocytes or microglia of a transgenic ALS
mouse model at the embryonic stage significantly slowed disease
progression and increased the lifespan of ALS mice.’®2* Although
these observations imply a key role for astrocytes in ALS, how the
expression of disease-linked proteins in astrocytes causes motor
neuron dysfunction and degeneration is unknown.

Emerging evidence has revealed that glia-neuron communica-
tion relies on the release of extracellular vesicles (EVs). When EVs
reach the target cell, they first dock to the plasma membrane and
afterwards can trigger signalling by activating surface receptors,
be internalized by the cell through endocytosis or fuse completely
with the target cell.?>?* In vitro research shows that EVs from glial
cells expressing ALS-linked mutant SOD1 exacerbate motor neuron
degeneration.?*?® Furthermore, inhibiting overall exocytosis, in-
cluding EV release, worsened symptoms in an ALS mouse model
expressing mutant TDP-43,”” while blocking non-traditional pro-
tein secretion reduced toxicity in COORF72, TARDBP, FUS and spor-
adic ALS models, both in vitro and in vivo.?® Furthermore, EVs are
considered potential biomarkers because they are consistently re-
leased into biofluids and carry proteins and nucleic acids that re-
flect the pathological state of their originating cells.’>*° These
findings suggest that disruptions in EV-mediated cell-to-cell com-
munication contribute to ALS pathogenesis. However, the link be-
tween gliosis, EV function and pathology remains to be clarified.

Here, we show that increased GFAP expression occurs concomi-
tantly with motor neuron degeneration during the early stages of
ALS and precedes the onset of glial inflammation. Elevated GFAP le-
vels are associated with enhanced astrocyte proliferation and in-
creased phosphorylated MYC. Dysregulation of MYC activity in
ALS triggers the release of altered astrocyte-derived EVs that lose
their physiological ability to support neighbouring neurons.
Finally, changes in brain-specific EV populations are detected in
the CSF of patients with ALS at diagnosis, pointing to potential no-
vel biomarkers for monitoring the different disease stages.

Materials and methods

A detailed version of the ‘Materials and methods’ section is pro-
vided in the Supplementary material.

Results

We sought to address how gliosis changes as a function of ALS pro-
gression. To study the molecular and cellular mechanisms under-
lying gliosis in ALS, we used transgenic mice expressing human
mutant TDP-43%3X flanked by LoxP sites under the control of the
prion promoter, leading to TDP-43%%**K expression selectively in
the CNS and skeletal muscle.® These mice exhibit the onset of mo-
tor and cognitive dysfunction at 6 months of age, with a progressive
increase in severity throughout the lifespan (Fig. 1A)."*? Notably,
they recapitulate key features of the disease, including gliosis,
which is concomitant with the onset of motor symptoms.*>*? By
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Q331K in neurons,

immunofluorescence, we detected human TDP-43
astrocytes and oligodendrocytes, not microglia, as previously re-
ported (Fig. 1B).>? By analysing the GFAP-positive cells in the spinal
cord of TDP-43%3™ mice, we confirmed a significant increase of the
GFAP signal at 6 months, but surprisingly, not at 10 months
(Fig. 1C). To investigate the molecular processes leading to age-
dependent gliosis, we immunopurified astrocytes, oligodendrocytes
and microglia from the brain of TDP-43%¥*X mice at the pre-
symptomatic stage (3 months), disease onset (6 months) and ad-
vanced stage (10 months), and performed RNA sequencing analysis
to identify the differentially expressed genes (DEGs) (Fig. 1D-G and
Supplementary Table 1). First, we assessed the purity of each cell
population by evaluating the enrichment of specific markers using cy-
tofluorimetry (Supplementary Fig. 1A) and by comparing the sequen-
cing results with published single-cell analyses®**** (Supplementary
Fig. 1B and C). By performing subtractive transcriptome analysis to de-
termine the DEGs at disease onset with respect to the pre-
symptomatic stage, we found 113 downregulated and 190 upregu-
lated DEGs in astrocytes (Fig. 1D). We found genes controlling cell pro-
liferation and de-differentiation, including trans-acting T-cell-specific
transcription factor GATA-3 (Gata3),* myocyte-specific enhancer fac-
tor 2B (Mef2B),* homeobox protein Hox-C4 (Hoxc4),”” homeobox pro-
tein Hox-B3 (Hoxb3),®® serine/threonine-protein kinase PAK 6
(Pak6)*® and paired box protein Pax-1 (Pax1)* (Fig. 1D). Consistently,
among the downregulated DEGs, we found genes that suppress cell
proliferation, such as the cyclin-dependent kinase inhibitor 1A
(Cdkn1a), encoding the CDK inhibitor p21°"*,** and RNA-binding motif
protein 47 (Rbm47), which restrains cell proliferation by inhibiting
Wnt/-catenin signalling. **** Gene ontology (GO) analysis highlighted
the deregulation of the transforming growth factor-beta (TGFp)
pathway, which is a key regulator of astrogliosis**** and accelerates
disease progression in SOD1%%*# mice, contributing to astrocyte-
mediated inflammation®® (Fig. 1D). In oligodendrocytes at disease
onset with respect to the pre-symptomatic stage, we found 282 down-
regulated and 1443 upregulated DEGs (Fig. 1E and Supplementary
Table 1). Interestingly, the GO analysis of oligodendrocytes high-
lighted an increase in terms associated with extracellular matrix
organization, like yes-associated protein 1 (Yapl) and piezo type
mechanosensitive ion channel component 1 (Piezol), which mediate
cell differentiation and general myelination®*® (Fig. 1E).

We then analysed the advanced disease stage to determine
whether the cell proliferation and de-differentiation gene signature
persists throughout disease progression. At 10 months, we found
296 downregulated and 557 upregulated DEGs in astrocytes. We
found a different gene signature at this age, with most of them as-
sociated with fibrosis and inflammation (Fig. 1F). The inflammatory
state of late-stage astrocytes was further confirmed by the GO ana-
lysis, which showed upregulation of terms associated with primary
cilium organization and axoneme assembly, typical of C3-positive
reactive astrocytes®® (Fig. 1F). We analysed microglia to determine
whether neighbouring cells that do not express the mutant protein
also show signs of inflammation. At 10 months, we found 115 down-
regulated DEGs and 290 upregulated DEGs. CD11b-positive microglia
presented a TNF-related inflammatory signature, suggesting that ac-
tivation of inflammatory pathways is a non-cell-autonomous pro-
cess (Fig. 1G and Supplementary Table 1).

Based on these observations, we sought to determine whether
active astrocytes show aberrant proliferation in vivo. To address
this question, we performed an immunohistochemistry assay tar-
geting the proliferation marker Ki-67 in the brain of TDP-43%31¥
mice (Fig. 2A). We observed comparable levels of Ki-67-positive cells
between 3 and 6 months but an overall decrease in cell proliferation
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Figure 1 Proliferative and inflammatory phases of astrocytes in TDP-43%*3'¥ mjce. (A) Representative cartoon specifying the time course of the disease
in the transgenic TDP-43%3'X mouse model. (B) Representative confocal images of 3- to 6-month-old TDP-43%*3*¥ mouse brain slices immunostained
with antibodies against NEUN (neurons), GFAP (astrocytes), NG2 (oligodendrocytes), IBA1 (microglia) and humanTDP-43%3¥ (myc-tag). Insets:
Magnified (2x) images of selected areas. Scale bars =20 pm. (C) Representative confocal images (left) and quantification (right) of GFAP expression in
the ventral horn of the lumbar spinal cord. Left: Scale bars = 100 pm. Right: Mean + standard error of the mean; one-way ANOVA analysis followed
by Bonferroni’s post hoc comparisons (n =3 mice for each condition). (D) Left: Gene expression volcano plots of astrocytes isolated from the cortices
and spinal cord of TDP-43¥3?¥ mice at 6 (n=5 mice) versus 3 (n=4 mice) months. Up- and downregulated genes were selected with an
FDR-corrected P-value threshold of 0.1 and a log,FC of 0.75. Right: GO term enrichment analysis from significantly upregulated and downregulated
genes in astrocytes isolated from 6- versus 3-month-old TDP-43%'% mjce. (E) Left: Gene expression volcano plot of oligodendrocytes isolated from
the cortices and spinal cord of TDP-43%**'¥ mice at 6 versus 3 months (n=4 mice per age). Up- and downregulated genes were selected with an
FDR-corrected P-value threshold of 0.1 and a log,FC of 0.75. Right: GO term enrichment analysis from significantly upregulated and downregulated
genes in oligodendrocytes isolated from 6- versus 3-month-old TDP-43%*3'¥ mice. (F) Left: Gene expression volcano plot of astrocytes isolated from
the cortices and spinal cord of TDP-43%3'¥ mice at 10 (n=2 mice) versus 3 (n=4 mice) months. Up- and downregulated genes were selected with
an FDR-corrected P-value threshold of 0.1 and a log,FC of 0.75. Right: GO term enrichment analysis from significantly upregulated and downregulated
genes in astrocytes isolated from 10- versus 3-month-old TDP-43%3'¥ mice. (G) Left: Gene expression volcano plot of microglia isolated from the brain of
TDP-43%3X mice at 10 (n = 4 mice) versus 3 (n = 3 mice) months. Up- and downregulated genes were selected with an FDR-corrected P-value threshold
of 0.05 and a log,FC of 0.75. Right: GO term enrichment analysis from significantly upregulated and downregulated genes in microglia isolated from 10-
versus 3-month-old TDP-43%*3*X mice. FC = fold-change; FDR = false discovery rate; GO = gene ontology.
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at 10 months. To selectively identify proliferating astrocytes, we
quantified the number of GFAP*/Ki-67" cells and found a marked in-
crease in GFAP'/Ki-67" astrocytes in the brain of 6-month-old

P. V. Fioretti et al.

of the cell cycle inhibitors, Cdknla and Cdkn2a, compared to WT as-
trocytes (Fig. 2E). These observations indicate that astrocyte activa-
tion and proliferation occur concomitantly with the onset of motor

dysfunction in a cell-autonomous fashion. Moreover, these patho-

creased proliferation of active astrocytes at disease onset (Fig. 2B). logical processes art.e transient and followed by inflammation at
In vitro, cultured astrocytes isolated from post-natal TDP-43%31K the fully symptomatic stage.

mouse brains (Supplementary Fig. 2A and B) exhibited a significant

increase in proliferation rate by EdU incorporation (Fig. 2C) com-

TDP-43%%X mice compared to 3-month-old mice, indicating in-

pared to wild-type (WT) astrocytes at early passages. Over successive
passages, TDP-43%**'¥ primary astrocytes showed a more pro- To assess the relevance of activated astrocytes expressing mutant

nounced decrease in proliferation rate (Fig. 2D) and an upregulation TDP-43 on the mouse phenotype, we bred the TDP-43%** mjce

A SVZ in TDP-43Q331K
Ki-67 Ki-67 Ki-67

P=0.028
8,
I P=0.0362
Q
L ]
; . 2%
7
0 24
Q
I~
hilh
¥
— —_— — 220
3 6 10

3M 6M 10M Months

Primary astrocytes
EdU Hoechst  EdU Hoechst

SVZ in TDP-439331K

= P=0.0109
o =&
= © 20 ¢
O e e
2 2
®© = 10
B ks
< s
o
3M &M 4 6 Q331K
Months WT TDP—43
D Primary astrocytes E
20— — i [~y —
. 0 WT: y = -0.5516"% + 10.17 g, 4, P=0.0071 D 504 P04
s TDP-43%%: y = -1.089% + 16.84 ] ) &
~ 154 S G 15
® = i
e 0] P=0.0200 £ 2 £10
% 23 X
g 3 1 go.s
3 °1 3 oo
o &k
01 T T ‘s\ &{b
1 2 3 5 e
Passages /n vitro L

Figure 2 The proliferative capacity of TDP-43%3'X astrocytes is enhanced in vivo and in vitro. (A) Representative immunohistochemical staining (left)
and quantification (right) of Ki-67-positive cells in the brain subventricular zone (SVZ) of TDP-43%*3*¥ mice at 3, 6, and 10 months. Normalization was
performed on the total number of cells. Mean + SEM; one-way ANOVA analysis followed by Bonferroni’s post hoc comparisons (n=3 mice).
(B) Representative images (left) and quantification (right) of immunofluorescence staining of Ki-67- and GFAP-positive cells in the SVZ of
TDP-43%3X mice at 3 (n=4 mice) and 6 (n=3 mice) months. Insets: Magnified (3x) images of selected areas. Left: Scale bars = 50 pm. Right: Mean +
SEM; unpaired two-sample Student’s t-test. (C) Representative images (left) and quantification (right) of in vitro proliferation assay of wild-type (WT)
and TDP-43%3*¥ (n = 8 biological replicates) primary astrocytes analysed with EQU staining. Left: Scale bars = 100 pm. Right: Mean + SEM; unpaired two-
sample Student’s t-test. (D) Proliferative capacity of WT and TDP-43%*3*¥ (n = 8 biological replicates) primary astrocytes over three consecutive passages
invitro, calculated as the ratio of EQU-positive cells to the total number of cells; simple linear regression analysis. (E) Relative expression of Cdknla (left)
and Cdkn2a (right) measured through quantitative real-time PCR in WT (n =3 biological replicates) and TDP-43%***¥ (n = 4 biological replicates) astro-
cytes after three passages in vitro. Mean + SEM; unpaired two-sample Student’s t-test. SEM = standard error of the mean.
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with GLAST-Cre™7™? mice for astrocyte-specific expression of from 3 months, as previously described.’ In the rotarod test, both
tamoxifen-activated Cre recombinase.® We then treated the male and female ALS mice showed no overt phenotype in motor dys-
TDP-43%31XxGLAST-Cre*®? mice with tamoxifen at 2 months to al- function at 3 months (Supplementary Fig. 3A). In contrast, at
low astrocyte-selective excision of the TDP-43%*3*¥ transgene in 6 months, TDP-43%**'¥ mice developed significant motor deficits
adult mice (Fig. 3A). In TDP-43%3®xGLAST-Cre* " mice, transgene that worsened by 10 months (Fig. 3E). Astrocyte-specific ablation of
excision occurred in astrocytes, not neurons and oligodendrocytes mutant TDP-43 preserved motor coordination up to 6 months, while
(Fig. 3B and C). Loss of mutant TDP-43 from astrocytes restored the at 10 months, TDP-43%¥xGLAST-Cre®™ ™ mice performed as
GFAP signal back to normal in the spinal cord of 6-month-old TDP-43%%X mice (Fig. 3E). This result was also confirmed by the
TDP-43¥3™xGLAST-Cre®™ ™ mice, indicating that sustained expres- RNA levels of the nerve growth factor receptor (Ngfr) in the gastrocne-
sion of mutant TDP-43 is required for gliosis (Fig. 3D). Next, we evalu- mius muscle. Ngfr is a marker of denervation, specifically expressed
ated the contribution of astrogliosis to the motor and cognitive by glial cells upon nerve damage at the neuromuscular junctions®*>?
phenotypes of this ALS mouse model (Fig. 3A and E-G). We first as- (Supplementary Fig. 3B). Ngfr expression significantly increased at
sessed motor coordination on an accelerated rotarod and muscle 6 months, then decreased at 10 months in TDP-43%*3K mice. Accord-
strength by the grip strength task in pre-symptomatic mice starting ingly, Ngfr levels were significantly upregulated in TDP-43%31¥
A B C
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Figure 3 Reduced astrogliosis correlates with phenotype amelioration in TDP-43%*3?¥ mijce. (A) Timeline for the behavioural assessments. (B) Relative

expression of human TDP-43%3'¥ was measured through quantitative real-time PCR in astrocytes (left) and oligodendrocytes (right) purified from the
mouse brain and spinal cord. Astrocytes: WT n =8, TDP-43%31% n = 5 TDP-43%31¥xGLAST-Cre®""? n = 5 biological replicates; oligodendrocytes: WT n =
4, TDP-43¥5™ pn = 7, TDP-43¥3¥xGLAST-Cre™ "2 n = 7 biological replicates. Mean + SEM; one-way ANOVA analysis followed by Bonferroni’s post hoc
comparisons. (C) Representative confocal images of 3- to 6-month-old TDP-43%*3*¥xGLAST-Cre®®™ mouse brain immunostained with antibodies
against GFAP (astrocytes), NEUN (neurons), IBA1 (microglia), NG2 (oligodendrocytes) and human TDP-43%*3*% (myc-tag). Inset: Magnified (2x) image
of selected area. Scale bars = 20 pm. (D) Representative confocal images (left) and quantification (right) of GFAP expression in the spinal cord of 6-month-
old WT (n=4) and TDP-43¥3™¥xGLAST-Cre® "2 (n = 3) mice. Left: Scale bars = 100 pm. Right: Mean + SEM, unpaired two-sample Student’s t-test. (E-G)
Longitudinal study of behaviour: accelerated rotarod, grip strength and elevated plus maze at 3, 6 and 10 months (n> 16 WT, n> 15 GLAST-Cre®"?,
n>16 TDP-43¥3K n > 12 TDP-43¥3KGLAST-Cre®™ " mice). Mean + SEM, Kruskal-Wallis test followed by Dunn’s post hoc comparisons for rotarod
and grip strength; mixed-effect analysis followed by Bonferroni’s post hoc comparisons for elevated plus maze. SEM = standard error of the mean;
WT =wild-type.
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XGLAST-Cre™ 2 mice at 10 months, showing additional evidence of
postponed onset of the pathology in mice with astrocyte-specific re-
moval of mutant TDP-43 (Supplementary Fig. 3B).

Muscle strength was slightly but significantly decreased in
TDP-43931K gnd TDP-43%3KxGLAST-Cre®®™ mice at 3 months,
and ablation of TDP-43%%¥ did not significantly ameliorate this dis-
ease feature at 6 and 10 months (Fig. 3F and Supplementary Fig. 3C),
suggesting that astrocyte-specific removal of mutant TDP-43 is not
sufficient to rescue muscle pathology in vivo. Next, we analysed the
effect of astrocyte-specific expression of TDP-43%3'X on cognitive
functions. We analysed disinhibition by exploiting the Elevated
Plus Maze test, which quantifies the propensity to spend time in
open (O) versus enclosed (E) arms. Mice displaying disinhibition
tend to spend more time in the open arms of the maze.**** As pre-
viously observed in TDP-43 mice, we detected a significant cognitive
decline in TDP-43%*3*¥ mijce at 6 months compared to age- and sex-
matched WT and GLAST-Cre®™®™ mice (Fig. 3G and Supplementary
Fig. 3D). This phenotype was rescued by ablation of TDP-43%3K ex-
pression in astrocytes (Fig. 3G). Our results indicate that GFAP in-
crease correlates with symptom onset and progression in
TDP-43%3'K mice, and that selective removal of TDP-43 from astro-
cytes delays the onset and slows the progression of the disease.

To identify potential factors predisposing glial cells to transient ac-
tivation and proliferation in patients with ALS, we analysed
genome-wide association studies (GWAS) to identify single-
nucleotide polymorphisms (SNPs) within transcription factor (TF)
binding sites. We used signed linkage disequilibrium profile
(SLDP) regression, which focuses on the responsive elements
bound by TFs and assesses whether introducing SNP alleles in the
DNA sequence increases or decreases TF binding.>® We ran SLDP re-
gression using 382 available TF annotations® on GWAS summary
statistics from 29 612 patients with ALS versus 122 656 healthy con-
trols.>® We detected 40 significant associations at a per-trait false
discovery rate (FDR) of <5%. All these associations were positive, sug-
gesting enhanced binding of several TFs, including RE1-silencing
transcription factor (REST), rest corepressor 1 (CoREST),
chromodomain-helicase-DNA-binding protein 2 (CHD2) and specific
protein 1 (SP1) (Fig. 4A and Supplementary Table 2), whose increased
activity has been previously associated with AD,”” Huntington’s dis-
ease”® and TDP-43 pathology in flies.** Among the positive hints, we
noticed representative members of the basic helix-loop-helix TF
family, namely MYC, a well-known master regulator of cell prolifer-
ation, protein translation and cell metabolism, Myc-associated fac-
tor X (MAX), which is the c-Myc binding partner, and
Max-interacting protein 1 (MXI1), which competes with MYC for
binding with MAX.®® Using STRING to assess predicted protein-
protein interactions (https:/string-db.org), we observed a hub
around MYC (Fig. 4B).®° These results suggested that the activity of
MYC is dysregulated in ALS.

To correlate the results of the SLDP regression based on GWAS
in patients with ALS to the RNA sequencing analysis performed in
TDP-43%3% mice at 3, 6 and 10 months, we took advantage of a com-
putational analysis designed to assess whether alterations in MYC
activity influence gene expression. TF activity can be inferred robust-
ly from transcriptomic data.®’ By comparing MYC target genes with
the DEGs observed in astrocytes and oligodendrocytes at 6 months
versus 3 months, we found a statistically significant impact of
MYC activity on gene expression changes (Fig. 4C and D). No
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significant correlation was retrieved from DEGs observed in astro-
cytes and microglia at 10 months versus 3 months in TDP-43%31K
mice (Fig. 4E and F). These observations indicated that dysregulation
of MYC activity might be responsible for the transitory proliferation
of astrocytes at disease onset in TDP-43%*** mice.

We next sought to shed light on the role of MYC in ALS. By analysing
the levels of c-Myc mRNA by quantitative RT-PCR and RNAscope®
assay, we found no difference in the mRNA transcript levels in
WT and TDP-43%**¥ astrocytes (Fig. 5A and Supplementary Fig.
4A). Considering the pivotal role of TDP-43 in post-transcriptional
regulation of RNA homeostasis,®> we asked whether c-Myc mRNA
stability is affected in TDP-43%*'¥ astrocytes. By RNA immunopre-
cipitation (RIP) assay in astrocytes expressing either normal or mu-
tant HA-tagged TDP-43, we found that TDP-43WT and TDP-43%31K
equally bind the c-Myc transcript (Supplementary Fig. 4B). To evalu-
ate the decay rate of c-Myc mRNA in normal and mutant astrocytes,
we inhibited transcription by actinomycin D treatment for different
time points and measured c-Myc mRNA abundance by quantitative
RT-PCR. We detected no significant difference in c-Myc mRNA half-
life upon TDP-43%*3'X expression (Supplementary Fig. 4C). Total
MYC protein content was unaffected by mutant TDP-43 expression
in primary astrocytes (Fig. 5B). By cycloheximide chase assay, we
found no significant change in MYC protein stability in TDP-43%31¥
astrocytes compared to control astrocytes (Supplementary Fig. 4D).
These results indicate that expression of TDP-43%¥*¥ does not
affect c-Myc transcript and protein levels and stability in astrocytes.
We thus asked whether TDP-43% modifies MYC activity.
Phosphorylation at serine 62 (S62) and threonine 58 (T58) controls
both MYC degradation and its binding to chromatin, thereby regulat-
ing MYC transcriptional activity.®*®® To test the correlation between
MYC phosphorylation and MYC activity in vitro, we expressed
phospho-defective (MYCT845524) or phosphomimetic (MYCT>8P-562P)
mutant MYC in HEK293 cells and in primary astrocytes and per-
formed a transcriptional assay using a reporter vector bearing the
firefly luciferase gene under the control of MYC-responsive elements.
We observed increased MYC transcriptional activity upon expression
of MYC,T>8P562P indicating that phosphorylation at S62 and T58 corre-
lates with enhanced MYC transcriptional activity (Fig. 5C and D and
Supplementary Fig. 4E). Accordingly, we found significantly increased
MYC activity in TDP-43%3!¥ astrocytes and in HEK293 overexpressing
TDP-43"T compared to control conditions (Fig. 5SE and Supplementary
Fig. 4F). Using a specific antibody that recognizes MYC when phos-
phorylated at S62 and T58, we revealed a significant increase of phos-
phorylated MYC in ALS astrocytes and in HEK cells overexpressing
TDP-43"T (Fig. 5F and G and Supplementary Fig. 4G). Importantly,
phosphorylated MYC was also increased in human-induced neural
progenitor cell (NPC)-derived astrocytes directly reprogrammed
from fibroblasts donated by two C9ORF72 patients and two patients
with sporadic ALS (Fig. 5H).®”

Finally, we observed a correlation between MYC phosphoryl-
ation and the proliferative status of astrocytes in vitro. In passage
1 astrocytes, which exhibit higher proliferative capacity (Fig. 2C),
phosphorylated MYC is increased (Supplementary Fig. 4H).
Conversely, in low proliferative senescent astrocytes at passage
three (Fig. 2D and E), phosphorylated MYC is turned off
(Supplementary Fig. 4I). Taken together, these results indicate
that MYC activity is aberrantly activated in ALS astrocytes.
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Figure 4 Transcriptional dysregulation in amyotrophic lateral sclerosis is associated with a MYC-centred hub. (A) —Log;,(P) against the estimated ef-
fect size for the SLDP regression. Red points represent transcription factors with significant associations; non-significant associations are coloured in
grey. (B) STRING-generated interaction network among selected enriched KEGG pathways. The network image shows a hub around MYC. (C-F) Green
dots represent differentially expressed MYC-target genes in the comparison indicated in the plot’s title (log,FC > 0.5 or log,FC < 0.5, Pogj < 0.05). The
P-value indicates the significance of MYC inferred activity relative to a random background model (from decoupleR). The MYC targets are the ones de-
fined in the CollecTRI regulons database (see the ‘Materials and methods’ section in the Supplementary material). FC = fold-change; SLDP = signed link-

age disequilibrium profile.

To test whether MYC is also phosphorylated in neurons, as pre-
viously reported,®® we analysed total MYC and activated MYC levels
ininduced pluripotent stem cell (iPSC)-derived motor neurons from
C9ORF72, mutant TDP-43 (TDP-43™**V) mutant SOD1 (SOD1"*4T)
or patients with sporadic ALS. The levels of total MYC were

generally unaffected by ALS mutations but increased in the sporad-
icline (Supplementary Fig. SA and B), whereas phosphorylated MYC
levels were consistently increased across all ALS conditions
(Supplementary Fig. 5C and D). These results suggest that MYC is
usually hyperactivated across different cell types in in vivo and
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Figure 5 Phosphorylated MYC is aberrantly increased in astrocytes in several in vitro models of amyotrophic lateral sclerosis. (A) Representative con-
focal images (left) and quantification (right) of c-Myc RNA expression in primary astrocytes through RNAscope staining. Left: Scale bar = 20 pm. Right:
Mean + SEM, unpaired two-sample Student’s t-test. Data are reported as RNA molecules/cell. (n = 3 biological replicates, with over 400 cells observed
per condition). (B) Immunoblotting analysis (left) and quantification (right) of MYC expression in WT and TDP-43%*3*¥ primary astrocytes. Right: Mean +
SEM, unpaired two-tailed Student’s t-test (n =8 biological replicates per genotype). (C and D) Left: Inmunoblotting analysis of V5-tagged phospho-
defective (58A62A) and phosphomimetic (58D62D) MYC expression in WT (C) and TDP-43%3'¥ (D) primary astrocytes. Right: Luciferase reporter assay
showing MYC transcriptional activity in WT (C) and TDP-43%*3'¥ (D) primary astrocytes expressing phospho-defective (AA) and phosphomimetic (DD)
MYC. Mean + SEM, paired two-tailed Student’s t-test (n = 6 biological replicates per genotype). (E) Luciferase reporter assay showing MYC transcription-
al activity in WT and TDP-43%*¥ primary astrocytes. Mean + SEM, one-way ANOVA analysis followed by Bonferroni’s post hoc comparisons (n = 7 bio-
logical replicates for WT, n =10 for TDP-43%*3*¥)_(F and G) Representative confocal images (left) and quantification (right) of nuclear signal of primary
TDP-43%31X (F) or SOD1%°%4 (G) murine astrocytes immunostained with antibodies against p-MYCTh*#/5¢72 GFAP or Vimentin. Scale bars=10 and
20 pm, in F and G, respectively. Mann-Whitney test (n =3 biological replicates for TDP-43%*3™8 and n > 4 for SOD1%°*#, with over 500 and 1000 nuclei
observed per condition, respectively). (H) Representative images (left) and quantification (right) of iNPC-derived astrocytes derived from C9ORF72 or
sporadic ALS patients immunostained with antibodies against p-MYCT?58/5¢162 and Vimentin. Scale bars = 50 um. Kruskal-Wallis test followed by
Dunn’s post hoc comparisons (n=2 differentiation replicates for CTRL, n=1 for C9orf72 1, n=3 for C90rf72 2, n=3 for sALS 1, n=3 for sALS 2, with
over 240 nuclei observed per condition). iNPC = induced pluripotent stem cell-derived neural progenitor cell; sALS = sporadic amyotrophic lateral scler-
osis; SEM = standard error of the mean; WT = wild-type.
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in vitro models of ALS, validating the prediction of the SLDP regres-
sion performed on GWAS data.

To assess the impact of overactivated MYC in ALS, we crossed the
TDP-43%31XxGLAST-Cre™®™ mice with R26StopFLMYC mice carry-
ing a floxed STOP cassette that prevents the expression of c-MYC
(Fig. 6A). Upon tamoxifen injection, we generated mice with
astrocyte-specific overexpression of MYC in the absence of
TDP-43%3X (Supplementary Fig. 6A). If MYC activation is a down-
stream effect of TDP-43 gain of function in ALS, we would expect to ob-
serve motor neuron damage in the triple transgenic mice
(MYC-StopxTDP-43%31 X GLAST-Cret® "), First, we investigated neur-
onal degeneration by performing Nissl staining in the spinal cord to as-
sess motor neuron loss. As expected, starting at symptom onset
around 6 months, TDP-43%*'¥ mice showed a reduction in healthy
motor neurons along with an increase in enlarged motor neurons
with cytoplasmic vacuolization® (Fig. 6B and C and Supplementary
Fig. 6B). On the contrary, TDP-43%3™xGLAST-Cre*™ ™™ mice maintained
a high number of healthy neurons at 6 months (Fig. 6B and C), consist-
ent with improved motor performance in the rotarod test upon mu-
tant TDP-43 removal from astrocytes, as shown in Fig. 3E. In
MYC-StopxTDP-43%3¥xGLAST-Cref®™  mice, which exhibit
astrocyte-specific TDP-43%*™% depletion and concurrent c-MYC overex-
pression, motor neurons show an enlarged morphology and signs of
induced neurotoxicity, mimicking the phenotype observed in
TDP-43%3'¥ mice. Secondly, we measured neurofilament light chain
(NFL), a well-established biomarker of motor neuron degeneration.”®
NFL is increased in TDP-43¥*X mice at 6 months (Fig. 6D).
Astrocyte-specific ablation of TDP-43%%¥ reduced plasma NFL levels,
whereas c-MYC overexpression increased NFL levels and dramatically
reduced lifespan (Fig. 6D and E).

To exclude the fact that these mice died earlier because of glio-
blastoma, we analysed the expression of Ki-67 in the brain as a tu-
mour marker. We included a validated model of medulloblastoma
with combined OTX2 and c-MYC overexpression as a positive con-
trol,”* where we found an evident Ki-67 staining at the level of
the tumour. However, we did not detect any signal in mice with
astrocyte-specific overexpression of c¢c-MYC alone or c-MYC/
TDP-43%3™X together (Supplementary Fig. 6C).”?

Taken together, these results indicate that MYC overexpression
in astrocytes is sufficient to cause motor neuron toxicity in vivo and
suggest that MYC acts downstream of TDP-43%*3'¥ in astrocytes to
cause motor neuron dysfunction and premature death.

To map the downstream pathways affected by MYC hyperactiva-
tion in ALS astrocytes, we cultured primary astrocytes from
TDP-43%3X mice and treated them with Omomyc, a dominant-
negative mini-protein that halts MYC binding to chromatin.”*”*
To minimize off-target effects, we titrated Omomyc to determine
the minimal effective dose and shortest exposure time required
to obtain a significant reduction of MYC transcriptional activity.
We treated astrocytes with 20, 40 and 60 pM Omomyc and detected
the luciferase signal after 48 and 72 h. As shown in Fig. 6F, treat-
ment with 40 pM Omomyc for 48 h is sufficient to significantly re-
duce MYC transcriptional activity in TDP-43%3!X astrocytes. By
bulk RNA sequencing analysis, we observed a significant
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modulation of genes involved in lipid transport, such as Abcgl,
cell chemotaxis, such as Mmp9, and several chemokines, namely,
Cxcl2, Ccl2 and the small heat shock protein Hspb1, all previously in-
vestigated in ALS’®7® Of relevance, we also report
Omomyc-dependent inhibition of Socs3, which is directly involved
in the activation of the JAK-STAT3 pathway, implicated in astrocyte
reactivity and gliosis (Fig. 6G and H and Supplementary Table 3).

These findings support a key role for hyperactivated astrocytic
MYC in triggering early astrogliosis as a precursor to inflammation
in the TDP-43%**1¥ model.

To define the specific contribution of increased MYC phosphoryl-
ation on the proteome of TDP-43%*3*¥ astrocytes, we performed a
label-free proteomic analysis on control astrocytes compared to as-
trocytes expressing TDP-43%3'X or MYC. The comparison between
WT and TDP-43%3™¥ astrocytes revealed 57 differentially upregu-
lated proteins (Fig. 7A). Remarkably, 54% of the upregulated targets
overlapped with the differentially upregulated proteins in WT as-
trocytes overexpressing MYC (Fig. 7A and Supplementary
Table 4). Conversely, a minimal overlap was observed in downregu-
lated proteins, confirming that MYC is a positive regulator of gene
transcription that primarily promotes expression of its targets.®°

The GO analysis of upregulated proteins highlighted an enrich-
ment of biological pathways involved in cell-to-cell interaction
and signal transmission (Fig. 7B). The heat map in Fig. 7C (left)
shows that several upregulated proteins in TDP-43%3K. or
MYC-overexpressing astrocytes, such as SIGLEC1, IFITM3 and
PAWR, participate in neuroinflammatory events, confirming the re-
sults obtained from the transcriptomic analysis on ALS astrocytes
treated with Omomyec (Figs 6G and 7C). Other upregulated proteins
act as splicing factors (SRSF3, HMGNS5) or are involved in RNA me-
tabolism and RNA modification (MFAP1a, RBM27), further confirm-
ing TDP-43 gain-of-function in this specific ALS/FTD model.*' The
proteomic analysis also revealed an increase in proteins involved
in translation (EIF4b, MRPS30) (Fig. 7C). Accordingly, by measuring
the total protein amount per cell, we found a higher protein-to-cell
ratio in TDP-43%%™X astrocytes, indicating increased cell biomass
compared to controls (Supplementary Fig. 7A). Finally, among pro-
teins related to intercellular communication, charged multivesicu-
lar body protein 2b (CHMP2b), charged multivesicular body protein
4b (CHMP4b), synergin-gamma (SYNRG) and angiomotin-like pro-
tein 1 (AMOTL1) participate in endosomal formation, multivesicu-
lar body (MVB) maturation and vesicular trafficking (Fig. 7C).

MYC has previously been shown to exert a repressive function
on lysosome biogenesis,”® a process that is defective in ALS.2%8!
Consistently, we detected decreased levels of the lysosomal
protein LAMP-1 in TDP-43%3¥ astrocytes by immunoblotting
(Supplementary Fig. 7B). When lysosome function is inhibited, cells
favour the maturation of MVBs into EVs, resulting in increased EV re-
lease as an alternative strategy to remove damaged proteins.®?%°
Changes in EV production or cargo may contribute to the intercellu-
lar miscommunication previously described in ALS.>%%¢88 Thus, we
tested whether TDP-4393™¥ gstrocytes exhibited altered EV produc-
tion. We isolated the EVs derived from astrocytes (Supplementary
Fig. 7C) and confirmed EV purity by immunoblotting that revealed
expression of specific EV markers, but not intracellular markers
(Supplementary Fig. 7D).2° Using cryo-electron microscopy, we
detected EVs from both WT and TDP-43¥3¥ astrocytes
(Supplementary Fig. 7E). By nanoparticle tracking analysis, we
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Figure 6 MYC overactivation mimics TDP-43-induced neurodegeneration, and its inhibition prevents the activation of neuroinflammatory signalling
pathways. (A) Representative cartoon specifying mouse lines used in B-E. (B) Representative images (left) showing Nissl staining of motor neurons in
the spinal cord of 6-month-old mice. Scale bar = 50 pm. Inset: Magnified (3x) image of selected areas. (C) Quantification of the number of neurons with
healthy morphology from B. Mean + SEM, one-way ANOVA analysis followed by Bonferroni’s post hoc comparisons (n = 3 mice per genotype). (D) Plasma
NFL levels in 6-month-old mice. Mean + SEM, one-way ANOVA analysis followed by Bonferroni’s post hoc comparisons (n =6 WT,n = 7 TDP-43%3K n =7
TDP-43¥31KGLAST-Cref"2, n = 8 MYC-Stopx TDP-43%3KxGLAST-Cre™ ™ mice). (E) Survival curve of behaviourally tested mice. Kaplan-Meier simple
survival analysis. (n=19 WT, n=18 GLAST-Cre"™®?, n=17 TDP-43%**1X n =17 TDP-43¥3XGLAST-Cre®™® "2, n=12 MYC-StopxGLAST-Cre®™®™2, n=14
MYC-StopxTDP-43%31XxGLAST-Cre®® "2 mice). (F) Luciferase reporter assay showing MYC transcriptional activity in TDP-43%*3*¥ primary astrocytes
treated with Omomyc for 48 h (top) and 72 h (bottom). Mean + SEM, one-way ANOVA analysis followed by Bonferroni’s post hoc comparisons (n =2 bio-
logical replicates). (G) GO term enrichment analysis from significantly deregulated genes (log,FC > 0.5 and log,FC < 0.5, P,4; < 0.05) in primary astrocytes
(TDP-43%3™% mice) treated with Omomyc versus vehicle (n = 3 biological replicates per condition). (H) Enrichment by pathway terms visualized using
the Gene concept network (cnet plot) function for protein interactions regarding the GOs ‘lipid transport’, ‘regulation of receptor signaling pathway via
JAK-STAT’ and ‘cell chemotaxis’ presented in G. FC = fold-change; GO = gene ontology; SEM = standard error of the mean; WT = wild-type.
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Figure 7 Increased MYC in TDP-43%*3'X astrocytes drives the release of altered extracellular vesicles that do not support receiving neurons. (A) Venn
diagram depicting common up- and downregulated proteins between TDP-43Q331K astrocytes and wild-type (WT) astrocytes overexpressing MYC
(WT MYC OE). (B) GO term enrichment analysis from the shared upregulated proteins between the TDP-43%**'¥ astrocyte and the WT astrocyte over-
expressing MYC. (C) Heat map representation, based on log,-normalized protein abundance, showing the relative abundance of common up- and down
regulated proteins (left and right, respectively) between TDP-43%*3*¥ and WT astrocytes overexpressing MYC, as measured by quantitative LC-MS/
MS-based proteomic analysis. (D) Schematic representation of the neuronal viability experiment. (E) Neuronal survival assay of WT cortical neurons
after 7 (DIV14) and 11 (DIV18) days of treatment with extracellular vesicles (EVs) derived from WT, WT MYC OE, and TDP-43%3¥ gstrocytes. Mean +
SEM, two-way ANOVA analysis followed by Tukey’s post hoc comparisons (n =2 biological replicates, data are represented as viability percentage in a
single field of view). (F) Venn chart representing common up- and downregulated proteins between EVs derived from TDP-43%%3*% astrocyte or WT
astrocyte overexpressing MYC. (G) GO term enrichment analysis from the shared upregulated proteins between EVs from TDP-43%3*¥ astrocytes or
WT astrocytes overexpressing MYC. (H) Heat maps showing the relative abundance of common up- and downregulated proteins (left and right, respect-
ively) between EVs derived from TDP-43%3'¥ astrocyte or WT astrocyte overexpressing MYC, as quantified by proteomic analysis. DIV = days in vitro;
GO = gene ontology; LC-MS/MS =liquid chromatography-tandem mass spectrometry; SEM = standard error of the mean.
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quantified the number of EVs produced by WT and TDP-43%%1¥ 5.
trocytes in large EVs and small EVs. We observed a significant in-
crease in small EVs, which mostly derive from MVBs
(Supplementary Fig. 7F).2?

Altogether, these results indicate that the endosomal and lyso-
somal pathways, along with EV secretion, are altered in
TDP-43%31K astrocytes, suggesting that functional communication
between astrocytes and nearby neurons might be compromised.
Moreover, our proteomic analysis in MYC-overexpressing astro-
cytes hints towards a role for overactivated MYC in
astrocyte-to-neuron miscommunication in the TDP-43%3'K ALS
model.

To determine the functional consequences of altered EV release, we
investigated whether TDP-43%®*¥ astrocyte-derived EVs influence
the physiology of receiving neurons. First, we tested if glia EVs
could enter primary neurons. After transducing primary astrocytes
with CD63-eGFP (Supplementary Fig. 7G) and purifying EVs, we in-
cubated WT neurons with fluorescent-tagged EVs and quantified
the signal of internalized EVs (Supplementary Fig. 7H and I).
TDP-43%31K and WT astrocyte-derived EVs had a similar propensity
to be taken up by receiving cells and enter WT neurons
(Supplementary Fig. 7I). To develop reproducible in vitro models
for neuronal toxicity, we set up an in vitro assay to follow neuronal
viability over time upon EV treatment (Fig. 7D and Supplementary
Fig. 7J). We transduced WT and TDP-43%®3*¥ cortical neurons with
a lentivirus expressing the fluorescent protein mCherry to image
them over time. We performed a first live acquisition at Day in vitro
(DIV) 7, followed by EV treatment. Live imaging acquisitions were
performed at DIV 14 and 18 to verify how the treatment affected
neuronal viability. The neuronal count was performed by applying
a specific threshold on the mCherry fluorescent signal, using the
addition of complete media and B27 removal as control and death
conditions, respectively (Supplementary Fig. 7]).

Interestingly, EVs from WT astrocytes exerted a significant pro-
survival effect on WT neurons compared to untreated controls at
DIV 14 and 18 (Fig. 7E). Conversely, both EVs produced by WT astro-
cytes overexpressing MYC and EVs derived from TDP-43%*3'¥ astro-
cytes lost this protective effect on WT neurons, indicating that
astrocyte-derived EVs have an altered biological effect on nearby
neurons (Fig. 7E). Altogether, these results show that alterations
in EV release trigger astrocyte-to-neuron miscommunication, re-
sulting in astrocyte loss-of-function and reduced support to neigh-
bouring neurons in the TDP-43%*3'¥ ALS model.

To characterize the differential cargo composition of astrocyte-
derived EVs, we performed a label-free proteomic analysis in EVs
released by control astrocytes, astrocytes expressing TDP-43%31K
or MYC. The comparison between WT and TDP-43%3'X EVs resulted
in 46 differentially upregulated proteins, 63% of which overlapped
with the upregulated proteins in EVs secreted by WT astrocytes ex-
pressing MYC (Fig. 7F). The GO analysis clearly shows that most of
the upregulated targets in EVs released by TDP-43%3K. or
MYC-overexpressing astrocytes are linked to RNA processing and
RNA modification (Fig. 7G), such as serine/arginine-rich splicing
factor 1 (SRSF1) and 3 (SRSF3) (Fig. 7H, left). Interestingly, we also
observed a significant increase in factors regulating the apoptotic
signalling pathway (e.g. TKT, TUFM, ATXN2l, THUMPD1) (Fig. 7H,
left), while among the downregulated cargos (Fig. 7H, right), most
of the proteins are constituents of the extracellular matrix,

P. V. Fioretti et al.

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

We wondered if any of the EV alterations observed in TDP-43%31¥
primary astrocytes could be retrieved in patients with ALS at the
time of diagnosis. We analysed the EVs in the CSF of 19 patients
with ALS and 10 patients with hydrocephalus as controls
(Supplementary Table 5). We used a multiplex bead-based cyto-
fluorometric assay to provide simultaneous semiquantitative mea-
sures of 37 transmembrane proteins commonly expressed in
brain-derived EVs® (Supplementary Fig. 8A).

First, we examined whether we could detect any differences in
established markers specific for EVs released by different cell popu-
lations of the nervous system, namely NCAM and PSA-NCAM for
neurons, 04 for oligodendrocytes, CD140a for oligodendrocyte pre-
cursor cells (OPCs), GLAST for astrocytes and CD11b for microglia
(Fig. 8A). The relative levels of NCAM and its post-translationally
modified isoform PSA-NCAM were significantly reduced in ALS
CSF, along with O4, a marker of mature oligodendrocyte-derived
EVs (Fig. 8A). CD140a, also known as platelet-derived growth factor
receptor-alpha (PDGFRa), is specifically expressed by immature
OPCs and was increased in ALS CSF, suggesting an imbalance be-
tween mature and immature oligodendrocytes at diagnosis in pa-
tients with ALS (Fig. 8A). No significant changes were observed for
astrocyte and microglia EVs (Fig. 8A). We then observed that specif-
ic EV markers, namely CD9 and CD63, were reduced in the CSF of
patients with ALS, supporting the hypothesis that altered MYC ac-
tivity leads to alterations in EV subpopulations (Fig. 8B).
CD47-positive EVs, instead, were significantly enriched in ALS
CSF (Fig. 8C). Conversely, we noticed that proteins involved in cell
adhesion and signalling to the immune system, such as CD36,
CD38, CD44 and CX3CR1, were all decreased in ALS EVs compared
to controls, as observed in EVs derived from TDP-43%3™¥ astrocytes
(Fig. 8C and D). Integrins or their classical interaction partners
showed a similar relative amount in ALS and control CSF
(Supplementary Fig. 8B).

Although CSF EVs comprise EVs derived from different neuronal
and glial cells, these results confirm a global alteration of EV subpo-
pulations in ALS. The decrease in neuronal and mature oligo-
dendrocyte EVs clearly reflects the pathological situation, while
the increase in EVs derived from oligodendrocyte precursors is con-
sistent with our observation of an initial disease phase character-
ized by glia de-differentiation.

Discussion

We identified two phases of astrocyte activation in a slowly pro-
gressive in vivo model of ALS, consistent with previous reports in
brain injury models.’® Astrocytes respond to various pathological
insults affecting the CNS, including acute injuries, such as ischae-
mia, traumatic brain injury, spinal cord injury and infections, as
well as progressive disorders, such as neurodegenerative diseases
and multiple sclerosis. These responses typically involve changes
in cellular morphology and increased expression of intermediate
filament proteins, including GFAP and vimentin.’? In our model,
we observed a peak in GFAP expression during the early symptom-
atic stages, characterized by astrocyte proliferation. Subsequently,
GFAP levels decline as the neuroinflammatory response is acti-
vated. Accordingly, GFAP immunoreactivity in postmortem ALS
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Figure 8 Altered CSF-derived extracellular vesicle populations in patients with amyotrophic lateral sclerosis. (A-D) Brain-specific extracellular vesicle
(EV) markers were measured with the MACSPlex EV Kit Neuro in CSF from patients with amyotrophic lateral sclerosis (ALS) and controls (Ctrl). Data are
presented in subgroups highlighting: (A) markers of distinct cell populations of the nervous system, (B) EV-specific markers, and (C and D) markers
involved in cell adhesion and signalling to the immune system with either a significant difference (C) or a trend (D). The y-axis shows the median fluor-
escence intensity (MFI, expressed as arbitrary units A.U.) of APC post background correction. Mean + standard error of the mean, unpaired two-tailed
Student’s t-test or Mann-Whitney test, depending on normality (n =10 controls, n=19 ALS patients).

tissue is comparable to that in healthy controls.”® Nevertheless, ex-
tensive evidence derived from post-mortem studies reports wide-
spread reactive neuroinflammation in ALS.2°*° Astrocyte
reactivity upon expression of mutant TARDPB, VCP, SOD1 and
C9orf72 has also been confirmed in vitro under cell-autonomous
conditions.®” However, the precise timeline of astrocyte phenotypic
changes remains poorly understood.

The GWAS analysis we performed on TF binding sites revealed
that a network of TFs linked to MYC is predicted to have a deregu-
lated function in ALS, and we further validated MYC as a critical
player in astrocyte activation in ALS. Astrocyte reactivity involves
a range of transcriptional and functional alterations that are still
being explored. The most prominent evidence is that phosphory-
lated signal transducer and activator of transcription 3 (STAT3) is
the master regulator of several reactive astrocyte phenotypes.’®
Increased phosphorylated STAT3 or the upregulation of its down-
stream targets has been reported in acute and chronic conditions,
including ALS.*® Treatments such as Janus kinase (JAK) inhibi-
tors’® or niclosamide have been shown to inhibit the STAT3 path-
way, reduce gliosis, and exert neuroprotective effects in ALS.'?
Accordingly, the RNA sequencing of Omomyc-treated primary as-
trocytes showed a direct regulation of Socs3, a well-known inhibitor
of the STAT3 pathway.'®? This finding hints at MYC’s role in shap-
ing astrogliosis as an inflammatory precursor, thereby supporting
the concept that astrocyte activation and inflammation represent
downstream pathological events in the TDP-43%*3* mouse model.

We observed a significant increment of phosphorylated MYC in
primary astrocytes derived from transgenic mouse models expres-
sing either human TDP-43%3¥ or SOD1%9*4 and in induced pluripo-
tent stem cell-derived neural progenitor cell (iNPC)-derived human
astrocytes from sporadic ALS cases or presenting a pathological ex-
pansion in the C9orf72 gene. c-MYC is one of the most common dys-
regulated oncogenes in cancer expressing either human
TDP-43%31K or SOD1%*4 and in iNPC-derived human astrocytes
from sporadic ALS cases or presenting a pathological expansion
in the C9orf72 gene. c-MYC is one of the most common dysregulated

oncogenes in cancer,®® and its expression is tightly regulated by
continuous phosphorylation, ubiquitination and degradation.'®®
MYC is phosphorylated by mitogen-activated protein kinases
(MAPKs)'®* and dephosphorylated by protein phosphatase 2A
(PP2A).%° Hyperactivation of MAPKs, such as ERK1/2 and p38, has
been reported in ALS'>"'%” and may contribute to MYC phosphoryl-
ation in gliosis. In contrast, PP2A has been reported as inhibited in a
transgenic model of AD, showing gliosis.’®® Based on this evidence,
we propose that dysregulation of the MAPK pathway or PP2A activ-
ity may contribute to the enhanced MYC phosphorylation observed
in ALS astrocytes.

Here, we report that phosphorylated MYC is also augmented in
ALS motor neurons. We analysed human motor neurons derived
from iPSCs carrying mutations in TDP-43, SOD1 and C9ORF72, and
those of sporadic patients. We recognize that we used a small num-
ber of iPSC lines per condition, with lines derived from control indi-
viduals and no isogenic controls, and this represents a limitation in
our analyses. Consequently, the increase in phosphorylated MYC
observed should be considered as a preliminary indication of
MYC alterations in ALS motor neurons, which needs further inves-
tigation. However, the results were consistent in all the motor neur-
onal lines analysed. We speculate that MYC alterations observed in
neuronal cells may predispose them to aberrant cell cycle re-entry.
Cell cycle re-entry and neuronal de-differentiation have been re-
ported in AD iPSC neurons,'® and cell-cycle re-entry-induced neur-
onal death has been associated with DNA damage response in
post-mitotic neurons in ageing and AD,' traumatic brain in-
jury,’™* ALS and FTD."%'** DNA damage response is a common
phenomenon observed in ALS, occurring in models carrying muta-
tions in SOD1,** C9ORF72,1*>1% FUS' and TDP-43.1*® Of interest,
DNA damage can activate the transcription factor p53, whose
knockout or silencing proved beneficial effects in rescuing
C9ORF72 disease models.”® The involvement of p53, the genome’s
guardian, and MYC, the super manager of gene transcription, high-
lights the relevance of chromatin regulation, TF binding and epi-
genetic alterations in neurodegenerative diseases like ALS.
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We showed that astrocytes expressing mutant TDP-43 fail to
support neurons. Contrasting results were reported regarding the
impact of mutant TDP-43-expressing astrocytes on neuronal
survival.?>?® In our TDP-43%3' model, we report the inability
of astrocyte-derived EVs to support neurons due to a variation in
their composition. The loss of pro-survival signals observed in
EVs released by transgenic astrocytes correlated with reduced ex-
pression of CD44 on the surface of CSF EVs isolated from patients
with ALS. CD44 is a membrane glycoprotein involved in several cel-
lular processes, including growth, survival, differentiation and mo-
tility.»** Decreased CD44 levels in CSF-derived EVs from patients
with ALS suggest a loss of pro-survival signalling during early
phases of the disease. Moreover, CD44 interacts with CD47, CD38,
ICAM-1, CD36 and CX3CR1, all of which are associated with regula-
tory T cells, which are deregulated in ALS.'*

Alterations in glial-derived EVs in the CSF have been previously
reported in a swine model of ALS carrying a mutation in SOD1.'2
Similar to our findings, EVs originating from OPCs were increased
at early symptomatic stages and matched with previous reports
showing enhanced proliferation of NG2-positive OPCs prior to mo-
tor neuron degeneration in SOD1%°** mice.’®*?® In contrast,
TMEM119, a microglia-specific marker, was augmented only at later
phases of the disease,'? suggesting that monitoring brain-derived
EVs in ALS CSF could be helpful in following disease progression.
Furthermore, we also reported a decrease in neuron-specific EVs
and mature oligo-specific EVs at the time of disease diagnosis.
NCAM- and O4-positive EVs, along with CD140a-positive EVs,
should be considered for disease progression tracking, paired
with the measurement of plasma NFL levels.

In conclusion, our results suggest that astrocyte de-
differentiation and proliferation occur before the onset of neuroin-
flammation in ALS, disrupting the astrocyte-mediated supporting
function. Specific biomarkers reflecting these different phases of
the disease should be further investigated in patients.
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