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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease which currently lacks effective treatments. Mutations 
in the RNA-binding protein FUS are a common cause of familial ALS, accounting for around 4% of the cases. Understanding 
the mechanisms by which mutant FUS becomes toxic to neurons can provide insight into the pathogenesis of both familial 
and sporadic ALS. We have previously observed that overexpression of wild-type or ALS-mutant FUS in Drosophila motor 
neurons is toxic, which allowed us to screen for novel genetic modifiers of the disease. Using a genome-wide screening 
approach, we identified Protein Phosphatase 2A (PP2A) and Glycogen Synthase Kinase 3 (GSK3) as novel modifiers of 
FUS-ALS. Loss of function or pharmacological inhibition of either protein rescued FUS-associated lethality in Drosophila. 
Consistent with a conserved role in disease pathogenesis, pharmacological inhibition of both proteins rescued disease-relevant 
phenotypes, including mitochondrial trafficking defects and neuromuscular junction failure, in patient iPSC-derived spinal 
motor neurons (iPSC-sMNs). In FUS-ALS flies, mice, and human iPSC-sMNs, we observed reduced GSK3 inhibitory phos-
phorylation, suggesting that FUS dysfunction results in GSK3 hyperactivity. Furthermore, we found that PP2A acts upstream 
of GSK3, affecting its inhibitory phosphorylation. GSK3 has previously been linked to kinesin-1 hyperphosphorylation. 
We observed this in both flies and iPSC-sMNs, and we rescued this hyperphosphorylation by inhibiting GSK3 or PP2A. 
Moreover, increasing the level of kinesin-1 expression in our Drosophila model strongly rescued toxicity, confirming the 
relevance of kinesin-1 hyperphosphorylation. Our data provide in vivo evidence that PP2A and GSK3 are disease modifiers, 
and reveal an unexplored mechanistic link between PP2A, GSK3, and kinesin-1, that may be central to the pathogenesis of 
FUS-ALS and sporadic forms of the disease.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common 
motor neuron disease in adults, characterized by selective 
loss of upper and lower motor neurons in the brain and 
spinal cord [28, 40]. Symptoms include muscle wasting 
and paralysis, and death usually occurs within an aver-
age of three years post-diagnosis due to failure of the res-
piratory muscles [28]. In 90% of cases, ALS is sporadic 
(sALS) with no known family history [40]. However, 10% 
of cases are familial (fALS), where patients inherit the 
disease mostly in an autosomal dominant manner [40]. 
Mutations in the Fused in Sarcoma (FUS) gene, encoding 
the FUS protein, account for ~4% of fALS and ~1% of 
sALS cases [40]. FUS is a DNA/RNA-binding protein, 
and in mutation carriers, it mislocalizes to the cytoplasm 
where it aggregates [40].

Despite advances in the understanding of the genetics 
and pathogenesis of ALS, effective therapeutic options 
are currently lacking, with licensed drugs extending the 
lifespan of patients by only a few months [28]. Here, we 
aimed to identify new targets involved in the pathogen-
esis of FUS-associated ALS using Drosophila and induced 
pluripotent stem cell-derived spinal motor neuron (iPSC-
sMN) models.

As a human model of FUS-associated fALS, we previ-
ously generated and extensively characterized iPSC-sMNs 
from FUS mutation carriers as well as their isogenic con-
trols [29, 61, 74]. In these sMNs, we observed FUS cyto-
plasmic mislocalization, similar to that reported in cellular 
models and patient post-mortem material [17]. In addition, 
we observed a mitochondrial neuritic transport defect [29], 
which we have since confirmed is a common phenotype 
in iPSC-sMNs from TARDBP and C9orf72 familial-ALS 
mutation carriers [22, 24]. This suggests that mitochon-
drial transport defects could be a common underlying dis-
ease mechanism in ALS. Recently, we also demonstrated 
that the FUS mutant sMNs fail to correctly form neuro-
muscular junctions (NMJs) when cultured with human 
primary mesoangioblast-derived myotubes in microfluidic 
devices [61].

We previously showed that overexpression of wild-
type or ALS-mutant FUS in Drosophila motor neurons is 
toxic, leading flies to die in their pupal cases. Therefore, 
this Drosophila model provides a useful screening tool to 
identify candidate modifying genes [5, 37]. Using eclo-
sion as a readout, we performed a genome-wide genetic 
screen to identify modifiers of FUS-ALS in vivo, and 
found that microtubule star (mts) (the Drosophila ortholog 
of PPP2CA) and shaggy (sgg) (the Drosophila ortholog 
of GSK3B), are novel modifiers of FUS-associated ALS. 
Specifically, genetic and pharmacological inhibition of 

mts and sgg rescued eclosion and lifespan of FUS flies. 
Importantly, PP2A and GSK3 pharmacological inhibition 
in human cells rescued hallmark ALS-associated pheno-
types, including FUS cytoplasmic mislocalization, NMJ 
formation, and mitochondrial transport defects. Interest-
ingly, GSK3 inhibitory phosphorylation appeared reduced 
in our FUS-ALS models, suggesting that FUS dysfunc-
tion results in GSK3 hyperactivity. We also found that the 
phosphatase PP2A acts upstream of GSK3, altering its 
inhibitory phosphorylation, in both flies and human cells.

Mitochondrial transport is a vital process mainly medi-
ated by the motor protein kinesin [30, 57], and GSK3 has 
been shown to phosphorylate kinesin-1 in Drosophila 
and mammalian cells [2, 46]. Hence, GSK3 hyperactivity 
could cause kinesin hyperphosphorylation and dysfunction, 
explaining the mitochondrial transport deficits observed 
in patient sMNs. Excitingly, we observed that PP2A and 
GSK3 inhibition can rescue mitochondrial transport defi-
cits in FUS-ALS patient iPSC-sMNs, and kinesin-1 appears 
as an intermediate regulator of this cascade. Altogether, by 
looking from fly to human, our data provide further insight 
into the mechanisms of FUS toxicity, and have identified 
PP2A and GSK3 as novel disease modifiers and potential 
therapeutic targets for ALS.

Materials and methods

Drosophila lines and maintenance

Drosophila melanogaster strains were maintained on stand-
ard medium (62.5 g/L cornmeal, 25 g/L yeast, 7 g/L agar, 
16.9 g/L dextrose, 37.5 mL/L golden syrup, 9.375 mL/L 
propionic acid, 1.4 g/L hydroxybenzoate, and 14.0 mL/L 
ethanol) in a 12 h light/dark rhythm. The UAS-FUS lines 
have been described previously [5]. The following stocks 
were obtained from the Bloomington Drosophila Stock 
Center (BDSC): D42-Gal4 (8816), Gal80-ts (7019), nSyb-
Gal4 (51635), sgg RNAi#1 (31308), sgg RNAi#2 (31309), 
sgg RNAi#3 (38293), sgg RNAi#4 (35364), UAS-sgg 
WT (5361), UAS-sgg S9A (5255), null mutant  mtsXE2258 
(5684), and null mutant sgg (4095). The following lines 
were obtained from the Vienna Drosophila RNAi Center 
(VDRC): mts RNAi#1 (35171), mts RNAi#2 (35172), and 
mts RNAi#3 (41924). The Khc line w;;p[Khc+] was pro-
vided by William Saxton (University of California, Santa 
Cruz).

For backcrossing: The w1118 (Canton-S10) line was 
used as a background control, and for experiments using 
TRiP lines, a stock consisting of w + v- X chromosome in 
the w1118 genetic background (provided by Teresa Niccoli, 
University College London) was used. Males of the indi-
cated genotypes were crossed to virgins of the background 
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stock for 1–2 generations, before virgins were selected and 
crossed into the background stock for six further genera-
tions. Flies were rebalanced using balancers crossed into the 
background stock for six generations.

Genetic screen of Drosophila

The BDSC deficiency kit was ordered from the Blooming-
ton Drosophila Stock Center. Deficiencies covering chromo-
somes 2, 3, 4 were crossed to flies of the following genotype: 
w;;UAS-FUS(R521G), D42-Gal4/TM6BGal80 and reared at 
25 ℃. Pharate TM6B-negative pupae were moved to a petri 
dish and followed for 72 h. The percentage of eclosed flies 
was defined as ratio of the number of empty pupal cases to 
the total number of pupal cases.

Eclosion phenotype with modifying lines

Prior to experiments, sgg (31308, 31309, 38293, 35364) and 
mts (35171, 35172, 41924) RNAi lines were backcrossed 
to w + v- w1118 (TRiP lines, marked with vermillion) or 
w1118 (VDRC lines, marked with miniwhite) control back-
ground for six generations, to ensure that results are not 
affected by different genetic backgrounds of the flies. 5 sgg 
or mts RNAi virgins were crossed to 3 w;;D42-Gal4, UAS-
FUS/TM6BGal80 males and females were allowed to lay 
eggs for 48 h. Parents were removed from the vials and the 
progeny were allowed to grow at 25 ℃. 14 days after set up, 
eclosion was scored, counting the number of eclosed versus 
total TM6B-negative pupae. w1118 and w + v- background 
strains were crossed in as controls.

Eclosion phenotype with LiCl, OA and LB‑100

Lithium chloride (LiCl) (0–15 mM, L9650, Sigma-Aldrich), 
okadaic acid (OA) (0–50 nM, 459,620, Sigma-Aldrich), or 
LB-100 (0–100 μM, HY-18597, MCE) was dissolved in 
milliQ  H2O and added to standard food at the indicated 
concentrations. For the 0 condition,  H2O alone was added. 
w-;;UAS-FUS (WT) and w-;;UAS-FUS (R521G) males were 
crossed to D42-Gal4 virgins. Females were allowed to lay on 
drug containing food for 48 h. Crosses were left to develop 
at 25 °C and eclosion was scored 14 days after set up.

Lifespan

The indicated lines were crossed to w;Gal80-ts;D42-Gal4, 
UAS-FUS/TM6B males on grape agar plates supplemented 
with yeast paste. Approximately 50 virgins and 20 males 
were used per cross. Eggs were collected after 24 h into 
PBS and seeded at a standard density into bottles. Bottles 
were allowed to develop for 21 days at 18 ℃. Adult male 
flies (female in the case of sgg null mutant crosses) were 

briefly anaesthetized on  CO2 and split into vials at a density 
of ten flies per vial. Approximately 150 flies (15 vials) were 
analyzed per condition, and exact N numbers are given in 
supplementary material. Flies were tipped onto fresh food 
twice a week, and deaths were scored every other day at the 
beginning and every day toward the end of the experiment. 
Statistical significance was assessed using log-rank test.

iPSC lines

A previously characterized FUS mutant iPSC line from a 
17-year-old male ALS patient carrying a de novo mutation 
(P525L) was used [29, 61]. The FUS-ALS line was com-
pared with its isogenic CRISPR-Cas9 gene-edited isogenic 
control (P525P) generated by CellSystems (Troisdorf, Ger-
many) [29]. Cells were cultured and differentiated into MNs 
according to a well-established protocol as described before 
[29]. The cells were previously collected from the donor 
with the approval of the ethical committee of the University 
Hospitals Leuven (S50354).

Immunofluorescence of iPSC‑derived sMNs and FUS 
mislocalization

Drugs (LiCl L9650 Sigma-Aldrich, tideglusib SML0339 
Sigma-Aldrich, OA 459620 Sigma-Aldrich, LB-100 
HY-18597 MCE) were prepared fresh and dissolved in water 
(DMSO for tideglusib). Cells were mock treated using an 
equivalent volume of vehicle. On day 30 of differentiation, 
cells were briefly washed with PBS, and fixed with 4% para-
formaldehyde (PFA) in PBS for 15 min at room temperature. 
Cells were then washed 3 × 10 min with PBS, followed by a 
blocking step for 1 h with 5% normal donkey serum (NDS) 
(D9663, Sigma-Aldrich) in 0.1% PBS-Triton X-100 (PBS-
T). Cells were incubated with primary antibodies overnight 
at 4 ℃ in 2% NDS-PBS-T (Table S5). The following day, 
cells were washed 3 × 5 min with PBS-T and the secondary 
antibodies (Table S6) were added in 2% NDS-PBS-T for 
1 h at room temperature. Cells were then washed 2 × with 
PBS and NucBlue™ Live ReadyProbes™ Reagent (Invit-
rogen) was added at a concentration of 2 drops/mL PBS 
for 20 min at room temperature to stain the nuclei (Hoechst 
33342). Cells were washed 2× with PBS and coverslips were 
mounted onto slides with ProLong Gold Antifade mount-
ing reagent (P36934, Thermo Fisher Scientific). Cells were 
imaged with an inverted confocal microscope (SP8 DMi8, 
Leica Microsystems). Captured images were analyzed using 
ImageJ software. For nucleocytoplasmic quantification, 
regions of interest (ROIs) corresponding to the nucleus of 
the cell and the soma were drawn using the signal in the 
Hoechst channel before measurements in the FUS channel 
were taken. A nearby non-cellular ROI was used to deter-
mine the average background of each ROI, and these values 
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were subtracted from the measurements. The ratio of the 
background subtracted raw integrated densities was used to 
calculate the nucleocytoplasmic ratio.

NMJ analysis

The same FUS mutant and isogenic control iPSC-derived 
MNs as described above were used. In addition, human 
myoblasts were isolated from a biopsy from a 55-year-old 
healthy woman and cultured as described previously [26, 
62]. On day 10, motor neuron neural-progenitor cells (MN-
NPCs) were seeded in the two wells and the channel on one 
side of the microgrooves in the microfluidic device (Xona 
Microfluidics, XC150) at 125,000 cells per well (250,000 
NPCs/device). Similarly, myoblasts were seeded in the two 
wells and the channel opposite to the MNs in the device 
at 20,000 cells per well (40,000 myoblasts/device). Myo-
blasts were differentiated into myotubes and MN-NPCs into 
sMNs following the established protocol [62]. On day 18, a 
chemotactic and volumetric gradient was established. MN 
compartments received 100 μL/well neuronal medium with-
out neurotrophic factor, and myotube compartments received 
200 μL/well neuronal medium supplemented with 10 ng/mL 
BDNF (PeproTech, Rocky Hill, NJ, USA, cat. no. 450-02), 
GDNF (PeproTech, cat. no. 450-10), and CNTF (PeproTech, 
cat. no. 450-13) in addition to 20 mg/mL laminin (Sigma-
Aldrich, cat. no. L2020-1MG) and 0.01 mg/mL recombi-
nant human Agrin protein (R&D Systems, cat. no. 6624-
AG-050). On the same day, both sides of the device were 
treated with a drug (LiCl 1 mM 48 h, tideglusib 15 μM 48 h, 
okadaic acid 1 nM 72 h). Mock co-culture devices were kept 
in parallel without drug treatments. The growth factor and 
volume gradients, including agrin/laminin, were maintained 
at each medium change, which was performed every other 
day for 10 days. On day 28, devices were fixed and stained, 
and images were taken using an inverted SP8 DMi8 Leica 
confocal microscope. Quantification of NMJ formation was 
manual and blinded, based on the neurite/presynaptic marker 
morphology and/or based on co-localization between pre-
synaptic marker neurofilament heavy chain/synaptophysin 
with post-synaptic marker α-bungarotoxin in myosin-heavy 
chain-labeled multinucleated myotubes.

SH‑SY5Y cell cultures

SH-SY5Y cells (94030304, Sigma) were cultured in T175 
flasks in DMEM:F12 Glutamax medium (ThermoFisher Sci-
entific) supplemented with 10% Fetal Bovine Serum (FBS). 
Media were changed twice a week. For this, cells were 
washed with Versene (15040066, ThermoFisher Scientific) 
and lifted with 0.05% trypsin (25300054, ThermoFisher 
Scientific). Cells were maintained in an incubator (37 ℃, 
5%  CO2). For western blotting, cells were seeded in 6-well 

plates at a density of 0.15 ×  106 cells/mL. 48 h after split-
ting, fresh media were added containing drug or vehicle. 
Treatment lasted for 24 h.

SH‑SY5Y cell lysis for western blotting

24 h after treatment, cells were washed briefly with PBS. 
Cells were lysed on ice in RIPA buffer (R0278-500ML, 
Sigma-Aldrich) supplemented with protease inhibitor (cOm-
plete™, EDTA-free protease inhibitor cocktail (1836170001, 
Sigma-Aldrich) and phosphatase inhibitor (Phos-STOP™ 
4906837001, Sigma-Aldrich). Cells were scraped and the 
lysate was pipetted into a pre-chilled Eppendorf tube. Lysis 
was allowed to proceed for 20 min on ice and cells were 
centrifuged at 16000×g for 10 min at 4 ℃. Supernatant was 
transferred into a fresh tube and Pierce BCA Protein assay 
was performed (23225) according to the manufacturer’s 
instructions. Samples were brought to equal concentrations 
using addition of RIPA buffer, and Pierce™ Lane Marker 
Reducing Sample Buffer (39000, Thermo Fisher Scientific) 
was added to a final concentration of 1×. The samples were 
boiled for 5 min at 95 ℃.

Motor neuron lysis for western blotting

Cells were briefly washed with DPBS. Cells were scraped 
in DPBS and transferred to a pre-chilled Eppendorf tube. 
They were centrifuged for 5 min at 1000×g at 4 ℃. Pellets 
were then lysed in RIPA buffer (R0278-500ML, Sigma-
Aldrich) supplemented with protease inhibitor (cOm-
plete™ EDTA-free protease inhibitor cocktail, 1836170001, 
Sigma-Aldrich) and phosphatase inhibitor (Phos-STOP™, 
4906837001, Sigma-Aldrich). Lysis was allowed to occur 
on ice for 30 min. Samples were centrifuged at 14000×g 
for 10 min at 4 ℃ and the supernatant was collected. Pierce 
BCA Protein assay (23225) was performed. Samples 
were brought to equal concentrations, supplemented with 
Pierce™ Lane Marker Reducing Sample Buffer (39000, 
Thermo Fisher Scientific), to a final concentration of 1× 
and boiled for 5 min at 95 ℃.

Drosophila head lysate for western blotting

Five days after induction of expression, adult flies were fro-
zen in liquid nitrogen. Heads were removed by vigorously 
banging the tube containing frozen flies. Ten fly heads were 
collected per condition on dry ice and before being homog-
enized at room temperature in 100 µL of 2× Pierce™ Lane 
Marker Reducing Sample Buffer (39000) using a power pes-
tle. Samples were boiled in 95 ℃ for 5 min and centrifuged 
at 20000×g at room temperature for 5 min, and the superna-
tant was moved to a fresh tube.
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Purification of KLC1p antibody

Generation of the rabbit antibody to KLC1 phosphorylated 
on serine-460 was described before [49]. Prior to use, the 
antibody was purified using the phospho-peptide (CKVD-
SphosPTVTTTLKNL), which was synthesized by Gen-
Script, using the High-Affinity Antibody Purification Kit 
(L00404, GenScript) following the manufacturer’s protocol.

Phosphorylation assays in HEK293T cells

HEK293T cells were grown in DMEM/F12 high glucose 
GlutaMax (Gibco, Waltham, MA, USA, Cat# 31331028) 
supplemented with 10% standard fetal bovine serum (Gibco, 
Cat# 10500064) and 2% PenStrep (Invitrogen, Cat# 15140-
122) at 37 ℃ in a humidified atmosphere with 5%  CO2. Cells 
were free of mycoplasma. HEK293T cells were transfected 
with FLAG-tagged WT and P525L FUS-encoding plasmids 
and treated with 10 nM calicheamicin γ1 (MedChemEx-
press, HY-19609) for 2 h. Next, the cells were treated with 
10 nM OA (dissolved in  H2O) for different time periods. 
Vehicle-treated cells were treated with the same amount of 
 H2O. Cells were scraped on ice and western blot analysis 
was performed.

Immunoprecipitation

For immunoprecipitation, HEK293T cells were plated at a 
density of 2 ×  106 cells per dish, 24 h prior to transfection. 
Cells were transferred using TransIT-Neural Transfection 
Reagent (Mirus Bio, Madison, WI, USA) according to the 
manufacturer’s instructions in serum-free and antibiotic-free 
conditions with FLAG-tagged WT FUS. 24 h post-transfec-
tion, cells were treated with CLM for 2 h and collected in 
radio-immunoprecipitation assay buffer (RIPA buffer con-
taining 50 mM Tris, 150 mM NaCl, 0.5% sodium deoxycho-
late, 0.1% SDS, and 1% NP40) supplemented with protease 
inhibitors (cOmplete EDTA-free, Roche) and phosphatase 
inhibitors (Phos-STOP, Cat# 04906837001, Roche). Anti-
FLAG M2 affinity gel (Sigma-Aldrich, Cat# A2220) was 
used to immunoprecipitate FLAG-tagged proteins and the 
protein complexes were analyzed by western blot.

Western blotting

Western blot was performed using NUPAGE 4–12% 
Bis–Tris 1.0 mm Mini Protein Gels (ThermoFisher Scien-
tific). The PAGE-ruler prestained protein ladder was used as 
reference (26616, ThermoFisher Scientific). After electro-
phoresis (140 V, 400 mA), the gel was transferred to a PVDF 
membrane (IPVH00010 Immobilon-P transfer membrane, 
Sigma-Aldrich), using the Mini Trans-Blot Cell system 
(BIORAD). The membrane was blocked in 5% non-fat dry 

milk (9999S, Cell Signaling) or 5% BSA (11930, SERVA) 
diluted in Tris-buffered saline with Tween-20 (TBS-T) for 
1 h at room temperature. The membrane was then incubated 
with primary antibody at 4 ℃ overnight in 5% BSA in TBS-
T. The following day, after washing 3 × 10 min with TBS-T, 
secondary antibody was added in 5% BSA in TBS-T for 1 h 
at room temperature. Details of all primary and secondary 
antibodies are given in Tables S5 and S6. The membrane 
was then washed 3 × 10 min in TBS-T and developed with 
the Pierce™ ECL Western Blotting Substrate (Pierce ECL, 
32106, Thermo Fisher Scientific) or the SuperSignal™ West 
Pico PLUS Chemiluminescent Substrate (34580). Images 
were taken using a chemiluminescence instrument (Image-
Quant LAS4000).

Live cell imaging of mitochondrial transport 
and tracking analysis

To measure mitochondrial neurite transport, iPSC-derived 
sMNs at differentiation day 30 were incubated with 50 nM 
MitoTracker™ Green FM (M7514, Invitrogen) in neuronal 
medium for 20 min at 37 ℃. After 20 min, cells were washed 
and incubated in BrainPhys™ Imaging Optimized Medium 
(05796, STEMCELL Technologies) for imaging. Images 
were taken using the Operetta CLS High-Content Analysis 
System (PerkinElmer) with a 40 × objective at 37 ℃ and 
5%  CO2. The MitoTracker™ Green was excited at ~495 nm 
and 1-s time-lapse images were taken for 200 s. Video files 
were analyzed with ImageJ using TrackMate v3.8.0 plugin 
for total mitochondria quantification and tracking, and time/
distance kymographs to quantify the number of moving 
mitochondria in a selected neurite segment. Moving mito-
chondria are represented by tilted lines, whereas stationary 
mitochondria can be discerned as straight vertical lines.

Mouse work

Homozygous mice overexpressing wild-type human FUS 
(hFUS+/+) under the mouse prion protein (Prp) promotor 
were used in this study (JAX®, stock no. 017916) [45], 
and wild-type littermates were used as controls. Mice were 
housed at the KU Leuven animal facility, according to the 
in-house guidelines, as previously described [8]. At the 
symptomatic age of 60 days, mice were anaesthetized by 
intraperitoneal injection of sodium pentobarbital (200 mg/
kg) and transcardially perfused with 1 × PBS. Spinal cords 
were rapidly dissected and snap-frozen in liquid nitrogen. 
Samples were stored at −80 °C until further use. The animal 
experiment was approved by the local ethical committee of 
the KU Leuven (Leuven, Belgium) (P007_2019), and com-
plies with the current laws of Belgium.
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Statistics

Data are presented as mean ± SEM, unless indicated oth-
erwise. Statistical analyses were performed in GraphPad 
Prism 9.

Results

A genome‑wide screen identifies mts and sgg 
as candidate modifiers of FUS‑ALS in vivo

We performed a genome-wide screen to identify candi-
date modifiers (suppressors) of FUS toxicity in Drosophila 
(Fig. 1a). We previously showed that motor neuron-specific 
expression of wild-type or mutant human FUS leads to a 
severe eclosion phenotype [5]. We therefore generated a 
recombinant stock of UAS-FUS (R521G) and the D42-Gal4 
motor neuron driver line. This stock was maintained over 
a TM6B-Gal80 balancer, which suppresses expression and 
is marked with a visible marker. We crossed this screening 
stock to flies from Bloomington Drosophila Stock Center 
(BDSC) deficiency kit, which consists of a selected set of 
molecularly defined genomic deletions. We focused on dele-
tions on chromosomes X, 2 and 3, crossing 473 deficiency 
lines to the screening stock and assessing whether eclosion 
was rescued. When crossed to a control background, the 
D42-Gal4 > FUS(R521G) flies were not able to eclose, and 
therefore, any eclosion could be considered as a rescue. 
Using this approach, we identified 58 candidate deficiencies 
that attenuated the mutant FUS pupal lethality.

To identify which genes are mediating the rescue effect 
of the large deficiencies, we first screened with smaller 
deletions. In total, we screened 167 smaller deletions and 
found 24 that modified the pupal lethality. Finally, to identify 
the actual genes responsible for the modifying effects, we 
used RNAi lines from the ‘VIENNA Drosophila Research 
Center’ (VDRC) as well as lines carrying mutations in can-
didate genes which were likely to result in loss-of-function. 
We found 18 modifying genes out of 88 extensively tested 
RNAi lines that attenuated mutant FUS-induced pupal 
lethality (Table S1). Among these genes were mts, the Dros-
ophila ortholog of human PPP2CA, and sgg, the Drosophila 
ortholog of human GSK3B.

As a complimentary approach to identify modifying 
genes, we searched the available literature and found 24 
candidate genes which have previously been linked to FUS-
associated ALS. Screening this list using RNAi lines and 
putative null alleles allowed us to identify six more genes 
involved in FUS-induced neurotoxicity, among them sgg 
(Table S1). As a consequence, we ended up with a total of 
24 candidate modifiers, with mts being identified through 
the unbiased approach, and sgg through both approaches.

Genetic and pharmacological inhibition of mts 
and sgg rescue eclosion and lifespan in flies

Our approach yielded a total of 24 genes which modify FUS 
toxicity when their expression is reduced. To prioritize hits 
for follow-up, we investigated whether any of these genes 
fall into a common pathway. mts is the catalytic subunit of 
the PP2A phosphatase complex in Drosophila, while sgg is 
the ortholog of GSK3B and has recently been linked to ALS/
FTD [58, 60]. PP2A has been proposed to directly reduce 
GSK3 inhibitory phosphorylation in human cells, and thus 
acts as an activator of GSK3 [35].

As mts and sgg were candidate modifiers of FUS-toxicity, 
we sought to confirm their modifying action in the FUS flies. 
We first backcrossed several RNAi lines against sgg and mts 
into a suitable control genetic background (see Materials and 
methods) for six generations to avoid genetic background 
effects. Wild-type (WT) FUS and mutant R521G FUS were 
expressed in fly MNs using the D42-Gal4 driver along with 
mts or sgg RNAi and eclosion was scored. Knockdown of 
sgg led to a rescue of the FUS fly eclosion phenotype for 
both WT and R521G FUS-expressing flies for all 4 RNAi 
lines tested (Fig. 1b). Knockdown of mts led to a rescue 
for eclosion in WT and R521G FUS-expressing flies for 
two out of three of the tested RNAi lines (Fig. 1c), while 
a third line produced a partial eclosion defect on its own, 
perhaps explaining its lack of a significant effect (Fig. S1). 
We next tested the consequence of feeding pharmacologi-
cal inhibitors to the flies. For this, we used lithium chloride 
(LiCl), a well-known and widely used GSK3 inhibitor [9, 
20], and okadaic acid (OA), a specific inhibitor of PP2A in 
human cells at concentrations of 1–10 nM [65, 66]. Addition 
of LiCl to the fly food led to a higher percentage of eclo-
sion for flies expressing FUS in their MNs between a range 
of doses of 5–15 mM LiCl (Fig. 1d). LiCl only affected 
eclosion of driver-only (D42-Gal4/+) control flies above 
20 mM (Fig. 1d), before becoming developmentally lethal at 
100 mM (not shown), suggesting that it is well tolerated by 
the model. OA similarly rescued the eclosion phenotype of 
FUS flies, with the best rescue occurring between approxi-
mately 10 and 25 nM in fly food (Fig. 1e). Toxicity of OA 
was only observed above 50 nM (Fig. 1e).

To further validate the modifying ability of mts and 
sgg, we tested the effect of their knockdown on the lifes-
pan of FUS-expressing flies. We expressed FUS WT or 
R521G in adult MNs using the D42-Gal4 driver, but to 
avoid developmental lethality, we included a temperature 
sensitive Gal80 allele (Gal80-ts), and allowed the flies to 
develop at 18˚C where FUS expression was suppressed, 
before moving adults to 25˚C to induce expression. We 
have previously shown that expression of either WT or 
mutant R521G FUS in this manner significantly reduces 
the lifespan of the flies compared to healthy controls, 
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Fig. 1  mts and sgg are modifiers of FUS toxicity in vivo. a Schematic 
of the experimental set up of the genetic screen in the Drosophila 
FUS model. Candidate genetic modifiers are identified in an unbi-
ased screen, using the BDSC deficiency kit, the Exelixis kit, as well 
as specific RNAi lines and null mutants against the genes of interest. 
A complimentary literature-based approach is also used. Eclosion of 
a fly from the pupal case is categorized as a rescue. In total, 24 genes 
are identified as candidate modifiers of FUS toxicity. b RNAi-medi-
ated genetic knockdown of sgg rescues the FUS-induced fly eclosion 
phenotype. w + v- w1118 crossed to FUS serves as a control. (N = 10 
crosses/condition) c RNAi-mediated genetic knockdown of mts res-
cues the FUS-induced fly eclosion phenotype. w1118 crossed to FUS 
serves as a control. (N  =  10 crosses/condition). d Pharmacological 

inhibition of sgg by lithium chloride (LiCl) rescues the eclosion phe-
notype in FUS flies. D42-Gal4/+ serves as a control. (N = 5 crosses/
condition). e Pharmacological inhibition of mts by okadaic acid (OA) 
rescues the eclosion phenotype in FUS flies. D42-Gal4/+ serves as a 
control. (N = 6 crosses/condition). Values in b, c, d, and e are repre-
sented as the mean ± SEM. Statistical comparisons between controls 
and RNAi conditions (b, c) were determined using one-way ANOVA 
with Sidak’s multiple comparisons test or Kruskal–Wallis test with 
Dunn’s multiple comparisons for each group. Statistical comparisons 
between controls and treated conditions (d, e) were determined using 
one-way ANOVA with Sidak’s multiple comparisons or Kruskal–
Wallis test with Dunn’s multiple comparisons. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001, ns not significant
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leading to death with a median lifespan of approximately 
3 weeks [5]. We found that RNAi-mediated knockdown 
of mts or sgg led to an extension of the FUS fly lifespan 
with all of the RNAi lines tested (Fig. 2a, b and Fig. S2). 

Importantly, knockdown of sgg and mts did not alter the 
levels of FUS protein in the heads of the flies used for 
lifespan (Fig. 2c, d), suggesting that they exert their effects 
independently of FUS expression or stability.

Fig. 2  Inhibition of sgg or mts extend the lifespan of FUS flies. a 
RNAi-mediated genetic knockdown of sgg extends the shortened 
lifespan of FUS WT and R521G Drosophila at 25 ℃. w + v- w1118 
crossed to FUS serves as control (log-rank test, see TableS2 for sta-
tistical information). b RNAi-mediated genetic knockdown of mts 
extends the shortened lifespan of FUS WT and R521G Drosophila 
at 25 ℃. w1118 crossed to FUS serves as control (log-rank test, see 
TableS2 for statistical information). c, d Western blotting and quan-
tification demonstrate that FUS expression remains unaltered in 
Drosophila heads after RNAi-mediated knockdown of sgg (c) or mts 
(d) (N = 3, mean ± SEM, one-way ANOVA). e A heterozygous null 

mutation in sgg (sgg1) leads to a pronounced extension of the short-
ened lifespan of FUS WT and R521G flies at 25 ℃. w1118 crossed 
to FUS serves as control (log-rank test, see TableS3 for statistical 
information). f A heterozygous null mutation in mts (mtsXE2258) leads 
to a pronounced extension of the shortened lifespan of FUS WT and 
R521G flies at 25 ℃. w1118 crossed to FUS serves as control (log-
rank test, see TableS3 for statistical information). g, h Western blot-
ting and quantification show that FUS expression remains unaltered 
in FUS WT and R521G Drosophila heads after heterozygous knock-
out of sgg (g) or mts (h) (N = 4, mean ± SEM, one-way ANOVA). 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, ns not significant
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As an alternative approach to investigate whether reduc-
tion of mts or sgg would lead to a more pronounced exten-
sion of the lifespan, we used null mutant lines of the two 
genes. As homozygous loss-of-function of these genes is 
developmentally lethal, we introduced a heterozygous loss-
of-function. We observed a pronounced lifespan extension 
after heterozygous loss-of-function of sgg and mts, confirm-
ing the findings using RNAi (Fig. 2e, f). We observed an 
overall unaltered abundance of FUS protein after sgg and 
mts heterozygous knockout (Fig. 2g, h), and we addition-
ally confirmed an approximate 50% reduction of sgg protein 
levels in the heterozygous mutant flies (Fig. S3). As antibod-
ies against mts are not available, it was not possible to also 
confirm the level of mts protein in the mts null mutant line.

Altogether, our results show that genetic and pharma-
cological inhibition of either mts or sgg can rescue FUS-
induced developmental neurotoxicity. Moreover, genetic 
reduction of mts or sgg activity in adult flies can extend 
lifespan. These two modifying genes appear to act inde-
pendently of FUS expression. We next sought to determine 
whether inhibition of the human orthologs of these genes 
can rescue toxicity in a human cellular model.

Pharmacological inhibition of PP2A and GSK3 
rescue hallmark ALS‑associated phenotypes 
in iPSC‑derived sMNs

To further confirm the modifying capacity of PP2A and 
GSK3, we investigated whether their inhibition could rescue 
hallmark FUS-ALS phenotypes. Cytoplasmic mislocaliza-
tion of FUS is a pathological hallmark of ALS that has been 
linked with protein toxicity and neuronal death [17, 36, 73]. 
Therefore, we decided to investigate whether pharmacologi-
cal inhibition of PP2A and GSK3 could rescue this pheno-
type. To assess the modifying effect of PP2A and GSK3 on 
mislocalization, we used a well-established iPSC line with 
a de novo point mutation (P525L) in FUS from a 17-year-
old ALS patient [29, 61]. This patient line was compared 
with its corresponding CRISPR-Cas9 gene-edited isogenic 
P525P control [29, 61]. In P525P FUS isogenic controls, 
FUS was mostly localized in the nucleus (Fig. 3a). In P525L 
FUS mutant iPSC-derived sMNs, we observed cytoplasmic 
mislocalization of FUS, which was rescued after a 48 h treat-
ment with 1 mM LiCl (Fig. 3b). Given that LiCl can produce 
off-target effects [20], we also validated our findings using 
a highly selective GSK3 inhibitor: tideglusib [38, 42, 53, 
55]. Tideglusib (TD) is a non-ATP competitive inhibitor of 
GSK3, which was well tolerated in phase 2 clinical trials 
for progressive supranuclear palsy (PSP) [67] and is being 
investigated in clinical trials for treating GSK3 hyperactivity 
in Alzheimer’s disease [38, 55]. Recently, it has also been 
suggested as a potential treatment for ALS [42, 58–60]. 
Excitingly, a 48 h treatment of the P525L FUS sMNs with 

15 μM tideglusib also led to a significant rescue of FUS 
mislocalization (Fig. 3b), confirming that the phenotype 
alleviation is not due to aspecific effects of LiCl, but thanks 
to GSK3 inhibition. To inhibit PP2A, we treated the FUS 
MNs with 1 nM okadaic acid (OA) for 72 h, resulting in a 
significant rescue of FUS mislocalization (Fig. 3b).

We next determined the effect of pharmacologically 
inhibiting PP2A and GSK3 on NMJ formation. For this, 
we used a human-derived co-culture system that is well 
established in our lab, combining iPSC-derived sMNs and 
myotubes in microfluidic devices, which allow us to study 
a functional human NMJ in a compartmentalized system 
[61, 62]. Mutant FUS-associated NMJ impairment is a 
phenotype well characterized in this model, as we observe 
a lower number of NMJs per myotube in the P525L mutant 
when compared to the P525P isogenic control [61]. On 
day18 of differentiation, we treated our motor neuron—
myotube co-culture system with LiCl (1 mM 48 h), TD 
(15 μM 48 h), or OA (1 nM 72 h) in both the motor neuron 
and myotube compartments. On day 28, we fixed the cells 
and assessed the number of NMJs by performing immu-
nocytochemistry against NMJ markers. Using confocal 
microscopy, we observed that all three treatments had a 
positive effect on NMJ formation in the P525L mutant 
co-cultures, demonstrating the strong modifying capacity 
of GSK3 and PP2A (Fig. 4 and Fig. S4).

Due to the polarization and length of sMNs, a proper 
regulation of axonal transport is essential for their func-
tion [44]. Defects in axonal transport are considered an 
early event in ALS pathogenesis, preceding axon retraction 
and denervation of the muscle [23, 41]. We investigated 
whether PP2A or GSK3 inhibition could rescue mitochon-
drial transport deficits in our P525L FUS iPSC-derived 
sMNs. We performed live cell imaging of mitochondria 
at day 30 of differentiation. We quantified the total num-
ber of mitochondria per 100 μm of neurite, as well as the 
total number of stationary and moving mitochondria (Fig. 
S5), allowing us to calculate the percentage of moving 
mitochondria. Compared to P525P FUS isogenic controls, 
the percentage of moving mitochondria was significantly 
lower in P525L sMNs (Fig. 5). After treating the cells with 
LiCl for 48 h, to inhibit GSK3, tracking analysis showed 
a clear rescue of mitochondrial transport defects (Fig. 5a, 
d). Moreover, a similar rescue of mitochondrial transport 
was observed after treatment with tideglusib (Fig. 5b, e), 
confirming the modifying capacity of GSK3 inhibition. 
In addition, OA treatment for 72 h similarly led to a sig-
nificant improvement of mitochondrial transport (Fig. 5c, 
f). Although we occasionally observed small differences 
in the total number of mitochondria per neurite, the drug 
treatments consistently reduced the number of stationary 
mitochondria and increased the number of motile mito-
chondria (Fig. S5).
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The  IC50 of OA for PP2A is 0.07–1 nM, which is the 
range of concentrations that we have used to treat the cells 
(1 nM). However, OA may also inhibit PP1 in the nanomolar 
range  (IC50 3.4 nM). To confirm our results, we tested a sec-
ond inhibitor of PP2A, LB-100, a recently developed mol-
ecule that is being studied in cancer clinical trials [12, 32], 
and which is part of a family of compounds with stronger 
specificity for PP2A compared to PP1  (IC50 PP2A = 0.4 μM, 
 IC50 PP1 = 80 μM) [39]. Addition of LB-100 to the fly food 
at concentrations greater than 5 μM rescued the eclosion of 
the FUS flies and had no apparent toxic effects on healthy 
controls (Fig. S6). In addition, we tested LB-100 in iPSC-
derived sMNs and we observed a significant rescue of 
mitochondrial movement after treating the cells with 1 μM 
LB-100 (Fig. S6). Altogether, our results demonstrate that 
PP2A and GSK3 are modifiers of FUS-induced neurotoxic-
ity both in Drosophila and human cellular models.

GSK3 is hyperactive in FUS‑ALS due to reduced 
inhibitory phosphorylation

Recently, reduced GSK3 inhibitory phosphorylation was 
observed in a FUS mouse model [60], suggesting that GSK3 
may become hyperactive in response to a dysfunctional FUS 
protein. We independently confirmed that reduced GSK3 
phosphorylation occurs in the spinal cord of this mouse 
model at symptomatic stages (Fig. S7). As inhibiting GSK3 
was beneficial in our models, we wondered whether this 
GSK3 hyperactivity was conserved. To determine whether 
GSK3 is hyperactive in Drosophila, we used nSyb-Gal4 
combined with Gal80-ts to drive FUS expression pan-neu-
ronally in adult flies for 7 days, and assessed sgg expression 
and phosphorylation by western blotting (Fig. 6). Consistent 
with previous reports [81], we observed two major bands 
of sgg protein in Drosophila head lysates corresponding to 

Fig. 3  PP2A and GSK3 pharmacological inhibition rescue FUS cyto-
plasmic mislocalization in patient iPSC-derived motor neurons. a. 
Representative confocal images showing FUS distribution in patient 
iPSC-derived motor neurons with the P525L mutation, as well as in 
P525P isogenic controls after treatment with lithium chloride (LiCl, 
1  mM 48  h), tideglusib (TD, 15  μM 48  h) or okadaic acid (OA, 
1 nM 72 h). Scale bars 10 μm. b Quantification of nuclear/cytoplas-

mic ratios (N/C ratio) fluorescent intensity of FUS in motor neurons 
shows a rescue of FUS mislocalization after treatments. Each dot rep-
resents one analyzed cell. Three different colors indicate data com-
bined from three independent differentiations (70–80 cells/condition). 
Data are shown as Grand mean; Kruskal–Wallis with Dunn’s multiple 
comparisons test. ****p < 0.0001, ns not significant
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Fig. 4  PP2A and GSK3 inhibition improves ALS-associated NMJ 
impairments. a Representative confocal micrographs of NMJs formed 
by FUS-P525L cells with LiCl, TD, and OA treatments. NMJs are 
impaired in FUS-P525L ALS, and inhibition of PP2A or GSK3 
improves the phenotype (see Fig. S4 for additional images). Scale 
bars 10  μm. b Quantification of NMJ-like structures for all condi-
tions, based on the neurite/presynaptic marker morphology and/or 

based on Btx (red)-SYP/NEFH (green) co-localization per myotube. 
Each dot represents one analyzed myotube. Three different colors 
indicate data combined from three independent differentiations (70–
80 myotubes/condition). Data are shown as Grand mean; N = 3 bio-
logical replicates; Kruskal–Wallis test with Dunn’s multiple compari-
sons test. *p < 0.05; ****p < 0.0001, ns not significant
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Fig. 5  Pharmacological inhibition of PP2A and GSK3 rescue mito-
chondrial transport deficits. a–c Example kymographs (time-dis-
tance plots) of mitochondria (MitoTracker Green) after treatment of 
30-day-old P525P isogenic control motor neurons and P525L mutant 
motor neurons with 1 mM lithium chloride (LiCl) for 48 h (a), 15 μM 
tideglusib (TD) for 48 h (b), and 1 nM okadaic acid (OA) for 72 h 
(c).  Mock conditions were untreated. Scale bars 30  μm d–f. Per-
centage of mitochondria that are motile in the motor neurons (day 

30) comparing isogenic control and mutant with or without LiCl 
(d), TD (e), and OA (f). Each dot represents one analyzed neurite. 
Three different colors  indicate data combined from three independ-
ent differentiations (70–80 neurites/condition).  OA and TD treat-
ments were performed at the same time, so the mock data are the 
same for both conditions. Data shown as Grand Mean; N = 3 differ-
entiations; Kruskal–Wallis with Dunn’s multiple comparisons test. 
****p < 0.0001, ns not significant

Fig. 6  GSK3 is hyperactive in FUS-ALS due to reduced inhibi-
tory phosphorylation. a Western blot showing phospho-sgg and 
total-sgg protein in control vs FUS WT and R521G flies. Control 
was w1118 crossed to Gal80-ts; nSyb-Gal4. In Drosophila, the two 
splice isoforms of GSK3-β, SGG39 (upper band) and SGG10 (lower 
band), are seen. Beta-actin serves as a loading control. b Quan-
tification of panel a shows that phosphorylation of SGG is reduced 
in FUS WT and R521G Drosophila, for the total-SGG protein and 
for the individual SGG39 and SGG10 isoforms, while the levels of 
SGG protein remain unaltered overall (N  =  3, mean  ±  SEM, one-
way ANOVA with Sidak’s multiple comparisons test). c Western 

blot for GSK3α/β pSer21/9 in iPSC-derived motor neurons from 
FUS-P525L patients and in their CRISPR-corrected P525P isogenic 
control. Ser21/9 inhibitory phosphorylation of GSK3α/β appears 
reduced in FUS P525L patient motor neurons compared to isogenic 
controls, while the total levels of GSK3α/β remain unaltered among 
the conditions. The numbers 1, 2, and 3 represent three independ-
ent differentiations. Alpha-tubulin serves as a loading control. d 
Quantification of the western blot of panel c shows reduced Ser21 
and Ser9 inhibitory phosphorylation for GSK3 α and β, respectively 
(N = 3, mean ± SEM, two-tailed paired t test) *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001
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isoforms SGG10 and SGG39 of the protein. Upon WT and 
R521G FUS expression, we noticed a significant reduction in 
the levels of phospho-sgg, while the levels of total-sgg pro-
tein remained unaltered (Fig. 6a, b). Therefore, the reduced 
inhibitory phosphorylation suggests that GSK3 is hyperac-
tive in our FUS flies. To translate our Drosophila and mouse 
findings to human cells, we performed western blotting for 
phospho-GSK3α/β at residue serine 21/9 in our patient 
iPSC-derived FUS sMNs on day 30 of differentiation. We 
found that phospho-GSK3α/β was significantly reduced in 
mutant P525L FUS sMNs compared to the P525P isogenic 
controls (Fig. 6c, d), demonstrating that GSK3 inhibitory 
phosphorylation is also reduced in FUS patient sMNs and 
suggesting that GSK3 is hyperactive in this model as well.

We wondered whether PP2A may also be affected in 
FUS-ALS models. Given the availability of a suitable mam-
malian antibody, we performed western blotting to assess 
the level of the PP2A catalytic subunit (PP2A-C) in the FUS 
mouse and patient iPSC-sMNs. Excitingly, we found that the 
level of PP2A-C was increased in both mouse tissue and in 
the iPSC-sMNs (Fig. S7c, d and Fig. S8).

PP2A acts upstream of GSK3 affecting its 
phosphorylation, and GSK3 hyperactivity alone 
is insufficient to drive toxicity

PP2A has been suggested to modify the phosphorylation of 
GSK3, affecting its activity [35]. To assess a possible PP2A-
GSK3 interaction in our model, we first tested whether PP2A 
can regulate GSK3 phosphorylation in Drosophila. To deter-
mine whether mts controls sgg phosphorylation, we overex-
pressed mts using the pan-neuronal nSyb-Gal4 driver. After 
aging the progeny for 7 days, we assessed GSK3 phospho-
rylation using western blotting. We found that mts overex-
pression led to significantly decreased levels of inhibitory 
phosphorylation of both major sgg isoforms, suggesting that 
PP2A acts upstream of GSK3 in flies and causes its dephos-
phorylation (Fig. 7a, b). To determine whether GSK3 hyper-
activity is sufficient to lead to neurodegeneration, we over-
expressed either wild-type sgg (UAS-sgg) or a constitutively 
active mutant in which the serine 9 phosphorylation site 
had been replaced with alanine (UAS-sgg S9 → A). Over-
expression of these sgg variants in fly MNs, using the D42-
Gal4 driver, caused an eclosion phenotype, milder than the 
one observed after FUS expression, suggesting that GSK3 
hyperactivity alone can drive toxicity but may not be fully 
responsible for the strong eclosion defect that we observed 
in FUS-expressing flies (Fig. 7c). Recapitulating the rescue 
that we previously saw, addition of LiCl in the food rescued 
the mild eclosion defect induced by sgg overexpression, 
increasing eclosion rates from ~60 to ~85% (Fig. 7c). On 
the contrary, LiCl had no effect on the eclosion of the flies 
expressing the constitutively active form of sgg, suggesting 

that lithium inhibits sgg via increasing its phosphorylation 
at Serine 9 (Fig. 7c). To determine whether PP2A inhibition 
could rescue sgg hyperactivity, we added OA to the food of 
sgg-overexpressing flies. OA significantly increased eclo-
sion of UAS-sgg flies, but had no effect on the eclosion of 
the UAS-sggS9 → A flies (Fig. 7d). These data indicate that 
PP2A and GSK3 act in a common pathway, with PP2A lying 
upstream of GSK3. Even more importantly, we conclude 
that PP2A can alter GSK3 inhibitory phosphorylation on 
this specific Serine9 residue.

These results suggest that in Drosophila, one role of 
PP2A is to modify the activation state of GSK3. To test 
whether this interaction is conserved in human cells, we 
treated SH-SY5Y cells with OA, in a concentration range of 
0–10 nM. With increasing inhibition of PP2A, we observed 
increasing levels of phospho-GSK3α/β, indicating that PP2A 
also controls GSK3 phosphorylation in human cells (Fig. 7e, 
f).

Increased expression of kinesin‑1 is sufficient 
to rescue FUS toxicity in Drosophila models

As we observe defects in the trafficking of mitochondria in 
iPSC-sMNs, we wanted to assess whether increasing axonal 
transport in our Drosophila model might rescue toxicity. 
Kinesin-1 is strongly associated with neurodegeneration and 
ALS [3, 50]. Drosophila has a single kinesin-1 heavy chain 
ortholog (Khc) and a single light chain ortholog (Klc). Loss 
of function of Khc and Klc results in motor dysfunction in 
Drosophila larvae, leading to axonal swellings packed with 
mitochondria and other fast axonal transport cargo, sug-
gesting that these genes are essential for transport of orga-
nelles [27, 33]. Previously, Vagnoni et al. demonstrated that 
introduction of a genomic rescue construct consisting of a 
P-element that carries a 7.5 kb genomic fragment including 
the 3.5 kb kinesin heavy chain transcription unit (P[Khc+]) 
into wild-type flies can rescue age-related axonal transport 
deficits [70]. Despite only encoding Khc, this rescue con-
struct has also been reported to increase Klc at the protein 
level via an unknown mechanism [27].

To rule out genetic background effects, we backcrossed 
P[Khc+] into the w1118 control background for six genera-
tions and crossed it to the FUS WT and R521G eclosion 
stock. P[Khc+] rescued the eclosion phenotype of our FUS 
flies (Fig. 8a).

We also performed lifespan experiments and found that 
P[Khc+]-carrying FUS flies lived significantly longer than 
controls (Fig. 8b). Subsequently, we performed western 
blotting on lysates from heads of flies used in the lifespan 
experiment and observed that both Khc and Klc levels were 
significantly increased by the introduction of the P[Khc+] 
rescue construct (Fig. 8c, d).
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Altogether, these results strongly suggest that increasing 
the levels of kinesin light and heavy chain is beneficial in 
our fly model.

Kinesin light chain phosphorylation is increased 
by FUS dysfunction and rescued by inhibition 
of PP2A/GSK3

Our results showed that inhibition of either GSK3 or PP2A 
can rescue FUS-induced toxicity in both flies and iPSC-
sMNs. FUS is known to be phosphorylated by a number 
of DNA-damage-associated kinases like ATM [25]. To test 
whether PP2A could be a phosphatase of FUS, we induced 
FUS phosphorylation by treating HEK293T cells for 2 h 
with 10 nM calicheamicin γ1 (CLM), an antibiotic that 

cleaves DNA and specifically induces DNA double-strand 
breaks (DSBs) [16]. We observed robust FUS phosphoryla-
tion, visible as an increase in the apparent molecular weight 
of the protein after SDS-PAGE (Fig. S9a). To test whether 
PP2A could be affecting the phosphorylation of FUS, we 
treated the cells with 10 nM OA immediately after the induc-
tion of DNA damage and assessed whether OA treatment 
affected the dephosphorylation of FUS. We failed to observe 
any significant effect of OA on FUS dephosphorylation after 
DNA damage (Fig. S9c), suggesting that OA is acting inde-
pendently of FUS phosphorylation.

To investigate whether a direct physical contact exists 
between PP2A and FUS, regardless of phosphorylation, we 
performed pull down experiments. We transfected HEK293T 
cells with FLAG-tagged WT FUS and treated these with 

Fig. 7  PP2A acts upstream of GSK3, affecting its inhibitory phos-
phorylation. a Western blot for phospho-sgg and total-sgg pro-
tein in control vs. flies overexpressing mts pan-neuronally. Control 
was w1118 crossed to Gal80-ts; nSyb-Gal4. In Drosophila, the two 
splice isoforms of GSK3-β, SGG39 (upper band) and SGG10 (lower 
band), are seen. Beta-actin serves as loading control. b Quantifica-
tion of panel a shows that phosphorylation of SGG is reduced after 
mts overexpression in the Drosophila brain, for the total-SGG protein 
and for the individual SGG39 and SGG10 isoforms, while the levels 
of SGG protein remain unaltered overall (N = 3, mean ± SEM, two-
tailed paired t test). c Overexpression of sgg in the fly motor neurons 
causes a mild eclosion defect, with ~60% flies eclosing. LiCl in the 
fly food rescues the eclosion deficit to ~85 to 90%. Overexpression of 
a constitutively active form of sgg (S9 → A) leads to a mild eclosion 
defect (~75 to 80%) and LiCl has no effect on this deficit. Statisti-
cal comparisons between control (0) and treated conditions (2.5–20) 
were determined using one-way ANOVA with Sidak’s multiple com-

parisons (N = 6 vials/condition). d Overexpression of sgg in the fly 
motor neurons causes a mild eclosion defect. OA in the fly food res-
cues the eclosion deficit to ~90 to 95%. Overexpression of a consti-
tutively active form of sgg (S9 →  A) also leads to a mild eclosion 
defect (~80%) and OA has no effect on this deficit. Statistical compar-
isons between control (0) and treated conditions (1–50) were deter-
mined using one-way ANOVA with Sidak’s multiple comparisons or 
Kruskal–Wallis with Dunn’s multiple comparisons test (N = 6 vials/
condition). e Western blot for GSK3α/β pSer21/9 in SH-SY5Y cells 
treated with OA 0–10  nM. Ser21/9 inhibitory phosphorylation of 
GSK3α/β starts to increase with an increasing dose of OA, while the 
total levels of GSK3α/β remain generally unaltered. Beta-actin serves 
as the loading control. f Quantification of the western blot of panel 
e shows a significant increase of Ser21/9 inhibitory phosphorylation 
for GSK3α/β after treatment with 5 nM OA and 10 nM OA (N = 3, 
mean ± SEM, one-way ANOVA with Sidak’s multiple comparisons) 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p <  0.0001, ns not significant
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Fig. 8  Kinesin appears dysfunctional in FUS-ALS, perhaps due to 
hyperphosphorylation by GSK3. a Overexpression of Khc using 
the p[Khc+] stock rescues the FUS-induced fly eclosion phenotype. 
w1118 crossed to D42Gal4-driven FUS serves as control. (N  =  10 
crosses/condition). b Overexpression of Khc strongly extends the 
shortened lifespan of FUS WT and R521G Drosophila at 25  ℃. 
w1118 crossed to FUS serves as control. (see TableS4 for statistical 
information). c Western blot for Khc and Klc in FUS flies vs FUS 
flies with p[Khc+]. Beta-actin serves as loading control. d Quantifi-
cation of the western blots of panel c show a significant increase in 
Khc and Klc levels (N  =  6). e Western blot of Klc S433 phospho-
rylation in control w1118 VS FUS-expressing flies. f Quantification 
of the western blot of panel e shows increased levels of Klc S433p 
in FUS flies. g Western blot of Klc S433p in FUS flies with sgg 

heterozygous knockout (N  =  3). h Quantification of panel g shows 
that Klc S433p levels decrease after sgg inhibition. i Western blot-
ting assessing Klc S433p in FUS flies with mts heterozygous knock-
out (N  =  3). j Quantification of panel i shows that Klc S433p lev-
els decrease after mts inhibition. k Western blotting in FUS P525P 
and P525L MNs, assessing KLC1 S460 phosphorylation. l Quanti-
fication of panel k reveals increased KLC1 S460p in P525L patient 
motor neurons compared to isogenic controls (N = 3 differentiations). 
m Quantification from panel k shows a trend for reduced KLC1 lev-
els in FUS P525L MNs. Values in a, d, h, j, and l are represented 
as the mean  ±  SEM and statistical comparisons were determined 
using unpaired t test. One-way ANOVA with Sidak’s multiple com-
parison test was used for panel f. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001, ns not significant
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10 nM CLM for 2 h. Although the pull down of the FLAG-
tagged FUS was efficient, we were not able to detect PP2A on 
western blot analysis in normal or CLM-treated conditions 
(Fig. S9b).

These results suggest that the modifying effect of PP2A 
does not depend on a direct physical interaction with FUS nor 
on its de-phosphorylating ability, indicating that PP2A acts 
indirectly to induce FUS toxicity.

Given that PP2A/GSK3 inhibition appears unlikely to 
affect FUS phosphorylation directly, we wondered whether 
these proteins could be directly involved in some of the down-
stream pathologies that FUS induces. Kinesin light chain is a 
substrate of GSK3 in vivo [6, 46, 78], suggesting that a poten-
tial GSK3 hyperactivity in FUS-ALS could lead to kinesin 
hyperphosphorylation and dysfunction/degradation. Recent 
studies showed that KLC1 Serine460 phosphorylation causes 
axonal transport deficits and contributes to neurodegeneration 
in Alzheimer’s disease [49]. Given that this phosphorylation 
site is well conserved in Drosophila (Serine433) [49], we 
used western blotting to examine Klc S433 phosphorylation 
in FUS-expressing flies (Fig. 8e). After pan-neuronal expres-
sion of either WT or R521G mutant FUS, we observed that 
Klc S433 phosphorylation levels increased, particularly in 
R521G-expressing flies (Fig. 8f).

To test the modifying ability of PP2A and GSK3 on this 
downstream target, we used our mts and sgg null mutant 
lines and we examined the levels of Klc S433 phosphoryla-
tion after mts or sgg heterozygous knockout. Excitingly, we 
saw that the levels of Klc S433 phosphorylation decreased 
again after mts or sgg knockdown in both WT and mutant 
FUS flies (Fig. 8g, h, i, j). These data support our hypoth-
esis that the changes in GSK3 phosphorylation lead to its 
hyperactivity, increasing kinesin-1 phosphorylation and 
culminating in dysfunction in FUS-ALS. Last but not least, 
to translate our Drosophila findings of FUS-associated kine-
sin dysfunction to humans, we performed western blotting 
in P525P isogenic and P525L mutant FUS iPSC-sMNs. In 
line with our fly data, we found that KLC1 Serine460 phos-
phorylation was increased in FUS mutant sMNs (Fig. 8k, 
l). Moreover, there was a tendency for KLC levels to be 
reduced in the mutant FUS sMNs on the blot, further indi-
cating a possible dysfunction/degradation of KLC in FUS-
ALS (Fig. 8k, m). Altogether, our data show a previously 
unknown link between GSK3 hyperactivity and kinesin 
dysfunction, leading to mitochondrial transport deficits in 
FUS-ALS.

Discussion

The heterogeneity of ALS in terms of its pathology and 
clinical presentation complicates our understanding of the 
disease [1, 4, 31, 64]. Since this variability may arise from 

the existence of disease-modifying genes, we performed a 
genome-wide screen in Drosophila to discover novel modi-
fiers of FUS-ALS. We identified a total of 24 genes whose 
loss-of-function rescued the FUS eclosion defect. The 
genes mts (PPP2CA) and sgg (GSK3B) were two of those 
candidates which we pursued further. Genetic and phar-
macological inhibition of mts or sgg rescued FUS-induced 
phenotypes in Drosophila, such as eclosion defects and 
reduced lifespan. Remarkably, we observed reduced inhibi-
tory phosphorylation of GSK3 and increased abundance of 
PP2A-C in an FUS-ALS mouse model as well as in mutant 
FUS iPSC-derived sMNs, suggesting that these proteins 
are dysfunctional in the disease. Treatment of mutant FUS 
iPSC-derived sMNs with PP2A or GSK3 inhibitors rescued 
hallmark ALS phenotypes, such as cytoplasmic mislocali-
zation of FUS, reduced NMJ formation and mitochondrial 
transport defects, further supporting our finding that PP2A 
and GSK3 are modifiers of FUS toxicity.

GSK3 is a ubiquitously expressed kinase, whose activity 
depends on its own inhibitory phosphorylation [13]. The 
GSK3B Drosophila ortholog, sgg, is highly conserved (76% 
amino acid identity compared to GSK3β), and it has been 
shown that overexpression of human GSK3β can rescue sgg 
loss-of-function associated developmental defects in flies 
[56]. GSK3 hyperactivity has been linked to neurodegen-
eration before, mainly to Alzheimer’s Disease (AD), and 
recent studies suggested a possible role of GSK3 in FUS 
and TDP-43 ALS [58–60]. Notably, loss-of-function of sgg 
has been shown to rescue neuronal dysfunction in a TDP-
43 Drosophila model [58, 69]. Moreover, our findings are 
in line with Choi et al., who recently suggested that sgg 
inhibition could rescue various phenotypes in Drosophila 
overexpressing human FUS [10]. PP2A is a multi-subunit 
phosphatase highly expressed in the brain, of which PP2A-C 
(mts) is the catalytic subunit. The Drosophila ortholog, mts, 
is also highly conserved, showing 94% amino acid identity 
to its mammalian counterpart [51]. Recent findings sug-
gest that these two enzymes can affect the activities of each 
other, with PP2A affecting GSK3 phosphorylation [77]. In 
our study, we have developed multiple lines of evidence that 
PP2A affects the level of GSK3 inhibitory phosphorylation. 
In Drosophila, overexpression of the PP2A-C ortholog mts 
reduced sgg phosphorylation, while okadaic acid, a PP2A 
inhibitor, rescued sgg overexpression-induced toxicity in a 
manner dependent on sgg phosphorylation at Serine9. In 
SHSY-5Y cells, we observed a dose-dependent increase in 
GSK3α/β phosphorylation in response to PP2A inhibition 
using OA.

It is currently unclear how FUS alters GSK3 activity in 
our models. It is interesting to note that the Drosophila and 
mouse models rely on overexpression of human FUS, while 
the iPSC-sMNs have a mutation in the endogenous FUS 
gene, suggesting that FUS overexpression has the same 



Acta Neuropathologica          (2024) 147:41  Page 17 of 22    41 

effect as disease-associated missense mutations. Given 
the fact that we observe the same effect in all systems, our 
results imply that FUS, or its orthologs in other species, 
may interact with a conserved factor to induce pathogen-
esis. We have recently found evidence that nuclear histone 
deacetylases (HDACs) may become hyperactive in the FUS-
ALS mouse model [54]. FUS has been shown to directly 
interact with HDAC1 [76], a protein which has been shown 
to upregulate PP2A-C expression when hyperactive in can-
cer cell lines [11]. Further work will be required to deter-
mine whether HDAC inhibition affects PP2A expression in 
our various model systems, and whether this explains the 
reduced GSK3 inhibitory phosphorylation that we observed.

Healthy mitochondrial transport is crucial for neuronal 
survival and homeostasis. Mitochondrial transport deficits 
are linked with several neurodegenerative disorders, such 
as Alzheimer’s and Huntington’s disease [43, 79], heredi-
tary spastic paraplegia [21], Charcot–Marie–Tooth disease 
[19], as well as ALS with SOD1, TARDBP, and FUS muta-
tions, and ALS with hexanucleotide repeats in C9orf72 
[22, 24, 30, 47]. Axonal transport is mediated by the motor 
proteins kinesin and dynein [57]. The kinesin superfam-
ily, mediating anterograde axonal transport, is encoded by 
45 mammalian genes, with 38 of them being expressed in 
the nervous system [30, 57]. We focused on kinesin-1, as 
the strongest genetic evidence connecting impaired axonal 
transport with neurodegeneration comes from mutations in 
the kinesin gene [3, 50]. Kinesin-1 is formed from a dimer 
of two heavy chains (KHCs), encoded by KIF5A, KIF5B, 
or KIF5C, which act as the motor domain of the protein, 
and a dimer of KLCs, which acts as an adaptor for cargoes 
[27, 30, 57]. KIF5A mutations were recently linked to a 
number of ALS cases, indicating that alterations in antero-
grade transport may be involved in the pathogenesis of ALS 
[7, 50]. Moreover, swellings of organelles and proteins that 
specifically ensnare kinesin were found in the motor axons 
of post-mortem material from ALS patients [15, 68], and dif-
ferential expression of kinesin isoforms was observed in the 
motor cortex of sALS patients [52]. Moreover, it was shown 
that loss of Klc or Khc function leads to disruption of axonal 
transport in Drosophila and to similar axonal swellings [27].

Various kinases can phosphorylate motor proteins respon-
sible for axonal transport, with previous studies suggesting 
that GSK3 can modulate kinesin-1-based transport by phos-
phorylating KLC2 [18, 48]. Inhibiting GSK3 activity in pri-
mary cortical neurons of a transgenic mouse model of AD 
led to restoration of Aβ-induced transport deficits [75]. We 
found that the reduced neuritic transport of mitochondria in 
P525L FUS iPSC-derived sMNs can be rescued by pharma-
cological inhibition of GSK3, either by LiCl or tideglusib. 
Moreover, PP2A inhibition by OA or LB-100 led to a simi-
lar rescue of the phenotype. These data suggest that PP2A 
and GSK3 could act as modifiers of FUS-induced toxicity 

by modulating mitochondrial transport. Khc/Klc overex-
pression in our FUS flies rescued both eclosion defects as 
well as the shortened lifespan, suggesting a dysfunction 
of kinesin-mediated axonal transport in these flies. Using 
recently generated antibodies against KLC1 Serine460, a 
phosphorylation site which regulates KLC-cargo binding 
both in flies and humans [49, 71], we observed that FUS 
overexpression in Drosophila strongly increased Klc phos-
phorylation. We found a similar hyperphosphorylation of 
KLC1 in patient iPSC-derived sMNs, suggesting a conser-
vation of this mechanism. Previously, it has been suggested 
that KLC1 is phosphorylated at Serine460 by ERK in human 
cells [49]. While the role of GSK3 has not been explored, 
the fact that sgg loss-of-function in Drosophila can regu-
late this event suggests that GSK3 is involved in Serine460 
phosphorylation as well. It is somewhat surprising that mts 
loss-of-function reduced Klc phosphorylation in Drosoph-
ila, given that okadaic acid is thought to increase kinesin-1 
phosphorylation via ERK activation in human cells [49]. 
This difference may be because OA was applied by Mórotz 
et al. at 50 nM, a dose sufficient to generally inhibit Serine/
Threonine protein phosphatases. Our results point toward 
GSK3 hyperactivity and kinesin-1 dysfunction in FUS-ALS. 
Since GSK3 can phosphorylate kinesin-1, we conclude that 
GSK3 can modify axonal transport by acting on kinesin-1. 
GSK3 hyperactivity is induced after FUS expression, caus-
ing extensive kinesin-1 phosphorylation. This may lead to 
cargo release from the motor protein [48] and may push 
kinesin into the proteasomal degradation pathway [46], caus-
ing axonal transport defects (Fig. 9).

The proposed mechanism above still requires some clari-
fications. First, while KLC1 Serine460 phosphorylation is 
sufficient to prevent the interaction with some cargoes, it is 
currently unclear whether this phosphorylation event would 
be sufficient to drive the mitochondrial transport defect seen 
in our sMN cultures. It may be that other residues of KLC1 
become hyperphosphorylated in the disease state affecting 
different aspects of cargo binding, and that S460p is simply a 
readout of a more global protein-wide hyperphosphorylation 
event. Further work performing unbiased mass spectrometry 
in our iPSC-sMNs could be used to explore this further.

Second, while GSK3 hyperactivity has been implicated 
in multiple FUS-ALS models, we find in flies that overex-
pression of GSK3 (sgg) or its constitutively active form 
(S9 → A) is insufficient to fully recapitulate the eclosion 
defect that we observe in FUS-overexpressing flies. This 
may suggest that FUS overexpression induces multiple inde-
pendent pathways leading to toxicity, including, but not lim-
ited to, GSK3 hypophosphorylation. Further exploration of 
other modifying genes identified in our study may shed light 
on this.

We observed that GSK3 and PP2A inhibition was 
sufficient to return FUS to the nucleus in P525L mutant 
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sMNs. This result may suggest that GSK3 inhibition is 
not working directly on axonal transport but rather on the 
localization of FUS itself. However, in contrast to this 
hypothesis, we and others have observed that removal of 

the nuclear localization sequence of human FUS is ben-
eficial in flies [5, 34], suggesting that the rescue observed 
in Drosophila is not due to this mechanism. We speculate 
that the increased nuclear localization of FUS observed in 

Fig. 9  Working model for how GSK3 hyperactivity may be impli-
cated in FUS-ALS. Our current data suggest that in a healthy cell, 
GSK3 inhibitory phosphorylation is at normal levels, properly regu-
lating kinesin phosphorylation and allowing mediation of mitochon-
drial transport. However, in FUS-ALS, GSK3 becomes hyperactive, 

perhaps through the direct or indirect action of PP2A. Subsequently, 
GSK3 can lead to kinesin hyperphosphorylation and cause cargo 
release or dysfunction/degradation, leading to mitochondrial transport 
deficits and neurodegeneration



Acta Neuropathologica          (2024) 147:41  Page 19 of 22    41 

the treated P525L sMNs may be due to a general increase 
in health of the cell encouraging nuclear import of FUS. 
Future experiments which look at the effect of GSK3 and 
PP2A inhibitors on the localization of fluorescently tagged 
reporter proteins may help to determine whether these 
enzymes can affect nuclear import of FUS directly.

In our experiments using human cells, we tested two 
inhibitors against GSK3 observing consistent results. 
While LiCl can produce off-target effects [20], tideglusib 
is GSK3-specific [42]. Similarly, while it is possible that 
okadaic acid is also affecting PP1, it has a higher speci-
ficity for PP2A over PP1 at the concentrations we have 
used in cells [63]. Nevertheless, to further ensure that spe-
cific inhibition of PP2A is responsible for the effects that 
we observe, we also tested LB-100, a compound which 
has a strong specificity for PP2A compared to PP1  (IC50 
PP2A = 0.4 μM,  IC50 PP1 = 80 μM) [39], again observing 
a rescue of disease-relevant phenotypes. Together with the 
genetic results in flies, and taking into account the concen-
trations of the inhibitors used in human cells, we suggest 
that specific PP2A inhibition can rescue disease-relevant 
phenotypes, although it is worth noting that PP5 may also 
be targeted by LB-100 [14]. Future experiments inducing 
a genetic loss-of-function of PP2A-C in the FUS mouse 
model or in iPSC-sMNs may allow us to confirm this.

Finally, we note that lithium carbonate has already 
been tested for the treatment of ALS patients, showing 
no clinical benefit. However, a genetic subgroup analysis 
indicated that lithium carbonate was beneficial in patients 
homozygous for the C allele of rs12608932 in UNC13A 
[72, 80], with a follow-up clinical trial recently announced 
[80]. Given the apparent heterogeneity in patient response 
to lithium, further research into its mode of action, and 
pre-clinical testing of other GSK3 inhibitors like tide-
glusib is warranted. In the future, it would be interesting 
to assess whether reduced inhibitory GSK3 phosphoryla-
tion is a common feature in ALS patients, and whether the 
UNC13A genetic status affects this.

Altogether, we tested a hypothesis generated by a high-
throughput genetic screen, performing multiple steps of 
validation. With this work, we showed that PP2A and 
GSK3 are modifiers of FUS toxicity in Drosophila and 
patient sMNs. Our results are the first to demonstrate that 
PP2A modifies FUS-mediated toxicity in vivo, and pro-
vide a better understanding as to how GSK3 activity may 
be regulated in ALS. Furthermore, we unraveled a novel 
mechanistic link between PP2A, GSK3, and kinesin-1, 
which may lead to mitochondrial transport defects in FUS-
ALS (Fig. 9). As a consequence, our study significantly 
contributes to the understanding of the underlying mecha-
nisms leading to FUS-ALS pathogenesis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 024- 02689-y.
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