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FUS ALS neurons activate major stress pathways and
reduce translation as an early protective mechanism
against neurodegeneration

Graphical abstract

Proteotoxic
stress

FUS
WT MUTANT MUTANT
low J}| Cytoplasmic g pigh Cytoplasmic | 1 high

FUS ; FUS

ow | @ Hsp70 1 high @ nspro | @
OFF 1‘ AR ton A R |

\ PROTEOTOXIC STRESS ’

‘«w number | thigher

normal /

W number thigher

[ 56 ) dynamics| | lower

normal v/ Lw dynamics | § lower

¥ “
Stress resistance Increased cell death

Highlights

FUS ALS motor neurons show early activation of major stress
response pathways

Blocking SG formation does not influence survival of neurons
early in FUS ALS

Proteotoxicity is the main driver of cell death in the early
stages of FUS ALS

Stress pathways preventing proteotoxicity are a rescue
mechanism in early FUS ALS

Szewczyk et al., 2023, Cell Reports 42, 112025
February 28, 2023 © 2023 The Author(s).
https://doi.org/10.1016/j.celrep.2023.112025

Authors

Barbara Szewczyk, René Glinther,
Julia Japtok, Moritz J. Frech,
Marcel Naumann, Hyun O. Lee,
Andreas Hermann

Correspondence
andreas.hermann@med.uni-rostock.de

In brief

Szewczyk et al. show that, in FUS ALS
motor neurons, major stress response
pathways are activated early, preventing
proteotoxicity-driven cell death. Blocking
integrated stress responses early in FUS
ALS might not be beneficial. Similarly,
preventing early stress granule formation
is not protective in spite of signs of their
aberrant dynamics.
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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder causing progressive loss of motor neu-
rons. Mutations in Fused in sarcoma (FUS) leading to its cytoplasmic mislocalization cause a subset of ALS.
Under stress, mutant FUS localizes to stress granules (SGs)—cytoplasmic condensates composed of RNA
and various proteins. Aberrant dynamics of SGs is linked to the pathology of ALS. Here, using motor neurons
(MNs) derived from human induced pluripotent stem cells, we show that, in mutant FUS, MN dynamics of SGs
is disturbed. Additionally, heat-shock response (HSR) and integrated stress response (ISR) involved in the
regulation of SGs are upregulated in mutant MNs. HSR activation correlates with the amount of cytoplasmic
FUS mislocalization. While inhibition of SG formation, translation, or ISR does not influence survival of FUS
ALS neurons, proteotoxicity that cannot be compensated with the activation of stress pathways is the main

driver of neurodegeneration in early FUS ALS.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegen-
erative disease leading to loss of motor neurons (MNs), paralysis,
and eventually death.” About 90% of ALS cases are sporadic
(SALS) with unknown etiology, while the remaining 10% are clas-
sified as familial (fALS). Both forms are associated with muta-
tions in more than 20 different genes,” including Fused in sar-
coma (FUS), which accounts for up to 5% of fALS and 1% of
sALS.?®

FUS is an RNA- and DNA-binding protein mostly localized in
the nucleus but is capable of nucleocytoplasmic shuttling.” It
plays a role in DNA damage repair’ and RNA metabolism.®®
The nuclear import of FUS is facilitated via the C-terminal nuclear
localization signal (NLS).° Most of the ALS-causing FUS muta-
tions are localized in this region, causing dysfunction of nuclear
import and cytoplasmic mislocalization.'®"'? This leads to the
formation of pathological FUS aggregates that are enriched,
among others, in the components of stress granules (SGs)."®

SG are membraneless compartments containing mostly
mRNA stalled in translation initiation or prematurely released
from the polysome and multiple proteins. The assembly of SGs
is a transient cellular response to stress, causing repression of
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global protein translation and increase in translation of stress-
related transcripts.’* Multiple reports showed that while local-
ized to the cytoplasm, mutant FUS is recruited to SG and affects
their dynamics, causing formation of larger and more abundant
SGs.'®'" The presence of these altered SGs was suggested to
correlate with increased cell death.'”

Aggregation of FUS and regulation of SG dynamics are linked
to protein quality control (PQC) machinery,'®'® and imbalance in
protein homeostasis (proteostasis) is considered to be a signifi-
cant factor in the development of ALS. Due to the presence of
protein aggregates in degenerating neurons, the involvement
of heat-shock proteins (HSPs) in the disease is of particular inter-
est. HSPs are molecular chaperones guarding proper conforma-
tion and folding of proteins and preventing aggregation.”® HSPs
are expressed constitutively but are further induced in response
to various stresses through the stress pathway called heat-
shock response (HSR).?' However, PQC capacity and HSP
levels decline during aging and in neurodegenerative disor-
ders.?” The role of HSPs in ALS has been previously studied
particularly in case of SOD1 ALS?*?® and TDP-43 ALS,?° and
it was shown that HSPs can reduce protein aggregation and
enhance survival. Additionally, main types of HSPs such as
Hsp70 and its co-chaperones were shown to regulate SG
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dynamics, clearance, and proper composition.>*"*? However,
the involvement of HSPs in FUS ALS, particularly in human
MNs, in the context of SG dynamics and at early stages of
FUS ALS pathology has not yet been explored.

Another major stress pathway regulating SG formation
involved in the pathology of ALS is integrated stress response
(ISR).** ISR signals through four protein kinases activated by
different stressors. For instance, endoplasmic reticulum (ER)
stress activates PERK kinase, causing reduced global protein
translation by phosphorylation of eukaryotic translation initiation
factor 2 (elF2a), formation of SGs, and selective expression of
stress response genes.>**° The main effector of PERK-medi-
ated ISR is the transcription factor Atf4 that orchestrates stress
response and cell survival.*® ISR is proposed to play a crucial
role in different neurodegenerative diseases.*® In the case of
FUS ALS, it was shown that, when human mutant FUS is ex-
pressed in murine MN, it activates ISR, causing local suppres-
sion of protein translation in the axon.®” However, the exact
role of ISR in FUS ALS pathology and its potential as a therapeu-
tic target remain unclear.

Here, we demonstrate that MNs derived from human induced
pluripotent stem cells (hiPSCs) carrying ALS causing P525L FUS
mutation within the NLS showed disturbed dynamics of SGs.
Proteins involved in HSR and in regulation of SGs, in particular
Hsp70, were upregulated in P525L FUS MNs. Inhibition of
Hsp70 led to dramatic delay of SG disassembly, particularly in
P525L FUS cells. Additionally, ISR was activated in P525L FUS
neurons and this was associated with decreased translation
rates. Despite basal activation of the stress response pathways,
reduced translation, and excessive formation of SG, P525L FUS
neurons did not show increased cell death in either the basal
condition or upon stress. However, upon proteotoxic stress
combined with translation inhibition that disabled further activa-
tion of stress response pathways, P525L neurons were more
vulnerable to cell death compared with wild-type (WT). In sum-
mary, we identified ISR and HSR as early protective mechanisms
that prevent P525L FUS neurons from death upon proteotoxic
overload, while SG pathway inhibition, HSR inhibition, or ISR in-
hibition did not influence survival.

RESULTS

P525L FUS interacts with and affects SGs

To analyze the role of FUS mutation in the dynamics of SGs in hu-
man MNs, we used previously generated isogenic hiPSCs in
which WT or P525L FUS protein is expressed on the endogenous
level and carries an EGFP tag introduced using CRISPR-Cas9.
We differentiated the cells into MNs as described previously.*®
To induce the formation of SGs, we treated MNs with either so-
dium arsenite or heat stress (HS). We then immunostained the
neurons using TIAR as a marker of SGs (Figure 1A) and MAP2
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as a marker of neurons (Figure S1A). Both WT and P525L FUS
MNs showed formation of cytoplasmic FUS granules upon
stress, and most of these granules co-localized with SG marker
(Figures 1A and 1B). Interestingly, in the non-stressed condi-
tions, we also detected small cytoplasmic FUS puncta negative
for an SG marker in both WT and P525L FUS neurons, although
they were more abundant in mutant cells (Figures S1B and S1C).
Using DCP1a as a marker, we also analyzed co-localization of
FUS with P-bodies, which are another type of RNA processing
membraneless compartments. However, most of the FUS gran-
ules did not co-localized with P-bodies (Figures S1D-S1F). Over-
all, P525L FUS neurons showed significantly more abundant and
larger FUS-positive SGs compared with WT in response to all the
conditions, but it was the most pronounced in the case of HS
(Figures 1C and 1D).

P525L FUS mutation alters the dynamics of SGs in MNs
Liquid-like properties of SG regulate their size and number.'*°
Because we observed differences in the latter in P525L FUS neu-
rons, we wanted to assess if liquid-like dynamics of the granules
is affected by the FUS mutation. We stressed the cells as done
previously, and using FUS-EGFP as a marker, we photo-
bleached single SGs to measure the half-time recovery of the
EGFP fluorescence (fluorescence recovery after photo bleach-
ing [FRAP]; Figure 2A). P525L FUS SGs induced with arsenite,
but not with HS, showed significantly increased half-time recov-
ery compared with WT SGs (Figures 2B and 2C), which did not
correlate with the size of the granules (Figure S1G).

We next focused on the SGs induced with arsenite treatment
to evaluate if the difference in half-time recovery between WT
and P525L FUS granules alters their disassembly. We stressed
the neurons with arsenite and let them recover, analyzing the
FUS-EGFP SG number over time. Initially, P525L FUS neurons
showed a significantly increased SG number compared with
WT, but after 120 min of recovery, both WT and P525L FUS neu-
rons reduced the number of granules back to the basic level (Fig-
ure 2D). Next, we wanted to assess the disassembly rates of HS-
induced SGs. We heat stressed the cells and quantified the SG
number over recovery time as done previously. Interestingly,
the disassembly of SGs induced with HS was slower in WT
and P525L MNs compared with the recovery after arsenite,
and this effect was more pronounced in mutant cells (Figure 2E).

HSPs are upregulated in P525L FUS MNs

HSPs are involved in the regulation of SG dynamics, including
their disassembly.***>*! Considering that HS is the most potent
inducer of SGs and that it impairs disassembly of SGs specif-
ically in P525L MNs, we aimed to check if this is associated
with an altered expression of HSPs. We analyzed the protein
level of heat-shock factor 1 (HSF1), which is a master regulator
of HSR. Upon HS, HSF1 is phosphorylated and translocated to

Figure 1. FUS granules co-localizing with SG are increased in number and size in P525L FUS neurons

(A) Representative images of immunofluorescence staining of WT and P525L FUS hiPSC-MNs with an SG marker (TIAR) after respective stress; scale bar, 10 pm.
The graphs show fluorescence intensity profiles of a section of a representative granule.

(B-D) Quantification of (A). FUS granules co-localizing with SG (B), FUS granule numbers (C), and FUS granule sizes (D). See also Figure S1. Data are presented as mean +
SEM. n = 3 biological replicates; for each condition, 15-30 images were analyzed. Statistical analysis with two-way ANOVA followed by Tukey’s multiple comparison.

*p < 0.05; *p < 0.01; *p < 0.001; **p < 0.0001.
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Figure 2. FUS P525L mutation alters the dy-
namics of FUS granules in neurons

(A) Representative time series images of a fluo-
rescence recovery after photobleaching (FRAP)
experiment. The arrow indicates a FUS-EGFP SG
that was photobleached.

(B and C) Quantification of FRAP of SG induced with
arsenite (A) and HS (D) represented as half-time
recovery in seconds. Each point on the graph rep-
resents a single granule. Data are presented as
mean + SEM. n = 3 biological replicates; for each
condition, 49-77 granules were analyzed. Statistical
analysis with unpaired two-tailed Student’s t test.
For the samples with unequal variances, Welch’s
correction was applied. See also Figure S1.

(D and E) FUS granules disassembly assay after
arsenite (D) or HS (E). SGs were quantified every
30 min of recovery (starting immediately after the
stress withdrawal [time point 0]). The graph repre-
sents mean number of SG per cell. The asterisks
indicate comparison of WT and P525L; the number
signs indicate comparison of a given time point with
a respective untreated control. Data are presented
as mean + SD. Some error bars are not visible due to
size. n = 3 biological replicates; for each condition,
10-20 images were analyzed. Statistical analysis
with two-way ANOVA followed by Tukey’s multiple
comparison.

*# p < 0.05; */## p < 0.01; **/### p < 0.001;
[ p < 0.0001.
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the nucleus, where it regulates the transcription of its target
genes.”? We also analyzed the level of HSF2—another member
of the HSF family*®*—and a panel of major HSPs in control con-
ditions and after HS (Figure 3A). Major chaperones—constitu-
tively expressed Hsc70 and stress-induced Hsp70 (HspA1A,
HspA1B), Hsp90 (Hsp90AA, Hsp90AB), Hsp40 (DnajB1)—and
both HSF1 and HSF2 showed significantly increased levels in
P525L neurons compared with WT already in non-stressed con-
ditions (Figure 3B). Moreover, HDAC6, which regulates major
pathways in response to the accumulation of protein aggre-
gates,*"*® was also upregulated in P525L FUS neurons (Fig-
ure 3B). While there was no significant increase in the level of
any of the tested HSP directly after HS, in spite of robust phos-
phorylation of HSF1 (Figures 3C and S2A-S2C), we observed a
significantly increased level of Hsp70 after 4 h of HS recovery
in P525L neurons and after 8 h in both but a significantly higher
level in mutant compared with WT cells (Figures 3D and 3E).
The Hsp40 level was significantly increased after 4 h of recovery
in both WT and P525L neurons (Figures 3D and 3F). The major
HSPs were also upregulated in P525L FUS neuronal progenitor
cells (NPCs), which are an intermediate step in our MN differen-
tiation protocol, indicating that HSR activation is an early event in
FUS ALS (Figures S2D and S2E). We also tested activation of
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HSP level in both cell lines, the HSR activa-
tion was lower compared with the HS
(Figures S2F-S2H). Overall, these data
led us to hypothesize that FUS mislocaliza-
tion may influence proteostasis and
thereby lead to an activation of the chaperone system, affecting
the dynamics of SG and, more generally, stress response.

Severe FUS cytoplasmic mislocalization and FUS
overexpression can activate HSR

We thus wanted to assess if other known ALS-causing FUS mu-
tations are associated with activation of HSR. We included in the
analysis two additional hiPSC lines carrying FUS NLS point mu-
tations (R521L and R521C), one FUS NLS truncation mutation
(R495QfsX527), and two healthy control lines (Table S1), and
we analyzed the protein level of HSF1 and Hsp70 in hiPSC-
derived MNs as done previously. Surprisingly, although there
was no difference in the HSF1 level between the controls and
FUS mutant MNs (Figures 4A and S3A), the Hsp70 level was
significantly affected (Figures 4B and S3B). In the R521L and
R521C neurons, which are considered to be associated with
lower FUS cytosolic mislocalization and milder disease
course, > the Hsp70 protein level was decreased compared
with controls. Meanwhile, in the case of the R495QfsX527 muta-
tion that, similarly to the P525L mutation, leads to severe cyto-
plasmic accumulation of FUS and more aggressive disease
course,'>*® the Hsp70 level was significantly increased. We
then quantified the FUS nuclear-to-cytosolic (N/C) ratio in the
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disease cell lines (Figures 4C, S3C, and S3D), and we analyzed
the correlation between cytosolic FUS levels and Hsp70 levels
(Figure 4D). We found a strong positive correlation between
cytoplasmic FUS mislocalization and Hsp70 levels in disease
condition (Figure 4D), indicating that severe accumulation of
FUS in the cytoplasm leads to the activation of HSR, while milder
mislocalization might be associated with a different pathological
mechanism. Next, we asked whether overexpression of WT
FUS, which was previously shown to mimic FUS ALS-associated
neurodegeneration,”” could also activate HSR. We used
HEK293 cells with a doxycycline-inducible expression of WT
FUS. We treated the cells with doxycycline for up to 48 h, and
we observed a significant increase of the FUS WT protein level
after that time (Figure 4E), which was also accompanied by an in-
crease of cytoplasmic FUS (Figures S3E and S3F). This was also
associated with a significant upregulation of HSF1 (Figures 4G
and 4H). This suggests that increased levels of cytoplasmic
FUS caused by either NLS mutation or FUS overexpression
trigger FUS-mediated activation of HSR.

P525L FUS neurons rely on Hsp70 to manage excessive
formation and disassembly of SGs

It was previously shown that Hsp70 promotes proper SG disas-
sembly.*! Therefore, we hypothesized that increased levels of
Hsp70 in P525L neurons might aid the cells to properly disas-
semble SGs after arsenite stress (Figure 2D), whereas after HS,
the chaperone network might be overwhelmed due to severe
global protein aggregation, leading to delayed SG disassembly
(Figure 2E). In line with this, HS caused stronger activation of
HSR than arsenite, suggesting a higher demand for chaperones
after HS (Figures 3D-3F and S2F-S2H). To address this further,
we analyzed the level of protein aggregation after arsenite
treatment and after HS using the filter retardation assay, and
we observed a significant increase in protein aggregation after
HS but not after arsenite treatment (Figures S4A and S4B), indi-
cating that HS leads to the overload of chaperone network,
making it unavailable for proper SG disassembly. Considering
this, we next analyzed the role of Hsp70 in the disassembly
of arsenite-induced SG. We stressed the neurons with arsenite
in the presence or absence of the ATP-competitive Hsp70 in-
hibitor (Hsp70i) VER-155008,"® and we quantified SGs over
the recovery time that included continuous treatment with
Hsp70i. We observed that Hsp70i caused a complete inhibition
of SG disassembly or even increased levels of SG over time,
which was much more pronounced in the P525L neurons
(Figures 5A and 5B), while assembly of SG was not affected

Cell Reports

(Figures S4C and S4D). P525L FUS SGs showed also a
significant increase in size over time compared with WT
(Figures S4E-S4G). We then exposed the neurons to HS in
the absence or presence of Hsp70i, and we analyzed the dy-
namics of SGs using FRAP. There was a significant increase
of the half-time recovery for P525L FUS when HS was com-
bined with Hsp70i (Figure 5C), indicating that Hsp70 also regu-
lates SG liquid-like properties. Interestingly, treatment with
Hsp70i alone did not induce SG formation (Figure S5A). How-
ever, when Hsp70i was combined with a potent SG inducer,
puromycin,*® neurons showed a robust formation of SG
(Figures S5B-S5E), suggesting that Hsp70 is not a key factor
in the process of SG formation.

P525L FUS activates ISR in human MNs

Since it was previously reported that ER stress, which is an acti-
vator of the PERK-Atf4 ISR axis,” is increased in ALS®" and that
ISR is activated in FUS ALS mouse model,®” we next wanted to
test whether ISR is also activated in human P525L FUS neurons.
We analyzed Atf4 protein levels in WT and P525L neurons and
showed that the Atf4 protein level was significantly elevated in
P525L cells compared with WT (Figures 5D and 5E), implicating
activation of ISR. Treatment with a known ISR inhibitor (ISRIB)°?
for 24 h led to a significant decrease of the Atf4 protein level in
mutant cells, although it was still elevated compared with WT
(Figures 5D and 5E). To test whether ISR activation leads to
reduced translation in mutant cells, we analyzed the level of
FUS protein after the treatment with ISRIB. Interestingly, west-
ern blot revealed that in P525L neurons, which are heterozy-
gotes carrying an endogenous WT FUS allele and CRISPR-
generated EGFP-tagged P525L FUS allele, the cells did not
express WT FUS protein, which was in contrast to WT FUS cells
that expressed both endogenous and EGFP-tagged FUS (Fig-
ure 5F). The genotype of the cell lines was carefully analyzed
with PCR and sequencing (Naumann et al.*®; Figures S5F-
S5H), and this confirmed that both cell lines are heterozygotes,
suggesting that P525L FUS expression led to suppression of
WT FUS. The analysis revealed also that the P525L FUS protein
level is higher compared with WT and that it increases further
upon ISRIB treatment (Figures 5F and 5G). This indicates that
activation of ISR might be a protective mechanism counteract-
ing pathological overexpression of mutant FUS and, more
generally, reducing translation to compensate for disturbed
proteostasis by relieving the production of faulty protein
species. We also analyzed the protein level of Hsp70 and
Hsp40 after ISRIB treatment, and we did not observe any effect

Figure 3. HSPs are upregulated in P525L FUS motor neurons

(A) Representative images of fluorescent western blot for chosen HSPs in WT and P525L FUS neurons in control conditions and after 1 h of HS.

(B and C) Quantification of (A). (B) Level of the proteins in control conditions (37°C). The data were normalized to B-actin and to WT. (C) Level of proteins after HS
compared with control conditions. The data were normalized to B-actin and to the level of the same protein in the control conditions. The plots represent mean + SEM.
n = 3 biological replicates. Statistical analysis with unpaired Student’s t test, comparing samples from WT and P525L FUS neurons for each protein independently.
(D) Representative images of fluorescent western blot for chosen HSPs in WT and P525L FUS neurons in control conditions and after 1 h of HS followed by up to
8 h of recovery at 37°C. The asterisks indicate comparison of WT and P525L; the number signs indicate comparison with untreated control.

(E and F) Quantification of (D). The data were normalized to B-actin and to the respective non-heat-stressed control. The asterisks indicate comparison of WT and
P525L; the number signs indicate comparison with untreated control. The plots represent mean + SEM. n = 3 biological replicates. Statistical analysis with two-

way ANOVA followed by Tukey’s multiple comparison.
*#p < 0.05; */## p < 0.01; */### p < 0.001; ***/#### p < 0.0001
See also Figure S2.
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(Figures 5H-5J). This suggests that ISR and HSR activation in
response to FUS mutation are, to some extent, independent
from each other.

Inhibition of ISR and SG formation does not affect
neuron survival upon prolonged stress

It was previously reported that ISR activation in the FUS ALS
mouse model suppresses local translation in the axon, which
leads to neurodegeneration.37 Therefore, we wanted to assess
if ISR inhibition with ISRIB might be beneficial for survival of
mutant MNs exposed to additional stress exerted by arsenite.
ISRIB functions downstream of elF2a phosphorylation®® (Fig-
ure 6A), and it can only inhibit ISR during mild stress, when the
level of phosphorylated elF20 does not surpass a critical level.>*
To induce mild stress, we treated the cells with low-dose arse-
nite, and we found that in these conditions, ISRIB blocks ISR,
as indicated by inhibition of SG formation (Figures S6A and
S6B). Next, we assessed viability of the neurons after 48 h of
treatment. Interestingly, we did not observe any differences in
the cell viability between WT and mutant neurons either in the
control conditions or after arsenite and ISRIB treatment (Fig-
ure 6B). This indicates that ISR and formation of SGs are not
the main pathways involved in the cell survival/cell death of
mutant FUS MNs early in the pathology. We next wanted to
investigate if exposure to acute stress can reveal differences in
survival between WT and P525L FUS MNs. For this reason, we
exposed the cells to acute arsenite stress or HS, and we
analyzed their viability directly after the exposure or after 24 h re-
covery. However, we did not observe any decline in viability
directly after the arsenite or HS exposure (Figures 6C and 6D).
After 24 h of recovery, there was a significant decline of viability
in cells exposed to HS but not arsenite, although there was no
difference between WT and P525L neurons (Figures 6C and
6D). While both arsenite and HS are strong activators of
ISR®>*® and HSR in neurons (Figures 3D-3F and S2F-S2H),
HS exerts a more proteotoxic effect on the cell (Figures S4A
and S4B), which might explain its more detrimental effect. How-
ever, even in the case of highly proteotoxic stress, activation of
ISR and HSR present already on the basic level and further upre-
gulated due to stress protects mutant MNs from increased cell
death.

Cell Reports

P525L FUS neurons are at higher risk of cell death
during proteotoxic stress when ISR and HSR are
disabled

Considering activation of ISR in P525L neurons, which is associ-
ated with translation inhibition that was previously reported to
cause neurodegeneration,®” we next wanted to assess the role
of reduced translation in the pathology of FUS ALS independently
of the ISR. We used two translation inhibitors with different
modes of action: cycloheximide (CHX) and puromycin.*® Both
compounds inhibit translation independently of ISR and the
PERKp-elF2a. pathway*®° (Figure 7A). CHX blocks translation
by stalling the polysome on mRNA, inhibiting polysome disas-
sembly and blocking SG formation.®® On the other hand, puromy-
cin incorporates into the translated polypeptide chain, inducing
disassembly of polysome, formation of SGs,*® and release of
defective ribosomal products (DRiPs), which are truncated poly-
peptides prone to misfolding.>® While both compounds disable
production of stress response proteins by inhibiting total transla-
tion, CHX does not show a proteotoxic effect, while puromycin
does.®® We treated neurons with either CHX or puromycin for up
to 48 h, and as expected, we observed SG formation after puromy-
cin, but not after CHX, treatment (Figure S6C). To evaluate if trans-
lation inhibition was effective, we analyzed the level of an autopha-
gosome cargo protein p62 after the treatments. We observed a
significant reduction in p62 level after 24 h of CHX treatment
(Figures 7B and 7C). After puromycin treatment, we detected addi-
tional bands of smaller molecular weight and smearing on the
western blot (Figure 7B), indicating the presence of truncated
p62 polypeptide chains that are released prematurely from the
polysome. Interestingly, we did not observe a decreased FUS pro-
tein level even after 48 h of treatment with either CHX or puromycin
(Figures 7D and 7E), suggesting that FUS protein turnover is rela-
tively slow in neurons. Next, we analyzed the cellnumber to assess
if cell death is affected by translation inhibition. We did not observe
any cytotoxic effect of CHX after 48 h of treatment (Figure 7F). In
the case of highly proteotoxic puromycin, there was a significant
reduction in the number of P525L FUS neurons after 48 h (Fig-
ure 7F). This suggests that reduced translation per se is not the
main driver of neurodegeneration in early FUS ALS. It is rather
high proteotoxicity combined with the inability to activate stress
response pathways. Nevertheless, the observed effect was mild,

Figure 4. Severe FUS cytoplasmic mislocalization and FUS overexpression can activate HSR

(A and B) Relative protein level of HSF1 (A) and Hsp70 (B) in MNs derived from control and FUS ALS hiPSC lines normalized to B-actin. Representative western
blot images are presented in Figure S3A. Each point on the plot represents a biological replicate (an independent differentiation, n = 3) for each cell line. Two
control cell lines were pooled together. Mean + SD is presented. Statistical analysis with one-way ANOVA followed by Tukey’s multiple comparison.

(C) Quantification of nuclear-to-cytosolic (N/C) FUS ratio. MNs were immunostained with FUS antibody, and fluorescence intensity in N and C was measured. The
N/C ratio of at least 23 cells was calculated after applying background correction. The plot represents mean + SEM. Statistical analysis with one-way ANOVA
followed by Tukey’s multiple comparison.

(D) Linear regression analysis of the correlation between FUS N/C ratio shown in (C) and Hsp70 level shown in (B).

(E) Analysis of FUS WT level in HEK293 cell with doxycycline-inducible expression of FUS WT after up to 48 h of doxycycline treatment. The plot represents
quantification of FUS WT protein level based on the fluorescent western blot (shown in H) and shows mean + SEM. n = 3 samples from independent experiments.
Statistical analysis with one-way ANOVA followed by Tukey’s multiple comparison.

(F) Representative images of immunostaining of FUS in HEK293 cells with doxycycline-inducible expression of FUS WT after up to 48 h of doxycycline treatment.
Scale bar, 10 pm.

(G) Quantification of HSF1 protein in doxycycline-treated FUS WT HEK293 based on the fluorescent western blot presented in (H). The plot represents mean +
SEM. n = 3 samples from independent experiments. Statistical analysis with one-way ANOVA followed by Tukey’s multiple comparison.

(H) Fluorescent western blot for FUS WT and HSF1 in doxycycline-treated FUS WT HEK293 cells.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.

See also Figure S3.
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inhibition of Hsp70. SGs were quantified every 30 min of recovery. The graphs represent the number of SGs per cell at each time point. Data are presented as
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as neurons showed surprising resistance to the translation inhibi-
tion. It was shown previously that in terminally differentiated neu-
rons, global translation is lower compared with NPCs.®" Therefore,
to validate our findings, we treated WT and P525L FUS NPCs with
CHX or puromycin, and we analyzed the FUS protein level. We
observed a significant decrease in both WT and P525L FUS pro-
tein levels over time (Figures S6D and S6E), confirming that
NPCs have higher FUS turnover. Next, we analyzed the cell death
of treated NPCs. After 48 h of CHX treatment, there was a signifi-
cant reduction of the cell number for both WT and P525L FUS
NPCs, but there was no significant difference between WT and
P525L FUS cells (Figure S6F). In contrast, puromycin treatment
had a much stronger impact on the survival of P525L FUS NPCs.
After 48 h of treatment, there were no more surviving P525L FUS
cells, while 40% of WT FUS NPCs survived (Figure S6G).

DISCUSSION

The localization of ALS-associated mutant FUS into SGs under
stress is a well-documented phenomenon.®'%¢2%* Here, using
hiPSC-derived MNs, we demonstrated that P525L FUS localizes
into SGs and alters their abundance, size, and dynamics. While
others described that mutant FUS may accelerate the disas-
sembly of SGs in vitro'® or delay it in vivo,'” we observed a sig-
nificant delay in the disassembly of HS-induced SGs in P525L
FUS neurons compared with WT, which was not the case for
the arsenite-induced SGs. Stress-specific, cell-type-specific,
and disease-dependent composition of SGs was previously
identified and described in detail.®>°® For instance, in Hel a cells
treated with either arsenite or HS, out of 52 SG-associated pro-
teins, only 77% co-localized with SGs under both stress condi-
tions, while the remaining 23% were stress specific.® Our find-
ings revealing differences in SG dynamics in P525L neurons
depending on the used condition might be the biological conse-
quence of this composition diversity. Similarly, we observed
stress-dependent differences in SG liquid-like properties using
FRAP, which did not correlate with SG disassembly dynamics.
This might indicate that liquid-like properties of SGs do not
directly define their disassembly rates but possibly are due to
their different composition and diverse interactions of WT versus
P525L FUS with SG components. Overall, these findings sug-

Cell Reports

gest that FUS-mutation-induced changes in SG dynamics
depend largely on a broader cellular context.

We demonstrated here that FUS mutation leads to an activa-
tion of HSR in human MNs and that inhibition of Hsp70 causes
further disturbance in SG processing. Interestingly, activation
of HSR in MNs expressing different variants of mutant FUS de-
pended on the level of cytoplasmic FUS mislocalization. This
correlated with the disease course showing earlier onset and
more rapid progression in the case of mutations associated
with higher levels of cytoplasmic FUS."? In line with this, overex-
pression of WT FUS and its accumulation in the cytoplasm also
increased the level of HSF1, suggesting that FUS protein is inher-
ently capable of triggering HSR when overrepresented in the
cytoplasm. This toxic gain of function of FUS is currently targeted
by a phase 3 clinical trial that shows promising results of anti-
sense oligonucleotide approach to reduce overall FUS level.®’

Many reports have analyzed the collapse of proteostasis as a
potential pathological event during ALS development.®*~2° How-
ever, the impact of FUS mutation on the expression of chaper-
ones in human neurons has not been analyzed in depth so far.
We speculate that upregulation of HSPs in response to the
FUS mutation reported here is an early event in ALS since
hiPSC-derived neurons are comparable with the fetal develop-
mental stage.’® As proteostasis is compromised with aging
and neurodegeneration,®®? it is likely that neurons lose the
capability to upregulate HSP in response to FUS mutation with
time, which may lead to a disrupted clearance of SG and FUS ag-
gregation and a fatal decline of proteostasis. Increased levels of
chaperones in P525L neurons might explain that in spite of for-
mation of arsenite-induced SGs that are larger and more abun-
dant and show altered dynamics, the disassembly process is
not affected. On the contrary, the disassembly of HS-induced
SGs is significantly delayed in P525L FUS neurons. We propose
that during HS, the chaperone network is overwhelmed with as-
sisting multiple aggregating clients, and thus the capacity for SG
disassembly is not sufficient. Interestingly, it was also shown that
SGs in MNs are particularly enriched in components of PQC pro-
teins compared with other cell types.®® Therefore, MNs might be
particularly vulnerable to depletion of these components. In line
with this, inhibition of Hsp70 leads to the stiffening of the gran-
ules and to suppression of their disassembly, which is more

mean + SD. n = 3 biological replicates; for each condition, at least 13 images were analyzed. Statistical analysis with two-way ANOVA followed by Tukey’s
multiple comparison. The asterisks represent the difference between WT and P525L FUS neurons at each time point; the number signs represent the difference
between a given time point and the time point zero.

(C) Quantification of FRAP of SGs induced with HS and HS combined with Hsp70i in WT and P525L neurons. Each point on the graph represents a single granule.
Data are presented as mean + SEM. n = 3 biological replicates; for each condition, 18-20 FUS granules were analyzed. Statistical analysis with two-way ANOVA
followed by Tukey’s multiple comparison.

(D) Fluorescent western blot for Atf4 and elF2a in WT and P525L FUS MNss in the control condition and after treatment with ISRIB.

(E) Quantification of (A). The graph represents mean + SEM. n = 3 biological replicates. Statistical analysis with two-way ANOVA followed by Tukey’s multiple
comparison.

(F) Fluorescent western blot for FUS protein in WT and P525L FUS MNs in the control condition and after treatment with ISRIB.

(G) Quantification of (F). The graph represents mean + SEM. n = 3 biological replicates. Statistical analysis with two-way ANOVA followed by Tukey’s multiple
comparison.

(H) Fluorescent western blot for selected HSPs in WT and P525L FUS MNs in the control condition and after treatment with ISRIB.

(Iand J) Quantification of (H). The graph represents mean + SEM. n = 3 biological replicates. Statistical analysis with two-way ANOVA followed by Tukey’s multiple
comparison.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.

See also Figure S5.
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Figure 6. Proteotoxicity and SG formation do
not cause increased cell death of P525L FUS
neurons when the protective mechanism can
be activated

(A) A schematic overview of ISR PERK-Atf4 pathway
activated by HS and sodium arsenite.

(B-D) Survival assay for the cells treated with low-
dose arsenite and ISRIB after 48 h (B) and with high
does arsenite (C) and HS (D) after 1 and 24 h re-
covery, respectively. The viability was assessed
with PrestoBlue assay. The graph represents the
cell viability as a percent of untreated control. Data
are presented as mean + SEM. n = 3 biological
replicates; for each biological replicate, there
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severe in P525L FUS neurons. It was reported previously that
Hsp70 prevents formation of aberrant SGs in the presence of
misfolding mutant SOD1 protein and that it is essential for SG
disassembly,*' additionally supporting the importance of this
chaperone in the maintenance of proper SG functions.

We also describe here activation of the ISR in P525L FUS hu-
man MNs. Activation of ISR was previously reported in the
context of neurodegenerative disorders, and also in the case
of FUS ALS,*” and it was often associated with ER stress and
loss of proteostasis.®® Although it remains unclear whether ISR
is a cause or a symptom of neurodegeneration, its persistent
activation in P525L FUS neurons might be involved in the exces-
sive formation of SGs. We showed that downregulation of ISR
causes an increase in FUS protein levels specifically in P525L
FUS neurons, indicating that translation is already suppressed
to some extent in mutant neurons and that activation of ISR re-
duces, albeit not completely, overexpression of FUS protein

100+
T T .MI_H‘

I Illll are 4 technical replicates. Statistical analysis with

two-way ANOVA followed by Tukey’s multiple
comparison.

*p < 0.05; *p < 0.01;**p < 0.001; ***p < 0.0001.
See also Figure S4 and S6.

caused by the mutation, which on its own
is detrimental to the neurons.*”

We demonstrated that there is no differ-
ence in the survival between WT and
P525L neurons under various stress condi-
tions. This suggests that (over)activation of
stress response pathways in the mutant
cells protects them from increased sus-
ceptibility to cell death early in the disease
course even under proteotoxic overload
and in spite of altered SG dynamics. At
the same time, inhibiting ISR during stress
exposure did not change that outcome,
suggesting that ISR on its own is not
responsible for this protective effect.
However, P525L neurons are more sus-
ceptible to cell death during prolonged
translation inhibition combined with pro-
teotoxic overload.

Our results suggest that neurons show
high resistance to acute and prolonged
protein translation inhibition with CHX
but not with proteotoxic puromycin. This indicates that patho-
logical activation of ISR leads to neurodegeneration, possibly
not through the global protein translation suppression but
rather might be associated with expression of stress-related
proteins with pro-apoptotic functions that are produced
downstream of ISR activation.”' In line with this, reduced
translation per se is associated with longevity since it was
shown to reduce the burden on the proteostatic machin-
ery.”>”® In addition, in the field of neurodegeneration
research, there is now more focus on the proteostasis control
at the level of protein synthesis, where ribosomal quality con-
trol (RQC) machinery maintains nascent polypeptide chains
still associated with ribosome. It has been shown that ribo-
somal stalling and release of DRIiPs is associated with loss
of proteostasis during neurodegeneration’*’® and that
improving RQC can rescue neurodegeneration-associated
phenotypes.’® We speculate that reduced translation rates
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Figure 7. P525L FUS neurons show
increased cell death after prolonged stress
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might be one of the mechanisms that P525L neurons employ
to reduce the production of DRiPs.

Interestingly, ISRIB treatment for different neurodegenerative
diseases is currently discussed as it has shown some results in
rescuing neurodegeneration-associated phenotypes in a mouse
model of Alzheimer’s disease and in a cell model of SOD1
ALS,”":"8 although some reports do not support this protective
effect.”® We speculate that the beneficial effect of ISR activation
observed early in the FUS ALS pathology turns into a toxic mech-
anism over time; therefore, the timing and duration of a potential
ISRIB treatment might be essential for observing preventive
outcomes.

No effect of translation inhibition with CHX on the survival of
neurons was associated with low protein turnover. Slow protein
turnover in postmitotic neurons compared with cycling cells
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(B) A representative image of a fluorescent western
blot analysis of p62 protein level in the neurons
treated with either CHX or puromycin.

(C) Quantification of (B). The graph shows level of
the p62 proteins normalized to B-actin and to WT.
p62 level after puromycin treatment was not quan-
tified because of appearance of multiple bands/
smearing. Data are presented as mean + SEM.
n = 3 biological replicate. Statistical analysis with
two-way ANOVA followed by Tukey’s multiple
comparison.

(D) A representative image of a fluorescent western
blot analysis of FUS protein level in the neurons
treated with either CHX or puromycin for up to 48 h.
(E) Quantification of (D). The level of total FUS pro-
tein (endogenous FUS + FUS-EGFP) normalized to
B-actin and to non-treated control. Data are pre-
sented as mean + SEM. n = 3 biological replicate.
Statistical analysis with two-way ANOVA followed
by Tukey’s multiple comparison.

(F) Quantification of the neuron cell numbers after
48 h of treatment with either CHX or puromycin. The
cells were counted using the cell counter and
analyzer (CASY). The cell number was normalized to
untreated control. Data are presented as mean +
SEM. n = 3 biological replicates. Statistical analysis
with two-way ANOVA followed by Tukey’s multiple
comparison.

*p < 0.05;"p < 0.01;*p < 0.001; **p < 0.0001;
ns - not significant.

See also Figure S6.
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might also explain that in spite of persis-
tent activation of ISR and decreased
translation in the early stages of FUS
ALS pathology, neurons remain resistant
to neurodegeneration and only over an
extended period do they succumb to cell
death. Interestingly, we observed sup-
pression of FUS WT expression in the
presence of the P525L FUS variant in our
cell model. It was previously shown that
FUS autoregulates its own expression
level by binding to exon7 of its MRNA, which leads to exon skip-
ping and degradation of the transcript via nonsense-mediated
decay, and that this autoregulatory mechanism is disturbed
by the FUS mutation.?° We speculate that in our model,
P525L FUS escapes the autoregulatory mechanism, which
leads to accumulation of the mutant protein and to downregu-
lation of the WT variant.

In summary, we pinpointed ISR and HSR as early protective
mechanisms that are activated in response to accumulation of
cytoplasmic FUS in the early pathology of FUS ALS. These
pathways protect P525L FUS during proteotoxic stress, which
is the most harmful to the mutant neurons, and prevent their
cell death. Meanwhile, aberrations in SG-related pathways
and protein translation are not detrimental to neurons in the
early FUS ALS.
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Limitations of the study

Although using hiPSC-derived MNs gives a unique possibility to
investigate patient-specific phenotypes in the disease-relevant
cell type, a major shortcoming of this model for studying late-
onset age-related diseases such as FUS ALS is their fetal-like
developmental stage. Such neurons might carry resilience fac-
tors that in vivo fade over time because of aging and other envi-
ronmental factors. Therefore, the magnitude of the observed ef-
fects might be moderate, and the described mechanisms might
depict very early stages of the disease. Accordingly, when study-
ing age-related disorders, it is paramount to complement studies
of hiPSC-derived neurons with models that recapitulate aging
hallmarks.
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Antibodies

Mouse anti-B-Actin Sigma-Aldrich Cat#A5441; RRID:AB_476744

Mouse anti-DCP1a Abnova Cat#H00055802-M06; RID:AB_530021
Mouse anti-EIF2a Abcam Cat#ab5369; RRID:AB_304838

Rabbit anti-FUS Sigma-Aldrich Cat#HPA008784; RRID:AB_1849181

Rabbit anti-HDAC6

Rat anti-HSF1 (10H8)

Rat anti-HSF2 (3E2)

Mouse anti-HSP27(G3.1)

Rabbit anti-HSP40

Mouse anti-HSP70/HSP72 (C92F3A-5)
Rat anti-HSP73(1B5)

Rabbit anti-HSP90(AC88)

Chicken anti-MAP2

Mouse anti-p62/SQSTM1

Rabbit anti-pHSF1(EP1713Y)

Rabbit anti-Atf4 (EPR18111)

Mouse anti-Neurofilament H

Mouse anti-TIAR

Donkey anti-Chicken IgY

Donkey anti-Mouse IgG Alexa Fluor 488
Donkey anti-Mouse IgG Alexa Fluor 555
Donkey anti-Rabbit IgG Alexa Fluor 488
Donkey anti-Rabbit IgG Alexa Fluor 555
Donkey anti-Rat IgG Alexa Fluor 488
Goat anti-Mouse IgG DyLight 680

Goat anti-Mouse IgG DyLight 800

Goat anti-Rabbit IgG DyLight 680

Goat anti-Rabbit IgG DyLight 800

Goat anti-Rat IgG DyLight 680

Goat anti-Rat IgG DyLight 800

Proteintech

Enzo Life Sciences

Enzo Life Sciences

Enzo Life Sciences

Enzo Life Sciences

Enzo Life Sciences

Enzo Life Sciences

Cell Signaling Technology
abcam

abcam

abcam

abcam

Biolegend

BD Biosciences

Dianova GmbH

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Dianova GmbH

Rockland Immunochemicals
Rockland Immunochemicals
Rockland Immunochemicals
Rockland Immunochemicals
Rockland Immunochemicals

Rockland Immunochemicals

Cat#12834-1-AP; RRID:AB_10597094
Cat#ADI-SPA-950-D; RRID:AB_2039201
Cat#ADI-SPA-960-E; RRID:AB_311836
Cat#ADI-SPA-800-D; RRID:AB_2039215
Cat#ADI-SPA-400-D; RRID:AB_2039237
Cat#ADI-SPA-810; RRID:AB_10616513
Cat#ADI-SPA-815-D; RRID:AB_2039279
Cat#4874S; RRID:AB_2121214
Cat#ab5392; RRID:AB_2138153
Cat#ab56416; RRID:AB_945626
Cat#ab76076; RRID:AB_1310328
Cat#ab184909; RRID:AB_2819059
Cat#801701; RRID:AB_2564642
Cat#610352; RRID:AB_397742
Cat#703-605-155

Cat#A21202; RRID:AB_141607
Cat#A31570; RRID:AB_2536180
Cat#A21206; RRID:AB_2535792
Cat#A31572; RRID:AB_162543
Cat#712-546-150

Cat#610-144-121

Cat#610-145-003

Cat#611-144-002

Cat#611-145-122

Cat#612-144-002

Cat#612-145-002

Chemicals, peptides, and recombinant proteins

Accutase

Activin A

Ascorbic Acid

B27 Supplement, w/o vitamin A
BDNF

Chiron 99021

cOmplete Protease Inhibitor Cocktail Tablets
Cycloheximide

DBcAMP

DMEM/F12 Medium

ISRIB

GDNF

GlutaMAX Supplement

Sigma-Aldrich

Biomol

Sigma-Aldrich

Thermo Fischer Scientific
Peprotech

Peprotech

Sigma-Aldrich

US Biological Life Science
Peprotech

Thermo Fischer Scientific
Tocirs Bioscience
Peprotech

Thermo Fischer Scientific

Cat#A6964
Cat# 97394.10

Cat#12587010
Cat# 450-02-10UG
Cat# 2520691
Cat# 4693116001
Cat# C8500-10
Cat# 1698950
Cat# 21331-020
Cat#5284

Cat# 450-10-10UG
Cat# 35050061

(Continued on next page)
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Laminin Sigma-Aldrich Cat# L2020-1MG
Matrigel Matrix Corning Inc. Cati# 354234

N2 Supplement

Neurobasal Medium

Penicillin and Streptomycin

PhosSTOP Phosphatase Inhibitor Tablets
Pierce™ Protein-Free (PBS) Blocking Buffer
Poly-L-Ornithine

Purmorphamine

Puromycin Dihydrochloride

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Sigma-Aldrich

Thermo Fischer Scientific
Sigma-Aldrich

Biomol

Thermo Fischer Scientific

Cat#17502-048
Cat# 21103-049
Cat# 15140-122
Cat#4906837001
Cat#37572
Cat#A-004-C

Cat# 10009634
Cat#540411-25MG

Retinoic Acid Sigma-Aldrich

RIPA Lysis and Extraction Buffer Thermo Fischer Scientific Cat#89901

Sodium Arsenite Sigma-Aldrich Cat#S7400

TGFB-3 Peprotech Cat# AF-100-36E-10UG
VER-155008 Sigma-Aldrich Cat# SML0271

Critical commercial assays

4-15% Criterion TGX Precast Midi Protein Gels Bio-Rad Laboratories, USA Cat#5678084

Pierce BCA Protein Assay Kit Thermo Fischer Scientific, USA Cat# 23225

PrestoBlue Viability Assay Thermo Fischer Scientific, USA Cat#A13261

Trans-Blot Turbo Midi Nitrocellulose Transfer Packs

Bio-Rad Laboratories, USA

Cat# 1704159

Experimental models: Cell lines

Human: WT FUS-EGFP hiPSC

Human: P525L FUS-EGFP hiPSC

Human: Ctrl1 hiPSC

Human: Ctrl2 hiPSC

Human: R521C FUS hiPSC

Human: R521L FUS hiPSC

Human: R495QfsX527 FUS hiPSC

Human: FLP-293-TRex TO/FlagHA/FUS-WT

Naumann et al.*®

Naumann et al.*®

Naumann et al.*®

Peter et al.®"%?

Japtok et al., Naumann et al.>%4°
Naumann et al.®®

Japtok et al., Naumann et al.*®%°
Prof. Markus Lanthaler,
markus.landthaler@mdc-berlin.de

Naumann et al.*®

Naumann et al.*®

Naumann et al.*®

Peter et al.®"%?

Japtok et al., Naumann et al.*®%®
Naumann et al.*®

Japtok et al., Naumann et al.*®“®

This study

Software and algorithms

GraphPad Prism 7

CellProfiler 2.2.0

FidJi ImageJ 2.2.0-rc-65/1.52b
KNIME 3.7.2

Image Studio Lite 5.2

GraphPad Software Inc.

Open source Carpenter et al.®*
Open source Schindelin et al.**
KNIME AG

LI-COR Bioesciences

https://www.graphpad.com/scientific-
software/prism/

https://cellprofiler.org/
https://imagej.net/
https://www.knime.com/

https://www.licor.com/bio/image-studio-lite/

RESOURCE AVAILABILITY

Lead contact

Requests for reagents or further information should be addressed to and will be fulfilled by the lead contact, Andreas Hermann

(Andreas.Hermann@med.uni-rostock.de).

Materials availability

Request for FLP-293-TRex TO/FlagHA/FUS-WT cell line generated for this study will be fulfilled by the providing scientist, Prof. Dr.
Markus Landthaler, markus.landthaler@mdc-berlin.de.
Requests for all other cell lines should be addressed to and will be fulfilled by the lead contact upon request.
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Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This study does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

An isogenic pair of lines of hiPSC and NPC of WT FUS-EGFP and P5251 FUS-EGFP which were the main cell model in this study were
generated and characterized as a part of a previous study.*® Briefly, fibroblasts of FUS R521C ALS patient (female, age at biopsy 58)
were reprogrammed into hiPSC using retroviral vectors carrying cDNA of human OCT4, SOX2, KLF4 and cMYC. After establishing
and characterizing the hiPSC line, CRISPR/Cas9-mediated genome editing was used to generate WT and P525L FUS-EGFP lines.
This was achieved by correcting patient specific R521C mutation to WT and adding EGFP tag to the WT FUS sequence to generate
WT FUS-EGFP line. In case of P525L FUS-EGFP line, the correction of R521C was accompanied by introducing P525L mutation and
addition of EGFP tag to the mutated allele. All the other non-isogenic hiPSC lines used in this study were generated previously and are
described in detail in Table S1. NPC maintenance and differentiation into motor neurons was based on the protocol published by
Reinhardt et al.?® In brief, NPC were maintained in the basic medium (DMEM-F12/Neurobasal 50:50 medium with N2 Supplement
(1:200), B27 Supplement without vitamin A (1:100), penicillin/streptomycin (1%), GlutaMAX (1%)), supplemented with Chiron
99,021 (3 uM), Ascorbic acid (150 uM) and Purmorphamine (0.5 uM) on the dishes coated with Matrigel Matrix. For the coating, Ma-
trigel was diluted 1:100 in DMEM-F12 and added to dishes, followed by the incubation at 37°C for 1 h. NPC were split after reaching
70-80% confluence at a 1:5-1:10 ratio using Accutase for 5 min at 37°C. For induction of the differentiation into motor neurons, NPC
were split at 1:8-1:10 ratio on the Matrigel Matrix coated dish in the basic medium supplemented with BDNF (1 ng/mL), Ascorbic acid
(200 M), Retinoic acid (1 uM), GDNF (1 ng/mL) and Purmorphamine (0.5 pM) and maintained for 5 days with the medium changed
every other day. For the final maturation, the medium was changed on the day 6 to the basic medium supplemented with DBCAMP
(100 uM), BDNF (2 ng/mL), Ascorbic acid (200 uM), TGFB-3 (1 ng/mL) and GDNF (2 ng/mL). Between day 7 and 10 the cells were split
onto the dishes coated with Poly-L-ornithine and laminin and maintained for at least 21 days before they were used for the final anal-
ysis. The cells were regularly tested for mycoplasma contamination.

To generate FLP-293-TRex TO/FlagHA/FUS-WT cell line, commercially available Flp-In™ T-Rex™ 293 Cell Line (Invitrogen) was
used according to manufacturer instructions. In short, plasmid pENTR4 FUS was generated by polymerase chain reaction (PCR)
amplification. PCR was followed by restriction digest with Sall and Notl and ligation into pENTR4 (Invitrogen). pENTR4 FUS was re-
combined into pFRT/TO/FLAG/HA-DEST destination vector (Addgene #26361) using GATEWAY LR recombinase (Invitrogen) ac-
cording to the manufacturer’s protocol to allow for doxycycline-inducible expression of stably transfected FLAG/HA-tagged protein
in Flp-In T-REx HEK293 cells.

The following forward (_F) and reverse (_R) primers were used for PCR and cDNA cloning into pENTR4:

FUS_F 5-ACGCGTCGACATGGCCTCAAACGATTATACCCAAC-3/,

FUS_R 5'-ATAAGAATGCGGCCGCTCAATACGGCCTCTCCCTGCGATC-3'

The generated cells were cultured in DMEM with high glucose, I-glutamine and sodium pyruvate, supplemented with 10% FBS, 1%
penicillin/streptomycin and 150 pg/mL Hygromycin B. The cells were regularly split at 1:10-1:20 ratio with 0.25% trypsin after reach-
ing 80-90% confluence. To induce expression of FUS WT, medium was supplemented with 1 ng/mL doxycycline for up to 48 h. After
that time, the cells were collected using trypsin for protein extraction or fixed and immunostained.

HelLa cells were cultured in DMEM with high glucose, I-glutamine and sodium pyruvate, supplemented with 10% FBS, 1% peni-
cillin/streptomycin. The cells were regularly split at 1:10-1:20 ratio with 0.25% trypsin after reaching 80-90% confluence.

METHOD DETAILS

Treatments and inhibitors

To prepare stock solutions Hsp70i VER 155008 was dissolved in DMSO to the 10 mM concentration; puromycin was dissolved in
water to the 1 ng/mL concentration; sodium arsenite was dissolved in water to the 200 mM concentration, ISRIB was dissolved in
DMSO to the 200 uM concentration.

Toinduce SG formation the cells were treated with 200 pM sodium arsenite for 1 h, 40 uM Hsp70i and 2.5 png/mL puromycin for 18 h
or were incubated at 43°C in the cell culture incubator for 1 h. For the stress recovery experiments, the cells after HS were placed in
the cell culture incubator at 37°C. In case of the cells treated with sodium arsenite, the medium containing arsenite was removed,
cells were washed once with PBS and fresh medium with or without Hsp70i was added. The cells were fixed with ice-cold 4% para-
formaldehyde immediately after the treatment and the immunofluorescence staining was performed.

To induce mild stress, the cells were treated with 50 M sodium arsenite for 48 h, with medium change after 24 h. To inhibit ISR, the
cells were treated with 200 nM ISRIB for 24 h. To block the translation, the cells were treated with either 200 ng/mL cycyloheximide or
with 2.5 pg/mL puromycin for up to 48 h, with the medium changed after 24 h.
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Immunofluorescence staining and imaging

For the immunofluorescence staining, the cells were cultivated on the glass coverslips. The cells were fixed with 4% ice-cold para-
formaldehyde for 10 min in the room temperature and next the membranes were permabilized with 0.2% Triton X-100 in PBS for
10 min in the room temperature. The unspecific binding sites were blocked with a blocking buffer (1% BSA, 5% donkey serum,
0.3 M glycine, 0.02% Triton X-100 in PBS) for 1 h in the room temperature. The primary antibodies were diluted to the desired con-
centration in the blocking buffer and added to the cells that were then incubated overnight at 4°C. After washing the primary anti-
bodies solution with PBS (3 times for 5 min), the secondary antibodies dilution (1:500) in blocking buffer was applied and the cells
were incubated for 1 h at the room temperature. Used antibodies are provided in the key resources table. The nuclei were stained
using Hoechst (Life Technologies). The following dilution of primary antibodies were used: TIAR 1:300, MAP2 1:2000, DCP1a 1:100,
FUS 1:2000.

The images were acquired with the Axiovert 200M fluorescence microscope with optical sectioning (Carl Zeiss) using 63x lens with
oil immersion. The images were acquired as 6 z-stacks with the z-step of 1 um and were later processed using Fidi Imaged to gener-
ated maximum intensity projection. Quantification of FUS granules was performed in an automated way using CellProfiler 2.2.0. First,
the nuclei were detected using Hoechst staining and the neuronal bodies were detected using MAP2 staining. The two regions were
merged together to cover the whole cell region. Next, the SG were detected using TIAR staining or P-bodies were detected using
DCP1a staining. FUS granules were identified based on the EGFP signal. Detected objects were then related to the MAP2 and nuclei
region, to select the granules residing specifically in the neurons (FUS granules per MAP2 area). The size, shape and number of the
detected objects was then measured. To analyze the co-localization, an object-based approach was applied. All the objects were
first shrunk to a point and then expanded by 1 pixel. The FUS granules were then related to either SG or P-bodies and if overlap
was detected, the objects were classified as co-localizing.

Quantification of FUS nuclear-to-cytosolic (N/C) ratio

The cells were immunostained as described above using FUS antibody, MAP2 antibody to detect cell bodies and Hoechst to visualize
nuclei. The images were acquired using either the Axiovert 200M fluorescence microscope with optical sectioning (Carl Zeiss) or LSM
900 confocal microscope (Carl Zeiss). 63x lens with oil immersion was used. Image analysis was performed using FiJi ImageJ soft-
ware. The mean fluorescence intensity of FUS antibody was measured in the nucleus and in the perinuclear cytoplasm by manual
selection of the regions of interest. The measured values were then corrected for background fluorescence and used to calculate
the ratio of nuclear to cytosolic FUS.

Fluorescence recovery after photo bleaching

For measuring fluorescence recovery after photo bleaching (FRAP), the neurons were seeded on the glass-bottom FluorDish (Thermo
Fisher Scientific) and the FUS granules were induced prior the imaging. The imaging was performed using a spinning disc IX81 mi-
croscope with FRAPPA unit with a stage heating (37°C) and a supply of CO, using a 63x objective with water immersion. The region of
interest including the granule was selected and photobleaching was performed using 488 nm laser at 100% power with dwell time of
50 ms repeated 3 times. The images were acquired as a single plane with 488 nm long pass filter after excitation with 488 nm laser at
12% power. 10 images at the rate of 10 frames per seconds (fps) were acquired prior to the photobleaching and 500-1000 frames at
10 fps were taken after the photobleaching. The images were analyzed with Fidi Imaged software and a semi-automated FiJi-sup-
ported sequence of commands (macro). For each series of images, two regions of interest were selected — one region in non-photo-
bleached area for the background correction, and one in the photobleached region. Within the photobleached region, fluorescence
intensity was measured and the obtained value corrected for the background for each image was then plotted against time, gener-
ating fluorescence recovery after photo bleaching curve. The half-time recovery was automatically calculated.

Western blot

To harvest the protein, the cells were pelleted in ice-cold PBS and the protein was isolated with RIPA buffer (Thermo Fisher Scientific)
supplemented with protease and phosphatase inhibitors (Sigma-Aldrich) for 40 min on ice. The samples were then centrifuged at
30,000 x g at 4°C for 20 min, and the supernatant containing the total protein fraction was collected. The protein concentration
was measured with BCA assay (Thermo Fisher Scientific). SDS-PAGE was performed with the denatured samples containing
20 pg of total protein. The proteins were then transferred onto the nitrocellulose membrane (Bio-Rad Laboratories) using Trans-
Blot Turbo Transfer System (Bio-Rad Laboratories). The unspecific binding sites were blocked with 5% skim milk powder (Sigma-
Aldrcih) in TBS with 0.1% Tween 20 for 1 h at the room temperature with shaking. The primary antibodies dilution was prepared
in 3% skim milk in TBS with 0.1% Tween 20 and applied to the membrane. The membrane was incubated overnight at 4°C with
shaking. After washing off the primary antibody solution with TBS 0.1% Tween 20 (3 time for 5 min with shaking), the secondary an-
tibodies dilution (1:10 000) was applied and the membrane was incubated for 1 h at the room temperature with shaking. Used an-
tibodies are provided in the key resources table. After the final washing (3 times for 5 min with TBS 0.1% Tween 20, 1 time 5 min
with TBS), the membrane was let to dry and was next imaged with Odyssey 9120 Fluorescent Imager (Li-Cor Biosciences). The quan-
titative analysis was performed using Image Studio Lite 5.2 (Li-Cor Biosciences). The following dilutions of primary antibodies were
used: HSF1 1:1000, p-HSF1 1:1000, B-actin 1:10,000, HSF2 1:1000, Hsp70 1:1000, Hsp40 1:1000, Hsc70 1:1000, HDAC6 1:1000,
Hsp90 1:1000, FUS 1:2000, p62 1:250, Atf4 1:1000.
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Cell survival analysis

The cell viability was analyzed using PrestoBlue Viability Assay (Thermo Fisher Scientific). Briefly, the cells were incubated with the
PrestoBlue reagent diluted 1:10 in the medium without phenol red for 1 h. After this time, the medium was collected and transferred
into the microplate. The fluorescence was measured at 590 nm with a microplate reader and the viability was calculated in reference
to the non-treated cells. Alternatively, the number of viable cells was quantified using automated cell counter and analyzer CASY
(Cambridge Bioscience), which distinguishes viable and non-viable cells based on the membrane integrity. The results were normal-
ized to non-treated control.

Filter retardation assay

The samples were prepared as for Western Blot in RIPA buffer. The protein concentration was measured using BCA assay (Thermo
Fisher Scientific). To perform the filter retardation assay, a microfiltration blotting device Bio-Dot Apparatus (Bio-Rad) with cellulose
acetate membrane with a pore size 0.2 um (Merck) was used. The membrane was soaked with PBS, then with 20% methanol and
finally washed once with RIPA buffer (5 min on a shaker). The membrane was placed in the apparatus on top of Whatman paper
soaked in RIPA buffer and the apparatus was assembled. The wells were washed once with 200 pL RIPA buffer and then the samples
containing 10 ug of protein in 100 pL of RIPA buffer were loaded. After the sample volume was filtered through, the wells were washed
once more with 200 pL of RIPA buffer. The membranes was then removed from the apparatus, washed once with 20% methanol and
once with TBS with 0.1% Tween 20. Next, the total protein was stained using Revert 700 Total Protein Stain (Li-Cor Biosciences) and
the membrane was imaged with Odyssey 9120 Fluorescent Imager (Li-Cor Biosciences). The quantitative analysis was performed
using Image Studio Lite 5.2 (Li-Cor Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

For all the quantitative analysis, at least 3 independent experiments based on 3 different differentiation procedures in case of neurons
or 3 different passages in case of stable cell lines were performed. The statistical analysis was implemented using GraphPad Prism
7.0 software. An appropriate statistical test was chosen based on the dataset. The detailed information is provided in each figure
legend. All results are reported as mean + SEM or +SD. The specific information is provided in each figure legend. */#p < 0.05;
*/##p < 0.01; ***/###p < 0.001; **/####p < 0.0001 were considered significant.

Cell Reports 42, 112025, February 28, 2023 21




	FUS ALS neurons activate major stress pathways and reduce translation as an early protective mechanism against neurodegener ...
	Introduction
	Results
	P525L FUS interacts with and affects SGs
	P525L FUS mutation alters the dynamics of SGs in MNs
	HSPs are upregulated in P525L FUS MNs
	Severe FUS cytoplasmic mislocalization and FUS overexpression can activate HSR
	P525L FUS neurons rely on Hsp70 to manage excessive formation and disassembly of SGs
	P525L FUS activates ISR in human MNs
	Inhibition of ISR and SG formation does not affect neuron survival upon prolonged stress
	P525L FUS neurons are at higher risk of cell death during proteotoxic stress when ISR and HSR are disabled

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Treatments and inhibitors
	Immunofluorescence staining and imaging
	Quantification of FUS nuclear-to-cytosolic (N/C) ratio
	Fluorescence recovery after photo bleaching
	Western blot
	Cell survival analysis
	Filter retardation assay

	Quantification and statistical analysis



