FEBS
Letters

RESEARCH LETTER

W) Check for updates

:Q° FEBSPRESS

© science publishing by scientists

C9orf72 ALS-causing mutations lead to mislocalization
and aggregation of nucleoporin Nup107 into stress

granules

Saygin Bilican'?, Yara Nabawi'?, William Hongyu Zhang'?, Dunja Petrovic'?,

Markus Wehrmann'2, Sara Munoz-Garcia®

, Seda Koyuncu'? and David Vilchez'*%*

1 Institute for Integrated Stress Response Signaling, Faculty of Medicine, University Hospital Cologne, Germany

2 Cologne Excellence Cluster for Cellular Stress Responses in Aging-Associated Diseases (CECAD), University of Cologne, Germany
3 Institute for Genetics, University of Cologne, Germany

4 Center for Molecular Medicine Cologne (CMMC), University of Cologne, Germany

Correspondence

D. Vilchez, Institute for Integrated Stress
Response Signaling, Cologne Excellence
Cluster for Cellular Stress Responses in
Aging-Associated Diseases (CECAD),
University Hospital Cologne and University
of Cologne, Joseph Stelzmann Strasse 26
50931 Cologne, Germany

Tel.: +49 22147884172

E-mail: dvilchez@uni-koeln.de

(Received 16 April 2025, revised 21 July
2025, accepted 10 August 2025, available
online 2 September 2025)
doi:10.1002/1873-3468.70156

Edited by Jeehye Park

Amyotrophic lateral sclerosis (ALS) is a fatal disorder caused by motor neu-
ron degeneration. Hexanucleotide repeat expansions in the C9rf72 gene, the
most common genetic cause of ALS (C9-ALS), drive toxicity through differ-
ent mechanisms. These pathological changes include alterations in stress
granules (SGs), ribonucleoprotein complexes formed under stress conditions.
Here, we show that G3BP1, a core component of SGs, exhibits enhanced
interaction with the nucleoporin Nupl07 in motor neurons derived from
patient iPSCs carrying C90rf72 mutations. Moreover, Nupl07 colocalizes
with SGs and aggregates in C9-ALS motor neurons. Notably, knockdown of
npp-5, the Caenorhabditis elegans ortholog of Nupl07, alleviates
ALS-associated phenotypes in worm models, including reduced lifespan and
impaired motility. Together, our findings provide insights into disease-related
changes in C9-ALS pathogenesis.
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Amyotrophic lateral sclerosis (ALS) is the most com-
mon motor neuron disease, affecting approximately 6
in 100000 people [1,2]. ALS leads to the degeneration
of upper and lower motor neurons, resulting in muscle
weakness, atrophy, and ultimately, death [3]. While the
majority of ALS cases are sporadic, around 10% are
familial and linked to mutations in one of over 30 dif-
ferent genes [3-5]. An intronic GGGGCC (G,C>) hex-
anucleotide repeat expansion (HRE) in the first intron
of the C9orf72 gene is the most common mutation
causing ALS (C9-ALS), accounting for up to 40% of
familial and 10% of sporadic cases [6-9].

Abbreviations

The pathogenic mechanisms of C9-ALS are complex
and nonmutually exclusive. The HRE mutation
reduces C9orf72 mRNA and protein levels, leading to
a loss of function [10-12]. Additionally, GC-rich DNA
and RNA repeats form G-quadruplexes that sequester
nucleic acid-binding proteins, disrupting transcription
and generating RNA foci [13-15]. The mutant tran-
script can also undergo repeat-associated non-AUG
(RAN) translation, producing dipeptide repeats
(DPRs) [16-18]. These DPRs exert proteotoxic effects
through their aggregation and binding to low-
complexity-domain containing proteins [16,19-28].

ALS, amyotrophic lateral sclerosis; C9-ALS, C9orf72-amyotrophic lateral sclerosis; DPR, dipeptide repeats; EMSA, electrophoretic mobility
shift assay; HRE, hexanucleotide repeat expansion; iMN, iPSC-derived motor neuron; iPSC, induced pluripotent stem cell; NCT, nucleocyto-
plasmic transport; NPC, nuclear pore complex; RAN, repeat-associated non-AUG translation; RBP, RNA-binding proteins; SG, stress granule.
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The toxic effects of RNA foci and DPRs in C9-ALS
are closely linked to cellular stress responses,
particularly stress granules (SGs) [29,30]. SGs are
membrane-less organelles that form in response to dif-
ferent internal and external stressors but rapidly disas-
semble upon stress removal [31,32]. Their main
components include mRNA, RNA-binding proteins
(RBPs), 40S ribosomal subunits, and translation initia-
tion factors [33-35]. One of the core proteins of SGs is
Ras GTPase-activating protein-binding protein 1
(G3BP1) [36,37]. G3BPI1, along with other core SG
proteins such as TIA1, TTP, and FMRP, facilitates
SG formation by recruiting mRNA and ribosomal
subunits [38,39]. In turn, this process attracts other
proteins containing low-complexity and intrinsically
disordered domains, leading to the formation of a
dynamic, liquid-like shell through liquid-liquid phase
separation [40,41]. SGs are highly dynamic structures,
with the mobility of their components influenced by
ATP levels, which regulate their movement, fusion,
and fission within the cell [42,43].

However, the low-complexity and intrinsically disor-
dered domains of SG components are also prone to
aggregation, a process that can lead to aberrant and
persistent granules [41]. Along these lines, dysregulated
SG dynamics (e.g., excessive formation, aggregation,
impaired disassembly, and persistence) are a hallmark
of ALS [41,44-46]. ALS-relevant proteins such as
TDP-43, FUS, and DPRs, as well as HRE-RNA,
accumulate into SGs, suggesting that SG alterations
may contribute to ALS pathophysiology [23,47-49].

In addition to affecting SG dynamics, ALS-causing
C9orf72 mutations also disrupt nucleocytoplasmic
transport (NCT) pathways [50-53]. The C9%orf72 HRE
can be transcribed in both sense and antisense direc-
tions, producing RNA repeats that bind to RanGAPI1, a
key regulator of NCT, thereby impairing nuclear import
[53]. In Drosophila melanogaster, expression of
expanded G,C, repeats induces cellular toxicity, result-
ing in a rough eye phenotype [50,53]. An unbiased
genetic screen in fruit flies identified 18 components of
the NCT pathway as genetic modifiers of C9-ALS-
related toxicity. Among them, loss of the nuclear pore
complex (NPC) components Nup50 and Nupl53 exac-
erbates the rough eye phenotype, whereas loss of
Nup160 and Nupl07 suppresses it [50]. Another study
in fruit flies demonstrated that expanded G,C, repeats
reduce the levels of several NPC components, including
Nup50, Nup98, and Nup214 [54]. A similar reduction in
nucleoporins, such as Nup50, Nup98, Nupl33, and
Nupl07, was observed in aged human iPSC-derived
neurons expressing different ALS-related C9orf72
mutant variants [55]. Importantly, various NPC
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components, such as Nup50, Nup62, Nup88, Nup205,
and Nup358, have been reported to mislocalize into SGs
under oxidative or hyperosmotic stress in naive human
cell lines [56]. Among these, Nup62 exhibits nuclear
depletion and cytoplasmic mislocalization into ribonu-
cleoprotein granules in C9-ALS iPSC-derived neurons,
leading to TDP-43 accumulation in the cytoplasm [57].

In this study, we demonstrate that the SG core com-
ponent G3BP1 gains an interaction with the NPC sub-
unit Nupl07 in iPSC-derived motor neurons (iMNs)
from ALS patients carrying C9orf72 mutations. We
also find that Nupl07 is mislocalized in C9-ALS cells,
forming cytoplasmic foci. These cells display increased
SG assembly and slower disassembly rates, with
Nup107 localizing to the granules. Moreover, Nup107
aggregation is exacerbated under oxidative stress in
C9-ALS cells. Notably, knockdown of the Caenorhab-
ditis elegans ortholog of Nupl07 in a C9-ALS model
mitigates disease-associated phenotypes, including
shortened lifespan, reduced motility, and DPR accu-
mulation. Together, our findings reveal a link between
C9-ALS and Nupl07 dysregulation, with potential
pathological implications.

Materials and methods

iPSC lines and culturing

The C9-1 (CS29iALS-C9nl; HRE: ~6000-8000 bp repeat
expansion, RRID:CVCL_W559) and C9-2 (CS30iALS-
C9nl; HRE: ~2400bp repeat expansion, RRID:CVCL_
W560) iPSC lines were obtained from the Cedars-Sinai
RMI iPSC Core. The isogenic control line for C9-1
(CS29iALS-C9n1.ISOT2RB4) in which the C90rf72 muta-
tion was corrected using CRISPR-Cas9, was generated and
provided by the Cedars-Sinai RMI iPSC Core. Control
(SAPi001-A, RRID:CVCL_CONK) and FUSP?L
(SAPi001-A-1) iPSC lines were generously provided by I.
Bozzoni and A. Rosa [58]. TDP-43™337V  iPSCs
(CiRA00024, RRID:CVCL_T781) were obtained from
RIKEN Bioresource Research Center [59].

iPSCs were maintained in mTeSR1 medium (#85850; Stem
Cell Technologies, Cologne, Germany), and cultured on tis-
sue culture-treated plates coated with Geltrex (#A1413202;
Thermo Fisher Scientific, Dreieich, Germany) at 37 °C in a
humidified incubator with 5% CO,. For passaging, cells were
detached using Accutase (#A1110501; Thermo Fisher Scien-
tific). Briefly, the medium was removed, and cells were incu-
bated with Accutase for 3-5min. Accutase was then
neutralized with mTeSR1, and the cell suspension was centri-
fuged at 300 g for Smin. The cells were then reseeded onto
Geltrex-coated plates at the desired density in mTeSR1 sup-
plemented with 10 pm ROCK inhibitor (# ab120129; Abcam,
Cambridge, UK) for the first day of culture.
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All cell lines were tested for mycoplasma contamination
at least once every 3-6 months, and no contamination was
detected. Over the past 3years, the control iPSC line
(SAPi001-A) and the FUSP3?L iPSC line (SAPi001-A-1)
were authenticated in our laboratory by short tandem
repeat (STR) profiling using the following microsatellite
markers: D17S1303, D16S539, vWA, THO1, CSF1PO, and
TPOX, as described in Ref. [60]. During the same period,
the other iPSC lines used in this study were directly thawed
from early stocks of the original vials provided by the sup-
pliers, who performed STR-based authentication as docu-
mented in each line’s Certificate of Analysis.

Differentiation of iPSCs into motor neurons

The differentiation protocol was adapted from Hill ez al. [61].
Briefly, iPSCs were cultured until they reached 80-90% con-
fluency. The first day of media replacement was defined as
Day 0 (d0). From d0 to d6, mTeSR1 was replaced with Differ-
entiation Media, consisting of a 1:1 mixture of DMEM F-12
(#11320074; Thermo Fisher Scientific) and Neurobasal Media
(#21103049; Thermo Fisher Scientific) supplemented with 1x
B27 (#12587-010; Thermo Fisher Scientific), 1x N2 (#175020-
01; Thermo Fisher Scientific), 1x non-essential amino acids
(#11140050; Thermo Fisher Scientific), 100 U-mL ™" penicillin/
streptomycin (#15070063; Thermo Fisher Scientific), 1x Glu-
taMAX (#35050061; Thermo Fisher Scientific). Additionally,
the medium was supplemented with 1 pm smoothened agonist
(SAG) (#566661; Sigma, Schnelldorf, Germany), 1 um retinoic
acid (RA) (#R2625; Sigma), 10 pm SB-431542 (#130-106-275;
Miltenyi Biotec, Bergisch Gladbach, Germany), and 0.1 pm
LDN-193189 (#130-103-925; Miltenyi Biotec). From d7 to
d13, the Differentiation Media was supplemented with 1 pm
SAG, 1 pm RA, 4 um SU-5402 (#SML0443-5MG; Sigma), and
5 uM DAPT (#D5942; Sigma) instead.

On d14, the cells were passaged using Accutase and plated
onto laminin-coated tissue culture plates. Briefly, plates were
first coated with 1.5pgmL™" poly-L-ornithine (L-PO) (#
P3655; Sigma) in PBS and incubated overnight at 4 °C. The
following day, L-PO was washed off twice with PBS and once
with DMEM/F-12. Plates were then coated with 10 pg-mL™"
mouse laminin (#23017-015; Thermo Fisher Scientific) in
DMEM/F-12 and incubated overnight at 4°C. Cells were
subsequently seeded and maintained in Neuron Media (Neu-
robasal medium with 1x B27, 1x N2, 1x non-essential amino
acids, 100U penicillin/streptomycin, 1x GlutaMAX,
10ngmL~" BDNF [#450-02; Peprotech, Hamburg, Ger-
many], and 10-ngmL~" GDNF [#450-10; Peprotech]). Cells
were allowed to mature for a minimum of 2 days before pro-
ceeding with subsequent experiments.

G3BP1-GFP reporter iPSC lines

G3BPI1-GFP reporter control iPSCs were previously gener-
ated in our laboratory via CRISPR-Cas9-mediated knock-
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in, as described in Ref. [47]. Using the same protocol, we
generated the G3BP1-GFP C9-2 iPSC line in this study. The
guide RNA (gRNA) was prepared by annealing 0.02 nm
crRNA (Table S1) and tracrRNA (#1072532; IDT Alt-R,
Coralville, IA, USA) at 95 °C for 5 min, followed by cooling
and storage at —20°C. For transfection, the gRNA, Cas9
protein (1 pm), and repair template (2 pg) were mixed with
FuGENE® HD and Opti-MEM™ and incubated prior to
addition to cells. copGFP-positive cells were isolated by fluo-
rescence microscopy and serial dilution. Monoclonal colo-
nies were expanded, and successful G3BP1-GFP knock-in
was confirmed by sequencing and western blot analysis.

Generation of lentiviral particles

The Tet-pLKO-puro plasmid was a gift from D. Wie-
derschain (#21915; Addgene, Watertown, MA, USA) [62].
NUP107-targeting shRNA primer sequences were obtained
from The RNAi Consortium shRNA Library [63] and syn-
thesized by Integrated DNA Technologies (IDT). Primer
sequences and associated sequencing primers are listed in
Table S1. The protocol for generating lentiviral plasmids,
and particles was adapted from Ref. [64] and the RNAI
Core Facility of Academia Sinica (Taipei, Taiwan).

For annealing, 9 pL of each 100 pm primer was mixed with
2 pL of 10x Primer Annealing Buffer (1 M potassium acetate,
0.3m HEPES-KOH pH 7.4, 20mm magnesium acetate).
Annealing was performed by sequential incubation for 5 min
at the following temperatures: 95°C, 78 °C, 74 °C, 70 °C,
67°C, 63 °C, 60 °C, 56 °C, 53 °C, 50°C, 48 °C, 46 °C, 44 °C,
42°C, 40 °C, and 39 °C. This was followed by six cycles at
37°C (5min each), decreasing the temperature by 1°C per
cycle, and five cycles at 30 °C (10 min each), with 2 °C tem-
perature decrements per cycle. The Tet-pLKO-puro plasmid
was digested with Agel-HF (R3552S; NEB, Frankfurt am
Main, Germany) and EcoRI-HF (R3101S; NEB). Ligation
was performed with 50ng of digested vector and 1pL
annealed primers using T4 DNA Ligase (M0202S; NEB) at
16 °C overnight. Ligation products were transformed into E.
coli DH10a and selected using ampicillin. Positive colonies
were verified by sequencing (Table S1).

Lentiviral particles were produced using psPAX2 (#12260;
Addgene) and pMD2.G (#12259; Addgene), gifts from D.
Trono, following the protocol adapted from REFs [64-66].
HEK?293FT cells were plated in 10-cm dishes and transfected
at approximately 70-80% confluency with 30 pL FuGENE®
HD (E2692; Promega, Walldorf, Germany), 5 pg psPAX2,
Spg pMD2.G, and 10 pg lentiviral plasmid in 600 uL Opti-
MEMT™ (Thermo Fisher Scientific; 31985070). After 15-min
incubation at room temperature, the mix was added to cells.
The next day, the medium was replaced with fresh antibiotic-
free HEK293 medium. Viral supernatants were collected on
Days 2, 3, and 4 post transfection and stored at 4 °C.

To concentrate lentiviral particles, pooled supernatants
were centrifuged at 800g for 10min to remove debris,
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mixed with 10mL of 4x lentiviral concentrator solution
(400 g/ PEG-8000, 70 g/l NaCl in 1x PBS), and incu-
bated overnight at 4 °C. The next day, samples were centri-
fuged at 1600g for 1h at 4°C, and the viral pellet was
resuspended in DMEM/F-12 (11320074; Thermo Fisher
Scientific) and stored at —80 °C.

Transduction of iPSCs with lentiviral particles

iPSCs at 40-50% confluency were transduced with 7.2 mL of
transduction mix consisting of 6.6 mL mTeSR1 (Stem Cell
Technologies), 600 pL concentrated lentiviral particles, and
10 pg-mL~" polybrene (H9268-5G; Sigma). A second transduc-
tion with freshly prepared mix was performed 1 h later. Three
days post transduction, 1pgmL~" puromycin (A1113803;
Thermo Fisher Scientific) was added to the culture medium for
selection and maintained throughout routine culture, except
during the 4 days preceding experiments, when cells were cul-
tured in puromycin-free medium. To induce shRNA expres-
sion, cells were treated with 2pgmL~' doxycycline (HY-
NO0565B; MedChemExpress, Sollentuna, Sweden) for 2 days,
followed by 1 day in doxycycline-free medium prior to analysis.

SG induction and disassembly

SG assembly was induced by treating the cells with 500 um
sodium arsenite (#106277; Sigma) For recovery experiments,
cells were washed once with DPBS (#14200075; Thermo
Fisher Scientific) after the treatment and maintained in fresh
culture medium. The cells were then fixed with 4% parafor-
maldehyde (PFA) for 15 min and stained for immunofluores-
cence microscopy according to the following protocol. SGs
were manually counted using ImageJ [67].

Immunofluorescence staining

Cells were plated onto glass coverslips and fixed with 4%
PFA (#04018-1; Polysciences, Hirschberg an der Bergstrasse,
Germany) for 15 min at room temperature, followed by two
washes with 1x PBS. Cells were then permeabilized using
PBS containing 0.2% (v/v) Triton X-100 and blocked with
3% bovine serum albumin (BSA) in PBS. Cells were incu-
bated with primary antibodies diluted in 3% BSA in PBS,
including mouse anti-G3BP1 (#ab56574, 1:300; Abcam),
rabbit anti-G3BP1 (#MBL-RN048PW, 1 : 500; Biozol, Ham-
burg, Germany), rabbit anti-TIA1 (#12133-2-AP, 1:500;
Proteintech, Planegg-Martinsried, Germany), rabbit anti-
NUP107 (#19217-1-AP, 1:50 for iPSCs and 1:250 for
iMNs; Proteintech), rabbit anti-DDX6 (#14632-1-AP,
1:200; Proteintech), and goat anti-Choline Acetyltransferase
(#AB144P, 1:100; Merck, Darmstadt, Germany). Primary
antibody incubation was carried out for 1.5h at room tem-
perature or overnight at 4 °C in a humidified chamber.
Following primary antibody incubation, coverslips were
washed three times with 1x PBS and subsequently
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incubated for 45min with secondary antibodies and
10 pg-mL~" Hoechst 33342 (#H3570; Thermo Fischer Sci-
entific, Dreieich, Germany), all diluted in 3% BSA in PBS.
The secondary antibodies used were Goat anti-Mouse 1gG
(H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488 (#A-11029, 1:300; Thermo Fisher Scien-
tific), Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Sec-
ondary Antibody, Alexa Fluor 594 (#A-11012, 1:300;
Thermo Fisher Scientific), Donkey anti-Goat 1gG (H+1L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(#A-11055, 1:500; Thermo Fisher Scientific), Donkey anti-
Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 555 (#A-31572, 1:500; Thermo
Fisher Scientific), and Donkey anti-Mouse IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
647 (#A-31571, 1:500; Thermo Fisher Scientific). Unbound
secondary antibodies were removed by three washes with
PBS, followed by a final rinse with ddH,O. Coverslips were
dehydrated using 100% ethanol and left to dry in the dark.
Once dried, coverslips were mounted onto microscope
slides using ProLong Diamond Antifade Mountant
(#P36961; Thermo Fisher Scientific) or FluorSave Reagent
(#345789; Merck). Imaging was performed using a Zeiss
Axio Imager Z.1 microscope.

Quantification of SG/Nup107 colocalization and
encapsulation

SG colocalization and encapsulation analysis was performed
using the Zeiss ZEN image analysis software (version 3.12).
The localization of SG and NUP107 condensates was veri-
fied by measuring the overlap of cross-sectional signal inten-
sity using the in-built profile analysis tool and visual
assessment. Peaks with overlapping signal maxima corre-
sponded to colocalization, while NUP107 peaks at a local
SG signal minima that are also directly adjacent to SG peaks
corresponded to the encapsulation of NUP107 by SGs.

Motor neurons were quantified individually, while iPSC
images were analyzed by dividing each image into four
quadrants, determining an average value per cell per quad-
rant, and using this value for the statistical analysis, with
each image yielding four values.

Western blotting

Protein extraction was performed using either RIPA buffer
(50 mm Tris-Cl pH 7.5, 150 mm NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, 1 mm EDTA) or a
nondenaturing native lysis buffer (150 mm NaCl, 50 mm
HEPES pH 7.4, 1 mm EDTA and 1% Triton X-100). Both
buffers were supplemented with cOmplete Mini Protease
Inhibitor Cocktail (#11836153001; Roche, Penzberg, Ger-
many) and 1 mm PMSF. Protein concentrations were deter-
mined using the BCA assay (A55865; Thermo Fisher
Scientific). Equal amounts of protein were separated via
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SDS/PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Darmstadt, Germany).
Membranes were blocked with 3% BSA in TBS-T for 1h
at room temperature, followed by overnight incubation at
4°C with primary antibodies diluted in blocking solution
(mouse anti-poly-GA [#MABNS89, 1:1000; Merck], mouse
anti-a-tubulin  [#T6199, 1:5000; Sigma], and rabbit
anti-NUP107 [#19217-1-AP, 1:5000; Proteintech]). Immu-
noblotting for cell death analysis was performed using anti-
bodies against Phospho-RIP (Serl66) (#65746, clone
DI1L3S, 1:1000; Cell Signaling, Frankfurt am Main, Ger-
many), RIP (#3493, clone D94C12, 1:1000; Cell Signaling),
Cleaved Caspase-3 (#9661, 1:2000; Cell Signaling), and
anti-B-actin (#8226, 1:5000; Abcam).

The next day, membranes were washed three times with
TBS-T (5 min per wash) and incubated for 1 h at room tem-
perature with secondary antibodies diluted in blocking solu-
tion (Donkey HRP AP anti-Mouse IgG (H + L) [#715-035-
1500, 1:10000; Jackson Immuno Research, West Grove,
PA, USA], Donkey HRP AP anti-Rabbit IgG (H + L) [Jack-
son Immuno Research, #715-035-1520, 1:10 000]). Following
secondary antibody incubation, membranes were washed
three times with TBS-T (5min per wash) and developed
using Immobilon Western Chemiluminescent HRP Substrate
(#WBKLS0500; Merck). The signal was detected using the
FUSION SOLO S imaging system (Vilber).

Filter trap assays

Proteins were extracted using denaturing native lysis buffer
(150 mm NaCl, 50 mm HEPES pH 7.4, 1 mm EDTA, and 1%
Triton X-100), and lysates were sonicated for 30s at 40%
amplitude using the Bandelin Electronic Sonopuls Ultrasonic
Homogenizer Mini20. Cell debris was removed by centrifu-
gation at 3000 g for 4 min at 4 °C, and the supernatant was
transferred to a new tube. Protein concentrations were deter-
mined using the BCA assay (A55865; Thermo Fisher Scien-
tific). To assess NUP107 and a-tubulin (loading control)
levels by western blot, equal amounts of total protein were
separated by SDS/PAGE, transferred to PVDF membranes
(Millipore) and immunoblotted as described above.

To assess aggregated Nupl07 levels by filter trap, equal
amounts of total protein from each sample were adjusted to
100 pL and supplemented with a final concentration of 0.5%
SDS. The slot blot apparatus (#1706542; BIO-RAD, Feld-
kirchen, Germany) was assembled with a cellulose acetate
membrane (#516-5020; VWR, Darmstadt, Germany) and
equilibrated with native buffer containing 0.5% SDS. Samples
were loaded into the slots and allowed to pass through the
membrane completely. The membrane was then washed with
0.2% SDS in ddH,0O. The membrane was then blocked with
3% BSA in TBS-T for 1h and incubated overnight at 4 °C
with the primary Nupl07 antibody (rabbit anti-NUP107
[#19217-1-AP, 1:5000; Proteintech]). The next day, the mem-
brane was washed three times with TBS-T and incubated with
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the secondary antibody IRDye 800CW Donkey anti-Rabbit
IgG (H+ L) (#926-32 213, 1:10000; LI-COR, Bad Homburg
vor der Hohe, Germany) for 1 h. After incubation, the mem-
brane was washed again with TBS-T, and imaging was per-
formed using the Odyssey M Imaging System.

Soluble and insoluble protein fractionation

Soluble and insoluble protein fractionation was performed
as previously described [68]. Briefly, cells were lysed in ice-
cold 1% Triton X-100 in phosphate-buffered saline (PBS)
supplemented with 2mM sodium orthovanadate and an
EDTA-free protease inhibitor cocktail (Roche) on ice.
Lysates were homogenized using a 27-gauge syringe needle.
Protein concentrations were then determined using a stan-
dard BCA protein assay (A55865; Thermo Scientific).

Equal protein amounts of starting lysates were centri-
fuged at 15000 g for 30 min at 4 °C. The supernatant, repre-
senting the 1% Triton X-100-soluble fraction, was
collected. The resulting pellets were washed four times with
ice-cold 1% Triton X-100 in PBS, resuspended in 1% SDS,
and incubated for 1h at 60°C. Triton X-100-insoluble
fractions were then collected by centrifugation at 15000 g
for min at 4 °C. Both soluble and insoluble fractions were
subsequently used for western blot analysis with rabbit
anti-NUP107  (#19217-1-AP, 1:5000; Proteintech) and
mouse anti-a-tubulin (#T6199, 1:5000; Sigma).

Co-immunoprecipitation and proteomics sample
preparation

Proteins were extracted from neuronal cultures using SDS-
free RIPA buffer and homogenized with a 27-gauge needle.
After homogenization, the samples were centrifuged at
maximum speed for 10 min at 4 °C, and the resulting super-
natants were collected. For immunoprecipitation, 300 pg of
protein lysates were incubated with 2pg of monoclonal
mouse anti-G3BP1 antibodies (#ab56574; Abcam) on ice
for 1h. Next, 50 pL of Protein A microbeads (#130-071-
001; Miltenyi Biotec) were added, and the mixture was
incubated at 4 °C on a rotator for 2 h. All subsequent steps
were performed in a cold room until the digestion step.

pColumns (130-042-701; Miltenyi Biotec) placed on mag-
netic holders were pretreated with 200 pL of SDS-free RIPA
buffer. The protein-antibody-bead complex was loaded onto
the columns and allowed to pass through by gravity flow.
The columns were washed three times with 200 pL of Wash
Buffer I (50 mm Tris-Cl pH 7.5, 150 mm NaCl, 0.05% Triton
X-100, 5% glycerol), followed by five washes with Wash
Buffer II (50 mm Tris-Cl pH 7.5, 150 mm NaCl).

Bound proteins were digested directly on the columns
with 25 pL digestion buffer (2m Urea, 7.5mM ammonium
bicarbonate, 1 mM DTT, 5ng-mL~' trypsin) at room tem-
perature for 30 min, then eluted using 50pL of elution
buffer (2m Urea, 7.5mmMm ammonium bicarbonate, 5 mm
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CAA). Digestion was completed overnight in the dark. The
next day, formic acid was added to a final concentration of
4%, and samples were centrifuged at maximum speed for
Smin. The supernatants were loaded onto SDP-RP Stage-
Tips and sent for label-free quantitative proteomics at the
CECAD Proteomics Core Facility. Raw proteomics data
were analyzed using Perseus v1.6.13.0 [69].

C. elegans strains and maintenance

C. elegans were maintained under standard conditions at
20°C on nematode growth medium (NGM) plates seeded
with the OP50 E. coli. The KRA315 (snb-1p::C9"*" + myo-
2p:GFP) and KRA317 (snb-1p:AC9"" + myo-2p::GFP)
strains were kindly provided by Paschalis Kratsios [70]. For
RNAI experiments, late-L4 stage C. elegans were fed with
the E. coli HTT115 strain carrying either the L4440 empty
vector control or L4440 expressing double-stranded RNA
targeting npp-5. The npp-5 and npp-10 RNAI constructs
were obtained from the Ahringer library and were
sequence-verified prior to use (Table S1).

C. elegans lifespan assays

Synchronization of C. elegans was carried out using a
bleaching protocol. Adult hermaphrodites containing eggs
were treated with a bleaching solution (1.5% v/v NaClO,
0.75m KOH in ddH,O) until the eggs were released and
the adults were dissolved. The eggs were then incubated
overnight in M9 buffer to allow hatching and synchroniza-
tion at the L1 larval stage. L1 larvae were transferred to
OP50-seeded plates and grown at 20 °C until they reached
the first day of adulthood.

For lifespan assays, 96 worms per condition were trans-
ferred onto RNAI plates and monitored either daily or every
other day [71]. Worms exhibiting a protruding vulva, bag-
ging phenotype, or that were lost during the experiment were
censored. Lifespan data were analyzed using GraphPad
Prism (version 9.3) and statistical significance was calculated
by the log-rank (Mantel-Cox) test. OASIS software was used
to determine mean lifespan. P-values were calculated for
comparisons between two groups within a single experiment.

C. elegans motility assays

Day-5 adult C. elegans were placed in 20 pL of M9 buffer
and allowed to acclimate for 30s. Body bends were defined
as changes in body direction. The number of body bends
was counted over the next 30s [72].

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using RNAbee (Tel-Test) from
approximately 2000 adult day 5 C. elegans subjected to

S. Bilican et al.

RNAI treatment. cDNA was synthesized from 1 pg of total
RNA using the gScript Flex cDNA Synthesis Kit (Quanta-
bio, Beverly, MA, USA). SYBR Green-based real-time
gqPCR was performed using a 1:20 dilution of cDNA on
the CFX384 Real-Time System (Bio-Rad). Gene expression
levels were quantified using the comparative 222 method,
with the geometric mean of cdc-42, pmp-3, and Y45F10D.4
used as housekeeping genes [73]. Primer sequences used for
this assay are listed in Table S1.

Bacterial expression and purification of G3BP1
and Nup107

The protocol for protein expression and purification was
adapted from Llamas et al. 2023 [74]. Briefly, human
G3BP1 and NUP107 cDNA were cloned into the pGEX-
6P-1 vector, which contains a 6x His-Tag, using GeneArt
Gibson Assembly HiFi Master Mix (#A46627; Thermo-
Fischer) and the primers listed in Table S1. After confirm-
ing the constructs by sequencing, E. coli BL21(DE3) was
transformed with the vector containing the respective
cDNA. The bacteria were cultured at 37°C for initial
growth, and the culture was further incubated at 18°C
overnight after the addition of 0.25 mwm isopropyl 1-thio-p-
d-galactopyranoside to induce protein expression.

The bacterial culture was centrifuged at 25000 ¢ at 4°C
for 1h and then sonicated. The lysates were clarified by
centrifugation at 15000g at 4°C for 1h. His-Tag-
containing proteins were purified using HisPurCobalt Resin
(#89964; Thermo Fisher Scientific) via affinity chromatog-
raphy. The His-tag was removed by treatment with TEV
protease during overnight dialysis. The dialyzed proteins
were subjected to a second affinity chromatography step to
remove contaminants, and enriched fractions were concen-
trated using Amicon Ultra-15 filters (#10403892; Merck).
Protein concentration was determined with NanoDrop
8000. Single-use aliquots of the purified proteins were
snap-frozen in liquid nitrogen and stored at —80°C. Each
protein fraction obtained during the purification process
was analyzed by SDS/PAGE.

Electrophoretic mobility shift assay (EMSA)

The EMSA protocol was adapted from Hsieh et al (2016)
and Celona et al (2017) [75,76]. The (GGGGCC)q s and
(AAAACC)q 5 probes, tagged with TYE 563 at their 5’end,
were obtained from IDT. Reaction mixtures containing
0.5 pMm of the probe and varying concentrations of the pro-
tein of interest were prepared in protein-RNA binding
buffer (40mm Tris-Cl pH 8, 30mMm KCI, 1mm MgCl,,
0.01% (v/v) Nonidet P40 Substitute (Sigma; 74 385-1L),
I mM DTT, 5% (v/v) glycerol, 10 pg-mL ™" BSA), adjusted
to a final volume of 20 pL. The mixtures were incubated at
room temperature for 30 min in the dark.
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(A) (B)
G3BP1/Nuclei

Untreated Arsenite (45 min) Arsenite (60 min) Recovery (90 min) Recovery (180 min)

Fig. 1. Amyotrophic lateral sclerosis (ALS)-causing C9orf72 mutations induce alterations in stress granule (SG) dynamics. (A)
Immunocytochemistry in control and C9-ALS induced pluripotent stem cells (iPSCs) during treatment with 500 pm arsenite and at the
indicated time points following arsenite removal (recovery). G3BP1 and Hoechst 33342 staining were used as markers of SGs and nuclei,
respectively. Images are representative of three independent experiments. Scale bar: 10 um. (B) Quantification of total G3BP1-positive SGs
per cell in iPSC cultures (mean +s.e.m.). Data were obtained from three independent experiments, with at least 200 cells counted per
condition. Statistical comparisons were made by two-way ANOVA with Sidak multiple-comparison test. P values: * C9-1 vs. control,

*kkk

5 # -e— Control
-= C9-1
47 - C92
E 3 *k
g # .
O 24
%}
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Arsenite Recovery

P < 0.05; #*C9-1 vs. control, P< 0.01; ****C9-1 vs. control, P< 0.0001; #C9-2 vs. control, P< 0.05.

The native gels for EMSAs (5% polyacrylamide, 0.5%
TBE and 2.5% glycerol) were prerun in 0.5x TBE (45 mm
Tris, 45 mmMm boric acid, 1 mm EDTA pH 8) at 100V for at
least 30 min before loading the samples. After the prerun,
samples were mixed with Orange G loading dye and run at
100 V until the loading dye reached the bottom of the gel.
Imaging was performed using the Odyssey M Imaging
System.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(versions 9 and 10). The specific statistical tests used and
their corresponding significance levels are described in the
figure legends.

Results

Cumulative evidence suggests that SGs act as a nidus
for pathological protein aggregation, particularly when
they lose their dynamic properties and transition into
persistent granules [41,47,77,78]. Moreover, ALS-
causing mutations, including abnormal hexanucleotide
expansions in C9orf72, induce SG alterations
[19,25,26,28,29,47,58,79-83]. To gain insight into the
pathogenic interplay between SGs and ALS, we

monitored SG assembly and disassembly in two patient-
derived iPSC lines carrying distinct C90rf72-HRE muta-
tions (C9-1: ~6000-8000 bp repeat expansion; C9-2:
~2400 bp repeat expansion). To this end, we quantified
the number of granules per cell containing the SG core
protein G3BP1 at various time points during arsenite-
induced oxidative stress and following stress removal
(Fig. 1A,B). To confirm that these granules represent
SGs, we performed double immunostaining for G3BP1
and TIA1, another well-established SG marker
(Fig. S1A.B). The majority of G3BP1-positive granules
formed upon arsenite treatment were also positive for
TIA1 in both control and C9 cells, supporting that these
structures are indeed SGs (Fig. S1A,B).

Both C9-ALS mutant lines (C9-1 and C9-2) exhibited
an increased number of SGs after 1h of arsenite treat-
ment compared to controls. Notably, C9-1 cells, which
harbor a longer HRE, displayed elevated SG numbers
upon arsenite treatment compared to C9-2 (Fig. 1A,B).
During recovery, both mutant cell lines exhibited slower
SG disassembly than controls (Fig. 1A,B). This trend
persisted until 3 h post recovery, at which point SG dis-
assembly was complete in both control and mutant
C9orf72-expressing lines (Fig. 1A,B).

Given that SG composition influences their dynam-
ics, we analyzed changes in the interactome of G3BP1
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Fig. 2. G3BP1 gains enhanced interaction with Nup107 in mutant C9orf72 motor neurons upon stress granule (SG) assembly. (A) Volcano
plots comparing the G3BP1 interactome in control and C9orf72 motor neurons (C9-1: ~6000-8000 bp repeat expansion; C9-2: ~2400 bp
repeat expansion), with and without 500 pm sodium arsenite treatment (1 h). The —logo (P value) of a two-sided t-test is plotted against the
logo-transformed fold change of protein label-free quantification (LFQ) values from immunoprecipitation with anti-G3BP1 antibody (n=3
biological replicates). In green, examples of upregulated interactions with SG core components upon arsenite treatment. (B) Volcano plots of
the G3BP1 interactome in C9orf72 motor neurons compared to control motor neurons treated with 500 pm sodium arsenite for 1h. (C)
Immunocytochemistry using G3BP1 and Nup107 antibodies in control and C9-ALS induced pluripotent stem cells (iPSCs) under basal
conditions (untreated) or after treatment with 500 pm sodium arsenite for 1 h. Hoechst 33342 staining (blue) was used to label nuclei.
Images are representative of three independent experiments. Scale bar: 10 pm. (D) Percentage of SGs co-localizing with or encapsulating
Nup107 foci in iPSCs treated with 500 pm sodium arsenite for 1h (mean+s.e.m.; n=16 quadrants from 3 independent experiments).
Statistical comparisons were made by one-way ANOVA with Tukey's multiple comparisons test (P values: *P<0.05, **P<0.01,
kP 0.0001, NS = Not significant). (E) Immunocytochemistry with G3BP1 and Nup107 antibodies in iPSC-derived motor neurons (iMNs)
treated with 500 pm sodium arsenite (1 h) after 28 days in vitro (DIV). Hoechst 33342 staining (blue) was used as a marker of nuclei. Images
are representative of two independent experiments. Arrow indicates colocalization of SGs with Nup107 foci. Scale bar: 5 um. (F) Percentage
of SGs co-localizing with Nup107 foci in iMNs (28 DIV) treated with 500 pm sodium arsenite for 1 h (mean +s.e.m.; Control n=36 neurons;
C9-1 n=230 neurons from 2 independent experiments). Statistical analysis was made by two-tailed Student’s ttest for unpaired samples

(##k P < 0.0001).

in iPSC-derived motor neurons (iMNs). To this end,
we performed co-immunoprecipitation of G3BP1 fol-
lowed by label-free proteomics under both basal and
arsenite-induced SG assembly. As expected, we
observed increased interaction of G3BP1 with various
SG components following arsenite treatment in both
control and C9 motor neurons (Fig. 2A and
Table S2). Upon SG assembly, we identified 40 pro-
teins having increased interaction with G3BP1 in both
C9-1 and C9-2 mutant lines compared to control
motor neurons (Fig. 2B and Table S2). Among them,
we detected several neurodegeneration-relevant pro-
teins, such as HSPHI1 [84], UBA1 [85], SEPT9 [86],
and DDXG6 [87] (Fig. 2B and Table S2). We confirmed
by immunostaining experiments that DDX6 foci colo-
calize with G3BP1-positive granules following arsenite
treatment (Fig. S2).

Moreover, the interaction between G3BP1 and the
nucleoporin Nupl07 was significantly upregulated in
both mutant C9orf72 motor neurons upon SG forma-
tion following arsenite treatment, but not in control
motor neurons (Fig. 2A and Table S2). Although we
also observed increased interactions of G3BP1 with
the nucleoporins Nup93 and Nup210 in C9-1 motor
neurons following SG assembly, these interactions
were not detected in C9-2 cells (Table S2). Thus,
Nupl07 was the only NPC subunit significantly
enriched in G3BP1 pulldowns from both mutant
C9orf72-expressing motor neurons upon SG induction
(Fig. 2A,B and Table S2). We focused on Nupl107 due
to its critical role in nucleocytoplasmic transport, a
pathway widely implicated in C9-ALS, although the
specific contributions of individual components remain
unclear [50,52,53,88-90].

To validate our proteomics findings, we performed
immunostaining experiments using antibodies against
G3BPl and Nupl07. In undifferentiated control
iPSCs, Nupl07 exhibited a cytoplasmic and perinuc-
lear distribution under both basal conditions and arse-
nite treatment (Fig. 2C). In contrast, C9-ALS iPSCs
displayed cytoplasmic Nupl107 foci even in the absence
of stress (Fig. 2C). Upon arsenite-induced stress, these
Nupl07 foci either colocalized with or were encapsu-
lated by SGs (Fig. 2C,D). Following differentiation
into motor neurons, iMNSs treated with arsenite after
two days in vitro did not show colocalization of
Nupl107 with SGs (Fig. S3A). However, when motor
neurons were treated with arsenite after 28 days in
vitro, we observed a significant increase in the percent-
age of SGs co-localizing with Nup107 foci in C9-ALS
iMNs compared to controls (Fig. 2E,F). Together,
these results suggest that mutant C9orf72-induced mis-
localization of Nupl07 into SGs worsens over time in
motor neurons. Unlike undifferentiated iPSCs, iMNs
showed only colocalization of Nupl07 foci and SGs,
but not encapsulation (Fig. 2E). Using an antibody
against choline acetyltransferase (ChAT), we confirmed
that the cells exhibiting Nup107 and SG colocalization
were motor neurons (Fig. S3B).

Nupl07 is a component of the Y-complex, a critical
subcomplex required for NPC assembly [91]. To deter-
mine whether other structurally essential NPC subunits
exhibit altered intracellular distribution in C9-ALS
cells, we screened additional components of the Y-
complex. Besides Nup107, none of the other five tested
Y-complex proteins showed SG colocalization or
changes in intracellular distribution in C9-ALS cells
compared to controls (Figs S4 and S5). Additionally,

FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of 3055

Federation of European Biochemical Societies.

85U8017 SUOWILLOD 3ATE81D 3|cedl|dde ayy Aq pausenob ae s9oile O ‘8sh Jo Ss|nl 10} ARIq1T 8UIUO 43| UO (SUOTIPUOO-PUE-SWLBYW0D A8 | ImAe1q 1 U1 |UO//SdIY) SUORIPUOD PUe SWis | 38U 89S *[9202/90/6T] U A%iqiauljuo A8|IM ‘Ul NZ eISIBAIUN Jop *Iq19 A 9GT0L 89VE-E28T/200T OT/I0p/W0D A8 |1 ARe.d Ul UO'STRY//ScNY WO} pepeolumod ‘Tz ‘GZ0Z ‘89vEEL8T



C90rf72-ALS mutations lead to Nup107 aggregation S. Bilican et al.

(A)

iPSCs
Filter trap = Control il SDS-Page I Control
_— B C9-1 . —_— B Co-1
Untreated Arsenite = C9-2 . Untreated Arsenite = C9-2
400 N N 200
== e O O
Control g 53 o N N 3
S’Q & 300 o oG O O O O £ & 150
>S5 kDa 2 €
C9-1 |rrmn e 25200 Nup107|----——-|_1og 23
33 S S8 100
%_“2’ 100 a-tubulin | m 50 2
C9-2 | mmemns e ] ‘&E 2 3 50
2E g

o
o

SDS-resistant PR —
Arsenite

Untreated

Untreated  Arsenite

Nup107 aggregates
(B)
iPSCs
Filter trap Il Isogenic control SDS-Page Il Isogenic control NS
- I C9-1 * - I C9-1 NS
1
" 500 200 NS NS
Untreated Arsenite ~ D * Untreated  Arsenite @
. 2 2 400 ° e — c g o
Isogenic | | [ — £ = £ 150
control Z 8 300 Nup107 "-- E g i
g 0] o | 4 < 9 100 (o)
T < 200 Sgo
C9-1 - S ey =5 Q0 ° =9
= a-tubulin m SE 5
g3 23
SDS-resistant <= =
> N 3> o
Nup107 aggregates - © o L o _r __r
Untreated  Arsenite c,0‘\ o <,0° o Untreated  Arsenite
o
(€) & &
iMNs
Hl Control Il Control
Filter trap B C9-1 SDS-Page B C9-1 NS
- - NS
Untreated Arsenite = co2 * Untreated Arsenite &= o2 ﬂ
800 1
_ R * *x N N =
Control [ & = < 59 L &
c o &N &N D =3
g_g 600 o ° S F S XS % g
—] = S 0 o - =)0 S ¢
C9-1 [OS— E g Nup107 100 E g
T @ -0
je2d
gz ™ c-tubuiin: | S DD S S |~50 33
CQ-2 | e— e — 2 °©
9 =
SDS-resistant Untreated  Arsenite Untreated  Arsenite
Nup107 aggregates
(D) (E)
(G4C2)6.5 - + + + + + + + + (G4C2)s.5 - + + + + + + + +
G3BP1 Nup107
Concentration 05uyM OnM 25nM 50nM 0.1 uM 0.2 uM 0.3 pM 0.5puM 1M Concentration 05pyM OnM 25nM 50nM 0.1 pM 0.2 uM 0.3 uM 0.5uM 1 pM
vy = S
—) — —)
3056 FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U8017 SUOWILLOD 3ATE81D 3|cedl|dde ayy Aq pausenob ae s9oile O ‘8sh Jo Ss|nl 10} ARIq1T 8UIUO 43| UO (SUOTIPUOO-PUE-SWLBYW0D A8 | ImAe1q 1 U1 |UO//SdIY) SUORIPUOD PUe SWis | 38U 89S *[9202/90/6T] U A%iqiauljuo A8|IM ‘Ul NZ eISIBAIUN Jop *Iq19 A 9GT0L 89VE-E28T/200T OT/I0p/W0D A8 |1 ARe.d Ul UO'STRY//ScNY WO} pepeolumod ‘Tz ‘GZ0Z ‘89vEEL8T



S. Bilican et al. C90rf72-ALS mutations lead to Nup107 aggregation

Fig. 3. Nup107 aggregates in C9-ALS cells and binds to pathological G,C, RNA repeats. (A) Filter trap assay detecting Nup107 aggregation
(anti-Nup107 antibody) in control and C9-ALS induced pluripotent stem cells (iPSCs) under basal conditions (untreated) and following
treatment with 500 pum arsenite for 1 h. Right: SDS—polyacrylamide gel electrophoresis (SDS/PAGE) with antibodies to Nup107 and o-tubulin.
Graphs represent the relative percentage values of aggregated Nup107 and total Nup107 levels (corrected for a-tubulin loading control) to
untreated control iPSCs (mean +s.e.m., n=3 independent experiments). Statistical comparisons were made by two-way ANOVA with
Tukey's multiple-comparison test (P values: *P < 0.05, **f < 0.01, NS = Not significant). (B) Filter trap assay detecting Nup107 aggregation
in C9-1 iPSCs and their isogenic controls, in which the C9orf72 mutation was corrected via CRISPR-Cas9. Right: SDS/PAGE with antibodies
to Nup107 and a-tubulin. Graphs represent the relative percentage values of aggregated Nup107 and total Nup107 levels (corrected for o-
tubulin) to untreated isogenic control iPSCs (mean +s.e.m., n=3 independent experiments). Statistical comparisons were made by two-
way ANOVA with Fisher’'s LSD test (P values: * P<0.05, NS = Not significant). (C) Filter trap of Nup107 aggregates in control and C9-ALS
iPSC-derived motor neurons (iMNs) under basal conditions and after 1h of 500 um sodium arsenite treatment. Right: SDS/PAGE with
antibodies to Nup107 and o-tubulin. Graphs represent the relative percentage values of aggregated Nup107 and total Nup107 levels
(corrected for a-tubulin) to untreated control iIMNs (mean +s.e.m., n= 3 independent experiments). Statistical comparisons were made by
two-way ANOVA with Tukey's multiple-comparison test (P values: *P<0.05, **P<0.01, NS=Not significant). (D, E) Electrophoretic
mobility shift assays (EMSA) using purified recombinant G3BP1 (D) or Nup107 (E) titrated with fluorescently labeled (G4C2)gs RNA. The
presence of the probe and protein concentrations are indicated at the top. Arrows indicate repeat RNA bound to recombinant protein.

Images are representative of two independent experiments.

to assess whether Nupl107 mislocalization is specific to
C9-ALS, we examined cells expressing ALS-related
FUSPt and TDP-43™3*7V mutant variants. How-
ever, mutant FUS and TDP-43 cells did not exhibit
altered Nupl07 distribution or colocalization with SGs
(Fig. S6).

Protein aggregation is a hallmark of ALS pathology,
and certain nucleoporins can aggregate with molecular
crowders or during aging, contributing to proteotoxic
stress  [92-94].  Although Nupl07 lacks the
phenylalanine-glycine repeats typically associated with
nucleoporin aggregation, its intrinsically disordered
region may promote aggregation (Fig. S7A). To deter-
mine whether Nupl07 aggregates in C9-ALS cells, we
performed filter trap experiments to detect SDS-
insoluble species. Under normal conditions, we did not
observe Nupl07 aggregation in undifferentiated C9-
ALS iPSCs (Fig. 3A). However, arsenite treatment led
to the accumulation of Nupl07 aggregates in these cells
(Fig. 3A). In contrast, control iPSCs did not exhibit
Nupl107 aggregation under the same treatment, despite
expressing comparable total Nupl07 protein levels
(Fig. 3A). We obtained similar results when we com-
pared C9-1 iPSCs with isogenic controls, in which the
C90rf72 mutation was corrected using CRISPR-Cas9
(Fig. 3B). To further assess changes in Nupl107 aggre-
gation, we separated soluble and insoluble protein frac-
tions followed by western blot analysis. Indeed, we
found increased levels of Nup107 in the insoluble frac-
tion of C9 iPSCs following arsenite-induced SG forma-
tion compared to control cells (Fig. S7B). Given that
motor neurons are the primary cell type affected in
ALS, we next examined iMNs. Notably, C9-ALS iMNs
displayed elevated Nupl07 aggregation even in the
absence of arsenite treatment (Fig. 3C).

Prompted by these findings, we investigated whether
HRE-derived G,C, RNA repeats directly interact with
G3BPI1 and Nupl07, given that RNA-protein interac-
tions can change protein solubility [95-98]. To assess
binding affinity, we performed electrophoretic mobility
shift assays (EMSA) by titrating purified recombinant
G3BP1 and Nupl07 with fluorescently labeled
(G4C2)ss RNA (Fig. 3D,E). G3BPIl bound repeat
RNA even at low concentrations (25 nm), as indicated
by increased retention of the RNA-protein complex in
the gel well (Fig. 3D). This binding was dose-
dependent, with increasing G3BP1 levels leading to a
reduction in free RNA at the bottom of the gel
(Fig. 3D). Although Nupl07 also bound G,C> RNA
repeats, it exhibited a weaker binding affinity, with
detectable interaction starting at 100 nm (Fig. 3E). In
contrast, neither G3BP1 nor Nup107 bound to control
(44C5)65, a non-C9 repeat sequence (Fig. S8A,B).
These findings suggest that pathogenic G,C, RNA
repeats selectively and directly interact with G3BP1
and Nupl07, which may contribute to their
aggregation.

Given the increased interaction between the SG core
component G3BP1 and Nup107, as well as altered SG
dynamics in C9-ALS cells, we asked whether loss of
Nupl07 can rescue this phenotype. To test this, we
knocked down Nupl07 using a doxycycline-inducible
shRNA system (Fig. SOA,B). However, Nup107 knock-
down did not ameliorate the altered SG dynamics
observed in C9 cells (Fig. S9C). These results suggest
that, although C9 cells display Nupl07 aggregation
and mislocalization, these changes might not be major
drivers of SG dysregulation. We next examined
whether Nupl07 knockdown affects cell viability.
However, we did not find a reduction in necroptosis
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and apoptosis markers following Nupl07 knockdown
in C9 cells (Fig. S9D).

Although we did not observe a rescue of SG dynam-
ics or a clear survival benefit in vitro, previous work

S. Bilican et al.

has shown that loss of Nupl07 can suppress the rough
eye phenotype induced by expanded G,C, repeats in
Drosophila [50]. To further investigate the potential
in vivo relevance of Nupl07, we next turned to a well-
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Fig. 4. Knockdown of npp-5, the C. elegans Nup107 ortholog, ameliorates disease-related phenotypes in C9-ALS worm models. (A)
Schematic representation of transgenic constructs AC9“?' and C9“®' for C9-ALS modeling in C. elegans. The schematic is adapted from the
original publication describing the generation of these strains. (B) npp-5 transcript levels upon RNAI treatment. Graphs represent the relative
expression to Vector RNAi control (mean +s.e.m., n=3 biological replicates). (C) ALS C9“?" worms have a shorter lifespan compared to
control AC9“?" worms (P < 0.0001). Knockdown of npp-5 after development alleviates the short lifespan phenotype of ALS C9“ worms
(P<0.0001). AC9“? + vector RNAI mean +s.e.m.: 18.66 days + 0.37; AC9“' + npp-5 RNAi: 19.72 4 0.42; C9“”'+ vector RNAi: 13.55 + 0.44;
C9*°' + npp-5 RNAi: 16.48+ 0.57. Pwvalues: two-sided log-rank test, n=96 worms/condition. (D) npp-70 transcript levels upon RNAi
treatment. Graphs represent the relative expression to Vector RNAi control (mean 4 s.e.m., n= 3 biological replicates). (E) Knockdown of
the nucleoporin npp-10/NUP98 after development does not affect the lifespan of control AC9“Y (P=0.2117) and ALS C9“*" worms
(P=0.3064). AC9"”’ + vector RNAi mean + s.e.m.: 19.15days =+ 0.35; 4C9“” + npp-10 RNAi: 18.57 + 0.33; C9“’' + vector RNAI: 13.69 = 0.28;
C9*°' + npp-10 RNAi: 13.38+0.34. Pvalues: two-sided log-rank test, n=96 worms/condition. (F) Body bends over a 30-s period in control
and C9-ALS worms at day 5 of adulthood (n=40 worms per condition). Box plots represent the 25th—-75th percentiles, the lines depict the
median, and the whiskers show the minimum-maximum values. (G) gPCR analysis of nLuc transcript levels in ALS C9“?’ worms at day 5 of
adulthood (relative expression to Vector RNAi, mean + SD, n=3 biological replicates). (H) Western blot analysis of poly-GA levels in C9“*
worms at day 5 of adulthood. a-tubulin is the loading control. Images are representative of 4 independent experiments. In all experiments,
RNAI treatment was initiated after development. Statistical comparisons were made by two-tailed Student’s t-test for unpaired samples (B,
D, G) and two-way ANOVA with Fisher's LSD test (F). Table S3 contains statistical analysis and replicate data from independent lifespan

experiments.

established C. elegans model of C9-ALS expressing 75
repeats of the G,C, HRE under the ubiquitous snb-1/
promoter (C9"”) [70] (Fig. 4A). As a control, we used
worms expressing the same construct without HRE
(AC9"") (Fig. 4A). C9""" worms exhibit key C9-ALS
pathophysiological features, including DPR production
via RAN translation, progressive motility decline, and
reduced lifespan compared to AC9*”" worms [70]. To
investigate the role of Nupl07 in ALS pathology, we
knocked down its C. elegans ortholog, npp-5, which
shares 43% coverage and 41% sequence similarity with
human Nupl07, as determined by BLAST analysis
[99]. To achieve this, worms were fed RNAIi bacteria
expressing either an empty vector control or npp-5-
targeting RNAIi after development. Notably, knock-
down of npp-5 ameliorated the short lifespan pheno-
type of C9“”" ALS worms (Fig. 4B,C and Table S3),
suggesting an improvement in disease pathology. In
contrast, knockdown of a different nucleoporin, npp-
10 (Nup98 ortholog), did not extend the lifespan of
C9"*" worms (Fig. 4D.E and Table S3). These results
suggest that the rescue effect observed upon npp-5
knockdown is not due to a general adaptive response
to impaired NPC function, but may reflect a more spe-
cific role for NPP-5/Nup107 in C9-associated toxicity.
Given that motor dysfunction is a hallmark of ALS,
we assessed motility in these worms. ALS C9**" worms
exhibited a significant decline in motility compared
with AC9“"" controls at Day 5 of adulthood, a pheno-
type rescued by npp-5 knockdown (Fig. 4F). To deter-
mine whether this phenotypic improvement was
associated with changes in the transcription of the
G,C, HRE construct or its translation into DPRs, we
examined the expression of poly-GA, one of the most

pathological HRE-derived DPRs. The C9“”" construct
includes a nanoluciferase (nLuc) tag placed in the
poly-GA reading frame (Fig. 4A). While the transcript
levels of nLuc remained unchanged upon npp-5 knock-
down (Fig. 4G), western blot analysis revealed a
marked reduction in poly-GA peptide levels (Fig. 4H).
These findings suggest that lowering NPP-5/Nupl07
levels does not affect HRE transcription but instead
decreases DPR accumulation from HRE-derived
transcripts.

Discussion

Dysregulation of SG dynamics and nucleocytoplasmic
transport (NCT) is emerging as a hallmark of
C9-ALS; however, the precise links between these pro-
cesses remain unclear [29,50,56,82,89]. Our study iden-
tifies the nucleoporin Nupl07 as a potential factor
bridging these two disease-related changes. We demon-
strate that Nupl07 is widely mislocalized, associates
with SGs, and aggregates in C9-ALS cells. Notably,
our experiments reveal that NuplO7 aggregation
occurs independently of its total protein levels, sug-
gesting that its accumulation into insoluble aggregates
results from misfolding or sequestration rather than
protein overexpression.

Besides Nup107, we did not observe other nucleo-
porins having arsenite-induced interaction with G3BP1
in the two independent C9 iPSC-derived cell lines used
in our study. However, since not all nucleoporins were
detected in our proteomics experiments, we cannot
exclude the possibility that other nuclear NPC sub-
units also interact with G3BP1 following SG assembly.
Nupl07 is a component of the NPC Y-complex. We
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examined five additional nucleoporins from this sub-
complex, but none showed accumulation in SGs. One
intriguing possibility is that Nupl07 accumulation
arises from specific interactions with protein or RNA
components of SGs. It is important to note that other
nucleoporins (e.g., Nup50, Nup62, Nup88, Nup205,
and Nup358) have previously been reported to accu-
mulate in SGs in HEK293 cells under certain stress
conditions [56]. Nup62, another nucleoporin contain-
ing intrinsically disordered regions, has been shown to
colocalize with G3BP1 and TDP-43 in the cytoplasm,
contributing to their insolubility [57].

The impact of HRE-derived RNA on nucleoporin
dysfunction remains largely unexplored. We found that
Nupl07 directly binds G,C, repeat RNA, albeit with
lower affinity than G3BP1. This suggests that HRE
RNA may contribute to Nup107 misfolding or dysre-
gulated intracellular distribution, potentially linking
RNA toxicity to SG alterations. Along these lines, pre-
vious studies have demonstrated that G3BP1 coloca-
lizes with HRE sense- and antisense probes [48,100].
Furthermore, Zfp106, another HRE-interacting pro-
tein, has been reported to bind Nupl07 [75], reinfor-
cing the notion that HRE RNA contributes to
nucleoporin dysfunction in C9-ALS. Given the ele-
vated interaction of Nup107 with G3BP1 and its local-
ization to SGs in C9 ALS, along with the interaction
of both Nupl07 and G3BP1 with G,C, repeat RNA,
an intriguing possibility is that HRE C9orf72-derived
RNA repeats accumulate within Nup107 foci and SGs
in C9 ALS cells. In future studies, fluorescent in situ
hybridization (FISH) experiments could shed light on
this possibility.

To further explore the links between Nupl07 and
ALS, we examined whether reducing its levels miti-
gates C9-ALS phenotypes using C. elegans models.
Knockdown of npp-5, the C. elegans ortholog of
Nupl07, significantly extended lifespan and rescued
motor deficits in C9-ALS worms. These beneficial
effects occurred without changes in mutant transcript
levels. Instead, we observed a marked reduction in
poly-GA peptide levels, suggesting that Nupl07 may
influence RAN-mediated translation into DPRs. Alter-
natively, Nupl07 could influence DPR clearance,
reducing its accumulation. Due to the lack of available
antibodies against C. elegans NPP-5, we were unable
to assess its subcellular localization or potential colo-
calization with GTBP-1 (the G3BP1 ortholog) in the
C9"*" ALS worm model.

In summary, our results highlight Nupl07 as a
potential therapeutic target in C9-ALS, linking RNA
toxicity, nucleoporin dysfunction, SG alterations, and
protein aggregation. Indeed, our in vivo results suggest

S. Bilican et al.

that reducing NPP-5/Nupl07 levels mitigates ALS-
related changes in worm models. Together, our find-
ings further support a link between nucleoporins and
C9-ALS pathology.

Acknowledgements

This work was supported by the Else Kroner-
Fresenius-Stiftung (2021-EKSE.95 to D.V.) and the
Deutsche Forschungsgemeinschaft (CRC1678 (project
B06 to D.V.), Research Unit FORS5762 (project VI
742/10-1 to D.V.), Germany’s Excellence Strategy-
CECAD (EXC 2030-390661388), and large instrument
grant (INST 216/1163-1 FUGG to CECAD proteo-
mics Facility)). We thank the CECAD Proteomics
Facility for proteomics data analysis. The graphical
abstract was created using BioRender.com. Open
Access funding enabled and organized by Projekt
DEAL.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

SB and DV conceived the study. SB designed and per-
formed most of the experiments and data analysis. YN
and WHZ contributed to motor neuron differentiation
and SG analysis. DP contributed to EMSA and C. ele-
gans experiments. MW performed protein expression
and purification. SMG contributed to lifespan assays.
SK performed protein aggregation assays and contrib-
uted to additional experiments. SB and DV wrote the
manuscript. All authors revised and approved the
manuscript.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1873-3468.70156.

Data accessibility

The authors declare that the main data supporting the
findings of this study are available within the article
and its Supporting Information. The proteomics data
have been deposited to the ProteomeXchange Consor-
tium  (https://proteomecentral.proteomexchange.org)
via the PRIDE partner repository (accession code:
PXD065424). All the data are also available from the
corresponding author upon request.

3060 FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U20| 7 SUOWIWOD 3AIER.D 3|l jdde au Aq peusenob aJe ssjofe WO ‘88N JO Sa|ni 0} Arlq1T8UIUO 8|1 UO (SUORIPUCO-PUe-SWLBYLLIOD A8 |IM A1 1[Bu U0/ SaNY) SUORIPUOD pUe SLWLB | 84} 885 *[9202/90/6T ] U0 AriqiT8ulluO AB[1M ‘UI0X NZ TISRAIN Jop *[dig AQ 9STOL 89VE-EL8T/Z00T OT/I0p/L0Y™ A8 ]I AReIq 1 [Bu UO'SGRY//'SHNY W14 papeojumod ‘Tz ‘G20 ‘89VEELET


http://biorender.com
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1873-3468.70156
https://proteomecentral.proteomexchange.org/

S. Bilican et al.

C90rf72-ALS mutations lead to Nup107 aggregation

References Sattler R e'l al (2014) C90rf72 nucleotide 'repeat
structures initiate molecular cascades of disease.
1 Govoni V, Cesnik E, Casetta I, Tugnoli V, Tola MR Nature 507, 195-200.
and Granieri E (2012) Temporal trend of amyotrophic 13 Conlon EG, Lu L, Sharma A, Yamazaki T, Tang T,
lateral sclerosis incidence in southern Europe: a Shneider NA and Manley JL (2016) The COORF72
population study in the health district of Ferrara, Italy. GGGGCC expansion forms RNA G-quadruplex
J Neurol 259, 1623-1631. inclusions and sequesters hnRNP H to disrupt splicing

2 Mitchell JD and Borasio GD (2007) Amyotrophic in ALS brains. elife 5, ¢17820.
lateral sclerosis. Lancet 369, 2031-2041. 14 Fratta P, Mizielinska S, Nicoll AJ, Zloh M, Fisher

3 Zarei S, Carr K, Reiley L, Diaz K, Guerra O, EM, Parkinson G and Isaacs AM (2012) C9orf72
Altamirano PF, Pagani W, Lodin D, Orozco G and hexanucleotide repeat associated with amyotrophic
Chinea A (2015) A comprehensive review of lateral sclerosis and frontotemporal dementia forms
amyotrophic lateral sclerosis. Surg Neurol Int 6, 171. RNA G-quadruplexes. Sci Rep 2, 1016.

4 Ajroud-Driss S and Siddique T (2015) Sporadic and 15 Zhou B, Liu C, Geng Y and Zhu G (2015) Topology
hereditary amyotrophic lateral sclerosis (ALS). Biochim of a G-quadruplex DNA formed by C9orf72
Biophys Acta 1852, 679-684. hexanucleotide repeats associated with ALS and FTD.

5 Hommen F, Bilican S and Vilchez D (2021) Protein Sci Rep 5, 16673.
clearance strategies for disease intervention. J Neural 16 Freibaum BD and Taylor JP (2017) The role of
Transm 129, 141-172. dipeptide repeats in COORF72-related ALS-FTD.

6 Byrne S, Elamin M, Bede P, Shatunov A, Walsh C, Front Mol Neurosci 10, 35.

Corr B, Heverin M, Jordan N, Kenna K, Lynch C 17 Mori K, Weng SM, Arzberger T, May S, Rentzsch K,
et al. (2012) Cognitive and clinical characteristics of Kremmer E, Schmid B, Kretzschmar HA, Cruts M,
patients with amyotrophic lateral sclerosis carrying a Van Broeckhoven C et al. (2013) The C9orf72
C9orf72 repeat expansion: a population-based cohort GGGGCC repeat is translated into aggregating
study. Lancet Neurol 11, 232-240. dipeptide-repeat proteins in FTLD/ALS. Science 339,

7 Mahoney CJ, Beck J, Rohrer JD, Lashley T, Mok K, 1335-1338.

Shakespeare T, Yeatman T, Warrington EK, Schott 18 Zu T, Liu Y, Banez-Coronel M, Reid T, Pletnikova O,
JM, Fox NC et al. (2012) Frontotemporal dementia Lewis J, Miller TM, Harms MB, Falchook AE,

with the C9ORF72 hexanucleotide repeat expansion: Subramony SH et al. (2013) RAN proteins and RNA
clinical, neuroanatomical and neuropathological foci from antisense transcripts in COORF72 ALS and
features. Brain 135, 736-750. frontotemporal dementia. Proc Natl Acad Sci USA

8 Majounie E, Renton AE, Mok K, Dopper EG, Waite 110, E4968-E4977.

A, Rollinson S, Chio A, Restagno G, Nicolaou N, 19 Boeynaems S, Bogaert E, Kovacs D, Konijnenberg A,
Simon-Sanchez J et al. (2012) Frequency of the Timmerman E, Volkov A, Guharoy M, De Decker M,
C90rf72 hexanucleotide repeat expansion in patients Jaspers T, Ryan VH et al. (2017) Phase separation of
with amyotrophic lateral sclerosis and frontotemporal C9orf72 dipeptide repeats perturbs stress granule
dementia: a cross-sectional study. Lancet Neurol 11, dynamics. Mol Cell 65, 10441055 e5.

323-330. 20 Brasseur L, Coens A, Waeytens J, Melki R and

9 Umoh ME, Fournier C, Li Y, Polak M, Shaw L, Bousset L (2020) Dipeptide repeat derived from
Landers JE, Hu W, Gearing M and Glass JD (2016) C90rf72 hexanucleotide expansions forms amyloids or
Comparative analysis of C9orf72 and sporadic disease natively unfolded structures in vitro. Biochem Biophys
in an ALS clinic population. Neurology 87, 1024-1030. Res Commun 526, 410-416.

10 Esanov R, Cabrera GT, Andrade NS, Gendron TF, 21 Chang YJ, Jeng US, Chiang YL, Hwang IS and Chen
Brown RH Jr, Benatar M, Wahlestedt C, Mueller C YR (2016) The glycine-alanine dipeptide repeat from
and Zeier Z (2017) A C9ORF72 BAC mouse model C90rf72 Hexanucleotide expansions forms toxic
recapitulates key epigenetic perturbations of amyloids possessing cell-to-cell transmission properties.
ALS/FTD. Mol Neurodegener 12, 46. J Biol Chem 291, 4903-4911.

11 Gijselinck I, Van Mossevelde S, van der Zee J, Sieben 22 Edbauer D and Haass C (2016) An amyloid-like
A, Engelborghs S, De Bleecker J, Ivanoiu A, Deryck cascade hypothesis for C9orf72 ALS/FTD. Curr Opin
0O, Edbauer D, Zhang M et al. (2016) The C9orf72 Neurobiol 36, 99-106.
repeat size correlates with onset age of disease, DNA 23 Lee KH, Zhang PP, Kim HJ, Mitrea DM, Sarkar M,
methylation and transcriptional downregulation of the Freibaum BD, Cika J, Coughlin M, Messing J,
promoter. Mol Psychiatry 21, 1112-1124. Molliex A et al. (2016) C9orf72 dipeptide repeats

12 Haeusler AR, Donnelly CJ, Periz G, Simko EA, Shaw impair the assembly, dynamics, and function of
PG, Kim MS, Maragakis NJ, Troncoso JC, Pandey A, membrane-less organelles. Cell 167, 774-788.e17.

FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of 3061

Federation of European Biochemical Societies.

85U20| 7 SUOWIWOD 3AIER.D 3|l jdde au Aq peusenob aJe ssjofe WO ‘88N JO Sa|ni 0} Arlq1T8UIUO 8|1 UO (SUORIPUCO-PUe-SWLBYLLIOD A8 |IM A1 1[Bu U0/ SaNY) SUORIPUOD pUe SLWLB | 84} 885 *[9202/90/6T ] U0 AriqiT8ulluO AB[1M ‘UI0X NZ TISRAIN Jop *[dig AQ 9STOL 89VE-EL8T/Z00T OT/I0p/L0Y™ A8 ]I AReIq 1 [Bu UO'SGRY//'SHNY W14 papeojumod ‘Tz ‘G20 ‘89VEELET



C90rf72-ALS mutations lead to Nup107 aggregation

24

25

26

27

28

29

30

31

32

33

34

35

3062

Schmitz A, Pinheiro Marques J, Oertig I, Maharjan N
and Saxena S (2021) Emerging perspectives on
dipeptide repeat proteins in COORF72 ALS/FTD.
Front Cell Neurosci 15, 637548.

Tao Z, Wang H, Xia Q, Li K, Li K, Jiang X, Xu G,
Wang G and Ying Z (2015) Nucleolar stress and
impaired stress granule formation contribute to
C90rf72 RAN translation-induced cytotoxicity. Hum
Mol Genet 24, 2426-2441.

Wen X, Tan W, Westergard T, Krishnamurthy K,
Markandaiah SS, Shi Y, Lin S, Shneider NA,
Monaghan J, Pandey UB et al. (2014) Antisense
proline-arginine RAN dipeptides linked to C9ORF72-
ALS/FTD form toxic nuclear aggregates that initiate
in vitro and in vivo neuronal death. Neuron 84,
1213-1225.

White MR, Mitrea DM, Zhang P, Stanley CB, Cassidy
DE, Nourse A, Phillips AH, Tolbert M, Taylor JP and
Kriwacki RW (2019) C9orf72 poly(PR) dipeptide
repeats disturb biomolecular phase separation and
disrupt nucleolar function. Mol Cell 74, 713-728.¢6.
Zhang YJ, Gendron TF, Ebbert MTW, O’'Raw AD,
Yue M, Jansen-West K, Zhang X, Prudencio M, Chew
J, Cook CN et al. (2018) Poly(GR) impairs protein
translation and stress granule dynamics in C9orf72-
associated frontotemporal dementia and amyotrophic
lateral sclerosis. Nat Med 24, 1136-1142.

Chew J, Cook C, Gendron TF, Jansen-West K, Del
Rosso G, Daughrity LM, Castanedes-Casey M, Kurti
A, Stankowski JN, Disney MD et al. (2019) Aberrant
deposition of stress granule-resident proteins linked to
C9orf72-associated TDP-43 proteinopathy. Mol
Neurodegener 14, 9.

Sun Y, Eshov A, Zhou J, Isiktas AU and Guo JU
(2020) C9orf72 arginine-rich dipeptide repeats inhibit
UPF1-mediated RNA decay via translational
repression. Nat Commun 11, 3354.

Kedersha NL, Gupta M, Li W, Miller I and Anderson
P (1999) RNA-binding proteins TIA-1 and TIAR link
the phosphorylation of elF-2 alpha to the assembly of
mammalian stress granules. J Cell Biol 147, 1431-1442.
Martin JL, Dawson SJ and Gale JE (2022) An
emerging role for stress granules in neurodegenerative
disease and hearing loss. Hear Res 426, 108634.

Hirose T, Ninomiya K, Nakagawa S and Yamazaki T
(2023) A guide to membraneless organelles and their
various roles in gene regulation. Nat Rev Mol Cell Biol
24, 288-304.

Kedersha N and Anderson P (2007) Mammalian stress
granules and processing bodies. Methods Enzymol 431,
61-81.

Kedersha N, Chen S, Gilks N, Li W, Miller 1J, Stahl J
and Anderson P (2002) Evidence that ternary complex
(eIF2-GTP-tRNA(i)(met))-deficient preinitiation

36

37

38

40

41

42

43

44

45

46

47

48

49

S. Bilican et al.

complexes are core constituents of mammalian stress
granules. Mol Biol Cell 13, 195-210.

Kedersha N, Panas MD, Achorn CA, Lyons S, Tisdale
S, Hickman T, Thomas M, Lieberman J, Mclnerney
GM, Ivanov P et al. (2016) G3BP-Caprinl-USP10
complexes mediate stress granule condensation and
associate with 40S subunits. J Cell Biol 212, 845-860.
Tourriere H, Chebli K, Zekri L, Courselaud B,
Blanchard JM, Bertrand E and Tazi J (2023) The
RasGAP-associated endoribonuclease G3BP mediates
stress granule assembly. J Cell Biol 222,
€200212128072023new.

Khong A, Matheny T, Jain S, Mitchell SF, Wheeler
JR and Parker R (2017) The stress granule
transcriptome reveals principles of mRNA
accumulation in stress granules. Mol Cell 68, 808-820.
Wheeler JR, Matheny T, Jain S, Abrisch R and Parker
R (2016) Distinct stages in stress granule assembly and
disassembly. elife 5, e18413.

Shin Y and Brangwynne CP (2017) Liquid phase
condensation in cell physiology and disease. Science
357, eaaf438.

Wolozin B and Ivanov P (2019) Stress granules and
neurodegeneration. Nat Rev Neurosci 20, 649-666.
Jain S, Wheeler JR, Walters RW, Agrawal A, Barsic A
and Parker R (2016) ATPase-modulated stress
granules contain a diverse proteome and substructure.
Cell 164, 487-498.

Kedersha N, Stoecklin G, Ayodele M, Yacono P,
Lykke-Andersen J, Fritzler MJ, Scheuner D, Kaufman
RJ, Golan DE and Anderson P (2005) Stress granules
and processing bodies are dynamically linked sites of
mRNP remodeling. J Cell Biol 169, 871-884.

Asadi MR, Sadat Moslehian M, Sabaie H, Jalaiei A,
Ghafouri-Fard S, Taheri M and Rezazadeh M (2021)
Stress granules and neurodegenerative disorders: a
scoping review. Front Aging Neurosci 13, 650740.
Dudman J and Qi X (2020) Stress granule
dysregulation in amyotrophic lateral sclerosis. Front
Cell Neurosci 14, 598517.

Fernandes N, Eshleman N and Buchan JR (2018)
Stress granules and ALS: a case of causation or
correlation? Adv Neurobiol 20, 173-212.

Alirzayeva H, Loureiro R, Koyuncu S, Hommen F,
Nabawi Y, Zhang WH, Dao TTP, Wehrmann M, Lee
HJ and Vilchez D (2024) ALS-FUS mutations cause
abnormal PARylation and histone H1.2 interaction,
leading to pathological changes. Cell Rep 43, 114626.
Fay MM, Anderson PJ and Ivanov P (2017)
ALS/FTD-associated COORF72 repeat RNA promotes
phase transitions in vitro and in cells. Cell Rep 21,
3573-3584.

Khalfallah Y, Kuta R, Grasmuck C, Prat A, Durham
HD and Vande Velde C (2018) TDP-43 regulation of

FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U20| 7 SUOWIWOD 3AIER.D 3|l jdde au Aq peusenob aJe ssjofe WO ‘88N JO Sa|ni 0} Arlq1T8UIUO 8|1 UO (SUORIPUCO-PUe-SWLBYLLIOD A8 |IM A1 1[Bu U0/ SaNY) SUORIPUOD pUe SLWLB | 84} 885 *[9202/90/6T ] U0 AriqiT8ulluO AB[1M ‘UI0X NZ TISRAIN Jop *[dig AQ 9STOL 89VE-EL8T/Z00T OT/I0p/L0Y™ A8 ]I AReIq 1 [Bu UO'SGRY//'SHNY W14 papeojumod ‘Tz ‘G20 ‘89VEELET



S. Bilican et al.

C90rf72-ALS mutations lead to Nup107 aggregation

stress granule dynamics in neurodegenerative disease- 61 Hill SJ, Mordes DA, Cameron LA, Neuberg DS,
relevant cell types. Sci Rep 8, 7551. Landini S, Eggan K and Livingston DM (2016) Two

50 Freibaum BD, Lu Y, Lopez-Gonzalez R, Kim NC, familial ALS proteins function in prevention/repair of
Almeida S, Lee KH, Badders N, Valentine M, Miller transcription-associated DNA damage. Proc Natl Acad
BL, Wong PC et al. (2015) GGGGCC repeat Sci USA 113, E7701-E7709.
expansion in C9orf72 compromises nucleocytoplasmic 62 Wiederschain D, Wee S, Chen L, Loo A, Yang G,
transport. Nature 525, 129-133. Huang A, Chen Y, Caponigro G, Yao YM, Lengauer

51 Jovicic A, Mertens J, Boeynaems S, Bogaert E, Chai C et al. (2009) Single-vector inducible lentiviral RNAi
N, Yamada SB, Paul JW 3rd, Sun S, Herdy JR, Bieri system for oncology target validation. Cell Cycle 8,

G et al. (2015) Modifiers of C9orf72 dipeptide repeat 498-504.
toxicity connect nucleocytoplasmic transport defects to 63 Yang X, Boehm JS, Yang X, Salehi-Ashtiani K, Hao
FTD/ALS. Nat Neurosci 18, 1226-1229. T, Shen Y, Lubonja R, Thomas SR, Alkan O, Bhimdi

52 McGoldrick P and Robertson J (2023) Unraveling the T et al. (2011) A public genome-scale lentiviral
impact of disrupted nucleocytoplasmic transport expression library of human ORFs. Nat Methods 8,
systems in C9orf72-associated ALS. Front Cell 659-661.

Neurosci 17, 1247297. 64 Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer

53 Zhang K, Donnelly CJ, Haeusler AR, Grima JC, AM, Hinkle G, Pigani B, Eisenhaure TM, Luo B,
Machamer JB, Steinwald P, Daley EL, Miller SJ, Grenier JK et al. (2006) A lentiviral RNAI library for
Cunningham KM, Vidensky S et al. (2015) The human and mouse genes applied to an arrayed viral
C90rf72 repeat expansion disrupts nucleocytoplasmic high-content screen. Cell 124, 1283-1298.
transport. Nature 525, 56-61. 65 Brown LY, Dong W and Kantor B (2020) An

54 Dubey SK, Maulding K, Sung H and Lloyd TE (2022) improved protocol for the production of Lentiviral
Nucleoporins are degraded via upregulation of vectors. STAR Protoc 1, 100152.

ESCRT-III/Vps4 complex in drosophila models of C9- 66 Lo HL and Yee JK (2007) Production of vesicular
ALS/FTD. Cell Rep 40, 111379. stomatitis virus G glycoprotein (VSV-G) pseudotyped

55 Coyne AN, Zaepfel BL, Hayes L, Fitchman B, retroviral vectors. Curr Protoc Hum Genet 12, 12.7.
Salzberg Y, Luo EC, Bowen K, Trost H, Aigner S, 67 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V,
Rigo F et al. (2020) G(4)C(2) repeat RNA initiates a Longair M, Pietzsch T, Preibisch S, Rueden C,
POMI121-mediated reduction in specific nucleoporins Saalfeld S, Schmid B et al. (2012) Fiji: an open-source
in C9orf72 ALS/FTD. Neuron 107, 1124-1140.¢e11. platform for biological-image analysis. Nat Methods 9,

56 Zhang K, Daigle JG, Cunningham KM, Coyne AN, 676—682.

Ruan K, Grima JC, Bowen KE, Wadhwa H, Yang P, 68 Foster AD, Flynn LL, Cluning C, Cheng F, Davidson
Rigo F et al. (2018) Stress granule assembly disrupts JM, Lee A, Polain N, Mejzini R, Farrawell N,
nucleocytoplasmic transport. Cell 173, 958-971.e17. Yerbury JJ et al. (2021) p62 overexpression induces

57 Gleixner AM, Verdone BM, Otte CG, Anderson EN, TDP-43 cytoplasmic mislocalisation, aggregation and
Ramesh N, Shapiro OR, Gale JR, Mauna JC, Mann cleavage and neuronal death. Sci Rep 11, 11474.

JR, Copley KE et al. (2022) NUP62 localizes to 69 Tyanova S, Temu T and Cox J (2016) The MaxQuant
ALS/FTLD pathological assemblies and contributes to computational platform for mass spectrometry-based
TDP-43 insolubility. Nat Commun 13, 3380. shotgun proteomics. Nat Protoc 11, 2301-2319.

58 Lenzi J, De Santis R, de Turris V, Morlando M, 70 Sonobe Y, Aburas J, Krishnan G, Fleming AC,
Laneve P, Calvo A, Caliendo V, Chio A, Rosa A and Ghadge G, Islam P, Warren EC, Gu Y, Kankel MW,
Bozzoni 1 (2015) ALS mutant FUS proteins are Brown AEX et al. (2021) A C. Elegans model of
recruited into stress granules in induced pluripotent C9orf72-associated ALS/FTD uncovers a conserved
stem cell-derived motoneurons. Dis Model Mech 8, role for eIF2D in RAN translation. Nat Commun 12,
755-766. 6025.

59 Egawa N, Kitaoka S, Tsukita K, Naitoh M, 71 Lee HJ, Noormohammadi A, Koyuncu S, Calculli G,
Takahashi K, Yamamoto T, Adachi F, Kondo T, Simic MS, Herholz M, Trifunovic A and Vilchez D
Okita K, Asaka I ef al. (2012) Drug screening for ALS (2019) Prostaglandin signals from adult germline stem
using patient-specific induced pluripotent stem cells. cells delay somatic ageing of Caenorhabditis elegans.
Sci Transl Med 4, 145ral104. Nat Metab 1, 790-810.

60 Koyuncu S, Saez I, Lee HJ, Gutierrez-Garcia R, 72 Calculli G, Lee HJ, Shen K, Pham U, Herholz M,
Pokrzywa W, Fatima A, Hoppe T and Vilchez D Trifunovic A, Dillin A and Vilchez D (2021) Systemic
(2018) The ubiquitin ligase UBRS suppresses regulation of mitochondria by germline proteostasis
proteostasis collapse in pluripotent stem cells from prevents protein aggregation in the soma of C. elegans.
Huntington’s disease patients. Nat Commun 9, 2886. Sci Adv 7, eabg3012.

FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of 3063

Federation of European Biochemical Societies.

85U20| 7 SUOWIWOD 3AIER.D 3|l jdde au Aq peusenob aJe ssjofe WO ‘88N JO Sa|ni 0} Arlq1T8UIUO 8|1 UO (SUORIPUCO-PUe-SWLBYLLIOD A8 |IM A1 1[Bu U0/ SaNY) SUORIPUOD pUe SLWLB | 84} 885 *[9202/90/6T ] U0 AriqiT8ulluO AB[1M ‘UI0X NZ TISRAIN Jop *[dig AQ 9STOL 89VE-EL8T/Z00T OT/I0p/L0Y™ A8 ]I AReIq 1 [Bu UO'SGRY//'SHNY W14 papeojumod ‘Tz ‘G20 ‘89VEELET



C90rf72-ALS mutations lead to Nup107 aggregation

73

74

75

76

77

78

79

80

81

82

83

3064

Hoogewijs D, Houthoofd K, Matthijssens F,
Vandesompele J and Vanfleteren JR (2008) Selection
and validation of a set of reliable reference genes for
quantitative sod gene expression analysis in C. elegans.
BMC Mol Biol 9, 9.

Llamas E, Koyuncu S, Lee HJ, Wehrmann M,
Gutierrez-Garcia R, Dunken N, Charura N, Torres-
Montilla S, Schlimgen E, Mandel AM et al. (2023) In
planta expression of human polyQ-expanded
huntingtin fragment reveals mechanisms to prevent
disease-related protein aggregation. Nat Aging 3,
1345-1357.

Celona B, Dollen JV, Vatsavayai SC, Kashima R,
Johnson JR, Tang AA, Hata A, Miller BL, Huang EJ,
Krogan NJ et al. (2017) Suppression of C9orf72 RNA
repeat-induced neurotoxicity by the ALS-associated
RNA-binding protein Zfp106. elife 6, €19032.

Hsieh YW, Algadah A and Chuang CF (2016) An
optimized protocol for electrophoretic mobility shift
assay using infrared fluorescent dye-labeled
oligonucleotides. J Vis Exp 117, 54863.

Patel A, Lee HO, Jawerth L, Maharana S, Jahnel M,
Hein MY, Stoynov S, Mahamid J, Saha S, Franzmann
TM et al. (2015) A liquid-to-solid phase transition of
the ALS protein FUS accelerated by disease mutation.
Cell 162, 1066-1077.

Reineke LC and Neilson JR (2019) Differences
between acute and chronic stress granules, and how
these differences may impact function in human
disease. Biochem Pharmacol 162, 123-131.

Colombrita C, Zennaro E, Fallini C, Weber M,
Sommacal A, Buratti E, Silani V and Ratti A (2009)
TDP-43 is recruited to stress granules in conditions of
oxidative insult. J Neurochem 111, 1051-1061.

Gal J, Zhang JY, Kwinter DM, Zhai JJ, Jia HG, Jia
JH and Zhu HN (2011) Nuclear localization sequence
of FUS and induction of stress granules by ALS
mutants. Neurobiol Aging 32, 2323.e27-2323.e40.
Gasset-Rosa F, Lu S, Yu H, Chen C, Melamed Z,
Guo L, Shorter J, Da Cruz S and Cleveland DW
(2019) Cytoplasmic TDP-43 de-mixing independent of
stress granules drives inhibition of nuclear import, loss
of nuclear TDP-43, and cell death. Neuron 102,
339-357.¢7.

Sahana TG, Chase KJ, Liu F, Lloyd TE, Rossoll W
and Zhang K (2023) c-Jun N-terminal kinase promotes
stress granule assembly and neurodegeneration in
C9orf72-mediated ALS and FTD. J Neurosci 43,
3186-3197.

Zheng W, Wang K, Wu Y, Yan G, Zhang C, Li Z,
Wang L and Chen S (2022) C9orf72 regulates the
unfolded protein response and stress granule formation
by interacting with elF2alpha. Theranostics 12, 7289—
7306.

84

85

86

87

88

89

90

91

92

93

94

95

96

S. Bilican et al.

Garofalo M, Pandini C, Bordoni M, Jacchetti E,
Diamanti L, Carelli S, Raimondi MT, Sproviero D,
Crippa V, Carra S et al. (2022) RNA molecular
signature profiling in PBMCs of sporadic ALS
patients: HSP70 overexpression is associated with
nuclear SODI. Cells 11, 293.

Groen EJN and Gillingwater TH (2015) UBAI: at the
crossroads of ubiquitin homeostasis and
neurodegeneration. Trends Mol Med 21, 622-632.
Kuhlenbaumer G, Hannibal MC, Nelis E, Schirmacher
A, Verpoorten N, Meuleman J, Watts GD, De Vriendt
E, Young P, Stogbauer F et al. (2005) Mutations in
SEPT9 cause hereditary neuralgic amyotrophy. Nat
Genet 37, 1044-1046.

Weber R and Chang CT (2024) Human DDX6
regulates translation and decay of inefficiently
translated mRNAs. elife 13, 92426.

McGoldrick P, Lau A, You Z, Durcan TM and
Robertson J (2023) Loss of C9orf72 perturbs the ran-
GTPase gradient and nucleocytoplasmic transport,
generating compositionally diverse importin beta-1
granules. Cell Rep 42, 112134.

Ryan S, Rollinson S, Hobbs E and Pickering-Brown S
(2022) C9orf72 dipeptides disrupt the
nucleocytoplasmic transport machinery and cause
TDP-43 mislocalisation to the cytoplasm. Sci Rep 12,
4799.

Zhang K, Grima JC, Rothstein JD and Lloyd TE
(2016) Nucleocytoplasmic transport in C9orf72-
mediated ALS/FTD. Nucleus 7, 132-137.

Schwartz TU (2016) The structure inventory of the
nuclear pore complex. J Mol Biol 428, 1986-2000.
Blokhuis AM, Groen EJ, Koppers M, van den Berg
LH and Pasterkamp RJ (2013) Protein aggregation in
amyotrophic lateral sclerosis. Acta Neuropathol 125,
777-794.

Milles S, Huy Bui K, Koehler C, Eltsov M, Beck M
and Lemke EA (2013) Facilitated aggregation of FG
nucleoporins under molecular crowding conditions.
EMBO Rep 14, 178-183.

Thomas L, Taleb Ismail B, Askjaer P and Seydoux G
(2023) Nucleoporin foci are stress-sensitive condensates
dispensable for C. elegans nuclear pore assembly.
EMBO J 42, e112987.

Cid-Samper F, Gelabert-Baldrich M, Lang B,
Lorenzo-Gotor N, Ponti RD, Severijnen L, Bolognesi
B, Gelpi E, Hukema RK, Botta-Orfila T et al. (2018)
An integrative study of protein-RNA condensates
identifies scaffolding RNAs and reveals players in
fragile X-associated tremor/ataxia syndrome. Cell Rep
25, 3422-3434.¢7.

Kovachev PS, Gomes MPB, Cordeiro Y, Ferreira NC,
Valadao LPF, Ascari LM, Rangel LP, Silva JL and
Sanyal S (2019) RNA modulates aggregation of the

FEBS Letters 599 (2025) 3047-3065 © 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U20| 7 SUOWIWOD 3AIER.D 3|l jdde au Aq peusenob aJe ssjofe WO ‘88N JO Sa|ni 0} Arlq1T8UIUO 8|1 UO (SUORIPUCO-PUe-SWLBYLLIOD A8 |IM A1 1[Bu U0/ SaNY) SUORIPUOD pUe SLWLB | 84} 885 *[9202/90/6T ] U0 AriqiT8ulluO AB[1M ‘UI0X NZ TISRAIN Jop *[dig AQ 9STOL 89VE-EL8T/Z00T OT/I0p/L0Y™ A8 ]I AReIq 1 [Bu UO'SGRY//'SHNY W14 papeojumod ‘Tz ‘G20 ‘89VEELET



S. Bilican et al.

recombinant mammalian prion protein by direct
interaction. Sci Rep 9, 12406.

97 Louka A, Zacco E, Temussi PA, Tartaglia GG and
Pastore A (2020) RNA as the stone guest of protein
aggregation. Nucleic Acids Res 48, 11880-11889.

98 Sanchez de Groot N, Armaos A, Grana-Montes R,
Alriquet M, Calloni G, Vabulas RM and Tartaglia
GG (2019) RNA structure drives interaction with
proteins. Nat Commun 10, 3246.

99 Altschul SF, Gish W, Miller W, Myers EW and
Lipman DJ (1990) Basic local alignment search tool. J
Mol Biol 215, 403-410.

100 Glineburg MR, Zhang Y, Krans A, Tank EM,
Barmada SJ and Todd PK (2021) Enhanced detection
of expanded repeat mRNA foci with hybridization
chain reaction. Acta Neuropathol Commun 9, 73.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. The majority of G3BPIl-positive granules
formed upon arsenite treatment are also positive for
TIA1 in both control and C9 cells.

Fig. S2. A fraction of DDX6 foci co-localize with
G3BP1-positive granules following arsenite treatment.
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Fig. S3. Nupl07 foci do not colocalize with stress
granules in early-stage iPSC-derived motor neurons
(iMNs) but show colocalization at later stages.

Fig. S4. ALS-causing C90rf72 mutations do not induce
colocalization of Nup43 and Nup96/98 outer ring
nucleoporins with stress granules.

Fig. S5. ALS-causing C90rf72 mutations do not induce
colocalization of Nupl33, Nupl60 and Secl3 outer
ring nucleoporins with stress granules.

Fig. S6. ALS-causing FUS and TDP-43 mutations do
not induce NUP107 localization within stress granules.
Fig. S7. Nupl07 levels are elevated in the insoluble
protein fraction of C9-ALS induced pluripotent stem
cells (iPSCs) following arsenite-induced stress granule
formation.

Fig. S8. Both G3BP1 and Nupl07 bind pathogenic
G4C2 RNA repeats but not control A4C2 RNA
repeats.

Fig. S9. Knockdown of Nupl07 in C9-ALS induced
pluripotent stem cells (iPSCs) does not rescue alter-
ations in stress granule (SG) dynamics.

Table S1. List of primers used in this study.

Table S2. Protein interactome of G3BP1 in motor
neurons.

Table S3. Statistical analysis and replicate data of life-
span experiments.
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