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Abstract

Stress granules (SG) are part of a cellular protection mechanism where untranslated messenger RNAs and RNA-binding proteins are stored upon
conditions of cellular stress. Compositional variations due to qualitative or quantitative protein changes can disrupt their functionality and alter
their structure. This is the case of different forms of amyotrophic lateral sclerosis (ALS) where a causative link has been proposed between the
cytoplasmic de-localization of mutant proteins, such as FUS (Fused in Sarcoma), and the formation of cytotoxic inclusions. Here, we describe the
SG transcriptome in neuroblastoma cells and define several features for RNA recruitment in these condensates. \WWe demonstrate that SG dy-
namics and RNA content are strongly modified by the incorporation of mutant FUS, switching to a more unstructured, AU-rich SG transcriptome.
Moreover, we show that mutant FUS, together with its protein interactors and their target RNAs, are responsible for the reshaping of the mutant
SG transcriptome with alterations that can be linked to neurodegeneration. Our data describe the molecular differences between physiological
and pathological SG in ALS-FUS conditions, showing how FUS mutations impact the RNA and protein composition of these condensates.
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A well-defined intracellular compartmentalization is vital for
eukaryotic cells, with membrane-bound organelles physically
separating specialized molecular processes from the rest of the
cellular environment. Alongside these structures, a large num-
ber of membrane-less organelles (MLOs) has been identified in
recent years as crucial in the regulation of gene expression and
metabolic activity of cells (1-3). Lacking a lipid bilayer, these
assemblies are separated from the neighboring cytoplasm or

bility, but also dynamic properties of exchange with the molec-
ular surroundings (4-6). The liquid-like behavior of MLOs,
mainly constituted by diverse RNAs and RNA-binding pro-
teins (RBPs), results from the summation of several weak in-
teractions involving its constituents (7).

RNA is a pivotal component of such condensates, since
the intrinsic characteristics of individual transcripts, such as
length, structure and nucleotide composition, are sufficient

Received: January 29, 2024. Revised: October 2, 2024. Editorial Decision: October 5, 2024. Accepted: October 29, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.


https://doi.org/10.1093/nar/gkae942
https://orcid.org/0000-0003-0903-5632
https://orcid.org/0000-0001-8681-634X
https://orcid.org/0000-0001-5383-1295
https://orcid.org/0000-0002-3485-8537

13270

to influence the number of RNA-RNA and RNA-protein
interactions within a granule, thereby affecting its physical
properties (8=11). Moreover, it has been observed that the
presence of intrinsically disordered regions (IDRs) in RBPs is
a molecular determinant of their tendency to phase-separate,
both in vitro and in living cells (12); IDRs are often coupled
to canonical RNA binding domains within the same protein,
providing the foundation for establishing multivalent inter-
actions with RNAs and other proteins, thus leading to self-
assembling, separated granules (13,14).

The formation of cytoplasmic stress granules (SG) in re-
sponse to variations in cell homeostasis stimuli is a primordial
protection mechanism (15). SG result from the condensation
of untranslated, stalled messenger RNAs (mRNAs) and sev-
eral IDR-containing RBPs, functioning as a temporary reser-
voir and being readily disassembled as protein translation is
reactivated after stress (16). SG assembly is a multi-step event,
where initial phase separation of individual ribonucleoparti-
cles leads to the coalescence of stable cores, surrounded by a
liquid, quickly remodeled shell (17).

Post-mitotic cells like neurons are highly susceptible to dys-
regulation of SG assembly and disassembly (18-20). Mu-
tations in numerous protein components of these conden-
sates are causative of the formation of permanent, insol-
uble protein-RNA assemblies; these aggregates have been
causatively linked to the pathogenesis of neurodegenerative
disorders and constitute a hallmark of several motor-neuron
diseases, such as amyotrophic lateral sclerosis (ALS) (21,22).

A paradigmatic example is represented by FUS/TLS (Fused
in Sarcoma/Translocated in Liposarcoma), whose mutations
account for 4% of familial ALS cases (23). The protein embeds
a IDR which is responsible for self-assembly and spontaneous
aggregation (24-26); ALS-linked mutations are clustered in
the nuclear localization sequence (NLS), reducing its nuclear
reimport and resulting in an aberrant cytoplasmic accumula-
tion and subsequent recruitment in SG (27,28). As mutant FUS
accumulates in the cytoplasm of motor-neurons, it triggers the
activation of major stress pathways and impacts SG number
and dynamics, finally leading to an increased vulnerability of
these cells to harmful stimuli (29).

In this work, we focused on the RNA content of SG in
a neuronal-like system, demonstrating that neuronal RNAs
are specifically enriched in these condensates in response to
oxidative stress. We show that the expression of the mis-
localized FUSP2SE s sufficient to impact the dynamics of SG
and to strongly modify their transcriptome by enriching AU-
rich RNAs, at the expense of GC-rich transcripts. The modifi-
cation of the nucleotide composition caused by the presence of
mutant FUS reduces the global structuration propensity of SG
RNAs, by recruiting poorly structured transcripts. Moreover,
we show that the reorganization of the SG transcriptome in
FUSPS2L condition affects specific classes of RNAs linked to
neurodegenerative processes. Finally, we show that the pres-
ence of FUSP25T also impacts on the SG proteome; thus, while
the direct binding of mutant FUS to RNA is not sufficient to
explain the altered engagement of transcripts into SG, the dif-
ferential recruitment of FUS-interacting RBPs contributes to
the aberrant RNA composition of pathological granules.

Materials and methods

Cell culture, maintenance and treatment

SK-N-BE were cultured in adherence in RPMI-1640 sup-
plemented with 10% Fetal Bovine Serum (FBS), 1 mM
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sodium pyruvate, 1x GlutaMAX™, 100 U/ml penicillin and
100 pg/ml streptomycin (all reagents were purchased from
Thermo Fisher Scientific). Cells were frozen in culture medium
supplemented with 20% FBS and 10% Dimethyl Sulfoxide
(DMSO, Sigma Aldrich), and quickly thawed when needed in
a 37°C water bath. To induce FUS overexpression, cells were
incubated with 50 ng/ml doxycycline hyclate (Sigma Aldrich)
in culture medium for 24 h. To induce SG formation, cells
were incubated with 0, 5 mM sodium arsenite (Sigma Aldrich)
at 37°C for 1 h; the effective condensation of GFP-G3BP1
was inspected under a fluorescence microscope before cell
collection.

Cloning and SK-N-BE stable cell line generation

The plasmid containing an N-terminal GFP-tagged form of
human G3BP1 was a gentle gift from Roy Parker’s Lab (Uni-
versity of Colorado Boulder). The GFP-G3BP1 sequence was
subcloned in the ePB-BSD-EIFla vector (30); briefly, GFP-
G3BP1 was PCR-amplified with CloneAmp HiFi PCR Pre-
mix (TakaraBio) and cloned in the acceptor plasmid linearized
with Xbal and Notl restriction enzymes (Thermo Fisher Sci-
entific) using the InFusion Cloning kit following manufacturer
protocol (TakaraBio); the Notl site was not maintained to
reduce the Tm of the cloning primers. Primer sequences are
listed in Supplementary Table SS5.

Stable cell lines were generated taking advantage of the
transposon-based PiggyBac technology. A PiggyBac HyPB
transposase expression plasmid (31) was co-transfected with
the ePB-EIF1a-GFP-G3BP1 vector with a 1:10 ratio; cells were
selected in 10 pg/ml of blasticidin S (Thermo Fisher Scien-
tific) for 7 days and then tested for consistent expression of
the fluorescent protein. SK-N-BE cell lines expressing FUSWT
and FUSP?L under a doxycycline-inducible promoter were
already present in the lab (32).

RNA extraction and analysis

RNA extraction was performed with the Direct-zol Miniprep
RNA Purification Kit (Zymo Research) with on-column
DNase treatment, according to the manufacturer’s instruc-
tions, eluting in 25 pl of RNase-free water (50 ul for to-
tal RNA Input samples). Total RNA was retro-transcribed
with PrimeScript™ RT Reagent Kit (TakaraBio) according
to the manufacturer’s instructions. For quantitative PCR
(qPCR) analysis, the PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific), following the manufacturer’s pro-
tocol, in 15 ul reactions, on a QuantStudio5 qPCR sys-
tem (Thermo Fisher Scientific) with standard cycling condi-
tions. For SG purification experiments, data were expressed
as % of input: briefly, the Ct of Input samples for each tar-
get were adjusted to account for the dilution by subtracting
the log2 of the dilution factor. Then, the % of input was
calculated as 2(adjusted input Ct — IP Ct) for each target.
The sequences of primers used for gRT-PCR are listed in
Supplementary Table SS.

Protein extraction and western blot analysis

Protein extracts were obtained using RIPA buffer, supplied
with 1x Complete Protease Inhibitor Cocktail (Merck). Pro-
tein concentration was assessed using BCA protein assay
(Thermo Fisher Scientific). Protein electrophoresis was per-
formed using 4-15% Mini-PROTEAN TGX Precast acry-
lamide gel (Bio-Rad), and proteins were transferred to
0.45 um nitrocellulose membrane, using the TransBlot Turbo
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System (Bio-Rad), according to the manufacturer’s instruc-
tions. Membranes were stained with Ponceau, blocked with
5% mnon-fat dry milk (Sigma Aldrich) for 1 h and incu-
bated overnight at 4°C with the following primary antibod-
ies: anti-GFP (Thermo Fisher Scientific, A-11122, 1:1000),
anti-TTAR (BD Transduction, 610352, 1:1000), anti-FUS
(SantaCruz Biotech, sc-47711, 1:2000), anti-GAPDH-HRP
(SantaCruz Biotech, sc-47724, 1:1000), anti-FLAG (Merck,
F3165, 1:1000), anti-ELAVL1 (SantaCruz Biotech, sc-5261,
1:1000), anti-DHX36 (Proteintech, 13159-1-AP, 1:500) and
anti-B Actin (SantaCruz Biotech, sc-69879, 1:1000). After sec-
ondary antibody incubation for 1 h at room temperature (RT),
protein detection was carried out with Immobilon Crescendo
Western HRP substrate (Merck) using ChemiDoc™ MP Sys-
tem and images were analyzed using Image Lab™ Software
(Bio-Rad).

Puromycilation assay

FUS expression was induced in SK-N-BE cells as stated above.
After 1 h of stress with 0, 5 mM sodium arsenite, the medium
was removed and cells were washed twice in warm medium.
Cells were then incubated in culture medium supplemented
with 10 pg/ml puromycin (Merck, P4512) for 0, 3 or 4 h.
After the incubation, cells were washed twice in phosphate-
buffered saline (PBS), then lysed in RIPA buffer and sonicated
to optimize protein solubilization. After protein quantification
with BCA and normalization of the lysates, 15 ug of each sam-
ple were subjected to western blot. Puromycin signal was de-
tected using an anti-puromycin antibody (Merck, MABE343,
1:2000). Total protein and puromycin signals were quantified
using Image Lab™ Software (Bio-Rad).

Immunofluorescence and fluorescence correlation
spectroscopy analyses

Cells were plated on glass coverslips and treated as previously
described. Samples were fixed in 4% paraformaldehyde for
10 min at RT, followed by three washes in complete PBS.
Permeabilization and blocking were performed by incubating
the coverslips in PBS supplemented with 2% bovine serum
albumin (BSA), 0.2% Triton X-100 for 30 min at RT. Sam-
ples were then incubated with primary antibody diluted in
PBS with 1% BSA for 1 h at RT, followed by three washes
for 5 min in PBS. The following antibodies were used: anti-
G3BP1 (Cell Signaling, 17798, 1:100), anti-FLAG (Merck,
F3165, 1:500), anti-ELAVL1 (SantaCruz Biotech, sc-5261,
1:150), anti-DHX36 (Proteintech, 13159-1-AP, 1:250), anti-
TDP43 (Abcam, ab109535, 1:100), anti-TIAR (BD Transduc-
tion, 610352, 1:200). Fluorophore-conjugated secondary an-
tibodies (Thermo Fisher Scientific) were diluted 1:300 in PBS
with 1% goat/donkey serum and incubated for 45 min at
RT. After three PBS washes, nuclei were stained with 4/,6-
diamidino-2-phenylindole (DAPI, Sigma; diluted lug/ml in
PBS) for 3 min at RT and coverslips were mounted with Pro-
long Diamond Mounting Media (Thermo Fisher Scientific, P-
36961) on microscope slides. Fixed samples were imaged on
a Nikon Instrument A1 Confocal Laser Microscope equipped
with 60x and 100x objectives. Confocal images were col-
lected with NIS-Elements AR software (Nikon): ND Acqui-
sition module was used for multipoint acquisition of Z-stack
images (250 nm Z-spacing). Images were analyzed with FIJI-
Image] open-source software. Briefly, after Gaussian blur fil-
tering and background removal, Pearson correlation coeffi-
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cient was calculated launching the JaCoP plugin on the Max-
imun Intensity Projections of Z-planes. Fluorescence inten-
sity was measured by creating a mask of the G3BP1 granules
(thresholded according to the Otsu algorithm) and obtaining
the mean gray value of the ELAVL1, DHX36 or TDP43 signal
for each granule.

Fluorescence correlation spectroscopy (FCS) measurements
were performed as described in (33,34). Cells were plated
and FUS expression was induced as previously described; be-
fore starting the acquisition, culture medium was replaced
with FluoroBrite™ DMEM (Thermo Fisher Scientific) sup-
plemented with 10% FBS, and sodium arsenite was added at
a final concentration of 0.5 mM for the ‘stressed’ samples.
Acquisition of GFP/RFP fluorescence signals was obtained
in a custom-built laser scanning microscope equipped with a
single-photon array detector from the Molecular Microscopy
and Spectroscopy division of the Italian Institute of Technol-
ogy in Genoa. A variant of conventional FCS (spot-variation
FCS) was employed to quantify the diffusion mode of GFP-
G3BP1. In spot-variation FCS, multiple diffusion times are
measured at different detection volume sizes. Thanks to the
spatial information granted by the single-photon array detec-
tor (33,35,36), spot-variation FCS can be implemented within
single measurements, by integrating off-line the signal coming
from different subsets of the pixel detector, such as the central
pixel only, the sum of the inner 3 x 3 pixels, and the sum of
the entire 5 x 5 pixels. The diffusion modes are evaluated by
fitting a linear function (diffusion law) to the diffusion times
against the area of the detection volumes (37,38). When the
intercept of the linear function is zero, the molecules freely
diffuse in the detection area; when the value is higher than
zero, the molecules are isolated in domains. Conversely, when
it is lower than zero, the molecules are constrained inside a
meshwork.

Single-molecule fluorescence in situ hybridization
(smFISH) analysis

FISH probes for NORAD, UNCS5B, SMARCAS, CLSTN1 and
MBNLI1 transcripts (25 for each target) were designed by uti-
lizing the Stellaris® RNA FISH Probe Designer (Biosearch
Technologies) and labelled with ddUTP-ATTOS565 (72464—
SMG-F, Merck) following the protocol from Gaspar et al.
(39). Otherwise, FISH probes for GAPDH transcript [labeled
with Quasar 570 Dye (SMF-2026-1)] were purchased from
LGC Biosearch Technologies. Hybridization steps were per-
formed following the protocol from Santini et al. (40), fol-
lowed by immunofluorescence for G3BP1 (Cell Signaling,
17798, 1:100). After DAPI staining, coverslips were perma-
nently mounted using ProLong Diamond Antifade Mountant
(P-36961, Thermo Fisher Scientific). Samples were imaged on
a Nikon Instrument A1 Confocal Laser Microscope equipped
with a 1.49 NA 100x objective (Apo TIRF 100x Oil, Nikon,
Tokyo, Japan). Confocal images were collected with NIS-
Elements AR software (Nikon): ND Acquisition module was
used for multipoint acquisition of Z-stack images (250 nm Z-
spacing). FIJI-Image] opensource software was used for im-
age analysis. Transcript enrichments in G3BP granules were
computed on Maximum Intensity Projection of Z-planes af-
ter subtracting the FISH signals colocalizing with the nucleus.
FISH spots were identified and quantified using RS-FISH plu-
gin (41) over the entire microphotograph field.
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SG purification

SG purification for the RNA sequencing experiments was per-
formed according to (42), with minor adjustments. After lysis,
the protein concentration of samples was measured through
BCA assay (Thermo Fisher Scientific); 3 mg of lysate were
diluted in 1 ml of SG Lysis buffer and used for the purifi-
cation, saving 5% as Total RNA input (stored in TRIZOL
L/S, Thermo Fisher Scientific). SG were pelleted as in (42),
while the immunoprecipitation step was performed by incu-
bation with antibody-coupled beads. For each sample, 50 pl
of DEPC-treated Protein G Dynabeads (Thermo Fisher Sci-
entific) were incubated with 12.5 pg of anti-GFP antibody
in rotation at 4°C for 1 h, then washed thrice in 1 ml of
SG Lysis Buffer and finally resuspended in 150 ul of SG Ly-
sis Buffer. Prepared beads were added to the precleared SG-
enriched fraction and incubated in rotation at 4°C for 2 h.
Washes and beads elution were performed as in (43). To iso-
late SG for qRT-PCR analysis, mass spectrometry and western
blot validation, Dynabeads were replaced with 25 ul/sample
of GFP-Trap beads (ChromoTek), which are covalently bound
to a highly efficient alpaca-raised nanobody against the tag.
For qRT-PCR, beads were washed and RNA was eluted as in
(42). To isolate proteins for mass spectrometry and WB analy-
sis, after capture the beads were washed twice with 1 ml Wash
Buffer [10 mM TRIS-HCI (pH = 7.5), 150 mM NaCl, 0.05%
Igepal, 0.5 mM ethylenediaminetetraacetic acid (EDTA)] in
rotation for 10 min at 4°C, then washed twice with 1 ml High
Salt Wash Buffer [10 mM TRIS-HCI (pH = 7.5), 500 mM
NaCl, 0.05% Igepal, 0.5 mM EDTA] in rotation for 10 min
at 4°C. Beads were resuspended in 40 pl of 1x Laemmli Sam-
ple Buffer (Bio-Rad) supplemented with 50 mM dithiothreitol
(DTT), and heated to 85°C for 10 min; the supernatant was
collected and used for western blot analysis, or further pro-
cessed for mass spectrometry (see the ‘SG proteome analysis’
section).

SG RNA sequencing (RNA-seq) and bioinformatic
analysis

Purified SG RNAs and relative inputs were retrieved in ab-
sence of doxy-induction (four replicates); in condition of
doxycycline-induced overexpression of FUSP25L (two repli-
cates) and FUSWT (two replicates). RNA libraries for all
samples were produced using Stranded Total RNA Prep
with Ribo-Zero Plus (Illumina). All samples were sequenced
on an Illumina Novaseq 6000 Sequencing system. Trimmo-
matic (44) and Cutadapt (45) were used to remove adapter
sequences and poor quality bases; minimum read length
after trimming was set to 35. Reads aligning to riboso-
mal RNAs were filtered out; this first alignment was per-
formed using Bowtie2 software (v2.4.2) (https://bowtie-bio.
sourceforge.net/bowtie2/index.shtml). STAR software (46)
was used to align reads to GRCh38 genome. PCR dupli-
cates were removed from all samples using MarkDuplicates
command from Picard suite (https://broadinstitute.github.io/
picard/). Uniquely mapping fragments were counted for each
annotated gene (Ensemble release 99) using htseq-counts soft-
ware (47). edgeR software (48) was used to compare SG-
enriched RNAs to relative input samples. RNAs with log,
fold change (log;FC) > 1 and false discovery rate (FDR)
< 0.05 were defined enriched in SG core, while those with
logoFC < —1 and FDR < 0.05 were defined depleted; all
the others were labelled as neither. SG from SMMC-7721
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(49) cell line were re-analyzed using the previously described
pipeline.

In the RNA-seq analysis, the high variability of the li-
brary size of immunoprecipitation (IP) samples could affect
the number of SG-enriched RNAs identified. This could intro-
duce technical bias especially when we need to compare the
enriched RNAs of IPs performed in different conditions. To
overcome this bias, we performed a ‘Resampling analysis’. We
decided to use the observed number of fragments in FUSP2ST
condition experiment as reference and then we randomly sam-
pled fragments from the alignment files of the other conditions
in order to mirror the library size composition of the refer-
ence. This approach allowed us to obtain samples with simu-
lated library sizes and comparable levels of technical variabil-
ity. The RNA fragments random sampling from BAM files was
performed with Picard suite using FilterSamReads function
and using random subsets of fragments identifiers list as input
(https://broadinstitute.github.io/picard). Then, for each con-
dition, RNA quantification and SG-enriched RNAs identifi-
cation was performed as previously described.

To define the SG-enriched RNAs, we used the already
specified log, FC threshold for each condition. However, the
high variability of the immunoprecipitation-based experi-
ments could result in high variability in the SG enrichment ef-
ficiency. Experiments with low enrichment efficiency could be
penalized by a fixed threshold compared to others with a high
efficiency, affecting the comparison of the defined enriched
RNA sets. To overcome this technical limit, we performed an
‘Enrichment convergence analysis’. For each analyzed condi-
tion, we first ranked the expressed RNAs by their SG enrich-
ment (log FC) and then we selected a fixed number of enriched
RNAs equal for each dataset. We then compared these three
equally sized RNA sets using Venn diagrams. We repeated this
analysis selecting different fixed numbers of enriched RNAs,
gradually reducing the inclusion of the noise from the back-
ground transcriptome (fixed numbers of top enriched RNAs:
5000, 4500, 4000, 3500, 3000, 2500, 2000, 1500, 1000, 500).

Differentially expressed genes between FUSW! and
FUSPSZL condition were identified comparing INPUT sam-
ples using egdeR software (FDR < 0.05). For this analysis,
a counts matrix produced from not-deduplicated BAM files
was used. The details of the main RNA-seq analyses are
available in Supplementary Table S1.

RNA features analysis was performed using for each
gene the longest functional isoform as reference. Only pro-
tein coding isoforms were taken in consideration for pro-
tein coding genes. RNA sequences and features were re-
trieved from Ensemble database (release 99) using biomaRt
R package (https://bioconductor.org/packages/release/bioc/
html/biomaRt.html).

Gene Ontology term enrichment analysis

Gene Ontology (GO) was performed using WebGestalt R tool
(v0.4.4) (50) applying weighted set cover reduction.

Literature survey

Literature survey analysis was performed using Entrez.esearch
function of Biopython python library (https://academic.
oup.com/bioinformatics/article/25/11/1422/330687). Biblio-
graphic results indicated by PUBMED IDs in Supplementary
Table S2 were obtained by searching on PubMed database
the combination of key words (‘amyotrophic lateral sclerosis’


https://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae942#supplementary-data
https://bioconductor.org/packages/release/bioc/html/biomaRt.html
https://academic.oup.com/bioinformatics/article/25/11/1422/330687
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae942#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 21

and ‘neurodegeneration’) with the genes belonging to COM-
MON, LOSS and GAIN groups linked by ‘AND’ boolean logic
proposition. We considered ALS linked genes also ANKRD12
and VSP4B, although not resulting from the described litera-
ture investigation. Indeed, ANKRD12 was described as down-
regulated in murine spinal cord of TDP43 N390D/+ mutants
(51), while VSP4B is transcriptionally regulated by TDP43
and its derepression upon TDP43 downregulation leads to
dendritic loss (52,53). Results and references are listed in the
Supplementary Table S2.

K-mers enrichment analysis

The frequency of every possible k-mer of k = 7 was calculated
in the SG enriched or depleted RNAs in each analyzed condi-
tion (FUSP*2L, FUSWT and no DOXY). Subsequently, Z-scores
for each possible 7mer were calculated based on the 7mers
frequencies distribution and the difference between 7mer Z-
scores in the SG enriched and depleted groups was calculated.
Then, for each condition, the 7mers were ranked by the de-
fined Z-scores difference and the top 50 and the bottom 50
7mers were selected as SG enriched or depleted 7mers, respec-
tively. The sequence logos of the top 50 SG enriched 7mers
were generated using Logomaker Python package (54). Af-
ter that, the average transcript frequency of each 7mer was
calculated for SG-enriched RNAs and background distribu-
tion (neither group), and their ratio (fold-change, FC) was
computed. Then, the log, FC of the top enriched and depleted
7mers in all the analyzed conditions were used for Heatmap
representation and the k-means clustering was performed us-
ing ComplexHeatmap R package (https://bioconductor.org/
packages/release/bioc/html/ComplexHeatmap.html).

RNA structure prediction and analysis

In RNA structure propensity analysis, three independent ran-
dom samplings of 200 mRNAs from GAIN and LOSS groups
were performed imposing the similarity of SUTR, CDS and
3'UTR regions between groups. The similarity of the distri-
butions was successively confirmed using Mann—Whitney U
test (P value > 0.05). RNA secondary structures were pre-
dicted using RNAfold algorithm (55), using standard pa-
rameters, and CROSS algorithm (http://service.tartaglialab.
com/update_submission/736048/9393232b64), using human
PARS data settings. For RNAfold predictions the minimum
free energy (MFE) structure of each RNA was taken in
consideration and the structuration score was calculated
from the dot-bracket annotation by the number of struc-
tured nucleotides over the length of the region/transcript.
For RNA accessibility analysis the previously described sam-
pling procedure was applied to GAIN and LOSS groups, se-
lecting in each sample 50 mRNAs that were also detected
in the DMS-MapSeq experiment conducted in HEK293T
cell line (56). DMS-MapSeq data were retrieved from RASP
database (57).

G-quadruplex analysis

G-quadruplex (G4) structures were analyzed using data from
both rG4-Seq (58) and rG4-Seq 2.0 experiments (59). These
methodologies use RNA sequencing to detect reverse tran-
scription (RT) stops induced by the G4 structure stabiliza-
tion through potassium (K*) or potassium and pyridostatin
(KPDS). The liftover of G4 genomic coordinates (rG4-Seq)
from hgl9 to hg38 genome assembly has been performed
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using liftOver tool from UCSC (https:/genome.ucsc.edu/cgi-
bin/hgLiftOver). To map G-quadruplex coordinates to the
RNAs identified in our system, we used bedtools intersect
from BEDtools suite version 2.29.1 (60) with ‘-s’ parame-
ter. In the analysis performed using the data from rG4-Seq,
the structures identified were stratified in three equally sized
groups according to their stability score defined as the fraction
of reads with RT stops (58). The three groups were labelled
as ‘low-stability’, ‘medium-stability’ and ‘high-stability’. G-
quadruplex common set between K* and KPDS experiments
from rG4-Seql has been identified by intersecting their ge-
nomic coordinates with bedtools intersect using the param-
eter previously described. Consensus G-quadruplexes among
rG4-Seq and rG4-Seq 2.0 has been provided by the author
of rG4-Seq 2.0 paper in Additional file 5. For the enrich-
ment analysis, the proportion of G-quadruplex structures was
compared among the depleted, enriched and neither groups
using a Fisher’s exact test to assess statistical significance (P
value < 0.03).

FUSP525L HITS-CLIP analysis

RNA-sequencing dataset of FUS?2’t HITS-CLIP in SK-N-BE
cells were retrieved from GEO database with GSE242771 ac-
cession number. Reads preprocessing, alignment and postpro-
cessing were carried out as described in Di Timoteo et al.
(61) GRCh38 genome was divided into 200 bp long non-
overlapping bins using the makewindows function from BED-
tools suite (60). Properly paired reads falling in each bin were
counted using the BEDtools intersect tool considering the po-
sition of the first nucleotide in read 2 (R2); in this way, sample-
specific RNA fragments count files were created. Then, CLIP-
tags enriched bins, were identified using two complementary
approaches. At first, for each CLIP replicate, we employed
the Piranha peak caller (62) with the following parameters
‘no_pval_correct -r -s -u 0 -p 0.05> and using the respective
INPUT counts as covariate. We then selected Piranha result-
ing bins in at least one replicate, and, for each bin, we fur-
ther evaluated the over-representation of CLIP-tags compared
to the INPUT RNA fragments using Fisher’s exact test. Bins
with a log, odds ratio (log;OR) > 1 and a FDR corrected P
value < 0.05 were considered significantly enriched in CLIP
samples. Finally, to evaluate the consistency of enriched re-
gions across replicates, we applied an irreproducible discov-
ery rate (IDRate) approach (63) retaining only bins with an
IDRate of < 0.05. We then merged the enriched and repro-
ducible bins using BEDtools merge to define the peak regions.
Peaks annotation was performed using BEDtools intersect
tool with Ensembl (release 99) gtf (Supplementary Table S4).
CLIP signal was calculated by subtracting the CPM values in
INP sample to the respective CLIP sample. For bigwig files
it was calculated using bigwigCompare function from deep-
Tools (https://deeptools.readthedocs.io/en/develop/).

The “Signal saturation analysis” of HITS-CLIP allows us to
determine if the RNA-sequencing depth is sufficient to satu-
rate the CLIP signal and thus identify the optimal number of
protein binding regions. The analysis was performed by gener-
ating 5 sub-samplings of CLIP-tags from each CLIP replicate:
using Samtools v1.3 (64) with the -s option, 90% of the CLIP-
tags were randomly selected for the first sub-sampling, 80%
for the second, 70% for the third, 60% for the fourth and,
finally, 50% for the fifth. For each of these sub-samples, peak
calling was performed as described previously against the


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae942#supplementary-data
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non-sub-sampled INPUT. Subsequently, BEDTools (60) was
used to intersect the peak regions from each sub-sampling
with those from the total CLIP-tags, calculating the signal sat-
uration index as the percentage of original RNA interactors
re-called in the sub-sample (Supplementary Figure S4).

The comparison between FUSP325L HITS-CLIP in SK-N-BE
(GSE242771) and endogenous or FLAG FUS™?2t PAR-CLIP
in iPSC-derived MN (GSE118347) was performed through
the stratification of the MN transcriptome into 10 equally
sized groups based on the FUS binding score, defined by di-
viding the number of T to C conversions by the total number
of T in the exons. The group of RNA with no transition sites
was assigned the label ‘0’. Subsequently, the fraction of HITS-
CLIP interactors present in each RNA group was calculated
(Supplementary Figure S4).

Meta-region analysis of FUSP25t HITS CLIP peak regions
was conducted using a custom Python script. Peak summits
were determined based on the average CLIP signal (CLIP-
INPUT) from the two biological replicates. Following this, a
region extending from —200 nt to +200 nt around the peak
summit was analyzed using a sliding window of 10 nt, with
steps of 5 nt. The windows were then ordered based on their
relative positions within transcripts. Using BEDTools intersect
and the exon annotation from Ensembl release 99, only those
windows that included exonic regions were selected for fur-
ther analysis. Then, the sequence for each of these windows
was extracted using BEDTools getfasta with the -s parameter,
from the GRCh38 genome. Finally, for each position relative
to peak summit, the frequency of windows containing at least
one 7mer of the AU-rich or GC-rich group was calculated.

Meta-transcript profiles were generated based on the
lengths of the S'UTR, CDS or 3'UTR regions of the spec-
ified group of transcripts. These information, together with
the transcript sequences were retrieved from the Ensembl 99
database using the biomartR package (https://bioconductor.
org/packages/release/bioc/html/biomaRt.html). Each mRNA
region was divided into an equal number of bins, ensuring the
proportions among the lengths of the transcripts regions were
maintained. The bin ranges for each RNA were compiled into
a BED file, and the sequences for each bin were extracted us-
ing BEDtools getfasta from the transcriptome FASTA file. For
the analysis of the HITS-CLIP peaks frequency in the meta-
transcript of FUSP®L interactors, the transcript bin ranges
were mapped to the GRCh38 genomic coordinates using a
custom python script. The peaks were then assigned to the
bins using BEDtools intersect (60). Graphical representations
of meta-region and meta-transcript analyses were performed
using ComplexHeatmap R package (https://bioconductor.org/
packages/release/bioc/html/ComplexHeatmap.html).

SG proteome analysis

After immunoprecipitation and washes (see the ‘SG purifica-
tion’ section), beads were washed in 1 ml of Digestion buffer
(50 mM ammonium bicarbonate) and resuspended in 120 pl
of Digestion buffer. Disulfide bonds were reduced on-beads by
adding DTT to a final concentration of 10 mM and incubating
at 56°C for 30 min. Proteins were alkylated by adding Iodoac-
etamide to a final concentration of 20 mM and incubating
beads at RT for 20 min. On-beads trypsin digestion was then
performed by resuspending the beads in 200 ul of Digestion
Buffer supplemented with 2 ul of 0.5 ug/ul Sequencing Grade
Trypsin (Merck). Samples were incubated overnight at 37°C
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with constant agitation at 750 rpm, then each sample (~8 ug
of peptides) was dried using a Speed-Vac and resuspended in
16 ul acetonitrile, 3% added with 0.1% formic acid. Tryptic
peptides were desalted on a trapping column then loaded on
a Aurora C18 column (75 mm x 250 mm, 1.6 pm particle
size — Ion Opticks, Fitzroy, Australia) and separated using a
Dionex Ultimate 3000 nano-LC system (Thermo Fisher Sci-
entific). Eluents were A: water + 0.1% formic acid and B: wa-
ter:acetronitrile = 20:80 (v/v) + 0.1% formic acid. Injection
volume was 2 ul, flow was 0.300 ul/min, the column temper-
ature was 40°C, samples were eluted with a gradient program:
0.0-1.0 min, 3% B; 1.0-5.0 min, 3-5% B; 5.0-35.0 min, 5—
31% B; 35.0-40.0 min, 31-44% B; 40.0-41.0 min, 44.0-95%
B; 41.0-46.0 min, 95% B; and 46.0-47.0 min, back to 3% B.
The column was then reconditioned for 13 min. The total run
time was 60.0 min. Separated peptides were analyzed using
an Orbitrap Exploris 480 Mass Spectrometer (Thermo Fisher
Scientific), in positive electrospray ionization mode. The capil-
lary voltage was set to 2.0 kV, the RF lens was set to 40% and
the normalized AGC target % was set to 300, maximum injec-
tion time 50 ms. The acquisition was performed in Data De-
pendent mode (DDA) with a scan range set from 350 to 1500
m/z, resolution 120 000. The intensity threshold defined for a
data dependent scan was set to 10000, MS/MS spectra were
acquired in High Energy Collisional Dissociation mode with
a collision energy of 30%. The raw data were processed using
Thermo Proteome Discoverer software (65), 1% FDR thresh-
old and at least two peptides were used for protein identifica-
tion. Proteins from Mass Spectrometry data were annotated
using biomaRt (ensemble 109 release).

Analysis of protein-RNA and protein—-protein
interactions

RBPs in vitro binding propensity to SG 7mers signature was
performed using Homo sapiens RNAcompete (66) dataset
from CISBP-RNA database.

Protein—RNA interactions iz silico predictions performed
by catRAPID software were retrieved from RNAct database
(67). For each couple of interacting protein and RNA, the
GENCODE basic isoform with the highest interaction score
was selected as representative. To compare the RBP binding
propensity between GAIN and LOSS RNAs avoiding biases
due to different RNA lengths between the two groups we used
RNA samples already described in the ‘RNA structure pre-
diction and analysis section. The predicted preferential bind-
ing with GAIN over LOSS group was performed calculating
for each SG protein the median normalized score with GAIN
RNAs and with LOSS RNAs. Then, Z-scores were calculated
from the ratios of median normalized scores (GAIN/LOSS) of
the whole set of SG proteins.

Protein—RNA interactions analysis of cells-derived datasets
was performed using data from POSTAR3 database (CLIPdb)
(68) and the already described RNA samplings from GAIN
and LOSS groups. To define RBP targets, we used BEDtools
suite version 2.29.1 (60) intersecting the RBP peak regions
with the Ensembl (release 99) exon annotation relative to the
representative isoforms of the selected genes. The RBP bind-
ing propensity with GAIN over LOSS group was then defined
as the logy OR between GAIN RNAs identified as interactors
of the RBP and LOSS RNAs interactors. Additionally, the sta-
tistical significance of the enrichment analysis was evaluated
using Fisher’s exact test, with P values adjusted for multiple
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comparisons using the Benjamini-Hochberg FDR correction
(Supplementary Table S4).

Protein—protein physical Interactions were retrieved from
STRING database (v11.5).

Quantification and statistical analysis

The distribution and deviation of data shown in the figures
of this work, the statistical tests used to calculate significant
differences, and the exact value of n (e.g. number of biological
replicates of the experiments) are denoted in figure legends. In
main figure legends ‘SD’ stands for ‘standard deviation’ and
‘SEM” stands for ‘standard error mean’. Significance values
were depicted in the figures using the following key legend:
*P < 0.05, #xP < 0.01, sxxP < 0.001.

Results

Characterization of the RNA composition of
neuroblastoma SG

To investigate the RNA composition of neuronal SG, we
adapted the purification protocol described by Khong et al.
(42) (Figure 1A) to a SK-N-BE neuroblastoma cell line ex-
pressing the SG core protein G3BP1 fused to a GFP tag (SK-
GFP-G3BP1). Fluorescence microscopy showed that upon
oxidative stress these cells display GFP-G3BP1 cytoplasmic
foci (Supplementary Figure S1A). We performed an addi-
tional immunofluorescence control for the SG component
TIAR, finding that 80.7% of TIAR-positive granules contain
GFP-G3BP1. Interestingly, the concomitant staining with a
G3BP1 antibody, thus recognizing also the endogenous pro-
tein, showed a stronger colocalization with TIAR (93.8%),
demonstrating that the TIAR-positive granules which are neg-
ative for GFP signal are indeed SG. (Supplementary Figure S1B
and C). Western blot analysis confirmed the specific enrich-
ment of the endogenous SG marker TIAR in the IP fraction
of SK-GFP-G3BP1 only in stress conditions compared to un-
stressed controls, suggesting that the SG are enriched as ex-
pected (Supplementary Figure S1D). After RNA extraction,
qRT-PCR was performed on targets previously identified as
enriched or depleted in granules of U20S cells (43). AHNAK,
CENPE, HUWE1 and TRIO were selected as positive controls
and displayed a strong enrichment in the IP fraction under
stress induction, while the negative controls ATP50, COX8A
and LGALS1 were not precipitated (Supplementary Figure

S1E). These controls allow to conclude that the particles that
we purified are bona fide SG.

After these controls, we generated four replicates of puri-
fied SG and corresponding total RNA inputs and performed
total RNA sequencing. Multidimensional scaling plot of lead-
ing fold change (Supplementary Figure S1F) and Pearson’s cor-
relation matrix (Supplementary Figure S1G) confirmed the ex-
pected clusterization of the samples. We proceeded to RNA-
sequencing analysis comparing SG-enriched (SG-enr) versus
Input samples (INP). Among the 12 318 RNAs detected in
the system (>1 FPKM in INP or SG-enr) we identified 1816
enriched (logoFC > 1 and FDR < 0.05) and 2939 depleted
(logoFC < —1 and FDR < 0.05) transcripts in SG (Figure
1B and Supplementary Table S1). Most of the RNAs that we
identified as enriched in SG were mRNAs (85% of the en-
riched fraction) and among the non-coding fraction (15%) the
most represented category was long non-coding RNAs (9%)
(Figure 1C).
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In order to validate in an independent manner the SG en-
gagement of the different categories of RNAs we selected can-
didate transcripts from the enriched and depleted categories
and performed smFISH. GAPDH was selected as representa-
tive for the ‘depleted’ group, while NORAD for the ‘enriched’
species. The co-localization analysis of smFISH signals with
endogenous G3BP1 foci in stress conditions confirmed the dif-
ferential association to SG of the two classes of transcripts
(Figure 1D and E).

Comparison of SG transcriptome datasets

In order to identify the discriminating features of the neu-
roblastoma SG transcriptome, we compared it to the ones
of osteoblastoma (U20S) (43) and endocervical adenocarci-
noma (SMMC-7721 cell line, see the ‘Materials and meth-
ods’ section) (49) (Supplementary Table S1). We observed a
strong correlation of the enrichment scores (logy FC) among
all the three datasets (Supplementary Figure S2A), indicat-
ing that the methodology is highly reproducible even when
applied in different systems. When comparing the SG tran-
scriptomes, we identified a common set consisting of 502
RNAs (Figure 2A). These transcripts are mostly mRNAs
(Supplementary Figure S2B) and are enriched in GO cate-
gories related to cytoskeletal and structural components, in-
cluding neuronal-specific factors (Supplementary Figure S2C
and Supplementary Table S2). Noteworthy, neuronal tran-
scripts, even if less represented in the transcriptomes of the
other analyzed cell lines (Supplementary Figure S2D), show a
significant enrichment in the SG common set (Supplementary
Figure S2C). Considering that length was confirmed as a rel-
evant feature for SG engagement in any cell type analyzed
(Figure 2B), their enrichment may be due to their tendency
to be longer than other gene categories (e.g. metabolic pro-
cess, mitochondrion, endoplasmic reticulum and translation,
Figure 2C).

However, the SG RNA content shows strong divergences in
the different systems, with 37.8%, 40.4% and 52.7% of the
SG transcriptomes differing in SK-N-BE, U20S and SMMC-
7721 granules, respectively. Interestingly, the SG transcrip-
tome in neuroblastoma cells is enriched for neuronal cat-
egories such as ‘neuron to neuron synapse’, ‘neuronal cell
body’ and ‘axon part’, which are absent in the other sys-
tems (Figure 2D, Supplementary Figure S2E, F and G, and
Supplementary Table S2). These data indicate that, in our
neural-like system, transcripts with neuronal functions have
propensity to be included in SG, and this behavior corre-
lates with their length compared to transcripts belonging
to other categories (Figure 2C). Furthermore, we observed
that the length of the CDS and 3'UTR, and less of 5UTR
(Supplementary Figure S2H), are crucial features for SG
engagement.

However, length and RNA biotype are not the only dis-
criminating features for recruitment into granules. In fact,
when we analyzed the nucleotide composition, we observed
that the SK-N-BE and SMMC-7721 datasets have a higher
GC content than the U20S set (Figure 2B), suggesting that
the inclusion of specific transcripts leads to different over-
all nucleotide composition and thus could be associated with
different physical properties of SG. Noteworthy, these evi-
dences are not dependent on the thresholds selected to de-
fine enriched RNAs, since we observed the same results by
stratifying the dataset according to the enrichment score
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Figure 1. (A) Schematic representation of the SG purification protocol performed to isolate and analyze SG RNA composition. (B) Upper panel. Summary
of the number of RNAs detected in RNAseq of SG purification experiment, and their partition among enriched, neither and depleted groups. Lower
panel. Volcano plot showing the log,FC SG/INP and the —logyoP value of SG enrichment for each RNA detected. Significantly enriched and depleted
RNAs (FDR < 0.05, |log,FC| > 1) or neither RNAs are indicated by red or gray dots, respectively. (C) Upper panel. Pie chart depicting the proportions of
SG-enriched, depleted and neither RNAs. Lower panel. Pie chart depicting the proportions of RNA biotypes among the SG-enriched RNAs. (D)
Representative confocal images of single-molecule fluorescence in situ hybridization (smFISH) for NORAD (upper panel) and GAPDH (lower panel)
transcripts (red), combined with immunofluorescence for G3BP1 (green) in SK-N-BE cells subjected to sodium arsenite stress. Nuclei were
counterstained with DAPI. Scale bar = 10 um. Right panels show digital magnifications of the G3BP1 granules highlighted by squares. (E) Boxplot
depicting the distribution of the percentage of NORAD and GAPDH RNA localization within G3BP1-marked SG, derived from confocal images analysis. A
total of 691 and 714 cells were counted for NORAD and GAPDH, respectively, from three independent biological replicates. Statistical significance was
assessed with two-tailed, unpaired T-test.
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Figure 2. (A) Venn diagram depicting the overlap between SG-enriched RNAs in neuroblastoma (SK-N-BE, this study), osteoblastoma (U20S) and
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describes negative values. Heatmap density plot annotation reports the distribution of RNA GC content (ratio of GC nucleotides over the transcript
length) for each transcripts group. Red color scale describes high-density of values while blue color scale describes low-density. Heatmap boxplot
annotation reports global transcripts length (nt) for the specified RNA groups. Blue/orange/yellow boxplot color refers to the SK-N-BE, SMMC-7721 or
U20S system, respectively. Heatmap barplot annotation reports transcript biotypes fractions in each specified RNA group. Dark-gray color describe the
fraction of mMRNAs, while light-gray color the fraction of ncRNAs. (C) Heatmap (lower panel) depicting the relationship between RNA length and GO
categories enriched in ‘'SG common set’. The 10 transcripts groups represented were defined by length-based stratification of the transcriptome. The
log, OR depicted in the heatmap shows the depletion (blue) or the enrichment (red) of each GO category in the defined group compared to the
remaining fraction of the transcriptome. Boxplot (upper panel) represents the distributions of RNAs length for the 10 transcripts groups. (D) Dotplot
depicting the cellular component GO overrepresented categories of the SK-N-BE SG specific RNAs. Only significant categories (FDR < 0.05) were
depicted. X-axis represents category enrichment score, while Y-axis reports the GO category description. Dot size represents the amount of RNAs in the
analyzed group that overlap the category, while green colors report the significativity of the enrichment for CC categories. (E) Representative confocal
images of smFISH for UNC5B (upper panel) and SMARCAGS (lower panel) transcripts (red), combined with immunofluorescence for G3BP1 (green) in
SK-N-BE cells subjected to sodium arsenite stress. Nuclei were counterstained with DAPI. Scale bar = 10 um. Right panels show digital magnifications
of the G3BP1 granules highlighted by squares. (F) Boxplot depicting the distribution of the percentage of UNC5B and SMARCA5 RNA localization within
G3BP1-marked SG, derived from confocal images analysis. 581 and 626 cells were counted for UNC5B and SMARCADb, respectively, from three
independent biological replicates. Statistical significance was assessed with two-tailed, unpaired T-test.
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(logoFC SG/INP) in SG and comparing groups of equal nu-
merosity (Supplementary Figure S2I).

In order to prove that indeed RNA recruitment in SG
could vary in different systems we performed smFISH of two
RNAs: UNCSB that resulted enriched in SG only in SK-N-
BE cells, and SMARCAS that resulted enriched in U20S and
SMMC-7721, but not in SK-N-BE cells. Despite their similar
length (6841 nt and 7684 nt respectively), UNCSB has a high-
GC content (60.2%) and has neuronal functions (69), while
SMARCAS has a lower GC content (38.4%) and it is not as-
sociated to any neuronal activity. The co-localization analysis
of smFISH signals with endogenous G3BP1 foci indicated the
specific SG enrichment only for UNC5B (Figure 2E and F).

The ALS-associated FUSP525L mutation affects SG
properties and dynamics

Mis-localization of mutant FUS in the cytoplasm and its ac-
cumulation in inclusions is known to be a central hallmark
of ALS-associated mutations. Moreover, it is known that the
mis-localized FUS co-localizes with other RBPs in SG as a
consequence of oxidative stress (28). Despite this evidence,
few efforts have been made to characterize the implications
of mutant FUS localization on the physical-chemical features
of SG and their RNA composition. To elucidate this aspect,
we generated two stable SK-N-BE cell lines overexpressing
under a doxycycline-inducible promoter either the wild-type
FUS protein (FUSYT) or a version carrying the P5S25L mu-
tation on the NLS, which is associated to severe and juve-
nile ALS (FUSP2L) (70). We induced FUS overexpression
with 50 ng/ml doxycycline obtaining expression levels of ec-
topic FUS comparable to the endogenous levels. Indeed, the
amount of sequenced RNA fragments that have the P525L
point mutation are slightly more abundant than the wild type
endogenous fragments (Supplementary Figure S3A); similarly,
the protein levels of induced FUS are comparable to the en-
dogenous ones (Supplementary Figure S3B). We showed that
the overexpressed FUSP2L is physically recruited into SG,
as demonstrated by biochemical purification (Supplementary
Figure S3C). We also verified the correct FUS localization and
observed that, while overexpressed FUSYT is completely local-
ized in the nucleus, FUS?L is cytoplasmic and co-localizes
upon stress with the SG core protein G3BP1 in specific foci
(Supplementary Figure S3D and E). Moreover, we compared
the number of SG in both conditions. As reported in other sys-
tems (71), we found an increased number of SG per cell in the
presence of FUSP2L (Supplementary Figure S3F).

We then analyzed GFP-G3BP1 dynamics in FUS¥T and
FUSPS®L cells, using fluorescence fluctuation spectroscopy
with a SPAD array detector, to evaluate changes in the dynam-
ics of condensation due to FUS mutation (33,34). In agree-
ment with previous observations, we found that in both cell
lines G3BP1 movement decreases upon stress induction (Fig-
ure 3A; Dapp measures the speed of movement of individ-
ual molecules). The decrease of the diffusion coefficient upon
stress induction reflects the internalization of G3BP1 inside
SG. We then analyzed the diffusion times at different detection
areas (integrating the fluorescence signal at different pixels of
the SPAD array detector) to perform the so-called diffusion
law. When the intercept of the linear regression of the diffusion
times at different detection areas is bigger than zero, the sam-
ple has a domain-confined type of movement; when it is lower
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than zero, the sample has a meshwork-confined type of move-
ment. The results of Figure 3B show a more confined type of
movement in presence of FUSP2t compared to FUSYT, sug-
gesting a less dynamic conformation for SG when the mutant
FUS is included.

Evidence that more solid granules form in the presence of
mutant FUS was recently provided by the discovery that the
inclusion of FUSP2L in SG causes their delayed dissolution
after the release of oxidative stress (61). Since SG are gen-
erated after the block of cap-dependent translation (72), we
wondered whether the persistence of aberrant granules could
be associated with a reduced translation recovery following
stress release. To address this question, we performed a pro-
tein puromycilation assay on both FUSWT and FUSPL cells
after 3 and 4 h of stress recovery, and measured puromycin
incorporation by western blot. Interestingly, we observed that
the protein levels were significantly lower in FUSP2L com-
pared to FUSWT at 4h after stress release (Figure 3C and
Supplementary Figure S3G), indicating that the persistence of
aberrant granules is associated to reduced translation.

Altogether, these data indicate that SG physiology is
strongly affected by mutant FUS; in particular, the presence of
FUSPS2SL in SG induces an increased number of granules that
are globally less fluid and more difficult to dissolve. More-
over, the presence of persistent aberrant granules and the re-
duced translation in mutant FUS conditions, which could be
mediated by other mechanisms together with SG endurance
(73,74), indicate that cells could have greater difficulty recov-
ering from a stress state.

ALS-related FUS mutation P525L affects SG RNA
composition

Since we observed variations in SG physical properties, we
wondered whether the RNA content of these granules is al-
tered in presence of FUSP?SL, Therefore, we generated du-
plicated samples of purified SG and performed total RNA
sequencing with matched total RNA inputs in condition of
doxycycline induction of FUSWT and FUSP'L, Leading Fold
change analysis (Supplementary Figure S3H) and dendrogram
of relative correlation distances (Supplementary Figure S3I)
confirmed that samples show the expected clusterization in
INP and SG-enr conditions and in FUS¥T or FUSP%2! back-
grounds. Therefore, for each condition we compared the SG-
enriched samples with matched input: in FUS¥T conditions we
identified 2178 enriched (log;FC > 1 and FDR < 0.05) and
2990 depleted RNAs (log,FC < —1 and FDR < 0.05) ; using
the same thresholds, we observed 1510 SG-enriched and 2757
depleted RNAs in FUSPS23L (Figure 3D and Supplementary
Table S1). Besides, we compared the SG transcriptome in the
three datasets we generated: FUS no DOXY (without FUS in-
duction), FUS¥T and FUSPS2L, First, we observed that 87.5%
of no DOXY SG RNAs are present also in FUS¥T SG, as
expected from the mainly nuclear localization of the overex-
pressed wild type (WT) protein. Conversely, investigating the
impact of mutant FUS, we observed that 822 RNAs enriched
in SG in both no DOXY and FUS¥T conditions, are excluded
from FUSP2L SG (thus, we renamed this group of transcripts
‘LOSS’). Moreover, we also identified a consistent group of
556 RNAs that are specifically recruited in SG in presence of
the mutation, but not in the other two conditions (group re-
named as ‘GAIN’). Despite the strong differences observed, a
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Figure 3. (A) Violin plot showing spot-variation FCS measurements of the diffusion coefficient (Dapp) of GFP-G3BP1 in live SK-N-BE cells overexpressing
FUSWT and FUSP925L | both in control and stress conditions. Dapp measures the speed of movement of individual molecules. (B) Violin plot comparing
the diffusion times (to) of individual GFP-G3BP1 molecules within formed SG in FUSWT and FUSP525L conditions. The diffusion time to is obtained by
integrating the fluorescence signal at different pixels of the SPAD array detector and defines the confinement of movement of the analyzed molecules.
(C) Barplot depicting the quantification of puromycin signal from the puromycilation assay after 0, 3 and 4 h of recovery after stress. Puromycin signal is
normalized on the total protein signal from Ponceau staining. n = 3. Statistical significance was assessed with two-tailed, unpaired T-test. (D) Venn
diagrams showing the overlap between SG-enriched RNAs in no DOXY, FUSWT and FUSP925L conditions. The amount of RNAs resulted enriched in SG of
each condition was indicated. Arrows indicate the fraction of RNAs defined as FUSP525L GAIN, COMMON and FUSP%?5 |LOSS. (E) Stacked Barplot
depicting the amount of deregulated RNAs in FUSP925L versus FUSWT INPUT comparison among the GAIN, COMMON and LOSS groups. (F)
Representative confocal images of smFISH for CLSTN1 transcript (red), combined with immunofluorescence for G3BP1 (green) in FUSWT and
FUSP525L_gxpressing SK-N-BE cells subjected to sodium arsenite stress. Nuclei were counterstained with DAPI. Scale bar = 10 um. Right panels show
digital magnifications of the G3BP1 granules highlighted by squares. (G) Boxplot depicting the distribution of the percentage of CLSTN1 RNA localization
within G3BP1-marked SG in FUSWT and FUSP5%5:-expressing SK-N-BE cells, derived from confocal images analysis. 536 and 405 cells were counted in
FUSWT and FUSP925L cells, respectively, from three independent biological replicates. Statistical significance was assessed with two-tailed, unpaired
T+test. (H) Representative confocal images of smFISH for MBNL1 transcript (red), combined with immunofluorescence for G3BP1 (green) in FUSWT and
FUSP5?5L_expressing SK-N-BE cells subjected to sodium arsenite stress. Nuclei were counterstained with DAPI. Scale bar = 10 um. Right panels show
digital magnifications of the G3BP1 granules highlighted by squares. (I) Boxplot depicting the distribution of the percentage of MBNL1 RNA localization
within G3BP1-marked SG in FUSWT and FUSP5%5:-expressing SK-N-BE cells, derived from confocal images analysis. 591 and 618 cells were counted in

FUSWT and FUSP925L cells, respectively, from three independent biological replicates. Statistical significance was assessed with two-tailed, unpaired
T-test.
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set of 768 transcripts is maintained in all the three conditions
and always engaged in SG (‘COMMON’ group) (Figure 3D).

In order to check whether such alterations in SG compo-
sition could be due to diversities in the FUSP2! and FUSYT
transcriptomes, we performed differential expression analysis
in INP samples of FUSP L and FUS¥T. The results indicated
that the two conditions differ for only a small fraction of tran-
scripts (Supplementary Figure S3], 244 among the downreg-
ulated transcripts and 274 in the upregulated ones) and that
the contribution of such RNAs to the LOSS, COMMON and
GAIN groups is negligible (Figure 3E).

Moreover, using ‘Resampling analysis’ (see the ‘Materials
and methods’ section), we confirmed that the observed alter-
ations of SG transcriptome in presence of FUS™?L are not
dependent on the technical variability of RNA-seq library
sizes (Supplementary Figure S3K), and ‘Enrichment conver-
gence analysis’ (see the ‘Materials and methods’ section) con-
firmed that it is does not depend on the enrichment thresh-
old (log,FC SG/INP) used to define the SG transcriptomes
(Supplementary Figure S3L).

To understand whether specific RNA categories are asso-
ciated to the observed reorganization of SG transcriptome,
we performed GO terms enrichment analysis (Supplementary
Table S2). RNAs that are enriched in all conditions (COM-
MON) include functions related to neural development, cell-
cell adhesion and transcription regulators (Supplementary
Figure S3M). Instead, in the LOSS group, we found RNAs
related to cell signaling pathways, and cytoskeletal and neu-
ronal components (Supplementary Figure S3N). Finally, in the
GAIN group we found fewer categories mainly related to tran-
scriptional regulation (Supplementary Figure S30).

To biochemically validate the differential recruitment of in-
dividual RNAs into SG in the different conditions analyzed,
we selected several transcripts enriched in the LOSS and GAIN
groups, which were described to be linked to neurodegenera-
tion or ALS (COMMON = 311 genes, LOSS = 321 genes
and GAIN = 172 genes; see Supplementary Table S2, tab ‘Lit-
erature survey’ for references). Through qRT-PCR amplifica-
tion on independent SG purification samples, we confirmed
the strong differential enrichment of the selected RNAs in the
mutant versus the WT conditions (Supplementary Figure S3P
and Q).

Furthermore, in order to validate the altered SG localization
of RNAs in the indicated groups, we performed smFISH se-
lecting transcripts representative of the LOSS (CLSTN1) and
GAIN (MBNL1) categories. Imaging confirmed the biochem-
ical data, showing that CLSTNT1 is preferentially excluded
from mutant SG (Figure 3F and G), while MBNL1 is strongly
enriched (Figure 3H and I).

The inclusion or exclusion of RNAs associated to neurode-
generation from FUSP?L SG is particularly intriguing. In-
deed, in both cases, these transcripts are vulnerable in the pres-
ence of mutant FUS: the GAIN group suffers from the inabil-
ity of FUSP2L SG to dissolve promptly upon stress release
(61,75), while the LOSS group is not protected from stress
insults since they are excluded from SG.

Altogether, these data suggest that the ALS-associated
FUSP2L mutation has a strong effect on SG dynamics and
induces a dramatic reorganization of the SG transcriptome
which includes components previously associated to neuronal
degeneration.
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FUSP525L affects SG transcriptome nucleotide
composition

We then decided to investigate whether FUS mutation also
affects RNA length, UTRs and CDS size and GC content of
SG-enriched RNAs. Thus, we considered how SG enrichment
(logo FC SG/INP) relates with those characterizing features.

As we observed for the no DOXY condition, length is a key
feature to determine SG entry for both FUS¥T and FUSP2L
samples, with longer RNAs being more efficiently recruited
(Figure 4A). Moreover, we noticed that the length of CDS
and 3'UTR of mRNAEs is relevant for SG engagement in all
the three conditions, while the contribution of the 5’UTR in
this enrichment is less obvious. However, despite the length of
RNAs and mRNAs regions being a common criterion for SG
engagement, we could detect some relevant differences: RNAs
in the FUSPS25L SG are globally longer (Supplementary Figure
S4A), and this increased size is mainly due to the length of
the 3’'UTRs. Indeed, conversely to what it was observed for
the 3'UTR, both 5S'UTR and CDS are slightly shorter in the
FUSP325L SG transcriptome (Supplementary Figure S4B).

Furthermore, we also analyzed the fraction of protein cod-
ing transcripts and we observed that most of the RNAs iden-
tified as enriched were mRNAs, with comparable percentages
in all the three groups (80% in FUSVT to 85% FUSP*L and
85% no DOXY) (Figure 4A).

However, we observed the strongest difference in the GC
content of the compared transcriptomes, with a consistent re-
duction of the GC content in the FUSP®L condition com-
pared to no DOXY and FUSWT conditions (Figure 4A and
Supplementary Figure S4C). Indeed, analyzing the GC con-
tent in no DOXY and FUS¥T conditions, we observed a low
correlation degree with SG enrichment (p = 0.065 no DOXY
and p = 0.04 FUSYT, in Supplementary Figure S4D), but when
we focused on the FUSP2L condition we strikingly observed
a strong anti-correlation (p = —0.3, Supplementary Figure
S4D). This evidence not only highlights that SG-enriched
RNAs in FUS™?’ condition have a greater AU content (Fig-
ure 4A) compared to the others, but also that this enrichment
is a feature associated with RNA entry in SG only in the pres-
ence of mutant FUS.

Noteworthy, this evidence is not dependent on the thresh-
olds selected to define enriched RNAs. Indeed, we got the same
results by stratifying the dataset according to the enrichments
score in SG (Supplementary Figure S4E).

To further investigate the relationship between sequence
composition and SG recruitment, we asked whether specific
subsequences are particularly represented in SG enriched tran-
scripts. To highlight this aspect, we performed a k-mer (k = 7)
enrichment analysis comparing enriched and depleted RNAs.
Analyzing the top 50 7mers over-represented in SG RNAs,
we found that transcripts enriched in both FUS¥T and no
DOXY conditions are characterized by a higher content of
GC-rich 7mers, while the mutant FUS condition preferentially
recruits RNAs containing AU-rich 7mers (Figure 4B). Indeed,
K-means clustering analysis of subsequence enrichment in SG
identified two defined clusters of 7mers (cluster 1 and 5), that
have divergent patterns of enrichment: the cluster 1, specifi-
cally enriched in FUSP?L displayed AU-rich sequences, while
the cluster 5 that is specifically enriched in no DOXY and
FUSYT conditions displayed GC-rich ones (Figure 4C and
Supplementary Table S2).
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Moreover, we observed that AU-rich sequences are pre-
dominantly enriched in the CDS of GAIN transcripts, while
GC-rich sequences of LOSS transcripts are more frequent
in their 3'UTR. This finding highlights that the mRNA re-
gions that may serve as primary drivers for granule recruit-
ment are different between the WT SG and the aberrant ones
(Supplementary Figure S4F and G).

To better understand the relationship between different
RNA composition and the phenotype of reduced SG dynam-
ics observed in FUSP2L, we decided to deeper investigate the
properties of the LOSS and GAIN transcripts, which repre-
sent the strong changes in transcriptome architecture. To do
that, we compared the RNA secondary structures propen-
sity of mRNAs from the two groups. In order to have a
more reliable comparison, we sampled an equal number of
RNAs from the two groups; moreover, since mRNA func-
tional regions (5'UTR, CDS and 3'UTR) have different struc-
tural and interaction properties, we compared mRNAs with
similar UTR, CDS and 3'UTR length (Mann—-Whitney U
test, P value > 0.05; Supplementary Figure S4H, I and J). We
then applied the RNAfold algorithm (55) to predict the min-
imum free energy (MFE) RNA secondary structure of each
transcript, calculating the structuration score as the number of
paired nucleotides over the length of the full transcripts or re-
gions of them. Interestingly, we found that RNAs in the GAIN
group were globally less structured than the LOSS group (Fig-
ure 4D and Supplementary Figure S4K). Moreover, comparing
accessibility (defined as the fraction of un-paired nucleotides
over the length of the full transcripts or regions of them) in
each mRNA region, we found that CDS displays the stronger
contribution to this feature, with 9% increased accessibility in
FUSP25L GAIN compared to the FUSP2E LOSS group (Fig-
ure 4E).

Moreover, to corroborate this evidence with other ap-
proaches, we used CROSS algorithm (76), that is an RNA
secondary structure predictor based on a machine learning ap-
proach, with parameters trained on RNA structures derived
by PARS datasets. We observed a higher structuration score
for LOSS RNAs compared to the GAIN group (Figure 4F
and Supplementary Figure S4L), highlighting that the RNAs
that lose their enrichment in SG in presence of mutant FUS
are more structured. Finally, in accordance with the predic-
tions, also RNA accessibility data derived from DMS-MapSeq
methodology (56) confirmed less single stranded regions in the
RNAs of LOSS group compared to the GAIN ones (Figure 4G
and Supplementary Figure S4M).

Furthermore, we wondered whether this effect also reflects
on non-canonical RNA structures such as G-quadruplexes. To
answer this question, we used data from rG4-Seql (58) and
rG4-Seq2 (59). These techniques are based on the stabiliza-
tion of these structures by K* or K*PDS (pyridostatin), which
cause stops in the reverse transcription (RT) of RNA, sub-
sequently detected through RNA sequencing. First, we asked
whether the stable G-quadruplex structures were enriched in
RNAs localized in SG. Thus, we analyzed the no DOXY con-
trol condition comparing ‘depleted’, ‘enriched’ and all the oth-
ers RNAs (neither). Interestingly, we observed that the more
stable G4 structures, which show a higher fraction of reads
with RT stops, are enriched in RNAs engaged in SG com-
pared to the other groups (Supplementary Figure S4N and O).
This finding was also confirmed in rG4-Seq2, where the more
stable G4s (the canonical and long loops), were more repre-
sented in the SG enriched group (Supplementary Figure S4P).
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Notably, we confirmed the same results also using a set of
high-confidence G-quadruplexes consensus in the two experi-
ments (Supplementary Figure S4Q). Moreover, to understand
if FUSP25L SG are less prone to contain G-quadruplex struc-
tures, we compared the types of G-quadruplexes between
GAIN and LOSS RNAs in FUS™?3L condition and found that
the more stable types, the canonical ones, were more repre-
sented in the LOSS category, in accordance with the higher
GC-content of this group (Supplementary Figure S4R).

Altogether, these data suggest that FUS?2’L-mediated alter-
ation of SG has a strong impact on the global GC content of
the granules, and that the RNAs specifically lost in this con-
dition are more structured, while the recruited ones are less
prone to generate secondary structures.

Role of FUSP25L direct RNA binding in the
reshaping of the SG transcriptome

In order to investigate the causal link between the presence of
mutant FUS and the observed alterations in SG transcriptome,
we focused on its RNA interactome. Indeed, since mutant FUS
is almost completely localized in SG and directly binds RNA,
we expected an enrichment of FUS interacting transcripts in
FUSP325L SG compared to the WT condition.

We investigated this possibility by taking advantage of
FUSP?25L HITS-CLIP performed in SK-N-BE cells (61). Us-
ing Piranha software (62) to identify RNA regions enriched
in CLIP tags compared to INPUT samples (peak calling
per replicate FDR < 0.05 and log;OR > 1, reproducible
peaks selected using IDR < 0.05) we found 9963 binding re-
gions in 2652 interactors (Supplementary Table S4). As ex-
pected, we found that FUSP>L interacts mainly with mR-
NAs (Supplementary Figure S5A) and mainly in their 3'UTR
(Supplementary Figure S5B).

Notably, a ‘Signal saturation analysis’ was performed by
comparing the efficiency of peak calling using different levels
of CLIP tags downsampling. This analysis allowed us to con-
clude that the sequencing depth sufficiently saturates the sig-
nal, enabling us to identify an optimal number of RNA inter-
actors (Supplementary Figure S5SC). Moreover, our FUSP2L
HITS-CLIP signals well correlated with signals of mutant
FUS PAR-CLIP (77) obtained with both the endogenous and
the over-expressed protein (Supplementary Figure S5D). Af-
ter these quality checks, we decided to investigate the con-
tribution of FUSP®L direct interactors to the SG transcrip-
tome. We found that even though mutant FUS direct interac-
tors are enriched in the aberrant granules, they represent no
more than the ~ 55% of their components, suggesting that
FUS direct binding alone is not sufficient to explain the differ-
ential recruitment of transcripts observed in mutant SG (Fig-
ure SA). This evidence was further supported by the analysis
of FUSPS25L binding sites on FUS interactors. Indeed, we found
that they are depleted for the AU-rich 7mers signature of the
aberrant granule (Figure 5B) further supporting that FUSPS5L
alone is not sufficient to explain the transcriptome re-shape of

the SG.

FUSP%25L mutation alters the SG proteome

We then searched for other possible contributions to the re-
modeling of SG-associated RNAs, hypothesizing that the pres-
ence of mutant FUS could alter the proteome, thus indirectly
impacting on the SG transcriptome. For this reason, aim-
ing to characterize the protein content of granules in FUSWT
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represents each analyzed position relative to the peak summit from -200nt to +200nt, while Y-axis reports the frequency of windows with 7mers.
Heatmap in the bottom reports for each position the CLIP normalized signal of each biological replicate. Red color scale reports the intensity of the
normalized signal. (C) Venn diagram depicting the overlap among SG proteomes in FUSWT and FUSP525L conditions and FUS protein interactors. Arrows
indicate the fraction of proteins defined as "SG proteins AND FUS interactors" or "SG proteins NOT FUS interactors". (D) Boxplot depicting the distribution
of the fluorescence intensity of DHX36 (left panel) and ELAVL1 (right panel) within TIAR and G3BP1-marked SG, derived from immunofluorescence
analysis. For DHX36, 741 and 668 cells were counted for FUSWT and FUSP%25L, respectively, from three independent biological replicates. For ELAVLT,
650 and 607 were counted for FUSWT and FUSP9%5L, respectively, from three independent biological replicates. Statistical significance was assessed
with two-tailed, unpaired T-test. (E) Representative immunofluorescence for G3BP1 (green) and ELAVL1 (red) performed in SK-N-BE cells expressing
FUSWT and FUSP925L under doxycycline control, subjected to 1 h of 0.5 mM sodium arsenite stress. Nuclei were counterstained with DAPI.

Scale bar = 10 um. Bottom panels show digital magnifications of the G3BP1 granules highlighted by squares. (F) Barplot depicting the average binding
affinity (Z-score) for AU-rich 7mers in each RNAcompete experiment retrieved from CISBP-RNA database (Homo sapiens). X-axis reports the ID referred
to each RNA compete experiment, while Y-axis reports the average Z-score for AU-7mers in the experiment. Red bars refer to experiments with positive
average Z-scores, while blue bars refer to experiments with negative ones. A gray arrow indicates the RNAcompete experiment with the highest
average Z-score for AU-rich 7mers, and the associated RBPs (ELAVL1/3). (G) Barplot depicting the enrichment of protein—protein physical interactions
(PPI) in the "SG proteins AND FUS interactors" compared to the three samplings performed from the "SG protein NOT FUS interactors" group.
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and FUSPT conditions, we performed SG purification fol-
lowed by mass spectrometry, detecting 876 and 899 proteins
in the two conditions, respectively (Supplementary Table S3).
In order to assess the proper purification and detection of
the SG proteome, we performed a GO enrichment analysis
on the proteins identified in FUSWT condition; since the over-
expressed FUSWT is almost exclusively nuclear, these sam-
ples could be used as reference control. As expected from
already described SG proteomes (17,78), we found among
the most enriched categories those related to translation,
RNA processing, RNA binding and ribonucleoprotein gran-
ules (Supplementary Figure SSE and Supplementary Table S3).

Moreover, we compared the SG proteome in FUSYT con-
dition with other published SG proteome datasets from
HEK293T cells (79) and U20S cells (17), observing that
a consistent portion of the SG localized proteins (77 com-
mon set proteins) are in common with all the three systems
(Supplementary Figure S5F). Among the common set proteins,
we found known SG components such as G3BP1, G3BP2 and
CAPRINT1, helicases such as DHX36, RNA processing fac-
tors like XRN1 and CNOTT1, and also RBPs such as STAU2,
PUM1 and EWSR1 (Supplementary Figure S5G). Despite the
common set, we also found proteins identified only in our
dataset and not in the others (Supplementary Figure SSF),
supporting the idea that the common SG set is accompanied
by another group of proteins specific for the system under
analysis (80).

Therefore, we studied the impact of FUS™2°L on the SG pro-
teome by comparing the identified proteins from mass spec-
trometry data in FUSYT or FUSP2L conditions. Conversely
to what we observed for SG transcriptome, we found strong
similarities between the proteomes in both conditions. Indeed,
among the 876 proteins detected in FUS¥T SG and the 899
proteins in FUSP2L SG, 796 are shared by the two condi-
tions (90.8% of FUSYT and 89% of FUSPL respectively,
Figure 5C), suggesting that the presence of mutant FUS does
not cause a dramatic inclusion of new protein species in the
SG. However, despite the qualitative similarity in SG protein
contents, the increase of mutant FUS due to its cytoplasmic
de-localization itself could have an impact on the quantita-
tive recruitment of SG-associated proteins. Thus, in order to
better understand the relationship between FUS protein inter-
actors and the SG proteome, we took advantage of 5 pub-
lished datasets of FUS protein interactors related to its sol-
uble (81-83), condensed (84) or aggregated form (79). The
latter dataset referred to a mis-localized and aggregated form
of FUS carrying the R522G mutation, and displayed the high-
est amount of FUS protein interactors (488 proteins). Inter-
estingly, across all datasets we found that a large fraction
of FUS interactors is present in SG in both WT and mutant
conditions, starting from a minimum of 40% up to 85% of
overlap across the five interactomes analyzed (Figure 5C and
Supplementary Figure SSH), meaning that a high portion of
FUS protein interactors are already SG constituents. This ev-
idence supports the hypothesis that mutant FUS is able to in-
teract with a consistent set of proteins engaged in SG.

Interestingly, known FUS interactors, such as DHX36 (also
known as RNA Helicase associated to AU-rich elements,
RHAU) and ELAVLI1, widely studied for their ability to bind
AU-rich sequences (85,86), were found to be more abundant
in SG in the presence of FUSP?L, as demonstrated by west-
ern blot in comparison with another unperturbed SG marker
(TTAR) (Supplementary Figure SSI). Since the expression of
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these factors is comparable in the Input fractions of con-
trol and mutant conditions (Supplementary Figure S5J), their
higher levels in FUSP2L SG suggest that they can cooperate
with FUS for the strong remodeling of SG transcriptome. To
further prove their recruitment, we performed IF analysis con-
firming that both ELAVL1 and DHX36 are more abundant in
FUSP25L SG (Figure 5D and E, and Supplementary Figure SSK
and L).

Making this result even more interesting is the fact that
among the RBPs evaluated in i1 vitro RNA competition ex-
periment (66), ELAVL1 displayed the highest affinity in vitro
for the set of AU-rich 7mers of the aberrant granules (Figure
SF and Supplementary Table S4). Moreover, the comparison
of binding affinity with the GC-rich 7mers demonstrated a
high specificity of binding for the 7mer signature of FUSP325L
SG (Supplementary Figure SSM), suggesting that its increased
recruitment may contribute to the alteration of the GC con-
tent in the granule.

We also focused on the behavior of another RBP relevant
in the ALS pathology, TDP43. Indeed, in FUS positive protein
aggregates observed in ALS patients, TDP43 was not detected
(87). This evidence prompted us to investigate whether the
aberrant granule could recapitulate this behavior of patholog-
ical aggregates found in ALS patients. Indeed, performing IF
analyses, we observed that TDP43 is quite completely nuclear
and excluded from the FUS™?’! SG (Supplementary Figure
SSN and O). Furthermore, analysis of TDP43 direct RNA in-
teractors, identified in the seCLIP performed in MNs (88),
revealed that they are depleted in the GAIN RNA category,
compared to the LOSS one. Notably, this finding was also con-
firmed by comparing RNA groups with similar lengths sam-
pled from GAIN and LOSS RNAs (Supplementary Figure S5P
and Q).

To check whether RNAs characterizing the FUSP2t GAIN
group (those recruited in SG specifically upon FUS muta-
tion) are preferentially bound by FUS protein interactors, we
took advantage of RNAact database of protein~-RNA inter-
action predictions based on catRAPID algorithm (67). To do
that, we ranked the SG proteome for the preferential bind-
ing with the GAIN RNA group compared to the LOSS one
(Supplementary Figure S5R). Interestingly, among the SG pro-
teins that are more prone to interact with the GAIN RNAs,
we found an enrichment of proteins that interact with FUS
(Supplementary Figure S5R and Supplementary Table S4). We
noticed a similar enrichment of FUS interactors as preferential
binders of the GAIN RNAs over the LOSS ones even when
we performed the same analysis using experimental data of
RBP-RNA interactions from POSTAR3 (CLIPdb) database
(68) (Supplementary Figure S5S and Supplementary Table S$4).
This evidence suggests that FUS?2°L mis-localization and in-
creased cytoplasmic concentration favors the SG recruitment
of both its RNA and protein interactors; moreover, the in-
creased engagement of FUS protein interactors into SG could
be responsible for the alteration of SG transcriptome by driv-
ing the inclusion of RNAs of the FUSP2 GAIN group.

Finally, to more deeply investigate the SG solidification
phenomenon, we analyzed the impact of FUSPL inclusion
in SG on the interaction propensity of the SG proteome.
Thus, we compared the protein—protein physical interactions
(PPI, STRING database) that are expected to occur in the
group of SG FUS interactors (named ‘SG proteins AND FUS
interactors’) and in the remaining fraction of SG proteins
(named ‘SG proteins NOT FUS interactors’). Since these two
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groups have different amounts of proteins (237 and 559, re-
spectively; Figure 5C), we performed three downsampling of
‘SG proteins NOT FUS interactors’ group and compared the
PPI of ‘SG proteins AND FUS interactors’ with those of the
downsampled groups to obtain a more reliable comparison
(Supplementary Figure S5T and U). Interestingly, the SG pro-
teins that don’t interact with FUS show around 40% less PPIs
than FUS interactors (Figure SG and Supplementary Figure

S5V). This evidence indicates that mutant FUS localized in SG
could affect the hub of protein—protein interactions of a huge
set of SG components.

Taken together, our data suggest that the recruitment in SG
of mutant FUS produces alteration of the transcriptome both
through engagement of FUS direct RNA interactors, as well
as by the recruitment of FUS protein interactors which in turn
could convey in SG their bound RNAs; moreover, we suggest
that the inclusion of FUSPS25L protein partners could reshape
the protein—protein interaction landscape inside the granules.

Discussion

In this study, we addressed how mutations in the ALS-
associated FUS protein affect SG molecular composition.
Combining granule purification with high-throughput RNA
sequencing, we characterized the composition of SG RNAs
in human neuroblastoma cells (SK-N-BE), highlighting the re-
cruitment of neuronal-specific RNAs. Also in our conditions,
length is the main feature of the SG-enriched RNAs, in agree-
ment with the description of SG RNA composition in other
biological systems (43,49). Since longer RNA molecules usu-
ally harbor an increased number of possible interaction sites
with both other RNAs and proteins, this feature emphasizes
the role of multiple non-specific RNA interactions in the phase
separation process (8). Moreover, we described the GC con-
tent as a diversifying feature of SG RNA in different cell types:
the high GC content of neuronal SG could give them peculiar
properties in term of RNA-protein interaction networks (89).

Moreover, using SK-N-BE cells expressing FUSYT and
FUSP2L | we were able to reveal important physical alter-
ations of SG condensates in which mutant FUS is embedded.
Indeed, recruitment of FUSP25L to SG increases their number
and alters their molecular dynamics, leading to more aggre-
gated SG with reduced physical mobility.

Notably, these more solid pathological granules also re-
sulted to be long lasting after stress removal, with their per-
sistence in the cytoplasm well correlating with the inability of
the cell to recover physiological levels of translation. Other
studies have pointed out the effect of mutant FUS on global
translation even in absence of stress stimuli, acting through
alteration of nonsense-mediated decay (73) or deregulation of
FMRP (74). The alteration of translation associated with a
longer retention of RNAs into SG could be an important link
between the presence of mutant FUS and aberrant proteostasis
observed in ALS pathology (90).

Furthermore, RNA-seq analyses revealed that FUSP2T al-
tered the RNA composition of SG, resulting in the inclusion
of a new set of transcripts (GAIN group) and the exclusion
of others (LOSS group), if compared to FUSVT. Among the
re-localized RNAs we found several transcripts described to
be linked to neurodegenerative phenotypes and ALS. This is
of interest since GAIN and LOSS transcripts could both be
affected by the presence of mutant FUS in the cytoplasm. On
one hand, the GAIN RNAs are entrapped in granules that are
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more resistant to dissolution, and would suffer for the inabil-
ity of FUSP25L SG to be promptly dissolved upon stress release
(61,75) and to rapidly recover translation. On the other hand,
the LOSS RNAs would not be protected from stress-related
damage since excluded from SG (91).

FUS mis-localization was also shown to strongly alter the
GC-content of recruited RNAs, shifting towards AU-rich se-
quences; the observed alteration in nucleotide composition
implies a different structural propensity of the SG transcrip-
tome. Indeed, lost RNAs result more likely to form secondary
structures compared to the gained ones. This GC divergence is
important to take into consideration in pathological contexts,
since the RNA nucleotide composition is a crucial property
for interaction with other RNAs and proteins (92) and its al-
teration could be at the base of the susceptibility to the irre-
versible aggregation process of these granules.

Finally, analyzing the FUS??5L RNA interactome (61), we
observed an enrichment of its direct RNA interactors, suggest-
ing that a portion of transcripts is already associated with
the mis-localized protein in the absence of stress, and that
the formation of SG causes their engagement in the conden-
sates. However, the extent of this enrichment cannot fully ex-
plain the transcriptome alteration observed in the SG, which
in turn could be justified by the engagement of other RBPs,
partners of FUS, that could indirectly contribute to the ob-
served RNA compositional changes. Despite the fact that we
did not observe a strong qualitative difference in the proteome
components of SG in presence of mutant FUS, we found that
some protein interactors of FUS are more engaged into SG and
that they could convey their RNA targets into these granules.
Therefore, the modification of the SG transcriptome could re-
sult from a double contribution of mutant FUS, which directly
binds a portion of the SG recruited RNAs, but also drives the
engagement of a subset of protein partners and, indirectly, of
their interacting RNAs.

Furthermore, we have also observed that the FUS-
interacting protein components of SG exhibit a significantly
higher potential to form protein—protein physical interactions;
this feature has been previously documented for the aggre-
gated state of FUSRS22C interactors (79). Moreover, the phys-
ical interactions considered for this analysis include those
involved in the formation of protein complexes (STRING
database) and extend beyond contacts simply involving the
low-complexity domains (LCDs) of proteins. This observation
further highlights the importance of protein—protein interac-
tions in the formation of aggregates and less dynamic SG.

While it has been suggested that RNA itself possesses ag-
gregating potential (93), and undoubtedly contributes to the
phenomena of phase separation, recent evidence supports the
idea that RNA can act as a buffer in neurotoxic aggregation
processes. This has been observed for TDP43 and FUS, where
the role of the RNA-binding domain and its interaction with
RNA is vital in buffering LCD-driven aggregation (94).

From our observations, we suggest that the altered dynam-
ics of SG in FUSP23L conditions and the increased condensate
aggregation state are associated with interesting molecular
features: (i) re-localization of relevant neuronal transcripts in
SG, (ii) reduced architectural capacity of SG RNAs, involving
a decreased propensity to form secondary structures, and (iii)
increase in protein—protein interactions. In conclusion, our re-
sults shed new light on the importance of RNA features in
the aggregation process involving SG. This not only suggests
that specific and distinct RNA features are linked to patholog-
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ical granules and aggregation processes, but also introduces
intriguing possibilities for understanding how these phenom-
ena can impact neural physiology and be causatively linked to
neurodegeneration.

Data availability

All software, links to websites or tools used for this work are
referred to in the ‘Materials and methods’ section or in the
figure legends. The high-throughput sequencing data gener-
ated in this study have been deposited in the GEO database
under accession code: GSE244751. The raw data concern-
ing the protein mass spectrometry are available at the PRIDE
Database with the following identifier: PXD049234. Addi-
tional dedicated scripts developed for this work are available
upon request.

Supplementary data
Supplementary Data are available at NAR Online.
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