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Abstract

Cytoplasmic mislocalization of the nuclear Fused in Sarcoma (FUS) protein is associated to
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Cytoplasmic FUS
accumulation is recapitulated in the frontal cortex and spinal cord of heterozygous Fus*M-5*
mice. Yet, the mechanisms linking FUS mislocalization to hippocampal function and memory
formation are still not characterized. Herein, we show that in these mice, the hippocampus
paradoxically displays nuclear FUS accumulation. Multi-omic analyses showed that FUS
binds to a set of genes characterized by the presence of an ETS/ELK-binding motifs, and
involved in RNA metabolism, transcription, ribosome/mitochondria and chromatin
organization. Importantly, hippocampal nuclei showed a decompaction of the neuronal
chromatin at highly expressed genes and an inappropriate transcriptomic response was

observed after spatial training of Fus*M-5*

mice. Furthermore, these mice lacked precision in
a hippocampal-dependent spatial memory task and displayed decreased dendritic spine
density. These studies shows that mutated FUS affects epigenetic regulation of the
chromatin landscape in hippocampal neurons, which could participate in FTD/ALS
pathogenic events. These data call for further investigation in the neurological phenotype of

FUS-related diseases and open therapeutic strategies towards epigenetic drugs.
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1. Introduction

FUS is a ubiquitously expressed RNA binding protein that has pleiotropic roles in RNA
metabolism, including transcription, splicing, mRNA transport, micrcoRNA and circRNA
biogenesis and mRNA translation (Lagier-Tourenne et al., 2010; Lagier-Tourenne et al.,
2012). As a protein involved in gene expression, FUS is highly enriched in the nucleus, yet
shuttles between nucleus and cytoplasm. FUS carries a C-terminal PY-NLS allowing nuclear
entry and is subject to post-translational modifications regulating nuclear import and function.
Abnormalities in FUS subcellular localization are found in multiple neurodegenerative
diseases. First, germline mutations in FUS are a cause of young onset amyotrophic lateral
sclerosis (ALS), with rapid disease progression, and the most severe FUS mutations lead to
truncation of the C-terminal amino-acids of FUS comprising the nuclear localization signal.
FUS mutations lead to FUS pathological aggregates, located in the cytoplasm, but also in
nuclear inclusions (Schwartz et al., 2014)(Baumer et al., 2010). FUS aggregates are also



found in a large subset of patients with FTD, along with other proteins of the FET family
(Urwin et al., 2010). In addition, FUS is mislocalized in the cytoplasm, but not aggregated, in
most ALS cases, but also in other neurodegenerative diseases in the absence of germline
FUS mutation (Tyzack et al., 2019). FUS mutation has broad effects on neuronal functions
as heterozygous mice with a knock-in mutation of Fus leading to its C-terminal truncation and
accumulated cytoplasmic FUS led to cortical neuronal hyperactivity and inhibitory synaptic
defects, causing related behavioral phenotype (Scekic-Zahirovic et al., 2021).

Several independent lines of evidence suggest an important role for FUS in the
hippocampus. First, FUS pathology is prominent in the hippocampus of FTD-FUS patients
(Armstrong et al., 2011a, b; Baborie et al., 2011; Mackenzie et al., 2011). Further, ablation of
Fus in outbred mice leads to prominent hippocampal vacuolation (Kino et al., 2015), and Fus
knockdown in the hippocampus leads to neuronal death and behavioral phenotypes
(Udagawa et al., 2015; Fujii et al., 2005). In addition, human wild-type FUS expression leads
to defects in fear conditioning, decreased LTP and abnormal dendritic spine morphology in
the hippocampus (Ho et al, 2019). Last, FUS appears required for spine formation and
maturation, AMPA receptors expression (Udagawa et al., 2015) or adult neurogenesis
(Ishigaki et al., 2017), all critically involved in hippocampal function. However, despite this
evidence, the mechanisms linking FUS mislocalization and/or aggregation, to hippocampal

function and memory formation are still not characterized.

Here, we hypothesize that mutant FUS may alter nuclear function in chromatin remodeling
processes that occur during memory formation. Indeed, FUS is involved in multiple steps of
gene expression including transcription (Schwartz et al., 2012), alternative splicing, and
interacts and modulates activity of a number of chromatin remodeling enzymes, including
HDAC1 (Wang et al., 2013), SWI/SNF (Linden et al., 2019) and CBP/p300 (Wang et al.,
2008). In addition, several studies observed that manipulation of FUS levels in cellular
models was able to alter histone post-translational modifications (Cobos et al, 2019;
Tibshirani et al., 2014; Ward et al., 2014). Furthermore, recent literature evidence that
specific epigenetic changes driving activity-dependent transcription promotes the
enhancement and plasticity of neural circuits underlying learning and memory processes
(Campbell and Wood, 2019; Yap and Greenberg, 2018; Marco et al., 2020; Fernandez-Albert
et al., 2019). Pathological deregulation of FUS nuclear functions might thus interfere with
such processes. We investigated this possibility in a heterozygous FUS truncation (Fus*N-S*)
knock-in mouse model. This mouse model recapitulates many pathological hallmarks
observed in ALS-FUS patients, such as cortical FUS cytoplasmic mislocalization,
accompanied by motor deficit and motor neuron degeneration at the age of 20 months



(Scekic-Zahirovic et al., 2017; Scekic-Zahirovic et al., 2016). Additionally, 10-month-old
Fus®N-S+ mice showed impaired performance in several hippocampal-dependent behavioral
tests and mutant FUS-induced cognitive dysfunctions may actually appear earlier.

Herein, we observed that a substantial fraction of nuclear FUS carried the truncating
mutation in heterozygous mutant knock-in mice in their hippocampus. We further established
that FUS binds the chromatin at the TSS of many genes carrying ETS-transcription factor
binding sites, and that this binding of FUS is paradoxically increased at its genomic binding
sites in Fus mutant mice. This was associated with active histone marks enrichment at highly
expressed genes, at a large-scale, mainly extending the FUS genomic binding sites.
Importantly, these large-scale epigenetic alterations were accompanied by prominent
alterations in learning-induced transcriptional changes and significant defects in hippocampal
dependent memory in mutant mice. Thus, our results suggest that the truncation of FUS NLS
domain does not abolish nuclear import of the mutant protein in hippocampal adult neurons
but rather leads to a nuclear gain-of-function with direct transcriptional effects (including on
ETS-regulated target genes), large scale chromatin remodeling, that alter the neuronal
response upon solicitation such as activity-induced transcription and learning and memory
processes.

2. Material and methods

2.1. Animals
Experimental protocols and animal care were in compliance with the institutional guidelines
(council directive 87/848, October 19, 1987, Ministére de I'agriculture et de la Forét, Service
Veterinaires de la Santé et de la Protection Animale) and international laws (directive
2010/63/UE, February 13, 2013, European Community) and policies APAFIS: 11229
(RoledeFUSdanslarégul_2017091118178028_v4).
Wild type and heterozygous Fus*"*S* mice in C57/BL6 genetic background were generated
as described previously (Scekic-Zahirovic et al., 2017) and bred and housed in the animal
facility of the Laboratory of Cognitive and Adaptative Neuroscience (LNCA) of Strasbourg.
Mice were housed in group under a 12 light/dark cycle (light on at 7:00 a.m.), in a
temperature and humidity-controlled room (22 + 2 °C; 50% * 5 humidity) with ad libitum
access to food and water. For behavioral test, mice were single housed one week prior the
test and habituated to handling 5 min a day during 3 days.

2.2.1. Morris water maze



Wild type and heterozygous Fus*"** mice of 4 months of age were trained to performed the
hidden-platform version of the spatial Morris Water Maze for 5 consecutive days (n=11
animal per genotype). In a room, a circular pool (diameter 160 cm and height 60 cm) is
located in the center and is surrounded by distal visual cues made of different shapes and
colors on the walls. To habituate the mice to the pool and the platform rule, the pool is filled
with few cm of water (21°C) and a visible platform is located in the NW quadrant (diameter
10 cm, 1cm above the surface). Starting from the middle of the pool, mice have 60s to find
the platform, if not, they are gently brought there. After 10s on the platform, mice are brought
back to their home cage. Then, the pool is filled with water up to 20 cm below the border so
that mice can see the visual cues on the walls. The platform is placed 1cm below the surface
and the water is opacified with Meudon white powder (about 1.5 g/L). Before acquisition,
mice performed a 2 min forced swim (no platform), starting from the middle of the pool, to
make sure they can all swim and complete the test. On the next days, mice were trained for
5 consecutive acquisition days to find the spatial position of the hidden platform located in
the SE quadrant. Mice were trained with 4 trials a day, in group of 3, with an intertrial interval
of 2-5 min and a maximum duration of the test of 60s. If not completed on time, mice were
guided to the platform. Mice are left 10s on the platform before brought back in the home
cage. Animals were starting each trial from each of the 4 cardinal points (North (N), East (E),
South (S), and West (W)) from the edge of the pool, facing the wall. The sequence of the
starting point was randomized each day. Mice were tested for memory retention on day 5,
24h after last training to test recent memory, and 30 days after last training to test remote
memory (duration of the test 60s). At the end of the 24h memory retention, the Atlantis
platform was brought to its original position, to avoid memory extinction processes and mice
are further trained for the 5" day of acquisition as previous ones. For retention test, the
platform was removed and the pool was virtually separated in 4 quadrants (SE, NE, NW,
SW). Data and heat maps were collected by the ANY-maze (Ugo Basile) video tracking
system. Average speed, latency and distance travelled to reach the SE target platformed
were analyzed during acquisition. Time spent in the different quadrants, average distance
from the target platform and the crossing annulus were analyzed during memory retention
tests.

2.2.2. Analyses of MWM data
Data collected during the acquisition and during the different probe trials are presented as
mean + standard error of the mean (SEM). Values of p < 0.05 were considered significant
and are noted in the text. Graphics and statistical analyses were performed using GraphPad
Prism 8 (GraphPad, CA). Performances recorded during acquisition (latency, distance and
mean speed) were evaluated using repeated two-way ANOVA considering the factors of



“genotype” (WT vs FUS) and “day” (1-5) and followed by Sidak correction for multiple
comparisons. Mean time spent in the different quadrants (Target or favorite adjacent) were
analyzed using two-way ANOVA with Sidak correction for multiple comparisons. Mean
distance to platform was analyzed with the unpaired t test and the number of crossing
annulus with the non-parametric unpaired Man-Whitney rank test. The time spent in quadrant
was also compare to chance (i.e., 15 s) with the one sample t test.

2.3.1. Western blotting

Total tissues, of dorsal hippocampi (n=6 animal per genotype) were finely chopped on ice
with a razor blade, and homogenized in Laemmli buffer (Biorad, Ref: 161-0747). Tissues
were sonicated for 15 s, twice (ultrasonic processor, power 40%) followed by heating at 70°C
for 10 min. Lysates were centrifuged at 14,000 g for 5 min. Protein concentration was
quantified using the Qubit and supernatant was stored at —20°C before use. Equal amounts
of protein were loaded on Midi-PROTEAN TGX StainlIFree™ Precast Gels (26 wells, 4—
20%, BiolJRad), transferred onto a nitrocellulose membrane (BioRad) using a semi-dry
Transblot Turbo transfer system (BioRad). Membranes were blocked 1h with 5% non-fat milk
in wash buffer (3% NaCL 5M, 0.05% Tween 20 and 5% Tris pH 7.4), and were then
incubated overnight in blocking solution with the following primary antibodies: rabbit anti-FUS
1:5000 (Bethyl, Ref: A300-293A, Lot: A300-293A-5), rabbit anti-Actin 1:1000 (Abcam, Ref:
A2066-100UL, Lot: 106M4770V), all diluted in blocking solution. The next day, membranes
were washed three times and incubated with horseradish peroxidase (HRP)-labeled
secondary antibodies goat anti-rabbit 1:10000 (Jackson, Ref: 111-035-003, Lot: 107487) in
blocking solution. Bands showing the specific proteins were revealed with
chemiluminescence (Biorad, Clarity Western ECL substrate, Ref: 170-5061) using the
Molecular Imager Chemidoc Touch Imaging System (Biorad) as detection system and total
protein as loading controls.

2.3.2. Quantification of protein on Western blot
Stain(Ifree imaging allowed for the normalization of each protein bands to the total amount of
protein with the Imagelab software (Biorad). Results in Fus mice were normalized to the
relative amounts of proteins in WT mice (arbitrarily set at 1). Data are presented as mean *
standard error of the mean (SEM). Values of p < 0.05 were considered significant. Graphics
and statistical analyses were performed using GraphPad Prism 8 (GraphPad, CA).
Genotypes were compared using the unpaired two tailed t-test.

2.3.3. Western blot of subcellular fractionations



Nuclear and cytoplasmic fractions were prepared from frozen dorsal hippocampi (n=6 animal
per genotype) using the NE-PER® Nuclear and Cytoplasmic Extraction reagents (Thermo
Scientific) according to the manufacturer. Protein concentration was quantitated using the
BCA protein assay kit (Pierce). Western blots were performed as described above, using
following primary antibodies: goat anti-FUS against the N-terminal part of protein
(ProteinTech 11570; 1:1000) and rabbit anti-FUS against the C-terminal part of protein
(Bethyl A300-294A, 1:10000) all diluted in 3% non-fat milk in PBS, followed by incubation
with horseradish peroxidase (HRP)-labeled secondary antibodies anti-goat (Sigma A5420)
and anti-rabbit (P.A.R.l.S. BI2407) diluted 1:5000 in PBS. Antibodies rabbit anti-HDAC1
(Bethyl A300-713A, 1:1000) and mouse anti sheep SOD1 (Merk 574597, 1:1000) were
respectively used as loading control for nuclear and cytoplasmic fractions. Blots were
analyzed with chemiluminescence (ECL; Luminata Forte Kit, Millipore WBLUF0500) using
the Molecular Imager Chemidoc XRS (Biorad) as detection system. Results were analyzed
as described above.

2.4. Brain perfusion for immunohistochemistry
Mice were deeply anesthetized with 0.1ml/10g Ketamine (Imalgéne 1000) and Xylazine
(Rompun 2%) (respectively 20% and 15% in NaCl 0,9%) and underwent a transcardial
perfusion with PBS (0.1 M phosphate buffer saline) followed by cold 4% paraformaldehyde
(PFA) in PBS. Brains were removed and fixed overnight in 4% PFA and subsequently
merged in 30% sucrose solution at 4°C until the brain sank. Brains were cut with the cryostat
into 30um thick coronal sections in the whole hippocampal region. Sections were kept at
20°C in cryoprotectant (0.1 M PBS, 0.15 M NaCl, 30% (v/v) ethylene glycol, 30% (v/v)

glycerol) until immunostaining.

2.5. Immunohistochemistry
Free floating brain sections were rinsed three times in PBS (0.25% Triton X-100 in PBS, 137
mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4). For heat-induced epitope
retrieval, floating sections were kept in sodium citrate (pH 6, 10 mM, 80°C, 30 min) and
washed three times in 1XPBS. Sections were blocked in blocking solution (1XPBS with 0.5%
Triton and 5% Horse serum) for 30 minutes and then incubated overnight (ON) in the
following primary antibodies at 4°C: rabbit anti-FUS (ProteinTech, 1:1000) and mouse anti-
NeuN (Millipore, 1:500) in PBS with Triton 0.1%. The next day, brain sections were rinsed
and incubated at RT for 1h30 respectively with, donkey anti-rabbit Alexa 488-conjugated
(Jackson 1:500) and donkey anti-mouse Alexa 594-conjugated (Molecular Probes, 10ug/ml)
in PBS with Triton 0.1%. After three washes in 1XPBS, brain sections were incubated in Dapi
diluted 1:1000 in 1XPBS for nuclei staining, washed two times in 1XPBS before drying and



mounting sections in Mowiol (Life Technologies; 1:10000), cover-slipped, and kept at 4°C for
long storage.

Acquisitions were performed using a fluorescence microscope coupled with an ApoTome
module (Zeiss).

2.6. RNA extraction
Mice that underwent a 3-day training in the MWM were killed 1h after the last training. Home-
cage controls were killed at the same time. Half dorsal hippocampus of trained mice and their
home cage (HC) control were chopped on ice with a razor blade before extraction of total
RNA using the RNeasy Lipid Tissue Mini Kit (Qiagen).

2.7. RNA sequencing and analyses
Quality control, libraries and sequencing were processed by the GenomEast platform
(IGBMC, Strasbourg). RNA quality was measured using the Agilent Bioanalyzer system and
all RNA integrity number (RIN) were all above 9.5. RNAseq libraries were generated from
500 ng of total RNA using TruSeq Stranded mRNA LT Sample Preparation Kit (lllumina),
according to manufacturer's instructions. Briefly, following purification with poly-T oligo
attached magnetic beads, the mRNA was fragmented using divalent cations at 94°C for 2
minutes. The cleaved RNA fragments were copied into first strand cDNA using reverse
transcriptase and random primers. Strand specificity was achieved by replacing dTTP with
dUTP during second strand cDNA synthesis using DNA Polymerase | and RNase H.
Following addition of a single 'A' base and subsequent ligation of the adapter on double
stranded cDNA fragments, the products were purified and enriched with PCR (30 s at 98°C;
[10 s at 98°C, 30 s at 60°C, 30 s at 72°C] x 12 cycles; 5 min at 72°C) to create the cDNA
library. Surplus PCR primers were further removed by purification using AMPure XP beads
(Beckman-Coulter) and the final cDNA libraries were checked for quality and quantified using
capillary electrophoresis. Libraries were sequenced on Hiseq 4000 sequencer (lllumina) as
single-end 50 base reads following lllumina’s instructions (IGBMC, Genomeast platform),
with 3 biological replicates sequenced per condition. We obtained approximately 40 million
reads per samples with a minimum of 85% uniquely mapped read per sample. Reads were
mapped onto the mm10 assembly of Mus musculus genome (UCSC Genome Browser)
using STAR (v2.5.3a). Quantification of gene expression was performed using HTSeq-
0.6.1p1, using union mode, with annotations coming from Ensembl version 95. Read counts
have been normalized across samples with the median-of-ratios method proposed by Anders
and Huber. Comparisons of groups were performed using the test for differential expression
implemented in the Bioconductor package DESeq2 (v1.16.1). P-values were adjusted for
multiple testing using the Benjamini and Hochberg method. Clustering analysis and heat
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maps between groups were generated using R (Bioconductor). Representation of the Q1 to
Q4 gene expression groups were also represented on the R-software. Cross-comparison of
RNA-seq data were represented of proportional Venn diagram and performed using eulerr in
the R software. Gene ontology (GO) associated with the differential expressed genes were
analyzed using the DAVID software. The top 10 biological process, cellular component,
molecular function and KEGG pathways with FDR adjusted p-value <0.05 were represented
on the graphics. Graphics representing the gene expression for the different genotypes and
conditions were performed using GraphPad Prism 8 (GraphPad, CA) and are presented as
mean + standard error of the mean (SEM) and normalized to Fus** HC. Adjusted p-
value<0.1 using FDR were considered significant.

2.8. Nuclear extraction for ChiP-seq

A total of two (ChIP-seq FUS) or of four (ChlP-seq of histone modifications) hippocampi were
chopped on ice with a razor blade (n = 2 biological replicates per group) and homogenized in
PBS with Protein Inhibitor Coktail (PIC, Roche, cOmplete ref#11836145001). Tissues were
mechanically dissociated with pipettes and with the dounce B (loose) and then transferred in
microcentrifuge tubes for fixation with 1% PFA at RT for 10 min. Cross-linking was stopped
by adding 1.67M of glycine at RT for 5 min. Tissues were centrifuged at 4°C, 3600g for 5 min
and then incubate in PBS with PIC at 4°C for 5 min, this step was repeated two times. After
centrifugation tissues were incubated in cell lysis buffer (10mM HEPES pH8, 85mM KCL,
0,5% NP-40 in ddH20) with PIC at 4°C for 7 min. Pellet were collected by centrifugation at
4°C, 5000 rpm for 20 min, resuspend in nuclei extraction buffer (0,1% SDS, 10 mM EDTA
pH8, 50 mM Tris in ddH20) with PIC at 4°C for 7 min and nuclei were collected after
centrifugation at 4°C, 5000 rpm for 10 min. Nuclei were resuspended in PBS with PIC at 4°C
for 5 min and centrifuge one last time at 4°C, 5000 rpm for 5 min to obtain a clean pellet of
nuclei. For the ChIP-seq FUS, nuclei pellets were frozen at -80 °C until the day of the
experimentation. For ChlP-seq of histone modifications, samples were resuspended in cold
PBTB (5% BSA, 0.1% Tween-20 in PBS) for filtration with the CellTrics® 50 um filters
(Sysmex, 04-004-2327) and further used for neuronal nuclei staining.

An additional step of fixation was added for the protocol of ChlP-seq experiment against the
FUS protein. After tissue dissociation in the Dounce B (loose), samples were transferred in
microcentrifuge tubes for fixation with 1:250 of ChIP Cross-link Gold (Diagenode,
C01019027) at RT for 30 min, allowing better fixation of higher order protein interactions.
Then samples were centrifuged at 4°C 3600g for 5min and washed two times in PBS with
PIC before to continue with the fixation of 1%PFA and the next steps of the protocol above.
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2.9. Neuronal staining for ChlP-seq of histone modifications

Nuclei preparation for ChiP-seq of histone modification were further prepared for neuronal
staining of hippocampal nuclei. Neuronal nuclei were stained using mouse anti-NeuN, 1:1000
(Millipore, Ref: MAB377, Lot: 2967854) in the PBTB (5% BSA, 0.1% Tween-20 in PBS) with
addition of 3% normal horse serum. Nuclei were incubated at 4°C during 30 min. For control
of no antibody and 2nd antibodies, a few microliters of resuspended nuclei were not
incubated with anti-NeuN. sample were centrifuged at 4°C, 5000 rpm during 5 min and wash
in 1 ml PBTB with 3% NHS before centrifugation. Nuclei were incubated with the secondary
Alexa 488 donkey anti mouse, 1:1500, (Invitrogen, Ref: A21202, Lot: 1022448) in PBTB with
3% NHS at 4°C during 15 min. Nuclei were centrifuged at 4°c, 5000 rpm for 5 min, then
washed in PBST (PBS, 0.5% Tween-20), centrifuged and resuspended in PBS for nuclei
sorting.

2.10. Neuronal sorting for ChlP-seq of histone modifications
Neuronal and non-neuronal nuclei were collected using the Fluorescent Activated Nuclei
Sorting technic (FANS, Aria Fusion), equipped with a 70 um nozzle at IGBMC (Strasbourg,
France). We collected neuronal nuclei with the 488-nm laser. We were able to collect
between 1 and 2 Million neurons following this protocol. Nuclei were collected in 1.5 ml low
binding tubes, then were centrifuged at 4°C, 5000 rpm for 5 min to remove supernatant and
the pellets were frozen at -80°C until ChIP-seq experiment for histone modification.

2.11.1. Chromatin Immunoprecipitation (ChIP) for ChIP-seq of histone modifications
ChIP experiment were always done in two biological replicates per condition. On ice,
between 1 and 1.2 million frozen neuronal nuclei were resuspended in 500-600uL Nuclei
lysis buffer (10 mM EDTA, 50mM Tris-HCL pH8.1, 1mM NaBu and 1% SDS for H3K4me3,
H4K12ac and H3K27ac or 0,4%SDS for H3K27me3, in ddH20) with PIC in a 15 ml TPX tube
(Diagenode). Nuclei were sonicated using the sonicator (Bioruptor Plus sonication device,
Diagenode) with 17 cycle of 30sec ON / 30sec OFF on High Power with breaks to vortex
tubes every 5 min. 4ulL of supernatants were checked on 1,5% agarose gel to confirm DNA
fragmentation of approximately bellow 500bp after sonication and between 500bp and 100bp
after a rapid decrosslinking protocol. Sonicated chromatin was centrifuged at 4°C, 14000g for
10 min to get rid of debris. Supernatants were diluted in ChIP Dilution buffer (1.1% Triton X-
100, 1.2 mM EDTA, 16.7 mM Tris-Cl, pH 8.1, 167 mM NaCl in ddH20) to obtain a final
concentration of 0,1%SDS. Approximately 40 000 nuclei were saved before IP for total input
chromatin and the rest of the sample were split in a minimum of 400 000 nuclei per ChlIP.
Samples were incubated overnight (O/N) at 4°C with the following primary Ab: rabbit anti-
H4K12ac, 9ug/ChIP (Diagenode, Ref: C15410331, Lot: A2439P), rabbit anti-H3K4me3,
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4,25ug/ChlP  (Diagenode, Ref: C15410003-10, Lot: A1052D), rabbit anti-H3K27ac,
3,1ug/ChIP (Abcam, Ref: ab4729, Lot: GR3216173-1), rabbit anti-H3K27me3, 5ug/ChIP
(Diagenode, Ref: C15410195, Lot: A0821D). On the next day samples were incubated with
50ul/ChlIP magnetic beads (Diagenode, Dynabeads protein A, Ref: 10002D) at 4°C during
2h. Beads were previously washed three times in ChIP dilution buffer with 0,1% SDS and
blocked O/N at 4°C with BSA. ChIP-DNA were then washed 5 min in several buffers, using a
magnetic rack: Low salt, High Salt, LiCL and TE buffer. ChIP-DNA was then incubated in 300
ul elution buffer (1% SDS, 0.1 M NaHCOS in ddH20) at RT for 5 min and at 65°C for 10 min.
Cross-linkings were reversed by addition of 0,2M NaCL, O/N at 65°C. Then DNAs were
purified with RNAse (Abcam, Ref: ab52579, Lot: GR314429-2) at 37°C for 30 min, and in
Proteinase K buffer (Invitrogen, Ref: 100005393, Lot :1834876) at 45°C for 1h. Finally, DNAs
were extracted with the MicroChlP Diapure columns (Diagenode, Ref: C03040001) and
quantification of DNA concentrations were calculated using the Qubit. All samples reached

the minimum of 2ug required for sequencing.

2.11.2. ChiP-sequencing of FUS
ChIP experiment targeting the FUS protein was performed in two biological replicates per
condition similar to ChIP-seq for histone modifications. The nuclei pellets of total tissue were
resuspended in 700uL Nuclei lysis buffer containing only 0.2% SDS. Nuclei were sonicated
with 15 cycles of 30sec ON / 30sec OFF. We used a primary rabbit antibody anti-FUS
15ug/ChlP (Bethyl, Ref: A300-293A, Lot: A300-293A-5).

2.11.3. Quality control, libraries, sequencing and analyses of ChlIP-sequencing
Quality control, libraries and sequencing were performed by the GenomEast platform
(IGBMC, Strasbourg). ChIP-seq libraries were prepared from 2-10 ng of double-stranded
purified DNA using the MicroPlex Library Preparation kit v2 (C05010014, Diagenode s.a.,
Seraing, Belgium), according to manufacturer's instructions. DNA was first repaired and
yielded molecules with blunt ends. Next, stem-loop adaptors with blocked 5’ ends were
ligated to the 5’ end of the genomic DNA (gDNA), leaving a nick at the 3’ end. The adaptors
cannot ligate to each other and do not have single-strand tails thus non-specific background
is avoided. In the final step, the 3’ ends of the gDNA were extended to complete library
synthesis and lllumina compatible indexes were added through a PCR amplification (4+7
cycles). Amplified libraries were purified and size-selected using Agencourt AMPure XP
beads (Beckman Coulter) to remove unincorporated primers and other reagents. Prior to
analyses, DNA libraries were checked for quality and quantified using a 2100 Bioanalyzer
(Agilent). The libraries were loaded in the flowcell at 8 pM concentration, and clusters were
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generated using the Cbot. Libraries were sequenced on lllumina Hiseq 4000 sequencer as
Single-End of 50 base reads following Illlumina’s instructions. We obtained approximately 50
million reads (ChlP-seq of histone modifications) and 30 million reads (ChlP-seq of FUS) per
samples with 75% to 92% uniquely mapped read per sample. Each sample have a minimum
of 95% read positions with a base quality score over 30. Sequenced reads were mapped to
the Mus musculus genome assembly mm10 (UCSC Genome Browser) using Bowtie. Data
were normalized to 20 Million reads.

Mapped reads aligned along the repeated elements within the mouse genome were removed
by using RepeatSoaker tools (Dozmorov et al., 2015) for ChlP-seq on histone modifications.
Biological duplicates were performed for all marks. Inputs were used as controls. Peak
detection of histone marks was performed using SICER vi.1 (Xu et al., 2014) with the
following parameters: window size: 200; FDR< 0,003. Gap size parameters were selected
according to the score value estimated by statistical method implemented in SICER: selected
values of gap size are 600, 400, 1000 and 1600 for H4K12ac, H3K4me3, H3K27ac and
H3K27me3 respectively. Replicates in ChlP-seq experiments for the repressive H3K27me3
histone mark were performed on two different sets of animals, and differential analyses were
performed after batch correction of the replicates using the removeBatchEffect function from
the limma package (Ritchie et al., 2015). Peak detection for the ChlP-seq against FUS was
performed using SICER v1.1 (window size: 200; gap size: 200bp; default parameters) (Zang
et al, 2009). Peaks were annotated relative to genomic features using Homer
AnnotatePeaks v4.9.167 (ChlP-seq of histone modifications) and v.11.1 (ChIP-seq against
FUS) with annotation from Ensembl v87. As reference coordinates, we used RefSeq genes
for Mouse mm10 genome. Read coverage of peaks was calculated for each sample using
bedtools multicov, from BEDTools (Quinlan and Hall, 2010), and differential enrichment
analysis for ChlP-seq of histone modifications were performed using DESeqg2 (Love et al.,
2014) (default parameters, adjusted p_value < 0.05 and no Fold change (FC) selection). The
differential analyses of the ChlP-seq against FUS was performed using SICER, with an FDR
threshold of 0,01 set a posteriori. An input sample was provided for each biological sample.

2.11.4. Analyses of ChlP-seq
Proportional Venn diagram showing the colocalization of histone marks were represented
with R using eulerr. PCA analyses, dendrogram, heatmap, MA-plot, Z-score expression and
Volcano plot for ChIP-seq data were created with the R software.

For the ChlIP-seq analyses, the genomic distribution of the different ChlP-seq was collected
with seqMINER v1.2.168,69 (Ye et al., 2011) by using Refseq genes. Mouse mm10 genome
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is used as reference coordinates for the gene body and TSS representation and the total
read obtained in each experiment was used as reference coordinates for the peak center
representation. Graphics were represented with the R software. The distribution of peaks
along genic and intergenic region was performed using homer annotations. The gene
ontology associated with the differential enriched peaks were analyzed using the Genomic
Regions Enrichment of Annotations Tool (GREAT) software v.4.0.4. The Top 15 biological
process pathways with FDR adjusted p_value <0.05 were represented on the graphics.
Predicted promotor motif associated with the differentially enriched peaks were analyzed
using GREAT v.3.0.0. and results showing FDR adjusted p_value <0.05 were represented on
the graphics. Peaks colocalization was identify with bedtools. The different tracks showing
peaks distribution on the genome was visualized with PyGenomeTracks a tool from Galaxy
France, using as inputs normalized bigwig files. Graphic Representing genes in the Q1 to Q4
gene expression group was performed on R.

Heatmaps were generated using Deeptools (Ramirez et al, 2016) v3.5 using the tool
bamCoverage to generate bigwigs files with a step of 10 nt. Bigwig files were normalized
using the CPM method and reads were extended to a size of 200nt for single-end data and
to fragment length for paired-end data. The mean signal was computed over biological
replicates with wiggletools (Zerbino et al., 2014). Then, the tool Deeptools computeMatrix
v3.5 was used to generate a count matrix at the positions of interest that are regions
differentially bound by FUS. Finally, the tool Deeptools plotProfile v3.5 was used to generate
mean profile plots and Deeptools plotHeatmap v3.5 was used to generate heatmaps.
Differentially bound regions were extracted based on adjusted p-value <= 0.01 and 4 peaks
in 2 in SFI, 1 in mt-Ti and 1 in mt-Nd6 were removed because of non-specific over-

enrichments.

For the analyses comparing RNAseq data with random genes lists, these were created with
the sample function of R and based on random and repeated selection without replacement
of subsets of ensembl v78 reference mouse genes (based on the mm10 genome) based on
expressed genes with the proportions of each quartile matching those in considered genes
lists from the Q1-Q4 groups.

For the analyses comparing FUS ChIP-seq data with random peaks from the histone mark
ChlP-seq data in the different quartiles, genes associated to significant FUS Up peaks (1066
peaks corresponding to 1013 genes) were removed from the quartiles, 1013 promoters were
extracted from each quartile and their profile and heatmaps were established for each
histone mark (H3K27ac, H3K4me3 and H4K12ac). For intra-condition comparison of gene
expression (Z-scores) between FUS-bound genes and random genes, the same number of
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randomly selected genes that do not bind FUS was retrieved with the proportions of each
quartile in randomly selected genes matching those in FUS associated genes.

Violin plots were generated using R v4.1.1 and the packages ggplot2 v3.3.5 (Wickham H.
ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2009) and ggpubr R
package version v0.4.0 (Kassambara A. ggpubr: 'ggplot2’ Based Publication Ready
Plots. 2020 https://CRAN.R-project.org/package=ggpubr).

2.12. Dendritic spine analyses

Golgi staining

Mice that had underwent a 4-day training in the MWM were killed 4 days later. Brains were
collected from MWNM-trained mice and home cage (HC) control mice (n=5 per group and
conditions). The Rapid Golgi stain kit (FD Neurotechnologies, Inc.) was used according to
the manufacturer’s instructions. Brain coronal section of 100 uym thickness of the dorsal
hippocampal region were made using a Vibratome (VT1000M; Leica). Images of basal and
apical dendrites of the CA1 pyramidal neurons were acquired using a brightfield microscope
(Explora Nova, La Rochelle, France) using a 100 times magnification for each genotype and
conditions. We obtained 8-10 hippocampal sections per animal.

Quantification and analyses of dendritic spines

Dendritic spines were identified based on their morphological appearance. Spines were
classified into four different types: Mushroom spines (protrusion with large neck and big
head), stubby (big protrusion with no obvious separation between neck or head), thin
(protrusion with long neck and small head) and filopodia (protrusion with long neck and no
head). For each animal, 6 neurons per animal were analyzed, counting the total number of
each different types of spine shapes on a 20um long segments. A total of 6 segments per
neurons were counting comprising 3 basal segments and 3 apical segments. Thus, a total of
36 sections (basal and apical together) per animal were counting in total. The spine density
was presented as the number of spines per 20 um of dendritic length.

Data are presented as mean * standard error of the mean (SEM). Values of p < 0.05 were
considered significant and are noted in the text. Graphics and statistical analyses were
performed using GraphPad Prism 8 (GraphPad, CA). Genotypes and conditions were
compares using the repeated two-way ANOVA with Sidak correction for multiple

comparisons.
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3. Results

3.1. Paradoxical increase in nuclear genomic binding of FUS in hippocampus of
Fus®N'S™* mice

We first characterized FUS expression and localization in the hippocampus of Fus*N-"* mice.
FUS was highly expressed in dorsal hippocampal neurons of the CA1 region of both
genotypes, as shown by double NeuN/FUS immunostaining (Figure 1A), with an overall
increased FUS staining in Fus*S* CA1 neurons, confirmed by increased total FUS protein
levels (p=0.0004) (Figure 1B,C). Subcellular fractionation followed by western blotting using
an antibody recognizing the N-Ter of FUS (i.e. all forms of FUS) indicated that, as expected,
Fus®N-S™+ hippocampi displayed increased cytoplasmic FUS protein while the same amount
was found in the nucleus of both genotypes (Figure 1D). However, and contrasting to results
previously obtained in spinal cord or cortex (Scekic-Zahirovic et al., 2017; Scekic-Zahirovic et
al., 2021), levels of wild type FUS as measured using an antibody targeting the C-terminal
part of FUS were decreased in both cytoplasmic and nuclear compartments (Figure 1D).
Short and long exposure of uncropped gels are presented in Supplemental Data 1. Thus, in
the hippocampus, while mutant FUS accumulates in the cytoplasm, a significant fraction of it
remains capable of entering the nucleus despite the absence of NLS.

To address the possible alterations in FUS nuclear functions that could be elicited by the
presence of the mutant protein in the nucleus, we performed chromatin immunoprecipitation
followed by deep sequencing (ChIP-seq) of FUS in hippocampal nuclei of Fus** and
Fus*N-S* mice, using an antibody recognizing all forms of FUS. Peak calling using SICER
identified 3511 peaks for the union of both Fus** and Fus*** genomes (Supplementary
Table 1). We sought to characterize whether the pattern of FUS genomic binding was
modified by the Fus*'S mutation by leading differential analyses. Principal component
analyses (PCA) indicated a clear genotype difference in FUS binding to the genome (Figure
S1A), and differential analyses using SICER (adjusted p-value < 0.01) identified 1066
enriched- and 710 depleted- peaks for FUS binding (Figure 2A). A mild global enrichment of
FUS binding in the Fus*‘S* genome as compared to Fus** controls was visible upon
alignment of the peak center using seq-miner (Figure 2B). Strikingly, while no significant GO
terms were enriched in binding sites with the 710 decreased FUS genomic sites, the 1066
enriched regions bound to FUS presented significant gene ontology associations. For
biological processes, enriched regions were related to genes associated to RNA metabolic
processes, transcription and cytoskeleton/microtubule-dependent transport (Figure 2C); for
cellular components, they were clearly associated to ribosomal and mitochondrial subunits
(Figure S1B). Surprisingly, predicted promoter motifs revealed predominant binding of FUS
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on a single DNA motif family, that associated with the different members of the ETS family,
including the ETS Like-1 protein

ELK1 and the ETS family transcription factor GA-binding protein GABP (Figure 2D). Peak
distribution analyses revealed an enrichment of FUS-bound genomic regions at the TSS of
genes (47,6%) (Figure 2E), whereas depleted ones were mainly located in the intergenic
regions (43,1%) (Figure S1C). Promoter motif analyses of these Promoter-TSS FUS-target
genes confirmed specific enrichment of ETS family motifs, particularly ELK1, and other
members such as GABPA (Figure S1D). Gene ontology pathway analyses using Database
for Annotation, Visualization and Integrated Discovery (DAVID) led to similar results as that
found using Genomic Regions Enrichment of Annotations Tool (GREAT), e.g. RNA
processing, ribosomes and mitochondria and vesicle transport (Figure 2F, Figure S1E) but
with the addition of a highly significant biological process related to chromatin organization,
chromosomes and euchromatin, including regulation of histone and DNA modifications
(Figure 2F,G). Examples of genome browser image of individual peaks at the TSS of FUS-
target genes are shown (Figure 2H), displaying increased FUS binding (orange versus blue),
for mitochondrial ribosomal protein L3 (Mrpl3), mitochondrial ribosomal protein L30 (Mrp/30),
microtubule interacting and trafficking domain containing 1 (Mitd7), Hemk Methyltransferase
Family Member 1 (Hemk1) and DNA methyliransferase 1-associated protein 1 (Dmap7)
genes. Thus, FUS mutation leads to increased FUS levels in the nucleus in the
hippocampus, where it is enriched on the TSS of a set of genes, characterized by the
presence of an ETS-binding motif, and associated to several functions including RNA

metabolism, transcription, transport, ribosomal/mitochondrial and chromatin organization.

3.2. The Fus mutation induces enrichment in active chromatin marks in hippocampal
neurons

Since mutant FUS led to altered genomic FUS binding, we then asked whether this could be
associated to alterations of the neuronal epigenomic landscape and further impact neuronal
functions. To this aim, we performed ChlIP-seq on several epigenetic marks, specifically on
neuronal nuclei sorted by Fluorescent activated cell sorting (FACS) from hippocampal tissue
of HC Fus** and Fus*“** mice. In both genotypes, the total number of neuronal sorted
nuclei were comparable, suggesting that downstream analyses were not biased by neuronal
loss. We focused on H3K4me3, H4K12ac and H3K27ac histone marks, as markers of
transcriptionally active chromatin, and H3K27me3 as a marker of inactive transcription. PCA
and dendrograms using the Simple Error Ratio Estimate (SERE) score of the different ChIP-
seq samples demonstrated a clear genotype effect (Figure S2A,B). Indeed, in hippocampal
neurons of Fus*N'S* mice, we observed that numbers of genomic loci were significantly
enriched in active histone marks: H3K27ac (367 increased peaks), H3K4me3 (2855
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increased peaks), and H4K12ac (4151 increased peaks) (Figure 3A, Supplementary Table
2), while very few were depleted (respectively, 0, 29 and 40). ChlP-seq experiment targeting
repressive H3K27me3 histone mark showed that 251 peaks were significantly depleted in
this histone mark, and only 1 was found enriched (Figure S3A,B). Together, these results
are indicative of some remodeling of chromatin in hippocampal neurons of Fus*N-S* mice,
towards chromatin decompaction. We will refer to genes presenting with increased active
histone marks as Histone Mark-Enriched Genes (HMEG). Further analysis demonstrated an
increase of active histone mark on HMEGs in Fus*"'S* mice as seen on peak centers
(Figure 3B, upper panel), as well as at TSS genes (Figure 3B, lower panel). Genomic
distribution of enriched peaks showed an enrichment in the TSS regions for the three histone
marks (Figure S2C). Examples showing prominent TSS enrichment for H3K4me3, H4K12ac
and H3K27ac are shown for the Kmt2a gene, a lysine methyliransferase regulating the
methylation of H3K4me3, and on the Grin2a gene, the glutamate ionotropic receptor NMDA
type subunit 2A (Figure 3C). This was specific to active histone marks as H3K27me3
repressive mark showed a global decrease on the genome, including on the TSS of genes,
while we noted a slight increase at the TTS (Figure S3C). We then analyzed the functional
categories of HMEGs using GREAT (Figure 3D). Significant enrichment of H3K27ac was
associated with dendritic and synaptic-related genes, gene affected by H3K4me3 enrichment
were mainly associated with histone modification and post-translational modifications of
proteins, while H4K12ac increased peaks were observed on genes associated with mRNA
processing and mRNA metabolic and catabolic processes. (Figure 3D). Depleted
H3K27me3-genes were significantly associated with transcription and RNA metabolic
processes (Figure S3D). Although GO terms substantially differed between the three active
histone marks, there was a high overlap between genes showing H3K4me3 and H4K12ac
increase enrichment (1764 common peaks), with GO term associated with chromatin
modification and peptidyl acetylation and methylation (Figure S4A-C). Among those genes,
we strikingly observed many chromatin-modifying enzymes such as methyltransferases (e.g.
Kmt2a, Kmt2c), demethylases (e.g. Kdmi1b, Kdm2a, Kdm2b, Kdmb5b, Kdméb, Kdm7a),
acetyltransferases (e.g Katéb, Kat2b, Ep300, Clock) and lysine deacetylases (e.g. Hdac2,
Hdac3, Hdac5, Sirt3, Sirt5), suggesting major impacts on chromatin organization. Further, we
found that 205 peaks demonstrated increased enrichment for the three active histone marks
on genes associated with neuronal/synaptic functions (e.g. Bdnf, Grin2a, Grin2b, GrinZ2d,
Ntrk2, Nrd4a3, Mapt, Mef2c, Mef2d, Ache, Crebbp) (Figure S4C). Interestingly, we found that
GABP1, was commonly enriched in H3K4me3 and H4K12ac ChlP-seq data (Figure S4D).
As it is the main promoter motif, with the other ETS member ELK1, that associated to FUS
bound genes (Figure 2D), this could emphasize some selectivity through which FUS binding
sites could be enriched in histone marks at these genomic regions.
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In all, these data suggest that the FUS mutant modifies the epigenetic landscape of genes
involved in chromatin remodeling, RNA metabolism, and neuronal/synaptic genes.

3.3. The Fus mutation impairs hippocampal learning-induced transcriptome

As we observed some chromatin remodeling in Fus**S* mice, we hypothesized next that de
novo gene transcription required for establishment of long-term memory (Dubue et al., 2015)
(Remaud et al., 2014) (Chatterjee et al., 2018) could be altered in these mice, and performed
RNA sequencing of the dorsal hippocampus at basal state (Home cage, HC) or after 3 days
of spatial training in the Morris water maze (MWM) (Learning conditions) in Fus*\S* mice
and WT littermates. Differential analyses (adjusted p_value <0.1, no FC) revealed a clear
effect of spatial learning (Learning versus Home Cage, HC) on the transcriptome in the
hippocampus for both genotypes (Figure 4A, Figure S5A,B, Supplementary Table 3).
Importantly alterations in gene expression between Fus*“-S* mice and WT occurred mainly
upon learning (Figure 4A,B, Figure S5C), as only 6 differentially expressed genes (DEG)
between WT and Fus*N-S* mice in HC conditions. The one gene significantly up-regulated in
Fus®N'S* compared to Fus** mice was the Fus gene itself, in agreement with its auto-
regulation function (Humphrey et al., 2020) (Sanjuan-Ruiz et al., 2021) and the increased
FUS protein levels we observed in the hippocampi of these mice (Figure 1A). Interestingly,
learning led to about the same number of DEG in Fus** and Fus*"‘S* mice (590 vs 573), but
they were only partially overlapping, with 50% fewer repressed genes (127 vs 264) and 37%
more induced genes (446 vs 326) in Fus*\*S* than in Fus** mice, showing an overall gene
activation in Fus*"S* mice (Figure 4B). Gene ontology (GO) analyses confirmed a different
transcriptional response to 3 days of training in Fus*"** and Fus** mice especially in up-
regulated genes. Fus*“S* mice upregulated genes primarily associated with neuronal and
synaptic related functions (Figure 4C), and the expression (z-score) of the 59
neuron/synapse-related genes was significantly increased in Fus®N-S* compared to Fus**
mice at that time point of spatial training (Figure 4D left). Some of these genes are
associated with glutamatergic (e.g. Gria2, Gria3, Grin2a, Grin3a and Grmb) as well as
GABAergic- (e.g. Gabra2 and Gabrb2) related functions (Figure 4E). Contrastingly, in Fus**
mice, upregulated genes in learning conditions were mainly associated with transcription
(e.g. transcription factor activity, negative and positive regulation of transcription,
transcription factor binding) (Figure 4C), and the 61 transcription-related genes were
significantly less expressed (z-score) in Fus®N-S* versus Fus** mice after training (Figure 4D
right). As an example, WT mice significantly upregulated several immediate early genes, as
well as several transcription factors (including ETS transcription factors Ets2, Etv1 and Etv5,
but also Junb, Max, Rorb and Nfkbia, an inhibitor of the Nfkb transcription factor), and these
genes exhibited a dampened transcriptional induction in Fus®N'S* mice in response to
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learning (Figure 4F). Downregulated genes were enriched in similar GO terms between
Fus*\NtS* and Fus** mice, mainly related to extracellular matrix/region/space terms (Figure
S5D). Thus, the ANLS mutation leads to little change in the basal hippocampal
transcriptome, but pronounced alterations when the hippocampal neuronal network is
solicited by experience, such as spatial memory training, with a notable increased expression
of neuronal/synaptic genes and dampening of the induction of immediate early/transcription-
related genes.

3.4. Significant alteration of histone chromatin marks in Fus*"S* mice occurs on
highly expressed genes that show inappropriate increased expression upon learning.

We then wanted to identify the chromatin state affected by the FUS mutation. We clustered
all genes from our HC RNA-seq data in four quartiles of expression named Q1 to Q4 (Q1 =
not expressed or lowly expressed (0-25%), Q2 = middle low expressed (25-50%), Q3 =
middle high expressed (50-75%) and Q4 = highly expressed (75-100%)) (Figure 5A). As
expected, the level of active histone marks correlated with the level of transcription (Figure
5B). Attributing HMEGs to each of the defined quartiles revealed that 73 to 83% of them
were belonging to the Q4 highly expressed group of genes (Figure 5C), suggesting that FUS
mutant affected the open chromatin. We further checked whether HMEGs were correlated
with changes in their expression in the Fus*N'S* mice. Transcription levels of HMEGs was
then calculated as z-score and showed significantly increased expression in resting FusN-5+
mice (HC) as well as in learning conditions (MWM) (Figure 5D). Additionally, we found a
significant interaction of genotype x condition for H4K12ac and H3K4me3 HMEGs
(###p= 3.99E-05 and ##p=0.00103, respectively), suggesting that enrichment of histone
marks may be primed in Fus mutant chromatin and could be more susceptible to
transcriptional changes upon stimulation. This is reminiscent to what we observed when we
compared the number of learning-induced genes belonging to the HMEG list (for each mark)
in the Fus*\*S* and the Fus** mice. Indeed, in Fus*"S* mice, 8,3% learning-induced genes
were present in the H3K27ac enriched genes as compared to 4,8% in the Fus'*, 42% in the
H3K4me3 enriched genes as compared to 31%, and 47,9% in the H4K12ac enriched genes
as compared to 37,5% (Figure 5E). The latter comparison was significant (p=8,90E-05)
using a hypergeometric test, supporting that enrichment in histone mark in resting mice (here
H4K12ac) may prime transcription upon stimulation. This was also emphasized by the fact
that when assessing overlapping HMEGs (H3K4me3 & H4K12ac, 1657 genes and H3K27ac
& H3K4me3 & H4K12ac, 178 genes), no difference was observed in HC mice but a
significant increase in transcription was observed upon learning (MWM) (Figure S6A-B).
Importantly, as control, we tested the distribution of the genes of interest found for the 3
marks from Figure 5D (observed Z-scores) to the expected distribution of Z-scores of
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random genes, chosen according to the proportion of genes associated to HMEG peaks in
each quartile of expression (Figure S6C). Theses analyses show that for each histone mark
and in each experimental condition, the observed expression of the genes of interest is
always significantly different from that of a random selection. We can thus conclude that the
overexpression of genes associated to the increased histone marks in Fus*™-%* compared to
Fus** mice that we observed in home cage and learning conditions (Figure 5D) is specific.
Therefore, the FUS mutation promotes an enrichment of active histone marks at neuronal
genes, favoring their transcription upon stimulation. This can also be appreciated on the heat
maps representing gene expression levels of the different sets of HMEGs uniquely increased
in Fus®™-S* mice in the four experimental conditions (Figure S7A), of which the genome
tracks of ChIP-seq and RNA-seq data of four representative genes (the histone
methyltransferase Kmt2a, the ubiquitine ligase Neural precursor cell expressed
developmentally downregulated gene 4-like, Nedd4l, the enzyme Beta-1,4-
galactosyltransferase 6, B4galt6; the purine rich element binding protein A, Pura) are shown
(Figure S7B).

Thus, the FUS mutation seems to lead to remodeling processes in open chromatin regions
(containing highly expressed genes), likely promoting aberrant expression of associated

genes in response to stimulus, here, spatial learning training.

3.5. A possible link between FUS mutation-induced chromatin alterations and FUS
binding.

Lastly, we wanted to test whether the altered chromatin landscape was occurring in the same
genomic regions as those binding FUS. We integrated histone mark peaks with the FUS
peaks, either enriched (Up, 1066), unchanged (No Diff, 1736) or depleted (Down, 710) in
Fus-5* versus Fus** mice (Figure 6A). Heatmaps and graphs clearly demonstrated the
overlap between histone mark ChlP-seq and the FUS ChIP-seq both in enriched (up) regions
and non-differentially-regulated (No diff.) FUS regions. Interestingly, they also evidenced an
enrichment in Fus*"-5* versus Fus** mice, not only for Up-bound genes, but also for No diff-
bound genes, suggesting that the functional interaction between FUS and the histone marks
could extend beyond FUS binding loci. Yet, the 710 FUS depleted (down) loci remained
unchanged highlighting some specificity (Figure 6A). We also checked the enrichment in
histone marks on a selection of random promoter taken in the different quartiles of gene
expression (n=8249-8250 genes/quartile), of which all genes associated to significant FUS
Up peaks (1066, i.e. 1013 genes) were removed. As an equivalent to the FUS enriched
peaks (Up), 1013 genes were randomly extracted from each quartile and the mean profile
was established at their promoter for the three histone marks (Figure S8A). We detected a
clear enrichment in histone marks on the random promoters belonging to the Q3 and Q4
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quartiles. Thus, our results suggest that the presence of mutant FUS may display a wide
chromatin remodeling effect on promoters of active genes. We further checked whether this
could impact gene transcription. Crossing these ChlP-seq data with RNA-seq data showed
that FUS-enriched genes (Up), as well as genes that were not differentially bound by FUS
(No diff.), were significantly up-regulated in Fus*"-5* versus Fus*”* mice in both Home Cage
and Learning conditions, whereas FUS-depleted genes (Down) were not significantly
regulated (Figure 6B).

As control, we tested the distribution of observed Z-scores of the FUS-bound genes (with) to
the expected distribution of Z-scores of randomly-selected genes among genes that do not
bind FUS (without). Random genes were chosen according to the proportion of genes
associated to FUS peaks in each quartile of expression (Figure S8B). Theses analyses
show that in each experimental condition, the observed distribution of expression of the FUS-
bound genes is significantly different from that of the genes that do not bind FUS. We can
thus conclude that the overexpression of genes associated to significant FUS binding
enrichment (with) in Fus®™-S* compared to Fus** mice, in home cage and learning
conditions, as observed in Figure 6B, is specific. Next, we further analyzed the pathways
associated with both FUS-bound genes and HMEGs. Among the FUS Up-bound genes, only
21 intersected with the 3 HMEGs (Figure 6C), among which 9 were significantly associated
with “Ubi conjugaison” (Uniprot, Annotated keywords, FDR: 0,0224), 3 with “Neuron
projection membrane” (GO, Cellular Component, FDR: 0,0345) and 3 with “Mapk signaling
pathway” (WikiPathways, FDR: 0,0393). Overlapping of FUS-enriched genes with a single
mark represented more genes: H3K27ac, 49 genes; H3K4me3, 174 genes and H4K12Ac,
289 genes (Figure 6C). Cross-comparisons were also done with FUS No diff -bound genes
(Figure S8C). In all, we found that more than 30% of FUS-bound genes (352/1013 for FUS
Up and 408/1311 for FUS No diff) showed significant enrichment in at least one of the three
histone marks, suggesting a co-occurrence between these two events. Interestingly, FUS Up
and H3K4me3-H4K12ac overlapping-genes, representing 116 genes (Figure 6D), of which
clustering performed with Search Tool for Recurring Instances of Neighbouring Genes
(STRING) revealed significant association with chromatin organization-related terms (red and
blue clusters, Figure 6D), including DNA methylation, histone modification,
methyltransferase complex (blue cluster). Other clusters associated with FUS functions as
RNA metabolism (red cluster) and synaptic terms (green cluster). When crossed with RNA-

s*NES* versus Fus™ mice, but were

seq, these genes were not regulated in Home Cage Fu
significantly over-induced in Fus*"-5* mice subjected to spatial training (Figure 6E). Again,
the overlap of FUS -target genes separately with H4K12ac or H3K4me3 HMEGs revealed
respectively 289 genes and 174 genes, of which chromatin terms were significantly enriched

(H3K4me3, green cluster; H4K12ac, yellow cluster) (Figure S9). Indeed, some of these
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genes were chromatin enzymes, e.g. Dnmt3a, Kdméb, Jarid2, Ehmt2, Carm1, Kat6b or
proteins involved in nucleosome organization and transcription, e.g. Brd2, Hira, Bmi1,
Sfmbt1, or H3f3a. Main other significant pathways found in these overlaps were related to
mRNA/RNA metabolism, processing or splicing and mitochondrial functions, as found in the
FUS-targeted genes (Figures 2C,F and S1B,D,E). Lastly some clusters identified synaptic,
dendritic, and neuronal genes as well as Learning and memory, as being both FUS-targets
and HMEGs (Figure 6D, green cluster; Figure S9, 174 genes, red cluster), and also
especially when crossing the ChIP-FUS with H3K27ac HMEGs (e.g. GO_CC: Dendritic spine
(4), FDR: 0,0473, post-synapse (9), FDR: 0,0119; Synapse (11), FDR: 0,0280; out of the 49
HMEGs in common with FUS-enriched genes). Thus, besides the known functions of FUS on
RNA-related metabolic processes and mitochondrial functions, integration of our data points
to a major role of FUS in regulating chromatin organization - through the transcriptional
control of many chromatin-remodeling proteins-, and important neuronal functions such as

structural plasticity.

3.6. Fus mutation impairs memory precision and dendritic spine plasticity

Given the extent of basal epigenetic alterations and spatial learning induced transcriptional
alterations, we then asked whether this translated into defects in hippocampal-dependent
learning and memory formation, using the spatial reference memory test in the Morris Water
Maze (MWM). We evaluated both recent and remote spatial memory. We used a protocol
involving 5 days of acquisition followed by two probe trials at 24h and 30 days (Figure 7A).
Both wild type (Fus**) and Fus®'S* mice showed diminished distance to reach the platform
over the 5 days of acquisition training, suggesting ability of learning in both genotypes.
However, Fus*"S* mice did not further improve performance after 3 days of training,
showing a significant decreased performance at day 5 as compared to Fus** mice
(interaction Day X Genotype p<0.0116, performance at day 5: p=0.0393) (Figure 7B).
Importantly, this phenotype was not due to motor problems in Fus*N'S* mice as we did not
observe differences in distance to reach the platform nor in swim speed across genotypes at
this early age (Figure S10A,B). In the retention trial, Fus”* mice spent significantly more
time in the target quadrant. Fus*N'S* mice tended to show decreased performance as
compared to wild type mice at 24 hours, and this difference was significant when remote
memory was tested, 30 days after the last training session (Figure 7C). Fus*\'S* mice
crossed significantly less the annulus region than wild type littermates (Figure 7D), and did
not distinguish efficiently the target quadrant from the adjacent quadrant (Figure 7E,F &
Figure S10C,D). Fus*"** mice also significantly swam at a longer mean distance of the
platform compared to Fus** mice (Figure S10E). Thus, Fus*'S* mice display impaired
spatial long-term memory as early as 5 months of age, that manifests in a lack of precision
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for both recent and remote memories. Synaptic rearrangement during the first 4 days after a
spatial memory task represents a major mechanism in learning and memory. We thus
checked whether structural plasticity was affected in the Fus*N-S* mice by using Golgi
staining to identify dendritic spines based on their morphology. Filopodia have no head and
are considered immature. Stubby spines have a protrusion but no head or neck and are less
mature than headed spines (thins and mushrooms) (Harris et al., 1992). Learning processes
are thought to stabilize mushroom spines to form new synapses (Restivo et al., 2009: Caroni
et al., 2014). We quantified dendritic spine morphology in both apical and basal dendrites of
pyramidal neurons of the CA1 region of the dorsal hippocampus. These countings were
performed in resting mice (Home Cage) and 4 days after the last training in the MWM
(Figure S11A). Fus®N'S* mice demonstrate significantly fewer mushroom spines in basal
condition and after learning (Genotype effect, p=0.0194) (Figure 7G,H). In all, mature
mushroom spines were amongst the mostly affected type of spines in both basal and apical
dendritic segments from CA1 neurons (Figure S11B). Thus, Fus*"“>* mice presented with
abnormal structural plasticity translating into a global decrease of mature dendritic spine
number, detectable in both resting and behaving mice.

4, Discussion

In this study, we show that, in the CNS and in particular in the hippocampus, a structure with
key functions in learning and memory processes, the FUS protein has important regulatory

S*MSH mice, we

functions on the epigenetic regulation of chromatin organization. Using Fu.
found that in hippocampal neurons, despite the mutation of the NLS as observed in ALS
patients FUS mutations, FUS levels unexpectedly increased at its genomic target sites,
leading to epigenetic changes associated with an enrichment of several active histone
marks. FUS associated with RNA metabolism, transcription and mitochondrial -genes, but
also more surprisingly, at many genes related to chromatin enzymes and proteins involved in
DNA and histone modifications. We also observed that FUS preferentially bound to genes
carrying ETS/ELK1-transcription factors binding sites. Further, these reorganizations in
chromatin landscape were associated with an aberrant transcriptional response during
memory formation, impaired memory precision and a reduced number of mature dendritic
spines. Collectively, these results demonstrate that FUS mutation can impact essential
neuronal functions such as learning and memory processes through alteration of epigenetic
regulation of chromatin organization and of activity-induced transcriptional response. This
could have pathophysiological relevance in FUS-related diseases.
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Surprisingly, we detected increased FUS amounts in the nucleus of Fus*™%* hippocampi, as
1066 peaks presented with a significant enrichment of FUS binding in Fus**-5* compared to
Fus** hippocampi (ChlP-seq data). The mutant FUS protein thus appears to show different
nuclear import properties in hippocampus as compared with other CNS regions. Indeed,
mutant FUS accumulates in hippocampal nuclei, despite absence of NLS sequence, but not
in frontal cortex (Scekic-Zahirovic et al., 2021) or spinal cord (Scekic-Zahirovic et al., 2017).
This suggests the existence of cell-type-specific mechanisms of FUS nuclear import.
Accumulation of FUS in the nucleus is consistent with previous work suggesting either
nuclear aggregation of FUS in patients’ cells (Schwartz et al., 2014) or gain-of-function in
nuclear bodies (Tan and Manley, 2010). Our results raise the intriguing possibility that mutant
FUS could be imported in the nucleus despite the absence of the canonical PY-NLS.
Interestingly, Baade and collaborators (Baade et al., 2021) showed that FUS interacts with
several nuclear import receptors, mostly TNPO1, but also TNPOS, as well as several
importins and exportins. TNPOS, in particular, efficiently imports FUS in the nucleus and
FUS/TNPOQOS3 interaction is unchanged in the absence of the PY-NLS. It is thus possible that a
variable repertoire of nuclear import receptors leads to different outcomes on FUS nuclear
import as observed here. Our results thus show that the effects of FUS NLS mutations are
likely more complex in the nucleus than isolated loss of function, and further studies should
aim at dissecting the genomic effects of mutant FUS in a cell-specific manner.

FUS is a protein that is known for decades to bind to DNA (Baechtold et al., 1999), and
regulate RNApol Il (Schwartz et al., 2012) and RNApol Il transcription (Tan and Manley,
2010). Previous studies in cultured cells had shown that FUS binds to active chromatin
(Yang et al., 2014) and accumulates at TSS of most expressed genes (Schwartz et al.,
2012). Binding of FUS to chromatin requires RNA and FUS oligomerization (Yang et al.,
2014). FUS (Reber et al., 2021), as well as FUS oncoproteins (Davis et al., 2021) interact
with multiple chromatin remodeling proteins and this interaction requires its ability to phase

separate (Zuo et al., 2021, Reber et al., 2021). Since FUS also interacts with, and phase
separate, RNApol Il (Thompson et al., 2018; Burke et al., 2015, Murthy et al., 2021), it is
tempting to speculate that FUS-mediated phase separation at active chromatin sites

participates in chromatin opening and transcription regulation (Schwartz et al., 2012). It is
also possible that FUS mediated phase separation indirectly mediates chromatin opening
through recruitment of bound RNAs, such as enhancer RNAs (eRNAs), long-non coding
RNAs or several other classes of noncoding RNA (for review see Mangiavacchi et al., 2023,
Han and Li, 2022, Studniarek et al., 2021) that were shown to participate in the formation of
transcriptional condensates (Li et al., 2021). Interestingly, in cultured cells, loss of FUS
affected mostly alternative splicing and mRNA levels of mitochondrial-associated genes
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(Schwartz et al., 2012). In addition, we also identified a strong association of FUS-target
genes to RNA, ncRNA, rRNA -related metabolic processes, reminiscent with the fact that
FUS is related to various levels of RNA metabolism (Picchiarelli and Dupuis, 2020; Popper et
al., 2021). Interestingly, functional enrichment analyses GO_Term Cellular Component and
Biological Process analyses using GREAT all converged to a highly significant association of
FUS-target genes with mitochondrial ribosome (Mrpl, Mrps)-related proteins, more general
mitochondrial proteins and also specific sub-units of mitochondrial complex | enzymes. Some
of these genes, specifically those related to Mrp/Mrpl displayed large amounts of bound FUS
proteins (e.g. Mrpl3, Mrpl30; Figure 2H). These proteins are encoded by the nuclear
genome, synthetized in the cytoplasm, and transported into the mitochondria to be
assembled into mitochondrial ribosomes, playing a role in the mitochondrial respiratory
chain. Abnormal expression of Mrpl is associated with mitochondrial metabolic disorder and
cellular dysfunctions (Huang et al., 2020). Yet, Mrpl3 is related to neurodegenerative
diseases and memory impairment in a spontaneous mutation mouse model (Cabhill et al.,
2020). Thus, altered expression of FUS target genes such as Mrp/ genes could directly lead
to altered mitochondrial functions and underlie the hippocampal neuronal dysfunctions
observed in Fus**5* mice (e.g. memory process alterations). Interestingly, transcriptomic
changes associated to down-regulation of ribosomal protein levels and mitochondrial function
were reported in the spinal cord of the FUS A14 mice bearing a humanized FUS mutation
and showing nuclear depletion of FUS (Devoy et al., 2017), further supporting our ChiP-seq
results showing direct FUS regulation of ribosomal and mitochondrial genes. In the literature,
abnormal mitochondrial shapes, shortening, fragmentations and damage were observed
when expressing human mutant FUS in neuronal cell culture (Deng et al., 2015) (Tradewell
et al.,, 2012), in pre- and postsynaptic neuromuscular junctions of human FUS mice model
(Sharma et al., 2016) and in FTLD-FUS brain sample (Deng et al., 2015). In all, aberrant
mitochondrial functions could also lead to dysregulations of the TCA cycle,
release/production of its metabolites (e.g. citrate/acetyl-coA) and generate oxidative
phosphorylation, important mechanisms in the regulation of neuronal processes.

Yet, further to these findings, we originally uncovered that the FUS mutation induced FUS
binding on genomic sites associated with chromatin organization and histone/DNA
modifications. This was accompanied with the induction of epigenetic modifications in
Fus*™* neurons, as we demonstrated an increase of epigenetic marks associated with
active gene transcription (H3K27ac, H3K4me3 and H4K12ac), mainly at the TSS of highly
expressed genes, suggesting that the FUS mutation induces local decompaction of
chromatin. These epigenetic changes were mostly found on highly expressed genes, and in
genes relevant to RNA metabolism (H4K12ac), neuronal function (H3K27ac) and epigenetic
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regulation (H3K4me3). Strikingly, crossing these results with enriched FUS-bound genes
showed a strong association to epigenetic regulators of chromatin organization, including
e.g. chromatin enzymes (either DNA or histone modifiers), histone binding proteins, or
nucleosome remodelers, especially with H3K4me3 and H4K12ac. Notably these genes
contained a large number of genes encoding methylation-related enzymes (e.g. EHMT2,
JARID2, KDM6B, DNMT3A, CARM1). In all, these suggest that FUS exerts a control on
chromatin organization, and any alteration, such as that seen in our animal model, may
induce chromatin disorganization and impair neuronal functions. Our correlation studies also
emphasized a control of FUS on neuronal and synaptic pathways. Yet, these epigenetic
alterations did not translate in vast changes in the basal transcriptome. However, an
abnormal transcriptional response took place upon learning, with an upregulation of neuronal
and synaptic genes in Fus**S* hippocampi while this was not the case in Fus** ones. The
formation and consolidation of long-term memories relies on the coordinated gene
expression and synthesis of synaptic proteins (Alberini and Kandel, 2014). These dynamic
processes occur within time under the tight regulation of specific epigenomic changes and
chromatin reorganization in the hippocampus (Marco et al., 2020). Our epigenomic (ChlP-
seq) data showing an enrichment of active histone marks in the Fus*‘S* neuronal
euchromatin suggest that neuronal and synaptic gene transcription could be aberrantly over-
expressed at the wrong time when the system is challenged by experience, as these genes
were not found induced at that time (i.e. upon 3 days of spatial training in the MWM) in our
previous studies in WT mice (Chatterjee et al., 2018), nor in this study in Fus** mice. Thus,
such enrichment at resting state could act as a “priming” for synaptic gene transcription upon
learning. Additionally, proper enhancer-promoter interactions necessary for memory
formation (Marco et al., 2020) may be altered by this opened chromatin state and impact IEG
transcription as observed in Fus*N-S* mice. Ultimately, these dysregulations may be at the
origin of memory dysfunctions and may also interfere with proper dendritic spine formation in

Fus®N'S™* mice.

Lastly, it is not known whether FUS can directly bind the DNA or if it requires interactions
with other factors, but we found that FUS-enriched genomic binding sites were strongly and
uniquely associated to promoters of genes carrying an ETS transcription factor response
element. This suggests a strong functional relationship between FUS and ETS transcription
factors, consistent with transcriptional co-activation of ETV5 (aka Erm) by FUS in skeletal
muscle (Picchiarelli et al., 2019), as well as with the occurrence of fusions between FET
proteins, like FUS, and ETS-transcription factors in multiple cancers (Kedage et al., 2016).
Here again, this almost exclusive binding of FUS to ETS/ELK1 target genes is not

inconsistent with its transcriptional co-activation function of multiple other transcription factors
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(Powers et al., 1998), that could be relying either on inducible or more transient interactions.
It is also noteworthy that ELK1 has been largely involved in learning and memory processes,
as well as regulation of mitochondrial functions (Besnard et al., 2011). Interestingly, the
consensus sequence for ETS transcription factors was also found uniquely enriched at the
TSS regions presenting with decreased H3K4me3 in Kmt2a cKO mice, in which affected
genes were involved in transcriptional regulation, chromatin binding, mRNA processing and
protein ubiquitination (Kerimoglu et al., 2017). Kmt2a cKO mice also showed spatial learning
and memory impairment (Kerimoglu et al., 2017). KMT2A (MII1) is specifically involved in the
tri-methylation of H3K4 around the TSS regions of actively transcribed and/or poised genes
(Guenther et al., 2005). It is thus tempting to speculate that H3K4me3 enrichment as found in
Fus*\S* mice on ELK/ETS regions of FUS genes may be a trigger of the further chromatin
dysregulations we describe in Fus*N-S* hippocampi. Yet, dysregulation of H3K4 methylation
by methylating or demethylating enzymes has been associated with cognitive diseases
(including intellectual disabilities, autism spectrum disorders) (Collins et al., 2019; lwase et
al., 2016; Scandaglia et al, 2017; Vallianatos et al, 2020) and possibly with
neurodegenerative diseases such as Alzheimer’s disease (AD) and frontotemporal dementia
(FTD) (Christopher et al., 2017), and its role into FUS-related diseases merits further

investigations.
5. Conclusions

How could our findings add relevance to FUS-related diseases? FUS aggregation and
mislocalization is observed in multiple neurological diseases. First, FUS germline mutations
cause FUS-ALS (Kwiatkowski et al., 2009; Vance et al., 2009), and FUS-ALS patients show
heterozygous mutations of the FUS gene, similar to Fus*S* mice. To our knowledge, there
is no study investigating memory processes in these patients. Our results argue that beyond
motor neuron degeneration, more subtle neurological dysfunction could also be present.
Interestingly, FUS mutations, have also been observed in rare cases of other neurological
diseases such as dementia (including FTD) (Huey et al., 2012; Van Langenhove et al.,
2010), chorea (Flies and Veldink, 2020), psychosis (Yan et al., 2010) and essential tremor
(Merner et al., 2012). FUS aggregates or FUS mislocalization have been observed in
sporadic ALS (Tyzack et al., 2019), sporadic FTD (FTD-FUS) (Snowden et al., 2011),
spinocerebellar ataxia (Doi et al., 2010) and Huntington’s disease (Kino et al., 2016; Mori et
al., 2019). It is thus possible that altered FUS function commonly underlies a number of
behavioral defects in neurodegenerative diseases. Further studies should aim at
characterizing FUS genomic binding sites in these different diseases to evaluate this
possibility. In all, our study highlights a strong functional relationship between FUS and
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epigenetic modifications in the context of memory, that may help to understand the potential
benefits of epi-therapies (e.g. (Paganoni et al., 2020)) and calls for further investigation in the
neurological phenotype of FUS-related diseases.
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Figure Legends:

Figure 1. Nuclear increased of FUS expression in the hippocampus of Fus*N-S* mice.
A: Hippocampal brain section from 5-month-old Fus** and Fus*""$* mice immunostained
for Total FUS (green), NeuN (red) and DAPI (blue) in the CA1 brain region.

B: Scheme of the FUS protein (WT) and its mutated form ANLS. The recognition site of
the N-ter and C-ter antibodies are indicated. NLS, nuclear localization signal.

C: Protein level analyses showing FUS overexpression in the hippocampus of Fus?N:-S*
mice at the age of 5 months. Actin is used as loading control. Lower panel: quantification of
the blots using ImageLab. Data are represented as mean £ SEM (n = 6 per group). Unpaired
t-test, ***p<0.0001.

D: Western Blot analyses of the nucleo-cytoplasmic location of total (N-ter) FUS (A and
B) and WT (C-ter) FUS (A and C) in both Fus** and Fus**-5* mice at the age of 5 months.
HDAC1 and SOD1 are respectively used for nuclear and cytoplasmic protein control. Data
are represented as mean + SEM relative to WT HC nuclear expression (n = 6 per group).
*p<0.05, ***p<0.0001 using the unpaired t-test.

Figure 2. Increased FUS binding at specific sets of genes in the hippocampus.

A Volcano plot of the significant differential FUS peaks. Peak calling was performed
using SICER. The red line represents the cut off of significance (Adjusted p-value < 0,01
using FDR with no fold change selection), red dots show all peaks with significant difference
in FUS enrichment in Fus®™-* mice compare to Fus**. (n=2 biological replicates using a mix
of 2 hippocampi per replicate).

B: FUS binding sites aligned at the peak center of Fus** (blue) and Fus*"-** (orange)
using seg-miner show a tendency of increased FUS binding in Fus®™* mice.

C-D: GREAT analyses of the top 15 biological processes (D) and predicted promotor motifs
(D) of FUS-enriched genes in the hippocampus. Dashed line represents Binomial adjusted p-
value < 0.05.

E: Proportion of peaks falling into several genomic features in the enriched FUS-bound
regions. Distant-promoter regions are regions located -20kb/-1Kb away from the TSS,
promoter-TSS refers to regions located -1Kb/+100bp around the TSS and TTS refers to
regions located -100bp/+1Kb around the TTS. Note that FUS is preferentially located at
Promoter-TSS in the FUS-enriched regions.

F: GO analyses performed with DAVID on the list of FUS-bound genes at the promoter-
TSS, assessing Biological Process.

G: STRING graphic performed using the gene list of GO_BP isolated from the annotation
“Chromatin organization” showing that genes associated to major epigenetic regulations are
FUS-target genes. FDR for each pathway highlighted by a color is given.
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H: Genome browser visualization of FUS binding on the TSS of mitochondrial ribosomal
protein L3 (Mrpl3), mitochondrial ribosomal protein L30 (Mrpl30), microtubule interacting and
trafficking domain containing 1 (Mitd7), Hemk Methyltransferase Family Member 1 (Hemk1)
and DNA methyltransferase 1-associated protein 1 (Dmap1) genes in Fus** (blue) and
Fus*\tS* (orange) hippocampi.

Figure 3. FUS mutation is associated to an increase in active histone marks at the TSS
of genes related to synapses, chromatin modification and RNA processing in
hippocampal neurons.

A: Volcano plots representing the differential analyses of H3K27ac (left), H3K4me3
(middle) and H4K12ac (right) in the hippocampus. Peak calling was performed using SICER
with FDR<0,003. The red line represents the cut-off of significance used in the differential
analyses (Adjusted p_value < 0,05 using FDR with no Fold change selection), red dots show

all peaks with significant differential enrichment of histone marks in Fus*M5*

compared to
Fus** Mice. n=2 biological replicates per histone mark obtained from FANS sorted neurons
of a mix of 4 hippocampi per replicate.

B: Mean profiles established for peak center (upper panel) and TSS (lower panel) with
SeqMiner on the for H3K27ac, H3K4me3 and H4K12ac (from left to right) for the two

biological replicates. Mean profiles for Fus** in blue and Fus*N-5*

in orange. Data are
represented as mean * SEM in blue (Fus**) or orange (Fus®N'S*) shadow. TSS=
transcription start site, TTS = transcription terminal site.

C: Genome browser visualization of H3K27ac, H3K4me3 and H4K12ac binding on
Lysine Methyltransferase 2A (Kmt2a) and glutamate ionotropic receptor NMDA type subunit
2A (Grin2a) genes in Fus+/+ (blue) and Fus®"-S* (orange) hippocampi (n=2/genotype).

D: GREAT analyses of the top 15 biological processes of H3K27ac (left), H3K4me3
(middle) and H4K12ac (right) -enriched genes in the hippocampus of Fus*"-5* compared to

Fus** mice. Dashed line represents binomial adjusted p-value < 0.05.

Figure 4: Dysregulated expression of transcription- and synaptic-related genes in the
hippocampus of Fus?"-5* mice during spatial memory formation.

A: Heat map representing the expression z-score of all significantly dysregulated genes
of the RNA-seq analyses in the dorsal hippocampal region, shown per animal (n=3 per
group). Adjusted p_value <0.1 using the FDR value with no fold change selection.

B: Number of significant differentially expressed genes in the dorsal hippocampus
between Fus®™* and Fus** in the HC condition (bar graph on the top), Learning condition
compared to HC condition for both Fus*”* and Fus®™-5* groups (bar graph on the bottom),
adjusted p< 0.1 using the FDR value with a Cut off of 100 reads for gene expression and no
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fold change selection. The two quantitative Venn diagrams represent the common or
uniquely differentially expressed genes. In green the down regulated genes and in red the
upregulated genes. (n=3 per group).

C: DAVID analyses of the Top 10 biological processes, molecular function, cellular
component and KEGG pathways associated with the upregulated genes in the dorsal
hippocampus of the Learning group compared to the HC groupe for Fus** (blue) and
Fus®NtS* mice (orange), with x-axis representing the -log10(FDR p-value) and the dashline
delimiting the FDR p-value of 0,05. (n=3 per group).

D: Violin plots representing Z-score expression of genes included found in (C) in the GO
term « transcription » and noted in blue (left) and « neuron/synapses » noted in red, (right) in
the Learning condition from the RNA-seq analyses. (n=3 per group). ****p<0,0001 with the
non-parametric Mann Whitney rank test.

E: RNA-seq data showing the expression of genes in the dorsal hippocampus related to
« Transcription » annotation terms in DAVID. Data are represented as mean + SEM and
normalized to Fus** HC, (n = 3 per group). *adjusted p<0.1 using FDR.

F: RNA-seq data showing the expression of genes in the dorsal hippocampus related to
« Neuron and Synapse » annotation terms in DAVID. Data are represented as mean + SEM
and normalized to Fus** HC, (n = 3 per group). *adjusted p<0.1 using FDR.

Figure 5: integration of ChiP-seq and RNAseq.

A: Transcriptomic results of Fus** HC stratified by expression levels into quartiles (Q1 to
Q4), Q1 = not expressed or lowly expressed (0-25%, n=8250), Q2 = middle low expressed
(25-50%, n=8249), Q3 = middle high expressed (50-75%, n=8249) and Q4 = highly
expressed (75-100%, n=8249). Presented data is the mean the 3 biological replicates. Data
are normalized count values divided by median of transcript length in Kb. Y-axis is in log10
scale.

B: Mean H3K27ac, H3K4me3 and H4K12ac (from left to right) profiles at TSS relative to
gene expression obtained from RNA-seq data. Expressed genes were separated into four
groups (Q1 to Q4), Q1 = not expressed or lowly expressed (0-25%), Q2 = middle low
expressed (25-50%), Q3 = middle high expressed (50-75%) and Q4 = highly expressed (75-
100%). (n=3 per group for RNA-seq & for Chip-seq two replicates per histone mark).

C: Proportion of genes associated to histone mark peaks (up) in each quartile of
expression (Q1 to Q4) (n=3 per group for RNA-seq & n=2 per histone mark for Chip-seq).
Total number of genes used for the analyses is n= 365 for H3K27ac, n = 2832 for H3K4me3,
n= 4084 for H4K12ac.

D: Z-score expression of all significant HMEGSs in the hippocampus, comparing Fus**
(blue) and Fus®™S* (orange) mice in both HC (dark color) and Learning (light color)
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conditions. (n=3 per group for RNA-seq). $$$$ p<0,0001 when comparing HC vs Learning,
****n<0,0001 when comparing Fus*™S* vs Fus**, with the non-parametric Mann Whitney
rank test. Interaction of genotype x condition was tested using the linear regression model,
taking in account that mice were not the same in learning and HC groups. Slope for Fus*M-5*
vs Fus** comparisons: H3K27ac, p= 0.167681 ns, nonsignificant, H3K4me3, **#p= 3.99E-
05, H4K12ac, #p=0.00103.

E: Venny diagrams cross-comparing the learning-induced genes in both Fus** (blue)
and Fus®MS* (orange) (RNA-seq data) and the HMEGSs. The number of genes belonging to
HMEGs is noted, as the percentage it represents. The result of a hypergeometric test
comparing the number of genes that were induced in Fus*"-5* mice to that induced in Fus**
mice and belonging to the enriched ChIP-seq data set is indicated in brackets, *** p=8,90E-

05 for H4K12ac; ns, nonsignificant.

Figure 6: Correlation of FUS-enriched genes with HMEG reveal a link between FUS and
chromatin organization.

A: Graphs and associated heap maps indicating the presence of the 3 histone marks
H3K27ac, H3K4me3 and H4K12ac at regions showing enriched- (Up, 1066), non-
differentially regulated (No Diff., 1736), but not in depleted (Down, 710) FUS binding after
ChlIP-seq in the hippocampus of Fus** and Fus*"5* mice.

B: Violin plots representing Z-score expression from the RNA-seq analyses in Home
Cage and Learning conditions (n=3 per group) of unique genes corresponding to the FUS
ChiIP-seq peaks exclusively found in the three conditions (Up, 1013; No Diff., 1311 and
Down, 637). *p<0,05; **p<0,01 when Fus** is compared to Fus*™%*; $$$$p<0,0001 when
HC is compared to Learning, with the non-parametric Mann Whitney rank test; ns,

nonsignificant.

C: Venn Diagrams showing the intersection of the FUS Up -bound genes with the 3
(H3K27ac, H3K4me3 and H4K12ac) HMEGs.
D: Intersection between H4K12ac, H3K4me3 and FUS corresponding to 116 HMEGs

have been analyzed using the Kmeans clustering function of STRING using 4 clusters. A
typical graphic representation is shown on the left panel. Right: Gene ontology (GO) for
Biological process (BP), Cellular Component (CC) and Molecular Function (MF), as well as
Annotated Keywords (UniProt) highlight significant associations to chromatin organization,
DNA methylation and histone modification -related processes (blue and red clusters),
additionally to RNA processes (red cluster) and synaptic transmission (green cluster). FDR
are given on the right. The four colors correspond to the 4 clusters established in STRING.

E: Violin plots representing Z-score expression from the RNA-seq analyses in Home
Cage and Learning conditions (n=3 per group) of unique genes corresponding to the 116
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HMEGSs *p<0,05 when Fus** is compared to Fus*"**; $$$$p<0,0001 when HC is compared
to Learning, with the non-parametric Mann Whitney rank test; ns, nonsignificant.

Figure 7: Fus“MS* mice display spatial memory deficits and impaired structural
plasticity.

A: Experimental design: mice (n=11/genotype) underwent 5 days of training for spatial
memory in the Morris water maze (MWM), with a first Probe Test (PT1) for recent memory
performed at day5 (24h after day 4) and a second probe test (PT2) for remote memory
performed 30 days after the last training of day 5.

B: Acquisition (latency to find the SE platform, seconds) during the 5 days of training.
Both genotypes displayed significant acquisition of the platform location ( D1 vs D5 : Fus**
p<0.0001, Fus®™S* p<0.0349), but Fus**-5* mice (orange) no longer show improvement
after 3d training whereas Fus** mice (blue) did (repeated two-way ANOVA followed by Sidak
correction for multiple comparisons, interaction Day x Genotype p=0.0772 ). Fus®™-5* mice
presented a significant decrease in acquisition compared to Fus** mice at day 5 (repeated
two-way ANOVA with Sidak correction for multiple comparisons,* p=0.0393).

C: Retention (Probe tests) at 24h and 30 days. Fus®*-%* mice did not show significant
recent memory compared to chance contrary to Fus** mice (Student’s t-test to a constant
value, $<0,05), however their time in the target quadrant was not significantly different from
them (two-way ANOVA with Sidak correction for multiple comparisons, non-significant,
p=0,06). Remote memory was not significantly impaired when compared to chance for both
genotypes ($<0.05) but Fus®™%* mice showed significantly decreased performance in the
target quadrant compared to Fus** mice (*p<0.01) suggesting a lack of precision. $ when
compared to chance (dotted line, 15 s). * for genotype comparisons. Bar graphs are mean +
SEM.

D: Annulus crossing was significantly less in Fus®™-5* mice compared to Fus** mice at
both retention times (non-parametric unpaired Man-Whitney rank test, p=0,05 at 24h and
*p<0,05 at 30d). Bar graphs are mean + SEM.

E,F: Mean heatmaps of the probe tests (left) and their quantification (right) showing that
Fus*Nt5* mice spend equal time in one of the adjacent quadrants and in the target quadrant
at both retention times (24h and 30d), while Fus** mice spend significantly more time in the
target quadrant (two-way ANOVA with Sidak correction for multiple comparisons, *p<0.001),
confirming the lack of precision of Fus®*-5* mice. Bar graphs are mean + SEM. T, target
quadrant; Adj, adjacent quadrant.

G: Mice received 4 days of training, and mushroom-shaped spines were counted in
dorsal CA1, 4 days post-training. Typical examples of a 20um dendritic fragment bearing
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spines after Golgi staining is shown for each condition (n=5 mice/genotype/condition). HC,
Home-Cage; MWM, Morris Water Maze.

H: Quantification of mature spines in CA1 dorsal hippocampi presented per 20um of
dendritic segments. The number of mature spines was significantly decreased in Fus®M-5*
versus Fus** mice, whether basal (HC) or after learning (MWM). Repeated two-way ANOVA
with Sidak correction for multiple comparisons., Genotype effect, * p=0.0194. A total of 36
dendritic segments per group were counted (6 neurons per animal with each 3 basal and 3
apical segments). Bar graphs are mean + SEM.
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