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In vivo stress granule misprocessing evidenced
in a FUS knock-in ALS mouse model

Xue Zhang,"z’:”4 Fengchao Wang,5 Yi Hu,z’4 Runze Chen,"z’:"’4 Dawei Meng,"2’3’4
Liang Guo,"*** Hailong Lv,'"*** Jisong Guan® and Yichang Jia'?*

Many RNA-binding proteins, including TDP-43, FUS, and TIA1, are stress granule components, dysfunction of which causes
amyotrophic lateral sclerosis (ALS). However, whether a mutant RNA-binding protein disrupts stress granule processing i vivo in
pathogenesis is unknown. Here we establish a FUS ALS mutation, p.R521C, knock-in mouse model that carries impaired motor
ability and late-onset motor neuron loss. In disease-susceptible neurons, stress induces mislocalization of mutant FUS into stress
granules and upregulation of ubiquitin, two hallmarks of disease pathology. Additionally, stress aggravates motor performance de-
cline in the mutant mouse. By using two-photon imaging in TIA1-EGFP transduced animals, we document more intensely TIA1-
EGFP-positive granules formed hours but cleared weeks after stress challenge in neurons in the mutant cortex. Moreover, neurons
with severe granule misprocessing die days after stress challenge. Therefore, we argue that stress granule misprocessing is pathogen-
ic in ALS, and the model we provide here is sound for further disease mechanistic study.
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I ntrOd uction ubiquitin-positive and mislocalized TDP-43 and FUS are

Mutations in genes encoding two structurally similar RNA-
binding proteins (RBPs), TDP-43 (encoded by TARDBP)
and FUS, are associated with amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FID), two neurodege-
nerative disorders sharing genetic and pathological overlap
(Ling et al., 2013; Renton et al., 2014). More strikingly,

found in a large proportion of ALS and FTD cases, under-
scoring RBP dysfunction in the pathogenesis (Lagier-
Tourenne et al., 2010; Ling et al., 2013; Renton et al.,
2014).

Recently, TDP-43 and FUS, among many other RBPs that
contain low complexity domain, have been identified in a
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Stress granule misprocessing in an ALS mouse model

cytoplasmic mRNA/protein complex, also known as stress
granules, which often appear under stress conditions to tem-
porarily cease cytoplasmic mRNA translation initiation
(Kedersha et al., 2005; Buchan et al., 2013; Kim et al.,
2013; Li et al, 2013; Aulas and Vande Velde, 2015;
Molliex et al., 2015). Like TARDBP and FUS, mutations in
the RBP genes have also been linked to neurodegenerative
diseases, including ALS and FTD (Elden et al., 2010; Kim
et al., 2013; Aulas and Vande Velde, 2015; Mackenzie
et al., 2017). In ALS and FTD patient tissues, TDP-43 co-
localized with stress granule markers, and in cultured cells,
overexpressed mutant TDP-43 and FUS were found in stress
granules induced by various stresses (Colombrita et al.,
2009; Bosco et al., 2010; Liu-Yesucevitz et al., 2010).
Mutations in VCP, a gene encoding a protein involved in
autophagic clearance of stress granules, have been closely
associated with ALS and FTD (Buchan et al., 2013). Indeed,
ubiquitin-positive inclusion-containing mislocalized RBP is a
pathological hallmark of ALS/FTD (Dormann and Haass,
2011; Renton et al., 2014; Harrison and Shorter, 2017).
Taken together, these data argue that the misprocessing of
stress granules may contribute to disease aetiology.

In the past, efforts have been made to generate animal
models of ALS by overexpressing recombinant DNA carry-
ing mutations found in ALS families. Although those trans-
genic animal models provided significant insights into the
disease mechanisms, there may also be potential artefacts
driven by ectopic overexpression of mutant proteins in the
disease models (Gurney et al., 1994; Jonsson et al., 2006;
Swarup and Julien, 2011). Indeed, overexpression of wild-
type TDP-43 and FUS generate similar motor phenotypes to
those of the mutant transgenes in many animal species,
including fly, mouse, and rat (Lagier-Tourenne et al., 2010;
Huang et al., 2011; Swarup et al., 2011; Mitchell et al.,
2013; Qiu et al., 2014). The transgenic strategy has other
caveats, including uncertain genome insertion sites, unstable
copy numbers, potential disruption of genome integrity, ec-
topic expression pattern driven by exogenous promoter, and
lack of endogenous splicing regulation.

Disease mutation knock-in approaches avoid the major
caveats seen in the transgenic disease models and closely re-
flect the disease nature. Initial efforts have been made to gen-
erate knock-in mouse models for ALS and these animal
models provide significant insights into the disease develop-
ment and mechanisms underlying mutation-associated neu-
rodegeneration. By introducing ALS and its relevant
mutations into mouse endogenous Tardbp, studies have
revealed late-onset motor neurodegeneration, early stage
ALS pathologies, and RNA metabolism abnormalities in the
knock-in mutant animals (Fratta et al., 2018; White et al.,
2018; Ebstein et al., 2019). Using a similar approach, late-
onset motor neuron loss, mitochondria abnormality, and
both cell autonomous and non-cell autonomous mutant FUS
toxicities have been documented in mutant FUS knock-in
ALS models (Devoy et al., 2017; Scekic-Zahirovic et al.,
2017). Although stress granule misprocessing has been pro-
posed to be involved in the aetiology, little is known
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regarding whether dysfunction of RBPs through stress gran-
ule misprocessing leads to motor neurodegeneration i vivo
and whether a stress challenge is able to accelerate disease
manifestation and induce disease pathology in these rational
ALS models.

In the current study, we selected a frequent and highly
penetrant ALS-associated FUS mutation, FUS-R521C to gen-
erate a knock-in mouse model for ALS. Three reasons
prompted us to choose FUS-R521C to generate a knock-in
ALS mouse model. First, the R521C mutation is located in
the FUS C-terminus, a non-classical PY nuclear localization
signal (NLS), in which more than half of ALS-associated
FUS mutations are clustered (Dormann et al, 2010;
Dormann and Haass, 2011). Second, the R521C mutation
has been found in both familial and sporadic ALS patients
in a geographically unrelated manner with high disease
penetrance (Kwiatkowski et al., 2009; Vance et al., 2009;
Suzuki et al., 2010; Yamamoto-Watanabe et al., 2010;
Drepper et al., 2011; Swarup et al., 2011; Sproviero et al.,
2012). Third, FUS-R521C transgenic mice and rats present
some disease-relevant phenotypes (Huang et al., 2011; Qiu
et al., 2014; Lopez-Erauskin et al., 2018). Aged knock-in
mice show motor axon degeneration, and motor neuron
loss, and a decline in motor ability. The knock-in mutant
mouse and its isogenic wild-type control allow us to ask
whether, under stress conditions, the endogenous level of
mutant RBP leads to disease through disruption of normal
stress granule processing. In motor neuron culture, after
stress challenge, the mutant, but not wild-type FUS preferen-
tially moves into stress granules and results in more stress
granule formation and less stress granule disassembly. In the
mutant knock-in mouse, stress induces a severe decline in
motor ability, FUS mislocalization into cytoplasmic stress
granules, and ubiquitin upregulation. The latter two are
pathological hallmarks seen in ALS patients. To trace the
stress granule processing in vivo, we tagged TIA1 (a stress
granule marker) with EGFP and monitored EGFP granule
processing before and after stress treatment by two-photon
imaging. In the mutant motor cortex, we observed TIA1-
positive granule misprocessing and that neurons with severe
granule processing defects disappeared after stress challenge.
Taken together, we argue that dysfunction of RBPs disrupts
stress granule processing in the disease pathogenesis, and the
FUS knock-in ALS model we describe here could be a useful
mammalian model to study the disease mechanisms underly-
ing neurodegenerative diseases caused by dysfunction of
RBPs.

Materials and methods

Knock-in mouse generation and
mouse care

To generate the FUS-R521C knock-in mouse, we used the
CRISPR-Cas9-based knock-in approach (Platt et al, 2014;
Shalem et al., 2015). Because of the shorter length of the mouse
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FUS protein, the mouse position corresponding to human R521
is R513. The donor DNA fragment contains the R513C muta-
tion (tcg to ctg) and the flanking left and right homology arms
(~1 kb). We used the C57BL/6] (JAX, Stock No. 000664)
mouse genomic DNA as template to amplify the arms of donor
DNA. The donor DNA, gRNA (gcgagcacagacaggatcgcAGG,
PAM site capitalized), and Cas9 mRNA were injected into
C57BL/6] embryos. The injected embryos were transferred into
the oviduct ampulla of the pseudo-pregnant ICR (JAX, Stock
No. 009122) female recipients. The desired genotype offspring
were backcrossed to C57BL/6] for several generations to estab-
lish the lines.

The animal facility at Tsinghua University has been fully
accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care International
(AAALAC) since 2014. All animal protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) at
Tsinghua University or National Facility for Protein Science in
Shanghai based on the Guide for the Care and Use of
Laboratory Animals (Eighth Edition, NHR). The C57BL/6] and
ICR mice were purchased from Charles River Laboratories,
Beijing, China. All mice were housed in isolated ventilated cages
(maximum six mice per cage) barrier facility at Tsinghua
University or National Facility for Protein Science in Shanghai.
The mice were maintained on a 12/12-h light/dark cycle, 22—
26°C, 40-70% humidity with sterile pellet food and water ad
libitum. Cages were checked daily to ensure animal welfare.
Body weight was assessed regularly to ensure no weight loss.
Where animals were used for research, we followed the 3Rs (re-
placement, refinement or reduction) rules.

Mouse behaviour tests

For the open field behaviour test, the single animal was placed
in the centre of an open field area (60 x 60 cm) and tracked
with multiple parameters, including total distance, average
speed, and distance travelled in the centre region using the
TopScan behavioural analysis system (CleverSys) at a 10-min
interval (Chew et al., 2015). Anxiety levels were measured by
distance travelled in the centre region divided by total distance
travelled (Chew et al., 2015). Vertical rearing activity was meas-
ured by total standing time on hind legs in the 10-min interval
of the open field test (Ito e al., 2016). Rotarod performance
was measured by an automated system (Med Associates Inc.)
(Chew et al., 2015). In brief, the animal was placed on an accel-
erating spindle (440 rpm) for 5 min per trial and three con-
secutive trials per day for 4 days. A 20-min break was set in
between each trial. The fall time from the spindle was auto-cal-
culated by the system when the mouse fell off the spindle within
the 5-min interval. The stay time was calculated by subtraction
of the fall time from the 5 min, and the mean value of the stay
time from three consecutive trials per day was used for statistical
analysis. According to the age and genotype, the mice were allo-
cated to different experimental groups. The behaviour assays
were performed randomly in wild-type and mutant groups.

Generation and validation of FUS
antibody

For generation of FUS antibody, the N-terminal 214 amino
acids of mouse Fus were cloned and fused with MBP
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(maltose-binding protein). Escherichia coli-expressed FUS-MBP
fusion protein was purified by Amylose Resin High Flow (NEB)
and condensed by Amicon Ultra-15 Centrifugal Filter Units
(Millipore). The subcutaneous inoculation was performed once
every 2 weeks for three times (0.1 mg antigen in complete/in-
complete Freund’s adjuvant per rabbit; Sigma). The resulting
rabbit anti-serum was used for antibody characterization.

For the FUS antibody validation, Neuro-2a cells (ATCC
CCL-131) were grown in Dulbecco’s modified Eagle medium
(Corning) plus 10% foetal bovine serum (Hyclone) at 37°C
with 5% CO,. For FUS knockdown, the cells were infected
with the FUS lentivirus-shRNAs (MissionRNAI, Sigma). After 3
days of infection, the infected cells were selected with 1 pg/ml
puromycin for 72 h. The puromycin-selected cells were applied
for the FUS antibody validation.

Quantitative PCR

Total RNA was extracted from mouse spinal cord with TRIzol®
reagent (Invitrogen) and treated with RQ1 RNase-free DNase
(Promega) as per the manufacturer’s instructions. The treated
RNA was reverse-transcribed using M-MLV  Reverse
Transcriptase (Promega) with oligo(dT) priming. Quantitative
PCR was performed using qPCR SYBR® Green Master Mix
(Yeasen Biotechnology). Each reaction was performed in tripli-
cate and the mean Cq value was used for calculation. Gapdh
was used as internal control for mRNA expression
normalization.

Femoral nerve dissection, axon
count, and ChAT-positive neuron
count

Dissection of femoral nerves was performed as described previ-
ously (Jia et al., 2015). The femoral nerve was exposed in the
sacrificed mice and briefly fixed (2% glutaraldehyde/2% para-
formaldehyde in 0.1 M cacodylate buffer) before dissection. The
isolated nerves were post-fixed overnight in the same fixative.
Dissected nerves were processed for plastic embedding and
transmission electron microscopy by standard procedures.
Nerve cross sections were stained with toluidine blue and exam-
ined by light microscopy. For motor neuron count, lumbar 4 to
5 of spinal cord was dissected and sectioned into 5-pm sections.
We did serial sectioning and collected one every 10 sections,
and 15-20 collected sections from each spinal cord were used
for choline acetyltransferase (ChAT) staining. ChAT-positive
neurons of the ventral horn were counted and the average num-
ber of motor neurons was calculated.

Haematoxylin and eosin stain

Mice were intracardically perfused with phosphate-buffered sa-
line (PBS) and fixed with Bouin’s solution (Sigma) at different
time points after arsenite (AS) treatment. Mouse tissues were
dissected and post-fixed overnight before paraffin embedding.
Tissues were sectioned into 5-um sections for haematoxylin and
eosin staining.
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Motor neuron culture and stress
challenge

For motor neuron culture, as previously described, the spinal
cords were dissected from embryonic Day (E)13.5 mouse
embryos and digested with papain (Sigma, 1:200) with EDTA
(1 mM) in Neurobasal™ (Invitrogen) at 37°C for 30 min.
During the digestion, DNAse I (Sigma, 10 pg/ml) was added in
the last 10 min. After digestion, the tissue suspension was
passed through a 40-um strainer. The resulting cell pellet was
resuspended in 1 ml HBSS (Invitrogen) with EDTA (0.5 mM),
and the suspension was layered over a cushion of 5 ml
OptiPrep™ (Sigma, 10%). After centrifugation at 400g for 25
min, the motor neurons were enriched in the top 1 ml volume.
The motor neurons were grown in Neurobasal™ with B27
(Invitrogen), horse serum (10% v/v; Sigma), GlutaMAX™-1
(Invitrogen), and characterized by immunostaining with anti-
ChAT (rabbit, Millipore) and anti-Tuj-1 (mouse, Beyotime) anti-
bodies. For stress granule induction, the cultured motor neurons
(3 days in vitro) were treated with sodium arsenite (AS, 1 mM)
for a time dependent on the experiment purpose.

Arsenite intragastric administration

The AS solution was administrated by a rounded tip feeding
tube at the dose indicated in the experimental procedure and the
wild-type and mutant mice were treated randomly. After each
administration, the mice were returned to their cages and moni-
tored for at least 5 min. If necessary, animals went through the
open field test once every week to monitor their locomotion.

Immunoblot

Tissues or cultured cells were lysed in RIPA buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NacCl, 0.25% sodium deoxycholate,
0.1% SDS, 1% NP-40, supplemented with complete protease
inhibitor mixture; Roche). Lysates were separated on SDS-
PAGE gels and transferred to PVDF membranes (GE
Healthcare) using standard techniques. Blots were incubated
with the primary antibodies overnight at 4°C, and then HRP-
conjugated secondary antibodies at room temperature for 1 h.

Immunostaining and data
quantification

For tissue immunostaining, anaesthetized mice were transcar-
dially perfused with PBS and then 4% PFA, and brains were
post-fixed in the same fixative before paraffin embedding.
Antigen retrieval was performed in 0.01 M citrate buffer, pH
6.0. The brain sections were incubated at 4°C overnight with
the primary antibodies: rabbit anti-FUS, mouse anti-ubiquitin
(Cell Signaling Technology), mouse anti-NeuN (Millipore), goat
anti-eIF3n (Santa Cruz), and goat anti-ChAT (Millipore), mouse
anti-G3BP1 (Abcam), rabbit anti-GFAP (Cell Signaling), and
rabbit anti-Ibal(Wako). Fluorescent detection was performed
with Alexa Fluor-conjugated secondary antibodies (Invitrogen),
and images were collected by confocal microscopy.

For cell immunostaining, the cultured cells were fixed with
4% PFA at room temperature for 10 min. After being washed
with PBS, the cells were applied for the primary antibodies: rab-
bit anti-FUS (homemade), goat anti-TIA1 (Santa Cruz), goat
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anti-e[F3n (Santa Cruz), mouse anti-G3BP (Abcam), rabbit anti-
ChAT (Millipore) and mouse anti-Tuj-1 (Beyotime). Following
the PBS wash, Alexa Fluor-conjugated secondary antibodies
(Invitrogen) were applied.

Images were captured by Nikon A1 confocal microscope. The
objective lens was 40 x /NA 1.25 or 100 x/NA 1.40. Alexa 488
was excited with a 488 nm laser and detected at 500-550 nm.
Alexa 555 was excited with a 561 nm laser and detected at
570-620 nm. Alexa 647 was excited with a 638 nm laser and
detected at 663—-738 nm. Every channel was examined using se-
quential scanning. The maximum intensity projection images
were used for stress granule number, intensity and mean inten-
sity analysis using Fiji (Image]). Intensity maps of mutant FUS
inside stress granules were generated by MATLAB.

To avoid the variance of whole cell mean intensity across dif-
ferent conditions or among different individual cells, we used
relative mean intensity (RMI) to compare the given stress gran-
ule component or protein level in different conditions or groups,
and used mean intensity to calculate correlation between indi-
vidual stress granule components. For in vitro culture, the RMI =
mean intensity of TIA1 and FUS inside stress granules divided
by that in nucleus. For spinal cord sections, the RMI = mean
intensity of ubiquitin, eIF3n, and G3BP1 divided by mean in-
tensity of background. We used the Pearson’s coefficient in
each region of interest to measure the co-relationship of fluor-
escent intensities between two proteins using Imaris.

For GFAP-positive and Ibal-positive cell count, after GFAP
and Ibal immunostaining, the number and intensity of GFAP-
positive and Ibal-positive cells were counted using Imaris.

Two-photon in vivo imaging and
data analysis

Two-photon in vivo imaging was carried out as previously
described (Xie et al., 2014). The lentiviral particles expressing
TIA1-EGFP were injected into the wild-type and mutant M2
motor cortex before the surgery and imaging experimental pro-
cedure. Two weeks after the lentiviral infection, the wild-type
and mutant mice received cranial window implantation surgery.
For the window implantation, the animal was anaesthetized
with 1.5% isoflurane and then immobilized using custom-built
stage-mounted ear bars. A 1.5-cm incision was made, and the
scalp was removed to expose the skull. One circular craniotomy
(4-mm diameter) above the bilateral motor cortex was made
using a high-speed drill under a dissecting microscope. A glass
coverslip was attached to the exposed brain tissue and sealed
with dental cement. The space between the coverslip and the tis-
sue was filled with artificial CSF. To avoid the inflammation
caused by surgery, we changed the padding every day. To avoid
implanted cranial window fall, we housed the mice in a separate
single cage. One month after the implantation surgery, the
EGFP positive neurons in the motor cortex were imaged with
an Olympus Fluoview FVMPE-RS, coupled with a 25x water
immersion lens (NA 1.05). Mode-locked titanium/sapphire laser
(MaiTai HP DeepSee-OL, Spectra-Physics) generated two-pho-
ton excitation at 960 nm and collected emitted light in the range
of 500-540 nm. The z-stack 2D maximum intensity projection
and optical sectioning were generated and analysed using Fiji
(Image]). RMI = the mean intensity of TIA1-EGFP inside of the
granule divided by the whole cell mean intensity of TIA1-EGFP.
Imaris was used for 3D reconstruction of TIA1-EGFP granule
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and data analysis. The 3D RMI = the sum of mean intensity of
TIA1-EGFP inside of the 3D granule volume divided by the sum
of mean intensity of TIA1-EGFP in the 3D whole cell. The
percentage of TIA1-EGFP granule total intensity = the total
TIA1-EGFP granule intensity in the given neuron divided by the
overall neuron TIA1-EGFP intensity x 100%.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its Supplementary
material.

Results

Generation of a knock-in mouse
line carrying an ALS FUS-R52I1C
mutation

The C-terminal NLS encoded by the last exon of mouse FUS
is conserved across species and identical to that of human
(515GEHRQDRRERPY526) (Fig. 1A). The mouse position
corresponding to human R521 is R513. Downstream of the
mouse R513 triplet codon is a PAM site for Cas9 recogni-
tion (Fig. 1B). After genome editing, the correct sequence
(R513 to C) and germ line transmission of the mutation
were confirmed (Fig. 1C and D). Using a mouse FUS anti-
body (Supplementary Fig. 1), we documented that the
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mutant FUS expression level was higher than that of wild-
type across different tissues, especially with significant upre-
gulation (~3—4-fold) in spinal cord at early and late disease
stages (Fig. 1E and Supplementary Fig. 2A). The upregula-
tion of mutant FUS seems not be caused by the expression
level of mutant FUS mRNA (Supplementary Fig. 2B and C).
Therefore, we concluded that we had established a knock-in
mouse line carrying an ALS FUS mutation.

Impaired motor ability in the
knock-in mouse

Unlike early-onset motor disability and death seen in previ-
ously reported wild-type and mutant FUS transgenic mice
(Wegorzewska et al., 2009; Mitchell et al., 2013; Qiu et al.,
2014), we did not observe a progressive paralysis in the
knock-in mice up to 2 years of age. We also did not find ob-
vious mislocalization of mutant FUS in ChAT-positive motor
neurons in the aged knock-in mice (Supplementary Fig. 3).
However, a decline of spontaneous locomotor activity was
observed in the 7-month-old heterozygous and homozygous
knock-in animals, but not in the younger (4 months of age)
knock-in animals (Fig. 2A). The decline in motor ability was
further documented by the rearing time, a sensitive measure-
ment for hindlimb muscle strength (Ito et al, 2016).
Compared to the wild-type, both heterozygous and homozy-
gous knock-in groups showed significant reduction (P <
0.01, ANOVA) in the rearing time at both 4 and 7 months
of age (Fig. 2B). Rotarod performance also supported the
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Figure | Generation of the FUS-R521C knock-in mouse. (A) Alignment of last 12 amino acids of FUS in different mammal species. The
amino acids are highly conserved from rodent to human. The human FUS sequences were used as a reference for amino acid positioning. The
R521 residue is labelled with asterisk. (B) The genome structure of mouse FUS. The mouse FUS R513 corresponds to human R521. Two nucleo-
tide mutations labelled in red were introduced into mouse FUS locus 2 bp upstream of the PAM site (in bold upper case). The underlined sequen-
ces corresponded to gRNA sequences. A novel Pstl cutting site was built into the locus for genotyping. (C and D) DNA chromatograms and Pstl
digestion confirmed the correct genome insertion. (E) The expression of FUS in mouse various tissues. The tissues from wild-type (+/+) and
homozygous FUS-R521C knock-in (C/C) mice at | month of age were blotted with FUS antibody. Gapdh was used as loading control. Cere. =
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Figure 2 Impairment of motor ability in FUS-R521C mice. (A) Open field test in 4- and 7-month-old wild-type (+/+), heterozygous
(C/+), and homozygous (C/C) mice. Four months, n = 8-11, male; 7 months, n = | [-16, male. (B) Vertical rearing activity was calculated in 4-
and 7-month-old mice. The rearing time was significantly reduced in the heterozygous and homozygous groups, compared to the wild-type
group. Four months, n = 8, male; 7 months, n = 8-9, male. (C and D) Rotarod test was carried out in wild-type, heterozygous, and homozygous
mice at 4 (C) and 7 (D) months of age. The stay time on the rotarod was significantly decreased in 7-month knock-in (heterozygous and homozy-
gous) mice at Day 3, but not in the younger (4 months) mutant mice. Four months, n = 7-8, male. Seven months, n = 9—13, male. In A and B, the
values are presented as mean + standard deviation (SD). In € and D, the values are presented as mean + SEM. *P < 0.05, **P < 0.01 (ANOVA,

SPSS). N.S. = no statistical significance.

impaired motor ability in aged (7-month-old) mutant mice,
but not in the younger (4-month-old) mutant animals

(Fig. 2C and D).

Progressive motor neuron
degeneration in the knock-in mouse

In addition to the decline in motor ability in the knock-in
mice, there was a corresponding loss of peripheral motor
axons. At 8 months of age, degenerating motor axons in the
femoral nerve were observed in the heterozygous and homo-
zygous knock-in mutant animals (Fig. 3A). By counting the
axon number, we found that the number of large diameter
(=35 pm) fibres, but not small fibres (<5 pm), were signifi-
cantly reduced (P < 0.01, ANOVA) in the heterozygous
and homozygous knock-in mutant mice (Fig. 3B), suggesting
that the peripheral fibres with fast conduction velocity are
most affected by the expression of mutant FUS. The axon
degeneration does not result from motor neuron loss in the
mutant mice at 8 months of age, as the number of ChAT-
positive motor neurons in the spinal cords was not decreased
(Fig. 3C). However, significant motor neuron loss was

documented in both heterozygous and homozygous mutant
mice at 2 years of age (Fig. 3C and D). In agreement with
the observed progressive motor neuron loss, a progressive
neuroinflammation, as evidenced by GFAP and Ibal activa-
documented in the mutant spinal cords
(Supplementary Fig. 4). Therefore, we concluded that our
ALS FUS mutation knock-in mouse displays progressive
motor neuron degeneration.

tion, was

Mutant FUS locates into stress
granules and leads to less dynamic
stress granules after stress
challenge

The formation/disassembly of stress granules is highly con-
text-dependent (Li ef al., 2013; Protter and Parker, 2016),
and how endogenous levels of ALS mutant FUS affects stress
granule processing in ALS-susceptible neurons is largely un-
known. To this end, we cultured primary motor neurons
from wild-type, knock-in heterozygous, and knock-in homo-
zygous mutant spinal cords (Supplementary Fig. 5). After
treatment with AS, an oxidative stress inducer (Liu et al.,
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Figure 3 Motor axon degeneration and motor neuron loss shown in the FUS-R521C mice. (A) Toluidine blue-stained cross sections
of femoral nerve motor branches from wild-type (+/+), heterozygous (C/ +), and homozygous (C/C) mice at 8 months of age. Axon degener-
ation (arrow), but no typical signs of demyelination, was observed as shown in higher magnification images. The diameter of the black dot in low
magnification image is 5 um. (B) The big size (diameter > 5 um), but not the small size (< 5 pm), nerve fibre number of femoral motor branches
was significantly reduced in heterozygous and homozygous mice at 8 months of age (n > 3). (C) The number of ChAT-positive motor neurons in
the ventral horn of the indicated genotypes at 8 months (Mos.) and 2 years of age. (D) The ChAT-positive motor neurons in sections from lumbar
4-5 spinal cords of wild-type, heterozygous, and homozygous mice at 2 years of age. In B and C, values are presented as mean + SD. **P < 0.0,
kP < 0.001 (ANOVA, SPSS). N.S. = no statistical significance. In C, data comprise three individual animals/condition, and 2941 slides/condition.
Scale bar = 50 um in A in low and 25 pm in high magnification images; 50 pm in D.

2001; Shi et al., 2004), the formation of TIA1-positive stress
granules was observed in both wild-type and knock-in mu-
tant cultures (Fig. 4A). The mutant stress granules were also
positive for G3BP1, another stress granule marker
(Supplementary Fig. 6). The percentage of motor neurons
containing stress granules and the number of stress granules
per cell were increased in the heterozygous and homozygous
mutant neurons after AS challenge, indicating that the mu-
tant motor neuron is prone to form stress granules (Fig. 4B
and C). Interestingly, nearly all the stress granules were dou-
ble-positive for TIA1 and FUS in the heterozygous and
homozygous mutant cultures. However, double-positive

stress granules were rarely seen in wild-type motor neurons,
nor was FUS mislocalized into the cytoplasm (Fig. 4A and
D). Without AS treatment, no TIA1-positive stress granule
or FUS mislocalization was seen in the wild-type and knock-
in mutant cultures (Supplementary Fig. 7). Therefore, we
concluded that the mutant, but not wild-type FUS, translo-
cates into stress granules and increases stress granule forma-
tion after AS challenge.

To study stress granule dynamics, we withdrew the stress
treatment and examined stress granule disassembly. In wild-
type primary neuron cultures, the number of stress granules
per cell was significantly reduced (P < 0.01, ANOVA) after
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Figure 4 ALS mutant FUS moves into stress granules in cultured motor neuron and leads to mutant stress granule less dy-
namics after stress challenge. (A) Representative immunostaining images from wild-type (+/+), heterozygous (C/+), and homozygous (C/
C) cultured motor neurons (3 days in vitro) treated with AS (I mM, | h) or recovered from AS treatment (AS + |h). The typical TIAI-positive
stress granules are indicated with arrowheads. The TIAl-positive stress granules were formed in wild-type, heterozygous, and homozygous
motor neurons after AS treatment. Note the mutant FUS moves into TIA|-positive stress granules after AS treatment. (B and C) The statistical
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1 h of recovery (Fig. 4A and C). However, in the heterozy-
gous and homozygous mutant cultures, the stress granule
number showed no significant decrease after recovery
(Fig. 4C), indicating that the stress granules containing mu-
tant FUS are defective in disassembly.

Mean intensity was used to estimate the protein level and
dynamics inside of the given subcellular compartment
(Wheeler et al., 2016; Maharana et al., 2018). However, the
variance of whole-cell mean intensity across different condi-
tions or among different individual cells affects the compari-
son. To reduce variability, we used RMI to compare the
given stress granule component level in different conditions
or groups, and used mean intensity to calculate correlation
between individual stress granule components. The RMI of
mutant FUS remained unchanged between the stress treat-
ment and recovery (Fig. 4E), suggesting low dynamics of
mutant FUS in stress granules during the stress challenge.
The FUS RMI in the heterozygous motor neurons was about
half of that in the homozygous condition, supporting the no-
tion that stress induces relocation of ALS mutant FUS into
stress granules, but not wild-type FUS. We hypothesized that
the relocation of mutant FUS decreases the dynamics of the
stress granule, which in turn may lead to more stress granule
components retained in the stress granule, including TIAT1.
Indeed, the TIA1T RMI was higher in the mutant cultures
after AS treatment and stress recovery (Fig. 4F). In addition,
the stress granule mean intensity of TIA1 was correlated
with that of FUS (R* = 0.7469). Taken together, by using
isogenic cultured motor neurons, we demonstrated that the
mutant FUS moves into stress granules when the motor neu-
ron faces a stress challenge, which in turn leads to retention
of stress granule components and reduction of stress granule
dynamics.

Chronic stress worsens motor
impairment and induces disease
pathology in the knock-in mutant
mouse

As cultured mutant motor neurons have defects in stress
granule processing, we next asked whether the chronic
stress challenge was able to accelerate disease manifest-
ation in mutant mice. To this end, we exposed knock-in
mice to chronic stress by intragastric administration of AS

Figure 4 Continued
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four times a week for 8 weeks (Fig. 5A). After 1- or
2-months exposure to AS, the rearing time was signifi-
cantly decreased (P < 0.01, ANOVA) in the mutant, but
not the wild-type group, indicating that a pronounced
motor decline is induced by chronic stress in the mutant
mice (Fig. 5B). Compared to the wild-type mice, the mu-
tant knock-in mice did not show a decrease in travel dis-
tance after the stress exposure (Supplementary Fig. 8A),
probably due to strong anxiety-like behaviour induced by
the AS treatment in the mutant group (Supplementary Fig.
8B).

The hallmark pathology of ALS is formation of ubiqui-
tin-positive inclusions containing TDP-43 or FUS in cyto-
plasm in the diseased neurons (Dormann and Haass,
2011; Renton et al., 2014; Harrison and Shorter, 2017).
Without stress challenge, we failed to document mislocal-
ized cytoplasmic FUS in the mutant spinal cord or in cul-
tured mutant motor neurons (Supplementary Figs 3 and
7), reminiscent of normal nuclear localization of mutant
FUS reported in BAC transgenic mouse lines carrying
human FUS mutations (Lopez-Erauskin ez al., 2018).
However, the chronic stress exposure induced FUS cyto-
plasmic mislocalization in the mutant motor neurons but
not in the wild-type neurons, although the wild-type and
mutant mice were exposed to the same dose of AS
(Fig. 5C). We also documented the upregulation of ubi-
quitin in the mutant motor neurons (Fig. 5D) and co-lo-
calization of cytoplasmic FUS and ubiquitin by Pearson’s
coefficient (Supplementary Fig. 9A). Therefore, we con-
cluded that the ALS mutant FUS together with chronic
stress are both required for aggravation of the motor im-
pairment and induction of the disease pathology.

Cytoplasmic FUS co-localized with
stress granule markers in mutant
spinal cord after a stress challenge

To examine whether the mislocalized mutant FUS relocated
into stress granules in spinal cord, we stained wild-type and
knock-in mutant spinal cord sections with an antibody for
elF3n, a stress granule marker and a key subunit of the eu-
karyotic translation initiation factor 3 (elF3) complex (Liu-
Yesucevitz et al., 2010; Buchan et al., 2013; Becker et al.,
2017; Zhang et al., 2018). In motor neuron cultures, both

results from A. The percentage of motor neurons containing stress granules (B) and the stress granule number per cell (C). (D) The percentage
of both TIAI- and FUS-positive stress granules after AS treatment (AS) or the recovery (AS + Ih). (E) The RMI of mutant FUS in stress granules
after AS treatment and recovery. The mean intensity (Ml) was calculated by Image). RMI, the mutant FUS mean intensity in the individual granule
divided by the FUS nuclear mean intensity of the given neuron. The stress granule RMI of FUS did not change between AS treatment and recov-
ery in both heterozygous, and homozygous groups. Note the RMI of FUS in the heterozygous group was a half of that in homozygous group. The
heat map colour represents the mutant FUS intensity. Stress granule characterization and data analysis were done by Image) (n = 33-36). (F)
Compared to the wild-type group, the RMI of TIAI in the stress granules was higher in the mutant groups (n = 46-83). The stress granule mean
intensity of TIA| was correlated with that of FUS in the homozygous mutant neurons (C/C) treated with AS. The correlation analysis was done
by GraphPad Prism 7.04 (n = 88). Scale bar = 5 um in A and E. In B-F, the values are presented as mean + SD. *P < 0.05, **P < 0.01,
kP < 0.001 (ANOVA or t-test, SPSS). N.S. = no statistical significance. In C, at least three independent experiments, n = 17-39.
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Figure 5 The chronic stress worsens motor impairment and induces the disease pathologies in the knock-in mouse. (A) The

schedule for intragastric administration of AS in mice. (B) The rearing time before and after AS exposure. The significant decrease in rearing
time at | or 2 months after AS treatment in the knock-in mice. (C and D) The chronic stress induced mutant FUS mislocalization and ubiquitin
upregulation in the ChAT-positive motor neurons in the mutant spinal cord. The RMI of fluorescent signals of ubiquitin (Ubi) (D) were measured
using Image). (E and F) The stress treatment induced the upregulation of elF3n in knock-in mutant spinal cord ventral horn. The co-localization
between cytoplasmic mutant FUS and elF3n was documented in the knock-in mutant spinal cord. The RMI of fluorescent signals of elF3n (F)

were measured using Image). (G) The stress treatment induced the upregulation of G3BP| in knock-in mutant spinal cord ventral horn. The co-
localization between G3BP| and elF3n was documented in the knock-in mutant spinal cord. Sections from lumbar 4-5 spinal cords in C, E and
G. Scale bar = 50 pm in € in low and 25 pm in high magnification images; 20 pum in low and 10 um in high magnification images in E and G, re-
spectively; In B, n =5 [wild-type (+/+) and homozygous (C/C), respectively], male. In D and F, three individual animals/group, 1-2 images/ani-
mal. In D, n =70 (wild-type) and n = 65 (homozygous); in F, n = 71 (wild-type) and n = 77 (homozygous). The values are presented as mean = SD.

**P < 0.01, ¥*P < 0.001 (t-test, ANOVA, SPSS).

elF31 and mutant FUS appeared in stress granules after stress
challenge (Supplementary Fig. 10A). In addition, the mean in-
tensity of elF3n inside stress granules was correlated with
that of mutant FUS (R = 0.7369) (Supplementary Fig. 10B),
similar to the correlation between TIA1 and mutant FUS
(Fig. 4F), supporting the notion that relocation of mutant
FUS into stress granules results in other stress granule

components being retained in stress granules. Although no
obvious elF3n upregulation was observed in the spinal cords
of the aged naive knock-in mice (Supplementary Fig. 11), the
upregulation of el[F31 was induced by the chronic stress treat-
ment in the mutant but not wild-type ventral horns, and the
signals were largely co-localized with the mislocalized mutant
FUS (Fig. SE, F and Supplementary Fig. 9B). Similar to

220z 1snBny /|, uo Jesn aoisnp Jo juswipedaq 'S'N Aq 298/28G/0GE L/S/E L /BIoIHe/UIBIq W00 dno-olWepeoe)/:SAY WOy papeojumoq


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa076#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa076#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa076#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa076#supplementary-data

1360 | BRAIN 2020: 143; 1350-1367

Sy fTIAT-EGFP{WPRE -

~
%

-
L4

Vs

1 month I-"

™ In vivo imaging
[ Cranial window|
oo S _implantation | o ;SIESHEN
A\ ((TwEc ) |
) ( _\.\nrus mjectlan_

: | 2ws 1month  Pre aws
. Different imaging

Two-photon imaging time points

Virus injected in M2

Pre-

++

CIC

+/+

C/C

C = 1204 o+

2 6 12 24hours

= = ? *kk

£ e —— [+ pia

& 100 J CiC awg REE RER KEE HEE ERE 56 ] * T

2 wor T I T T I e 25 ciC .+ 1T

2 80 . * A T T ING B2 2 S 1

2 e A 1 @ 4 | - 31

LIN £ A

£ /! 20T g ARy 3

T oA ** } e - 5

i s2| [ 4+ 1

8 20 | [ 5 1

] G]

S o i e e e S 0 T T T T T T

Pre 2 6 12 24 36 48 72 96h3ws Pre 2 6 12 24 36 48 72 96h 3ws

E -

g = o OO

2, vy s A

154 cE . g

é g 2 4 '”"'""-i:I

w4

5

S S

g %1 —cc

g o

Pre 2 6 12 24 36 48 72 96h3ws

X. Zhang et al.

Figure 6 In vivo evidence for misprocessing of TIAl-positive granule in the mutant motor cortex. (A) Our experimental setting

for monitoring TIA|-positive granule processing in vivo. A lentiviral expression system was used for expression of TIAI-EGFP driven by a neuron-

al promoter Syn| (left). The timeline for the viruses injected into the motor cortex and the EGFP signals monitored at various time points by
two-photon imaging (right). (B) The time-lapse imaging of TIAI-EGFP signals after one dose of AS treatment (4 pg/g body weight) in the
10-month-old wild-type (+/+) and homozygous (C/C) mice. The TIAI-EGFP granules were formed in the homozygous neurons but not in that

(continued)
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elF3n, upregulation of another stress granule marker G3BP1
was induced by the stress treatment in the mutant spinal
cords (Fig. 5G and Supplementary Fig. 9C). In addition, more
mutant motor neurons (61/75) contain G3BP1-positive gran-
ules than the wild-type neurons (4/76) and more G3BP1-posi-
tive granules appeared in the mutant neurons after the stress
treatment (Supplementary Fig. 9D). Taken together, our data
demonstrate that stress granule markers, including elF3n and
G3BP1, are upregulated in the mutant ventral horn after
chronic stress challenge, and are co-localized with mislocal-
ized mutant FUS, suggesting that the mutant FUS alters nor-
mal stress granule processing in the diseased neuron in vivo.

In vivo evidence for TIAIl-positive
granule misprocessing in the
mutant brain

To address whether the expression of mutant FUS affects
stress granule processing in vivo, we tagged TIA1, a stress
granule marker (Kedersha ez al., 1999), with EGFP and used
two-photon imaging to visualize the EGFP signals in vivo
(Fig. 6A). We found that when the cultured neurons were
infected with the lentiviral particles expressing TIA1-EGF,
the EGFP signals of TIA1-EGFP faithfully reflected TIA1
subcellular localization, (Supplementary Fig. 12). In add-
ition, like TIA1, the TIA1-EGFP, but not EGFP, relocated
into stress granules after AS stress challenge (Supplementary
Fig. 12). We then injected the lentiviral particles into M2
motor cortex and confirmed the neuronal expression of
TIA1-EGFP when driven by a neuronal promoter Synl
(Supplementary Fig. 13).

To induce stress in vivo, we applied AS (4 mg/kg body
weight) to the mice by intragastric administration. To ensure
that the acute toxic effect of AS (4 mg/kg body weight)
was limited, we examined animal viability and body weight
4 days after the oral application. A slightly higher dose
(6 mg/kg body weight) of AS had little effect on animal via-
bility or body weight in both wild-type and FUS homozy-
gous mutant animals (Supplementary Fig. 14A). Using a
similar delivery approach, previous studies have shown that
arsenic concentration quickly reaches plateau (within 2-3 h)
and drops to baseline 10 h after administration in non-neur-
onal tissues such as kidney and liver (Flora, 1999; Juarez-
Reyes et al., 2009; Li et al., 2017). In contrast, brain concen-
tration reaches plateau ~8-10 h after AS treatment, and
returns to baseline ~20 h after treatment (Flora, 1999;
Juarez-Reyes et al., 2009; Li et al., 2017). In agreement that
the acute effect of AS we applied i vivo is mild, we did not

Figure 6 Continued
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see obvious morphological changes in kidney, liver, and
brain at 2, 8, and 24 h after the treatment (Supplementary
Fig. 14B).

After one dose of AS treatment, the TIA1-EGFP granules
were documented at various time points in the homozygous
mutant motor cortex by optical sectioning and z-stack 2D
projection (Fig. 6B and Supplementary Video 1). However,
granules were barely seen in the wild-type motor cortex. The
percentage of neurons containing TIAT-EGFP granules in
the mutant motor cortex was significantly increased (P <
0.001, t-test) after AS challenge (Fig. 6C). The percentage
reached a plateau 24 h after one dose of AS challenge in the
mutant groups (89.29+5.49%), and the high percentage
lasted 96 h after the challenge (Fig. 6C). Three weeks after
AS treatment the percentage reduced (77.20+6.72%). These
data indicate that the ALS mutant FUS significantly enhan-
ces granule formation in vivo, and the formation of TIA1-
EGFP granules is rapid (hours) and stress-dependent but the
disassembly/clearance is much slower (weeks) in vivo.

To estimate the TIAT-EGFP granule numbers per neuron
and the intensity inside of granules, we used z-stack max-
imum intensity projections (Fig. 6B). Compared to the esti-
mated numbers in the wild-type at various time points, the
granule numbers in the mutant group climbed until 72 h,
and were then slightly decreased at 96 h (Fig. 6D).
However, the number was significantly decreased (P <
0.001, t-test) 3 weeks after the treatment, indicating that the
TIA1-EGFP granules in the mutant motor cortex are indeed
disassembled or cleared, but in a slow process compared to
that of formation. In contrast, the granule numbers in the
wild-type showed no significant change across various time
points after AS treatment, supporting the notion that much
less TIA1-EGFP granule is formed in the wild-type cortex
after stress challenge, at least at current two-photon imagin-
ing resolution level.

To compare TIA1-EGFP level inside of the granule across
the different time points and different genotypes in vivo, we
calculated the RMI, as we used in the in vitro studies
(Fig. 4E and F). The RMI was not different between the
wild-type and mutant groups before AS treatment (Fig. 6E).
However, 2 h after the challenge, the TIA1 RMI was signifi-
cantly increased (P < 0.001, #-test) in the mutant neurons.
The RMI was maintained at a high level until 96 h after the
treatment in the mutant group. Three weeks later, the RMI
reduced to the levels at pretreatment (Fig. 6E). Taken to-
gether, our data indicate that the expression of ALS mutant
FUS drives more TIA1 moving into the granules shortly after
the stress challenge and increases TIA1-positive granule

of wild-type after the treatment. Note a TIA|-EGFP positive neuron disappeared 3 weeks after treatment in homozygous mutant motor cortex.
Scale bar = 10 um. (C-E) The percentage of neurons containing the TIAI-EGFP granules (C), the average of granule numbers in the given neu-
ron containing granule(s) (D), and the average of TIAI-EGFP RMI (E). RMI is given by the TIA-EGFP mean intensity of individual granule divided
by the TIAI-EGFP mean intensity of the given neuron. The values are presented as mean + standard error of the mean (SEM). For wild-type,
three male animals, seven areas, and |77 EGFP-positive neurons; for homozygous mutant, three male animals, 10 areas, and 104 EGFP-positive

neurons. *P < 0.05, *P < 0.01, **P < 0.001 (t-test, SPSS).
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Figure 7 In vivo evidence for disappearance of neurons that carry severe abnormalities in TIAl-positive granule processing.
(A) The survival rate of TIAI-EGFP positive neurons in the wild-type (+/+) and knock-in mutant (C/C) mice. Seventeen of 104 TIA|-EGFP
positive neurons disappeared in the mutant motor cortex. None of the TIA|-EGFP positive neurons (0/177) disappeared in the wild-type motor
cortex. (B) Four different categories of the TIAI-EGFP positive neurons in the mutant motor cortex according to their responses to the stress
treatment. Disappeared = those that disappeared by the end of experiment; no granule formation = those without formation of EGFP-positive
granule; recovered = those that the TIAI-EGFP positive granule was recovered 3 weeks after the stress treatment; recovering = those that the
TIAI-EGFP-positive granules had not been recovered to pretreatment condition by the end of experiment procedure. (C) The 3D reconstruc-
tion of TIAI-EGFP positive granules in a recovered and a disappeared mutant (C/C) neuron. The granule 3D RMI was calculated by Imaris. Scale
bar = 5 um. The heat map colour represents the granule 3D RMI. (D—F) The number (D), volume (E), and 3D RMI (F) of TIAI-EGFP-positive
granules were calculated in recovered and disappeared groups after 3D reconstruction. The unit for 3D volume (E) is cubic micrometres (m?).
(G) The percentage of total granule intensity (the total TIAI-EGFP granule intensity in the given neuron divided by the overall neuron TIAI-
EGFP intensity, %) was calculated in the two groups. The values are presented as mean + SEM. For the recovered group, 10 TIAI-EGFP positive
neurons. For the disappeared group, 14 TIAI-EGFP positive neurons. *P < 0.05, **P < 0.01, **P < 0.001 (t-test, SPSS).
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formation, which is stress-dependent and faster than the
granule clearance.

Mutant neurons with the granule
processing defects disappear days
after stress challenge

Interestingly, we observed that the TIAT-EGFP positive neu-
rons disappeared in the FUS mutant cortex as early as 48 h
after AS treatment (Fig. 6B and Supplementary Video 1). In
contrast, we did not observe any TIA1-EGFP-positive neu-
ron loss in the wild-type animals. By the end of our experi-
mental procedure, 17 of 104 (16.34%) TIA1-EGFP-positive
neurons had disappeared (Fig. 7A). We grouped the 104
mutant neurons based on their different cell fates and their
performances in the granule processing into at least four cat-
egories: (i) those that disappeared; (ii) those with no granule
formation at all during the stress challenge (10.58%); (iii)
those that recovered, in which the granules returned to wild-
type levels 3 weeks after the challenge (15.38%); and (iv)
those recovering (57.69%) (Fig. 7B). To determine the differ-
ence between the recovered and disappeared mutant neurons
in processing of TIAl-positive granules, we reconstructed
the 3D shape of TIA1-positive granules in these two catego-
ries (Fig. 7C). The granule number differed between the two
categories even before the stress challenge (Fig. 7D). The dif-
ference became more significant after the stress challenge,
indicating that mutant neurons with more TIA1-positive
granules were prone to disappear.

To determine the exact size of the granule, we recon-
structed granule volumes in the recovered and disappeared
groups (Fig. 7C and E). Although a similar volume was
observed in the pretreatment condition between the two
groups, granule volume was significantly increased (P <
0.01, #-test) 2 h after the stress treatment in the neurons
that disappeared and was maintained at a high level until
the neuron disappeared. However, the volume in the
recovered group began to increase 24 h after treatment,
indicating a delayed expansion of granule size in the
group (Fig. 7E). The volume became comparable between
the two groups 36 h after treatment; however, that was
differentiated at 48 h (Fig. 7E), suggesting increased gran-
ule dynamics in the recovered neurons.

Granule dynamics were further documented by the 3D
RMI of granules, which had two waves in the recovered
group (Fig. 7F). However, like the volume, the 3D RMI rap-
idly increased within 2 h after the stress treatment in the
neurons destined to disappear, and then maintained at a
high level until they disappeared (Supplementary Video 2).

To combine the effects of granule number, volume, and
TIAT1 intensity on cell fate determination, we calculated the
percentage of total granule intensity, which was estimated
by the ratio of total granule T1A1-EGFP intensity to whole
neuron TIA1-EGFP intensity (Fig. 7G). Although the per-
centage between the two groups was similar before the treat-
ment, it was significantly increased (P < 0.01, #test) 2 h
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after the treatment in the group that would eventually dis-
appear. The percentage was about nine times higher than
that of the group that would recover at the time the majority
of neurons disappeared (96 h after treatment). Taken to-
gether, by using two-photon imaging, we are able to trace
the processing of TIA1-positive granules in two groups with
different fates following stress, and our data suggest that the
increased granule number, volume, and RBP intensity at the
early stress response phase determines cell fate.

Discussion

Although hFUS-R521C is one of the most frequent FUS
mutations found in ALS (Dormann et al., 2010; Dormann
and Haass, 2011), the previously reported hFUS-R521C lo-
calization in the non-stress and stress conditions is contro-
versial, probably because of the differences of cell types,
stress inducers used, and exogenous FUS expression level
(Bosco et al., 2010; Dormann et al., 2010; Li et al., 2013;
Japtok et al., 2015; Daigle et al., 2016). In our knock-in
mouse spinal cord and primary cultured knock-in motor
neuron, we failed to detect mislocalization of FUS to the
cytoplasm, but instead saw nucleus-localized mutant FUS,
similar to the wild-type FUS in the naive condition
(Supplementary Figs 3 and 7). Similarly, nucleus-localized
mutant FUS was detected in the recently reported BAC
transgenic ALS mouse models (Lopez-Erauskin et al., 2018).
However, we provide compelling evidence that stress chal-
lenge differs the subcellular localization of wild-type and
ALS mutant FUS in motor neurons in vitro and in vivo. In
culture motor neurons, the stress preferentially induced
mutant FUS mislocalization into stress granules (Fig. 4A).
In vivo, stress induced the upregulation of ubiquitin and
co-localization of mislocalized mutant FUS and ubiquitin in
the spinal cord motor neurons (Fig. SC and D), the patho-
logical hallmarks shown in ALS patients (Dormann and
Haass, 2011; Renton et al., 2014; Harrison and Shorter,
2017). Finally, we documented the upregulation of elF3n
and G3BP1, stress granule markers, and co-localization be-
tween mislocalized mutant FUS and elF3n as well as between
G3BP1 and elF3n in the spinal cord after stress challenge,
supporting stress granule misprocessing iz vivo (Fig. SE-G).
Stress not only induces disease-related pathologies, but
also worsened motor impairment in our knock-in ALS
model (Fig. 5B). On one hand, the stress challenge decreased
the travel distance in the wild-type but not FUS mutant ani-
mals (Supplementary Fig. 8A). On the other hand, the stress
challenge induced a relatively stronger anxiety-like pheno-
type in the FUS mutant than that in the wild-type animals
(Supplementary Fig. 8B), which we believe may drive the
mutant animals to travel more. However, the rearing time
was significantly reduced in the mutant groups after the
stress challenge (Fig. 5B). These results suggested that the
stress challenge induces the anxiety-like and hindlimb weak-
ness phenotypes in both the wild-type and FUS mutant ani-
mals, but the impairments appear more severe in the mutant
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animals. It will be intriguing to learn whether the stress chal-
lenge is able to induce the disease pathologies and increase
the speed of disease manifestation in the recently reported
BAC mutant FUS transgenic and truncated FUS knock-in
ALS models (Scekic-Zahirovic et al., 2016, 2017; Devoy
et al., 2017; Lopez-Erauskin et al., 2018).

In this study, we noticed that the dosage of mutant FUS is
not able to phenotypically distinguish the heterozygous and
homozygous FUS mutant animals (Figs 2 and 3). By using a
TDP-43 ALS disease allele (Q331K) knock-in mouse line,
White et al. (2018) also showed the similar phenotypic
impairments between their heterozygous and homozygous
animals. As we claim in this study, ALS mutations and stress
are both critical for disease development. However, individ-
ual animals are exposed to different levels of environmental
and mental stresses and also have different levels of stress re-
sponse. All of these uncertainties may drive variations in the
animals’ overall phenotypes and affect our ability to gener-
ate enough statistical power to reach conclusions. However,
in general, homozygous animals carried slightly more severe
phenotypes than heterozygous animals (Figs 2, 3 and
Supplementary Fig. 4). In agreement with our in vivo data,
the homozygous motor neuron cultures also carry slightly
more severe stress granule assembly/disassembly defects than
that shown in the heterozygous cultures (Fig. 4A-C).
However, the motor neuron cultures between C/+ and C/C
in aspects of stress granule assembly/disassembly did not
show significant difference (Fig. 4A—C), suggesting that the
key event to drive the stress granule less dynamics is the mis-
localization of mutant FUS into stress granules rather than
the dosage of mutant FUS in the stress granules.

One of the open questions in the field is whether neuron
loss is caused by the misprocessing of stress granules in vivo.
Previous studies have attempted to link stress granule mis-
processing and mutant FUS toxicity in in vivo settings
(Mackenzie et al., 2017; Bogaert et al., 2018). To address
this question, a tractable approach to trace the whole pro-
cess of stress granule assembly/disassembly before and after
the stress challenge on a valid disease model is needed. Here
we establish an iz vivo setting to trace TIA1-positive granule
processing in the same neuron in brain before and after
stress challenge (Fig. 6A and B). Without stress challenge,
we were not able to distinguish the knock-in mutant and its
isogenic wild-type motor neuron in vivo, in terms of the
TIA1 granule number per neuron and TIA1 intensity per
granule (Fig. 6D and E). However, the percentage of cells
containing TIA1-positive granules was higher in the mutant
group in the pretreatment condition (Fig. 6C), suggesting a
slightly higher TIA1-positive granule baseline in the mutant
group in naive condition. However, after stress challenge,
the wild-type and mutant neurons behaved differently in the
granule processing (Fig. 6C-E). Importantly, the mutant
(16.34%), but not wild-type, neurons disappeared days after
the challenge and the cell’s fate seems to be determined by
the TIA1 intensity inside granules, granule numbers, and
granule size at the early stress response stage (Fig. 7). Rather
than chemical stress, it will be intriguing to test whether the
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physical or mental stresses that ALS patients are often
exposed to are able to drive stress granule misprocessing i#
vivo.

When moving into stress granules, ALS mutant FUS may
induce liquid-to-solid phase transition and lead to less dy-
namic stress granules through its intrinsically disordered
region (IDR) (Patel et al., 2015). Alternatively, the mislocal-
ized FUS may increase the multivalent weak interactions
through IDR-mediated protein (hetero- or homotypic) and
RNA interactions to change the dynamics and properties of
liquid-liquid phase separations (LLPS) (Protter and Parker,
2016). Indeed, the intensity of mutant FUS inside stress
granules is less dynamic during stress treatment and stress
withdrawal (Fig. 4E). In addition, the intensity of mutant
FUS inside stress granules is correlated with that of TIA1
and elF3n in the cultured motor neuron when facing stress
(Fig. 4F and Supplementary Fig. 10B). The relocation of mu-
tant FUS into stress granules iz vivo is evidenced by co-local-
ization between mutant FUS and elF3n as well as between
elF3n and G3BP1 after stress challenge (Fig. SE-G). In the
mutant motor cortex, TIAT-EGFP intensity inside positive
granules is significantly increased shortly after the stress
challenge, suggesting the increase of TIA1 level in the gran-
ule is the primary effect in the mutant neuron after the stress
challenge (Fig. 6E). Compared to the neurons that recovered,
the neurons that disappeared in the motor cortex show high
TIA1-intensity in granules shortly after stress treatment and
maintain lower dynamics (Fig. 7F). The high concentration
of RBPs promotes LLPS and the liquid-to-solid phase transi-
tion (Molliex et al., 2015; Patel et al., 2015). Therefore, the
increase of stress granule formation or/and decease of stress
granule disassembly were seen in mutant motor cortex and
cultured motor neurons (Figs 4 and 6).

We noticed that upregulation (~3-4-fold) of mutant FUS
at early and late disease stages in the mutant spinal cord
(Fig. 1E and Supplementary Fig. 2A). A previous study has
shown that the protein level of mutant FUS with NLS
deletion is upregulated in the spinal cord; particularly, the
upregulation appears in the cytoplasmic but not nuclear
fraction (Scekic-Zahirovic et al., 2017). The observation fits
the FUS autoregulation hypothesis, in which nuclear FUS
acts on pre-mRNA splicing/NMD or miRNA production/
translation to maintain the FUS protein homeostasis (Zhou
et al., 2013; Dini Modigliani et al., 2014). However, ALS
mutant FUS is often deficient in nuclear localization and
then disrupts these autoregulation mechanisms. Therefore,
our R521C mutant FUS may also disrupt the autoregulation
mechanisms to increase its protein level through the existing
or unidentified molecular pathways.

Stress granule assembly and disassembly are ATP-depend-
ent processes, and several DNA/RNA helicase complexes,
which use the energy of ATP hydrolysis to unwind RNA,
have been reported to be involved in the transition (Jain
et al., 2016). Recently, nuclear-import receptors have been
reported to suppress the FUS LLPS and reduction of FUS
associated with stress granules (Guo et al., 2018; Hofweber
et al., 2018). The persistence of stress granules with high
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concentrations of RBP or stress granule components could
trigger either the ubiquitin-proteasome or ubiquitin-autoph-
agy pathways for clearance (Monahan et al, 2016;
Turakhiya et al., 2018). Indeed, by the end of our in vivo
experimental procedure, the majority of TIA1-positive gran-
ules in the mutant cortex were resolved (Fig. 6D). It will be
interesting to examine whether those molecules or molecular
pathways contribute to the stress granule assembly/disassem-
bly/clearance in motor neurons i vivo, by using our in vivo
setting and knock-in animal.
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