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Abstract
As is the case with neurodegenerative diseases, abnormal accumulation of aggregated proteins in
neurons and glial are also known to implicate in the pathogenesis of ischemic stroke. However, the
potential role of protein aggregates in brain ischemia remains largely unknown. Fused in Sarcoma (FUS)
protein has a vital role in RNA metabolism and regulating cellular homeostasis. FUS pathology has been
demonstrated in the formation of toxic aggregates and critically affecting cell viability in
neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD), but whether this also applies to neurological injury following cerebral ischemia is unclear. Herein,
we demonstrated a critical role of aggregated FUS in astrocyte activation caused by cerebral ischemia
and a possible underlying molecular mechanism. Cerebral ischemic injury signi�cantly induced the
formation of cytoplasmic FUS aggregates in reactive astrocytes, thereby aggravating neurofunctional
damages and worsening stroke outcomes. Further analysis revealed that extranuclear aggregation of
FUS in astrocytes was involved in the induction of excessive autophagy, which contributes to autophagic
cell injury or death. In conclusion, our results reveal the important contribution of FUS aggregates in
promoting astrocytes activation in stroke pathology independent of its transcriptional regulation activity.
We thus propose that aggregation of FUS is an alternative pathomechanism of ischemic stroke and
targeting FUS aggregates might be of unique therapeutic value in the development of future treatment
strategies for ischemic stroke.

Introduction
Stroke is the second leading cause of death and primary cause of disability worldwide, with an increasing
incidence in developing countries[1, 2]. Clinically, stroke has been classi�ed into hemorrhagic stroke and
ischemic stroke based on its different etiologies and pathogeneses[3]. Hemorrhagic stroke is caused by
cerebral blood vessel rupture or leakage, while ischemic stroke is characterized by blockage of cerebral
artery, which typically results from arterial embolization or thromboembolism in the cerebrum[4, 5]. In
particular, ischemic stroke is the most common subtype of stroke and accounts for more than 80% of all
stroke patients[6–8]. Moreover, the majority of stroke survivors will never completely regain their previous
functional status, which brings an enormous health-related and economic burden to survivors and
society[9, 10]. Unfortunately, there is still a lack of effective clinical therapy for ischemic stroke. The only
approved pharmacological treatment for acute ischemic stroke is intravenous administration of
recombinant tissue plasminogen activator (tPA), however, its clinical application is greatly limited by the
narrow therapeutic time window and the risk of hemorrhage[11]. This highlights the urgent need to
understand the cellular and molecular basis of ischemic stroke and �nd more effective treatment
approaches.

Prolonged neurological de�cits following cerebral ischemia reperfusion injury are often attributed to
irreversible neuronal damage such as loss of neurons or axonal degeneration[12, 13]. However,
neuroprotective agents currently used for salvageable neurons in the ischemic penumbra are unable to
demonstrate signi�cant bene�t in clinical trials of ischemic stroke[14, 15]. Therefore, reliance on
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protecting neurons alone may be insu�cient for improving neurological outcome after cerebral ischemia.
Within this context, astrocytes have been considered as promising therapeutic targets for ischemic
stroke[16]. As the predominant glial cell population in the central nervous system (CNS), astrocytes are
known to interact extensively with and affect surrounding brain parenchymal cells[17]. Astrocytes were
shown to provide structural and metabolic support to neurons, involve in neurogenesis, axonal guidance,
and synaptogenesis, together with pericytes modulate blood-brain barrier (BBB) and blood �ow, and
maintain CNS homeostasis[18–20]. Consequently, astrocyte perturbations in cerebral ischemia are likely
to cause a cascade of secondary brain injury and subsequently reduce the functional outcome. Following
cerebral ischemic insults, astrocytes undergo a dynamic modi�cation in morphology and function called
reactive astrogliosis[21, 22]. Activated astrocytes contributes to glial scar formation in the area
surrounding the ischemic infarction, which have an inhibitory impact on neuronal regeneration and
communication[16, 21]. Moreover, in response to cerebral ischemic, the proliferation of reactive astrocytes
results in continuous production of pro-in�ammatory cytokines, further aggravating the in�ammatory
responses and neurotoxicity[23–25]. It was widely accepted that alleviating ischemia-induced astrocyte
activation may be bene�cial to promote post-stroke functional recovery[26, 27]. Hence, a deeper
understanding of the pathways governing astrocytes activation in the ischemic penumbra may eventually
contribute to improve the outcome of ischemic stroke.

The accumulation of pathological protein aggregation is a prominent hallmark of neurodegenerative
diseases[28, 29], such as Alzheimer disease (AD)[30], Parkinson’s disease (PD)[31], amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD)[32, 33]. Recently, growing evidence also indicates
that abnormal insoluble protein aggregation has been involved in the pathophysiology of ischemic stroke,
especially neurodegeneration-related protein, such as fused in sarcoma/translocated in liposarcoma
(FUS)[34, 35]. FUS is a ubiquitously expressed nuclear protein that has been involved in DNA repair, RNA
transcription, splicing and transport[36–38]. The formation of FUS cytotoxic aggregates in neurons and
glial cells is related to severe ALS onset and progression[39, 40]. However, the role of FUS aggregation in
ischemic stroke has not been clari�ed and the underlying mechanism remains unclear.

In this study, we investigated whether FUS aggregation was correlated with neurological de�cits and
astrocytes activation following ischemic stroke. We report here that cerebral ischemic injury led to the
formation of FUS aggregation in reactive astrocytes that was accompanied by the exacerbation of
neurological function. In cultured astrocytes, we also shown that the formation of FUS protein
aggregation induced by ectopic expression of WT FUS could result in hyperactive autophagy induction
and �nally astrocytes activation. Our �ndings suggest that targeting the ability of FUS proteinaceous
aggregates formation has the potential to be a therapeutic target in future stroke therapy.

Methods
Animals
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All animal experiments were performed on male, 8-10-week-old C57/BL6J wild-type (WT) mice. All
animals were housed under a constant temperature and humidity and a 12 h light/12 h dark cycle. Food
and water were available ad libitum. Study design and experimental protocols were approved by the
ethics committee of the A�liated Hospital of Yangzhou University (2020-YKL03-G029).

Transient middle cerebral artery occlusion (tMCAO)

To induce ischemia/reperfusion brain injury, tMCAO was performed as previously described[41]. Brie�y,
mice were anaesthetized with 3% iso�urane and maintained with 1.5% iso�urane in 30% oxygen and 70%
nitrous oxide. Rectal temperature was maintained at 37.0±0.5ºc. A silicone rubber-coated 6-0 nylon
�lament (Doccol, Sharon, USA) was inserted into the exposed right external carotid artery and advanced
over 9-10 mm to the carotid bifurcation and then along the internal carotid artery to the origin of the
middle cerebral artery (MCA). At 1 h after the occlusion, the �lament was removed to restore blood �ow to
the MCA territory. The same procedure was used in sham-operated mice, but no �laments were inserted.
Sham-operated mice served as controls.

Neurological behavioral assessments

Neurological status was assessed 3 d after tMCAO using the modi�ed neurological severity scores
(mNSS) by a researcher blinded to the experimental groups. The score was graded on a scale of 0 to 14
(normal score, 0; maximum score, 14). One point is awarded for the inability to perform a test or for the
lack of a tested re�ex; thus, a higher score indicates a more severe injury.

The grid walking task was performed as previously described[42]. Mice walked on a 35 cm × 25 cm wire
grid with 12 mm square mesh for 5 min. When left front paw passed through the grid hole, it was counted
as one-foot fault. The ratio of foot faults was calculated. Ratio= (number of left foot faults/total number
of left foot steps) ×100%.

Cell cultures

Primary mouse astrocyte cell cultures were prepared from brain tissues of postnatal day 1 or 2 of
C57BL/6J mice. The brain membranes and vessels were mechanically separated by gauze, and the
tissues were digested with trypsin-EDTA (Gibco, 25200056). Subsequently, the cells were plated on poly-L-
lysine precoated cell culture �asks containing Dulbecco's modi�ed Eagle's medium (DMEM; Corning,
32016001) supplemented with fetal bovine serum (10% v/v) and penicillin/streptomycin (1% v/v). The
cultures were maintained in a humidi�ed chamber (37ºc, 5% CO2 incubator). After 7 to 10 d, the
astrocytes were harvested by trypsinization for transplantation.

Plasmid construction

Full length of FUS cDNA was cloned from mouse brain cDNA by PCR and then subcloned into the pEGFP-
N1 vector to generate the WT FUS-pEGFP-N1 vector. The sequences of primers for generating WT FUS
plasmid were as follows: forward primer 5’- GCTACCGGACTCAGATCTATGGCTTCAAACGACTAT-3’ and the
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reverse primer 5’- GGCGACCGGTGGATCCCGATATGGCCTCTCCCTGCG-3’. The truncated FUS (FUS ΔPrD.)
Was generated by homologous recombination. The 5’ and 3’ homology arms for the FUS coding region
were ampli�ed by genomic DNA PCR using speci�c primer pairs
(GCTACCGGACTCAGATCTATGAGTGACCGCGGTGGCTTC and
ACACTTCCAGTCTCCAGCGAAGTCAGCTCGGCGGGT for the 5’ homology arm,
ACCCGCCGAGCTGACTTCGCTGGAGACTGGAAGTGT and
GGCGACCGGTGGATCCCGATATGGCCTCTCCCTGCG for the 3’ homology arm), and cloned into the
mutant construction vector pegfp-N1. All constructs were con�rmed by DNA sequencing.

Oxygen glucose deprivation reperfusion (OGD/R) treatment

To establish an ischemic-like condition in vitro, primary astrocytes were exposed to OGD/R condition as
previously reported[43]. Brie�y, primary astrocytes were cultured under normal conditions and then moved
to deoxygenated DMEM without glucose and Fetal Bovine Serum (Gibco, 11966-025) in an incubator
(Thermo Scienti�c, Waltham, USA) with premixed gas (95% N2 and 5% CO2) for 3 h. Finally, the cells were
cultured in normal medium under normoxic conditions (95% air and 5% CO2) for reperfusion. Cells
incubated in complete medium under a normoxic atmosphere were used as controls.

Immunostaining

Tissue sections were cut into 30 μm slices with a cryostat. The sections were then incubated with 0.3%
Triton X-100 (Aladdin, T109027) in PBS for 15 min and blocked with 10% normal goat serum in 0.3%
Triton X-100 for 1 h at room temperature. Next, the sections were incubated with a mouse anti-GFAP
antibody (1:250; Sigma-Aldrich, G3893) overnight at 4ºc. Brain sections were incubated with mouse anti-
GFAP antibody and rabbit anti-FUS antibody (1:500, Proteintech, 11570-1-AP) overnight at 4ºc for co-
localization analysis. On the following day, the sections were washed and incubated with second
antibodies for 1 h, Alexa Fluor 594-conjugated anti-mouse igg (1:250; Invitrogen, A11001), Alexa Fluor
488-conjugated anti-mouse igg (1:250; Invitrogen, A11008) and Alexa Fluor 594 goat anti-rabbit igg
(1:250; Invitrogen, A11012) were used for target detection. After a �nal washing step with PBS, the
sections were mounted on glass slides, and Prolong gold anti-fade reagent containing DAPI (Southern
Biotech, 0100–20) was applied for visualization of nuclei.

Primary mouse astrocytes were cultured on coverslips 24 h before OGD/R treatment. Astrocytes were
�xed with 4% paraformaldehyde in PBS, cells were washed twice with PBS and then incubated with 0.3%
Triton X-100 (Aladdin, T109027) in PBS for 15 min at room temperature. Cells were blocked with 10%
normal goat serum in 0.3% Triton X-100 for 1 h before staining. Cells were stained with antibodies
against GFAP (1:250; Sigma-Aldrich, G3893), and FUS (1:500, Proteintech, 11570-1-AP). Alexa Fluor 594-
conjugated anti- mouse igg (1:250; Invitrogen, A11001) and Alexa Fluor 488 goat anti-rabbit igg (1:250;
Invitrogen, A11012) were used for target detection. DAPI (Southern Biotech, 0100–20) was employed to
stain cell nuclei.
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Immuno�uorescence images were captured by microscopy (OLYMPUS, Tokyo, Japan, DP73). The images
of GFAP staining were captured using a microscope (Zeiss, Oberkochen, Germany, imagerm2). Computer-
based cell tracing software Neurolucida 360 (MBF Bioscience, Williston, VT, USA) was used for three-
dimensional (3D) reconstruction of GFAP+ cells within the cerebral cortex. Sholl analysis was used to
determine branch tree morphology by placing three dimensional concentric circles in 5 mm increments
starting at 5 mm from the soma.

Western blot

Bran tissues or cultured astrocytes were lysed in RIPA lysis buffer (Beyotime, Jiangsu, China; P0013B)
with protease inhibitor cocktail and centrifuged at 12,000 rpm for 30 min at 4 °C to remove the insoluble
cell debris. The protein concentrations from cell lysates were measured with a BCA protein assay kit
(NCM Biotech, China). The extracted proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and electrophoretically transferred to polyvinylidene �uoride membranes (Millipore,
MA). The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline with Tween-20
(Aladdin, Shanghai, China; T104863), probed with antibodies overnight at 4°C, and then incubated with a
horseradish peroxidase-conjugated goat anti-mouse (ZSGB-BIO, Beijing, China; ZB5305) or rabbit (ZSGB-
BIO, ZB5301) IgG secondary antibody (1:2000). Antibodies against the following proteins were used: anti-
GFAP (G3893), anti-LC3B (L7543) obtained from Sigma-Aldrich, anti-GAPDH (60004), anti-FUS (11570-1-
AP), acquired from Proteintech.

Isolation of FUS aggregation

Aggregated FUS was obtained by a method previously described[44, 45]. Tissues and primary mouse
astrocytes were lysed in a lysis buffer containing a protease and phosphatase inhibitor cocktail. The
lysate was centrifuged at 10000g for 10 min at 4ºc to obtain the supernatant, followed by high-speed
centrifugation at 100000g for 1 h at 4ºc. The supernatant contained free FUS protein. The pellets were
resuspended in 2% Triton X-100 and 150 mmol/ KCl and then sonicated with 20% amplitude for 10
seconds at 4°C, followed by rotating for 1 h at 4ºc. After centrifuging at 10000g for 10 min at 4ºc, the
pellets containing aggregated FUS protein were resuspended in sodium dodecyl sulfate (SDS) and buffer
and sonicated. The expression of aggregated FUS was determined by western blot analysis.

Statistics

The data are presented as the mean±SD. Unpaired t-tests were used for two-group comparisons. One- or
two-way ANOVA followed by Holm-Sidak tests was used for comparisons of three or more groups. Data
are presented as mean ± standard error of the mean. The results were statistically signi�cant if p<0.05 by
analysis of variance.

Results
The formation of FUS aggregates augments neurological dysfunction in mice after ischemic stroke
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It is widely recognized that the accumulation of FUS aggregates is closely linked to neurotoxicity and
neurodegeneration in ALS and FTD[33, 46]. More recently, evidence indicated that the aggregation of FUS
also occurs in ischemic stroke[34], however, its role in the pathogenesis of ischemic stroke has not been
explored yet. To determine whether FUS aggregation is involved in ischemic brain injury, we employed the
tMCAO mice model of stroke to investigate the correlation between the formation of FUS aggregates and
neurological de�cits after a stroke. As expect, we found a signi�cant formation of FUS aggregates in
cortex of the tMCAO-operated mice (Figure 1A, B). Furthermore, neurological function in ischemic animals
was evaluated by mNSS and grid walking task. The mNSS was used to evaluate the extent of global
neurological de�cit, where the higher the score indicates more severe neurological injury. As shown in
Figure 1C, a signi�cant increase in the mNSS score was observed in tMCAO mice, and there is a positive
correlation between aggregated FUS levels and the higher neurological score (Figure 1E). The grid
walking test was used to assess motor de�cits during cerebral ischemia (33910014, 28592694). As
shown in Figure 1D, motor function impairment was observed in tMCAO mice, and positively correlated
with increase of FUS aggregation (Figure 1F). Altogether, our results suggest that FUS aggregation may
contribute to impaired neurological function and disability after stroke.

Astrocyte activation in ischemic stroke is associated with aggregation of FUS

Reactive astrogliosis is the common pathological characteristic during ischemic stroke and has been
considered to be an attractive therapeutic target in cerebral ischemia[47]. Thus, we next investigated
whether the aberrant generation of FUS aggregates had an association with the activation of astrocytes
after ischemic injury. We analysis the morphology and number of astrocytes in the peri-infarct cortex after
cerebral ischemia in mice (Figure 2A-E). The number of GFAP-immunopositive cells was signi�cantly
increased after tMCAO challenge (Figure 2B). Analysis of 3D-reconstructions of the cells showed an
increased branch numbers, length, and volume of astrocytes in ischemic mice (Figure 2C-D). Furthermore,
these morphological alteration in reactive astrocytes introduced a positive correlation with FUS
aggregation (Figure 2F-I). In addition, a positive correlation between the increased GFAP expression in
tMCAO mice and FUS aggregation has also been observed (Figure 2J-K). These results suggest that
aggregated FUS is involved in the astrocytes activation following ischemic/reperfusion injury.

The prion-like domains of FUS are required for aggregates formation that promote astrocytes activation

We next sought to further con�rm whether FUS aggregates contribute to astrocytes activation. A large
body of evidence indicates that aggregated FUS exerts a gain-of-toxic function in the cytoplasm in
multiple cellular and animal models[48-50]. Perhaps FUS aggregates accumulate in the cytoplasm of
astrocytes and confer cytotoxicity following ischemic injury, and thereby result in reactivity of astrocytes.
As expect, we observed that FUS aggregates signi�cantly colocalized with activated astrocytes in tMCAO
mice (Figure 3A). Similar to the in vivo �ndings, during OGD/R treatment, there was a large increase in
FUS aggregates in the cytoplasm of astrocytes (Figure 3B-C). Given the role of prion-like domain (PrLD) in
regulation of FUS aggregation[51, 52], we set to analyze the primary sequence of FUS with the PLAAC
algorithm, which determine the potential PrLDs in the FUS protein (Figure 3D). Then, we constructed
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EGFP-FUS WT and EGFP-FUS ΔPrD truncated mutant plasmids (Figure 3D). As shown in Figure 3E,
confocal microscopy indicated EGFP-FUS WT forms more intracellular protein aggregates than EGFP-FUS
ΔPrD. Unsurprisingly, transduction of astrocytes with EGFP-FUS WT resulted in a signi�cant increase in
the expression of GFAP, while FUS aggregation indued astrocyte activation could be prevented by deletion
of the FUS prion-like domain (Figure 3F).

FUS aggregates-mediated excessive autophagy aggravates astrocyte activation during OGD/R

Autophagy is widely accepted as a self-protecting cellular catabolic pathway that plays vital roles in
maintaining cellular homeostasis by enhancing the degradation of abnormal proteins and damaged
organelles[53, 54]. Consequently, autophagy may be induced to avoid formation of FUS aggregates or
clear aggregates that have already formed after the ischemic insult, thus preventing the deterioration of
ischemic injury. However, When FUS aggregates are persistent, excessive and unremitting activation of
autophagy becomes maladaptive and may lead to autophagic cellular death[55]. Therefore, we wanted to
assess whether FUS aggregates regulate astrocyte activation via autophagy. Transduction of astrocytes
with EGFP-FUS WT resulted in the formation of FUS aggregates (Figure 3E) and a signi�cant dose-
dependent increase in cellular LC3 expression, an important marker of autophagy (Figure 4A), indicating
the persistence of FUS aggregates promotes sustained autophagic activity. Furthermore, FUS aggregates-
mediated pro-autophagic effect and astrocyte activation were partially reversed by autophagy inhibitor 3-
MA (Figure 4 B-C). In addition, FUS aggregates further enhanced OGD/R-induced activation of autophagy
and astrocyte (Figure 4 D-E). Treatment of cells with 3-MA inhibited astrocyte activation induced by
OGD/R (Figure 4 F). These results suggest that FUS aggregates-mediated excessive autophagy is
involved in the activation of astrocyte in response to ischemic injury.

Discussion
Due to the complexity of the pathophysiological and molecular mechanisms, the development of
effective interventions for stroke has presented an intractable challenge in the clinic. Astrocyte are
believed to play an essential role in maintaining the homeostasis of CNS. Response to cerebral ischemic
injury, astrocytes are activated to promote the release of proin�ammatory cytokines, inducing the
in�ammatory responses and leading to progressive brain injury[43]. It is widely accepted that alleviating
ischemia-induced astrocyte activation could be bene�cial for promoting post-stroke functional
recovery[26, 27]. Hence, a deeper understanding of the pathways governing astrocytes activation may
eventually contribute to provide novel astrocyte-speci�c targets for the treatment of cerebral ischemia. In
the present study, we demonstrated that accumulation of undesirable FUS aggregates in astrocyte after
cerebral ischemia contribute to the excessive autophagy and astrocyte activation, ultimately resulting in
neurological de�cits.

Protein homeostasis is a fundamental mechanism for governing biological processes that play a pivotal
role in maintaining normal cellular functions. Accordingly, the formation of abnormal protein aggregates
may impair a wide range of basic biological process, which cause cellular toxicity and ultimately lead to
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disease. In fact, the aggregation of FUS is directly associated with neurodegeneration in ALS and FTD[56,
57]. Previous studies also showed that FUS aggregation occurs in ischemic brain injury[35]. However, the
mechanisms and pathophysiological consequences of accumulated FUS aggregates in ischemic stroke
remain unclear, although the aggregation of FUS has been demonstrated to be extensively involved in the
pathology of neurodegenerative diseases. Under ischemic conditions, the formation of FUS aggregation
may be more closely related to acidi�cation of protein environment, alterations in protein structure and
dysfunction of molecular chaperones as well as several other factors[34]. Here, we showed that prion-like
domains of FUS may mediate its aggregation in the cytoplasm in response to cerebral ischemia. Ectopic
expression of WT FUS could form cytoplasmic aggregates and lead to astrocyte activation, while the
absence of the prion-like domains abolished the aggregation properties and the ability to induce astrocyte
activation of FUS. It is consistent with previous studies that FUS contains prion-like domains and is
extremely aggregation prone[51, 58]. The presence of prion domains could facilitate the formation of
insoluble amyloid �bers by templating the folding of soluble protein to the prion conformation[59]. Under
physiological conditions, these prion-like RNA-binding proteins like FUS are kept soluble by the buffering
effect of chaperone proteins or RNA[52, 60, 61]. No coding RNAs, especially circular RNAs have been
demonstrated to be as decoys to suppress the toxic effects of FUS aggregation[62, 63]. Therefore, the
reduced binding of molecular chaperones or RNA to the FUS may trigger its aggregation during cerebral
ischemic injury.

As the RNA-binding protein, FUS is implicated in RNA metabolisms including transcription, pre-mRNA
splicing, mRNA transport, and miRNA biogenesis[64, 65]. Sequestration of FUS into its cytoplasmic
aggregates may result in a loss of function, causing cytotoxic. In the present study, we discovered the
additional toxic action of FUS aggregates in inducing excessive autophagy, which has been perceived to
be detrimental for functional recovery following cerebral ischemia[66]. The ubiquitin-proteasome system
and autophagosome-lysosomal degradation process are two main proteolytic machineries in cell and
there is a bidirectional relationship between protein aggregation and autophagy. On the one hand,
appropriate autophagy can function as a protective factor that alleviates cellular stresses by removing
protein aggregates. The insu�cient activity of autophagy may trigger the accumulation of aberrant
protein aggregates, resulting in neurodegeneration[67]. This underlines the importance of autophagy for
the clearance of aggregates, and also reveals the potential role of protein aggregates on autophagy
induction. In fact, ubiquitin-proteasome-dependent degradation of proteins is impaired after brain
ischemia and thus could ineffectively scavenge the heteromeric proteins[68, 69]. In this context, cells
attempt to maintain cellular homeostasis via autophagy activation. However, due to the devastating
consequences of ischemic insult, the continuously formed FUS aggregates thus lead to excessive
autophagy, resulting in astrocyte activation and exacerbating ischemic brain injury (Fig. 5). Consistently,
inhibition of astrocyte autophagy could result in the attenuation of astrocytes activation and increase
resistance to ischemia -triggered brain damage.

In total, results of the present study demonstrated for the �rst time how progressive aggregation of FUS
contributes to astrocytes activation and neurological de�cits following ischemic stroke. It must be noted
that we cannot rule out other unexplored mechanisms underlying the role of FUS aggregates in ischemic
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stroke due to technical limitations. Further studies are needed to improve our understanding of the
consequences of FUS aggregation in ischemic stroke, which would help identify new therapeutic options
for ischemic stroke patients. In addition, it is most likely that tight control on protein homeostasis through
cellular protein quality control system plays a critical role in preventing the emergence of protein
aggregates, and its regulatory components may also serve as an attractive therapeutic target for stroke
treatment.
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Figures

Figure 1

The formation of FUS aggregates aggravates neurological de�cits after ischemic stroke.
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(A) Fluorescence microscopy images showed the formation of FUS aggregates in ischemic mice brain.
Arrowheads indicate FUS aggregates. Scale bar: 50 μm. (B) FUS aggregates were extracted by ultrahigh
speed gradient centrifugation and subsequently detected by western blot. (C, D) Neurological de�cits
were measured by calculating the modi�ed Neurological Severity Scores(mNSS) (C) and grid walking
task (D). (E, F) Correlation between FUS aggregates and neurological impairment score (E) and ratio of
foot faults (F) in ischemic mice. *p<0.05 and ***p<0.001 versus the Sham group.

Figure 2

Aggregation of FUS is positively correlated with astrocytes activation in ischemic mice.

(A) Representative images showed immunostaining of GFAP in mouse cerebral cortex, followed by 3D
reconstruction and Sholl analysis. Scale bars: 50 μm. (B-E) Analysis of astrocytes morphology and
number in mouse cerebral cortex, n=10 mice per group. Quanti�cation of GFAP + cells per square
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millimeter (B), average branch number (C), total branch length (D), and total branch volume (E). (F-I) The
accumulation of FUS aggregates is positively correlated GFAP+ cells (F), and increased branch number
(G), increased total branch length (H), and increased cell volume (I) of astrocytes. (J, K) Increased
expression of GFAP indicates the activation of astrocytes (J) and is displaying a positive relationship
with FUS aggregates (K). *p<0.05 and ***p<0.001 versus the Sham group.

Figure 3

The prion-like domains are required for FUS aggregates-mediated astrocytes activation.

(A) Colocalization assays showed that ischemia induces the formation of FUS aggregates in astrocytes.
Scale bar: 50 μm. (B) Immunostaining showed FUS aggregates are accumulated in the cytoplasm of
astrocytes after OGD/R. Scale bar: 50 μm. (C) Western blotting of aggregated FUS in OGD/R-treated
astrocytes. (D) The prediction of prion-like domains was performed by the PLAAC algorithm
(http://plaac.wi.mit.edu). Schematic diagram of FUS and its truncation mutants are shown below. (E)
Astrocytes were transfected with control (EGFP-con), EGFP-fused FUS WT and FUS ΔPrD. plasmid.
Images were obtained using an inverted �uorescence microscope at 24 h after transfection. Scale bar: 50
μm. (F) Immunoblot analysis of GFAP expression after EGFP-FUS WT or ΔPrD. plasmid in cultured
astrocytes. ***p<0.001 versus the control group.
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Figure 4

FUS aggregates induced astrocyte activation by mediating excessive autophagy aggravates during
OGD/R.

(A) Immunoblot analysis of extracts from cultured astrocytes transfected with increasing amount of
EGFP-FUS WT (0, 0.5, 1, or 2 μg) expression plasmids. ***p<0.001 versus the control group (B, C)
Treatment of cells with an autophagy inhibitor 3-MA (2.5 mm) inhibited the increased LC3B-II expression
(B) and GFAP expression in EFFP-FUS WT plasmid transfected astrocytes. ***p<0.001 versus the EGFP-
control group, ### p<0.001versus the EGFP-FUS transfected and 3-MA untreated group (D, E) Astrocytes
were �rst transfected with EGFP-FUS WT plasmid for 24h and were then treated with OGD/R. Ectopic
expression of FUS signi�cantly exacerbated OGD/R-induced autophagy (D) and astrocytes activation (E).
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***p<0.001 versus the EGFP-control and OGD/R untreated group, ### p<0.001versus the EGFP-control
and OGD/R treated group (F) Pretreatment of cells with 3-MA inhibited OGD/R-induced astrocytes
activation. ***p<0.001 versus the 3-MA and OGD/R untreated group, ### p<0.001versus the OGD/R
treated group.

Figure 5

Schematic illustration for FUS aggregates in astrocytes activation after ischemic stroke. FUS is essential
for astrocytes to maintain cellular homeostasis through regulating the process of processes of RNA
metabolism including gene transcription, splicing, transport, and translation. In resting astrocytes, the
small amount of FUS aggregates will be rapidly degraded though autophagy and proteasome pathways.
However, the formation of large amounts of FUS aggregates exceeds the capacity of the cellular protein
degradation systems because of the ubiquitin-proteasome pathway is impaired in cerebral ischemia. At
this time, the compensatory activation of autophagy is induced to degrade FUS aggregates. Nevertheless,
the continuously formed FUS aggregates could lead to excessive autophagy, thus resulting in astrocyte
activation.


