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ALS-linked FUS R521C disrupts arginine e

methylation of UBAP2L and stress granule
dynamics
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Abstract

Mutations in the fused-in-sarcoma (FUS) gene have been linked to familial amyotrophic lateral sclerosis (fALS). FUS
aggregates in the cytosol and associates with stress granules (SGs) in pathological cases, whereas FUS is normally
found in the nucleus. However, little is known about how FUS mutations cause neurodegeneration in ALS, which is
distinguished by FUS-positive inclusion and stress granules. In this study, we investigated the mechanism of abnormal
cytoplasmic aggregate formation caused by ALS-linked FUS mutations. FUS R521C interacted more with ubiquitin-
associated protein 2-like (UBAP2L) and protein arginine methyltransferase 1 (PRMT1) than FUS WT, and PRMT1 and
UBAP2L are sequestered into FUS R521C-positive stress granules under oxidative stress. PRMT1 asymmetrically
demethylates UBAP2L, which is required for both SG assembly and disassembly. Furthermore, in FUS R521C, argi-
nine methylation of UBAP2L is reduced, and the loss of PRMT1 increases FUS-positive SGs in oxidative stress. These
results imply that an aberrant interaction between FUS-R521C and PRMT1 causes insufficient arginine methylation of
UBAP2L, resulting in abnormal FUS-R521C-positive SGs remaining in the cytoplasm. This study could lead to the iden-
tification of a new pathogenic mechanism and therapeutic targets for the FUS mutation, which has been associated
with abnormally increased protein interactions in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a disease of the
motor neurons, which are the nerve cells that connect the
brain to the spinal cord and the spinal cord to the periph-
eral nerves (Kiernan et al. 2011; Chio et al. 2009). Up to
90% of ALS patients are sporadic (sALS), with genet-
ics accounting for only 10% (fALS) (Tiryaki and Horak
2014). Surprisingly, the majority of ALS-linked mutation
genes are related to RNA binding protein (RNP)-encod-
ing genes like TARDBP and FUS, and form aggregates
known as resident stress granule (SG) components or
SG-associated proteins (Kim et al. 2021; Wolozin and
Ivanov 2019).

Stress granules (SGs) are cytoplasmic ribonucleopro-
tein (RNP) granules formed in response to stresses that
cause a temporal pause in protein translation to prevent
the accumulation of misfolded proteins during cell stress
conditions such as heat shock, hypoxia, oxidative stress,
ultraviolet irradiation, and viral infection (Anderson
and Kedersha 2009; Kedersha et al. 2013; Kedersha and
Anderson 2002). Many post-translational modifications
(PTMs), such as glycosylation (Ohn et al. 2008), phos-
phorylation (Stoecklin et al. 2004; Courchet et al. 2008),
dephosphorylation (Tourriére et al. 2003), poly (ADP)-
ribosylation (Leung et al. 2011), and deacetylation (Kwon
et al. 2007), can influence stress granule composition and
dynamics. Recent research indicates that methylation is
an important PTM that regulates SG dynamics (Leeuw
et al. 2007; Wall and Lewis 2017).

Ubiquitin-associated protein 2-like (UBAP2L), which
has an ubiquitin-associated (UBA) domain near its
N-terminus, is an important regulator of SG formation
(Wilde et al. 2011; Youn et al. 2018; Markmiller et al.
2018; Cirillo et al. 2020). Recently, it was discovered
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that UBAP2L participates in SG formation via arginine
methylation in the Arg-Gly-Gly (RGG) motif (Youn et al.
2018; Huang et al. 2020). Arginine methylation is a post-
translational protein modification that is important in
eukaryotic cells and is catalyzed by a family of protein
arginine methyltransferases (PRMTs), nine of which have
been identified in mammals to date (Bedford and Rich-
ard 2005; Blanc and Richard 2017; Hwang et al. 2021).
PRMT1 is the most common PRMT subtype among
the nine and is widely expressed in mammalian cells,
accounting for the majority of asymmetrical dimethylar-
ginines in human cells (Tang et al. 2000). The ability of
PRMT1 to regulate the cellular distribution of FUS, the
formation of FUS-positive stress granules, and the cellu-
lar toxicity of ALS-linked FUS mutants has been studied
(Scaramuzzino et al. 2013; Yamaguchi and Kitajo 2012;
Tradewell et al. 2011).

FUS is a DNA/RNA binding protein, and genetic muta-
tions in this protein have been linked to ALS (Kwiat-
kowski et al. 2009; Vance et al. 2009). Previous research
discovered that the majority of FUS mutations are found
in the nuclear localization signal (NLS) in the FUS
C-terminus (Kwiatkowski et al. 2009; Vance et al. 2009;
Corrado et al. 2010; Lattante et al. 2013). These FUS
mutations cause FUS mislocalization from the nucleus
to the cytoplasm and the formation of FUS-positive
stress granules, which sequester various proteins and
RNA (Takanashi and Yamaguchi 2014; Shelkovnikova
et al. 2014; Dormann et al. 2010). In response to oxida-
tive stress, the ALS-linked FUS mutant associated with
PRMT1 more avidly than FUS WT and was found in
stress granules with PRMT1 (Jun et al. 2017).

However, the molecular mechanism underlying the
FUS-R521C mutation’s strong association with PRMT1
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is unknown. As a result, it is critical to investigate how
specific ALS-associated mutations interact with physi-
ological protein—protein interactions, resulting in FUS
mislocalization in the cytoplasm and subsequent path-
ological outcomes. Although numerous studies have
identified PRMT1 as an essential regulator of proteins
implicated in neurodegenerative diseases in general
(Scaramuzzino et al. 2013; Yamaguchi and Kitajo 2012;
Tradewell et al. 2011; Jun et al. 2017), little is known
about how PRMT1 contributes to the formation of FUS
aggregates and neurodegeneration.

In this study, we discovered that UBAP2L strongly
associates with FUS-R521C but not with FUS WT and
that UBAP2L is sequestered into the SGs in response to
oxidative stress.

We also found that PRMT1 asymmetrically dimethyl-
ates UBAP2L and that FUS R521C expression reduces
the arginine methylation of UBAP2L. Furthermore,
PRMT1 deficiency increases FUS R521C-positive SGs in
response to oxidative stress. These results suggest a new
cellular pathogenic mechanism in which FUS-positive
SGs are produced due to insufficient UBAP2L methyla-
tion caused by PRMT1 sequestered by FUS R521C.

Materials and methods

Cell culture

Human embryonic kidney (HEK293T) cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium with high
glucose (DMEM, Gibco, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific,
Waltham, MA, USA) and penicillin/streptomycin (Inv-
itrogen; Thermo Fisher Scientific, Waltham, MA, USA).
Cells were maintained in an incubator at 37 °C with 5%
CO2 and 95% humidity.

Plasmid DNA and siRNA transfection

Constructs encoding human FUS WT, R521C, R521G,
R521H and P525L fused to a N-terminal FLAG tag were
provided by Jin-A Lee. The cells were transfected with
plasmid DNA constructs using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA). The
transfection was performed for 24 h at 37 °C. The human
UBAP2L gene (Genbank ID: 9898) was commercially
cloned by CELANTEC (Republic of Korea) and inserted
into the pPCMV-HA vector (TAKARA).

To inhibit PRMT1, HEK293T cells were treated with
siRNA (10 nM) and the cells were transfected with siRNA
using Lipofectamine RNAIMAX reagent (Thermo Fisher
Scientific, Waltham, MA, USA) for 48 h at 37 °C. The fol-
lowing siRNAs were used in this study: Human PRMT1
siRNA #3276-1 and -2 (Bioneer, Daejeon, South Korea).

For co-transfection of siRNA for PRMT1 and plas-
mid DNA for FUS mutants, plasmid DNA was treated
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on siRNA-transfected cells 24 h after siRNA treatment.
Then, the cells were co-transfected with siRNA and plas-
mid DNA for an additional 24 h. After co-transfection,
the cells were washed with ice-cold PBS for following
experiments.

Immunoprecipitation and Western blotting.
To obtain the total cell lysates from HEK293T cells
expressing FLAG-FUS (WT, R521C, or P525L), cells were
lysed in IP buffer (50 mM Tris—HCl, pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1% NP-40, and protease and phos-
phatase inhibitors). For immunoprecipitation, the cell
lysates were incubated with anti-FLAG (Sigma Aldrich,
St. Louis, MO) or anti-HA (Cell Signaling Technology,
Danvers, MA) antibodies overnight at 4 °C. The following
day, antibody-protein complexed cell lysates were incu-
bated with magnetic beads (Dynabead, Thermo Fisher
Scientific, Waltham, MA, USA) for 30 min at RT and
then washed three times with 1X PBS (5 min each) at RT.
For western blot analysis, the proteins were resolved
by SDS-PAGE, and the immunoblot was performed
using an ECL detection system (Thermo Fisher Scien-
tific, Waltham, MA, USA). We used anti-FLAG (1:70,000;
Sigma Aldrich, St. Louis, MO), anti-HA (1:10,000, Cell
Signaling Technology, Danvers, MA), anti-ADMA
(1:1,000, Cell Signaling Technology, Danvers, MA), anti-
PRMT1 (1:1,000; Cell Signaling Technology, Danvers,
MA), anti-B-actin (1:10,000, Sigma Aldrich, St. Louis,
MO), and anti-UBAP2L (1:1,000, Bethyl, Montgomery,
TX) antibodies as primary antibodies, and anti-HRP rab-
bit and mouse ones as secondary antibodies.

Immunocytochemistry and Confocal microscopy

For immunofluorescence labeling, transfected HEK293T
cells were fixed with 4% paraformaldehyde (PFA) for
10 min and washed three times with 1X PBS at RT (5
min each). Then the fixed cells were permeabilized with
0.1% Triton-X 100 for 10 min. After several washes with
PBS, the cells were blocked with 3% bovine serum albu-
min (BSA) for 1 h at RT. After blocking, cells were incu-
bated with primary antibodies (1:100) overnight at 4 °C.
We used anti-FLAG (Sigma Aldrich, St. Louis, MO), anti-
elF4G (Novus Biologicals, Minneapolis, MN, USA), and
anti-UBAP2L (Bethyl, Montgomery, TX) antibodies as
primary antibodies. Next day the cells were then washed
with 1X PBS and subsequently incubated with Alexa 405,
488, and 568 fluorescein-conjugated anti-mouse IgG
or anti-rabbit IgG secondary antibodies (1:200, Thermo
Fisher Scientific, Waltham, MA, USA) for 1 h at RT. Fol-
lowing several washes with PBS, the cells were mounted
onto glass slides with a mounting medium. Immunofluo-
rescence images were captured and processed using a
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confocal laser scanning microscope (Carl Zeiss, LSM800,
Germany).

Transmission electron microscopy

For transmission electron microscopy, transfected
HEK293T cells were fixed for 2 h at 4 °C in PBS contain-
ing 2.5% glutaraldehyde. The cells were detached from
the culture dish with a cell scraper and pelleted by cen-
trifugation at 2000x g for 2 min at 4 °C. The cell pellets
were resuspended in warm agar (1% in PBS) and re-cen-
trifuged. After three washes in PBS, the agar-embedded
cell pellets were embedded in an Epon 812 mixture and
polymerized for 24 h at 60 °C, after dehydration in a
graded series of ethanol and propylene oxide solutions.
For TEM imaging experiments, ultrathin (80-nm) sec-
tions of polymerized cell pellet that had been deposited
on 200 mesh copper grids were counterstained with ura-
nyl acetate (7 min) and lead citrate (2 min) and viewed
under a JEM-1400 Plus electron microscope (JEOL Ltd.,
JAPAN).

Results

UBAP2L associates more avidly with ALS-linked FUS R521C
than with FUS-WT

According to recent research, UBAP2L, a gene related
to SG dynamics, is required for SG formation by bind-
ing to SG components (Cirillo et al. 2020; Huang et al.
2020). As a result, we looked at the relationship between
ALS-causing FUS mutations and UBAP2L. To begin,
HEK293T cells were transfected with FLAG-FUS R521C,
FLAG-FUS WT, or FLAG-empty vectors to examine if
UBAP2L expression was altered when ALS-linked FUS
mutants were produced. A Western blot of cell lysates
was done 24 h after transfection with anti-FLAC and
anti-UBAP2L antibodies (Fig. 1A). The level of UBAP2L
protein expression was not significantly different whether
FUS WT or FUS R521C was expressed (Fig. 1B). Follow-
ing that, to determine the relationship between FUS and
UBAP2L, HA-tagged UBAP2L was co-expressed in FUS
WT or FUS R521C. Then, using anti-FLAG and anti-HA
antibodies, we performed a co-IP and western blot. HA-
tagged UBAP2L was used to pull down FLAG-FUS WT
or FLAG-FUS R521C. The R521C point mutation in FUS
specifically increased its interaction with UBAP2L in
comparison to the WT (Fig. 1C, D), indicating the possi-
bility that the FUS-UBAP2L relationship could be altered
by the specific ALS-linked mutation, R521C.

Since the R521C point mutation in FUS specially
increased its interaction with UBAP2L, we next investi-
gated the cellular localization of FUS WT or FUS R521C
with UBAP2L in HEK293T cells expressing FLAG-
FUS WT or FLAG-FUS R521C with HA-UBAP2L. In
the absence of oxidative stress (DW), in both FUS WT
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and FUS R521C, FUS was mostly found in the nucleus
(Fig. 1E a, i), whereas UBAP2L was mostly found in the
cytoplasm (Fig. 1E b, j) and did not co-localize with-
out forming cytosolic aggregates. In contrast, when
HEK293T cells were treated with the oxidative stress
inducer sodium arsenite (SA), aggregates positive for
FUS (Fig. 1E e, m) and UBAP2L (Fig. 1E f, n) were formed
in the cytoplasm. In addition, FUS and UBAP2L were
co-localized in the aggregates (Fig. 1E h, p). Further-
more, when FUS R521C was compared to FUS WT, the
number of cytosolic aggregates positive for both FUS
and UBAP2L increased significantly (Fig. 1E m, n, p).
These FUS and UBAP2L co-localizing cytosolic aggre-
gates were also shown to be co-localized with the stress
granule marker, elF4G (Fig. 1F e—h). This finding clearly
shows that the R521C point mutation in FUS promotes
cytosolic sequestration of UBAP2L into stress granules in
HEK293T cells.

In addition, we examined the ultrastructure of cyto-
plasmic stress granules in the same conditions in which
the stress granule formation was determined using
immunofluorescence confocal microscopy (Fig. 1E, F).
In brief, HEK293T cells were treated with SA to induce
oxidative stress and DW for control. The cells were then
fixed in glutaraldehyde and osmium tetroxide, dehy-
drated in ethanol and propylene oxide, embedded in
Epon, and ultrathin sections of control and oxidative
stress-induced cells were analyzed in high resolution by
electron microscopy. Stress granules were not seen in the
cytoplasm of DW-treated control HEK293T cells (Fig. 1G
a, b). Stress granules, on the other hand, were observed
in the perinuclear cytoplasmic area of the cells after SA
treatment (Fig. 1G ¢, d, labeled SG in the boxed areas),
as validated by immunofluorescence imaging of the stress
granules with stress granule marker elF4G. (Fig. 1F g).
The cytoplasmic stress granules had an aggregate-like
appearance in the higher magnification TEM images,
with tiny granular formations firmly packed (Fig. 1G
e, f, labeled SG). As reported in a recent paper on the
TEM microstructure of SGs formed by SA treatment in
HEK293T and HeLa cells (Souquere et al. 2009), the SGs
we found were not surrounded by membrane structures
and were not adjacent to other organelles such as mito-
chondria or endoplasmic reticulum (Fig. 1G c, d, labeled
SG). As the relevance of mitochondrial structural damage
and dysfunction in the progression of neurodegenerative
diseases has been reported in FUS-expressed cellular
model and other animal models (Deng et al. 2018; Umeda
et al. 2011; Choi et al. 2014), we further focused on the
ultrastructural alteration of mitochondria in FUS R521C
expressing HEK293T Cells by oxidative stress-induc-
ing SA treatment. Even if some mitochondria’s cristae
are partially damaged by FUS expression as previously
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Fig. 1 UBAP2L was more associated with ALS-linked FUS R521C than with FUS WT. AVVestem blot anaIyS|s demonstratlng UBAP2L expression in
HEK293T cell lysates expressing FLAG-empty vector, FLAG-FUS WT, and FLAG-FUS R521C. B A bar graph depicting the relative UBAP2L expression
ratios of the WT and R521C mutants, normalized to actin expression. Data from independently replicated experiments are presented as the mean
SEM (n=4). ns: not significant, one-way ANOVA, Tukey's multiple-comparison test. C Co-Immunoprecipitation (Co-IP) analysis of UBAP2L-FUS
interaction in HEK293T cells co-expressing HA-UBAP2L and FLAG-FUS WT or FLAG-FUS R521C. Following Co-IP, anti-HA (for UBAP2L) or anti-FLAG
(for FUSWT or FUS R521C) antibodies were used for Western blotting. D A bar graph depicting the relative interaction ratio of UBAP2L with FUS
WT versus FUS R521C mutant. Data from independently replicated experiments are presented as mean SEM (n=3). **P<0.01, Students t-test. E
Confocal microscopy images showing the cellular localization of FLAG-FUS and HA-UBAP2L in HEK293T cells expressing FLAG-FUS WT or FLAG-FUS
R521C with sodium arsenite (SA, 0.5 mM, 1 h) or without (DW) oxidative stress. The arrows indicate the co-localization of FUS with UBAP2L in

the peri-nuclear cytoplasm of SA-treated HEK293T cells. Scale bar: 10 um. F Co-localization of FLAG-FUS and UBAP2L with stress granule marker
elFAG in SA-treated HEK293T cells. The arrows indicate the co-localization of FUS with UBAP2L at elF4G positive cytoplasmic aggregates. Scale bar:
10 um. SA: sodium arsenite. G Representative transmission electron micrographs of stress granules (SGs) imaged from HEK293T cells expressing
Flag-FUS-R521C with (SA) or without (DW) oxidative stress. Scale bars: T um (a-d) and 500 nm (e and f, high magnification images of the marked
area in SA-treated cells). Nu: nucleus, M: mitochondria, SG: stress granule. H Representative transmission electron micrographs of mitochondria
(M) imaged from HEK293T cells expressing Flag-FUS-R521C with (SA) or without (DW) oxidative stress. Scale bars: 1 um (a and b, d-f) and 2 um (c).
Nu: nucleus, M: mitochondria, SG: stress granule, ER: endoplasmic reticulum, asterisks: mitochondria showing structural abnormalities in DW or SA
treated cells
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reported (Deng et al. 2018), the majority of mitochon-
dria in DW-treated control cells showed a typical struc-
ture, with a dense matrix compacted by regularly spaced
cristae and encircled by clear inner and outer membranes
(Fig. 1H a and b, labeled M, structural abnormalities are
marked with asterisks). In contrast, numerous mitochon-
dria in the SG-formed cell by SA treatment showed vari-
ous structural abnormalities, including the loss of cristae
and membrane (Fig. 1H c-h, labeled M, structural abnor-
malities are marked with asterisks), which is consistent
with mitochondrial structural abnormalities reported
in other neurodegenerative diseases (Umeda et al. 2011;
Choi et al. 2014).

Arginine methylation regulates the formation of FUS
R521C-positive SGs

It has been reported that FUS-R521C interacts more
strongly with PRMT1 than FUS-WT, FUS-P525L,
R521G, or R521H, however, PRMT1 did not influence
the level of arginine methylation in FUS (Jun et al. 2017;
Tradewell et al. 2012). Therefore, we explored whether
FUS R521C expression altered arginine methylation in
the target of PRMT1. Previous research has revealed that
UBAP2L can regulate SG formation caused by arginine
methylation by PRMT1 (Huang et al. 2020). The interac-
tion between PRMT1 and UBAP2L was studied to inves-
tigate whether post-translational modifications (PTM:s)
influence the formation of FUS mutant-positive SGs.

First, we transfected HA-UBAP2L into HEK 293 T
cells and allowed it to express for 24 h. The cell extract
was then immunoprecipitated with an anti-HA anti-
body, followed by western blotting with an anti-HA and
anti-PRMT1 antibodies. As a result, it was discovered
that HA-UBAP2L and PRMT1 interact (Fig. 2A). Then,
we employed PRMT1 siRNA to suppress the methyla-
tion function of PRMT1. To begin, siRNA suppression
of PRMT1 expression in HEK293T cells was performed
for 48 h using PRMT1 siRNAs (siPRMT1s), followed
by western blot analysis of PRMT1 siRNAs-treated
cell lysates with an anti-PRMT1 antibody. Regardless
of whether siPRMT1 #1 or siPRMT1 #2 was expressed,
PRMT1 protein expression was drastically reduced when
compared to the negative control siRNA (siNC). As a
result, the efficacy of siPRMT1s #1 and #2 was confirmed
(Fig. 2B, C).

Following that, siNC or siPRMT1 were co-expressed
in HEK293T cells expressing HA-tagged UBAP2L to
assess the degree of arginine methylation of UBAP2L by
siPRMT1. Then, using an anti-HA antibody, immuno-
precipitation was done on HEK293T cell lysates express-
ing HA-UBAP2L in conjunction with siNC or siPRMT1.
Subsequently, western blot analysis was performed
using anti-ADMA (Asymmetric Dimethyl Arginine),
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anti-HA, or anti-PRMT1 antibodies, as appropriate.
First, it was confirmed that siPRMT1 treatment lowered
PRMT1 expression. Furthermore, when detected with
an ADMA antibody, the band (marked with an Aster-
isk) between 130 and 170 kDa in siPRMT1 was lower
than in siNC, indicating that this region is the expression
position of arginine methylated HA-UBAP2L protein.
This data revealed that siPRMT1 reduced the arginine
methylation of HA-UBAP2L. (Fig. 2D). Following that,
when HA-UBAP2L and FLAG-FUS WT or -FUS R521C
co-expressed HEK293T cell lysates were immunopre-
cipitated with an anti-HA antibody, the amount of meth-
ylation of HA-UBAP2L was reduced in cells expressing
FUS R521C.(Fig. 2E).

Furthermore, confocal microscopy imaging and quan-
titative analysis was performed to examine how the
arginine methylation of UBAP2L influences the develop-
ment of SGs when FUS mutants are produced (Fig. 2F
and G). In detail, HEK293T cells co-expressing FLAG-
FUS WT or R521C, HA-UBAP2L, and PRMT1 siRNA
with oxidative stress-inducing SA (0.5 mM, 1 h) were
immunostained with anti-FLAG, anti-HA, and anti-
elF4G antibodies, respectively, and analyzed by confo-
cal microscopy. There was no significant difference in
the production of FUS WT-positive SGs between the
siPRMT1 (Fig. 2F e-h) and siNC groups (Fig. 2F a-d) in
HEK293T cells expressing FUS WT. On the contrary, in
the instance of FUS R521C-expressing HEK293T cells,
the production of FUS R521C-positive SGs was greater
in the siPRMT1 group (Fig. 2F m-p, white arrows) than
in the siNC group (Fig. 2F i-1, white arrows). Quantita-
tive counting analysis revealed that the number of sg in
the siPRMT1 group (8.83 +0.64) was more than double
that in the siNC group (4.08 +0.43) (Fig. 2G). Therefore,
as seen the SGs in the triple-positive merging pictures
of FLAG-FUS R521C, UBAP2L, and elF4G (Fig. 2F 1, p,
white arrows) together with the results of quantitative
SG number analysis (Fig. 2G), the arginine methylation
of UBAP2L appears to be a crucial factor regulating the
development of FUS R521C-positive SGs.

Discussion

Despite multiple studies aimed at elucidating the patho-
genic mechanism of ALS-FUS, the question of how FUS
mutants exist as cytoplasmic aggregates and why they are
found in SGs remains unanswered. Many recent studies
have concentrated on the PTM of FUS-pathology, and
we believe it is linked to the ALS-FUS pathology mecha-
nism. PTM has been identified as an important protein
regulator in neurodegenerative diseases such as Alzhei-
mer’s disease, Amyotrophic lateral sclerosis, Parkinson’s
disease, and Huntington’s disease (Schaffert and Carter
2020; Sudrez-Calvet et al. 2016; Sternburg et al. 2022).
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Fig. 2 FUS-positive SGs were regulated by arginine methylation. A HEK293T cells were transfected with the HA-empty vector or HA-UBAP2L.
Co-immunoprecipitation (Co-IP) was performed with an anti-HA antibody, followed by a western blot with an anti-HA and anti-PRMT1 antibody.
B and C PRMT1 siRNAs were used to knock down PRMT1 expression in HEK293T cells, and an anti-PRMT1 antibody was used to perform western
blot analysis of PRMT1 siRNA-treated cell lysates (B). The relative knockdown efficiency of PRMT1 siRNAs compared to that of negative control

siRNA. A bar graph was used to show the relative knockdown efficiency of PRMT1 siRNAs in comparison to a negative control siRNA (C). **P<0.01;
***P<0.001. The values represent the mean SEM (n=3), one-way ANOVA, and Tukey’s multiple-comparison test. (D) Anti-HA antibodies were used
to immunoprecipitate HEK293T cell lysates expressing HA-UBAP2L in conjunction with either negative control siRNA or PRMT1 siRNA. Following
that, western blot analysis was performed using anti-ADMA, anti-HA, or anti-PRMT1 antibodies, as appropriate. The UBAP2L arginine methylation
band is denoted by an asterisk. (E) Co-IP with an anti-HA antibody was performed on HEK293T cell lysates expressing FLAG-FUS WT or FLAG-FUS
R521C. Following that, western blots were performed using anti-HA, anti-FLAG, anti-PRMT1, or anti-ADMA antibodies. (F) Confocal microscopy
analysis was performed to demonstrate the cellular localization of FLAG-FUS, HA-UBAP2L, and elF4G in HEK293T cells expressing either a negative
control siRNA (siNC) or PRMT1 siRNA (siPRMT1) with oxidative stress-inducing SA (0.5 mM, 1 h). FLAG-FUS and UBAP2L co-localize at elF4G positive
SGs, as indicated by the arrows in each image. Scale bar: 10 um. G A bar graph comparing the number of FUS R521C positive SGs in siPRMT1
transfected HEK293T cells expressing FLAG-FUS R521C to siNC transfected cells. Results of siNC or siPRMT1 transfected cells are shown as mean SEM

(n=15 each). ***P<0.001, Student’s t-test

Studies on FUS PTM have revealed hypomethylation of
FUS in FTD-FUS patients unrelated to FUS mutations
and unmethylation of FUS in ALS-FUS patients (Suarez-
Calvet et al. 2016). The majority of these studies have
focused on FUS methylation, but it is still unknown why
FUS aggregates in the cytoplasm rather than the nucleus.

In a previous study, the me-FUS level was not signifi-
cantly different from that of WT or ALS-FUS mutants,

even though FUS R521C had a strong interaction with
PRMT1 (Scaramuzzino et al. 2013; Jun et al. 2017).
Therefore, we hypothesized that FUS mutations might
affect the methylation of proteins other than their own to
explain the mechanism of ALS-FUS pathology. We inves-
tigated whether UBAP2L, a protein associated with SGs
among PRMTT1 targets, is associated with FUS R521C.
UBAP2L, which functions upstream of G3BP, has been
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shown to nucleate SGs in the presence of endoplasmic
reticulum stress, oxidative stress, and heat stress (Cirillo
et al. 2020; Huang et al. 2020; Tolay and Buchberger
2022). First, we investigated whether FUS R521C expres-
sion in cells influenced UBAP2L expression. As a result,
when compared to FUS WT, the UBAP2L protein level
in FUS R521C was unchanged (Fig. 1A, B). Next, we
wondered if FUS R521C had a direct -relationship with
UBAP2L. Interestingly, UBAP2L was found to be more
strongly associated and pulled down with FUS R521C
than with FUS WT (Fig. 1C, D), as well as co-localized
with FUS-positive SGs (Fig. 1F), implying that UBAP2L
may be associated with FUS R521C.

Under stress conditions, UBAP2L dissociates from
PRMT1 while arginine methylation is reduced and SGs
are assembled at the same time. After stress recovery,
PRMT1 re-methylated UBAP2L and SGs disassembled,
indicating that PRMT1 regulates UBAP2L in response
to cellular stress (Markmiller et al. 2018; Cirillo et al.
2020). So that, we investigated the level of UBAP2L
methylation in the presence of FUS R521C. Because FUS
R521C has a strong interaction with PRMT1, UBAP2L
methylation may be hindered. In this study, we discov-
ered that me-UBAP2L was reduced in FUS R521C com-
pared to FUS WT (Fig. 2E), implying that FUS R521C
disrupts UBAP2L methylation. In this result, one could
wonder why the amount of UBAP2L methylation was
reduced exclusively in the FUS R521C expressing group,
despite the fact that the amount of PRMT1 bound to
HA-UBAP2L in HEK293T cells expressing FUS R521C
is comparable to that in HEK293T cells expressing FUS
WT. Because this IP experiment did not focus solely
on direct binding, PRMT1 interacting with FLAG-FUS
R521C bound to HA-UBAP2L could have been detected
together. It underlines the importance of further research
to determine if FUS-R521C can interfere with direct
binding between UBAP2L and PRMT1.

Additionally, when PRMT1 function was inhibited with
siPRMT1, FUS R521C/UBAP2L-positive SGs increased
more than siNC (Fig. 2F), indicating that PRMT1 con-
trols FUS R521C-positive SGs. More research on the
direct interaction between UBAP2L and FUSR521C is
required, however, because we did not suppress and con-
firm the function of PRMT1, which acts specifically with
UBAP2L in this study. We should look into the relation-
ship between UBAP2L and other FUS mutant proteins
besides FUS R521C, but because FUS R521C has a strong
association with PRMT1, the findings of this study can
give sufficient clues for FUS R521C pathology research.

Taken together, our findings reveal a novel FUS
R521C binding target, UBAP2L, as well as an unknown
relationship between FUS R521C and PRMT1 that may
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influence the arginine methylation of UBAP2L and
induce SG formation. As a result of our findings, we
believe that regulating UBAP2L methylation may pro-
vide a therapeutic approach to ALS-FUS pathology.

Conclusion

Using confocal and electron microscopy and molecular
cell biology, we examined ALS-linked FUS mutation-
induced aberrant cytoplasmic stress granules (SGs)
aggregation. Under oxidative stress, FUS R521C forms
stress granules with UBAP2L, which is required for SG
assembly, and PRMT1, which demethylates UBAP2L.
FUS R521C decreases UBAP2L arginine methylation,
and PRMT1 knockdown increases FUS-positive SGs.
These findings suggest that an aberrant interaction
between FUS-R521C and PRMT1 causes insufficient
arginine methylation of UBAP2L, resulting in abnormal
FUS-R521C-positive SGs formation in the cytoplasm.
This work may uncover an additional pathogenic mech-
anism and therapeutic alternatives for the FUS muta-
tion, which has been linked to abnormally enhanced
protein interactions in ALS patients.

Abbreviations

ALS Amyotrophic lateral sclerosis

FUS Fused-in-Sarcoma

UBAP2L  Ubiquitin-associated protein 2-like
PRMT1 Protein arginine methyltransferase 1
SG Stress granule
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