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Abl kinase-mediated FUS Tyr526
phosphorylation alters nucleocytoplasmic
FUS localization in FTLD-FUS

Helena Motaln,* Ursa Ceréek,"? Alfred Yamoah,® Priyanka Tripathi,?
Eleonora Aronica,* Anand Goswami*>®" and ®Boris Rogelj>”

TThese authors contributed equally to this work.

Nuclear to cytoplasmic mislocalization and aggregation of multiple RNA-binding proteins (RBPs), including FUS, are
the main neuropathological features of the majority of cases of amyotrophic lateral sclerosis (ALS) and frontotempor-
al lobular degeneration (FTLD). In ALS-FUS, these aggregates arise from disease-associated mutations in FUS, where-
as in FTLD-FUS, the cytoplasmic inclusions do not contain mutant FUS, suggesting different molecular mechanisms
of FUS pathogenesis in FTLD that remain to be investigated.

We have previously shown that phosphorylation of the C-terminal Tyr526 of FUS results in increased cytoplasmic re-
tention of FUS due to impaired binding to the nuclear import receptor TNPO1. Inspired by the above notions, in the
current study we developed a novel antibody against the C-terminally phosphorylated Tyr526 FUS (FUSP ¥>?) that is
specifically capable of recognizing phosphorylated cytoplasmic FUS, which is poorly recognized by other commer-
cially available FUS antibodies.

Using this FUSPY>?® antibody, we demonstrated a FUS phosphorylation-specific effect on the cytoplasmic distribu-
tion of soluble and insoluble FUSP"Y>? in various cells and confirmed the involvement of the Src kinase family in
Tyr526 FUS phosphorylation. In addition, we found that FUSP Y>?® expression pattern correlates with active pSrc/
pAbl kinases in specific brain regions of mice, indicating preferential involvement of cAbl in the cytoplasmic mislo-
calization of FUSP™¥>%in cortical neurons. Finally, the pattern of immunoreactivity of active cAbl kinase and FUSP Y>%¢
revealed altered cytoplasmic distribution of FUSP™¥°%¢ in cortical neurons of post-mortem frontal cortex tissue from
FTLD patients compared with controls. The overlap of FUSP™Y>?° and FUS signals was found preferentially in small
diffuse inclusions and was absent in mature aggregates, suggesting possible involvement of FUSP"¥>?° in the forma-
tion of early toxic FUS aggregates in the cytoplasm that are largely undetected by commercially available FUS
antibodies.

Given the overlapping patterns of cAbl activity and FUSP™ Y2 distribution in cortical neurons, and cAbl induced
sequestration of FUSP™Y>?® into G3BP1 positive granules in stressed cells, we propose that cAbl kinase is active-
ly involved in mediating cytoplasmic mislocalization and promoting toxic aggregation of wild-type FUS in the
brains of FTLD patients, as a novel putative underlying mechanism of FTLD-FUS pathophysiology and
progression.
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Introduction

Genomic approaches have linked mutations in genes of RNA-binding
proteins (RBPs), to the pathogenesis of two overlapping but clinically
heterogeneous neurodegenerative diseases, amyotrophic lateral
sclerosis (ALS) and frontotemporal lobular degeneration (FTLD).>”
Mutations in the fused in sarcoma (FUS) gene are rare and found
only in a small subset of ALS cases and do not appear to be a direct
cause of FTLD.#™ Human FUS contains 526 amino acids and consists
of the N-terminal low-complexity domain (LC) and a Gly-rich region,
followed by an RNA-recognition motif (RRM), two Arg-Gly-Gly (RGG)
repeat regions interrupted by a zinc finger motif, and a C-terminal
PY-NLS (nuclear localization signal). Both RGG repeat regions and
the C-terminal PY-NLS are critical for binding to transportin 1
(TNPO1), which is responsible for nuclear import of FUS under normal
conditions. Although FUS-immunoreactive cytoplasmic inclusions
are the major pathologic feature of familial (fFUS-ALS cases,’
FUS-positive, tau/TDP-43 negative inclusions are also present in
FTLD cases (FTLD-FUS) but without genetic mutation in the FUS
gene.®'° Elevated levels of full-length and fragmented FUS have also
been detected in the cytoplasm of cerebral and spinal cord neurons**
from ALS and FTLD patients and have been associated with impair-
ment of RNA splicing, intra-axonal transport/translation, and synap-
tic function.*>**

The precise molecular mechanism of cytoplasmic FUS misloca-
lization and aggregation remains unclear, the presence of such
cytoplasmic inclusions in both fALS-FUS and FTLD-FUS suggests
that FUS mislocalization to the cytoplasm, together with its nuclear
depletion, contributes to neurodegeneration through a combined
loss-of-function and gain-of-toxicity mechanisms.**® To under-
stand FUS pathophysiology in detail, there is an urgent need to elu-
cidate the signaling pathways affecting nucleocytoplasmic
shuttling of FUS. In this regard, post-translational modifications of
FUS have been proposed to contribute to FUS mislocalization, affect
FUS phase separation (LLPS)'**? and toxicity, all of which are en-
hanced by chronic stress.?® FUS LLPS is controlled by cation interac-
tions between Tyr residues in the N-terminal LC-domain, and Arg
residues and 526Tyr in the C-terminal domain.”?*?® Consistent
with this, hypomethylation of Arg residues in FTLD-FUS promotes
cytoplasmic FUS aggregation,”’*® while phosphorylation of the
N-terminal domain of FUS inhibits it.?

With this in mind, we aimed to decipher whether phosphorylation
of 526 Tyr FUS (FUSP-¥>?%) has an effect on nucleocytoplasmic shuttling
of FUS. We have previously shown that phosphorylation of 526Tyr
FUS increases its cytoplasmic localization by inhibiting the binding
of FUS to TNPO1.2?*%*%%! To gain insight into the mechanism of
Tyr526 FUS phosphorylation, we examined several stress-induced
kinases associated with ALS-FTLD,* including the Ser/Thr

kinases'®'>132%333% and Tyr kinases of the non-receptor

Src-family.>*-*® We have demonstrated that the Src, Fyn, and Abl ki-
nases phosphorylate Tyr526 FUS.?® These kinases are also known to
be active in the brain.***' Therefore we investigated the pattern of im-
munoreactivity of FUSP"Y>% and active kinases (pSrc, pFyn, pAbl) in
different neuronal-like/differentiated cell models, in primary neuron-
al mouse culture and in mouse brains, and finally compared it with
frontal cortex tissue obtained from the brain of FTLD-FUS patients.
The observed co-localizations and the varying degree of overlap in sig-
nal intensities between FUSP™Y>?® immunoreactivity and active ki-
nases suggest kinase type-dependent subcellular localization of
FUSP-Y526 in HEK293T cells, differentiated NSC34 and SH-SY5Y cells,
primary cortical neurons, and neurons in mouse brains.
Interestingly, we observed significantly altered nucleocytoplasmic
distribution of FUSP¥>? in the brains of FTLD-FUS patients compared
with non-neurological normal control brain tissue. Although the ma-
jority of cortical neurons from FTLD-FUS patients showed diffuse
cytoplasmic and moderate to strong nuclear localization of
FUSPY>%, 3 significant percentage (10-20%) of cortical neurons also
showed abnormal deposits of atypical granular, small globular cyto-
plasmic accumulation of FUSP-Y>%6
noreactivity in many neurons. Such FUSP™Y*?®-positive granular and
small globular aggregates were morphologically distinct from typical
gel-like large FUS aggregates and were rarely co-localized together.
Consistent with the notion that FUS aggregation may proceed via
stress-granule pathways, we observed that Abl kinase indeed pro-
motes sequestration of FUSP™Y*?® into G3BP1-positive granules in
stressed cells. Although future experiments are warranted to charac-
terize such deposits of atypical smaller globular and granular
FUSP™¥3?® accumulations and their precise role in FUS pathology,
based on our observations, it can be assumed that they may be patho-
logically active and serve as precursors of larger toxic aggregates.
Thus in summary, we propose that FUSP™¥>?® probably regulates
stress-induced FUS aggregation along with the active involvement
of Abl kinase and actively contributes to early FTLD-FUS pathology.
The novel antibody platform we have developed is unique for screen-
ing the C-terminal 526 Tyr of FUS for the phosphorylated form, either
cytoplasmic or nuclear, and for future screening of FUSP-¥>%° interac-
tions with other FUS forms or RBPs that trigger inclusion formation in
FTLD and other FUSopathies.

, as well as loss of nuclear immu-

Materials and methods

Full-length wild-type FUS was cloned into the pEGFP-C1 vector
(Clontech) using the Kpnl and BamHI restriction sites to generate
N-terminally tagged fusion proteins. The pcDNA3-Hise-GFP vector
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was generated by inserting the EGFP sequence with a Kozak se-
quence and the N-terminal His6x tag into the HindIII and KpnlI
sites of the pcDNAS3 vector (Invitrogen). C-terminal fragments
of wild-type FUS (FUS**°Y52%) and mutated FUS (FUS*0F>2%6)
were also cloned into the pcDNA3-Hiss-GFP vector with Kpnl
and BamHI restriction sites to generate Hiss-GFP-FUS*90-Y>26
and Hise-GFP-FUS*9%Y>26F  constructs, respectively.?® The
pcDNA3 plasmid containing c-Src kinase was obtained from
Addgene (#42202).*> The pcDNA3.1+plasmids with c-Fyn and
c-Abl kinase and their constitutively active forms were a kind
gift from Dr Wendy Noble (King’s College London, London,
UK). Sequence integrity of all constructs was verified by sequen-
cing (GATC Biotech).

Pairs of phosphorylated and non-phosphorylated peptides corre-
sponding to FUS residues 510-Tyr526 were synthesized. The
phosphorylated peptides were then used as immunogens for
antibody production in rabbits. Following immunological chal-
lenge with the phosphor-FUS peptide, antibodies specific for the
phosphorylated Tyr526 peptide (anti-FUSP"Y>?°) were affinity-
purified against the non-phosphorylated Tyr526 peptide.
Peptide synthesis and FUSP™Y>2¢ antibody production were per-
formed by AMSBio. For dot blot analysis, non-phosphorylated
and phosphorylated FUS peptides [in 0.1% bovine serum albumin
(BSA) solution] provided by AMSBio and by Proteogenix
(biotinylated) were loaded onto nitrocellulose membrane
(GE, Healthcare, Amersham Hybond-ECL) in 10 different dots (vol-
ume per dot: 1pul) at decreasing concentrations 6, 3, 0.3, 0.03,
0.003 pg/ul. The dots were allowed to dry before probing the mem-
branes with anti-FUSP"Y°2¢ and anti-FUS antibodies according to
western blotting protocol.

HEK293T cells (purchased from ATCC) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented
with 10% foetal bovine serum (ThermoFisher Scientific) and
100 U/ml penicillin-streptomycin (ThermoFisher Scientific) at
37°C in a humidified atmosphere containing 5% CO,. They were
transfected using either PolyJet (SignaGen Laboratories, #SL100688)
or Lipofectamine 2000 (Invitrogen) for immunocytochemistry stud-
ies, according to the manufacturer’s protocol. All of the (co)transfec-
tions were carried out side-by-side at the same, to allow
comparisons between different experimental conditions. In the ki-
nase inhibition assay, Dasatinib (SML2589, Sigma-Aldrich, 1 and
5 mM stock solutions in DMSO) was added to the cells 1h before
transfection at 0.1, 0.2, 0.5, 1, and 5 uM. Cells were always harvested
after 20 h for subsequent analyses.

Neuroblastoma cells SH-SY5Y cell lines (ATCC®CRL-2266"),
FlpIn G3BP1 SH-SYSY generated by us,*® and the NSC-34 motor
neuron-like cells obtained from Cedarlane Laboratories were main-
tained and differentiated as published.*****> Along with mouse pri-
mary cortical neurons, these differentiated cells were transfected
with 1 pg of c-Src, c-Fyn, or c-Abl plasmid, or in combination with
lpg of GFP-FUS wild-type plasmid using NeuroMag (OZ
Biosciences) according to the manufacturer’s instructions.
Untransfected differentiated cells/neurons and those transfected
with GFP-FUS wild-type only were used as controls. After 24 h of
transfection, cells were fixed with 4% PFA for further analysis.
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Knockdown of FUS in HEK293T cells using FUS MISSION siRNA
(#EHU092111, Sigma-Aldrich), and FLUC MISSION siRNA
(#EHUFLUC, Sigma-Aldrich) as a negative control was performed
with PepMute siRNA transfection reagent (#SL100566, SignaGen
Laboratories) according to manufacturer’s protocol. Silenced cells
were 48 h transfected again with the same reagent and kinase ex-
pressing plasmids and cells were harvested 24 h later. Whole-cell
lysates were processed for western blot.

Cells were grown on poly-L-lysine (Invitrogen, ThermoFisher
Scientific) coated glass coverslips in 24-wells. Twenty hours upon
(co)transfection, they were washed once with PBS before fixation
with 4% paraformaldehyde in PBS for 15 min. Following washing
with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS
for 15 min. Blocking was performed with 10% donkey serum in
PBS. Primary antibodies, diluted in blocking solution were incubated
overnight at 4°C. Following three washes with PBS, cells were incu-
bated in the dark with fluorescence-labeled secondary antibodies
(anti-mouse Alexa fluor 647 and anti-rabbit Alexa fluor 550,
ThermoFisher Scientific) for 1 h atroom temperature. After washing
with PBS, the cells were stained with DAPI (Sigma-Aldrich), and cov-
erslips were mounted using Prolong Gold reagent (ThermoFisher
Scientific). Images were acquired using a Zeiss LSM 710 inverted
confocal laser scanning microscope and ZEN 2010 B SP1 software.

Adult mouse brain tissue was used for cryosectioning. Following a
direct cervical dislocation, brains from four 12-week-old male mice
(on C57bl6 background) were rapidly removed, sharply divided into
four pieces of equal size, and placed into 4% paraformaldehyde in
PBS for 30 min on ice. The brain pieces were then embedded into
OCT (Tissue Tek, Sakura Finetek Europe B.V.), frozen in liquid nitro-
gen and sectioned into 10-um-thick frozen fixed sections in a cryo-
stat (Leica) at -20°C, collected on SuperFrost Plus slides
(Menzel-Glaaser) and air-dried before further processing.

In parallel, we used paraffin sections (FFPE) of formalin-fixed
material from n = 3, 50-week-old male wild-type animals (three sec-
tions, each for every brain region/probe) for additional histological
analyses. Here, the freshly dissected whole brains were immediate-
ly fixed in 4% formalin for 48 h and then processed for paraffin
embedding.

Immunohistochemistry protocol of formalin-fixed, paraffin em-
bedded tissue was the same as used for human tissue (see the
‘Immunofluorescence labelling of human post-mortem
tissue’ section). However, frozen fixed sections prepared from
mouse brains were rehydrated with PBS for 20 min and treated
with 0.4% Triton in PBS for 10 min at room temperature. For im-
munofluorescence, non-specific labelling was blocked by 2% BSA
(Sigma-Aldrich) in PBS for 1 h at room temperature. Then, the sec-
tions were incubated overnight at 4°C with the following primary
antibodies: anti-FUSPY>?® (1:500, AMSBio), anti-FUS (1:300,
Sigma-Aldrich), anti-pSrc, anti P-Fyn (both 1:500, Santa Cruz),
anti-NeuN (1:200, MAB377, Millipore), anti-GFAP (1:100), anti-A3B5
(hybridoma supernatant, 1:200), and anti-SMI33 (1:1000,
Sternberger Monoclonals). After washing with PBS, sections were
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incubated with secondary antibodies conjugated with Alexa fluor
488 or 647 (1:1000, Cell Signaling) for 1 h at room temperature in
the dark. A series of negative controls were performed, omitting
the primary antibody. Sections were washed and mounted in
ProLong Gold Antifade reagent (ThermoFisher Scientific). Slides
were examined with a Zeiss LSM 710 inverted confocal laser scan-
ning microscope and ZEN 2010 B SP1 software.

Post-mortem tissues were obtained within 6-30h after death
(Supplementary Table 1). Human post-mortem brain (frontal cor-
tex) samples fixed in buffered formalin (n=4 FTLD-FUS patients
and n=4 age-matched controls) were obtained from the archives
of the Department of Neuropathology, Amsterdam UMC,
University of Amsterdam, and the Netherlands Brain Bank (NBB).
The controls included in the present study were adult individuals
without any history of neurological disease, based on their last clin-
ical evaluation. The demographic details of the FTLD-FUS patients
together with the normal non-neurological controls included in
this study are summarized in Supplementary Table 1.

Double immunofluorescence labelling was performed as described
previously.*®*’ In brief, deparaffinized tissue sections were boiled in
citrate buffer, pH 6 (Dako), for 20 min in a pressure cooker for anti-
gen retrieval. Sections were blocked with 10% normal goat serum
(Life Technologies) for 1h at room temperature and incubated
with the required primary antibody (FUSP Y% and FUS, pAb]; dilu-
tions 1:100 for each antibody) at 4°C overnight. After washing in
TBST for 10 min, the sections were incubated with Alexa conjugated
secondary antibody (dilution, 1:500 in PBS) at room temperature for
2 h. Sections were washed in TBST (2 x 10 min) and stained for
10 min with 0.1% Sudan Black in 80% ethanol to suppress endogen-
ous lipofuscin auto-fluorescence and then washed for 5 minin TBST
and mounted with Vectashield mounting medium (Vector
Laboratories) containing DAPI. Images were obtained with a laser
scanning confocal microscope (LSM 700; Zeiss) using40x and 63x ob-
jectives (Zeiss). Images were acquired by averaging four scans per
area of interest resulting in an image size of 1024 x 1024 pixels. For
quantification only high-resolution images were used. The laser in-
tensity was kept constant for all of the sections examined. Images
were analysed using ZEN (Blue edition) 2009 and Image] software.
One section per each individual control (n =4) and FTLD case (n=4)
was examined per each double staining FUSPY°?%/FUS and
FUSP""*2/pAbl. Per section, at least six visual fields were imaged,
each containing 6-12 neurons. Six of the sharpest neuron images
(bestnuclear resolution) were analysed from each image for nuclear
to cytoplasmic FUSP"Y>%¢, FUS, and pAbl ratio. Altogether, for the nu-
cleo/cytoplasmic ratio of each (FUS and pAbl), approximately 140
control and 140 FTLD neurons were examined, whereas the
FUSP Y>2¢ ratio was examined in more than 250 neurons.

Further details of antibodies, primary mouse cortical neuron
culture preparation, western blot analyses, His-tag pull-down, im-
munoprecipitation analyses, phosphatase assay, diaminobenzi-
dine (DAB) immunohistochemistry, induction of stress granule
formation in FlpIn SH-SY5Y cells and prediction analyses for FUS
tyrosine phosphorylation can be found in the Supplementary
material.
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Quantifications of FUS and FUSP">?¢ nuclear/cytoplasmic localiza-
tion were performed using Image] software (National Institutes of
Health, Baltimore, MD). Obtained fluorescence signals were ad-
justed by subtraction of the mean background levels of the cell
slide. The signal intensity (for FUS and FUSP"Y°%) was defined as
the average of the intracellular cytoplasmic or nuclear signal inten-
sities of the individual cell (demonstrated positive for wild-type and
truncated FUS transfection—GFP signal and overlapping with pFUS
signal). Data were analysed using GraphPad Prism 6 (GraphPad
Software). Differences between the two groups were analysed using
Student’s t-test (0.05 threshold value). Where differences between
multiple groups were analysed, one-way ANOVA followed by a
Bonferroni post hoc test was used to assess which groups were sig-
nificantly different (0.05 threshold value).

All procedures involving human participants, including the use
of post-mortem tissue samples, were performed in accordance
with the ethical standards of the institutional and/or national re-
search committee as well as with the 1964 Helsinki declaration
and its later amendments. The studies were approved by the
Ethical Committees of the Academic Medical Center, Amsterdam
(W11 073).

The animal facilities in our department at J. Stefan Institute were
approved by the decree UVHVVR, OU Ljubljana No. U34401-24/
2013/9, date 30.10.2013, allowing to breed laboratory mice. The
study was approved by the Slovenian National Medical Ethics
Committee (Approval No. U34401-12/2014/4).

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

Results

Two pairs of FUS and FUSP"Y>?® antibodies were raised in rabbits
against the last 16 amino acid residues of the FUS protein with non-
phosphorylated (FUS) or phosphorylated C-terminal 526Tyr residue
(FUSP™Y>%%) from AMSBio. They were affinity purified, and their spe-
cificity for detection of total and 526Tyr-phosphorylated FUS was
verified by dot blots using the synthetic peptides with unphosphory-
lated and phosphorylated C-terminal tyrosine (Supplementary
Fig. 1A). The specificity of the FUSP™Y>%¢ antibody for the phosphory-
lated 526Tyr residue was confirmed by the complete absence of the
FUSP Y% signal in the samples containing non-phosphorylated
peptides. Moreover, FUSP-Y>%¢ signal was specifically observed only
in total protein lysates from HEK293T cells transfected with c-Src
and c-Abl kinases (Supplementary Fig. 1B-G). In screening of these
lysates with antibodies against TAF15, SAM68, hnRNPA1, and
EWSR1, RBPs that share the -PY-NLS in their sequence
(Supplementary Fig. 1C), no band was detected near the predicted
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molecular weight of the FUSP™Y*% signal (Supplementary Fig. 1D-G),

implying the specificity of FUSP™¥>2¢ antibody to FUS.

Src-family kinases (c-Src, c-Fyn, and c-Abl) showed the highest
probability scores (Fig. 1A) in the Web-based prediction programs
NetPhos, DisPhos and BioCuckoo (see Supplementary material for
details) when screening the FUS protein sequence for candidates
to catalyse Tyr526 FUS phosphorylation. These kinases were found
to be causative for the appearance of the shifted FUSP™Y°% band in
kinase transfected cells (Fig. 1B) observed by ourselves and
others,”®* and explained either by Src-distributive versus
Abl-processive mode of action*®*° or the formation of higher-order
FUS complexes.'**>26:3350 pretreatment with dasatinib, a known
inhibitor of Src/Abl kinases,*! decreased FUSP™>? signal intensity
in c-Src (Fig. 1C), c-Fyn (Fig. 1D), and c-Abl (Fig. 1E) transfected cells
in a concentration dependent manner. Intracellular localization of
FUSP 5?6 signal by immunocytochemistry revealed predominantly
nuclear FUSP™"*2?° gtaining in the c-Src and c-Fyn transfected cells,
whereas cytoplasmic FUSP"Y>% staining was detected in the c-Abl
transfected HEK293T cells (Supplementary Fig. 2A). Because
co-immunostaining of transfected cells with plasmids encoding
constitutively active (phosphorylated) forms of kinases (pSrc,
pFyn, and pAbl) and FUSP"Y>%¢, increased FUSP Y>%¢ immunoreactiv-
ity (intensity in kinase transfected cells, Supplementary Fig. 2B),
resulting in increased and decreased FUSPY*** nuclear-to-
cytoplasmic ratio when compared to wild-type kinase transfected
cells (Supplementary Fig. 3A-C), these mutant kinase plasmids
were used thereafter.

To ascertain that the FUSP Y% signal observed in cells was de-
rived from phosphorylated C-terminal Tyr526 FUS, the
N-terminally Hise-GFP tagged C-terminal fragment of FUS (35 ami-
no acid residues),”® ending in either Tyr (GFP-FUS***Y>2%) or Phe
(GFP-FUS*%Y>26F) ' as expressed in HEK293T cells along with
c-Src, c-Fyn, and c-Abl kinase (Fig. 2A). Western blot confirmed
the absence of the GFP-FUS**PY>26 pand in cells expressing
FUS*9Y52%F with only the endogenous FUSP "% band detected by
the FUSP™Y>% antibody, and His-tag pull-down analysis confirmed
that the 30-kDa GFP-FUS*?°P¥>2¢ band belongs to the C-terminal
fragment of GFP-FUS*®°Y>2¢ (Fig. 2B). Additionally, in vitro phos-
phatase assays (Fig. 2C and D) and siRNA FUS silencing (Fig. 2E)
were performed. Phosphatase (CIP) treatment of lysates (non-
transfected, kinase-transfected, and kinase/GFP-FUS*Y>26 co-
transfected cells) and FUS-siRNA silencing of cells transfected
with any of the three kinases (Src, Fyn, Abl) resulted in abrogation
of the endogenous FUSP¥>?® band (Fig. 2C-E) and the C-terminal
GFP-FUS*P¥526 pand (Fig. 2D). Finally, the specificity of the
FUSPY*?¢ antibody for FUSPY>?® and GFP-FUS**°P¥>?%¢ was con-
firmed by immunoprecipitation with anti-FUSP "%, anti-FUS
(NB100-565), anti-GFP antibodies, and IgG antibody as control, fol-
lowed by FUSP"Y>%¢ FUS, pTyr (Supplementary Fig. 4A-D) and other
PY-NLS proteins (TAF15, SAM68, EWSR1, hnRNPA1) immunoblot
detection (Supplementary Fig. 5A-D).

Because increased cytoplasmic FUS localization may lead to FUS
aggregation, the effect of the kinases c-Src, c-Fyn, and c-Abl on en-
dogenous FUS solubility was analysed by biochemical fractionation
of cell lysates. Western blot analyses of RIPA, UREA-soluble, and
UREA-insoluble fractions showed that c-Src and c-Fyn phosphory-
lated FUSP™Y>?® was mainly found in the soluble fractions, whereas
c-Abl phosphorylated FUSP"¥°%® was only found in the insoluble
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fraction (Supplementary Fig. 6A), suggesting that c-Abl mediated
FUS phosphorylation affects the solubility and aggregation of
FUS. Non-phosphorylated FUS was found mainly in the RIPA sol-
uble fraction, with traces in the UREA fraction, and was absent in
the insoluble fraction. Here, commercial antibody raised against
middle region of FUS (mouse monoclonal antibody SAB4200478)
proved incapable of detecting FUSP™%° in a western blot;
Supplementary Fig. 6A). Consistently, immunocytochemical stain-
ing with the antibody mentioned above and other commercial rab-
bit polyclonal antibodies NB100-565 (against a 1-50 amino acid
epitope of FUS) and NB100-561 (against a 400-450 amino acid epi-
tope of FUS) (Supplementary Fig. 7) demonstrated that only the rab-
bit antibody NB100-565 (Supplementary Fig. 7A), and the mouse
antibody SAB4200478 (Supplementary Fig. 7C) could detect in-
creased levels of FUS in c-Src, c-Fyn and c-Abl transfected cells. It
has been shown that phosphorylation of Tyr526 FUS in cells is com-
pensated by increased FUS expression,**>? which is also suggested
by antibodies binding to FUSPY>%¢ and immunoprecipitation as-
says. This also meant that the N-terminal region in FUSP™¥*?° re-
mained accessible for antibody binding (NB100-565), whereas the
accessibility of the internal 400-450 amino acid epitope recognized
by NB100-561 may have been abolished by Tyr phosphorylation
(Supplementary Fig. 7B).

For additional analyses of the effect of phosphorylation of
Tyr526 on endogenous FUS solubility, the plasmid encoding wild-
type GFP-FUS was used in kinase co-expression experiments in
HEK293T cells (Fig. 3A-D), primary mouse cortical neurons
(Fig. 3E), and differentiated SH-SYS5Y and NSC34 cells
(Supplementary Fig. 8A-D). To ascertain that in these cells detected
FUSP™*? signal indeed arises from phosphorylated Tyr526 of FUS,
HEK293T cells were also examined for the co-expression of the
pSrc, pFyn and pAbl kinases with plasmids encoding C-terminal
fragment Hise-GFP-FUS*® Y% and the plasmid encoding
full-length mutant FUS in which all 35 but the last 526 Tyr are
replaced by Phe (Myc-FUSall526Y) (Supplementary Fig. 9A
and B). Co-expression of GFP-FUS, Hiss-GFP-FUS*°Y>2¢ and
Myc-FUSall526Y and constitutively active pSrc, pFyn, and pAbl ki-
nases showed enhanced cytoplasmic localization and aggregation
of FUSP™Y>2¢ only in cells co-transfected with a cAbl expressing plas-
mid (lower panels in Fig. 3A and B and Supplementary Figs 8 and 9),
whereas in cells expressing active pSrc and pFyn kinases mainly
nuclear FUSP¥>2° signal was observed. Although FUSP~>° signal
in co-transfected cells was expected to derive from both phos-
phorylated endogenous FUS and GFP/myc-tagged FUS, complete
overlap between FUSP¥>2® and GFP/Myc signal was not observed.
Therefore, the enhanced cytoplasmic aggregation of FUSPY>2¢
could also be due to phosphorylation of endogenous FUS, its cyto-
plasmic localization, and entanglement with overexpressed FUS
forms. Sequestration of wild-type FUS into the cytoplasmic aggre-
gates by overexpressed mutant FUS has been shown previously
by us and others.>** Image quantification analyses also confirmed
the increase of the cytoplasmic FUSP "% signal in cells co-
transfected with c-Abl compared with c-Src and c-Fyn (see changes
in nuclear to cytoplasmic ratio) (Fig. 3C and D). In GFP-FUS and c-Abl
co-transfected cells also, increased intensity of FUS signal was de-
tected in the cytoplasm, possibly explaining the observed increased
cytoplasmic FUS aggregation and compaction (Fig. 3B and E).
Although in additional cell models, differentiated SH-SYSY
(Supplementary Fig. 8A and B) and differentiated NSC-34 cells
(Supplementary Fig. 8C and D) co-transfected with GFP-FUS and ki-
nases, the patterns of subcellular FUSP Y signal localization were
similar to those observed in co-transfected HEK293T cells (Fig. 3A
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and B), this was not confirmed in primary mouse cortical neurons
(Fig. 3E). Unlike other cells, control mouse primary cortical neurons
demonstrated positive for FUSP™Y>%¢ and transfection with both Src
and Fyn kinase had no apparent effect on nuclear and cytoplasmic
content, whereas Abl expression appeared to enhance FUSP %6
immunoreactivity in both cytoplasm and nucleus (Fig. 3E).
Overall, this suggests a kinase-specific effect on full-length FUS,
possibly leading to differential FUS aggregation and formation of
FUS aggregates of different toxicity in (non-)differentiated cells
and primary neurons.

Because the kinases studied here can be activated by different en-
vironmental stimuli, this opened the possibility that the dynamics
of aggregate formation and the severity of neurodegeneration are
mediated in part by Src and Abl. To verify the immunoreactive pat-
tern of FUSPY>? in cells in vivo, transverse frozen-fixed and
paraffin-embedded (FFPE) tissue sections were prepared from the
brains of male wild-type mice and labelled for the presence of
FUSP*? (Fig. 4A-D). FUSP™"°% staining was detected in a subset
of astrocytes (Fig. 4A) and in neuronal cells of the cerebral cortex
(Fig. 4B), Purkinje cells of the cerebellum (Fig. 4C), and neurons of
the hippocampus and brainstem (Fig. 4D and E).

To test whether the FUSP™Y*? signal detected in brain cells in vivo
is associated with active Src family kinases, we next performed co-
labelling using anti-FUSP™Y>?¢, anti-pSrc, anti-pFyn, and anti-pAbl
antibodies (Fig. 5) on mouse brain sections. Interestingly, we ob-
served an overlapping pattern of immunoreactivity of FUSP Y%
and active kinases (pSrc, pFyn, p-Abl) in neuronal cells in the hippo-
campus (Fig. 5A). Conversely in the brainstem, only the overlapping
pattern of FUSP™Y*?%® and pSrc immunoreactivity was observed
(Fig. 5B), whereas in the frontal cortex, the immunoreactivity pat-
terns of both pSrc and pAbl also strongly overlapped with
FUSP"*? immunoreactivity (Fig. 5C). This suggests differential ac-
tivity of Src-family kinases in neuronal cells in vivo in mice, possibly
correlating with the detection of FUSP"Y°2® immunoreactivity.

Impaired nucleo-cytoplasmiclocalization of FUS and its presence in
the form of insoluble cytoplasmic aggregates within affected neu-
rons are common features in FTLD-FUS patients. We have previous-
ly reported that phosphorylation of Tyr526 FUS inhibits the binding
of FUS to its nuclear importer TNPO1, thereby enhancing its cyto-
plasmic mislocalization.?® Interestingly, we observed significant co-
localization of pAbl kinase together with FUSP™>?¢ in the normal
frontal cortex of wild-type mice (Fig. 5C). Considering that the front-
al cortex is severely affected in FTLD-FUS patients, we expected
changes in the immunolabelling patterns of FUSP"Y>%¢ in FTLD-FUS
patients compared with controls. Thus, we next analysed the im-
munolabelling patterns of pAbl and FUSP™Y%¢ in post-mortem front-
al cortex tissue obtained from a well-characterized cohort of
FTLD-FUS patients (Figs 6 and 7 and Supplementary Table 1). DAB
immunohistochemistry performed with our specific anti-FUSP-Y>2¢
antibody revealed diffuse nuclear and cytoplasmic immunoreactiv-
ity in FUSP"Y>?¢ cortical neurons from controls (Fig. 6A), whereas a
peculiar, atypical pattern of pronounced granular and small globu-
lar FUS aggregation was observed in many cortical neurons from
FTLD-FUS cases (Fig. 6A, black arrows). In many neurons, we also

H. Motaln et al.

observed cytoplasmic granular accumulations (Fig. 6A, white ar-
row). Double immunolabelling with FUSP™¥*?¢ and FUS antibody
was even more sensitive and confirmed this exciting pattern of im-
mune reactivities. Consistent with DAB immunohistochemistry,
several cortical neurons (10-20%) in FTLD-FUS showed granular
cytoplasmic accumulation of FUSP™">?° (Fig. 6B), which rarely and
only partly co-localized with cytoplasmic FUS aggregates (15-20%)
detected with commercial FUS antibody (Novus) (Fig. 6C, white ar-
row). Apart from cytoplasmic atypical granular FUSP¥>?® accumula-
tion, the majority (50-60%) of FTLD-FUS cortical neurons
consistently showed strong nuclear FUSP™Y>%*® immunoreactivity
compared with normal control cortical neurons (Fig. 6D and E).
Interestingly, FUSP¥>?® immunolabelling was more intense in
FTLD-FUS cortical neurons at the nuclear membrane (Fig. 6C).
These results were further verified by Image] quantification
(Fig. 6E and F) and line scans (Supplementary Fig. 10A-C).

To further our understanding of the phosphorylation of Tyr526
FUS by Src family kinases, we examined the immunoreactivity pat-
tern of pAbl and FUSP Y% (Fig, 7). Activated cAbl kinase has been
repeatedly associated with neurodegenerative diseases, in which
its abnormal activation has been shown to be increased in brain
neuronal cells.?® Consistent with the previously observed immu-
noreactivity of FUSP™Y>% (Fig. 6), we again observed a similar pattern
of increased FUSP™>? immunoreactivity together with similarly in-
creased immunolabelling of pAbl in the nucleus in the cortical neu-
rons of FTLD-FUS patients (Fig. 7A-C). Quantification analysis
revealed an increased nuclear-to-cytoplasmic ratio of pAbl signal
intensity in cortical neurons from FTLD-FUS (Fig. 7B). To gain in-
sight into how increased Abl activity might affect the subcellular
distribution of FUSPY>?® under stress conditions, we generated
FlpIn SH-SYSY cells expressing the mScarlet-G3BP1 protein, a
known component of stress granules. These were transfected
with c-Abl and subjected to oxidative stress conditions by treat-
ment with 50 M arsenite (Fig. 8). As in previous cell models, with
the exception of primary mouse cortical neurons, predominantly
cytoplasmic FUSP™Y>?® signal was observed only in c-Abl transfected
cells, where FUSP™Y*% were sequestered in G3BP1-positive stress
granules after arsenite treatment. In summary, our results suggest
a disruption of the nucleocytoplasmic shuttling mechanism of FUS
in FTLD, likely caused by stress and cell compartment-specific ac-
tivity of pAbl kinase, which has been shown to phosphorylate
Try526 FUS, and therefore may underlie the markedly different ap-
pearance and progress of FTLD compared with other neurodegen-
erative FUSopathies.

Discussion

Fibrillar FUS aggregates are the major pathological entity in af-
fected neurons in the brains of FTLD-FUS and ALS-FUS patients.>*
When its well-regulated nucleocytoplasmic shuttling is disrupted,
elevated levels of cytoplasmic FUS result in abnormal FUS accumu-
lation in cytoplasmic inclusions® and toxic gain-of-function.>®
However, there are differences between FTLD-FUS and ALS-FUS
in the composition of cytoplasmic FUS inclusions. The FUS aggre-
gates in FTLD-FUS consist of wild-type FUS, other FET proteins,
and TNPO1, a known nuclear importer of FUS, whereas the FUS ag-
gregates in ALS-FUS always consist of mutant and sequestered FUS
only, without TNPO1,” suggesting differences in the mechanism of
cytoplasmic FUS localization in the two diseases. We already
showed that phosphorylation of Tyr526 FUS (FUSP"*%) by c-Src
family kinases enhances cytoplasmic localization of FUS and
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Figure 4 FUSP™Y>? is detected in vivo in mouse brains. Inmunocytochemical analyses performed on transverse frozen-fixed and paraffin-embedded
tissue sections of mouse brain showed sparse detection of FUSP-Y>**-positive cells (green) throughout brain tissue, in (A) astrocytes co-stained for GFAP
(red), (B) Pyramidal neurons of the cerebral cortex co-stained for A2B5 (red), SMI33 and NeuN proteins (red), and (C) Neurons in the cerebellum
co-stained for SMI-33. (D) No co-localization of FUSP"*>?® and GFAP was observed in the neurons or in (E) brainstem. The neuronal nuclei were counter-
stained with DAPI. NeuN/FUSP Y% = paraffin sections; others = frozen-fixed sections. Scale bar = 15 um.

inhibits binding of TNPO1,?® which is required for FUS nuclear im- methylation,*® phosphorylation of Tyr526 FUS may play a role in
port?®3°31 and detachment of FUS molecules from early soluble cytoplasmic FUS aggregation in FTLD-FUS, particularly by increas-
FUS aggregates.®! Hence, our hypothesis here was that, similar to ing cytoplasmic levels of wild-type FUS and mediating formation
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signal overlaps with the expression of active src family kinases and appears brain region-specific. Frozen-fixed and paraffin

sections of brain from wild-type mice were co-immunostained for active phosphorylated pSrc, pFyn, pAbl and FUSP™Y?¢, and co-localization of signals
was observed in neurons of (A) hippocampus, (B) brainstem, and (C) frontal cortex. Frozen-fixed sections = pFyn/FUSP Y>?¢; paraffin sections = pAbl/

pSrc/FUSP 2%, Scale bar = 15 um.

of its early cytoplasmic aggregates. To gain insight into Tyr526 FUS
phosphorylation we developed an antibody that specifically recog-
nizes phosphorylated Tyr526 FUS (FUSP Y>%¢) and used it in in vitro
cell/lysate and in vivo brain labelling.

In this way, we first demonstrated that the level of Tyr526 FUS
phosphorylation and its protein-protein binding properties are
kinase-type dependent. By siRNA silencing, phosphatase assay,
and immunoprecipitation we confirmed the high specificity of our

FUSP"Y>?¢ antibody. Although several types of Src-family kinases
are activated by stress associated with the development of neuro-
degenerative diseases,”*? we confirmed that both predicted
(http:/gps.biocuckoo.cn/) kinases c-Abl and c-Src phosphorylate
Tyr526 FUS atincreased levels compared to c-Fyn kinase as also ob-
served by others.>® The FUSPY?° band shift we observed in lysates
from kinase-expressing cells was consistent with previously ob-
served multiple Tyr- or Ser/Thr-phosphorylated FUS, which are
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Figure 6 FUSP¥°2¢ shows altered nucleocytoplasmic localization in cortical neurons in FTLD-FUS patients. (A) DAB immunolabelling using FUSP-Y>2¢
antibody in a representative control section showing diffuse nuclear immunoreactivity, whereas in FTLD-FUS cortical neurons (right) showing diffuse

nuclear as well as cytoplasmic localization. FUSP-Y>%¢

antibody also recognizes smaller atypical granular (black arrows) and small globular (white arrow)

aggregates. (B) Co-immunolabelling of FUSP"Y>?® and FUS in the cortical neurons of the control and FTLD-FUS patients, (C) showing the FUS and

FUSP-Y526 signals 4 only partially overlap in large cytoplasmic inclusions (white arrow). (D) Quantification of localization of the fluorescent FUS

p-Y526 im-

munolabelling (Nu = nuclear; Nu & Cyto = nuclear and cytoplasmic; Cyto = cytoplasmic only) by counting neurons in the frontal cortex of control and
FTLD-FUS post-mortem brain tissue sections. Image] analyses of (E) FUSP"Y°% and (F) FUS nuclear/cytoplasmic ratio in counted neurons. Statistical
analyses were performed using ANOVA. Control n=4, FTLD-FUS =4. *P < 0.05, **P < 0.01. Paraffin sections, scale bar =18 ym.

speculated to form higher-order complexes in rat brain lysates,®
cells,”?? brains of transgenic FUS mice,” and in ALS-TDP43 pa-
tients.”® The FUSP"Y°% signal shift (to 130 kDa) in cAbl-expressing
cells, could also be attributed to the processive c-Abl phosphoryl-
ation mode which is distinct from the distributive c-Src/c-Fyn

phosphorylation mode*® and is known to result in higher molecular
weight signals of other hyperphosphorylated proteins.*

Second, we found that the intracellular localization and solubil-
ity (aggregation) of FUSP™Y°% also depend on the kinase-type. Both
c-Src and c-Fyn exhibited nuclear localization, whereas c-Abl
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Figure 7 Activity of pAbl increases in the nuclei of FTLD-FUS frontal cortex neurons. (A) Co-immunolabelling using FUSP¥>?® and pAbl antibody in the
cortical neurons of control and FTLD-FUS patients. (B) Counting the frontal cortex neurons with pAbl signal localization in nucleus only (Nu), nucleus
and cytoplasm (Nu & Cyto), or in the cytoplasm only (Cyto) in post-mortem tissue sections of control and FTLD-FUS. Image] analyses of (C) FUSP"Y>2¢ and
(D) pAbl nuclear/cytoplasmic ratio in counted cortical neurons. Statistical analyses were performed using ANOVA. *P < 0.05, *P < 0.01. Paraffin sections,

scale bar =20 um.

showed cytoplasmic activity, consistently overlapping with de-
tected FUSP™Y>?° signal in kinase transfected cells (Fig. 3). Since ki-
nase activity of c-Abl (preserved in Bcr-Abl fusion) has been
shown to prevent proteasome-mediated proteolysis of FUS,***2
which in turn increases endogenous levels of FUS,>? this could ex-
plain the increased FUS inclusions observed in cAbl expressing
HEK293T cells. Additionally, c-Abl hyperphosphorylation of FUS,

including Tyr526 of FUS, which inhibits FUS binding to TNPO1,?®
otherwise responsible for FUS solubility,?* could also explain why
cAbl phosphorylated FUSP"Y>?¢ was observed only in the insoluble
fraction. Though this higher molecular weight signal of FUS has
been reported by others,'*>?63350 we are the first to associate it
with the c-Abl activity. Such hyperphosphorylated FUS may pre-
sent changed epitopes and may not be detectable by antibodies
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Figure 8 Activity of pAbl induces FUSP ¥°2¢ sequestration into G3BP1 positive granules in stressed sh-SY5Y. The FlpIn SH-SY5Y-TR-FRT-mScarlet-
G3BP1-Myc cells generated by us were induced by doxycycline and transfected with constitutively active c-Abl kinase. Twenty hours post-transfection
they were exposed to 50 uM sodium arsenite (As) for 1.5 h and processed for FUSPY*? (green) and TDP-43 (magenta) immunolabelling, which revealed
co-localization of FUSP~Y>?® and mScarlet-G3BP1 granules (red) only in stressed c-Abl transfected cells. The cell nuclei were counterstained with DAPL
Scale bar =20 um.

raised against unmodified FUS. It is worth noting that the majority of FUS aggregation.?® However, our results suggest that cAbl-mediated
published data on FUS phosphorylation focuses on Ser/Thr phos- FUSP¥>?® phosphorylation increases cytoplasmic localization and

phorylation of FUS LCD (N-terminal domain),**?**® which decreases aggregation propensity of FUS under stress conditions.
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Our hypothesis was that C-terminal phosphorylation of FUS
might be abundant in the brain, as increased c-Src/c-Abl kinase
activity has also been demonstrated in Alzheimer’s disease,
Niemann-Pick type 2 disease, sporadic Parkinson’s disease,*
and proposed to coincide with the reduction in FUS turnover in-
duced by c-Abl.>? To confirm the presence of FUSP™¥*?° in more
relevant tissues, we first analysed Tyr526 FUS phosphorylation
in mouse brains, as Deng and colleagues had previously found
that phosphorylated FUS LCD is present as a transient intermedi-
ate in the mouse brain.?® Indeed, we detected FUSP"Y>?¢ positive
neurons of mouse cortex, hippocampus and cerebellum.
Overlapping patter of expression of pSrc and pFyn with
FUSPY>?¢ signal was observed in neurons of the hippocampus
that is consistent with the proposed role of FUS in this area,®
whereas co-localization of FUSP™Y*% signals and pAbl observed
in neurons of the mouse cerebral cortex suggest the possible
role of FUSPY*% in human FUSopathies mainly affecting the
frontal cortex, such as FTLD-FUS.

Immunoreactive patterns of FUSPY¥°?*® antibody (against
phosphor-Tyr526 of FUS) and pAbl in the frontal cortex of
FTLD-FUS patients revealed a persistent nuclear localization of
phosphorylated FUSP™Y>% (Fig. 6). Such a phenomenon could be
pathologically relevant for the majority of FTLD cases because of
a strong nuclear retention of FUSP™Y>%, Although we could not de-
tect significant co-localization of FUSP"Y>%¢ together with the typical
compact FUS aggregates using routine commercial FUS antibodies,
FUSP 5?6 often appeared as atypical granular cytoplasmic aggre-
gates, which were rarely co-localized with typical FUS aggregates.
These finding raises the possibility that FUSPY>?¢ could be involved
only in certain phases of FUS aggregation. In addition, such rare co-
localization could suggest a novel role of FUSP"Y>%¢ to regulate early
events in FUS aggregate formation. However, further experimental
evidence is warranted to verify this notion. We also observed that
pAbl showed a granular pattern of immunoreactivity in the cortical
neurons and co-localized with FUSP™¥>% (Fig. 7A), and the ratio of
nuclear/cytoplasmic signal intensity indicated increased nuclear
pADbl detection (Fig. 7B). Of note, c-Abl isomers in vivo can localize
both to the nucleus as well as to the cytoplasm, and in neurodegen-
erative conditions, c-Abl isomers can be abnormally activated
along with c-Src kinases.?*3¢*73° Thus, it is reasonable to assume
that such activation and differential localization of active pAbl
may promote preferential FUSP-Y°% retention in the nucleus of ma-
jority of cortical neurons in FTD-FUS. Similarly, our results also sug-
gest that cytoplasmic pAbl-mediated phosphorylation of Tyr526
FUS might trigger the process of early cytoplasmic FUS aggregates
and stress granules assembly, presumably under stress conditions
(Fig. 8), because phospho-Tyr526 inhibits TNPO1 binding to FUS,?®
making entangled soluble FUS unavailable for TNPO1 unwinding,**
possibly raising the local FUS concentration that upon de
phosphorylation may allow for insoluble FUS aggregates formation
(negative for FUSP"Y>?), Here it is particularly important to note that
nucleocytoplasmic shuttling of FUS is not solely mediated by
TNPO1 but can also be mediated by other import receptors to
some extent.®® We also observed more frequent FUSP"Y>?® staining
in neurons and surrounding glia in human frontal cortex, as oppose
to mice, which is likely due to the different activity of kinases ob-
served in human and mouse neuronal cell models.®? It will be inter-
esting in the future to fully characterize these small globular and
granular FUSPY>?¢ accumulations together with the interacting ki-
nases to understand their pathophysiological role in FTLD-FUS. In
summary, our study suggests that tyrosine kinase-driven post-
translational modifications of FUS may be the upstream trigger of

H. Motaln et al.

various pathophysiological changes leading to the development
and progression of FTLD-FUS. Our generated antibody specifically
recognizing FUSP Y>?¢ revealed pAbl-mediated phosphorylation of
Tyr526 FUS, which is critical for early pathophysiological events
in FTLD-FUS and has not been previously recognized by commer-
cial antibodies.
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