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ABSTRACT Fused in Sarcoma (FUS) is a ubiquitously expressed protein that can phase-sepa-
rate from nucleoplasm and cytoplasm into distinct liquid-droplet structures. It is predomi-
nantly nuclear and most of its functions are related to RNA and DNA metabolism. Excessive
persistence of FUS within cytoplasmic phase-separated assemblies is implicated in the dis-
eases amyotrophic lateral sclerosis and frontotemporal dementia. Phosphorylation of FUS's
prion-like domain (PrLD) by nuclear phosphatidylinositol 3-kinase-related kinase (PIKK)-family
kinases following DNA damage was previously shown to alter FUS's liquid-phase and solid-
phase transitions in cell models and in vitro. However, proteomic data suggest that FUS's
PrLD is phosphorylated at numerous additional sites, and it is unknown if other non-PIKK and
nonnuclear kinases might be influencing FUS'’s phase transitions. Here we evaluate disease
mutations and stress conditions that increase FUS accumulation into cytoplasmic phase-sep-
arated structures. We observed that cytoplasmic liquid-phase structures contain FUS phos-
phorylated at novel sites, which occurred independent of PIKK-family kinases. We engineered
phosphomimetic substitutions within FUS’s PrLD and observed that mimicking a few phos-
phorylation sites strongly inhibited FUS solid-phase aggregation, while minimally altering
liquid-phase condensation. These effects occurred independent of the exact location of the
phosphomimetic substitutions, suggesting that modulation of PrLD phosphorylation may of-
fer therapeutic strategies that are specific for solid-phase aggregation observed in disease.

ARTICLE

Monitoring Editor
Dennis Discher
University of Pennsylvania

Received: May 7, 2020
Revised: Aug 19, 2020
Accepted: Aug 28, 2020

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD) are progressive neurodegenerative diseases with overlapping
histopathological features (Ferrari et al., 2011; Karch et al., 2018).
Subtypes of both diseases can be categorized by the specific pro-
teins that accumulate in neuronal proteinaceous inclusions (Irwin
etal., 2015; Saberi et al., 2015). A small percentage of ALS and FTD
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subtypes feature neuronal inclusions enriched for the fused in sar-
coma (FUS) protein (Kwiatkowski et al., 2009; Vance et al., 2009;
Snowden et al., 2011). The pathological causes and consequences
of FUS aggregation are incompletely known, and there are no drugs
that prevent FUS-linked neurodegeneration.

FUS is a ubiquitously expressed 526—amino acid predominantly
nuclear protein that supports numerous DNA/RNA-related func-
tions, including transcription, RNA transport, RNA splicing, and the
DNA damage response (Zinszner et al., 1997; Yang et al., 1998,
2014; Tan et al., 2012; Mastrocola et al., 2013). FUS consists of an
N-terminal low-complexity prion-like domain (PrLD), three RGG re-
peat motifs, a zinc finger, an RNA recognition motif, and a C-termi-
nal nuclear localization signal (NLS). The PrLD is ~160 amino acids
and is named for its sequence similarity to yeast prion domains
(Gitler and Shorter, 2011), which are typically intrinsically disordered
and lack sequence complexity (i.e., they are abundant in a few polar
residues, with very few charged or hydrophobic residues; Ross and
Toombs, 2010). These domains (and similar so-called “prion-like”
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domains) can facilitate proteins to self-associate and undergo liquid-
and/or solid-phase transitions (Franzmann and Alberti, 2019). Con-
version into solid aggregates is usually considered a stochastic,
pathological event (Wickner et al., 2011), whereas the liquid-phase
transitions are considered integral to function (Shin and Brang-
wynne, 2017). FUS's PrLD enables the protein to condense into lig-
uid-droplet structures that are distinct from the bulk solvent in a
process frequently described as liquid-liquid phase separation
(LLPS; Burke et al., 2015; Lin et al., 2017). However, FUS's PrLD can
also form solid amyloid-like aggregates in vitro (Murray et al., 2017).

The condensation of macromolecules such as FUS into distinct
liquid phases allows temporal and spatial control of specific cellular
functions (Owen and Shewmaker, 2019). Examples of these liquid-
phase structures include Cajal bodies, stress granules, and the nu-
cleolus. These diverse condensates are thought to be partially stabi-
lized by proteins with intrinsically disordered domains—such as
FUS's PrLD—that have the capacity to form numerous nonspecific,
transient, multivalent interactions (Banani et al., 2017). However, an
emerging hypothesis is that the high concentrations of these un-
structured domains within liquid condensates can potentiate the
formation of intractable pathological solid aggregates (March et al.,
2016). In the case of FUS, persistent condensation and/or mislocal-
ization may initiate its solid-phase aggregation along neuroanatomi-
cal pathways (Armstrong, 2017). Once in the solid phase, both gain-
of-function and loss-of-function mechanisms may contribute to
neuronal degeneration (Sharma et al., 2016; Ishigaki and Sobue,
2018). Disrupting the formation of FUS-enriched neuronal inclusions
is a therapeutic strategy for FUS-specific subtypes of ALS and FTD.

Post-translational modifications (PTMs) can regulate LLPS (Owen
and Shewmaker, 2019; Soding et al., 2020). Low-complexity se-
quences, such as FUS's PrLD, are common to phase-separating pro-
teins and are especially susceptible to enzymatic modification due
to their relatively open conformational ensembles (Bah and Forman-
Kay, 2016). We previously reported that FUS's PrLD is highly post-
translationally modified under DNA-damaging conditions. Based
on our and others’ work, 32 putative phosphorylation sites have
been identified (Rhoads et al., 2018b). Twelve of these sites are ser-
ine or threonine followed by a glutamine (S/TQ), the consensus se-
quence for the phosphatidylinositol 3-kinase-related kinases (PIKKs).
PIKKs, which include the kinases DNA-PK, ATM, and ATR, are acti-
vated during the DNA damage response and have been confirmed
to phosphorylate FUS's PrLD (Gardiner et al., 2008; Deng et al.,
2014; Monahan et al., 2017; Rhoads et al., 2018a). Our findings
demonstrated that phosphorylation or phosphomimetic substitu-
tions of PIKK consensus sites inhibited FUS's propensity to undergo
solid-phase transitions into amyloid-like aggregates (Monahan
et al., 2017); in vitro suppression of LLPS was also observed. How-
ever, most of FUS’s putative phosphorylation sites are not PIKK con-
sensus sites, and it is unknown if these sites are actually phosphory-
lated in cells and if they alter FUS's state transitions.

In addition to DNA-damaging conditions, FUS has also been
shown to respond to oxidative and osmotic stress (Sama et al.,
2013). With hyperosmolar stress, wild-type FUS extensively accumu-
lates into cytoplasmic granules, whereas with oxidative stress, ALS-
mutant FUS accumulates into stress granules (Vance et al., 2013).
However, specific phosphorylation of FUS’s PrLD has not been char-
acterized under these conditions. In this study, we produced phos-
phospecific antibodies to evaluate phosphorylation of PIKK and
non-PIKK consensus sites within FUS's PrLD following different types
of stress in human cell models. We also evaluated ALS-mutant FUS
to determine if there was an association between pathological cyto-
plasmic aggregation and FUS PrLD phosphorylation. We then
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determined if phosphomimetic substitutions within FUS’s PrLD
could alter FUS phase transitions in a non-site-specific manner. Our
results suggest that non-PIKK kinases act upon FUS’s PrLD and are
capable of modifying FUS's aggregation propensity. This suggests
that pathological FUS aggregation in FTD and ALS could be amelio-
rated by altering posttranslational modifications.

RESULTS

The FUS prion-like domain is phosphorylated at multiple
non-PIKK sites

We previously confirmed and evaluated phosphorylation at PIKK
sites (S/TQ) within FUS's PrLD following DNA damaging stress
(Rhoads et al., 2018a). Our preliminary mass spectrometry experi-
ments suggested that non-PIKK consensus sites within the PrLD
were also being phosphorylated. We selected three potential non-
PIKK sites for corroboration with custom polyclonal antibodies: S57,
T71, and S96. Sites S57 and s96 were of interest because they are
putative ALS-mutation sites (Rhoads et al., 2018b). Custom antibod-
ies (a-pS57, a-pT71, and 0-pS96) that are specific to phosphory-
lated FUS (pFUS) were produced in rabbits (ThermoFisher and Gen-
script). Specificity for the phosphorylated epitope, relative to the
nonphosphorylated epitope, was confirmed by immunoblotting
(Supplemental Figure S1A). Also, antibodies were confirmed not to
cross-react with other phosphoepitopes (Supplemental Figure S1B).

Antibody specificity to full-length FUS from human H4 neurogli-
oma cells was tested by Western blotting. H4 cells were treated with
the DNA-damaging agent calicheamicin, as previously described
(Rhoads et al., 2018a). The pFUS antibodies from treated cells, re-
acted with protein species that migrated similarly to species recog-
nized by commercial FUS antibodies (Figure 1A). The custom anti-
bodies gave no signal at the same position as FUS in the no-treatment
control; however, nonspecific bands of different molecular weights
were present (Supplemental Figure S1C). To ensure that the phos-
phospecific antibodies were identifying FUS species, knockdown
experiments (siRNA) were performed. Quantification of Western
blot signals revealed similar knockdown efficiency of FUS and pFUS
signals using the same FUS-specific siRNA (Figure 1B). The custom
antibodies were analyzed using immunofluorescence microscopy of
H4 cells to verify their specificity to FUS, which is predominantly a
nuclear protein. After calicheamicin treatment, the pFUS antibodies
yielded strong nuclear signals (Figure 1C) that were eliminated, simi-
larly to FUS signals, by FUS siRNA (Figure 1D).

Our previous work found that low concentrations of calicheami-
cin (~0.5 nM) induced PIKK-kinase phosphorylation of the FUS
PrLD at two PIKK consensus sites: S26 and S30 (Rhoads et al.,
2018a). When H4 cells were treated with a calicheamicin dose se-
ries, the 0-pS57, a-pT71, and 0-pSP6 antibodies detected FUS
species at and above ~10 nM calicheamicin (Figure 2A). This phos-
phorylation was completely inhibited with a PIKK-kinase inhibitor
(discussed further below; see Figure 4A). The phospho-bands de-
tected by oa-pS57, a-pT71, and a-pS?6 overlapped with the
higher—apparent molecular weight commercial 0-FUS bands; this
slower electrophoretic migration occurs when FUS is multiphos-
phorylated (Deng et al., 2014; Monahan et al., 2017; Figure 2A).
The antibodies specific to PIKK consensus sites (pS26 and pS30)
identify FUS before, during, and after its shift to higher molecular
weight, which could indicate that phosphorylation occurs first at
PIKK sites. The potential for PIKK kinases to phosphorylate these
non-PIKK-consensus sites (557, T71, and S96) in FUS's PrLD were
corroborated by in vitro assays using recombinant PIKK kinase
(DNA-PK) and maltose binding protein-tagged FUS (MBP-FUS;
Figure 2B).
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Phosphospecific antibodies recognize non-PIKK sites within FUS's prion-like domain. (A) H4 cells with FUS
knockdown by siRNA treated with DMSO or 50 nM calicheamicin (CLM) were analyzed by Western blots probed with
commercially available FUS and custom phospho-FUS antibodies. (B) Quantification of percent reduction in Western blot
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DNA damage induces multiphosphorylation of FUS’s prion-like domain at PIKK and non-PIKK sites. (A) H4
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MBP-FUS in vitro. Reaction was analyzed by Western blot and probed with commercial FUS and phosphospecific

antibodies.

Phosphorylation of FUS occurs independent of PIKK-family
kinases following osmotic and oxidative stress

Because each custom antibody was specific to its unique epitope in
cross-reactivity assays (Supplemental Figure S1B), we concluded
that the phosphorylation of FUS’s PrLD is not limited to the 12 S/TQ
consensus sites, and other non-PIKK kinases may also act on this
domain. However, because of the low sequence complexity of FUS’s
PrLD, it could not be ruled out that phosphospecific antibodies
cross-react to other PIKK-site phosphoepitopes nonspecifically. We
therefore asked if other stress conditions that affect FUS cell biology
would reveal distinct phosphorylation patterns that would be inde-
pendent of PIKK kinase activity.

Previous work demonstrated that both sorbitol (osmotic stress,
and sodium arsenite (oxidative stress) affect mutant or wild-type
FUS subcellular localization (Andersson et al., 2008; Sama et al.,
2013). We analyzed the phosphorylation status of FUS's PrLD at
PIKK and non-PIKK sites following treatment of H4 cells with these
stressors (Figure 3A). Western blotting indicated that S30, T71, and
S96 are phosphorylated following both treatments, whereas S26
and S57 are unchanged. For the 0-pS30, a-pT71, and a-pS96 anti-
bodies, higher- and lower-molecular weight bands were also evi-
dent following treatment, but FUS siRNA knockdown confirmed
that these bands were not specific to FUS (Supplemental Figure
S1D). Quantification of the Western blot signals showed an immedi-
ate increase in phosphorylation at S30, T71, and S96 within 15 min
following sorbitol treatment (Figure 3B). In contrast, there was a

4
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gradual increase in phosphorylation following sodium arsenite treat-
ment that did not plateau until ~ 45 min (Figure 3B).

FUS remains nuclear following PIKK-kinase phosphorylation
(Rhoads et al., 2018a). However, because osmotic and oxidative
stress can cause FUS to accumulate in cytoplasmic granules (Ander-
sson et al., 2008; Sama et al., 2013), we asked if phospho-FUS spe-
cies could be seen in these structures by immunofluorescence mi-
croscopy. H4 cells were treated with sodium arsenite or sorbitol as
before and then immuno-stained with the custom FUS antibodies.
Figure 3C shows representative images using commercial and o-
pS30 FUS antibodies. Both pFUS and FUS colocalize in cytoplasmic
inclusions. The o-pT71 and a-pS96 antibodies also stain cytoplas-
mic structures (Supplemental Figure S3) but are inconclusive due to
cross-reactivity with other species (Supplemental Figure S1B). To
determine if the pFUS-positive cytoplasmic granules were stress
granules, immunostaining was performed with 0-G3BP and a-TIA1
(Figure 3D; Supplemental Figure S4); both markers colocalized with
phospho-FUS antibodies, suggesting that stress granules contain
phosphorylated FUS.

In previous work, we showed that PIKKs phosphorylate the FUS
PrLD following DNA damage, but phosphorylation could be elimi-
nated with the addition of PIKK-specific inhibitors (Rhoads et al.,
2018a). To determine if phosphorylation following osmotic and oxi-
dative stress is facilitated by PIKK kinases, here we used the PIKK-
specific inhibitor torin 2 (Udayakumar et al., 2016; Blackford and
Jackson, 2017), which we confirmed to be a broadly acting PIKK
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kinase inhibitor (Supplemental Figure S2A). Torin 2 treatment com-
pletely abrogated DNA damage-induced (calicheamicin) phosphor-
ylation at all PIKK and non-PIKK sites, but had only a small effect on
osmotic stress-induced phosphorylation and essentially no effect on
oxidative stress-induced phosphorylation (Figure 4, A and B).

When we pre-treated cells with torin 2, the morphology of FUS-
positive granules did not change and they still reacted with the
phosphoantibodies (Figure 4C). At the three sites analyzed, we see
that torin 2 dramatically reduced the nuclear phospho-FUS signal
when cells were treated with calicheamicin, but not with sorbitol or
sodium arsenite (Figure 4D; Supplemental Figure S2B). Cytoplasmic
phospho-FUS levels under all conditions are not significantly re-
duced by torin 2 (Figure 4D; Supplemental Figure S2B). The above
data suggest that phosphorylated FUS is present in cytoplasmic
granules and may be modified by an unidentified nuclear or cyto-
plasmic kinase(s).

The phosphorylated ALS mutant FUS is present in
cytoplasmic inclusions

AlLS-associated mutations that disrupt FUS's C-terminal NLS cause
FUS to accumulate in the cytoplasm, which is hypothesized to be part
of the pathological mechanism causing FUS-linked ALS (Dormann
et al., 2010). Because we observed that FUS's PrLD is capable of be-
ing phosphorylated at non-PIKK sites and by non-PIKK kinases, we
asked if mutant cytoplasm-confined FUS could be phosphorylated.
We expressed an N-terminal GFP-tagged FUS containing an ALS-
causing nonsense mutation that eliminated FUS's NLS (FUS(R495X))
in H4 cells. Expression of FUS(R495X) in H4 cells, followed by immu-
noprecipitation and Western blotting with phosphospecific antibod-
ies, indicated that mutant FUS’s PrLD was being phosphorylated in
the cytoplasm (Figure 5A; Supplemental Figure S5A).

Using immunofluorescence microscopy, we characterized cyto-
plasmic mutant FUS expression patterns. Expression of GFP-
FUS(495X) for 6, 8, or 24 h yielded diffuse, granular, or aggregated
cytoplasmic patterns (Figure 5, B and C). To confirm these results,
we also used a C-terminal GFP-tagged FUS (FUS(1-494-GFP)). Both
N-terminal and C-terminal GFP-FUS constructs showed similar cyto-
plasmic accumulation (Figure 5B). At 6 h posttransfection, the ma-
jority of mutant FUS was in a diffuse or granular state. By 24 h, the
aggregated pattern was more prevalent. We assessed the phos-
phorylation of diffuse, granular, and aggregated FUS(R495X) at 24 h
posttransfection and quantified phosphorylation at both PIKK and
non-PIKK consensus sites ((Figure 5, A and D; Supplemental Figure
S4). The phosphosignal had the highest correlation coefficient with
the GFP-signal in the aggregated inclusion state, and decreased as
the expression became more diffuse.

To determine if phosphorylation of mutant FUS's PrLD is depen-
dent on PIKK-family kinases, H4 cells were treated with torin 2 after
6 h of transfection—before aggregation was observed. The inhibi-
tion of PIKK-family kinases did not significantly affect mutant FUS
phosphorylation at any residues analyzed (Figure 5E; Supplemental
Figure S5). These data indicate that ALS-mutant FUS can be phos-
phorylated by cytoplasmic kinases and phospho-FUS is enriched
within cytoplasmic foci.

Mutant FUS—with or without phosphomimetic substitutions
at non-PIKK sites—forms cytoplasmic inclusions with
liquid-like properties

In our previous work, we found that phosphomimetic substitutions
(S/T—E) of all 12 PIKK consensus sites within the PrLD dramatically
decreased cytoplasmic aggregation of ALS-mutant FUS(495X) in
cell culture (Monahan et al., 2017). We asked if phosphomimetic
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substitution (S/T—E) at four non-PIKK consensus sites (4Ev3 and
4Ev4, diagrammed in FUS toxicity and aggregation can be altered
by non-PIKK phosphomimetic substitution in Figure 7A) would alter
cytoplasmic inclusion formation of mutant FUS(1-494-GFP) in H4
cells. For controls, we used constructs with alanine or guanine sub-
stituted at all the PIKK sites (12A or 12E), as well as a construct with
no substitutions (OE). We analyzed the expression patterns 24 h
posttransfection using live-cell imaging (Figure 6A).

Expression of FUS(1-494)-GFP (OE) resulted in the formation of
numerous cytoplasmic inclusions with different morphologies, from
smooth to amorphous (Figure 6A). The 12A construct produced
amorphous, relatively small puncta throughout the cytoplasm of
cells. The expression of the 12E variant had the most profound ef-
fect, with noticeably more soluble protein. The 4E phosphomimetic
constructs resulted in patterns like those in the OE control. We
counted the number of granules in cells transfected with each con-
struct (Figure 6B). There was a significant decrease in the number of
granules present in cells containing the 12E construct from all other
constructs, as previously observed (Monahan et al., 2017). However,
the 4E constructs appeared much like OE.

Different variants of mutant FUS have previously been shown to
form condensates with liquid-like characteristics (Niaki et al., 2020).
We asked if the FUS(1-494) inclusions would have liquid-like behav-
ior and if phosphomimetic substitutions would alter their dynamics.
We used fluorescence recovery after photobleaching (FRAP) to as-
sess the dynamics of mutant FUS cytoplasmic inclusions (Alberti
et al., 2019). All FUS constructs had similar mobile fractions and
half-times of recovery, suggesting similar dynamics (Figure 6C).
Each construct also displayed liquid-like characteristics with recov-
ery on the time scale of seconds. We also performed FRAP with cells
treated with sodium arsenite, since it is reported to drive cytoplas-
mic FUS into granules; the fluorescence recovery times were similar
for all variants (Supplemental Figure Sé) These data suggest that a
few phosphomimetic substitutions in the PrLD do not dramatically
alter FUS's LLPS in cells, which could be because a percentage of
FUS is typically phosphorylated at sites within the PrLD when con-
tained within liquid-like cytoplasmic inclusions.

FUS toxicity and aggregation can be altered by non-PIKK
phosphomimetic substitution

Our previous work in yeast models revealed a link between human
FUS's cytoplasmic aggregation and toxicity when ectopically ex-
pressed (Kryndushkin et al., 2011; Monahan et al., 2017, 2018). FUS
expressed in yeast models displays detergent resistance and dye-
binding properties more typical of solid-phase aggregates (Fushimi
etal., 2011; Kryndushkin et al., 2011). In yeast, we previously found
that phosphomimetic substitutions (S/T—E) of the PrLD’s 12 PIKK
consensus sites reduced FUS's aggregation propensity and caused
a concomitant reduction in its toxicity (Monahan et al., 2017). How-
ever, it was not known if the PIKK consensus sites were special, or if
other potential phosphorylation sites within the PrLD could likewise
inhibit aggregation and toxicity.

We compared the effect of PIKK versus non-PIKK consensus site
phosphomimetic substitution using five full-length FUS variants that
each had four unique S/T—E substitutions (Figure 7A). The con-
structs contained substitutions at PIKK consensus sites (4EvO, v1,
v2), non-PIKK consensus sites (4Ev3, v4), or both (4Ev5). The differ-
ent combinations of 4E substitutions were expressed at similar lev-
els and significantly decreased toxicity regardless of the specific
substitutions being PIKK or non-PIKK consensus sites (Figure 7B;
Supplemental Figure S7, A and B). Substitutions that overlapped a
core region (aa 39-95), previously defined by solid-state NMR as
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expression pattern than WT FUS (Figure 7, C and D), which is con-
sistent with previous results in which substitutions were made at all
the PIKK sites (Monahan et al., 2017).

Phosphomimetic substitutions in the core of FUS’s PrLD
inhibit prion-like behavior in a yeast model

FUS's PrLD is compositionally similar to the naturally occurring prion
proteins that form self-propagating toxic amyloid in yeast (Kryndu-
shkin et al., 2011; McGlinchey et al., 2011). Human disease proteins
that resemble yeast prion proteins have previously been evaluated
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using quantitative prion scoring methods that exploit well-charac-
terized prion assays. With these methods, human prion-like se-
quences are substituted for segments within the yeast prion protein
Sup35 (Kim et al., 2013). The sequences can then be scored for how
well they support prion-like aggregation, which is phenotypically
reported by growth on media lacking adenine (essentially, the prion-
like aggregation of the fusion protein results in its loss of function;
Tuite et al., 2015).

We replaced the nucleating portion of the Sup35 prion domain
(aa 3-40) with a section of the FUS PrLD (aa 25-109). We also
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engineered a variant (4Evé; Figure 7A) with four phosphomimetic
substitutions within the region that appeared to protect best against
FUS toxicity. The WT and 4Evé fusions with Sup35 were both able to
complement a sup35A strain (Figure 7E, top two rows). Both fusions
were able to perform normal translational termination by not per-
mitting read-through of the ade-1 gene with an internal nonsense
codon (nongrowth on media lacking adenine; Figure 7E, rows 3 and
4). Transient expression of Sup35NM, which is a nonfunctional
amino-terminal fragment of Sup35, can promote prion formation of
the full-length protein (Ter-Avanesyan et al., 1994). After Sup35NM
was transiently overexpressed, the FUS-Sup35 fusions gained the
ability to grow on media lacking adenine. However, induction of
growth for 4Evé was reduced by ~1 log relative to the nonmimetic
fusion. This suggests that phosphorylation within a few sites (either
PIKK or non-PIKK) of FUS's PrLD may be able to inhibit prion-like
aggregation.

Non-PIKK phosphomimetic substitutions inhibit FUS
solid-phase aggregation in vitro

We and others previously showed that recombinant FUS can un-
dergo liquid- and solid-phase transitions into dynamic droplet or
solid aggregate structures in vitro (Patel et al., 2015; Monahan et al.,
2017). Wild-type full-length FUS will undergo LLPS and form liquid
droplets observable by differential interference contrast (DIC) mi-
croscopy, but after prolonged , solid amorphous aggregates form
(Monahan et al., 2017). We created two FUS-MBP phosphomimetic
constructs with the same 4 non-PIKK S/T—E substitutions described
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above (Figure 7A; 4Ev3 and 4Ev4). We examined phase separation
of these two non-PIKK phosphomimetic constructs using DIC. We
also included a control with phosphomimetic substitutions at all 12
PIKK sites (12E), which were previously found to be sufficient to in-
hibit the formation of solid aggregates when FUS was subjected to
overnight agitation. We found that the FUS constructs that con-
tained four non-PIKK phosphomimetic substitutions in the PrLD
were able to form droplet structures, but failed to form solid aggre-
gates with prolonged agitation (Figure 8A; Supplemental Figure
S8A). Amorphous aggregates of FUS start to form within 6 h of agi-
tation, while the droplet structures formed by the phosphomimetic
variants persist up to 48 h with agitation (Supplemental Figure S8A).
To ensure that these droplets were in a liquid-phase separated state,
we treated the agitated proteins with 1,6-hexanediol, a chemical
probe used to disrupt weak hydrophobic interactions (Kroschwald
et al., 2017). Wild-type full-length FUS solid aggregates were unaf-
fected by 1,6-hexanediol treatment, while the phosphomimetic FUS
droplets dissolved upon exposure (Supplemental Figure S8B).Using
turbidity as a reporter for LLPS, we also found that high salt could
significantly suppress phase separation for both FUS-4Ev3 and FUS-
4Ev4 when compared with the baseline condition (150 mM NaCl;
Figure 8B), which is similar to results observed for phosphomimetic
substitutions at 6 or 12 PIKK consensus sites (Monahan et al., 2017).
These results suggest that non-PIKK kinases that act upon a few
sites within the PrLD could have dramatic effects on FUS’s phase
separation, especially in preventing irreversible solid aggregate
formation.
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DISCUSSION

Post-translational modifications of FUS have been proposed to reg-
ulate its inclusion and function in membraneless organelles (Owen
and Shewmaker, 2019). Aberrant formation of membraneless organ-
elles has also been linked to FUS-associated neurodegenerative
disease (Shin and Brangwynne, 2017). To better understand the link
between PTMs and FUS phase transitions, we analyzed both PIKK
and non-PIKK consensus site phosphorylation of wild-type FUS's
PrLD under cellular stress conditions and ectopically expressed mu-
tant FUS. Our data suggest that the FUS PrLD is differentially phos-
phorylated depending on the stress conditions within the cell. We
evaluated how phosphomimetic substitutions at PIKK and non-PIKK
sites affected FUS's phase separation and aggregation. Our data
suggest that phosphorylation at non-PIKK sites can have similar in-
hibitory effects on phase separation and aggregation as previously
observed with PIKK sites (Monahan et al., 2017); however, phospho-
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mimetic substitutions in FUS's PrLD appear
to be particularly detrimental to solid-phase
transitions.

Previous mass spectrometry analysis of
FUS indicated 32 putative phosphorylation
sites in the PrLD of FUS (Rhoads et al.,
2018a). We and others previously confirmed
phosphorylation of three PIKK consensus
sites by PIKK-family kinases following DNA
damage (Gardiner et al., 2008; Deng et al.,
2014; Rhoads et al., 2018a). In this study, we
provide data showing that three non-PIKK
consensus sites (557, T71, and S96) are
phosphorylated following different types of
cellular stress. The inhibition of PIKK-family
kinases did not prevent phosphorylation of
FUS's PrLD following osmotic or oxidative
stress, suggesting that other kinases may
regulate this domain. The NetPhos algo-
rithm predicts that protein kinase C (PKC) is
the most likely candidate kinase for sites
S57 and 596, and cyclin-dependent kinase 5
(cdk5) is the most likely for T71. Our prelimi-
nary experiments using pharmacological in-
hibitors of these kinases were inconclusive.
We also evaluated ALS-mutant FUS that was
confined to the cytoplasm due to defects in
its NLS. Mutant cytoplasmic FUS was phos-
phorylated by one or more presumably cy-
toplasmic kinase(s) that were not affected by
PIKK inhibition.

We also observed that PIKK-family ki-
nases have the potential to phosphorylate
non-S/TQ consensus sites within the PrLD
following DNA damage, which is consistent
with bioinformatic data on PIKK substrates
that indicate that noncanonical phosphory-
lation is not uncommon (kinaseNET). How-
ever, non-PIKK sites appeared to be phos-
phorylated subsequent to PIKK sites. In
conclusion, we observed differential phos-
phorylation of PIKK and non-PIKK consen-
sus sites depending on the type and extent
of stress response elicited from mutations,
DNA damage, oxidative stress, or osmotic
stress. This suggests that FUS's phospho-
proteoform can change according to the specific function it is per-
forming or the stress it responding to.

Previous work shows that the cytoplasmic FUS phase separates
into stress granules. Here we found that under stress conditions that
caused FUS accumulation into cytoplasmic granules, phospho-FUS
was detectable in G3BP-positive stress granules. The rates of phos-
phorylation observed by Western blotting were stress-dependent
and correlated with the dynamics previously reported for stress
granule formation under different stress conditions (Wheeler et al.,
2016). These data suggest a role for site-specific phosphorylation of
FUS that could be important for its function or localization within
stress granules (both into or out of). However, the temporal relation-
ship between phosphorylation and granule dynamics requires fur-
ther characterization.

A recent study showed that numerous mutant FUS constructs
can separate into droplets in vitro (Niaki et al., 2020). The liquid-like
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dynamics of FUS varied depending on the type or location of the
mutation. Here, we corroborated these findings and observed that
NLS-mutant FUS (FUS(R495X)) can liquid-phase separate in cells.
We biophysically characterized mutant FUS and determined that it
is in a liquid-like state in cytoplasmic granules. When four phospho-
mimetic substitutions were introduced into the PrLD, no differences
in FUS dynamics within granules were observed by FRAP. The dy-
namics was similar regardless of where the phosphomimetic substi-
tutions occurred. When 12 substitutions were introduced, the effect
was largely observed as more diffuse FUS, but FRAP dynamics of
cytoplasmic granules remained largely the same. Likewise, mutant
FUS-positive cytoplasmic granules did not have altered FRAP dy-
namics even when cells were treated with sodium arsenite to induce
PrLD phosphorylation. Thus, FUS dynamics within these structures
appears not to be greatly altered by PrLD phosphorylation. This
may be because cytoplasmic liquid-state granules are complex het-
erogeneous structures, in which FUS might be a minority species
and subject to many other overriding interactions.

Phosphorylation of FUS's PrLD may be more critical for prevent-
ing pathological solid-state transitions. A current hypothesis sug-
gests a link between membraneless organelle dynamics and forma-
tion of toxic cytoplasmic inclusion in neurodegenerative disorders
like ALS (Wolozin and Ivanov, 2019). The high concentrations of
proteins like FUS within condensates may potentiate molecular in-
teractions that lead to solid/irreversible aggregate formation (Shin
and Brangwynne, 2017). Our in vitro data with recombinant FUS
suggest that phosphorylation of the PrLD can have profound inhibit-
ing effects on solid-phase transition while minimally affecting LLPS.
Also, these effects are nonspecific; phosphomimetic substitutions
had similar effects regardless of their exact locations within the
PrLD. In yeast, we observed similarly that four phosphomimetic sub-
stitutions were enough to suppress prion/amyloid-like aggregation
and proteotoxicity. Toombs et al. (2010) previously discovered that
the amino acid composition of prion domains can be more impor-
tant for amyloid-like solid-phase aggregation than the specific order
of the amino acids; charged groups are especially unfavorable. Like-
wise, the parallel in-register amyloid model of FUS PrLD proposed
by Murray et al. (2017) would be strongly disfavored by the introduc-
tion of charged groups. Our phosphomimetic data are consistent
with these findings, suggesting that substitution at specific PIKK
sites is not required to have a general anti-aggregation effect on the
solid phase.

In the case of NLS-deficient mutant FUS (FUS(R495X)), which lo-
calizes to the cytoplasm in either a diffuse, granular, or aggregated
state, we observed that punctate FUS appears to have greater PrLD
phosphorylation. A possibility is that the environment of some liquid
phase-separated environments favors more phosphorylation (Rai
etal., 2018), which could have protective effects against solid-phase
aggregation. Hyperphosphorylation of some neurodegenerative-
associated proteins within pathological inclusions could be the
marks of failed solubilization mechanisms, rather than promoters of
aggregation (Li et al., 2011; Hergesheimer et al., 2019).

While FUS's PrLD has 12 PIKK consensus and numerous other
putative phosphorylation sites, in our observations, the FUS proteo-
form generally consists of protein, with only a few phosphorylation
events following most stress. This is evident because when FUS is
highly phosphorylated it visibly migrates more slowly by Western
blot (Deng et al., 2014; Monahan et al., 2017). We observed that a
few phosphomimetic substitutions could have dramatic effects on
solid-state aggregation, regardless of their exact position in the
PrLD. Phosphomimetic substitutions are not perfect substitutes for
phosphoserine and phosphothreonine, and are more subtle than
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the addition of phosphate groups to amino acids, so possibly the
phosphomimetic effects understate the inhibitory effects of phos-
phorylation. Tilting the balance toward slightly greater phosphoryla-
tion of the FUS proteoform in vivo could be a therapeutic strategy
for ALS and FTD subtypes. Further research into the kinase and
phosphatase regulation of FUS is required.

METHODS

Cell culture/transfections/FUS knockdowns

H4 neuroglioma (ATCC HTB-148) cells were cultured in DMEM
(Sigma D6429) supplemented with 10% fetal bovine serum (Sigma
F6178) and 1% penicillin—streptomycin (Corning 30-002-Cl). Cells
were lysed with a modified RIPA buffer (200 mM NaCl, 100 mM Tris-
HCl pH 8, 0.5% sodium deoxycholate, 1% Triton X-100, 670 mM
phenylmethylsulfonyl fluoride, 1250 units of benzonase nuclease
[Sigma E8263], 150 pl protease inhibitor cocktail [Thermo 1861278],
and 100 pl phosphatase inhibitor [Thermo 78426]) for 30 min on ice.

DNA was transfected into H4 cells at ~70-80% confluency using
Lipofectamine 2000 (Thermo 11668027) and OptiMEM (Life Tech-
nologies 31985070) at a ratio of 3 pg DNA to 2.5 pl Lipofectamine
2000 and incubated at 37°C for 24 h unless otherwise stated. FUS
knockdowns were done with Lipofectamine RNAIMAX (Thermo
13778075) and 30 pmol siRNA (FUS [Thermo 4392420] and nega-
tive control [Thermo 4390843]) for 48 h at 37°C.

H4 cells were treated with the following reagents for 1 h at 37°C
unless otherwise stated: 15 nM or 50 nM calicheamicin-y (generous
gift from Pfizer), 0.4 M sorbitol (Sigma S1876), 500 uM sodium arse-
nite (Chem Cruz 301816), and 200 nM torin 2 (Selleckchem 52817).

Cloning/Plasmids

WT FUS, FUS 12E, and GFP-FUS 495X plasmids were obtained
from Monahan et al. (2017). Plasmids were generated either
through PCR cloning (Thermo F531S) of genes into appropriate
parent vectors at multiple cloning sites or through site-directed mu-
tagenesis (New England Biolabs E0552S), with the exception of
FUS 12A, which was synthesized by GenScript (Piscataway, NJ).
Plasmids used for protein purification were derived from 6éxHis-
MBP-FUS (source Addgene 98651); plasmids used for immunofluo-
rescence and live-cell imaging were derived from C1-eGFP (source
Addgene 54759); plasmids used for yeast toxicity were derived
from pH317 (2u LEU2 Pga(; source Shewmaker lab); plasmids used
for yeast SIM imaging were derived from pH316 (CEN LEU2 Pga;
source Shewmaker lab).

Custom antibodies and peptide specificity

Production of Serine 26 and Serine 30 phosphoantibodies was pre-
viously described in Rhoads et al. (2018a) by GenScript (Piscataway,
NJ). Serine 57, Threonine 71, and Serine 96 were produced similarly
using synthetic peptides FUS 51-63 GQSSYS(p-S)YGQSQN, FUS
65-79 GYGTQS{p-TIPQGYGSTC, and FUS 91-105 YGQQS{p-S}YP-
GYGQQPC as immunogens for antibody production in rabbits, re-
spectively. T71 and S96 peptide synthesis and antibody production
was performed by Genscript, while S57 production was performed
by ThermoFisher (Lafayette, CO).

Specificity of phosphoantibodies was verified through FUS
knockdowns and peptide dilutions. FUS knockdowns were analyzed
through Western blot and immunocytochemistry procedures. Nitro-
cellulose membranes (BioRad 1620112) were saturated with 8 M
urea before being loaded on the Hybri-Slot Manifold blotting
apparatus (BRL 1052MM). Unmodified and phosphorylated FUS
peptides were blotted and probed with respective antibodies fol-
lowing the Western blotting protocol.
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Immunocytochemistry and FRAP

For fixed cell imaging, cells were grown on glass coverslips for 24 h
before any treatments and fixation with 4% paraformaldehyde
(Sigma P6148). The cells were permeabilized with -20°C methanol
and blocked with 5% normal goat serum (Abcam ab7481) with
0.05% sodium azide (Life Technologies 500622). The following anti-
bodies were used to probe the fixed cells: FUS antibodies (Abcam
ab154141, custom rabbit phospho-FUS antibodies), G3BP (BD
61112), and TIA1 (Santa Cruz 166247). Secondaries used to detect
primary antibodies were AlexaFluors AF488 and AF568 (Thermo-
Fisher A-11001, A-11011). Nuclei were stained using the Mounting
media with DAPI (ThermoFisher P36931). Slides were imaged using
Zeiss 700 and the Nikon A1R. Immunofluorescence quantification
was done using the raw integral density in Fiji (Schindelin et al.,
2012). Values were normalized to the highest intensity in the data
set. Mutant FUS(495X) phosphorylation was quantified using Pear-
son’s correlation coefficient to the GFP signal. FUS(494)-GFP gran-
ule area and number was quantified using particle analysis on
Imaged.

For live-cell imaging, cells were grown in glass-bottomed mi-
crowell dishes 24 h before transfection. The cells were incubated at
37°C for either 12 or 24 h posttransfection. After either time point,
the medium was changed to dye-free DMEM (Thermo #21063029).
The FRAP data were collected on the Nikon A1R. The center of a
granule, marked by a 0.3-pm region of interest, was bleached at
100% power for 1.9 s. The recovery was analyzed for 98 s (~1.6 min).
The recovery was quantified using the time series analyzer V3 plugin
on Fiji. The bleached pixel intensity was subtracted from each data
point and then data points were normalized to the pixel intensity
before the bleaching occurred.

Western blotting

Lysates were mixed with 4x NuPAGE LDS Sample Buffer (Thermo
NP0008) and run through AnyKD precast gels (BioRad 4569034) at
80V for 2 h. Gels were transferred through either a Trans-Blot Turbo
Transfer System (Bio-Rad 1704150) or eBlot L1 (GenScript L00686)
onto nitrocellulose membranes (BioRad 1620112). Membranes
were blocked with 6% milk (BioRad 1706404) in Tris-buffered saline
(TBS). Primary and secondary antibodies were diluted in TBS with
0.1% Tween-20 (Sigma P7949). The following primary antibodies
were used to probe the blots: FUS antibodies (Santa Cruz 373698,
Abcam ab154141, Bethyl A300-293A, custom rabbit phospho-FUS
antibodies), gamma tubulin (Sigma Té557), and GFP (Roche
11814460001). Primary antibodies were detected with secondaries
conjugated to IRDye fluorescent probes (LI-COR 926-68021, 926-
32210). Blots were imaged with the Odyssey CLx imaging system
(LI-COR). Band densitometry quantification was done using Image
Studio software (Li-COR). Phosphobands were normalized to en-
dogenous FUS band intensity.

In vitro DNA-PK phosphorylation (2B)

A plasmid encoding for 6xHis-MBP-FUS (Addgene 98651) was
transformed into NiCo(DE3)-competent Escherichia coli (New Eng-
land BioLabs C2529H). Cell pellets were collected from 1-I cultures
induced with 0.5 mM IPTG after continued growth at 37°C for 4 h.
Pellets were sonicated in 20 mM NaPi pH 7, 1 M NaCl, and 10 mM
imidazole with a protease inhibitor tablet (Roche 11836170001) and
spun down at 20,000 x g for 1 h at 4°C. The supernatant was filtered
through 0.8 pm surfactant-free cellulose acetate syringe filters
(Corning 431221) before being run through a nickel column (GE 17-
5286-01). The column was washed with 20 mM NaPi pH 7, 1 M
NaCl, and 30 mM imidazole before elution with 20 mM NaPi pH 7,
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1 M NaCl, and 300 mM imidazole. The eluate was collected and
spun down with 50-kDa centrifuge filters (Millipore UFC505024) and
stored in 75% 20 mM NaPi pH 7, 1 M NaCl, and 25% glycerol.

In vitro DNA-PK reactions were carried out using a DNA-PK ki-
nase enzyme system (Promega V4106) in a reaction following the
manufacturer’s protocol containing 5 pg recombinant MBP-FUS,
200 pM ATP, and varying doses of DNA-PK. The reactions were in-
cubated at room temperature for 1 h before being prepped for
Western blotting.

Phase separation and turbidity

A plasmid encoding for 6xHis-MBP-FUS (Addgene 98651) and
phosphomimetic derivatives were transformed into BL21(DE3)-
competent E. coli (New England BioLabs C2529H). Cell pellets were
collected from 1-I cultures induced with 0.5 mM IPTG after contin-
ued growth at 37°C for 4 h. Pellets were sonicated in 20 mM Tris-
HCI, 1 M NaCl, and 1 mM EDTA, pH 7.4, with a protease inhibitor
tablet (Roche 11836170001) and spun down at 20,000 x g for 1 h at
4°C. The supernatant was filtered through 0.8 pm surfactant-free
cellulose acetate syringe filters (Corning 431221) before being run
through an MBPTrap column (GE 17-5286-01). The column was
washed with 20 mM Tris-HCI, 1 M NaCl, and 1 mM EDTA, pH 7.4
before elution with 10 mM maltose in the buffer. The eluate was col-
lected and spun down with 50-kDa centrifuge filters (Millipore
UFC505024) and stored with 25% glycerol.

Phase separation samples were prepared in 20 mM Tris HCl and
150 mM NaCl, pH 7.4 with 5 pM of MBP-FUS and 5 units of ProTEV
Plus (Promega 20200703) and agitated overnight at 1200 rpm at
25°C. Samples were aliquoted onto glass slides and imaged through
differential interference microscopy (Olympus [X73). Phase-sepa-
rated, agitated protein samples were subjected to 10% 1,6-hexane-
diol (Sigma 629118). Protein samples were aliquoted into a glass
microscopy dish and 10% 1,6-hexanediol (final concentration) was
added. Images were taken using differential interference micros-
copy (Leica DMi1) before treatment and at 5, 10, and 30 min during
treatment. Turbidity measurements were made with 5 uM MBP-FUS
in 20 mM Tris HCl and varying concentrations of NaCl ranging from
150 mM to 1 M. Samples were incubated with 10 units of ProTEV
Plus (Promega) for 45 min at 30°C, and absorbance at 600 nm was
measured using a BioTek Cytation 5 imaging reader.

Yeast

The yeast strain BY4741 (his3D1 leu2D0 met15D0 ura3D0 PIN+) was
used for toxicity and aggregation assays. For the toxicity assay, sin-
gle colonies were grown overnight at 30°C and dilution spotted on
glucose and galactose plates. For structured illumination micros-
copy, overnight cultures were induced with galactose for 8 h at 30°C
before being fixed with 4% PFA and washed with 0.1 M KPO,4 and
0.1 M KPO4/1.2 M sorbitol buffer. The cells were treated with 100T
zymolyase (Zymo Research E1005) to form spheroplasts. Glass slides
were treated with 0.1% poly-D-lysine and the spheroplasts settled
on the slide before being permeabilized with -20°C methanol.
Slides were blocked with PBS-BSA and probed with rabbit anti-FUS
polyclonal antibody (Bethyl 300-293A). Alexa Fluor 488 Conjugate
#4412 secondary was used to detect the FUS antibody before being
mounted with Prolong mounting media with DAPI (ThermoFisher
P36931) and covered with a glass coverslip. Samples were imaged
using the Zeiss Elyra PS.1 with three rotated gratings.

Yeast Sup35 knockout strain (kar1-1, SWQ5, ade2-1, his3, leu2,
trp1, ura3, sup35::KanMx) was complemented by Sup35 or Sup35-
FUS fusion plasmids. A galactose-inducible Sup35NM plasmid was
transformed into the yeast strains and induced for 16 h at 30 C
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before being plated on synthetic complete media and media lack-
ing adenine.
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