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Casein kinase 16/¢ phosphorylates fused in sarcoma (FUS)
and ameliorates FUS-mediated neurodegeneration
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Aberrant cytoplasmic accumulation of an RNA-binding
protein, fused in sarcoma (FUS), characterizes the neuropa-
thology of subtypes of ALS and frontotemporal lobar degen-
eration, although the effects of post-translational modifications
of FUS, especially phosphorylation, on its neurotoxicity have
not been fully characterized. Here, we show that casein kinase
18 (CK18) phosphorylates FUS at 10 serine/threonine residues
in vitro using mass spectrometric analyses. We also show that
phosphorylation by CK18 or CKle significantly increased the
solubility of FUS in human embryonic kidney 293 cells. In
transgenic Drosophila that overexpress wt or P525L ALS-
mutant human FUS in the retina or in neurons, we found
coexpression of human CK18 or its Drosophila isologue Dco in
the photoreceptor neurons significantly ameliorated the
observed retinal degeneration, and neuronal coexpression of
human CK13 extended fly life span. Taken together, our data
suggest a novel regulatory mechanism of the assembly and
toxicity of FUS through CK18/CKle-mediated phosphoryla-
tion, which could represent a potential therapeutic target in
FUS proteinopathies.

ALS is a fatal neurodegenerative disorder characterized by
the progressive loss of upper and lower motor neurons,
resulting in severe atrophy of skeletal muscles. Most of the ALS
cases are sporadic, but several missense mutations in the gene
that encodes fused in sarcoma (FUS)/translated in liposarcoma
have been identified in patients with autosomal dominant fa-
milial ALS (fALS) linked to fALS type 6 (1-3). Furthermore,
aberrant cytoplasmic aggregates of FUS protein in degenerating
neurons have been observed in the brains and spinal cords of
patients with FUS-linked ALS (1, 2), frontotemporal lobar
degeneration (FTLD) (4, 5), neuronal intermediate filament
inclusion disease (6), and basophilic inclusion body disease (7),
collectively referred to as FUS proteinopathies (8, 9).

FUS is an RNA-binding protein that belongs to the FET (i.e.,
FUS, Ewing Sarcoma, TATA-binding protein—associated
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factor 15) protein family characterized by the presence of an
RNA-recognition motif, a zinc finger domain, a nuclear export
signal, and a proline—tyrosine nuclear localization signal
(PY-NLS) (10). These domains play important roles in various
aspects of RNA processing, for example, pre-mRNA splicing,
long noncoding RNA expression, mRNA translation, and
transport (11, 12). It remains unclear whether the loss of or
gain of function of FUS is involved in the pathogenesis of FUS
proteinopathies (13). ALS-linked mutations in the PY-NLS
region disrupt the transportin-mediated nuclear import and
lead to the cytoplasmic redistribution of FUS (14). Conditional
overexpression of fALS-linked mutant FUS in the murine
central nervous system caused motor neuron degeneration as
well as structural and functional abnormalities at the neuro-
muscular junction (15). BAC transgenic (tg) mice of
fALS-linked mutant FUS exhibited motor and cognitive dys-
functions with suppression of axonal protein synthesis (16).
Furthermore, PY-NLS—deleted FUS knock-in mice displayed
defects in the neuromuscular junction (17, 18). In contrast,
FUS-deficient mice in the outbred background exhibited
vacuolation in the neuropil of hippocampus, hyperactivity, and
reduction in anxiety-like behavior, but no overt FTLD- or
ALS-like phenotypes (19). These results support the hypoth-
esis that toxic gain of function of FUS represents an important
disease mechanism in FUS proteinopathies.

The amino-terminal region of FUS has been recognized as a
low-complexity (LC) domain, that is, an intrinsically disor-
dered region with amino acid composition primarily of serine,
tyrosine, glycine, or glutamine. Biochemical studies have
revealed that the LC domain of FUS is necessary and sufficient
for hydrogel formation, liquid-liquid phase separation, and
fibril formation (20-27). Overexpression of the LC domain of
FUS caused a reduction in de novo protein synthesis in
cultured neurons (25). Overexpression of human FUS induced
retinal or motor neuron degeneration in Drosophila mela-
nogaster, whereas that of FUS lacking the QGSY-rich region or
allS mutant FUS replaced at 27 tyrosine residues in the LC
domain with serine, the latter being incapable of the self-
assembly of FUS, completely abolished the toxicity (28, 29).
These data strongly suggest that the LC domain of FUS is
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CK16/¢ ameliorates FUS-induced toxicity

involved in the FUS accumulation and neurodegeneration in
FUS proteinopathies (30).

DNA-dependent protein kinase (DNA-PK) is a serine/
threonine protein kinase that is required for the nonhomolo-
gous end joining pathway of DNA repair. It has recently been
reported that DNA-PK phosphorylates a set of serine/threo-
nine residues in the LC domain of FUS and led to the cyto-
plasmic translocation of FUS in cells upon DNA damage
(31, 32). Phosphorylation of FUS by DNA-PK has been shown
to reduce the hydrogel formation or liquid-liquid phase sep-
aration of FUS (26, 33) and inhibit fibril formation (34) in vitro.
These data support the notion that phosphorylation of the LC
domain of FUS may be a mechanism by which cells govern the
assembly of FUS in physiological and pathological conditions.
However, it remains unclear whether phosphorylation of FUS
by DNA-PK affects the neurodegeneration induced by FUS.

Casein kinase 1 (CK1) family kinases are serine/threonine—
selective kinases that phosphorylate key regulatory molecules
involved in Wnt signaling, NF«B signaling, and circadian
rhythms (35, 36). CK1 family kinases have also been shown to
phosphorylate a set of causative proteins for neurodegenera-
tive disorders: CK1 phosphorylates tau protein (37) and
disrupts the microtubule binding of tau in vitro (38), Ser129 of
a-synuclein in vitro and in cells (39), and a set of serine/
threonine residues within the carboxy-terminal glycine-rich
region of TAR DNA-binding protein 43 (TDP-43) (40). It has
also been shown that phosphorylation of TDP-43 by CK18
triggers the cytoplasmic mislocalization and accumulation of
TDP-43 (41). These previous results prompted us to speculate
that the phosphorylation of causative proteins in neurode-
generative disorders by CK1 family kinases may affect the
aberrant accumulation or aggregation of these proteins
through structural changes. Here, we show that CK18 and
CKle phosphorylated a set of serine/threonine residues
around the G-rich domain of FUS, corresponding to the latter
half of the LC domain, in vitro and in human embryonic
kidney 293 (HEK293) cells, and increased the solubility of FUS.
Furthermore, overexpression of human or Drosophila ortholog
of CK18 in FUS tg flies ameliorated the FUS-mediated
neuronal toxicity. Our results strongly support the notion
that phosphorylation of the LC domain inhibits the assembly
of FUS and FUS-mediated neurodegeneration through modi-
fication of the tertial structure of FUS.

Results

CK16 and CK1e phosphorylated serine/threonine residues of
FUS in vitro and in HEK293 cells

To examine whether CK1 phosphorylates human FUS,
glutathione-S-transferase (GST)-tagged human FUS (GST-
FUS) purified from Escherichia coli was incubated with
recombinant human CK18 in vitro and separated by SDS-
PAGE. GST-FUS was detected at a position of ~90 kDa,
which migrated slower at ~110 kDa after incubation with
CK16 (Fig. 1A). Furthermore, the ~110 kDa band was
diminished by coincubation of CK18 with alkaline phospha-
tase, or PF670462, a CK18 and CKle selective kinase inhibitor
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(Fig. S1, A and B). These data suggest that FUS is phosphor-
ylated by CK196 in vitro. To further determine which serine/
threonine residues of FUS were phosphorylated by CK18§, we
digested CK16-incubated GST-FUS in the gel with chymo-
trypsin and analyzed the digests by LC-MS/MS (40). Five
phosphorylated polypeptides were obtained, in which 10
phosphorylated sites of FUS, that is, Ser163, Ser164, Ser182,
Ser183, Ser221, Ser273, Ser277, Thr338, Ser346, and Ser462
were identified, which were distinct from those reported to be
phosphorylated by DNA-PK (Figs. 1, C, D, S2 and Table S1)
(31-33). Among the 10 serine/threonine residues, seven (i.e.,
Ser163, Serl64, Ser182, Ser183, Ser221, Ser273, and Ser277)
were located within or in the vicinity of the G-rich domain of
FUS; interestingly, Ser182 and Ser183 residues are located at
the C-terminal end of the LC region of FUS (Fig. 1C), whereas
TDP-43 is phosphorylated at Ser409 and Ser410 residues by
CK18, which are located at the end of the glycine-rich LC
region (41). This led us to generate polyclonal phosphospecific
antibodies against FUS phosphorylated at Ser182 (anti-pS182)
or simultaneously at Ser182 and Ser183 (anti-pS182/pS183)
and found that the ~110 kDa GST-FUS on SDS-PAGE was
positively labeled either by anti-pS182 (Fig. 1, A, and B) or
anti-pS182/pS183 (Fig. S1B).

We next examined whether human FUS is phosphorylated
by the CK1 family kinases in mammalian cells. We cotrans-
fected FLAG-tagged wt human FUS with myc-tagged CKlal,
CK18, or CKle in HEK293 cells and separated them by SDS-
PAGE. Immunoblot analysis showed that wt FUS polypeptides
cotransfected with CK18 or CKle were detected as ~80 and
70 kDa bands, whereas wt FUS cotransfected with CKlal or
mock transfected was detected at ~70 kDa (Fig. 2A4). Immu-
noblot analysis with anti-pS182 exclusively labeled the 80 kDa
band, which suggested that human wt FUS is phosphorylated
by CK18 or CKle but not by CKlal. fALS-linked P525L
mutant FUS was also phosphorylated by CK18 or CKle in
HEK293 cells (Fig. 2B). To rule out the possibility that FLAG
tag affected the phosphorylation of FUS by CK1 &/e, we
cotransfected nontagged wt or P525L mutant FUS with myc-
tagged CK16 in HEK293 cells and found that Ser182 residue
of nontagged wt or P525L mutant FUS was phosphorylated by
CK138 as in FLAG-tagged FUS (Fig. 2, C and D).

To confirm the specificity of the anti-pS182 antibody, we
replaced the Ser182 or Ser182/Ser183 residues of FUS with
alanine (S182A and S182A/S183A, respectively) and cotrans-
fected FLAG-tagged wt, S182A or S182A/S183A FUS with
CK16 in HEK293 cells. S182A or S182A/S183A FUS poly-
peptides were migrated both at ~80 and 70 kDa in a similar
manner to wt FUS; however, these bands were hardly detected
by anti-pS182 (Fig. S1C). Furthermore, the preabsorption of
the anti-pS182 antibody with a phosphorylated polypeptide
(GNYGQDQ(pS)SMSSGGG, corresponding to the sequence
175-189 of FUS with phosphoserinel82), but not with a
nonphosphorylated polypeptide, abolished the detection of the
~80 kDa band in the lysate of HEK293 cells doubly transfected
with FLAG-tagged FUSwt and myc-tagged CK18 (Fig. S1D).
These data suggest that anti-pS182 specifically recognized FUS
phosphorylated at Ser182. To further examine whether

SASBMB



CK168/¢ ameliorates FUS-induced toxicity

A GST-FUS - + + + B GST-FUS + + +
CK1§ - - + + CK1§ - + +
incubaton + + - + PF670462 - - +
B o o
FUS| ®=&s&s 100 FUS| oo s #[100
=75 75
— —
anti-pS182 , -100 anti-pS182| . = S
_ 75 L 75
Ser221
C human FUS Ser163 Ser182  Ser273 Thr338
Ser164 Ser183 ~ Ser277 Sfrla46 Serl462
Z 4
L =z
368 422449 510 526

. 165 267 283
LC domain 214

61

121

181

241

301

361

7 1 19 26 30 42
MASNDYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQSSYSSYGQ

61 68 84 87 117
SONTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSYGSSSQSS

131 163164
SYGQPQSGSYSQQPSYGGQQQSYGQQQOSYNPPQGYGQQONQYNSSSGGGGGGGGGGNYGQD

182183 221
QSSMSSGGGSGGGYGNQDQSGGGGSGGYGQODRGGRGRGGSGGGGGGGGGGYNRSSGGYE

273 277
PRGRGGGRGGRGGMGGSDRGGFNKFGGPRDQGSRHDSEQDNSDNNTIFVQGLGENVTIES

338 346
VADYFKQIGIIKTNKKTGQPMINLYTDRETGKLKGEATVSFDDPPSAKAAIDWFDGKEFS

GNPIKVSFATRRADFNRGGGNGRGGRGRGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQ

421

481

RGGYRGRGGDRGGFRGGRGGGDRGGFGPGKMDSRGEHRQDRRERPY 526

462

QRAGDWKCPNPTCENMNFSWRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYD

Red: CK1%
Blue: DNA-PK

Figure 1. Phosphorylation of FUS by CK18 in vitro. A, immunoblot analyses of the products of in vitro kinase assay using an anti-FUS (top panel) or an
anti-pS182 antibody (bottom panel). B, immunoblot analyses of the products of in vitro kinase assay with or without 10 pM of PF670462 with an anti-FUS
(top panel) or an anti-pS182 antibody (bottom panel). C, schematic structure of human FUS protein. FUS possesses a QGSY-rich region, Gly-rich region, low-
complexity (LC) domain, an RNA recognition motif (RRM), a zinc finger domain (Zn), and a proline-tyrosine nuclear localization signal (NLS). The location of
the phosphorylated serine/threonine residues identified in this study is shown. D, CK18-phosphorylated sites on recombinant human FUS. Serine/threonine
residues highlighted in red show the phosphorylated sites by CK18. Serine/threonine residues in the LC domain that fit with the DNA-PK-phosphorylated
sites are highlighted in blue. CK18, casein kinase 18; DNA-PK, DNA-dependent protein kinase; FUS, fused in sarcoma; QGSY-rich, glutamine-glycine-serine—

tyrosine rich.

DNA-PK phosphorylates Ser182 of FUS in HEK293 cells, we
incubated HEK293 cells transfected with FLAG-FUSwt with
20 nM of calicheamicin (MedChemExpress), an inducer of
DNA double-strand breaks, to elicit the activation of DNA-PK;
however, no bands were detected by anti-pS182 FUS, despite
the retarded mobility of the FLAG-positive band indicative of
FUS phosphorylation by DNA-PK (Fig. 2E), suggesting that
DNA-PK does not phosphorylate Ser182 of FUS.

To further examine whether the kinase activity of CK18 or
CKle is necessary for the phosphorylation of FUS, we
transfected HEK293 cells with FLAG-tagged FUSwt with
FLAG-tagged CK181-317, a hyperactive form of CK1§, or
FLAG-tagged CK181-317 K38R, a kinase-dead mutant form of
CK16 (41) and found that CK181-317 phosphorylated FUS
exhibiting an additional band with slower migration, similarly
to CK16 (Fig. 2A4), whereas FUS was not phosphorylated by
CK181-317 K38R (Fig. 2F). In addition, we cotransfected
HEK293 cells with FLAG-tagged FUSwt and either myc-tagged
CK16 or CKlg, in the presence of different concentrations of
PF670462 ranging from 10 to 10,000 nM, and observed a

SASBMB

dose-dependent inhibition of CK15- or CKle-induced FUS
phosphorylation by PF670462 (Fig. 2, G and H). These data
strongly suggest that FUS is phosphorylated by CK18 or CKle
in a kinase activity—dependent manner.

Phosphorylation by CK16 or CK1¢ resulted in an increase in
the solubility of FUS

It has been reported that protein extracts from postmortem
FTLD-FUS patients exhibited an increase in the insolubility of
FUS (42). Conversely, we have reported that allS mutation of
FUS, in which 27 tyrosine residues within the LC domain were
replaced with serine, caused reduction in its self-assembly and
increased the solubility of FUS on wt or P525L mutant basis
(Fig. 3, B—E) (28). These observations led us to examine the
effect of phosphorylation of FUS by CK1d/¢e on its solubility.
We cotransfected FLAG-tagged wt FUS with myc-tagged
CK16 or CKle in HEK293 cells and lysed the cells with 1%
Nonidet P-40 (NP-40) buffer to extract the detergent-soluble
fraction. After centrifugation, the pellet was resolubilized by
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Figure 2. Expression of CK16 or CK1e caused FUS phosphorylation in HEK293 cells. A and B, immunoblot analyses of the lysates of HEK293 cells
expressing FLAG-tagged human wt FUS (A) or FLAG-tagged P525L mutant FUS (B) with CK16, CK1e, or CK1a1, by an anti-FLAG antibody (top panel), an anti-
pS182 antibody (second upper panel), an anti-myc antibody (third upper panel), or an anti-a-tubulin antibody (bottom panel). C and D, immunoblot analyses
of the lysates of HEK293 cells expressing wt FUS (C) or P525L mutant FUS (D) with CK16 or mock transfection by an anti-FUS antibody (top panel) or an anti-
pS182 antibody (bottom panel). E, immunoblot analyses of the lysates of HEK293 cells treated with 20 nM of calicheamicin (cal), cells expressing FLAG-
tagged wt FUS, FLAG-tagged wt FUS treated with 20 nM of cal, or HEK293 cells expressing FLAG-tagged wt FUS and CK16 by an anti-FLAG antibody
(top panel), or an anti-pS182 antibody (bottom panel). F, immunoblot analyses of the lysates of HEK293 cells expressing FLAG-tagged human wt FUS with
CK16 (1-317), or CK16 (1-317) K38R, by an anti-FLAG antibody for FUS (top panel) or for CK18 (bottom panel), or an anti-pS182 antibody (middle panel).
G and H, immunoblot analyses of the lysates of HEK293 cells expressing FLAG-tagged human wt FUS with CK16 (G) or CK1¢ (H) in the presence of PF670462
at concentrations of 0, 10, 100, 200, 500, 100, and 10,000 nM by an anti-FLAG antibody (top panel) or an anti-pS182 antibody (bottom panel). Arrows indicate

bands that correspond to FUS polypeptide phosphorylated by CK15. CK1, casein kinase 1; FUS, fused in sarcoma; HEK293, human embryonic kidney 293 cell

line.

8 M urea—3% SDS buffer to obtain the detergent-insoluble
fraction (28). We found that a major proportion of FUS pro-
teins cotransfected with CK16 or CKle were extracted into the
detergent-soluble fraction, whereas FUS proteins with mock
transfection were distributed both in detergent-soluble and
detergent-insoluble fractions (Fig. 3A). Notably, the ~80 kDa
pS182-phosphorylated FUS polypeptide was hardly detected in
the detergent-insoluble fraction (Fig. 34). The ratios of soluble
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FUS relative to total FUS were significantly higher upon
cotransfection with CK18 or CKle compared with those with
CKlal or mock transfection (56.9 + 8.5% in mock, 89.8 + 4.2%
in CK1§, 90.5 + 4.6% in CKle, 55.1 + 10.3% in CKlal, and
99.5 + 0.2% in allS-wt FUS; Fig. 3, B and C). We also examined
the solubility of P525L ALS mutant FUS phosphorylated by
CK1 family kinases and found that the ratios of soluble P525L
mutant FUS cotransfected with CK18 or CKle also were
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Figure 3. Increased solubility of FUS phosphorylated by CK18 or CK1e in HEK293 cells. Lysates were separated into NP-40 soluble (sol) and insoluble
fractions (ins). A, immunoblot analyses of the samples of HEK293 cells expressing FLAG-tagged wt FUS and CK16 or CK1e with an anti-FLAG (top panel) or an
anti-pS182 (bottom panel) antibody. “lys” represents the lysate of HEK293 cells lysed in 8 M urea buffer without fractionation. Arrows indicate the bands
corresponding to the phosphorylated FUS. B and D, immunoblot analyses of the samples of HEK293 cells expressing FLAG-tagged wt FUS (B) or FLAG-
tagged P525L mutant FUS (D) with an anti-FLAG antibody (top panel) or an anti-pS182 antibody (bottom panel). C and E, quantification of the solubility
of FLAG-tagged wt FUS (C) or FLAG-tagged P525L mutant FUS (E). One-way ANOVA with Dunnett’s test. F, immunoblot analyses of the samples of
HEK293 cells expressing FLAG-tagged wt FUS and CK16 (1-317) or CK1& (1-317) K38R by an anti-FLAG antibody. G, quantification of the solubility of FLAG-
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significantly higher than those with CKlal or mock trans-
fection (44.6 + 6.2% in mock, 64.1 + 5.3% in CK18§, 67.2 + 5.4%
in CKlg, 46.7 + 7.1% in CKlal, and 98.9 + 0.4% in allS-P525L
mutant FUS; Fig. 3, D and E). These data altogether show that
phosphorylation of FUS by CK18 or CKle increases the sol-
ubility of FUS.

To examine whether the kinase activity of CK15 or CKle is
necessary for the increase in the solubility of FUS, we
cotransfected HEK293 cells with FLAG-tagged FUSwt with
FLAG-tagged CK1081-317 or FLAG-tagged CK181-317 K38R.
The ratio of soluble FUS relative to total FUS was significantly
increased upon cotransfection with CK181-317 compared with
that with mock transfection, whereas they were comparable
between CK181-317 K38R and mock transfection (54.2 + 5.3%
in mock, 93.1 + 4.6% in CK181-317, and 56.1 + 7.2% in CK181-
317 K38R; Fig. 3, F and G). We further cotransfected
HEK293 cells with FLAG-tagged FUSwt and either myc-tagged
CK16 or CKle in the presence of 1 pM of PF670462 and found
that PF670462 suppressed the increase in the solubility of FUS
by CK18 (46.0 + 5.3% in mock + dimethyl sulfoxide [DMSO],
77.6 £ 12.0% in CK18 + DMSO, and 55.1 + 4.5% in CK18 +
PF670462; Fig. 3,H and I) or CKle (63.8 + 4.4% in mock +
DMSO, 88.8 + 4.6% in CKle + DMSO, and 65.3 + 8.6% in
CKle + PF670462; Fig. 3, J and K). These data suggest that
phosphorylation of FUS by CK18 or CKle increased the sol-
ubility of FUS in a kinase activity—dependent manner.

Phosphorylation by CK16 or CK1e did not alter the subcellular
distribution of FUS

FUS is mainly localized in the nucleus, whereas P525L
mutant FUS is localized to the cytoplasm because of the
disruption of nuclear import mediated by transportin (14). It
has been reported that phosphorylation by DNA-PK mediated
cytoplasmic translocation of FUS in HEK293T cells (32). To
investigate whether phosphorylation by CK18 or CKle alters
the subcellular localization of FUS, we cotransfected HEK293
and human neuroblastoma SH-SY5Y cells with FLAG-tagged
FUSwt or FUS P525L, together with myc-tagged CKI16,
CKlg, or CKlal. Immunoblot analysis revealed that CK18 and
CK1le phosphorylated FUSwt or FUS P525L in SH-SY5Y cells,
but CKlal did not (Fig. S3A). Immunofluorescence labeling
showed that FUSwt cotransfected with CK18 or CKle was
mainly localized to the nucleus, similarly to the results of
cotransfection with CKlal or mock transfection either in
HEK293 or SH-SY5Y cells (Figs. 44, and S3B). We also found
that P525L mutant FUS cotransfected with CK18 or CKle was
mainly localized to the cytoplasm, which was similar to the
results upon cotransfection with CKlal or mock transfection,
either in HEK293 or SH-SY5Y cells (Figs. 4B, and S3C). These
data suggest that phosphorylation of FUS by CK18 or CKle
does not alter its subcellular localization in HEK293 or
SH-SY5Y cells.

Overexpression of CK16 ameliorated the FUS-mediated retinal
degeneration

To investigate into the effect of phosphorylation of FUS by
CK138 or CKle on FUS-mediated neurodegeneration, we utilized
tg D. melanogaster—overexpressing human wt or P525L ALS-
linked mutant FUS (FUS wt or P525L tg flies, respectively) we
previously established using a GAL4-UAS system, which exhibit
neurodegeneration in the retinal photoreceptor neurons (28). To
avoid the effects of transgene insertion on the expression of
gene(s) nearby the integration site, we also generated site-directed
insertion line of human wt FUS (FUSwt [site-directed]) using an
attB-attP40 site-directed insertion technique. We generated
double tg flies that overexpress either UAS-human CK19, UAS-
discs overgrown/doubletime (Dco, a Drosophila homolog of
CK18/¢) (43), UAS-Dco K38R (kinase-dead mutant of Dco), UAS-
Xenopus CKle kinase-domain (XCKle, 97% identical to human
CKle) (44, 45), site-directed insertion line of UAS-human CK18
(CK18 [site-directed]), or site-directed insertion line of
UAS-human CKlal (CKlal [site-directed]), and either FUSwt
(site-directed) or FUS P525, and crossed them with gmr-GAL4
flies to drive the expression of transgenes in retinal cells. The
external surface of the eyes of 20-day-old FUS P525L single tg flies
exhibited more severe degenerative phenotype, that is, loss of
pigment or necrotic patches in the eye, compared with those of
FUSwt (site-directed) single tg flies (Fig. 5B). Notably, coex-
pression of CK13, Dco, XCKle kinase domain, or CK1§ (site-
directed) in the retina of FUS P525L tg flies significantly alleviated
the degenerative phenotypes compared with those in FUS P525L
single tg flies, whereas coexpression of Dco K38R or CK1al (site-
directed) did not (pigmented area: 50.7 + 13.5% in FUS P525L
single, 96.2 + 2.9% in FUS P525L + CK19, 97.3 + 1.4% in FUS
P525L + Dco, 30.2 + 10.9% in FUS P525L + Dco K38R, 99.9 £ 0.3%
in FUS P525L + XCKle kinase domain, 98.8 + 0.8% in FUS
P525L + CK18 [site-directed], 50.5 + 11.5 in FUS P525L + CK1al
[site-directed]; Fig. 5, B and E). The eyes of 20-day-old tg flies that
singly express LacZ, CK1§, Dco, Dco K38R, XCKle kinase
domain, CK13§ (site-directed), or CKlal (site-directed) exhibited
no such degenerative phenotypes (pigmented area: 98.9 + 0.9% in
LacZ,98.3+1.3% in CK1§, 98.7 £ 1.3% in Dco, 98.6 + 0.7% in Dco
K38R, 99.3 + 0.6% in XCK1e kinase domain, 98.9 + 0.9% in CK16
[site-directed], 98.7 + 1.0% in CK1al [site-directed]; Fig. 5, A and
C). The eyes of 20-day-old tg flies that coexpress FUSwt (site-
directed) with CK18, Dco, XCKle kinase domain, CK18 (site-
directed), or CK1al (site-directed) did not exhibit degenerative
phenotypes too (pigmented area: 98.1 + 1.9% in FUSwt single,
98.7 + 0.9% in FUSwt + CK18§, 98.1 + 1.1% in FUSwt + Dco, 99.9 +
0.2% in FUSwt + XCK1le kinase domain, 98.4 + 1.3% in FUSwt +
CK16 [site-directed], 98.6 + 1.5% in FUSwt + CKlal [site-
directed]; Fig. 5, B and D). These data suggest that over-
expression of CK18 or CKle alleviated the retinal degeneration
induced by FUS P525L in a kinase activity—dependent manner.
The 20-day-old tg flies coexpressing Dco K38R with FUSwt

tagged wt FUS in (F). One-way ANOVA with Dunnett’s test (n = 5). H and J, immunoblot analyses of the samples of HEK293 cells expressing FLAG-tagged wt
FUS and CK16 (H) or CK1e (J) with 1 pM of PF670462 by an anti-FLAG antibody. / and K, quantification of the solubility of FLAG-tagged wt FUS in (H) and (J),
respectively. Error bars show SD. One-way ANOVA with Dunnett’s test (n = 6 in / and n = 5 in K). **p < 0.01. CK1, casein kinase 1; FUS, fused in sarcoma;

HEK293, human embryonic kidney 293 cell line; NP-40, Nonidet P-40.
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Figure 4. Expression of CK18 or CK1e did not alter the subcellular distribution of FUS in HEK293 cells. A and B, immunofluorescence labeling of
HEK293 cells transfected with FLAG-tagged wt FUS (A) or FLAG-tagged P525L mutant FUS (B) with mock (upper panels), myc-tagged CK18 (second upper
panels), myc-tagged CK1e (third upper panels), or myc-tagged CK1a1 (bottom panels) by an anti-FLAG antibody (green), an anti-myc antibody (red), or DRAQ5
(blue) as a marker for cell nucleus. The scale bars represent 20 um. CK1, casein kinase 1; FUS, fused in sarcoma; HEK293, human embryonic kidney 293 cell

line.

(site-directed) or FUS P525L exhibited more severe degenerative
phenotypes in the eye compared with FUSwt (site-directed) or
FUS P525L single tg flies, respectively (pigmented area: 67.9 +
8.0% in FUSwt + Dco K38R, 30.2 + 10.9% in FUS P525L + Dco
K38R; Fig. 5, B, D and E). Dco is essential for the development of
eye or wing via Wingless signaling (43), indicating that Dco K38R
may inhibit the intrinsic Dco activity in a dominant-negative
manner (46), leading to the degenerative phenotypes in the eye,
although we cannot exclude the possibility that overexpression of
Dco K38R induced the toxicity independent of Dco kinase
activity.

Histologically, overexpression of CK18 or Dco K38R in the
retina caused mild but significant reduction in the thickness of
the retina compared with that in LacZ tg flies, whereas
overexpression of Dco, XCKle kinase domain, CK19 (site-
directed), or CKlal (site-directed) never elicited retinal
degeneration (retinal thickness [um]: 65.3 + 5.8 in LacZ, 60.2 +
4.7 in CK19, 66.6 + 4.3 in Dco, 52.4 + 5.5 in Dco K38R, 60.9 +
57 in XCKle kinase domain, 745 + 3.6 in CK18
[site-directed], 85.3 + 3.9 in CKlal [site-directed]; Fig. 6,
A-C). Remarkably, overexpression of Dco, CK18, or CK18
(site-directed) significantly ameliorated the FUS-mediated
retinal degeneration, that is, vacuolation and thinning of the
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thickness, in the retina of 10-day-old FUS wt (site-directed) tg
flies (retinal thickness [um]: 53.4 + 6.2 in FUSwt single, 59.9 +
3.3 in FUSwt + CK19§, 67.8 + 3.8 in FUSwt + Dco, 16.8 + 5.3 in
FUSwt + Dco K38R, 49.0 + 4.9 in FUSwt + XCKle kinase
domain, 61.0 + 3.6 in FUSwt + CK19 [site-directed], 46.1 *
10.0 in FUSwt + CKlal [site-directed]; Fig. 6, D—F), and
overexpression of Dco, CK1§, XCK1e kinase domain, or CK18
(site-directed) dramatically ameliorated the FUS-mediated
retinal degeneration in the retina of 5-day-old FUS P525L tg
flies (retinal thickness [um]: 13.6 + 2.5 in FUS P525L single,
41.8 + 8.9 in FUS P525L + CK1§, 48.8 + 6.9 in FUS P525L +
Dco, 4.0 £ 1.7 in FUS P525L + Dco K38R, 37.4 + 3.5 in FUS
P525L + XCKle kinase domain, 55.1 + 4.3 in FUS P525L +
CK19 [site-directed], 11.2 * 4.0 in FUS P525L + CKlal
[site-directed]; Fig. 6, D, G, and H). Similarly to FUSwt
(site-directed) tg flies, overexpression of Dco or CK139 signif-
icantly ameliorated the retinal degeneration in the retina of
5-day-old FUS wt tg flies (Fig. S4).

Immunoblot analyses of the lysates of heads of FUS tg flies
showed that FUS proteins expressed in the retina of 1-day-old
double tg flies (ie., FUSwt [site-directed]/CK15, FUSwt
[site-directed]/Dco, FUSwt [site-directed]/XCKle kinase
domain, FUSwt [site-directed]/CK18 [site-directed], FUS
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Figure 5. Expression of CK18, Dco, or Xenopus CK1e ameliorated the eye degeneration phenotypes of FUS wt or P525L tg flies. A, external pictures of
eyes of 20-day-old tg flies expressing LacZ, CK16, Dco, Dco K38R, XCK1e kinase domain, CK18 (site-directed), or CK1a1 (site-directed). The scale bars
represent 200 um. B, external pictures of eyes of 20-day-old tg flies coexpressing CK16, Dco, Dco K38R, XCK1e kinase domain, CK16 (site-directed), or CK1a1
(site-directed) with FUSwt (site-directed) (upper panels) or FUS P525L (lower panels). The scale bars represent 200 um. C-£, quantification of pigmented area
(%) of tg flies singly expressing LacZ, CK16, Dco, Dco K38R, XCK1e kinase domain, CK1§ (site-directed), or CK1a1 (site-directed) (C), doubly expressing FUSwt
(site-directed) with CK18, Dco, Dco K38R, XCK1e kinase domain, CK18 (site-directed), or CK1a1 (site-directed) (D), or double expressing of FUS P525L with
CK18, Dco, Dco K38R, XCK1e kinase domain, CK18 (site-directed), or CK1a1 (site-directed) (E). Mean + SD. One-way ANOVA with Dunnett’s test (n = 10).

**p < 0.01. CK1, casein kinase 1; FUS, fused in sarcoma; tg, transgenic.

P525L/CK18, FUS P525L/Dco, FUS P525L/XCKle kinase
domain, or FUS P525L/CK18 [site-directed]) were detected as
a doublet migrating at positions of ~75 and 70 kDa, whereas
those expressed in FUSwt (site-directed) or FUS P525L mutant
single tg flies were detected predominantly as a single band
migrating at ~70 kDa (Fig. 6,/-L). Importantly, the anti-pS182
antibody exclusively labeled the ~75 kDa band observed in
double tg FUSwt (site-directed) or P525L flies expressing
CK19, Dco, or XCKle (Fig. 6,/-L). Furthermore, the ~75 kDa
band was not detected in the heads of 1-day-old FUSwt

8 J Biol. Chem. (2022) 298(8) 102191

(site-directed)/Dco K38R, FUSwt (site-directed)/CKlal (site-
directed), FUS P525L/Dco K38R, or FUS P525L/CKlal
(site-directed) double tg flies (Fig. 6,/-L). These data suggest
that CK18, Dco, or CKle phosphorylated FUS in the retina of
tg flies in a kinase activity—dependent manner, supporting the
notion that phosphorylation of FUS by CK19, its Drosophila
homolog Dco, or CKle ameliorated FUS-mediated neuro-
degeneration in the retina of Drosophila. We measured the
relative expression levels of FUS in the heads of single or
double tg flies and found that the expression levels of FUS in
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Figure 6. Expression of CK18, Dco, or Xenopus CK1e ameliorated the retinal degeneration of FUS wt or P525L mutant tg flies. A, hematoxylin-eosin
stained sections of eyes of 5-day-old tg flies expressing LacZ, CK18, Dco, Dco K38R, XCK1¢ kinase domain, CK16 (site-directed), or CK1a1 (site-directed). The
scale bar represents 100 um. B and C, quantification of the retinal thickness in tg flies singly expressing LacZ, CK18, Dco, Dco K38R, XCK1e kinase domain,
CK18& (site-directed), or CK1a1 (site-directed). Mean + SD. One-way ANOVA with Dunnett's test (n = 17 in LacZ, n = 13 in CK15, n =12 in Dco, n = 10 in Dco
K38R, n = 10 in XCK1e kinase domain, n = 10 CK14 [site-directed], and n = 10 CK1a1 [site-directed]). *p < 0.05, **p < 0.01. D, hematoxylin—eosin stained
sections of eyes of 10-day-old tg flies coexpressing CK18, Dco, Dco K38R, XCK1e kinase domain, CK16 (site-directed), or CK1a1 (site-directed) with FUSwt
(site-directed) (upper panels) or 5-day-old tg flies coexpressing CK16, Dco, Dco K38R, XCK1e kinase domain, CK16 (site-directed), or CK1a1 (site-directed)
with FUS P525L (lower panels). E and F, quantification of retinal thickness in tg flies doubly expressing FUSwt (site-directed) with CK16, Dco, Dco K38R, XCK1e
kinase domain, CK16 (site-directed), or CK1a1 (site-directed). Mean + SD. One-way ANOVA with Dunnett’s test (n = 10). *p < 0.05, **p < 0.01. G and
H, quantification of the retinal thickness in tg flies doubly expressing FUS P525L with CK16, Dco, Dco K38R, XCK1e kinase domain, CK18 (site-directed), or
CK1a1 (site-directed). Mean + SD. One-way ANOVA with Dunnett’s test (n = 11 in FUS P525L, n = 12 in CK15, n = 11 in Dco, n = 10 in Dco K38R, n = 10 in
XCK1e kinase domain, n = 10 CK16 [site-directed], n = 10 CK1a1 [site-directed]). **p < 0.01./and J, immunoblot analyses of the heads of 1-day-old tg flies
with an anti-FUS antibody (top panel), an anti-pS182 antibody (second upper panel), or an anti-a-tubulin antibody (bottom panel) in LacZ, FUSwt (site-
directed) single tg flies, FUSwt (site-directed) and CK16, Dco, Dco K38R, XCK1e kinase domain, CK16 (site-directed), or CK1a1 (site-directed) double tg flies.
Relative expression levels of FUSwt are indicated under the top panels (n = 3). K and L, immunoblot analyses of the heads of 1-day-old tg flies with an anti-
FUS antibody (top panel), an anti-pS182 antibody (second upper panel), or an anti-a-tubulin antibody (bottom panel) in LacZ, FUS P525L single tg flies, FUS
P525L and CK1§, Dco, Dco K38R, XCK1e kinase domain, CK16 (site-directed), or CK1a1 (site-directed) double tg flies. Relative expression levels of FUS P525L
are indicated under the top panels (n = 3 in Kand n =5 in L). CK1, casein kinase 1; FUS, fused in sarcoma; tg, transgenic.

heads of 1-day-old FUSwt (site-directed)/CK15, FUSwt 65 + 29%, 59 + 7, and 131 + 24% of that expressing FUSwt
(site-directed)/Dco, FUSwt (site-directed)/Dco K38R, FUSwt (site-directed) single tg flies, respectively (Fig. 6, I and J). These
(site-directed)/XCKle kinase domain, FUSwt (site-directed)/ data indicate that CK1 phosphorylation of FUS may reduce the
CK18 (site-directed), or FUSwt (site-directed)/CKlal (site- amount of FUS proteins in the Drosophila retinal photore-
directed) double tg flies were 56 + 22%, 41 + 12%, 109 + 9%, ceptor neurons.
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Coexpression of CK16 extended the life span of FUS wt or
P525L tg flies

Finally, we aimed to examine whether phosphorylation of
FUS by CK1§ affects the FUS-mediated toxicity in central
nervous system neurons. To this end, we generated tg flies that
singly express LacZ, CK15, FUS wt or FUS P525L, or doubly
FUS wt and CK18 or FUS P525L and CK19, in neurons under
the control of D42-GAL4 driver, which elicits expression of
proteins in motor neurons and peripheral sensory neurons
(47), and quantitated the survival of the flies. FUS wt and FUS
P525L single tg flies exhibited significantly shortened life span
compared with LacZ tg flies (Fig. 7A). Coexpression of CK16
in the motor neurons of FUS wt or FUS P525L tg flies
significantly extended the life span (Fig. 7A). Immunoblot
analyses of the lysate of heads of tg flies revealed that FUS wt tg
flies and FUS wt/CK13 double tg flies expressed similar levels
of FUS proteins, and that FUS P525L tg flies and FUS P525L/
CK18 double tg flies also expressed similar levels of FUS
proteins (Fig. 7B). These data suggest that phosphorylation of
FUS by CK16 mitigates the FUS-induced toxicity in the motor
neurons of Drosophila.

Discussion

In this study, we have shown that CK16 and CKle phos-
phorylated human FUS protein in vitro, in HEK293 cells, and
in the photoreceptor neurons of Drosophila in vivo. Mass
spectrometric analysis revealed that residues Ser163, Ser164,
Ser182, Ser183, Ser221, Ser273, Ser277, Thr338, Ser346, and
Ser462 are the in vitro phosphorylation sites of human FUS by
CK19 (Fig. 1), among which the phosphorylation of Ser182 in
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Figure 7. Expression of CK18 extended the life span of FUS wt or P525L
tg flies. A, survival curves for LacZ (black circles), CK16 (green squares), FUS
wt (pink triangles), FUS wt and CK16 (orange inverted triangles), FUS P525L
(blue diamonds), or FUS P525L and CK16 (purple diamonds) tg flies. Statistical
analysis was performed by the log rank test, one-way ANOVA with Bon-
ferroni post hoc test, n = 60. **p < 0.0001. B, immunoblot analyses of the
heads of 1-day-old tg flies with an anti-FUS antibody (top panel) or an anti-
a-tubulin antibody (bottom panel) in LacZ, CK18, FUS wt, FUS wt and CK1§,
FUS P525L, or FUS P525L and CK16 tg flies. CK1, casein kinase 1; FUS, fused
in sarcoma; tg, transgenic.
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HEK293 cells and Drosophila retina was confirmed by using a
phosphorylation site—specific antibody (Figs. 2, and 3). CK1
family consists of serine/threonine protein kinases phyloge-
netically conserved from yeast to humans. Human CK18 and
CKle share highly homologous amino acid sequences, 98%
identical in the kinase domain and 53% in the carboxy-
terminal regulatory domain, respectively (36, 48). The
consensus phosphorylation sequence for the CK1 family ki-
nases is pS/T-X-X-S/T or D/E-X-X-S/T, where pS/T denotes
phosphorylated serine or threonine, D/E aspartic acid or glu-
tamic acid, X is any amino acid, and the S/T represents the
target residue, respectively (49). Among the 10 identified
in vitro phosphorylation sites by CK18, Ser183 (;30DQSS13g3),
Ser273 (,7,0DQGS,73), and Ser346 (343DPPSs46) fit into the
consensus phosphorylation sequence noted previously,
whereas other seven residues do not. Previous studies revealed
that phosphoinositide 3-kinase—like kinase family kinases, for
example, DNA-PK and ataxia—telangiectasia mutated, phos-
phorylate the S/T-Q motif in the LC domain of FUS (Fig. 1D)
(26, 31, 32). Phosphorylation sites by DNA-PK are unlikely to
overlap with those phosphorylated by CK18, because (i) any of
the 10 phosphorylated Ser/Thr residues we identified by
in vitro incubation with CK18 did not fit into the S/T-Q motif
and (ii) treatment with calicheamicin, an activator of DNA-PK,
did not elicit the Serl82 phosphorylation of FUS in
HEK293 cells, despite the retarded mobility indicative of FUS
phosphorylation (Fig. 2E). Interestingly, seven of the 10
phosphorylated residues by CK18 were located within or in the
vicinity of the G-rich domain, that is, the carboxy half of the
LC domain, whereas the phosphorylated serine/threonine
residues by DNA-PK are exclusively located within the QGSY-
rich domain, that is, the amino half of the LC domain. The
discrete separation of the phosphorylation sites by CK1 and
DNA-PK, respectively, may suggest that the tertial structure of
FUS, especially that of the LC domain, determines the sus-
ceptibility of FUS by different protein kinases, thereby differ-
entially altering the structure of FUS. We revealed that FUS
was phosphorylated by CK18 or CKle in vitro, in HEK293 or
SH-SY5Y cells, and the retinal photoreceptor neurons in
Drosophila. Coincubation of PF670462, a selective CK138 or
CKle inhibitor, inhibited the phosphorylation of FUS by CK16
or CKle in vitro and in HEK293 cells (Figs. 1B and 2G, and H),
and a kinase-dead mutant of CK1d did not elicit FUS phos-
phorylation in HEK293 cells and retina of Drosophila (Figs. 2F
and 6,/ and K). These data collectively suggest that the kinase
activity of CK18 or CKle is necessary for the phosphorylation
of FUS. However, we cannot rule out the possibility that other
kinase(s) that were activated by CK16 or CKle were directly
responsible for the phosphorylation of FUS protein within
cells. No anti-pS182-positive bands were detected in the
HEK?293 cells transfected with FUSwt or FLAG-FUSwt (Fig. 2,
A and C), which may suggest that the amount of Ser182-
phosphorylated FUS was below the detection limit in
HEK293 cells without coexpression of CK18 or CKle.

It is still unclear how phosphorylation of FUS by CK18
affects the tertial structure of FUS protein. Crystal structure
analysis of the fibrils formed from the 214-residue LC domain
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of FUS by the solid-state nuclear magnetic resonance revealed
that residues 39 to 95 formed core structure of FUS-LC fibrils
with one dynamic loop in residues 55 to 62 (26). The core
region of FUS-LC fibrils also was identified as the low-
complexity aromatic-rich kinked segments characterized by
the kinked [B-sheet structures (27). Interestingly, phosphory-
lation of FUS by DNA-PK reduced the hydrogel formation
presumably through suppression of the hydrogen bond
network among Ser84, Tyr75, and Thr78 (26). Recently, cryo-
electron microscopic imaging revealed that the molecular
structure of the fibrils formed from the LC domain composed
of residues 111 to 214 of FUS: within the FUS fibrils, residues
112 to 150 formed the core structure adopted by the U-shaped
conformation, which was stabilized by a plethora of hydrogen
bonds involving side chains of Gln, Asn, Ser, and Tyr residues
(50, 51). Because CK18 phosphorylated Serl63, Serl64,
Ser182, and Ser183 of FUS in vitro, it is conceivable that CK18
phosphorylation of FUS interrupted the hydrogen bonds
within residues 111 to 214 of FUS, which resulted in the in-
hibition of formation of FUS polymers. Further structural
analyses of FUS, especially that of the LC domain after phos-
phorylation by CK18 or CKle, will provide insights into the
changes in the tertial structure of FUS caused by
phosphorylation.

In this study, we showed that coexpression of human CK1§
significantly ameliorated the degeneration of photoreceptor
neurons induced by overexpression of wt or P525L mutant
FUS in the retina of tg flies (Figs. 5, and 6) and increased the
life span of tg flies that express wt or P525L mutant FUS in
motor and sensory neurons (Fig. 7). These results strongly
support the notion that the phosphorylation of FUS by CK18
ameliorated the FUS-mediated neurodegeneration. Although
the mechanism whereby phosphorylation of FUS attenuates its
toxicity remains elusive, one possibility would be that the
phosphorylation directly inhibited the formation of toxic
species of FUS causative to neurodegeneration. Biochemical
analysis of the postmortem brains of patients with FTLD-FUS
showed an increase in the level of radioimmunoprecipitation
assay-insoluble FUS (42). It has been shown that fALS-linked
R521C mutant FUS expressed in U87 cells was exclusively
extracted in the 1% NP-40-insoluble fraction, whereas wt FUS
was predominantly retrieved in the 1% NP-40-soluble fraction
(52). These data altogether suggest a causal link between the
increased insolubility of FUS and the pathogenic mechanism of
FUS proteinopathies. Our finding that FUS phosphorylated by
CK18 or CKle, migrating at slower positions compared with
nonphosphorylated FUS on SDS-PAGE, was exclusively frac-
tionated into the 1% NP-40-soluble fraction (Fig. 3) may
support the assumption that phosphorylation of FUS by CK18
or CKle counteracted the conformational changes leading to
the formation of the toxic species of FUS that acquired
detergent insolubility. The relative levels of FUS proteins in the
heads of FUSwt (site-directed) flies doubly expressing CK16,
Dco, or XCKle kinase domain were reduced compared with
those in FUSwt single tg flies (Fig. 61). Thus, we cannot rule
out the possibility that the reduction of FUS protein caused by
phosphorylation by as yet unknown mechanism(s) that took
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place in the Drosophila retinal photoreceptor neurons might
have partly contributed to the amelioration of retinal degen-
eration induced by FUS. However, the reduction in the levels
of FUS protein was observed neither in HEK293 cells doubly
transfected with FLAG-FUSwt and myc-CK18 or myc-CKle
(Fig. 2A4) nor in the head of Drosophila doubly expressing
FUSwt with CK18 under the control of D42-GAL4-driver
(Fig. 7B); this suggests that the reduction of FUS through
phosphorylation by CK18 or CKle is likely a cell type—
dependent event. Further elucidation of the identity of the
toxic FUS species, as well as of its downstream pathways, will
be needed to unravel the whole picture of the FUS-mediated
neurodegeneration. Previous studies revealed that phospho-
mimetic substitutions within the QGSY-rich domain of FUS,
including residues phosphorylatable by DNA-PK, mitigated
FUS-induced toxicity in yeast (33, 53). We have tested the
levels of phosphorylation and the solubility of FUS mutated at
either of the four phosphorylation sites by CK16 or CKle,
that is, Serl63, Serl64, Serl82, and Serl83, into non-
phosphorylatable alanine or phosphorylation-mimic aspartate
in HEK293 cells but observed neither changes in the mobility
of FUS polypeptides on SDS-PAGE nor their solubility (data
not shown). These results suggest that multiple phosphory-
lated Ser/Thr residues in the LC domain of FUS might have
collectively contributed to the solubility of FUS.

FUS shares striking functional, structural, and neuropatho-
logical similarities with TDP-43, the latter being another RNA-
binding protein causative to ALS/FTLD. This leads one to
speculate that the pathophysiology of neurodegeneration
caused by FUS and TDP-43 in ALS/FTLD may share common
mechanisms (8, 9, 13). However, the effect of CK1 phos-
phorylation on TDP-43 and FUS may be divergent. Phos-
phorylation of TDP-43 by CK16 has been shown to trigger the
accumulation of TDP-43 in SH-SY5Y cells and NSC-34 motor
neuron-like cells (41, 54). In the Drosophila in vivo models,
coexpression of Dco in M337V or Q331K ALS-mutant TDP-
43 tg flies promoted the formation of aggregates and enhanced
the toxicity in retina (55). This contrasts with our present
results that phosphorylation by CK18 or CKle increased the
solubility of FUS in HEK293 cells (Fig. 3), and that coex-
pression of human CK106 or Dco with FUS in the photore-
ceptor neurons ameliorated the toxicity induced by the
expression of wt or P525L. ALS-mutant FUS (Figs. 5, and 6).
These interesting differences in the pathophysiological func-
tion of CK1 may provide us with clues to the pathomechanism
of proteinopathies caused by TDP-43 and FUS. Further
investigations into the structural and functional changes in
FUS protein by CK18/e phosphorylation will unveil the
molecular mechanisms and pave the way toward the thera-
peutic interventions into FUS proteinopathies, for example,
through activation of CK19/e.

Experimental procedures
Plasmid construction

For the expression of human FUS in E. coli, human FUS
complementary DNA (cDNA) was subcloned between BamHI
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and Xhol sites of pGEX-6P-1 vector (GE Healthcare), and for
the mammalian expression of FLAG-tagged human FUS wt or
P525L, cDNA was subcloned between BamHI and Xhol sites
of pcDNAS5 vector (Thermo Fisher Scientific) as previously
described (28), and FUS wt or P525L cDNA without epitope
tag was subcloned between BamHI and Xhol sites of
pcDNA3.1(+) vector (Thermo Fisher Scientific). For attB-
attP40 Drosophila expression system, human FUS wt cDNA
was subcloned between Xhol and Xbal sites of pUAS-attB
vector (56). AllS mutant FUS ¢DNA was provided by Drs
Masato Kato and Steven L. McKnight (University of Texas
Southwestern Medical Center) (28). pCS2-Myc-CKlal, pCS2-
Myc-CK18, and pCS2-Myc-CKle vectors were provided by
Drs Cheong Jit Kong and David M. Virshup (Duke-NUS
Graduate Medical School Singapore). pcDNA3.1-FLAG-
CK181-317 or pcDNA3.1-FLAG-CK181-317 K38R vector was
previously reported (41). pUAS-attB vector was provided by
Drs Tomonori Katsuyama and Masayuki Miura (The Univer-
sity of Tokyo).

Antibodies

The following antibodies were used as primary antibodies,
anti-FUS(400-450) (Bethyl; catalog no.: A300-293A), anti-FLAG
(Sigma; catalog no.: M2), anti-myc (Cell Signaling Technology;
catalog nos.: 9B11 and 71D10), anti-a-tubulin (Sigma; catalog no.:
DM1A). A rabbit polyclonal anti-pS182 antibody was raised
against a synthetic phosphopeptide of FUS (GNYGQDQ(pS)
SMSSGGG, pS denotes phosphoserine). For a polypeptide
absorption assay, 2 pl of anti-pS182 antibody was preincubated
with 1.9 pg (~1.3 nmol) of nonphosphorylated polypeptide (GNY
GQDQSSMSSGGG) or 2.0 pg (~1.3 nmol) of phosphorylated
polypeptide (GNYGQDQ(pS)SMSSGGG) in the absorption
buffer (50 mM Tris—HCI, 150 mM NaCl, pH = 7.6 containing
0.1% of Tween-20) at 4 °C overnight, and applied for
immunoblotting.

In vitro kinase assay

Recombinant GST-tagged FUS protein was produced as
previously described (28). Briefly, FUS/pGEX-6P-1 cDNA was
transformed into BL21 (DE3) and cultured in LB medium at 18
°C. Isopropyl B-thiogalactopyranoside was added to the me-
dium at a final concentration of 1 mM and cultured for 12 h at
18 °C. E. coli was collected, sonicated in lysis buffer (50 mM
Tris—HCI, pH = 8.0, 50 mM NaCl, 1 mM EDTA, and 100 uM
PMSEF), and lysed in lysis buffer with 1% Triton X-100 for
10 min. After centrifugation at 9000g for 30 min, the super-
natant was mixed with 50% suspension of Glutathione
Sepharose 4B beads (GE Healthcare) and incubated at 4 °C
overnight. Beads were washed with 0.5% Triton X-100 in PBS,
incubated in elution buffer (50 mM Tris—HCI, pH = 8.0,
16 mM reduced glutathione, and 1 mM DTT) for 10 min at
4 °C, and centrifuged at 1500¢ for 5 min. To determine the
purity and protein concentration of recombinant protein,
purified GST-fused FUS protein samples were separated by
10% SDS-PAGE, stained with Coomassie Brilliant Blue, and
the protein concentrations were determined by the band
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intensities using Image] software (NIH). For the kinase assay,
4 pg of recombinant GST-tagged FUS protein were resus-
pended in 24 pl of an assay buffer (50 mM Tris—HCI, pH = 7.5,
20 mM MgCl,, 2 mM DTT, 100 uM EGTA, and 1 mM ATP),
and incubated with 0.2 pg of recombinant human CK16 pro-
tein (Abcam; catalog no.: ab103955) for 1 h at 30 °C. The
reaction was stopped by the addition of Laemmli sample buffer
and boiling. For alkaline phosphatase treatment, 2.3 pg of re-
combinant GST-tagged FUS protein was resuspended with
23 ng of recombinant human CK18 protein in 14 ul of assay
buffer. The mixture was incubated with 8.5 U of alkaline
phosphatase (Roche) in the dephosphorylation buffer (Roche)
for 1 h at 37 °C. For PF670462 treatment, 2 pg of recombinant
GST-tagged FUS was resuspended with 20 ng of recombinant
human CK18 and 10 pM of PF670462 (Cayman Chemical) in
12 pl of assay buffer and incubated for 1 h at 30 °C.

Mass spectrometric analysis

Mass spectrometric analysis was performed as previously
reported (40, 41). In brief, phosphorylated FUS was separated
by SDS-PAGE, and the gel was excised and soaked in 50 mM
Tris—HCI (pH = 8.0) containing 50% acetonitrile for 30 min.
The gel was dried in a Speed-Vac and incubated in 50 mM
Tris—HCl (pH = 8.0) containing 250 ng of chymotrypsin
(Roche) at 37 °C for 20 h. The digests were extracted from the
gel with 100 pl of 0.1% TFA containing 60% acetonitrile,
evaporated in a Speed-Vac, resuspended in 0.1% formic acid
containing 2% acetonitrile, and applied to a DiNa HPLC sys-
tem (KRA Technology Corp) with an automatic sampler. A
packed nanocapillary column (Nikkyo Techno Co Ltd; catalog
no.: NTCC-360/75-3-123) was used at a flow rate of
200 nl/min with a 2 to 80% linear gradient of acetonitrile in
0.1% formic acid. Eluted peptides were detected directly with
an ion trap mass spectrometer (Velos Pro; Thermo Fisher
Scientific). The obtained spectra were analyzed with Proteome
Discoverer, version 1.41 (Thermo Fisher Scientific) and
Mascot software, version 2.51 (Matrix Science). To identify the
peptides derived from the phosphorylated FUS band, we used
the mass spectrometry search parameters listed in Table S2.

Cell cultures and transfection

HEK293 cells (American Type Culture Collection; catalog
no.: CRL-1573) were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 100 units/ml peni-
cillin and 100 pg/ml streptomycin. SH-SY5Y cells (American
Type Culture Collection; catalog no.: CRL-2266) were cultured
in Dulbecco’s modified Eagle’s medium/F-12 medium with
10% fetal bovine serum. Plasmid DNA was introduced into
HEK?293 cells or SH-SY5Y cells using FUGENE 6 Transfection
Reagent (Promega) according to the manufacturer’s protocol.
Cells were analyzed 24 h after transfection for immunocyto-
chemistry and 48 h after transfection for immunoblotting.
About 20 nM of calicheamicin was added to the medium 45 h
after transfection. PF670462 was added to the medium 24 h
after transfection.
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Immunocytochemistry

HEK293 cells or SH-SY5Y cells were fixed with 4% para-
formaldehyde in PBS for 30 min at room temperature. After
blocking with 10% calf serum in PBS containing 0.1% of Triton
X-100, cells were incubated with primary antibodies for
overnight at 4 °C. For immunofluorescence, cells were incu-
bated with a mixture of Alexa fluorophore—conjugated sec-
ondary antibodies against mouse or rabbit immunoglobulin G
and DRAQ5 for HEK293 cells or 4/,6-diamidino-2-
phenylindole for SH-SY5Y as a nuclear marker. Cells were
observed with FV3000 confocal microscope (Olympus) or
SpinSR10 (Olympus).

Immunoblotting

HEK?293 cells, SH-SY5Y cells, or 10 heads of 1-day-old male
flies were lysed in a Laemmli sample buffer with PhosSTOP
phosphatase inhibitor cocktail (Roche). The lysates were
separated by 7.5 or 10% SDS-PAGE and transferred to poly-
vinylidene difluoride membranes. After probing with primary
antibodies, the immunoblots were developed using a chem-
iluminescence kit (Wako) or SuperSignal West Femto
Chemiluminescent Substrate (Thermo Fisher Scientific), and
visualized by LAS-4000 mini (GE Healthcare). The band in-
tensities of FUS protein derived from HEK293 cells were
quantified by ImageQuant (GE Healthcare). The band in-
tensities of FUS or a-tubulin protein derived from the heads of
each tg fly line were quantified by ImageQuant, and the
average relative level of FUS (FUS/a-tubulin) was calculated in
three or five independent experiments.

Sequential extraction of soluble and insoluble proteins

Sequential extraction of soluble and insoluble proteins was
performed as previously described (28). In brief, HEK293 cells
were collected, lysed in NP-40 buffer (containing 1% NP-40,
20 mM Tris—HCI, pH = 7.4, 150 mM NaCl, 5 mM EDTA,
10% glycerol, 1 mM DTT, 10 mM sodium fluoride, 1 mM
sodium orthovanadate, and 5 mM sodium pyrophosphate),
and rotated for 30 min at 4 °C. After centrifugation at 20,000g
for 15 min, the supernatant was collected as a detergent-
soluble fraction. The pellet was washed with NP-40 buffer
twice and sonicated in urea—SDS buffer (containing 8 M urea
and 3% SDS in NP-40 buffer). After centrifugation at 20,000g
for 15 min, the supernatant was collected as a detergent-
insoluble fraction. cOmplete Protease Inhibitor Cocktail
(Roche) was used to avoid protein degradation.

Fly stocks and generation of tg flies

Tg flies expressing UAS-FUS wt or P525L were previously
generated (28). The attB-attP40 expression system was used
for the generation of tg flies expressing UAS-FUSwt (site-
directed). gmr-GAL4, d42-GAL4, UAS-LacZ, UAS-Dco, UAS-
Dco K38R, UAS-human CKI16, UAS-Xenopus CKle kinase
domain, UAS-human CKI1S§ (site-directed), UAS-human
CKlal (site-directed) lines were purchased from Bloo-
mington Drosophila Stock Center. Fly stocks were raised on
standard Drosophila medium at 20 °C. Crosses between the
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Drosophila strains were carried out using standard proced-
ures at 20 °C for the measurement of life span, 25 °C for other
experiments.

External surface observation of flies

Adult flies (20-day-old female) were anesthetized with CO,,
and the outer surface of eyes was observed with zoom stereo
microscope (Olympus SZ-PT). For the quantification of the
pigmented areas of tg flies, a comparable area of eyes for each
genotype was selected. Quantification of the region without
pigment loss in the selected area of eyes was analyzed using the
Image] software.

Immunohistochemistry

Immunohistochemistry of tg flies was performed as previ-
ously described (28). Briefly, heads of 5-day-old or 10-day-old
female flies were fixed with 4% paraformaldehyde in PBS
containing 0.3% Triton X-100 at room temperature for 2 h.
Fixed heads were embedded in paraffin and cut in coronal
sections at 4 pm thickness. Hematoxylin—eosin staining was
performed to evaluate retinal structures, and retinal thickness
was quantified as an average of two measurements at the
central area per an eye with Image]J software. A minimum of 10
eye sections that were cut at the center of retina perpendicu-
larly to the eye surface were measured per line. For compari-
son between lines, Dunnett’s test was applied.

Measurement of life span

Life span of tg flies was measured as previously described
(57). In brief, male flies 0 to 72 h after eclosion were collected
into fresh food vials at a density of 20 flies per vial. The vials
were kept at 25 °C. Every third day, flies were transferred to
new food vials, and the number of dead flies was recorded.
Three vials (60 flies) were tested per each genotype. Statistical
analysis was performed by the log rank test, using Prism 6 for

Mac OSX (GraphPad Software, Inc).

Data availability

Raw mass spectrometry data are deposited in jPOST
(https://repository.jpostdb.org/) (JPST001574, PXD033730).
The datasets and materials used during the current study are
available from the corresponding authors on reasonable
request.
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information.

information—This supporting

Acknowledgments—We thank Drs Soshiro Kashio and Masayuki
Miura of the University of Tokyo for valuable suggestions on
Drosophila experiments.

Author contributions—T. H. and T. I. conceptualization; K. M.,
T. N., and M. H. methodology; T. H. formal analysis; Y. K., K. M.,
T. M., R- M, T. N,, and F. K. investigation; T. N. resources; T. H.
writing—original draft; T. I. writing—review & editing; T. W. and
M. H. supervision; T. H. and T. I. funding acquisition.

J. Biol. Chem. (2022) 298(8) 102191 13


https://repository.jpostdb.org/

CK16/¢ ameliorates FUS-induced toxicity

Funding and additional information—This work was supported by
Grant-in-Aid for Scientific Research on Innovative Areas (Brain
Protein Aging and Dementia Control) (grant no.. 17H05687; to
T. H.), Grants-in-Aid for Scientific Research (C) (grant nos.:
18K07364 [to T. H.] and 21K07270 [to T. H.]), and Grants-in-Aid
for Scientific Research (A) (grant no.: 20H00525 [to T. L.]) from the
Ministry of Education, Culture, Sports, Science and Technology,
Japan.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: cDNA, complementary
DNA; CK19, casein kinase 15; DMSO, dimethyl sulfoxide; DNA-PK,
DNA-dependent protein kinase; fALS, familial ALS; FTLD, fron-
totemporal lobar degeneration; FUS, fused in sarcoma; GAL4-UAS,
GAL4-upstream activating sequence; GST, glutathione-S-trans-
ferase; HEK293, human embryonic kidney 293 cell line; LC,
low-complexity; NP-40, Nonidet P-40; PY-NLS, proline—tyrosine
nuclear localization signal; QGSY-rich, glutamine—glycine—serine—
tyrosine rich; TDP-43, TAR DNA-binding protein 43; tg, transgenic.

References

1. Kwiatkowski, T. J., Jr., Bosco, D. A., Leclerc, A. L., Tamrazian, E., Van-
derburg, C. R, Russ, C., et al. (2009) Mutations in the FUS/TLS gene on
chromosome 16 cause familial amyotrophic lateral sclerosis. Science 323,
1205-1208

2. Vance, C., Rogelj, B., Hortobagyi, T., De Vos, K. J., Nishimura, A. L.,
Sreedharan, J., et al. (2009) Mutations in FUS, an RNA processing pro-
tein, cause familial amyotrophic lateral sclerosis type 6. Science 323,
1208-1211

3. Waibel, S., Neumann, M., Rabe, M., Meyer, T., and Ludolph, A. C. (2010)
Novel missense and truncating mutations in FUS/TLS in familial ALS.
Neurol 75, 815-817

4. Urwin, H., Josephs, K. A., Rohrer, J. D., Mackenzie, I. R., Neumann, M.,
Authier, A., et al. (2010) FUS pathology defines the majority of tau- and
TDP-43-negative frontotemporal lobar degeneration. Acta Neuropathol.
120, 33-41

5. Neumann, M., Roeber, S., Kretzschmar, H. A., Rademakers, R., Baker, M.,
and Mackenzie, I. R. (2009) Abundant FUS-immunoreactive pathology in
neuronal intermediate filament inclusion disease. Acta Neuropathol. 118,
605-616

6. Mackenzie, I. R., Neumann, M., Cairns, N. J., Munoz, D. G., and Isaacs,
A. M. (2011) Distinct pathological subtypes of FTLD-FUS. Acta Neuro-
pathol. 121, 207-218

7. Munoz, D. G., Neumann, M., Kusaka, H., Yokota, O., Ishihara, K., Ter-
ada, S., et al. (2009) FUS pathology in basophilic inclusion body disease.
Acta Neuropathol. 118, 617-627

8. Ling, S. C., Polymenidou, M., and Cleveland, D. W. (2013) Converging
mechanisms in ALS and FTD: disrupted RNA and protein homeostasis.
Neuron 79, 416-438

9. Hofmann, J. R, Seeley, W. W., and Huang, E. J. (2019) RNA binding
proteins and the pathogenesis of frontotemporal lobar degeneration.
Annu. Rev. Pathol. 14, 469-495

10. Schwartz, J. C., Cech, T. R, and Parker, R. R. (2015) Biochemical prop-
erties and biological functions of FET proteins. Annu. Rev. Biochem. 84,
355-379

11. Lagier-Tourenne, C., Polymenidou, M., and Cleveland, D. W. (2010)
TDP-43 and FUS/TLS: emerging roles in RNA processing and neuro-
degeneration. Hum. Mol. Genet. 19, R46—R64

12. Ratti, A., and Buratti, E. (2016) Physiological functions and pathobiology
of TDP-43 and FUS/TLS proteins. /. Neurochem. 138, 95-111

13. Kim, G., Gautier, O., Tassoni-Tsuchida, E., Ma, X. R,, and Gitler, A. D.
(2020) ALS genetics: gains, losses, and implications for future therapies.
Neuron 108, 822—842

14 J Biol. Chem. (2022) 298(8) 102191

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Dormann, D., Rodde, R., Edbauer, D., Bentmann, E., Fischer, 1., Hruscha,

A, et al. (2010) ALS-associated fused in sarcoma (FUS) mutations disrupt
transportin-mediated nuclear import. EMBO J. 29, 2841-2857

Sharma, A., Lyaschchenko, A. K., Nasrabady, S. E., Elmaleh, M., Men-
delsohn, M., Nemes, A., et al. (2016) ALS-associated mutant FUS induces
selective motor neuron degeneration through toxic gain of function. Nat.
Commun. 7, 10465

Lépez-Erauskin, J., Tadokoro, T., Baughn, M. W., Myers, B., McAlonis-
Downes, M., Chillon-Marinas, C., et al. (2018) ALS/FTD-linked mutation
in FUS suppresses intra-axonal protein synthesis and drives disease
without nuclear loss-of-function of FUS. Neuron 100, 816—830
Scekic-Zahirovic, J., Sendscheid, O., El Oussini, H., Jambeau, M., Sun, Y.,
Mersmann, S., et al. (2016) Toxic gain of function from mutant FUS
protein is crucial to trigger cell autonomous motor neuron loss. EMBO J.
35, 1077-1097

Picchiarelli, G., Demestre, M., Zuko, A., Been, M., Higelin, J., Dieterlé, S.,
et al. (2019) FUS-mediated regulation of acetylcholine receptor tran-
scription at neuromuscular junctions is compromised in amyotrophic
lateral sclerosis. Nat. Neurosci. 22, 1793-1805

Kino, Y., Washizu, C., Kurosawa, M., Yamada, M., Miyazaki, H., Akagi,
T., et al. (2015) FUS/TLS deficiency causes behavioral and pathological
abnormalities distinct from amyotrophic lateral sclerosis. Acta Neuro-
pathol. Commun. 3, 24

Kato, M., Han, T. W., Xie, S., Shi, K,, Du, X., Wu, L. C,, et al. (2012) Cell-
free formation of RNA granules: low complexity sequence domains form
dynamic fibers within hydrogels. Cell 149, 753-767

Han, T. W., Kato, M., Xie, S., Wu, L. C., Mirzaei, H., Pei, |, et al. (2012)
Cell-free formation of RNA granules: bound RNAs identify features and
components of cellular assemblies. Cel/ 149, 768—779

Lin, Y., Protter, D. S. W., Rosen, M. K., and Parker, R. (2015) Formation
and maturation of phase-separated liquid droplets by RNA-binding
proteins. Mol. Cell 60, 208—219

Burke, K. A., Janke, A. M., Rhine, C. L., and Fawzi, N. L. (2015) Residue-
by-residue view of in vitro FUS granules that bind the C-terminal domain
of RNA polymerase II. Mol. Cell 60, 231-241

Patel, A., Lee, H. O,, Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y.,
et al. (2015) A liquid-to-solid phase transition of the ALS protein FUS
accelerated by disease mutation. Cell 162, 1066—1077

Murakami, T., Qamar, S., Lin, J. Q., Schierle, G. S., Rees, E., Miyashita, A.,
et al. (2015) ALS/FTD mutation-induced phase transition of FUS liquid
droplets and reversible hydrogels into irreversible hydrogels impairs RNP
granule function. Neuron 88, 678—690

Murray, D. T., Kato, M, Lin, Y., Thurber, K. R., Hung, I., McKnight, S. L.,
et al. (2017) Structure of FUS protein fibrils and its relevance to self-
assembly and phase separation of low-complexity domains. Cell 171,
615-627

Hughes, M. P., Sawaya, M. R., Boyer, D. R., Goldschmidt, L., Rodriguez, J.,
Cascio, D., et al. (2018) Atomic structures of low-complexity protein
segments reveal kinked B sheets that assemble networks. Science 359,
698-701

Matsumoto, T., Matsukawa, K., Watanabe, N., Kishino, Y., Kunugi, H.,
Thara, R., et al. (2018) Self-assembly of FUS through its low-complexity
domain contributes to neurodegeneration. Hum. Mol. Genet. 27,
1353-1365

Bogaert, E., Boeynaems, S., Kato, M., Guo, L., Caulfield, T. R, Steyaert, J.,
et al. (2018) Molecular dissection of FUS points at synergistic effect of
low-complexity domains in toxicity. Cell Rep. 24, 529-537

Zbinden, A., Pérez-Berlanga, M., De Rossi, P., and Polymenidou, M.
(2020) Phase separation and neurodegenerative diseases: a disturbance in
the force. Dev. Cell 55, 45—68

Gardiner, M., Toth, R., Vandermoere, F., Morrice, N. A., and Rouse, ].
(2008) Identification and characterization of FUS/TLS as a new target of
ATM. Biochem. J. 415, 297307

Deng, Q., Holler, C. J., Taylor, G., Hudson, K. F., Watkins, W., Gearing,
M., et al. (2014) FUS is phosphorylated by DNA-PK and accumulates in
the cytoplasm after DNA damage. /. Neurosci. 34, 7802-7813
Monahan, Z., Ryan, V. H,, Janke, A. M., Burke, K. A., Rhoads, S. N,
Zerze, G. H., et al. (2017) Phosphorylation of the FUS low-complexity

SASBMB


http://refhub.elsevier.com/S0021-9258(22)00633-0/sref1
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref1
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref1
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref1
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref2
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref3
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref3
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref3
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref4
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref5
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref6
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref7
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref8
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref9
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref10
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref11
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref12
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref12
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref13
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref14
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref14
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref14
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref15
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref16
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref17
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref18
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref19
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref20
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref20
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref20
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref21
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref22
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref22
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref22
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref23
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref24
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref25
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref26
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref27
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref28
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref29
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref30
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref31
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref32
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

domain disrupts phase separation, aggregation, and toxicity. EMBO J. 36,
2951-2967

Ding, X, Sun, F., Chen, J., Chen, L., Tobin-Miyaji, Y., Xue, S., et al. (2020)
Amyloid-forming segment induces aggregation of FUS-LC domain from
phase separation modulated by site-specific phosphorylation. . Mol. Biol.
432, 467-483

Knippschild, U., Gocht, A., Wolff, S., Huber, N., Léhler, J., and Stéter, M.
(2005) The casein kinase 1 family: participation in multiple cellular
processes in eukaryotes. Cell. Signal. 17, 675—-689

Schittek, B., and Sinnberg, T. (2014) Biological functions of casein kinase
1 isoforms and putative roles in tumorigenesis. Mol. Cancer 13, 231
Singh, T. ., Grundke-Igbal, I, and Igbal, K. (1995) Phosphorylation of tau
protein by casein kinase-1 converts it to an abnormal Alzheimer-like
state. J. Neurochem. 64, 1420-1423

Li, G, Yin, H., and Kuret, J. (2004) Casein kinase 1 delta phosphorylates
tau and disrupts its binding to microtubules. J Biol. Chem. 279,
15938-15945

Okochi, M., Walter, J., Koyama, A., Nakajo, S., Baba, M., Iwatsubo, T,
et al. (2000) Constitutive phosphorylation of the Parkinson’s disease
associated a-synuclein. J. Biol. Chem. 275, 390-397

Kametani, F., Nonaka, T., Suzuki, T., Arai, T., Dohmae, N., Akiyama, H.,
et al. (2009) Identification of casein-kinase-1 phosphorylation sites on
TDP-43. Biochem. Biophys. Res. Commun. 382, 405—409

Nonaka, T., Suzuki, G., Tanaka, Y., Kametani, F., Hirai, S., Okado, H.,
et al. (2016) Phosphorylation of TAR DNA-binding protein of 43 kDa
(TDP-43) by truncated casein kinase 18 triggers mislocalization and
accumulation of TDP-43. J. Biol. Chem. 291, 5473-5483

Neumann, M., Rademakers, R., Roeber, S., Baker, M., Kretzschmar, H. A.,
and Mackenzie, I. R. (2009) A new subtype of frontotemporal lobar
degeneration with FUS pathology. Brain 132, 2922-2931

Strutt, H., Price, M. A., and Strutt, D. (2006) Planar polarity is positively
regulated by casein kinase le in Drosophila. Curr. Biol. 16, 1329-1336

. Peters, J. M., McKay, R. M., McKay, J. P., and Graff, ]. M. (1999) Casein

kinase I transduces Wnt signals. Nature 401, 345-350

Zhang, L., Jia, J., Wang, B., Amanai, K., Wharton, K. A,, Jr., and Jiang, J.
(2006) Regulation of wingless signaling by the CKI family in Drosophila
limb development. Dev. Biol. 299, 221-237

Muskus, M. J., Preuss, F., Fan, J. Y., Bjes, E. S., and Price, J. L. (2007)
Drosophila DBT lacking protein kinase activity produces long-period and

SASBMB

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

CK16/¢ ameliorates FUS-induced toxicity

arrhythmic circadian behavioral and molecular rhythms. Mol. Cell Biol.
27, 8049-8064

Sanyal, S. (2009) Genomic mapping and expression patterns of C380,
OK6 and D42 enhancer trap lines in the larval nervous system of
Drosophila. Gene Expr. Patterns 9, 371-380

Knippschild, U., Kriiger, M., Richter, J., Xu, P., Garcia-Reyes, B., Peifer, C.,
et al. (2014) The CK1 family: contribution to cellular stress response and
its role in carcinogenesis. Front. Oncol. 4, 96

Marin, O., Bustos, V. H., Cesaro, L., Meggio, F., Pagano, M. A., Antonelli,
M., et al. (2003) A noncanonical sequence phosphorylated by casein ki-
nase 1 in P-catenin may play a role in casein kinase 1 targeting of
important signaling proteins. Proc. Natl. Acad. Sci. U. S. A. 100,
10193-10200

Lee, M., Ghosh, U.,, Thurber, K. R, Kato, M., and Tycko, R. (2020)
Molecular structure and interactions within amyloid-like fibrils formed by
a low-complexity protein sequence from FUS. Nat. Commun. 11, 5735
Kato, M., and McKnight, S. L. (2021) The low-complexity domain of the
FUS RNA binding protein self-assembles via the mutually exclusive use of
two distinct cross-p cores. Proc. Natl. Acad. Sci. U. S. A. 118,
€2114412118

Coady, T. H., and Manley, J. L. (2015) ALS mutations in TLS/FUS disrupt
target gene expression. Genes Dev. 29, 1696—1706

Owen, I, Rhoads, S., Yee, D., Wyne, H., Gery, K., Hannula, L, ez al. (2020) The
prion-like domain of Fused in Sarcoma is phosphorylated by multiple kinases
affecting liquid-and solid-phase transitions. Mol. Biol. Cell 31, 2522—2536
Hicks, D. A., Cross, L. L., Williamson, R., and Rattray, M. (2020) Endo-
plasmic reticulum stress signaling induces casein kinase 1-dependent
formation of cytosolic TDP-43 inclusions in motor neuron-like cells.
Neurochem. Res. 45, 1354—1364

Choksi, D. K., Roy, B., Chatterjee, S., Yusuff, T., Bakhoum, M. F., Sen-
gupta, U, et al. (2014) TDP-43 phosphorylation by casein kinase Ie
promotes oligomerization and enhances toxicity in vivo. Hum. Mol.
Genet. 23, 1025-1035

Obata, F., and Miura, M. (2015) Enhancing S-adenosyl-methipnine
catabolism extends Drosophila lifespan. Nat. Commun. 6, 8332

Ihara, R., Matsukawa, K., Nagata, Y., Kunugi, H., Tsuji, S., Chihara, T,
et al. (2013) RNA binding mediates neurotoxicity in the transgenic
Drosophila model of TDP-43 proteinopathy. Hum. Mol. Genet. 22,
4474—-4484

J. Biol. Chem. (2022) 298(8) 102191 15


http://refhub.elsevier.com/S0021-9258(22)00633-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref33
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref34
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref35
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref36
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref37
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref38
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref39
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref40
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref41
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref42
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref43
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref44
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref45
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref46
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref47
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref48
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref49
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref50
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref50
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref50
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref51
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref52
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref52
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref53
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref53
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref53
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref54
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref54
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref54
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref54
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref55
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref55
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref55
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref55
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref56
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref56
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref57
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref57
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref57
http://refhub.elsevier.com/S0021-9258(22)00633-0/sref57

	Casein kinase 1δ/ε phosphorylates fused in sarcoma (FUS) and ameliorates FUS-mediated neurodegeneration
	Results
	CK1δ and CK1ε phosphorylated serine/threonine residues of FUS in vitro and in HEK293 cells
	Phosphorylation by CK1δ or CK1ε resulted in an increase in the solubility of FUS
	Phosphorylation by CK1δ or CK1ε did not alter the subcellular distribution of FUS
	Overexpression of CK1δ ameliorated the FUS-mediated retinal degeneration
	Coexpression of CK1δ extended the life span of FUS wt or P525L tg flies

	Discussion
	Experimental procedures
	Plasmid construction
	Antibodies
	In vitro kinase assay
	Mass spectrometric analysis
	Cell cultures and transfection
	Immunocytochemistry
	Immunoblotting
	Sequential extraction of soluble and insoluble proteins
	Fly stocks and generation of tg flies
	External surface observation of flies
	Immunohistochemistry
	Measurement of life span

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


