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Neurobiology of Disease

FUS is Phosphorylated by DNA-PK and Accumulates in the
Cytoplasm after DNA Damage
Qiudong Deng,1 Christopher J. Holler,1 Georgia Taylor,1 Kathryn F. Hudson,1 William Watkins,1 Marla Gearing,2,3
Daisuke Ito,6 Melissa E. Murray,7 Dennis W. Dickson,7 Nicholas T. Seyfried,3,4,5 and Thomas Kukar1,3,5
1Department of Pharmacology, 2Department of Pathology, 3Center for Neurodegenerative Disease, 4Department of Biochemistry, and 5Department of
Neurology, Emory University, School of Medicine, Atlanta, Georgia 30322, 6Department of Neurology, School of Medicine, Keio University, 35
Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan, and 7Department of Neuroscience, Mayo Clinic, Jacksonville, Florida 32224

Abnormal cytoplasmic accumulation of Fused in Sarcoma (FUS) in neurons defines subtypes of amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FTLD). FUS is a member of the FET protein family that includes Ewing’s sarcoma
(EWS) and TATA-binding protein-associated factor 2N (TAF15). FET proteins are predominantly localized to the nucleus, where
they bind RNA and DNA to modulate transcription, mRNA splicing, and DNA repair. In ALS cases with FUS inclusions (ALS-FUS),
mutations in the FUS gene cause disease, whereas FTLD cases with FUS inclusions (FTLD-FUS) do not harbor FUS mutations. Notably, in
FTLD-FUS, all FET proteins accumulate with their nuclear import receptor Transportin 1 (TRN1), in contrast ALS-FUS inclusions are
exclusively positive for FUS. In the present study, we show that induction of DNA damage replicates several pathologic hallmarks of
FTLD-FUS in immortalized human cells and primary human neurons and astrocytes. Treatment with the antibiotic calicheamicin ␥1,
which causes DNA double-strand breaks, leads to the cytoplasmic accumulation of FUS, TAF15, EWS, and TRN1. Moreover, cytoplasmic
translocation of FUS is mediated by phosphorylation of its N terminus by the DNA-dependent protein kinase. Finally, we observed
elevated levels of phospho-H2AX in FTLD-FUS brains, indicating that DNA damage occurs in patients. Together, our data reveal a novel
regulatory mechanism for FUS localization in cells and suggest that DNA damage may contribute to the accumulation of FET proteins
observed in human FTLD-FUS cases, but not in ALS-FUS.
Key words: amyotrophic lateral sclerosis (ALS); cytoplasmic translocation; DNA damage; frontotemporal lobar degeneration (FTLD);
Fused in Sarcoma (FUS); phosphorylation

Introduction
Alterations in RNA metabolism are increasingly thought to be a
primary driver of pathogenesis in many cases of amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD; Ramaswami et al., 2013). Mutations in the genes FUS and
TARDBP, which encode the RNA/DNA-binding protein Fused in
Sarcoma (FUS) and TDP-43, respectively, cause familial and sporadic ALS and FTLD (Sreedharan et al., 2008; Van Deerlin et al.,
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Tourenne et al., 2010). Further, TDP-43 inclusions are now considered a common marker of neuropathology in most ALS cases
and in many cases of FTLD (Mackenzie et al., 2010). It is still
unclear how mutations in FUS and TDP-43 cause disease
(Lagier-Tourenne et al., 2010).
In ALS patients with FUS mutations, FUS accumulates in the
cytoplasm as abnormal inclusions in neurons and glia. Most FUS
mutations disrupt a C-terminal nuclear localization signal, which
reduces binding and nuclear import by transportin-1 (TRN1),
leading to increased cytoplasmic levels of FUS (Dormann et al.,
2010; Lagier-Tourenne et al., 2010; Ito et al., 2011). It is thought
that, over time, the increased levels of cytoplasmic FUS lead to the
accumulation of FUS into inclusions (Dormann et al., 2010; Verbeeck et al., 2012).
Intriguingly, FUS-positive inclusions have been found in a
subset of FTLD cases that are negative for Tau or TDP-43 inclusions. FTLD-FUS patients do not have FUS mutations and the
mechanism leading to FUS pathology is unclear (Ravenscroft et
al., 2013). A recent comparison of the neuropathology in ALSFUS and FTLD-FUS cases has revealed differences. FTLD-FUS
inclusions contain all FET members [FUS, Ewing’s sarcoma
(EWS), and TATA-binding protein-associated factor 2N
(TAF15)], along with TRN1. In contrast, ALS-FUS inclusions
contain exclusively FUS (Davidson et al., 2012). We have also
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observed a selective accumulation of FUS, but not EWS, TAF15,
or TRN1 (unpublished data), in a mouse model of ALS-FUS
(Verbeeck et al., 2012). These data suggest that the pathogenesis
of ALS-FUS and FTLD-FUS cases may differ.
FUS, EWS, and TAF15 are multifunctional RNA/DNAbinding proteins that are widely expressed in most cell types and
tissues. FUS is predominantly detected in the nucleus, although it
can rapidly shuttle back and forth from the nucleus to the cytoplasm (Zinszner et al., 1997). Data from multiple studies suggest
that cytoplasmic accumulation of FUS is a critical pathogenic
event in FUS-related neurodegeneration (Bosco et al., 2010; Dormann et al., 2010; Gal et al., 2011; Kino et al., 2011; Verbeeck et
al., 2012). Here, we report a novel mechanism that regulates the
distribution of FUS between the nucleus and cytoplasm. We find
that cytoplasmic accumulation of FUS is regulated by phosphorylation of the N terminus of FUS by the DNA-dependent protein
kinase (DNA-PK). Further, induction of DNA damage leads to
cytoplasmic translocation of FUS, EWS, TAF15, and TRN1,
which mimics the pathologic changes that occur in FTLD-FUS
cases. Together, these data suggest that DNA damage is a pivotal
upstream event that may trigger the pathological changes leading
to neurodegeneration and the unique neuropathology found in
FTLD-FUS. Therefore, therapeutic strategies to reduce DNA
damage or activate DNA repair pathways may be a viable strategy
to treat neurodegeneration in FTLD-FUS cases.

Materials and Methods
Cell culture. Human neuroglioma cells (H4; ATCC) and Human Embryonic Kidney 293T cells (HEK293T; ATCC) were cultured in OPTI-MEM
medium plus 5% FBS and 1% penicillin-streptomycin. Human astrocytes and human neurons were purchased from Sciencell and cultured
using protocols provided by the manufacturer. GM5849 and GM0637
cells (Henner and Blazka, 1986; Taira et al., 2010) were purchased from
ATCC and were cultured in DMEM medium supplemented with 10%
FBS and 1% penicillin-streptomycin. M059J and M059K cells were obtained from Dr. Ya Wang in the Department of Radiation Oncology at
Emory University (Atlanta, GA) with permission of Dr. Joan AllalunisTurner in the Department of Oncology, University of Alberta (Edmonton, Alberta, Canada) (Allalunis-Turner et al., 1995; Lees-Miller et al.,
1995).
HEK293T or H4 cells were plated in six-well plates and transfected
with various cDNA constructs using TransIT LT1 (Mirus Bio) according
to the manufacturer’s instructions. A series of truncated FUS mutants
were generated as described previously (Ito et al., 2011). Artificial genes
for wild-type (WT) FUS and FUS mutants were synthesized by GeneArt
(Life Technologies). These constructs were sequence optimized and
incorporated a twin StrepII tag SA-WSHPQFEK(GGGS)2GGSAWSHPQFEK, followed by a FLAG tag on the N terminus to facilitate
purification and detection. All consensus DNA-PK phosphorylation
sites, serine or threnonine followed by a glutamine, were mutated to
alanines (FUS Ser/Thr to Ala) or to asparates (FUS Ser/Thr to Asp).
SiDNA transfection was performed as described previously with the following modification (Croset et al., 2013): HEK293T cells were transfected with 0.2 M Dbait8H (control) or Dbait32Hc [inducer of the
double-strand break (DSB) response and DNA-PK activity] with DharmaFECT (Thermo Scientific) overnight in OPTI-MEM with 5% FBS.
Staurosporine was purchased from Sigma. Calyculin A (Cal) was purchased from Cell Signaling Technology. KU 55933, KU 60019, NU 7441,
and NU 7026 were purchased from Tocris Bioscience. Calicheamicin ␥1
(CLM) was obtained from Pfizer.
Fractionation of cytoplasmic and nuclear proteins in cell lines and tissue.
H4 cells, HEK293T, and human astrocytes were lysed in 0.5% Triton
X-100 lysis buffer (150 mM sodium chloride, 50 mM Tris, pH 8.0, and
0.5% Triton X-100) with 1% protease and phosphatase single-use inhibitor mixture (PPI; Thermo Scientific) on ice for 10 min. The cell suspension was centrifuged at 14,000 rpm for 15 min at 4°C. The supernatant
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was transferred into a new tube (cytoplasmic fraction). The pellet was
washed again with 0.5% Triton X-100 lysis buffer, discarded, and the
nuclear pellet was resuspended in RIPA buffer (150 mM sodium chloride
1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH
8.0) with 1% PPI. The suspension was sonicated and vortexed at 4°C. The
suspension was centrifuged for 15 min at 14,000 rpm and 4°C. The supernatant (nuclear fraction) was saved. Successful subcellular fractionation was confirmed by absence of GAPDH in the nuclear fraction and
absence of H3 in the cytoplasmic fraction. Biochemical fractionation of
frozen frontal cortex from control and FTLD-FUS cases was performed
using the Subcellular Protein Fractionation Kit for Tissue following the
manufacturer’s instructions (Thermo Scientific). FTLD-FUS cases were
provided by three brain banks and were pathologically defined by the
presence of frontotemporal lobar degeneration with inclusions positive
for ubiquitin and FUS immunostaining and negative for tau or TDP-43
pathology. Some cases were assigned a subtype of FTLD-FUS: atypical
frontotemporal lobar degeneration with ubiquitin-positive inclusions
(aFTLD-U), basophilic inclusion body disease (BIBD), or neuronal intermediate filament inclusion disease (NIFID) (Mackenzie et al., 2011).
A total of 11 cases were analyzed from Emory University (FTLD-FUS,
n ⫽ 1; FTLD-FUS/NIFID, n ⫽ 2), Harvard University (FTLD-FUS, n ⫽
4), and Mayo Clinic Jacksonville (FTLD-FUS, n ⫽ 3; FTLD-FUS/NIFID,
n ⫽ 1). Control tissue (n ⫽ 7) was from patients with no history of
neurological disease and absence of other neuropathologies (i.e., infarcts,
hemorrhages, amyloid, ␣-synuclein, tau).
FUS immunoprecipitation. Cell lysates were immunoprecipitated
with mouse anti-FUS (Santa Cruz Biotechnology) coupled to Dynabeads Sheep-Anti Mouse IgG followed the protocol provided by the
manufacturer (Life Technologies). Bound material was then subjected to SDS-PAGE and Western blotting.
FUS purification and in vitro phosphorylation assay. V5-tagged WT
FUS was cloned into the pAG3 mammalian expression vector (DeJesusHernandez et al., 2010) and transfected into HEK293T cells. After 24 h,
cells were lysed with RIPA buffer. Lysate was spin at 14,000 rpm for 10
min. The supernatant was load onto anti-V5 monoclonal antibody magnetic beads (MBL International) and eluted with 150 mM NH4OH, pH
10.5. The elution was concentrated with protein concentrators (PES, 3K
MWCO; Pierce). Human recombinant DNA-PK was purchased from
Life Technologies. The kinase reactions were performed in a final reaction volume of 18 l of kinase buffer (5⫻; Invitrogen) with 2.5 g/l
DNA-PK activator, 10U/l DNA PK, 16 ng/l FUS, 0.2 mM ATP, and 1
mM DTT. DNA-PK inhibitor (NU7026) was 10 M. The reaction was
performed at 37°C for 30 min and terminated by adding a 1⁄4 volume of
4⫻ sample loading buffer followed by heat inactivation.
Western blotting. Cell lysates and protein samples were analyzed using
SDS/PAGE followed by two-channel infrared (LI-COR) quantitative
Western blots as described previously (Kukar et al., 2008; Kukar et al.,
2011; Chen et al., 2013). Protein concentrations were measured by BCA
assay (Pierce). The samples were denatured in 1⫻ sample loading buffer
at 70°C for 15 min. Equal amounts of protein were loaded into 12%
Mini-PROTEAN TGX Precast Gels (Bio-Rad). After transferring to 0.2
m nitrocellulose membranes, blots were blocked in blocking buffer
(LI-COR) for 1 h and incubated with primary antibodies (diluted in
blocking buffer and PBST; PBS plus 0.1% Tween 20) overnight at 4°C.
Membranes were washed three times for 10 min in PBST and then incubated with IRDye 680RD or IRDye 800CW goat anti-mouse or antirabbit secondary antibodies (LI-COR) for 30 min. Membranes were then
washed three times for 10 min and protein expression was visualized with
the Odyssey Fc Imaging System (LI-COR). Antibodies to the following
proteins were used: ␣-tubulin (1:20,000; Epitomics), Caspase-3 and
cleaved Caspase-3 (1:1000; Cell Signaling Technology), EWS (1:1000;
Epitomics), FUS (1:1000; Santa Cruz Biotechnology), FUS (1:2000;
Sigma), Flag M2 (, 1:2500; Sigma), GAPDH (1:10,000; Sigma), H2AX
(1:2000; Millipore), phospho-H2AX (p-H2AX, 1:2000; Millipore), H3
(1:5000; Millipore), ATM (1:1000, Cell Signaling Technology), PhosATM (1:1000; Cell Signaling Technology), Phos-DNA PK (1:1000; Abcam), Phos-P53 (1:1000; Cell Signaling Technology), Phospho-Serine/
Threonine (1:500; Abcam), TAF15 (1:2500; Bethyl Lab), TDP-43 (1:
2000; Proteintech), TRN1 (1:1000; Abcam), and V5 (1:5000; Invitrogen).
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Immunofluorescence. Cells were fixed with
4% paraformaldehyde for 15 min. After washing with PBS, cells were permeabilized with
0.1% Triton X-100 or 0.5% Tween 20. After
blocking with 0.1% BSA, cells were immunostained with the following primary antibodies
at the indicated concentrations: FUS (polyclonal, 1:500; Sigma), Flag M2 (monoclonal,
1:1000; Sigma), and MAP2 (polyclonal, 1:5000;
Neuromics) at room temperature for 1 h. After
washing with PBS, cells were incubated in secondary antibodies conjugated to Cy3 or fluorescein (1:500; Invitrogen) and DAPI (1:2500;
Invitrogen). Slides were mounted using
Vectashield Hard set. Images were collected
with a Zeiss LSM 510 NLO META system or
EVOS FL Cell Imaging System (Life
Technologies).

Results
FUS is phosphorylated and translocates
to the cytoplasm after treatment
with staurosporine
Aside from TRN1-mediated import of
FUS into the nucleus, little is known about
the pathways responsible for shuttling Figure 1. FUS translocates from the nucleus to the cytoplasm and is phosphorylated at serine and threonine residues after
FUS between cellular compartments or staurosporine treatment. Human H4 neuroglioma cells were treated with 1 M staurosporine for 3 h. After fixing, cells were
how these processes are regulated. To gain permeabilized with either Triton X-100 (A) or Tween 20 (B) and stained for FUS. Nuclei were counterstained with DAPI. Tween 20
more insight into this process, we investi- does not permeabilize the nucleus, leading to exclusive staining of cytoplasmic FUS. A robust increase in staining of cytoplasmic
FUS (arrows) after staurosporine treatment is observed with both permeabilization conditions. C, H4 cells were treated with 1 M
gated pathways reported to affect TDP-43 staurosporine for 3 h. Cytoplasmic and nuclear fractions were extracted and immunoblotted for FUS, TDP-43, GAPDH, and
localization because of their structural ho- Histone-3 (H3). Full-length TDP-43 was cleaved into 35 and 25 KDa fragments. A slow-migrating band appeared above the major
mology and the fact they are both mutated FUS band (asterisk) after staurosporine treatment (arrow; also see D). Staurosporine significantly increased levels of FUS and
in ALS. In particular, staurosporine, a TDP-43 in the cytoplasm, as revealed by a decreased ratio of the amounts of either protein in the nucleus (Nuc) compared with the
nonselective kinase inhibitor, has been re- cytoplasm (Cyto). Error bars indicate mean ⫾ SEM (n ⫽ 3). *p ⬍ 0.05. D, The cytoplasmic fraction of H4 cells was immunoblotted
ported to cause redistribution of TDP-43 for TDP-43 and FUS. TDP-43 (asterisk) was cleaved into 35 and 25 KDa fragments (arrowheads). A slow-migrating band (arrow)
from its nuclear localization to the cyto- appeared above the major FUS (asterisk) band after staurosporine treatment. E, A lysate from H4 cells treated with staurosporine
plasm (Zhang et al., 2007). In agreement was immunopreciptated using an anti-FUS antibody. The p-Ser/Thr antibody recognized the slow-migrating FUS band. F, After
with previous data, staurosporine treat- immnuopreciptation (IP) of FUS from cells treated with staurosporine, beads were incubated with FastAP Alkaline Phosphatase
ment of human H4 neuroglioma cells for (AP; 100 U/ml) at 37°C for 2 h. AP treatment eliminated immunoreactivity of the p-FUS band with the p-Ser/Thr antibody. G, p-FUS
is enriched in the cytoplasm after staurosporine treatment. Both cytoplasmic and nuclear fractions from H4 cells were immuno3 h led to increased cytoplasmic levels of precipated for FUS and immunoblotted (IB) with p-Ser/Thr antibody. In addition to p-FUS, the p-Ser/Thr antibody recognizes at
TDP-43 and smaller 35 and 25 kDa frag- least three unknown phosphorylated proteins (asterisks). Scale bar: 10 M in A and B.
ments that result from cleavage by
Caspase-3 (Fig. 1C). Similar to TDP-43,
which broadly recognizes proteins phosphorylated at these resiwe found increased cytoplasmic levels of FUS after staurosporine
dues (Fig. 1E). Alkaline phosphatase treatment of immunopretreatment (Fig. 1 A, B). In contrast, we did not see cleavage of
cipitated FUS eliminated colabeling with the p-Ser/Thr antibody,
FUS; rather, we observed the appearance of a new, higherfurther supporting phosphorylation of FUS (p-FUS) as the PTM
molecular-weight, slower-migrating FUS band after Western
responsible for the observed shift in molecular weight (Fig. 1F ).
blot analysis of the same cell lysates (Fig. 1C,D). The increase in
The highest levels of p-FUS after staurosporine treatment were
the apparent molecular weight of FUS suggested to us that staufound in the cytoplasmic fraction of H4 cells, suggesting that
rosporine treatment induced a posttranslational modification
phosphorylation may regulate the translocation of FUS from the
(PTM) on FUS. Because the appearance of this PTM correlated
nucleus to the cytoplasm (Fig. 1G).
with the cytoplasmic translocation of FUS, we attempted to determine its identity.
Multiple phosphorylation sites on the N terminus of FUS
Next, we performed immunoprecipitation after staurosporcontribute to FUS translocation
ine treatment to enrich for FUS, followed by a candidate apTo probe the specificity of FUS phosphorylation in more detail
proach to identify the FUS PTM. Ubiquitin is a common PTM
and to address whether this PTM may influence nuclear/cytoinvolved in protein degradation and FUS inclusions in diseaseplasmic shuttling, we next investigated whether FUS was endogaffected tissue stain for ubiquitin; however, ubiquitin did not
enously phosphorylated using a chemical approach. To locate the
colocalize with the higher-molecular-weight FUS band (data not
predominant sites of phosphorylation on FUS, we transfected a
shown). FUS has also been reported to promote Ebp1 sumoylaseries of truncated FUS mutations into HEK293T cells (Ito et al.,
tion; however, we found no evidence that staurosporine treat2011). Cells were then treated with calyculin A (Cal), a specific
ment leads to sumoylation of FUS (Oh et al., 2010; data not
inhibitor of protein phosphatases PP1 and PP2A, lysed, and anshown). Instead, we found that the upper FUS band was robustly
alyzed by Western blot. WT FUS and seven of the FUS deletion
mutations underwent a marked increase in molecular weight afcolabeled with a phosphoserine/threonine (p-Ser/Thr) antibody,
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Figure 2. The phosphorylation sites responsible for the shift in FUS molecular weight are located at N-terminal serine/threonine residues and contribute to the translocation of FUS. A, Schematic
diagram showing the domain of deletions introduced into FUS-V5 constructs (Ito et al., 2011). B, FUS-V5 constructs were transfected into HEK293T cells and whole-cell lysates were analyzed with
indicated antibodies. When cells were treated with Cal (100 nM), a specific inhibitor of protein phosphatases, all mutants except for the N-terminal deletion mutant (⌬NT) showed a near complete
shift of FUS to a higher-molecular-weight, slower-migrating species, indicating FUS phosphorylation (arrow). Endogenous TDP-43 showed only a weak shift to a slower migrating species. C, H4 cells
were treated with Cal (100 nM), lysed, and immunopreciptated (IP) with an anti-FUS antibody. The anti-p-Ser/Thr anbitody colocalized with the slow-migrating p-FUS band in the input and after IP
(arrow). After IP of FUS, beads were incubated with alkaline phosphatase (AP; 100U/ml) at 37°C for 2 h. AP treatment eliminated the p-Ser/Thr reactive band and reversed the shift in FUS migration.
D, The FUS ⌬NT construct was transfected into H4 cells and treated with Cal (100 nM). The cytoplasmic and nuclear fractions were extracted and analyzed with indicated antibodies. Cal treatment
led to robust phosphorylation (p-FUS) and cytoplasmic translocation of endogenous FUS, but not TDP-43. N-terminal deletion of FUS blocked the phosphorylation and translocation of FUS. Statistical
comparisons were performed using paired two-tailed t test. Error bars indicate mean ⫾ SEM (n ⫽ 3). **p ⬍ 0.01.

ter Cal treatment, indicating that they are phosphorylated under
these conditions (Fig. 2 A, B). FUS immunoprecipitated from
cells treated with Cal displayed a marked shift in molecular
weight and was robustly immunoreactive with the p-Ser/Thr antibody, both of which could be eliminated by treating samples
with alkaline phosphatase (Fig. 2C). These data further verify that
the upper band of FUS represents p-FUS. Deletion of the
N-terminal domain of FUS was the only mutation that prevented
the large shift in molecular weight, implicating this region as the
primary site of phosphorylation (Fig. 2B).
We next investigated whether phosphorylation of FUS contributes directly to cytoplasmic translocation of FUS. Cal treatment increased levels of FUS in the cytoplasm at the expense of
nuclear FUS, whereas deletion of the N terminus of FUS blocked
cytoplasmic translocation (Fig. 2D). We noted a slight shift in the
migration of TDP-43 after Cal treatment; however, this had no
significant effect on the nuclear/cytoplasmic ratio of TDP-43.
Together, these data provide further evidence that phosphorylation of FUS on the N terminus regulates cytoplasmic levels of the
protein. In contrast, we find that TDP-43 is phosphorylated, in
agreement with previous reports; however, phosphorylation of
TDP-43 does not appear to play a large role in regulating its
cellular localization (Hasegawa et al., 2008; Inukai et al., 2008;
Neumann et al., 2009c).
FUS phosphorylation occurs after DNA damage
Our discovery that staurosporine treatment causes phosphorylation of FUS raises an interesting paradox because staurosporine is
a broad and nonselective kinase inhibitor (Karaman et al., 2008).

Moreover, staurosporine induces apoptosis in many cell lines
through multiple mechanisms, including caspase-dependent and
caspase-independent pathways, and it was not immediately clear
which pathway led to FUS phosphorylation (Belmokhtar et al.,
2001). To begin to answer this question, we used a bioinformatics
approach to search for consensus phosphorylation sites on the N
terminus of FUS. Based on two kinase prediction servers, KinasePhos 2.0 and GPS 2.1, the Ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3-related protein (ATR), and
DNA-PK were ranked as the most likely kinases to phosphorylate
serine and threonine residues on FUS (Wong et al., 2007; Xue et
al., 2008; Roos and Kaina, 2013). ATM, ATR, and DNA-PK are
members of the atypical phosphatidylinositol-3 kinase-related
kinase (PIKK) family and are intimately involved in the response
to, and repair of, DNA damage (Lempiäinen and Halazonetis,
2009; Roos and Kaina, 2013). The prediction that these kinases
can phosphorylate FUS implied that DNA damage may be an
initiating event that leads to the molecular weight shift in FUS
and redistribution to the cytoplasm that we observed. In support
of this idea, staurosporine treatment of SH-SY5Y human neuroblastoma cells has been reported to activate DNA-PK before apoptosis (Chakravarthy et al., 1999).
To test this hypothesis, we investigated whether inducing
DNA damage directly would lead to FUS phosphorylation. We
treated cells with calicheamicin ␥1 (CLM), an antibiotic that
cleaves DNA and specifically induces the DNA DSB response
(Elmroth et al., 2003; Mårtensson et al., 2003; Muslimović et al.,
2009). H4 cells treated with CLM for 3 h showed a potent, dosedependent shift in FUS migration that correlated with the ap-
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Figure 3. CLM, which causes DNA damage, is a potent inducer of FUS phosphorylation, but
does not activate Caspase-3 or induce TDP-43 cleavage. H4 cells were treated with increasing
concentrations (nM) of CLM, which causes DNA damage through DNA breaks and staurosporine
(ST; M) for 3 h. A, C, Cell lysates were harvested for SDS-PAGE and analyzed by immunoblotting
with indicated antibodies. B, Phosphorylation of FUS (p-FUS; upper band) and cleavage of
TDP-43 and Caspase-3 at different concentration of CLM were normalized to ST treatment (1
M). D, Phosphorylation of FUS and cleavage of TDP-43 and Caspase-3 at different concentration of ST were normalized to CLM treatment (20 nM). Error bars indicate mean ⫾ SEM (n ⫽ 3).

pearance of a p-Ser/Thr-immunoreactive band that overlapped
with the upper FUS band (p-FUS; Fig. 3A). At these doses and
time points, CLM treatment led to negligible activation of
Caspase-3 or cleavage of TDP-43 (Fig. 3 A, B). In contrast, staurosporine treatment led to a dose-dependent activation of
Caspase-3 and cleavage of TDP-43 into a 35 kDa fragment, but
less effective FUS phosphorylation compared with CLM administration (Fig. 3C,D). Multiple markers of DNA damage are induced after CLM treatment, including phosphorylation of ATM,
DNA-PK, P53, and H2AX (Fig. 4). Moreover, at the highest dose,
CLM caused a near complete conversion of FUS to p-FUS (Fig.
3 A, C). Therefore, phosphorylation of FUS is a downstream
event after DNA damage that can be separated from caspase activation and apoptosis.
DNA-PK phosphorylates FUS
Although it was evident that treatment with CLM and staurosporine can induce FUS phosphorylation, it was unclear what
kinase was responsible for this effect. DNA damage activates the
checkpoint kinase signaling network, which leads to widespread
phosphorylation of initiating kinases and effector proteins that
mediate DNA damage repair (Matsuoka et al., 2007; Summers et
al., 2011). We used inhibitors of components of this pathway to
determine the primary kinase or kinases that lead to FUS phosphorylation. First, we investigated the time dependence of FUS
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phosphorylation. After treatment of cells with 10 nM CLM,
p-FUS was detectable by 60 min and reached a maximum at 2 h,
which was used in all subsequent experiments (Fig. 4A). Incubation with CHK1 or CHK2 kinase inhibitors had no effect on
phosphorylation of FUS after DNA damage induced by CLM
treatment, suggesting that a kinase further upstream was responsible (Fig. 4B). One ATM inhibitor (KU 60019) partially blocked
the CLM-induced phosphorylation of FUS, whereas another (KU
55933) was ineffective (Fig. 4B). Furthermore, when cells were
pretreated with KU 60019 followed by CLM, phosphorylation of
ATM was only partially blocked and DNA-PK phosphorylation
was inhibited, suggesting that it is not selective to ATM kinase. In
contrast, two selective DNA-PK inhibitors, NU 7026 and NU
7441, robustly inhibited FUS phosphorylation and the observed
shift in molecular weight (Fig. 4B). Inhibition of FUS phosphorylation by NU 7026 was dose dependent and appeared specific to
DNA-PK because the levels of ATM phosphorylation remained
steady after CLM treatment (Fig. 4C). To determine whether
DNA-PK can phosphorylate FUS directly, we performed in vitro
kinase assays with V5-tagged FUS purified from HEK293T cells
and recombinant DNA-PK. FUS was robustly phosphorylated by
recombinant DNA-PK and caused a shift in the molecular weight
of FUS (Fig. 4D), similar to the increase in molecular weight we
observed in cells treated with CLM (Fig. 4A). Further, the phosphorylation of FUS by DNA-PK was blocked by NU 7441, the same
DNA-PK inhibitor that was effective in cell culture. These data demonstrate that FUS can be phosphorylated directly by DNA-PK.
Next, we took a genetic approach to access whether DNA-PK
was the primary kinase that phosphorylates FUS after DNA damage in cells. To assess the contribution of ATM to FUS phosphorylation, we used an ATM-deficient fibroblast cell line (ATM ⫺/⫺;
GM5849) derived from an ataxia-telangiectasia patient (Henner
and Blazka, 1986; Taira et al., 2010). FUS was phosphorylated at
similar levels in response to CLM treatment in both the ATMdeficient and a WT control fibroblast, demonstrating that lack of
ATM has no effect on the production of p-FUS after DNA damage (Fig. 4E). Next, we compared the effect of CLM on FUS in a
human glioma cell line deficient in DNA-PK activity (DNAPK ⫺/⫺; M059J) compared with a control glioma cell line with
normal DNA-PK activity (WT; Allalunis-Turner et al., 1995;
Lees-Miller et al., 1995). Similar to HEK293T and H4 cells, CLM
caused a dose-dependent phosphorylation of FUS in the WT line
(Fig. 4F ). In contrast, we found no shift in the molecular weight
of FUS or production of p-FUS in the DNA-PK ⫺/⫺ cell line after
treatment with CLM. DSBs were induced by CLM in DNAPK ⫺/⫺ cells, as detected by phosphorylation of H2AX and p53,
suggesting that it is the lack of DNA-PK activity, not a compromised DNA damage response, that is responsible for the absence
of FUS phosphorylation. In total, these data provide compelling
evidence that DNA-PK mediates phosphorylation of FUS in cells
after DNA damage.
Consensus DNA-PK phosphorylation sites mediate
cytoplasmic translocation of FUS
The data presented thus far strongly support the idea that phosphorylation of FUS regulates cytoplasmic translocation; however, they are primarily correlative data. To test the functional
impact of FUS phosphorylation on cellular localization directly,
we made a series of mutations at predicted DNA-PK phosphorylation sites in the N terminus (1–165 aa) of FUS (Fig. 2A).
DNA-PK preferentially phosphorylates serine or threonine residues followed by a glutamine (S/T-Q; Kim et al., 1999). There are
a total of 12 S/T-Q sites on the N-terminal region of FUS (1–165
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Figure 4. FUS is phosphorylated by DNA-PK. A, Time course of FUS phosphorylation after CLM treatment. HEK293T cells were treated with CLM (10 nM) at indicated time points (minutes), harvested, and
proteinextractswereimmunoblottedforFUS,TDP-43,andGAPDH.Arrowhighlightsp-FUS.B,FUSphosphorylation(p-FUS)afterCLMtreatmentwasnotdependentonCHK1andCHK2activation.HEK293Tcells
were preincubated with DMSO (vehicle control), CHK1 inhibitor PF47736, CHK2 inhibitor, ATM inhibitors (KU60019 and KU55933), or DNA-PK inhibitors (NU7441 and NU7026) at the indicated concentration
before treatment with CLM (10 nM) for 2 h. Total protein extracts were subjected to SDS/PAGE and analyzed by Western blot with the indicated antibodies. The CHK1 inhibitor PF47736 and a CHK2 inhibitor did
not affect the phosphorylation of FUS after CLM treatment. The ATM inhibitor KU 60019 weakly inhibited p-ATM and partially blocked the CLM-induced phosphorylation of FUS, but also displayed nonselective
inhibition of p-DNA-PK. The ATM inhibitor KU 55933 was ineffective. In contrast, two selective DNA-PK inhibitors, NU 7026 and NU 7441, robustly inhibited FUS and DNA-PK phosphorylation. Asterisks denote
“non-FUS”phosphorylatedproteinsthatarealsoinducedbyCLMtreatmentanddetectedbythepanp-Ser/Thrantibody.p-FUSmigratesimmediatelybelowtheseproteins(asterisk)andishighlightedwithan
arrow.C,HEK293TcellswerepretreatedwithindicatedconcentrationsofNU7026,aDNA-PKinhibitor,for30minandthendosedwith10nM CLMfor2h.Celllysateswereharvestedandanalyzedwithindicated
antibody. NU7026 leads to dose-dependent inhibition of DNA-PK and blocked phosphorylation of FUS without inhibiting activation of DNA damage (p-H2AX) or ATM. D, V5-tagged FUS was overexpressed in
HEK293T cells and purified with V5 magnetic beads. The purified FUS was incubated with recombinant DNA-PKcs, NU7026, or both. DNA-PKcs phosphorylates FUS in vitro and is inhibited by NU7026. E, CLM
treatment of ATM-deficient (GM5849; ATM ⫺/⫺) or control (GM0637; WT) human fibroblasts produces robust phosphorylation of FUS.F, In contrast, there is no phosphorylation of FUS in the DNA-PK-deficient
human glioblastoma cell line (M059J; DNA-PK ⫺/⫺) after CLM compared with a control fibroblast cell line (M059K; WT).

aa; Fig. 5A). To access their role in FUS cytoplasmic translocation, we used gene synthesis to generate FUS constructs with all
S/T residues mutated to alanine (FUS-Ala), which should block
DNA-PK phosphorylation, or mutated to aspartate (FUS-Asp),
to mimic the negative charge state of phosphorylation (Fig. 5A;
Pearlman et al., 2011). WT-FUS and the S/T-Q mutant FUS constructs were then transfected into HEK293T cells and treated with
CLM. As shown previously, WT-FUS was robustly phosphorylated and shifted in molecular weight (Fig. 5B). In contrast, the
FUS-Ala mutant was resistant to the effect of CLM treatment and
did not display the large shift in molecular weight characteristic
of FUS phosphorylation. Moreover, even without CLM treatment, the FUS-Asp mutant behaved like phosphorylated WTFUS by migrating at a higher molecular weight on SDS/PAGE gels
(Fig. 5B). Importantly, the phosphomimetic FUS (FUS-Asp) accumulated at higher levels in the cytoplasm as measured by both

biochemical fractionation and Western blot analysis (Fig. 5C,D)
or immunofluorescence (Fig. 5E). CLM treatment did not further shift the molecular weight of FUS-Asp or FUS-Ala, suggesting that the predominant DNA-PK sites had been mutated to
aspartate or alanine residues, respectively (Fig. 5 B, F ). Furthermore, CLM treatment did not significantly alter the nuclear/cytoplasmic ratio of the FUS-Asp or FUS-Ala mutants (Fig. 5 F, G).
These data strongly suggest that the phosphorylation of serine or
threonine residues on the N terminus of FUS by DNA-PK regulates the transport of FUS between the nucleus and cytoplasm
directly.
CLM treatment increases cytoplasmic translocation of all FET
proteins and TRN1
Because the entire FET protein family has been reported to coaggregate with FUS in the pathologic inclusions found in FTLD-
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Figure 5. Mutation of consensus DNA-PK sites on FUS blocks CLM-induced phosphorylation and confirms their role in cytoplasmic translocation of FUS. A, FUS contains 12 consensus DNA-PK
(S/T-Q) sites on the N terminus. All serine or threonine residues were mutated to alanine (Ala) or aspartate (Asp). B, The FUS WT, Ala mutation, and Asp mutation were transfected into HEK293T cells.
Twenty-four hours after transfection, cells were treated (⫹) or not treated (⫺) with 10 nM CLM for 2 h. Exogenous Flag-FUS was detected with anti-Flag antibody. Membrane was reprobed with
p-H2AX and H2AX antibodies. FUS-Ala prevents CLM induced phosphorylation. FUS-Asp migrates similar to phosphorylated WT-FUS. C, FUS WT, Ala mutation, and Asp mutation were transfected
into HEK293T cells. Twenty-four hours after transfection, cytoplasmic and nuclear fractions were extracted and immunoblotted with Flag antibody and antibodies against the other two FET proteins,
EWS and TAF15. GAPDH and H3 were used as cytoplasmic and nuclear markers, respectively, to verify extraction fidelity. D, Samples shown in C were quantified and the ratio of nuclear to cytoplasmic
protein calculated as described in Materials and Methods. The FUS-Asp mutation is found basally at higher levels in the cytoplasm (decreased nuclear/cytoplasmic ratio), but has no effect on
endogenous EWS and TAF15. Error bars indicate mean ⫾ SEM (n ⫽ 3). **p ⬍ 0.01, one-way ANOVA. E, WT-FUS and the FUS-Asp mutant were transfected into HEK293T cells. Twenty-four hours
after transfection, cells were fixed and permeabilized with Tween 20, which primarily reveals cytoplasmic proteins, and stained with anti-Flag antibody. FUS-Asp is detected at higher levels in the
cytoplasm compared with WT-FUS. Scale bar indicates 10 M. F, The FUS-Ala mutation and FUS-Asp mutation were transfected into HEK293T cells. Twenty-four hours after transfection, cells were
treated with 10 nM CLM for 2 h. Cytoplasmic and nuclear fractions were extracted and immunoblotted with Flag antibody. GAPDH and H3 were used as cytoplasmic and nuclear markers, respectively,
to verify extraction fidelity. G, Samples shown in F were quantified and the ratio of nuclear to cytoplasmic protein calculated. CLM did not lead to a significant translocation of FUS-Ala or FUS-Asp.
Error bars indicate mean ⫾ SEM (n ⫽ 3).

FUS cases (Neumann et al., 2011), we wondered whether DNA
damage had a similar effect on their cellular localization. Indeed,
CLM treatment significantly increased the amount of FUS and
TAF15 in the cytoplasm, which was blocked by a DNA-PK inhibitor, NU7026 (Fig. 6 A, B). EWS showed a similar trend, but did
not translocate as robustly as FUS and TAF15 and did not reach
statistical significance. TRN1, the protein that imports the FET
proteins into the nucleus and has been reported in FTLD-FUS
inclusions (Neumann et al., 2011), also increased in the cytoplasm and decreased in the nucleus after CLM treatment (Fig.
6C). We next investigated whether FET cytoplasmic translocation was due to activation of the DNA damage response and
DNA-PK by using a small molecule called Dbait32Hc. Dbait32Hc
is a short, stabilized DNA molecule (Dbait) that mimics DNA
DSBs, leading to specific and reliable activation of DNA-PK in
numerous cell lines (Quanz et al., 2009a; Quanz et al., 2009b).
Transfection of Dbait32Hc into HEK293T induced p-H2AX, a
marker of DSB, and caused the phosphorylation and cytoplasmic
translocation of FUS and TAF15 (Fig. 6D). EWS showed the same
trend but did not reach significance. Dbait8H, a control DNA
molecule that does not induce the DSB response, had no effect on
FET proteins. Therefore, an alternative method to induce the
cellular DNA damage response to DSBs, Dbait32Hc, has the same
effect on FUS phosphorylation and cytoplasmic translocation of
FET proteins.
CLM treatment leads to FUS phosphorylation and
translocation in cultured human astrocytes and primary
neurons
Because neurons and glia are the site of FET protein inclusions in
FTLD-FUS, we next investigated whether phosphorylation of
FET proteins occurred in primary cells from the nervous system.
Treatment of human astrocytes with CLM caused a strong phosphorylation of FUS and translocation of both FUS and TAF15 to
the cytoplasm (Fig. 7 A, B). In primary human cortical neurons,
CLM treatment robustly induced phosphorylation of FUS (Fig.

7C). Further, immunofluorescence revealed that FUS translocated from the nucleus to the cytoplasm of the neuronal cell body
and dendrites after induction of DNA damage after CLM treatment (Fig. 7D). Next, we investigated how long FUS remained
phosphorylated after DNA damage. Human neurons were
treated with medium containing CLM for 2 h, and then the medium was removed and replaced with complete medium and
neurons were cultured for another 22 h. As observed previously,
FUS was phosphorylated after CLM treatment for 2 h; however,
22 h later, the levels of FUS phosphorylation had decreased (Fig.
7C). DNA damage was still evident at this time point based on
p-H2AX levels, suggesting that phosphorylation of FUS after
DNA damage is a transient event.
Evidence of DNA damage in human FTLD-FUS cases
Our data imply that DNA damage could be the pathogenic trigger
that initiates the cytoplasmic accumulation of FET proteins that
are observed in FTLD-FUS cases. To investigate this possibility,
we analyzed the accumulation of FUS and DNA damage in tissue
from neuronal intermediate filament inclusion disease (NIFID),
which is a subtype of FTLD-FUS (Neumann et al., 2009a). The
frontal cortices of two NIFID and two control cases from the
Emory Center for Neurodegenerative Disease brain bank were
biochemically fractionated into subcellular components and analyzed on a Western blot. FUS was dramatically increased in the
insoluble fraction of FTLD-FUS-NIFID cases compared with
control, in agreement with previous studies (Fig. 8A; Neumann et
al., 2009b; Lashley et al., 2011; Neumann et al., 2011). To determine whether this finding applied to other FTLD-FUS cases, we
repeated this analysis on tissue from additional control and
FTLD-FUS cases provided by the Harvard and Mayo Clinic brain
banks and observed the selective accumulation of FUS in the
final, insoluble pellet (Fig. 8A). We did not observe a highmolecular-weight species of FUS equivalent to the heavily phosphorylated species that is induced in cultured cells treated with
CLM (Fig. 8A). However, phosphorylated H2AX is significantly
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increased in FTLD-FUS cases compared with controls (Fig. 8B).
Because p-H2AX (also known as ␥H2AX) is a widely used marker
of DNA DSBs, these data supports the hypothesis that DNA damage occurs in FTLD-FUS tissue and may be linked to disease
pathogenesis (Sharma et al., 2012).

Discussion
FUS and TDP-43 are related RNA/DNA-binding proteins that
have been found recently to abnormally accumulate in ALS,
FTLD, and an increasing number of other neurodegenerative
conditions (Mackenzie et al., 2010). Immunohistochemically,
both FUS and TDP-43 are predominantly observed in the nucleus in normal tissue; however, they accumulate into insoluble
neuronal and glial cytoplasmic inclusions in tissue affected by
disease. Despite their structural and functional similarity, it is
widely thought that FUS and TDP-43 do not co-accumulate in
the same inclusions from affected tissue (Mackenzie et al., 2010).
Understanding the pathways that regulate the cytoplasmic accumulation of FUS and TDP-43, whether they are shared or unique,
is an important goal to help understand the normal biological
function of these proteins and to determine what goes wrong in
diseases in which they form pathologic inclusions.
In the present study, we report the novel observation that FUS
is phosphorylated on the N terminus and that phosphorylation
leads to translocation of FUS from the nucleus to the cytoplasm.
Using multiple experimental paradigms, we have shown that
DNA-PK is the kinase most likely to be responsible for phosphorylation of FUS after DNA damage. There is one report in the
literature that FUS can be phosphorylated after DNA damage,
supporting our overall conclusion that FUS is phosphorylated
and translocated to the cytoplasm in response to DNA damage
(Gardiner et al., 2008). However, the investigators of that study
concluded that ATM mediates phosphorylation of FUS after ionizing radiation. It is possible that ATM is indeed responsible for
the initial phosphorylation of serine 42 on FUS as reported, but
DNA-PK phosphorylates additional serine and threonine sites,
which cause the dramatic shift in FUS molecular weight that we
observed. However, our finding that ATM-deficient cell lines still
phosphorylate FUS robustly after DNA damage argues against
this possibility (Fig. 4E).
Using site-directed mutagenesis of the DNA-PK sites on the N
terminus of FUS, we have generated compelling evidence that
phosphorylation of FUS directly influences its distribution between the nucleus and cytoplasm, although the exact molecular
mechanism is unclear. TRN1 binding is one well known pathway
that leads to the nuclear import of FUS (Dormann et al., 2010).
Because TRN1 binds a C-terminal PY motif on FUS, it is not
immediately obvious how phosphorylation of the N terminus
of FUS would decrease TRN1 import. One possibility is that
the negative charge produced after phosphorylation of the
N-terminal domain of FUS may impair binding to TRN1, which
is negatively charged at physiologic pH (isoelectric point 4.7;
Chook and Blobel, 1999). Precedence for this mechanism was
4
Figure 6. DNA DSBs lead to DNA-PK-dependent translocation of all FET proteins and TRN. A,
HEK293T cells were pretreated with DNA-PK inhibitor NU7026 (10 M, 30 min) before incubation with 10 nM CLM for 2 h. Cytoplasmic and nuclear fractions were extracted and immunoblotted for the FET proteins FUS, TAF15, and EWS. B, CLM significantly decreased the nuclear/
cytoplasmic ratio of FUS and TAF15, whereas EWS was decreased but did not reach significance.
However, there was no effect on TDP-43 translocation. Error bars indicate mean ⫾ SEM (n ⫽ 3).
*p ⬍ 0.05, one-way ANOVA. C, HEK293T cells were pretreated with the DNA-PK inhibitor
NU7026 (10 M, 30 min) before incubation with 10 nM CLM for 2 h. Cytoplasmic and nuclear

fractions were extracted and immunoblotted for TRN1. CLM treatment increased TRN1 in the
cytoplasmic fraction and decreased it in the nuclear fraction. This redistribution was blocked by
pretreatment with NU7026. D, Dbait32Hc leads to phosphorylation and translocation of FUS
and TAF15. HEK293T cells were transfected with 0.2 M siDNA Dbait8H and Dbait32Hc overnight. Total proteins (left) and the cytoplasmic (Cyto) and nuclear (Nu) fractions were extracted
and analyzed with the indicated antibodies. Dbait32Hc treatment led to robust phosphorylation
of FUS (arrowhead) and translocation of FUS and TAF15 and EWS showed the same trend. Error
bars indicate mean ⫾ SEM (n ⫽ 3). *p ⬍ 0.05.
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reported in a recent study, in which it was
shown that arginine methylation of a site
adjacent to the C-terminal PY motif impairs TRN1-mediated nuclear import of
FUS (Dormann et al., 2012). While this
manuscript was in preparation, a recent
study suggests another possibility. Han et
al. (2012) report that the N terminus of
FUS contains a low-complexity domain
that can aggregate into fibrils that mimic
features of RNA granules. Intriguingly,
they show that aggregation of the FUS
low-complexity domain can be disrupted
by DNA-PK-mediated phosphorylation.
Although this result was generated in vitro
using only the low-complexity fragment
of FUS, one could extrapolate that a similar mechanism operates in cells. Experiments are under way to determine
whether FUS phosphorylation disrupts its
protein-binding partners or incorporation into RNA granules in cells.
One of the most interesting findings
Figure 7. FUS is phosphorylated and translocated to the cytoplasm after DNA damage in human astrocytes and neurons. A,
from our work is that DNA damage affects Cultured human astrocytes were treated with DMSO (vehicle) or 10 nM CLM for 2 h. Cell lysates (Input) were immunoprecipitated
not only FUS, but the whole FET family, (IP) with a FUS antibody and samples analyzed by Western blot with an anti-FUS and p-Ser/Thr antibody. p-FUS (arrow) is detected
including TAF15 and EWS. Earlier work by the p-Ser/Thr antibody and migrates below an unknown phosphorylated protein (asterisk). The quick Western IRDye 680RD
has implied that the FET proteins may (LI-COR) was used as a secondary to eliminate nonspecific detection of heavy and light chains from the antibody used for FUS IP. B,
play an important role in the response to, Human astrocytes were treated with CLM (10 nM) and the cytoplasm (Cyto) and nuclear (Nu) fractions were isolated and immuand repair of, DNA damage. For example, noblotted with indicated antibodies in two independent experiments. FUS and TAF15 showed a robust translocation from the
all FET proteins have homologous DNA- nucleus to the cytoplasm after CLM treatment. C, Primary human neurons were treated with CLM at the indicated times and
strand-pairing activity in vitro, which concentrations and analyzed with the indicated antibodies. FUS showed dose- and time-dependent phosphorylation in response
could functionally contribute to repair of to CLM treatment, as detected by a shift in molecular weight detected with a FUS C-terminal (C-T) or midregion (M-R) antibody.
DNA breaks (Guipaud et al., 2006). Fur- When the cells were treated with CLM for 2 h and cultured an additional 22 h in normal medium without CLM, the p-FUS species
collapsed to the lower-molecular-weight band, suggesting that FUS phosphorylation is transient even with persistent p-H2AX
thermore, FUS knock-out mice have activation. No cleavage of TDP-43 was observed. D, Human neurons were treated with 10 nM CLM for 3 h and stained with FUS and
genomic instability, increased sensitivity MAP-2 antibodies. Nuclei were counterstained with DAPI. CLM treatment increased cytoplasmic distribution (arrow) and dendritic
to radiation, and evidence of impaired distribution (arrowhead) of FUS. Scale bar, 10 M.
DNA repair (Hicks et al., 2000; Kuroda et
al., 2000). FUS can also bind long-coding
RNA to inhibit translation of cyclin D in
response to DNA damage (Wang et al.,
2008). Similar to FUS, EWS knock-out
mice are hypersensitive to ionizing radiation and EWS has been linked directly to
changes in alternative splicing after DNA
damage (Li et al., 2007; Paronetto et al.,
2011).
More recent studies have found direct
evidence that FUS is involved in DNA Figure 8. Increased insoluble FUS and a marker of DNA damage, p-H2AX, in FTLD-FUS cases. A, Subcellular fractionation of
damage repair. FUS facilitates DNA dam- seven controls and 11 FTLD-FUS cases from the Harvard, Mayo Clinic, and Emory University brain banks was performed using the
age repair in neurons through interaction Subcellular Protein Fractionation Kit (Pierce) according to the manufacturer’s instructions and analyzed by SDS/PAGE and Western
with histone deacetylase 1 (HDAC1) and blot. The final “insoluble” pellet from this procedure was probed for FUS, revealing that FUS accumulated in the insoluble fraction
recruitment to sites of double-strand in FTLD-FUS cases compared with control (top blot). The chromatin-bound nuclear extract fractions (bottom three blots) were
DNA damage (Wang et al., 2013). FUS is probed with antibodies against p-H2AX (␥H2AX) and a total H2AX antibody. The signals for p-H2AX and t-H2AX were separately
also recruited to sites of oxidative DNA detected in 800 nM (green) and 700 nM (red) channels, respectively, and were used to calculate the ratio of p-H2AX to t-H2AX (P/T
damage through the activity of poly H2AX). B, The ratio of P/T H2AX was significantly increased in FTLD-FUS cases in the chromatin-bound fraction, indicating that
(ADP-ribose) polymerase (Mastrocola et these cases may have increased DNA damage. Error bars indicate mean ⫾ SEM. ***p ⬍ 0.001.
al., 2013; Rulten et al., 2014). Although
potential explanations for the different effects we observe. First,
these studies globally support our result that FUS, and the FET
all three groups used laser-induced DNA damage, which can inproteins, respond to DNA damage, they all report a rapid recruitduce many types of DNA lesions, although single-strand DNA
ment (seconds to minutes) of FUS to sites of DNA damage. This
breaks are thought to predominate (Reynolds et al., 2013). In
is in contrast to our study, in which we found phosphorylation
contrast, we used the compound, CLM, which is the most selecand cytoplasmic relocalization of FUS after DNA damage 1–2 h
tive chemical inducer of DNA DSBs known (Elmroth et al., 2003;
after inducing DNA damage (Fig. 4A). There are a number of
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Muslimović et al., 2009). Therefore, it seems probable that FUS
responds or is regulated differently depending on the DNA lesion. In support of this idea, Mastrocola et al. (2013) reported
that FUS did not accumulate at foci induced by ionizing radiation
or defined DSBs produced in a cell line using a 4-hydroxytamoxifen-inducible AsiSI restriction endonuclease system. Second, FUS may be initially recruited to sites of DNA damage,
where it is phosphorylated by DNA-PK, leading to release from
the DNA lesion and export to the cytoplasm. This is supported by
the observation that GFP-FUS is rapidly recruited within seconds
to DNA damage and slowly decreases over the course of 30 min
(Mastrocola et al., 2013). The precise role of FUS, EWS, and
TAF15 in DNA damage repair is uncertain, but it is clearly an
important area of future research given their link to ALS and
FTLD and related neurodegenerative diseases.
Finally, our discovery that all known FET proteins, along with
TRN1, are phosphorylated and translocated to the cytoplasm after DNA damage has important implications for the pathologic
mechanisms of FTLD-FUS. Detailed comparison of the neuropathology in ALS-FUS and FTLD-FUS suggests that these diseases
have different pathogenic mechanisms (Mackenzie and Neumann, 2012; Neumann et al., 2012). Recently, it has been proposed that hypomethylation of arginine residues on FET proteins
decreases their binding affinity to TRN1 and is responsible for
their accumulation in FTLD-FUS, although it is not clear why or
how FET proteins are hypomethylated (Dormann et al., 2012).
However, it was recently reported that mutations in the genes
encoding protein N-arginine methyltransferases (PRMTs),
which mediate FUS methylation, are not found in FTLD-FUS
cases, suggesting that PRMT mutations are not the cause of
FTLD-FUS (Ravenscroft et al., 2013). Alternatively, a different
pathogenic mechanism may be involved. Based on the data presented here, we propose that DNA damage serves as the initial
pathogenic trigger that causes phosphorylation and cytoplasmic
accumulation of the FET proteins and TRN1 observed in FTLDFUS cases. In support of this hypothesis, we observed elevated
levels of the DNA damage marker p-H2AX in multiple cases of
FTLD-FUS (Fig. 8). Although we did not observe a distinct
p-FUS species FTLD-FUS tissue extract, it does not rule out that
it occurs. For example, p-FUS might be a transient intermediate
or of low abundance in the diseased brain, as supported by our
observation that FUS phosphorylation is transient after DNA
damage despite sustained p-H2AX levels (Fig. 7). Further research is necessary to determine the possible role of FUS/FET
phosphorylation in disease and to understand how it is involved
in the normal biological function of these proteins. Finally, our
data demonstrating that DNA damage could be the upstream
trigger of the pathological changes in FTLD-FUS cases suggest
that strategies to reduce DNA damage, or activate DNA repair
pathways, may be a viable therapeutic route to prevent or treat
neurodegeneration in FTLD-FUS.
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