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Mutations in the RNA-binding protein FUS (fused in sarcoma) are linked to amyotrophic lateral sclerosis

(ALS), but the mechanism by which these mutants cause motor neuron degeneration is not known. We

report a novel ALS truncation mutant (R495X) that leads to a relatively severe ALS clinical phenotype

compared with FUS missense mutations. Expression of R495X FUS, which abrogates a putative nuclear local-

ization signal at the C-terminus of FUS, in HEK-293 cells and in the zebrafish spinal cord caused a striking

cytoplasmic accumulation of the protein to a greater extent than that observed for recessive (H517Q) and

dominant (R521G) missense mutants. Furthermore, in response to oxidative stress or heat shock conditions

in cultures and in vivo, the ALS-linked FUS mutants, but not wild-type FUS, assembled into perinuclear stress

granules in proportion to their cytoplasmic expression levels. These findings demonstrate a potential link

between FUS mutations and cellular pathways involved in stress responses that may be relevant to altered

motor neuron homeostasis in ALS.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating neurode-
generative condition that kills motor neurons in the brain and
spinal cord, causing progressive weakness and death within
3–5 years. Although 90% of cases occur sporadically,
mechanistic insights relating specific gene defects to motor
neuron death have been obtained by identifying familial
ALS (fALS) genes and observing the consequences of their
expression in cellular and animal models (1). The critical
sequence of events leading to ALS is not known, but recurring
themes in its pathogenesis include: (i) excitotoxicity, (ii)
impaired intracellular transport, (iii) mitochondrial dysfunc-
tion and (iv) protein misfolding and aggregation. Since
2006, altered RNA-binding proteins or their mislocalization
have been implicated in the pathogenesis of both fALS and
sporadic ALS (sALS) (2,3). The initial discovery of the RNA-
binding protein TDP-43 (TAR DNA binding protein-43) as a
major constituent of neuronal inclusions in sALS (4,5) was

followed by the identification of mutations in the TARDBP
gene that encodes TDP-43 in a subset of both fALS and
sALS cases (6,7). Since 2009, specific mutations in the gene
that encodes the RNA-binding protein FUS were linked to
fALS (8–15) and also implicated in sALS (8,11,16,17).
Both FUS and TDP-43 share related structural elements,
suggesting that they function in roles linked to RNA proces-
sing or regulation (2,18). TDP-43 and FUS mutations each
are associated with ≏5% of fALS cases, which indicates
that abnormalities in these two genes collectively approach
the 10–20% prevalence of variants in Cu/Zn superoxide dis-
mutase (SOD1) among individuals with fALS (2).
FUS (fused in sarcoma) was originally named TLS (translo-

cated in liposarcoma) upon the discovery of a chromosomal
translocation event in myxoid liposarcoma that produced a
potent oncoprotein comprising amino acid residues 1–266 of
FUS/TLS (encoded by exons 1–7) fused at its C-terminus
to the transcription factor CHOP (19,20). The 526-residue
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full-length FUS/TLS (19) was subsequently identified as the
heterogeneous nuclear ribonucleoprotein (hnRNP) P2 (21)
and found to be expressed in both neuronal and non-neuronal
tissues with a predominantly nuclear localization (22,23).
However, a redistribution of FUS into the cytoplasm has
been observed in response to transcriptional inhibition (24),
and FUS also shuttles rapidly between the nucleus and cyto-
plasm for the transport of mRNA (25).
FUS is a member of the TET family of proteins (26,27),

which, in addition to TLS/FUS, also includes EWS (Ewing’s
sarcoma) and TAF15 (TATA-binding protein-associated
factor 15), which are thought to have originated from a
common ancestral gene (28). These three proteins all share
an amino terminus enriched in Ser, Tyr, Gln and Gly residues,
a conserved RNA-recognition domain, a zinc finger motif and
RGG-rich regions that may be important for RNA binding.
The domain structure of FUS (Fig. 1A) includes an N-terminal
domain with transcriptional activating properties and a
C-terminal domain capable of binding DNA, RNA and spli-
cing factors (26), consistent with putative functions of FUS
in DNA damage-repair, transcription and splicing (29–31).
The highly conserved C-terminus also harbors most of the
reported fALS-linked FUS mutations (8–15), which cluster
within residues 514–525 (Fig. 1A).
One identified consequence of FUS mutations is an aberrant

accumulation of FUS in the cytoplasm of motor neurons and
glia in human post-mortem tissues (13,15), which has been
recapitulated following acute expression of FUS mutants in
mammalian cells (13,15,16). FUS immunoreactivity has
been detected in the cytoplasmic and nuclear aggregates that
are a pathological hallmark in subtypes of frontotemporal
lobar degeneration (32,33), including conditions with overlap-
ping motor neuron disease pathology (34). Nuclear aggregates
characteristic of polyglutamine diseases also contain FUS
(33,35). Taken together, these initial clues suggest that
altered FUS properties or its cytoplasmic mislocalization
may play a causative role in neurodegeneration, but the cellu-
lar mechanism(s) most relevant to FUS aggregation and fALS
pathogenesis have not been elucidated.
TDP-43 was recently shown to accumulate in cytoplasmic

stress granules following oxidative stress (36). Stress granules
are one type of intracellular aggregate that contains non-
translating polyadenylated mRNAs, translation initiation
factors, small ribosome subunits and RNA-binding proteins
(37). The dynamic formation of stress granules in response
to insults such as oxidative stress, heat shock or ischemia is
thought to protect cells by allowing them to shift energy
expenditure from translation towards repair and recovery
(38). That TDP-43 associates with stress granules raises the
possibility that motor neuron vulnerability in ALS could be
related in part to impaired adaptation to certain cellular
stresses.
Here, we investigated the abnormal subcellular localization

and dynamics of mutant FUS variants using two acute
expression models in the context of stresses that may be
relevant to ALS. In both inducible HEK-293 cell lines and
zebrafish embryo spinal cords, we observed a striking cyto-
plasmic accumulation of FUS upon acute expression of a
novel C-terminal truncation mutant, R495X, which exhibits
a relatively severe fALS clinical phenotype. Furthermore,

we found that mutant FUS, but not the wild-type (WT)
protein, assembles into stress granules in response to transla-
tional arrest induced by either oxidative stress or heat shock.

RESULTS

Cytoplasmic accumulation of FUS variants

The coding sequence of FUS (Fig. 1A) contains a putative
nuclear localization signal (NLS) spanning residues
Pro508-Tyr526 at the C-terminus (39,40), which differs from
other known ‘classical’ NLS sequences (41). This region of
FUS overlaps with the clustering of 11 fALS-linked missense
mutations (8–15), some of which lead to increased cyto-
plasmic localization of FUS in human central nervous
system tissue or upon overexpression in mammalian cell cul-
tures (13,15,16).

Here, we identified a family (FALS521) with early-onset
ALS caused by a novel mutation (R495X) that segregated
with ALS (Supplementary Material, Fig. S1). The R495X
mutation causes the truncation of the final 32 amino acids
from the C-terminus of FUS (Fig. 1A). Disease onset varied
widely within FALS521, although in this pedigree the onset
occurred earlier in later generations (16 and 18 years in gener-
ation V). The mean age of onset for affected individuals in this
pedigree was 35+ 16 years, with an average survival of
16.4+ 10 months from disease onset (Table 1). This disease
course was relatively more severe than that described for the
index F577 (autosomal recessive H517Q mutation) and F55
(autosomal dominant R521G mutation) pedigrees, which are
associated, respectively, with onset ages of 45+ 4 and 40+
13 years, and disease durations of 168 and 27+ 17 months
(13). The R495X truncation mutant shares a common feature
with the recently reported de novo FUS splice-acceptor site
mutation (G466VfsX14), namely, removal of the C-terminal
NLS. The G466VfsX14 mutation skips the inclusion of exon
14, produces a frameshift of exon 15 and thereby adds an aber-
rant tail of 13 amino acids at the C-terminus in place of the
normal residues encoded by exons 14 and 15 in WT FUS.
This mutation is also associated with an early onset age (20
years) and a short disease course (death within 2 years) for
the single individual reported to date (16).

To establish whether an altered C-terminus perturbs FUS
localization when expressed at near-endogenous levels, we
engineered stable HEK-293 cell lines that express doxycycline-
inducible GFP-tagged FUS constructs, including WT FUS,
mutants associated with autosomal recessive (H517Q) and
dominant (R521G) fALS, and two truncation constructs
(R495X and G515X). FUS R495X represents the aforemen-
tioned early-onset fALS mutant, whereas G515X is an exper-
imental mutant that was engineered to remove only the
C-terminal 12 amino acids encoded by exon 15, which
includes the main cluster of ALS mutants (Fig. 1A).

Western blot analysis using an antibody to GFP confirmed
that all GFP-FUS proteins were expressed in these cells
lines at similar levels to each other upon induction with dox-
ycycline for 40 h, although GFP-FUS proteins were not
detected in the absence of doxycycline (Fig. 1B). An
anti-FUS antibody (see Materials and Methods) also showed
that induced GFP-FUS proteins were expressed at
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near-endogenous levels (within 1–2-fold), and that the
expression of these exogenous proteins did not greatly alter
endogenous FUS expression levels (Fig. 1B). Although this
anti-FUS antibody recognized all GFP-FUS constructs, we
observed in earlier experiments that an anti-FUS antibody tar-
geted to the N-terminus (residues 1–50) unexpectedly did not
efficiently detect the two C-terminal truncation mutants (data
not shown). Although the explanation for this differential anti-

body reactivity among the FUS constructs is unclear, it suggests
that an absence of the normal C-terminus can influence the
N-terminal epitope recognized by certain anti-FUS antibodies.
Confocal microscopy of these HEK-293 cells immunos-

tained for GFP revealed an intense nuclear expression for
WT, H517Q and R521G GFP-FUS, with additional weak
cytoplasmic expression of the R521G mutant (Fig. 1C). In
contrast, the R495X and G515X truncation mutants exhibited

Figure 1. Domain structure of FUS and expression of normal and mutant FUS in HEK-293 cell lines. (A) The functional domains of FUS (www.uniprot.org)
include a Gln-Gly-Ser-Tyr (QGSY)-rich region (blue), a Gly-rich domain (red), an RNA recognition motif (RRM; green), an Arg-Gly (RG)-rich region (yellow),
which contains a RanBP2-type zinc finger domain (ZF; orange) and a putative NLS (light green). Labeled are fALS-linked mutants within exons 14 and 15, with
those investigated here (R495X, H517Q and R521G) highlighted in red. Truncated FUS constructs of this study included an ALS-linked mutant (R495X) and an
experimental mutant (G515X, blue), which removed the sequence encoded by exon 15. These residues are underlined in the primary sequence. (B) GFP-FUS
stable lines and naı̈ve HEK-293 cells were cultured with (+) or without (2) doxycycline for 40 h, and lysates containing 3 mg total protein/lane were analyzed
by western blot using anti-GFP, anti-FUS and anti-GAPDH (loading control) antibodies. (C) Confocal microscopy of HEK-293 cell lines following induction
with doxycycline for 40 h and staining with the nuclear dye DAPI (blue) and an anti-GFP antibody. A strong cytoplasmic GFP-FUS signal was observed for the
R495X and G515X mutants with a truncated NLS, whereas GFP-FUS(WT, R521G and H517Q) exhibited a predominately nuclear localization. Scale bar,
10 mm. (D) Quantitative analysis of GFP fluorescence from live cells (see Materials and Methods) showed that the ratio of cytoplasmic:nuclear GFP fluorescence
intensity was significantly higher for GFP-FUS(R521) compared with GFP-FUS(WT), and for the truncation mutants GFP-FUS(R495X and G515X) compared
with the other GFP-FUS proteins (WT, R521G and H517Q). Asterisks indicate statistically significant differences between cell lines (n ¼ 11–28 cells analyzed
per line) as determined by the Kruskal–Wallis ANOVA followed by a Dunn’s multiple comparison test (∗P , 0.05, ∗∗P , 0.01).
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a dramatic shift in the expression from the nucleus to the
cytoplasm. The abnormal partitioning of GFP-FUS mutants
remained stable during the period of 24–72 h after induction,
and GFP-FUS expression at these levels through a continu-
ous exposure to doxycycline was not associated with any
overt change in cellular morphology, proliferation or viability
for up to 6 days, the latter being measured by trypan blue
staining [P . 0.05 for the comparison of GFP-FUS(WT,
R521G and R495X) and host HEK-293 cells by ANOVA;
data not shown]. Furthermore, live-cell imaging indicated a
similar pattern of GFP-FUS fluorescence and also revealed
numerous highly mobile cytoplasmic granules upon the
expression of the G515X (Supplementary Material,
Fig1video1.avi) and R495X (not shown) truncation mutants.
Quantitative measurements of GFP fluorescence intensity in
live cells (method illustrated in Supplementary Material,
Fig. S2) showed that the cytoplasmic:nuclear expression
ratio per unit volume was significantly increased by 2-fold
for GFP-R521G, by 29-fold for GFP-R495X and by 48-
fold for GFP-G515X in comparison with that for GFP-WT
FUS (Fig. 1D).
We hypothesized that a higher expression level following

acute transfection may be an important determinant of the sub-
cellular localization and aggregation propensity for FUS
mutants. Indeed, transient transfection of GFP-FUS constructs
into host HEK-293 cells yielded ≏5-fold higher expression for
all five GFP-FUS proteins compared with doxycycline-
induced levels in the stable HEK-293 cell lines (Supplemen-
tary Material, Fig. S3). In contrast to the faint, diffuse
cytoplasmic expression pattern of GFP-FUS(R521G) in the
inducible HEK-293 cells (Fig. 1C), a 40 h transient transfec-
tion of this same construct into HEK-293 cells resulted in
prominent cytoplasmic aggregates (Supplementary Material,
Fig. S3). Furthermore, the size of cytoplasmic aggregates con-
taining GFP-FUS(R495X or G515X) was larger in the acutely
transfected cells compared with the stable lines. However,
transient transfection of GFP-FUS(WT or H517Q) constructs
maintained a predominately nuclear localization (Supplemen-
tary Material, Fig. S3), despite their elevated expression
levels. These results are consistent with the previous reports
of aggregate formation upon expression of Arg521 FUS
mutants by acute transfection in both neuronal and non-
neuronal cell lines (13,15). Thus, our results here show that
(i) the C-terminus of FUS plays a functional role in its

nuclear localization, and (ii) an increase in the absolute level
of FUS cytoplasmic expression likely contributes to its
aggregation.

Cytoplasmic FUS mutants incorporate reversibly
into stress granules in vitro

Given that the ALS-linked mutations affect the subcellular
localization and aggregation propensity of FUS, we hypoth-
esized that mutant FUS proteins may also exhibit an altered
response to conditions of cellular stress compared with FUS
WT. Markers of increased oxidative stress are a consistent
finding in brain and spinal cord tissues from individuals with
ALS (42,43). To investigate the response of FUS to oxidative
stress, we exposed HEK-293 cells expressing GFP-FUS var-
iants to 0.5 mM sodium arsenite for 1 h, which increases intra-
cellular ROS (44) and is known to induce the formation of
stress granules (45). Immunofluorescence with the anti-TIAR
stress granule marker revealed that .95% of cells for each
of the HEK-293 lines produced stress granules upon exposure
to arsenite (Fig. 2). This was consistent with observations
under this condition in other cell types (46) and showed that
the acute formation of stress granules was not compromised
by the expression of fALS-linked FUS mutants. Moreover,
the cytoplasmic versus nuclear partitioning of GFP-FUS pro-
teins observed in untreated HEK-293 cells was not altered
by arsenite exposure (compare Figs 1 and 2). A striking
effect of arsenite treatment was that GFP-FUS mutants
(R521G, R495X and G515X) were incorporated into the
stress granules, as visualized by the co-localization of GFP
with the TIAR (Fig. 2) and G3BP (Supplementary Material,
Fig. S4) stress granule markers. The majority (≏70–80%)
of TIAR-positive stress granules co-localized with the
R495X and G515X mutants, whereas ≏30% of stress granules
co-localized with R521G. In contrast, ,10% of stress granules
co-localized with H517Q and FUS WT proteins under these
conditions. We observed similar patterns of mutant FUS incor-
poration into stress granules when cells were treated with
10 mM thapsigargin for 2 h (Supplementary Material,
Fig. S4), which also induces stress granules (47). Thapsigargin
is a selective inhibitor of the endoplasmic reticulum (ER)
Ca2+-ATPase that induces ER stress, possibly related to the
depletion of intracellular Ca2+ stores (48). There were no
overt signs of toxicity associated with the incorporation of

Table 1. Clinical characteristics of affected individuals in the FUS-R495X family

Pedigree IDa Gender Ethnicity Diagnosis-ALS Age onsetb Site of onset Duration (months)

II:7 F Caucasian Probable 40s LE NA
III:6 F Caucasian Probable 53 UE/neck 36
III:4 M Caucasian Probable 59 UE 9
IV:6 F Caucasian Probable 34 B/neck 14
IV:2 M Caucasian Probable 36 LE 10
IV:3 M Caucasian Probable 24 B 11
V:2 M Caucasian Probable 16 B 24
V:1 M Caucasian Probable 18 B 11

LE, lower extremity; UE, upper extremity; B, bulbar; NA, information not available.
aPedigree identification (ID) listed as generation:position in the tree for family FALS521 harboring the R495X mutation (Supplementary Material, Fig. S1),
counting from the left.
bExcluding II:7, the mean age of onset is 35+16 years.
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mutant FUS into stress granules. Moreover, the viability as
measured by the MTT cell proliferation assay following
arsenite treatment for up to 4 h did not differ (P. 0.05 by
ANOVA) among naı̈ve cells or those expressing GFP-
FUS(WT, R521G and R495X) (Supplementary Material,
Fig. S4C). These FUS cell lines also exhibited a similar capa-
bility to recover from sodium arsenite exposure (P . 0.05;
Supplementary Material, Fig. S4D).

The GFP tag itself does not mediate the recruitment of
GFP-FUS(R521G, R495X and G515X) into stress granules
because free GFP maintained a diffuse nuclear and cyto-
plasmic expression pattern upon oxidative insult with arsenite
(Supplementary Material, Fig. S5). In addition, transient trans-
fection of untagged FUS constructs followed by sodium
arsenite treatment produced the same results as those
described above for the GFP-FUS stable lines; FUS(R521G

Figure 2. Incorporation of mutant FUS into stress granules in HEK-293 cells. Each GFP-FUS HEK-293 stable cell line was induced with doxycycline for 40 h,
treated with 0.5 mM sodium arsenite for 1 h, and then probed with anti-GFP (green) and anti-TIAR (red) antibodies, and the nuclear dye DAPI (blue). Cyto-
plasmic aggregates containing GFP-FUS were detected with anti-GFP for the R521G, R495X and G5151X lines, but not for the WT and H517Q lines. Composite
images indicate that the accumulated GFP-FUS(R521G, R495X and G515X) co-localized with the TIAR stress granule marker. Scale bar, 10 mm.

4164 Human Molecular Genetics, 2010, Vol. 19, No. 21

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
m

g
/a

rtic
le

/1
9
/2

1
/4

1
6
0
/6

6
5
0
0
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://hmg.oxfordjournals.org/cgi/content/full/ddq335/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq335/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq335/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq335/DC1


and R495X) proteins incorporated into stress granules,
whereas transfected FUS WT and endogenous FUS proteins
were not detected in stress granules (Supplementary Material,
Fig. S5).
To explore the dynamics of GFP-FUS(R521G, R495X and

G515X) recruitment into stress granules, we first exposed
HEK-293 lines to arsenite and performed live-cell confocal
imaging at 378C (Fig. 3). We observed that only a minority
of cells expressing the R495X or G515X mutants contained
GFP-FUS aggregates prior to the addition of arsenite (Fig. 3,
t ¼ 0 min). Within 4–7 min of exposure to arsenite, cells
expressing the G515X mutant began to accumulate larger peri-
nuclear aggregates (Fig. 3 and Supplementary Material,
Fig3video2.avi). Similarly, cells expressing the R495X mutant
formed prominent aggregates by 7–10 min (Fig. 3 and Sup-
plementary Material, Fig3video3.avi). Cells expressing
GFP-FUS(R521G), which exhibited a much lower cytoplasmic
expression level, eventually formed perinuclear foci with a sig-
nificant delay and weaker intensity compared with the other
mutants (Fig. 3 and Supplementary Material, Fig3video4.avi).
In agreement with our analysis of fixed HEK-293 cells
(Fig. 2), live cells expressing GFP-FUS(WT) (Supplementary
Material, Fig3video5.avi) or GFP-FUS(H517Q) (not shown)
maintained the nuclear localization of GFP without forming
detectable cytoplasmic aggregates. These results suggested
that the abundance of FUS variants in the cytoplasm contributes
both to the extent and to the speed of their recruitment into
stress granules following an oxidative insult.
To determine whether the accumulation of FUS variants

into stress granules was reversible, we measured the response

of GFP-FUS-expressing cell lines to heat shock, another stress
granule inducer (37). Live-cell confocal imaging was per-
formed on HEK-293 cells at 378C to observe the distribution
of GFP-FUS at baseline, and the microscope stage and objec-
tive were then heated to 42.58C within an enclosed chamber.
We observed the assembly of intense perinuclear GFP-FUS
aggregates within 7–10 min for the R495X and G515X
mutants, whereas smaller and less intense aggregates of the
H517Q and R521G mutants required ≏15 min to form and
continued to evolve over 30 min (Fig. 4 and Supplementary
Material, Fig4video6–10.avi). Upon return of the microscope
stage to 378C, we observed that aggregates containing
GFP-FUS disassembled within minutes (Fig. 4), consistent
with the reversible nature of these structures (37). Overall,
these results showed that the fALS-linked FUS mutants
(R495X.R521G, H517Q) and the engineered truncation
(G515X), but not FUS WT, were dynamically and reversibly
incorporated into stress granules in response to conditions
that impair cellular translation initiation.

FUS variants do not localize to processing bodies under
conditions of oxidative stress

Whereas stress granules form transiently in response to stress,
processing bodies (P-bodies) are distinct cytoplasmic silencing
foci that are present constitutively and can be augmented by
stress (49). Since stress granules are physically and function-
ally associated with P-bodies, which play a role in mRNA
degradation, we probed for the co-localization of GFP-FUS
with GE-1/hedls, a constituent of P-bodies but not stress gran-

Figure 3. Recruitment of GFP-FUS into perinuclear stress granules was more rapid and extensive for truncation mutants. GFP-FUS(R521G, R495X or G515X)
was induced for 4 days in HEK-293 cells, and a time series of GFP intensities was acquired in live cells at 378C over 30 min following the addition of 0.5 mM

sodium arsenite. Differential interference contrast (DIC) images (left) indicate cell positions, and confocal fluorescence images (right) show maximum-intensity
z-projections obtained from serial 0.2 mm slices using a 60× objective. GFP fluorescence revealed a rapid (within 4–7 min) formation of FUS(R495X and
G5151X) aggregates, whereas FUS(R521G) formed smaller, less intense aggregates with a slower time course. Scale bar, 10 mm. The full time course
appears in Supplementary Material, Videos Fig3video2.avi (G515X), Fig3video3.avi (R495X) and Fig3video4.avi (R521G). FUS WT expression under the
same conditions did not accumulate in the cytoplasm (Supplementary Material, Fig3video5.avi).
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ules (46). We observed P-bodies under baseline conditions in
HEK-293 cells expressing GFP-FUS(WT and mutants) but
saw no evidence of co-localization with GFP (data not
shown). Furthermore, no co-localization of P-bodies and
GFP-FUS was observed upon treatment of cells with 1 mM

sodium arsenite for 2 h, despite the close contact of P-bodies
with stress granules containing GFP-FUS (Fig. 5). Thus,
although GFP-FUS variants are recruited into stress granules
under conditions of acute stress, these variants (i) do not incor-
porate acutely into associated P-bodies, and (ii) do not prevent
the normal docking of P-bodies to stress granules.

GFP-FUS variants localize to the cytoplasm and
accumulate into stress granules in zebrafish embryos

To determine whether the mislocalization of human FUS
mutants to the cytoplasm in HEK-293 cells also occurs in

spinal neurons or other cell types relevant to ALS, we injected
zebrafish eggs at the 1–2 cell stage with mRNAs encoding
GFP-FUS(WT, H517Q, R521G, R495X or G515X). Under
these conditions, the GFP-FUS gene product can be expressed
in a mosaic pattern throughout the embryo for several days. At
25 h post-fertilization (hpf), we observed the distribution of
expressed GFP-FUS proteins in the spinal cord and somatic
musculature near the region of the yolk sac extension
(Figs 6 and 7). Similar to the expression in HEK-293 cells,
human FUS WT and the H517Q and R521G mutants each
exhibited a predominantly nuclear pattern in the spinal cord,
whereas the R495X and G515X truncation mutants accumu-
lated in the cytoplasm.
To investigate the behavior of FUS mutants in response to a

physiological stress in vivo, we next applied a heat shock to
zebrafish embryos expressing FUS variants. After heat shock
to 42.58C for 45 min, we observed TIAR-containing foci

Figure 4. Formation of cytoplasmic GFP-FUS aggregates was reversible after heat shock. GFP-FUS(WT, H517Q, R521G, R495X or G515X) was induced for
3 days in HEK-293 cells, and a time series of GFP intensities (acquired as in Fig. 3) was detected in live cells over the indicated time course (hh:mm) upon
shifting from 37–42.58C. Cytoplasmic FUS inclusions assembled most rapidly (by 7–12 min) in cells expressing GFP-FUS(R495X and G5151X) and to a
lesser extent in cells expressing GFP-FUS(R521G and H517Q). Aggregate formation was reversible within minutes of a temperature shift back to 378C, as
shown for GFP-FUS(R521G, R495X and G5151X). Scale bar, 10 mm. The full time course appears in Supplementary Material, Videos Fig4video6.avi
(G515X), Fig4video7.avi (R495X), Fig4video8.avi (R521G), Fig4video9.avi (H517Q) and Fig4video10.avi (WT).
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indicative of stress granule formation (Fig. 8). Moreover,
the R521G, R495X and G515X mutants formed
perinuclear aggregates that co-localized with anti-TIAR

immunofluorescence (Fig. 8), demonstrating their incorpor-
ation into stress granules in vivo. Surprisingly, the recessive
H517Q mutant exhibited a granular cytoplasmic expression

Figure 5. Cytoplasmic GFP-FUS in stress granules did not co-localize with adjacent P-bodies. HEK-293 cell lines stably expressing GFP-FUS proteins were treated
as described in Figure 2, except that 1 mM sodium arsenite was administered for 2 h and cells were probed with anti-Hedls/GE-1, a marker of P-bodies (red). Scale
bar, 10 mm. None of the GFP-FUS proteins co-localized with the P-body marker. However, P-bodies localized in close proximity to stress granules containing the
GFP-FUS(R521G, R495X and G515X) variants, and in some cases P-bodies appeared docked to these stress granules (see inset for G515X; scale bar, 1 mm).
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pattern in some regions upon heat shock to 42.58C, represent-
ing the only insult employed in the present study that could
shift the expression of this mutant from the nucleus to the
cytoplasm (Fig. 8). Under this condition, cells expressing
GFP-FUS(WT) occasionally showed cytoplasmic expression,
but to a lesser extent than H517Q (Fig. 8). Overall, our exper-
iments suggest that multiple factors influence the subcellular
localization of GFP-FUS in vivo, including the presence of
mutant residues near the C-terminus and the nature and
extent of imposed stresses.
In additional experiments, we injected zebrafish eggs from a

transgenic line expressing GFP in motor neurons (50) with
mRNAs encoding untagged FUS mRNA variants (human
WT, H517Q and R521G). The gross morphology of embryos

injected with the mutant constructs was similar to controls
for up to at least 3 days of development (data not shown).
We occasionally observed shorter ventrally projecting
GFP-positive motor axons in the region of the yolk sac exten-
sion for those injected with R521G versus WT or H517Q
mRNAs (data not shown), but this was not a consistent
finding, and we were unable to document any convincing
defects in motor axon outgrowth or arborization pattern com-
pared with controls.

DISCUSSION

This study has identified a critical role of the C-terminus of
FUS in nuclear localization and its perturbation by a subset

Figure 6. Expression of GFP-FUS variants in spinal cord and body wall muscle of zebrafish embryos. Zebrafish eggs were injected at the 1–2 cell stage with
mRNAs encoding GFP-FUS variants. Embryos were fixed at 25 hpf, and the intact body wall region was immunostained with anti-GFP (green) and a nuclear
marker (Draq5, blue). Confocal image stacks (40× objective, Dz ¼ 1.0 mm) were acquired in a longitudinal orientation (red box) from the lateral body muscle
(m) extending medially through the spinal cord (sc) and notochord (n). Shown are representative medial and lateral slices. For embryos expressing
GFP-FUS(WT, H517Q and R521G), the GFP signal was predominantly nuclear, whereas for embryos expressing the R495X truncation mutant, the GFP loca-
lized mostly to the cytoplasm. Scale bar, 50 mm.
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of FUS mutants that cause fALS. Furthermore, our results
revealed a mutant-specific response to cellular stress that
leads to the incorporation of cytoplasmic fALS-linked FUS
protein into stress granules.
Although the C-terminus of FUS differs from classical

NLSs that are recognized by karyopherin a (importin a)
(41), an analysis of the evolutionarily related EWS protein
(40) suggested that the C-terminus of FUS may nonetheless
function to mediate nuclear localization. Moreover, the

C-terminal sequence of FUS is consistent with a ‘PY-NLS’
type of nuclear targeting signal that binds to the human karyo-
pherin b2/transportin (Kapb2) receptor (39,51). Our results
showed that truncation of this putative FUS NLS in the
R495X and G515X mutants (Fig. 1A) caused a dramatic
increase in cytoplasmic accumulation of FUS compared with
the missense (H517Q and R521G) mutants, which have only
a single amino acid substitution within the NLS (Fig. 1C
and D). Thus, these studies provide compelling evidence that

Figure 7. Expression of GFP-FUS variants in spinal cord of zebrafish embryos. Zebrafish eggs were injected with mRNAs encoding GFP-FUS variants, and
embryos were processed for confocal microscopy (100×) as described in Figure 6. Shown are representative 0.9 mm slices (left panels) and 0.4 mm slices
acquired using a 3.44× optical zoom (right panel). The higher magnification clearly showed the nuclear expression of GFP-FUS(WT, H517Q and R521G) var-
iants and cytoplasmic accumulation of the R495X or G515X truncation mutants in the spinal cord. Scale bars, 10 mm.
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the C-terminus of FUS is required for normal nuclear–cyto-
plasmic partitioning of the protein and that fALS-linked
mutations disrupt this equilibrium.
Although cytoplasmic FUS accumulation was observed pre-

viously for some overexpressed fALS-linked missense
mutants (13,15,16), the downstream consequence(s) of this
mislocalization on cellular pathways, including those involved

with stress responses, remains largely unknown. Here, we
showed that GFP-FUS mutants retained in the cytoplasm
assemble into stress granules in response to acute insults,
including oxidative stress (Figs 2 and 3; Supplementary
Material, Fig. S4), ER stress (Supplementary Material,
Fig. S4) and heat shock (Figs 4 and 8). Although inhibition
of transcription causes a redistribution of FUS WT from the

Figure 8. Heat shock increased the cytoplasmic localization of the H517Q mutant and triggered accumulation of R521G, R495X and G515X into stress granules
in vivo. Confocal slices of zebrafish spinal cord from 25 hpf embryos incubated at 42.58C for 45 min followed by immediate fixation and double immunostaining
with anti-GFP (green) and anti-TIAR (red). For a group of spinal cord cells from embryos expressing the H517Q mutant, the GFP redistributed to the cytoplasm
in a granular pattern without incorporating prominently into stress granules, whereas this occurred only rarely for cells expressing GFP-WT FUS. For embryos
expressing the R521G, R495X and G515X mutants, the GFP assembled into aggregates that co-localized with anti-TIAR staining. Nuclei were stained with
Draq5. Left panel obtained at 100×, right panels obtained using 3.44× optical zoom. Scale bars, 10 mm.
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nucleus to the cytoplasm (24), we found here that inhibition of
translation induced by other cellular stresses does not promi-
nently alter the subcellular localization of FUS WT.
However, an enhanced cytoplasmic accumulation of the auto-
somal recessive mutant (H517Q) was detected upon heat
shock in vivo (Fig. 8), which may have implications for
ALS (discussed below).
Why does cytoplasmically localized mutant FUS assemble

into stress granules? One possibility is that FUS associates
directly with specific mRNAs or other proteins that mediate
the integration of FUS into stress granules. FUS has been
shown to bind mRNAs encoding actin-related proteins, such
as actin-stabilizing protein Nd1-L, which may be important
for the transport of this mRNA to dendrites for local trans-
lation and maintenance of spine morphology (52,53);
however, comprehensive data regarding mRNAs bound by
FUS are lacking. The fALS-linked R521G mutant retains the
ability to complex with GGUG-containing RNAs (13,54),
indicating that FUS mutations do not necessarily abrogate
RNA binding. Moreover, our data show that interactions
involving the C-terminal NLS of FUS are not required to
initiate the targeting of FUS to stress granules, as evidenced
by the robust incorporation of the truncation mutants
(R495X and G515X) into these structures.
The association of FUS and other RNA-binding proteins

with stress granules exhibits specificity, as cytoplasmic free
GFP does not localize to stress granules (Supplementary
Material, Fig. S5) (22). Although some RNA-binding proteins
such as Nova1 do not incorporate into stress granules (36),
others such as TDP-43 show this property under conditions
of translational arrest induced by oxidative stress (36) or
upon the expression of a pathogenic, fragmented form
of this protein (55). One study reported the localization
of acutely transfected GFP-FUS(WT) into stress granules
in HT-1080 cells (22); however, the association of
GFP-FUS(WT) with stress granules was not observed in
acutely transfected HEK-293 cells (56). In addition, we did
not observe stress granules in the absence of an applied stress
for our stable HEK-293 cell line expressing the
GFP-FUS(R521G) mutant or in HEK-293 cells acutely trans-
fected (16 h) with FUS(R521G) (Supplementary Material,
Fig. S5), although stress granules have been detected for this
mutant under acute transfection conditions in other laboratories
(56). These apparent discrepancies may result from a difference
in cell lines, transfection procedures or exogenous FUS
expression levels. Consistent with this hypothesis was our
observation of increased cytoplasmic aggregation for FUS
mutants when expressed at higher levels in transiently trans-
fected (40 h) cells compared with stable cell lines (Supplemen-
tary Material, Fig. S3). These data indicate that the aggregation
propensity of FUS, as well as its cellular localization and
binding interactions, may be sensitive to the expression level
of FUS, the translational state of individual cells and factors
related to cell type; this sensitivity to altered cellular homeosta-
sis may be expected based on the regulatory functions of
proteins within the hnRNP family (57). Although mutant
FUS incorporates into stress granules, it does not significantly
associate with P-bodies (Fig. 5). A specific association with
stress granules over P-bodies has also been reported for the
ALS-associated TDP-43 protein (36).

The observation that both FUS and TDP-43 can associate
with stress granules raises the possibility that ALS-related
mutants might perturb the normal response to stress in mala-
daptive ways. Although we cannot exclude the possibility
that under some conditions FUS WT may also associate
with stress granules, the fALS-linked mutations significantly
shift the subcellular equilibrium of FUS towards the cytoplasm
and enhance its association with stress granules. In fact, the
R495X mutation that truncates the NLS results in the
highest levels of cytoplasmic FUS compared with the other
fALS-linked mutants studied here (Fig. 1). Furthermore, cyto-
plasmic expression of R495X correlated with its incorporation
into stress granules. That this mutation is also associated with
a severe, early-onset clinical phenotype (Table 1), which is
similar to the de novo FUS G466VfsX14 mutation (16),
raises the possibility that the vulnerability of motor neurons
to mutant FUS is proportional to FUS expression in the cyto-
plasm. In contrast to FUS R495X, the autosomal recessive
FUS H517Q mutant exhibits weak cytoplasmic expression
under homeostatic cellular conditions (Figs 2 and 6). That
this mutant protein could more readily translocate to the cyto-
plasm upon induction of heat shock in vivo (Fig. 8) suggests an
enhanced susceptibility to thermal stress compared with FUS
WT. Although it is not clear whether motor neuron vulner-
ability stems from a loss of normal FUS nuclear function or
an altered cytoplasmic function, or both, the notion that cyto-
plasmic expression levels of RNA-binding proteins may corre-
late with ALS pathogenesis has also been supported for
TDP-43 based on cell culture and animal model studies with
mutant forms of that protein (58,59).

We observed that mutant FUS recruitment to stress gran-
ules is reversible following an acute insult (Fig. 4). In
addition, we found no evidence of acute toxicity associated
with the incorporation of mutant FUS into stress granules,
as measured by the MTT cell proliferation assay (Sup-
plementary Material, Fig. S4). In light of these observations,
how might this mutant-specific property, i.e. incorporation of
mutant FUS into stress granules, play a role in ALS patho-
genesis? It is plausible that more chronic changes in cellular
homeostasis as a consequence of mutant FUS expression
could produce a maladaptive outcome. For example, the
inappropriate sequestration of mutant FUS and its biological
binding partners into stress granules may impair the cellular
response to chronic oxidative stress, protein misfolding, heat
shock or other insults that cause translational arrest. Further,
chronic stress may culminate in the conversion of stress
granules into larger pathological aggregates, a possibility
that is supported by the detection of mRNA-associated pro-
teins within the inclusions of adult onset motor neuron
disease (60). A similar mechanism has been proposed for
the accumulation of aggresomes into end-stage Lewy
bodies, the pathological hallmark of Parkinson’s disease
and other synucleinopathies (61). However, the detection of
mRNA and its associated proteins in ALS aggregates is not
a consistent finding in all reports (36). Thus, it remains to
be determined whether FUS-associated stress granules are
linked to the formation of end-stage ALS aggregates, and
whether FUS-containing aggregates detected in post-mortem
CNS tissues of affected individuals are neurotoxic them-
selves or simply markers of altered cellular homeostasis.
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Although we did not observe acute toxicity as a conse-
quence of mutant FUS expression at near-endogenous levels
in either the HEK-293 cells or the zebrafish embryos, further
studies using model systems that more closely recapitulate
the relevant neuronal environment, such as primary motor
neurons and/or transgenic models, may reveal mutant-specific
phenotypes related to FUS toxicity. We note that, to date, there
has been no evidence published that directly links mutant FUS
expression or its localization to cellular dysfunction. Never-
theless, our findings suggest that candidate pathways related
to the regulation of stress defenses in motor neurons may be
appropriate for further investigation of the pathogenic role
of FUS in ALS. Dysregulation of specific stress responses
may also contribute to the preferential motor neuron vulner-
ability observed in other forms of ALS caused by mutant
SOD1, mutant TDP-43 and, perhaps, in sALS.

MATERIALS AND METHODS

Human subjects

The clinical information and biological samples (blood and/or
autopsy tissues) were collected from fALS cases and control
individuals after informed consent was obtained. All protocols
were approved by the Institutional Review Board at the insti-
tutions involved.

Identification of the FUS-R495X mutation in human fALS

DNA was available from two of the eight affected individuals
in family F521 (Supplementary Material, Fig. S1). The coding
region of exon 14 of the FUS gene was amplified by polymer-
ase chain reaction from the DNA of a fALS patient using
flanking primers with 19 and 21 base pair tails added to the
5′-end to standardize sample sequencing. Samples were
sequenced by the method described previously (13), and the
FUS c.1566C.T mutation that truncates FUS translation at
Arg495 was confirmed using bidirectional Sanger methods.
Sequencing data were aligned and analyzed for heterozygous
polymorphisms using Consed (62): FUS_ex14F: tagtaaaac-
gacggccagtAGGCTCGGGGAACATAGG; FUS_ex14R: tag-
gaaacagctatgaccatgAGCCCTCAAAATGAAACCAC.

Stable inducible HEK-293 cell lines

Isogenic cell lines expressing GFP-FUS variants under
doxycyline-inducible control were established using the
Flp-In T-REx system (Invitrogen). The Flp-In T-REx 293
line (Invitrogen, R780-07) contained a single stably integrated
FRT site that allowed targeted integration of each GFP-FUS
expression cassette into the same transcriptionally active
genomic locus. Flp-In T-REx 293 cells were co-transfected
with the expression vector (pcDNA5/FRT/TO-TOPO contain-
ing GFP-FUS) and the Flp recombinase vector (pOG44) using
the Effectene transfection reagent (Qiagen). Selection for
stable integration was performed beginning 48 h after transfec-
tion using medium that contained 150 mg/ml Hygromycin B
(Invitrogen, 10687-010). This yielded isogenic cell popu-
lations that could induce GFP-FUS at approximately one to

two times that of endogenous FUS (Fig. 1B) upon incubation
with 1 mg/ml doxycycline for 40 h.

Cell culture and drug treatments

HEK-293 cells with stably integrated GFP-FUS constructs
(described above) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% TET-tested
fetal bovine serum (Atlanta Biologicals, s10350H), 2 mM

L-glutamine (Gibco, 25030), 15 mg/ml blasticidin (Invitrogen,
R210-01), 150 mg/ml hygromycin B (Invitrogen, 10687-010)
and 1% penicillin and streptomycin solution (Gibco, 15140).
For drug treatments, the following stocks were prepared and
stored at freezing temperatures: 50 mg/ml doxycycline
(Sigma, D9891) in water (2808C), 100 mM sodium arsenite
(Sigma, 71287) in water (2208C) and 1 mM thapsigargin
(Sigma, T9033) in DMSO (2208C). Prior to treatment with
drugs, cells were plated at 1 × 105 cells/ml into 24-well
dishes containing 12 mm coverslips (Fisher, NC9708845) that
were pre-treated with poly-L-lysine (Sigma, P8920) according
to the manufacturer’s instructions. Cells were allowed to
adhere to the coverslips overnight, and FUS expression was
induced upon addition of 1 mg/ml doxycycline (Sigma,
D9891) for 40 h. Cells were then exposed to either 0.5 or
1 mM sodium arsenite for 1–2 h (as noted) or 10 mM thapsigar-
gin for 2 h.

Immunofluorescence of HEK-293 cells

Cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized with 1% Triton X-100 for 10 min, or with
cold 100% methanol for 10 min on ice. Cells were then
blocked with 2% goat serum (Jackson ImmunoResearch
Labs, 005-000-121), 0.1% Triton X-100, 50 mM NH4Cl and
10 mg/ml bovine serum albumin (BSA) in Dulbecco’s
phosphate-buffered saline (PBS) for 1 h at 378C. Antibodies
were diluted in 0.15% goat serum, 0.1% Triton X-100 and
PBS. Primary antibody incubation conditions were as
follows: 1:250 mouse anti-TIAR (BD Transduction Labs,
610352) for 30 min at 378C; 1:500 mouse anti-G3BP (BD
Transduction Labs, 611126) for 30 min at 378C; and 1:250
mouse anti-GE-1/hedls/p70 S6 kinase (Santa Cruz Biotechnol-
ogy, sc-8418) for 12 h at 48C. Secondary anti-mouse IgG anti-
body conjugated to Dylight 549 (Jackson ImmunoResearch
Labs, 715-505-151) was used at 1:1500–1:3500. The GFP
signal was enhanced by 1:1000 Alexa Fluor 488-conjugated
rabbit anti-GFP (Invitrogen, A21311). Coverslips were
mounted with Vectashield hard-set mounting medium contain-
ing DAPI (Vector Laboratories, H-1500). Confocal microscopy
was performed using a Solamere Technology Group CSU10B
spinning disk confocal system equipped with a Yokogawa
CSU10 spinning disk confocal scan head, a laser assembly con-
sisting of an argon ion laser (50 mW at 488 and 514 nm and
13 mW at 457 nm), and three solid-state lasers (25 mW at
561 nm, 30 mW at 636 nm and 45 mW at 405 nm). Image
stacks were acquired using a 100× oil objective, a Roper Cool-
snapHQ2 camera andMetaMorphV7.6.3 software, using a slice
thickness,Dz, of 2 mm. Imageswere analyzed usingNIH ImageJ
software (http://rsb.info.nih.gov/ij), optimized for contrast
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using linear scaling only, and compiled using CorelDraw
software.

Live-cell imaging and fluorescence quantitation

Cells were cultured on 35 mm glass-bottom dishes coated with
poly-D-lysine (P35GC-1.5-14-C; MatTek, Ashland, MA, USA)
and washed with PBS containing 0.9 mM CaCl2 and 0.5 mM

MgCl2 (Ca/Mg/PBS) immediately before imaging. Confocal
microscopy was performed on a Solamere Technology
Group (Salt Lake City, UT, USA) CSU10B spinning disk con-
focal system attached to a Nikon TE2000-E2 motorized
inverted fluorescence microscope equipped with a Nikon
Perfect Focus System (Nikon Instruments, Melville, NY,
USA). This system included a custom laser assembly with
an AOTF for rapid wavelength change via fiber optics
coupled to a Yokogawa CSU10 spinning disk confocal scan
head with high efficiency dichroic mirrors and laser-blocking
filters. For GFP confocal imaging, cells were illuminated
with an argon ion laser operating in standby mode (20 mW
at 488 nm at the laser) using a Nikon VC Plan Apo 60× oil
objective (NA: 1.4), and the fluorescence emission passed
through a 525/50 nm GFP bandpass filter before entering a
Rolera MGi EMCCD 14-bit camera (Qimaging, Surrey, BC,
Canada). MetaMorph V7.6.3 (Molecular Devices) software
was used for equipment control and image acquisition.
Images were analyzed using NIH ImageJ software and
plug-ins from the McMaster University Biophotonics Facility
(http://www.macbiophotonics.ca/imagej/).
For quantitative GFP imaging of live cells (Fig. 1D and

Supplementary Material, Fig. S2), a stack of 60–100 thin
slices (Dz ¼ 0.2 mm, t ¼ 1500 ms, EM gain ¼ 3800 for each
slice) was acquired at room temperature. The dark-current
image (acquired for t ¼ 1500 ms with the laser off) was sub-
tracted from each raw image, and variations in illumination
and detection efficiencies at each pixel were corrected by
dividing the dark-adjusted intensities by a normalized flat-field
image of a uniformly green fluorescent slide (Chroma Tech-
nology, Rockingham, VT, USA) acquired using the same
525/50 nm bandpass filter. For the quantitation of cytoplasmic
versus nuclear signal per unit volume for each cell, the average
intensity of 10 × 10 pixel (1.83 mm × 1.83 mm) regions of
cytoplasm (c), nucleus (n) and background (b) were obtained
for each of 6–10 representative and contiguous 0.2 mm
slices. The cytoplasmic/nuclear ratio for each representative
slice was calculated as (c 2 b)/(n 2 b), and the ratios obtained
from the contiguous slices were averaged for each cell.
For live-cell movies, cells were washed in Ca/Mg/PBS as

above and then maintained in either Ca/Mg/PBS or DMEM
without vitamins to minimize oxidative photobleaching of
GFP (63) at 378C in a humidified chamber exposed to 5%
CO2. For some experiments, heat shock to 42.58C and
cooling back to 378C was performed using stage and objective
heaters (20/20 Technology, Inc., Wilmington, NC, USA).
Focus was maintained between time points with the Perfect
Focus System, which was turned off during z-series acqui-
sition. Maximum intensity z-projections of the fluorescent
signal from stacks assembled from slices (each 0.2 mm
thick) at each time point were constructed using ImageJ.
Images were optimized for contrast using linear scaling

only, and movies of sequential time points were assembled
using ImageJ.

GFP-FUS expression in zebrafish embryos

The maintenance of zebrafish and associated experimental
procedures were conducted according to an approved Insti-
tutional Animal Care and Use Committee (IACUC) protocol.
Tricaine stock solution (pH 7.0) was made using 0.4 g ethyl
3-aminobenzoate methanesulfonate salt (Sigma, A5040) plus
2.1 ml 1 M Tris (pH 9.0) in 100 ml of water and stored at
2208C. mRNAs encoding GFP-FUS constructs (WT or
mutant) were synthesized using mMessage mMachine SP6
or T7 Ultra kits (Ambion) and stored in 1 mM Na citrate (pH
6.4). mRNAs were diluted with nuclease-free water to
500 ng/ml, and 2–3 nl of the diluted solution was injected
into the yolk sac at the 1–2 cell stage of zebrafish eggs
from strain crawfish. Embryos were maintained in egg water
(60 mg of instant ocean sea salt in 1 l of water containing
0.05% methylene blue) in an incubator at 28.58C. GFP-FUS
fusion proteins were detected at 24–30 hpf either by live
embryo GFP imaging or by immunofluorescence. For immu-
nostaining, embryos were dechorionized and fixed for 2 h at
room temperature in PBS containing 4% paraformaldehyde,
permeabilized with ice-cold acetone for 9 min at 2208C and
then washed for 5 min with PBS containing 0.1% Tween-20
(PBS-T) four times at room temperature. Embryos were equi-
librated in blocking solution (1% DMSO, 1% BSA, 2% goat
serum and 0.05% Triton X-100 in PBS) for 1 h at room temp-
erature and then incubated with mouse anti-TIAR antibody
(above, 1:1000 in blocking solution) overnight at 48C. A
rabbit anti-mouse secondary antibody conjugated to Alexa
Fluor 568 (Invitrogen A11061, 1:2000) and rabbit anti-GFP
antibody conjugated to Alexa Fluor 488 (above, 1:400) were
applied for 1 h in blocking buffer at room temperature.
Embryos were then rinsed four times in PBS-T for 15 min,
and nuclei were stained with Draq5 (DR50200, Biostatus)
for 10 min. After wash in PBS-T for 15 min, the whole-body
wall region excluding head and yolk sac was isolated and
mounted in Prolong Gold Anti-Fade reagent (Invitrogen
P36934). Image stacks were acquired in longitudinal orien-
tation from the skin epithelial layer through the somatic
muscles to the spinal cord and notochord using a Leica SP1
laser-scanning confocal microscope with a 40× oil objective
(NA: 1.25), 100× oil objective (NA: 1.40), 3.44× zoom capa-
bility and Leica LCS acquisition software (Version 2.61). For
100× image stacks, each slice was 0.9 mm thick, whereas for
344× image stacks, each slice was 0.4 mm thick. For heat
shock experiments, dechorionized embryos at 25 hpf were
incubated at 42.58C for 45 min in egg water+4% Tricaine
stock solution and then immediately fixed in pre-heated PBS
containing 4% paraformaldehyde for 10 min at 42.58C fol-
lowed by 2 h at room temperature. At least five embryos for
each condition were examined, and all experiments were per-
formed at least three times.

Western blots

HEK-293 cells stably or transiently transfected with GFP-FUS
constructs were allowed to express FUS for 40 h. Cells were
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then lysed in 50 mM Tris–HCl (pH 7.5) supplemented with
0.5 M NaCl, 1% NP-40, 1% deoxycholic acid, 0.1% SDS,
2 mM EDTA and complete protease inhibitor (Roche) for
30 min on a rocker at 48C. A bicinchoninic acid (BCA)
assay (ThermoScientific, 23227) was used to quantify the
total protein concentration in each lysate, and the indicated
amount of total protein in NuPAGE LDS sample buffer (Invi-
trogen, NP0007) was separated by SDS–PAGE using
NuPAGE 4–12% Bis-Tris 1.0 mM precast gels and electro-
transferred to PVDF membranes (Millipore, IPFL00010)
using the XCell SureLock Mini-Cell system according to the
manufacturer’s instructions (Invitrogen). Blots were blocked
and antibodies diluted with Odyssey Blocking Buffer
(LiCor, 927–40000) according to the manufacturer’s instruc-
tions. Primary antibody incubation conditions were as
follows: 1:10 000 dilution of rabbit anti-FUS (Bethyl Labora-
tories, A300-293A, epitope maps to the region of FUS com-
prised residues 400–450; we note that the A300-302A
antibody, which maps to FUS residues 1–50, is less reactive
for the FUS truncation mutants described herein) and 1:1000
rabbit anti-GAPDH (Sigma, G9545) or a 1:5000 dilution of
mouse Living Colors (anti-GFP; Clontech, 632380) and
1:1000 rabbit anti-GAPDH (Sigma, G9545) for 1 h at 258C.
Secondary antibody conditions were as follows: 1:10 000 anti-
rabbit IRDye 800 (LiCor, 926-32211) and 1:10 000 anti-rabbit
IRDye 680 (LiCor, 926-32220) when probed with anti-FUS/
anti-GAPDH or 1:10 000 anti-mouse IRDye 800 (LiCor,
926-32210), and 1:10 000 anti-rabbit IRDye 680 (LiCor,
926-32220) when probed with Living Colors/anti-GAPDH
for 1 h at 258C. Bands were visualized with an Odyssey Infra-
red Imager (LiCor, Model 9120), and densitometry performed
with the Odyssey Software (LiCor, V3.0).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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