
ARTICLE

Received 25 Jan 2015 | Accepted 2 Apr 2015 | Published 13 May 2015

FUS regulates AMPA receptor function and
FTLD/ALS-associated behaviour via GluA1 mRNA
stabilization
Tsuyoshi Udagawa1,2,*, Yusuke Fujioka1,*, Motoki Tanaka3, Daiyu Honda1, Satoshi Yokoi1, Yuichi Riku1,
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Kinji Ohno5, Masahiro Sokabe3, Haruo Okado6, Shinsuke Ishigaki1 & Gen Sobue1

FUS is an RNA/DNA-binding protein involved in multiple steps of gene expression and is

associated with amyotrophic lateral sclerosis (ALS) and fronto-temporal lobar degeneration

(FTLD). However, the specific disease-causing and/or modifying mechanism mediated by

FUS is largely unknown. Here we evaluate intrinsic roles of FUS on synaptic functions and

animal behaviours. We find that FUS depletion downregulates GluA1, a subunit of AMPA

receptor. FUS binds GluA1 mRNA in the vicinity of the 30 terminus and controls poly (A) tail

maintenance, thus regulating stability. GluA1 reduction upon FUS knockdown reduces

miniature EPSC amplitude both in cultured neurons and in vivo. FUS knockdown in

hippocampus attenuates dendritic spine maturation and causes behavioural aberrations

including hyperactivity, disinhibition and social interaction defects, which are partly

ameliorated by GluA1 reintroduction. These results highlight the pivotal role of FUS in

regulating GluA1 mRNA stability, post-synaptic function and FTLD-like animal behaviours.
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F
US, originally identified as a fusion protein caused by a
chromosomal translocation in human liposarcomas1, is an
RNA/DNA-binding protein implicated in multiple steps of

gene expression. FUS was later independently isolated as a gene
mutated in familial amyotrophic lateral sclerosis (ALS). FUS-
containing protein aggregates were found in the patients of both
familial and sporadic cases of ALS and frontotemporal dementia
(FTLD)2–5. ALS and FTLD are two different neurodegenerative
diseases. However, it is becoming obvious that these diseases are
on the same spectrum of disorders, sharing the same disease-
causing factors including FUS and another RNA-binding protein
TDP-43 (ref. 6). A number of studies have suggested that aberrant
RNA metabolism caused by the loss of these RNA-binding
proteins inhibits normal neuronal functions and affects disease
symptoms6,7.

Several groups have identified FUS target mRNAs by high-
throughput sequencing of RNA isolated by crosslinking immu-
noprecipitation (HITS-CLIP)8–10. These reports demonstrated
that FUS binds long introns and near exon–intron junctions,
suggesting a role in splicing. According to the HITS-CLIP data, a
significant population of FUS also interacts with mRNA 30

untranslated regions (UTRs)9. FUS is present both in the soma
and the neuronal processes and was shown to affect the transport
of certain mRNAs along dendrites11 and translation in neuronal
protrusions12. These studies have suggested that FUS binds to
and regulates multitude of mRNAs in neurons, however, the
mechanism by which it regulates these post-transcriptional events
is largely unknown and little is known about specific targets that
are critical for the disease phenotypes7.

In this study, we evaluate intrinsic roles of FUS on synaptic
functions and animal behaviours and aim to identify the specific
factor regulated by FUS that is crucial for those functions. First,
we examined the expression pattern of synaptic proteins and
found that FUS depletion specifically downregulates AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) recep-
tor subunit, GluA1. FUS binds a region near the 30 end of GluA1
mRNA and regulates its stability via the control of poly (A) tail
length (PAT). We further show that FUS modulates synaptic
transmission both in cultures and in vivo. FUS knockdown in
the hippocampus causes a deficit in synapse maturation and
behavioural aberrations, which are reminiscent of FTLD
symptoms and are partly ameliorated by exogenous GluA1. The
confluence of these and other findings indicates that the
FUS-containing 30-end processing machinery regulates GluA1
mRNA stability, which we suggest represents a coherent
molecular mechanism that underlies synapse morphogenesis
and FTLD-related animal behaviours.

Results
FUS knockdown downregulates GluA1 expression. To elucidate
the impact of FUS loss on synaptic functions, we depleted
endogenous FUS in primary neurons by short hairpin RNA
(shRNA)-expressing lentiviruses. Lentiviruses were infected at
day 10 in vitro and the lysates were prepared 10 days post
infection. Among the proteins examined, including pre- and post-
synaptic proteins (Synapsin, Synaptophysin, GluA1, GluA2,
GluA3, GluA4, Grin2A, Grin2B, mGluR5 and PSD-95) and
house-keeping factors (GAPDH and b-Tubulin), we found that
the AMPA receptor subunit, GluA1, was significantly down-
regulated upon FUS knockdown in primary cortical and hippo-
campal neurons (Fig. 1a, b and Supplementary Fig. 1a–c). Second
shRNA against FUS reduced GluA1 level to a similar extent,
excluding the possible effect of off-targeting. Immunostaining
showed an overall reduction in GluA1 signal throughout the cell
(Fig. 1c). Long (15–19 days) and efficient FUS knockdown

marginally reduced other post-synaptic proteins GluA2 and
Grin2A (Supplementary Fig. 1c). These are likely secondary
effects of GluA1 reduction because GluA1 knockdown by shRNA
also reduced the levels of these proteins (Supplementary Fig. 1d).
We also examined the GluA1 protein level in synaptoneurosomes
and confirmed that synaptic GluA1 was reduced by FUS
depletion (Fig. 1d,e).

FUS regulates GluA1 mRNA stability. Next, we examined at
which step FUS regulates GluA1 expression as FUS is implicated
in multiple steps of gene regulation. GluA1 transcript level was
examined by reverse transcription followed by quantitative
reverse transcription–PCR (qRT–PCR) using four primer sets
targeting flip and flop exons, which detect alternative splicing
variants, and the third exon open reading frame (ORF) and 30

UTR, which detect total GluA1 mRNA (Fig. 2a). The quantitative
PCR (qPCR) with these primers showed that FUS depletion
reduced GluA1 mature mRNA level (Fig. 2b). We then used two
additional primer sets against intron sequences to detect GluA1
primary transcripts (Fig. 2a). qPCR for intron sequences did not
reduce GluA1 RNA level, suggesting that GluA1 transcription
was not affected (Fig. 2b). Second shRNA against FUS had a
similar effect on GluA1 transcript levels (Supplementary Fig. 2).
Moreover, we extracted cytoplasmic and nuclear RNAs and
measured GluA1 transcript levels in each fraction (Fig. 2c).
GluA1 mature transcripts were reduced by FUS depletion only in
the cytoplasm, whereas Tap1 mRNA, previously shown to be
downregulated by FUS knockdown, was reduced both in the
cytoplasm and nucleus. These data indicate that FUS depletion
post-transcriptionally downregulates GluA1 in the cytoplasm. A
previous report showed that FUS also regulates GluA1 mRNA flip
and flop alternative splicing; upon FUS depletion the flip isoform
increases13. We also observed a similar trend only in the nucleus,
although the change was short of statistical significance (Fig. 2c).

We then measured GluA1 mRNA stability by qRT–PCR on
control and FUS knockdown neurons treated with the transcrip-
tional inhibitor actinomycin D or a-amanitin (Fig. 2d and
Supplementary Fig. 3). GluA1 mature mRNA was significantly
more destabilized by FUS knockdown, whereas stability of GluA1
primary transcript, other mRNAs encoding synaptic proteins
(Grin2A, Grin2B and Synaptophysin) and control Tubulin
(Tuba1a) mRNA, was unaffected. A previous report demon-
strated that FUS facilitates the transport of certain mRNAs in
dendrites11. Therefore, we examined whether the transport of
GluA1 mRNA was also regulated by FUS by fluorescent in situ
hybridization (FISH; Supplementary Fig. 4). GluA1 FISH signal
was quantified in the soma and distal dendrites 30–100 mm away
from the soma. FUS knockdown decreased the GluA1 FISH signal
in the soma, but not in the dendrites, suggesting that GluA1
mRNA transport was not interrupted by FUS depletion. These
results together indicate that FUS regulates GluA1 expression by
stabilizing GluA1 mature mRNA in the cytoplasm.

FUS binds GluA1 mRNA in the vicinity of the 30 terminus. The
data above revealed a novel function of FUS in controlling GluA1
mRNA stability. To elucidate the mechanism by which FUS
regulates GluA1 mRNA stability, we established whether FUS
binds GluA1 mRNA (Fig. 3a). Immunoprecipitation (IP) of
FUS from primary neurons followed by RNA extraction and
reverse transcription–PCR (RT–PCR) demonstrated that FUS
binds GluA1 mature mRNA; both flip and flop transcripts were
enriched in the pull-down fraction. GluA1 primary transcript was
not efficiently pulled down with FUS, further confirming that
FUS regulates GluA1 mature mRNA stability.
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As mRNA stability is often regulated at the 30 UTR, we
examined the reported FUS CLIP tag sequences on the GluA1 30

UTR9 (Supplementary Fig. 5). There was a significant peak of
CLIP tag enrichment near the 30 end of the genome-coded mRNA
sequence. The B350 bases of sequence spanning this area
of enrichment was highly conserved among mammals.
A streptavidin pull-down assay with in vitro transcribed
biotinylated RNA corresponding to this 350 bases of sequence
was performed using primary neuron lysates, and indeed this
region bound to endogenous FUS (Fig. 3b). Moreover, a reporter

assay using mRNA-encoding Venus fluorescence protein fused
with this GluA1 30 UTR sequence displayed a reduction of
reporter expression upon FUS knockdown (Supplementary
Fig. 6). Together, these data indicate that FUS binds GluA1
mRNA near the 30 terminus and regulates its stability.

FUS regulates GluA1 mRNA polyadenylation. One possible
mechanism by which FUS regulates GluA1 mRNA stability is the
control of PAT as it binds GluA1 mRNA near the 30 terminus.
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Figure 1 | FUS depletion downregulates GluA1 protein level in cultured neurons. (a) Mouse cultured cortical neurons were infected by lentiviruses

expressing scrambled shRNA (shCtrl) or shRNA for FUS (shFUS-1 and shFUS-2) at DIV 10. Ten days post infection, the lysates were prepared and protein

levels were analysed by western blot using the antibodies indicated. (b) Quantification of GluA1 protein levels in a (n¼4; F(2, 9)¼ 298.4, Po0.0001,

one-way analysis of variance; ***Po0.001, Tukey’s test post hoc). (c) Primary hippocampal neurons were transduced as in a and immunostained for MAP2

and FUS or GluA1 together with 4,6-diamidino-2-phenylindole (DAPI) staining. Scale bar, 50mm. (d) Synaptoneurosomes were prepared from the control

(shCtrl) and FUS knockdown (shFUS-1) primary cortical neurons and western blotted with the indicated antibodies. (e) Quantification of synaptic GluA1

protein levels in d (n¼ 3, t¼ 5.063 **P¼0.037, paired t-test).
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Therefore, we measured PAT of GluA1 mRNA by PCR-based
PAT assay (Fig. 3c). The poly (A) tail is detected as a smear above
the band corresponding to size of the internal control (Fig. 3d). In
the nuclear fraction, there was no difference in the pattern and
intensity of the smears. However, in the cytoplasm, the smear
intensity was weaker and shifted towards shorter poly (A) tails in
the FUS knockdown. Incubation of the RNA with oligo (dT)
followed by RNase H digestion diminished the smear, proving
that the smear represents the poly (A) tails. Note that the band
intensity for internal PCR was indistinguishable between the
control and FUS knockdown, indicating that the PCR cycle was
saturated and therefore the reduced poly (A) smear intensity in
the FUS knockdown is not due to the reduced transcript level.
Poly (A) tail of GluA1 mRNA was also examined by poly (A)
RNA fractionation using biotinylated oligo (dT) followed by
elutions with the buffers with a different salt concentration and

qRT–PCR14. Indeed, GluA1 mRNA with long poly (A) tail was
significantly reduced upon FUS depletion (Supplementary Fig. 7).
These data strongly suggest that FUS regulates GluA1 mRNA
stability through the maintenance of PAT.

Because FUS has no known activity related to poly (A) tail
lengthening, it likely forms a complex with the factors involved in
30-end processing and/or polyadenylation. We performed IP of
FUS in neuroblastoma cells and identified associated proteins by
mass-spectrometry (Supplementary Table 1). Identified proteins
included splicing factors. In addition, there were many cytoplas-
mic RNA-binding proteins and factors involved in mRNA 30-end
processing, polyadenylation and translation. Among them, we
confirmed that cleavage and polyadenylation-specific factor
CPSF6, poly (A)-specific ribonuclease PAN2 and cytoplasmic
poly (A)-binding protein PABPC1 (ref. 15) were associated with
FUS in the brain (Fig. 3e), primary neurons and neuroblastoma
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Figure 2 | GluA1 mRNA stability is reduced upon FUS depletion. (a) Location of GluA1 qPCR primers used for quantification of different forms of GluA1

transcripts. Primer pairs for intron 1 and intron 2 detect only primary (unspliced) GluA1 transcripts, whereas primer pairs, ORF, flop, flip and 30UTR detect

spliced mature mRNAs. (b) Cultured cortical neurons were transduced by lentiviruses expressing shCtrl or shFUS as described in Fig. 1a. Total RNA was

extracted and used for qRT–PCR using the primers described in a and the primers for FUS and GAPDH (ORF: n¼ 3, t¼ 10.12, **P¼0.0096; flip: n¼4,

t¼ 5.902, **P¼0.0097; flop: n¼ 3, t¼ 6.391, **P¼0.024; 30UTR: n¼ 3, t¼4.985, *P¼0.038; intron1: n¼4, t¼0.2265, P¼0.8353; intron 2: n¼ 3,

t¼0.7341, P¼0.54; FUS: n¼ 3, t¼ 12.75, **P¼0.0061; GAPDH: n¼4, t¼0.1446, P¼0.89, paired t-test). (c) Cytoplasmic and nuclear RNA were

separately prepared from control and FUS knockdown cortical neurons and RNA from each fraction was subjected for qRT–PCR as in b (cytoplasm, flip:

t¼ 5.856, *P¼0.028; flop: t¼ 5.966, *P¼0.027; Tap1: t¼ 17.81, **P¼0.0031; FUS: t¼ 9.368, *P¼0.011; GAPDH: t¼ 1.027, P¼0.4124; nucleus, flip:

t¼ 1.831, P¼0.21; flop: t¼0.8251, P¼0.50; Tap1: t¼6.529, **P¼0.023; FUS: t¼ 26.23, **P¼0.0014; GAPDH: t¼ 1.818, P¼0.2107, n¼ 3, paired t-test).

(d) mRNA stability was measured in the control and FUS knockdown primary cortical neurons treated with 10mgml� 1 actinomycin D by qRT–PCR using

primer sets indicated above each graph. The RNA level relative to pretreatment in equal amount of total RNA was plotted against time after the treatment.

Residual RNA levels at 24 h were compared (n¼ 3 each, GluA1 ORF: t¼ 8.184, **P¼0.0012; GluA1 flip: t¼ 5.500, **P¼0.0053; GluA1 flop: t¼ 7.365,

**P¼0.0018; GluA1 30UTR: t¼ 10.41, ***P¼0.0005; GluA1 intron1: t¼ 1.527, P¼0.20; Tuba1a: t¼ 2.654, P¼0.057, unpaired t-test). GAPDH,

glyceraldehyde 3-phosphate dehydrogenase; NS, not significant.
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cells (Supplementary Fig. 8). Moreover, CPSF6 and PAN2
interacted with FUS both in the presence and absence of RNase
A, indicating that they form an RNA-independent protein
complex (Fig. 3e). We examined the interaction of these
factors separately in the cytoplasm and the nucleus of
cultured hippocampal neurons (Supplementary Fig 8e). Although
PABPC1 and CPSF6 are reportedly localized in the cytoplasm
and the nucleus, respectively, substantial amount of these proteins
were present in both fractions. FUS Co-IPed with CPSF6 and

PABPC1 both in the cytoplasm and the nucleus, whereas PAN2
was predominantly bound by FUS in the cytoplasm.

We then examined if FUS depletion affects the integrity of
this FUS-containing protein complex. We found that PABPC1
co-IPed with PAN2 and CPSF6 and these interactions were
diminished upon FUS depletion (Fig. 3f,g and Supplementary
Fig. 8c). These data suggest that FUS sequesters PAN2 on
PABPC1 and prevents it from deadenylating the poly (A) tail of
the bound mRNA (Supplementary Fig. 9). Indeed, the
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knockdown of PAN2 increased the GluA1 protein and mature
mRNA levels, while leaving the primary transcript level
unchanged (Supplementary Fig. 10). Thus, these data strongly
suggest that the FUS-containing 30-end processing machinery
regulates GluA1 mRNA stability via the control of PAT.

FUS depletion in cultures affects basal synaptic transmission.
The data presented thus far indicate that FUS regulates GluA1
mRNA stability and protein expression. As synaptic AMPA
receptor expression is critical for synaptic transmission and
maturation16,17, next we directly measured miniature excitatory
post-synaptic current (mEPSC) in control and FUS knockdown
primary neurons (Fig. 4a–c). mEPSC amplitude is indicative of
the strength of mature synapses, whereas mEPSC frequency is
dependent on synapse number and presynaptic release
probability. We found that FUS depletion significantly reduced
mEPSC amplitude, while keeping the frequency intact. Second
shRNA against FUS had a similar effect (Supplementary Fig. 11).
Moreover, GluA1 knockdown was indistinguishable to the FUS
depletion and concomitant expression of GluA1 in the FUS
knockdown (Supplementary Fig. 12) recovered mEPSC amplitude
(Fig. 4b), demonstrating that FUS-mediated GluA1 expression is
indeed critical for synaptic transmission.

Unexpectedly, however, forskolin/roliplam-induced long-term
potentiation in cultured hippocampal neurons induced a similar
level of GluA1 serine 845 phosphorylation, whereas serine
831 phosphorylation level was reduced as much as total GluA1
level (Supplementary Fig. 13a). Likewise NMDA stimulation,
which induces long-term depression, reduced serine 845
phosphorylation both in the control and the FUS knockdown
(Supplementary Fig. 13b). These data suggest that the
activity-dependent synaptic response in the FUS knockdown
remains intact at least for serine 845 phosphorylation and that

FUS knockdown and/or total GluA1 reduction might also affect
GluA1 trafficking by an unknown mechanism.

FUS depletion in vivo alters synaptic transmission and spine
morphogenesis. The nexus of these observations indicates FUS
plays pivotal roles in synaptic functions through the regulation of
GluA1 mRNA stability in cultures. We next evaluated whether
FUS depletion in vivo causes deficits of synaptic functions. To this
end, we stereotactically injected adeno-associated viruses (AAVs)
expressing shFUS into the mouse hippocampus, because the
hippocampus is one of the most degenerated brain regions in
FTLD/ALS patients18 and it is involved in multiple aspects of
behaviour including learning and memory, emotion, anxiety,
hyperactivity and social interaction19,20.

As measured by the green fluorescent protein (GFP) expression
from the AAV, the hippocampus was largely transduced by the
injections with only occasional GFP expression in the surround-
ing brain regions (Fig. 5a,b). Western blot of the microdissected
GFP-positive hippocampus demonstrated efficient knockdown of
FUS and GluA1 reduction (Fig. 5c). GluA2 was also decreased
likely due to the GluA1 reduction (see Supplementary Fig. 1b,c),
whereas the levels of other synaptic proteins were not
significantly affected (Supplementary Fig. 14).

We measured mEPSC of CA1 pyramidal neurons in the
acute hippocampal slices prepared from the AAV-injected mice
(Fig. 5d–f). Consistent with the results in cultured neurons, FUS
depletion in the hippocampus reduced mEPSC amplitude, while
leaving the frequency unchanged, indicating that FUS modulates
synaptic transmission both in cultures and in vivo.

We then examined dendritic spine density and morphology at
apical dendrites of CA1 pyramidal neurons by Golgi-Cox staining
(Fig. 5g and Supplementary Fig. 15a). Spine number in the FUS
knockdown was indistinguishable to that in the control (Fig. 5h
and Supplementary Fig. 15b). The ratio of mushroom-shaped
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mature spines versus thin and stubby spines was significantly
decreased by FUS depletion, indicating that FUS impacts
dendritic spine maturation in vivo (Fig. 5i). Moreover, when
GluA1-expressing AAV was co-injected with shFUS-expressing
AAV (Supplementary Fig. 12), the ratio of mature spines was
significantly increased, while spine density remained unchanged
(Fig. 5h,i). These data indicate that FUS is required for the
maintenance of mature dendritic spines in vivo, via the
stabilization of GluA1 expression.

Social interaction defects in the FUS knockdown mice. Finally,
we evaluated the behavioural phenotypes of these AAV-injected
mice. One of the major symptoms of FTLD is social impairment.
We evaluated the social interaction of the AAV-injected mice by
the four-session resident–intruder assay (Fig. 6a). Investigation
time of the test mice on an unfamiliar wild-type intruder was not
statistically different in the initial session. The interaction time of
the control mice gradually decreased over the course of four
sessions. However, FUS knockdown mice interacted with the
intruder to a similar extent over the four sessions, indicating that
the FUS knockdown animals are deficient in social behaviour.

FUS knockdown elicits hyperactivity but not memory defects.
Next, we performed the open field test to assess locomotor
activity and anxiety in a novel environment. We found that FUS
knockdown mice moved significantly longer distances in the total
and the periphery of the open field than the controls (Fig. 6b),
whereas there was no significant difference in centre duration or
distance moved (Fig. 6b,c). Homecage activity, that is, basal
motor activity in a familiar environment, was indistinguishable
between the control and the knockdown groups (Supplementary
Fig. 16). These results imply that FUS knockdown animals display
a novelty-induced hyperactivity.

We then evaluated learning and memory of FUS knockdown
mice by the novel object recognition test. Two different objects
were presented on the first day; both the control and the FUS
knockdown mice investigated two objects equally (Fig. 6d). The
next day one object was replaced with a novel object. The control
mice investigated the novel object for a longer period compared
with the familiar object, indicative of normal object recognition
memory. This behaviour was not affected by FUS depletion
(Fig. 6e). However, the FUS knockdown mice investigated the
objects overall for a longer period than the controls (Fig. 6f),
which again indicates a novelty-induced hyperactivity. Although
we evaluated learning and memory of the FUS knockdown mice
by the fear conditioning assay, there was no detectable difference
between the control and the FUS knockdown groups
(Supplementary Fig. 17). These results indicate that hippocampal
FUS depletion induces a novelty-induced hyperactivity, but does
not vastly affect learning and memory.

FUS depletion elicits dysinhibition that is rescued by GluA1
expression. Finally, we employed the elevated plus maze assay to
evaluate behaviours such as anxiety and disinhibition. Control
mice stayed in the closed arms for a longer period compared with
the open arms, whereas FUS knockdown mice entered the open
arms more often and spent dramatically more time there (Fig. 6g–
i), indicating that FUS depletion elicits a disinhibition phenotype.
Thus, hippocampal FUS knockdown leads to behavioural phe-
notypes related to novelty-induced hyperactivity and disinhibi-
tion, which might be responsible for social impairment, and are
reminiscent of typical FTLD symptoms21.

These psychiatric phenotypes of the FUS knockdown mice,
except for learning and memory, were remarkably similar to
those of GluA1 KO mice22,23 (Supplementary Table 2). Last, we

asked if the GluA1 reduction by FUS depletion in the
hippocampus is responsible for the disinhibition phenotype in
the elevated plus maze, as this behaviour was the most robust
among the assays examined. When the mice were treated with
AAV-shGluA1 (Supplementary Fig. 12), both open arm entry
and duration were significantly exacerbated (Supplementary
Fig. 18a–c), resembling the FUS knockdown phenotype. When
exogenous GluA1 was introduced in FUS knockdown mice,
the increased open arm entry and duration were ameliorated
to the control level (Fig. 6g–i). We also observed a similar
trend (P40.05) for the rescue of social interaction defects
and hyperactivity in the open field, whereas excessive
object investigation was not rescued by GluA1 expression
(Supplementary Fig. 19). shRNA-resistant FUS expression in
FUS knockdown mice also rescued the disinhibition phenotype in
the elevated plus maze. Together, these results indicate that
behavioural aberrations caused by FUS depletion are, at least
partly, mediated through the FUS-mediated control of GluA1
expression (Supplementary Table 2).

Discussion
The work presented here adds another new insight into the
molecular function of FUS, namely mRNA stability control. We
show that FUS forms a protein complex with CPSF6, PABPC1
and PAN2, which strongly suggests that FUS modulates mRNA
30-end processing. Similar to FUS, cytoplasmic polyadenylation
element-binding protein CPEB, which is required for synaptic
plasticity and learning and memory as well as meiotic progression
during oogenesis, also interacts with both CPSFs and poly (A)-
binding protein ePAB to regulate cytoplasmic polyadenylation of
specific mRNAs24,25. Although CPSF6, the 68-kDa subunit of
cleavage factor Im, is not specifically in the same complex as the
one that CPEB interacts with, CPSF6 is also involved in mRNA
export to the cytoplasm26.

We identified the deadenylase PAN2, which could be involved
in poly (A) tail shortening of GluA1 mRNA. PAN2 is activated by
PABP in vitro27. These data suggest that FUS might sequester
PAN2 on the PABP from attacking the poly (A) tail. Upon FUS
depletion, PAN2 is released from PABP and shortens the poly (A)
tail. Alternatively, it is also possible that together with CPSF6,
FUS might regulate 30 polyadelyation site selection, as reported
for TDP-43 (ref. 28). Our polyadenylation assay showed reduced
signal intensity of the smear in spite that the PCR cycle was
relatively saturated, which could suggest that an alternative
polyadenylation site might be utilized in the FUS knockdown
neurons. However, as FUS depletion reduces GluA1 mRNA in the
cytoplasm and it interacts with cytoplasmic factors, PABPC1 and
PAN2, we suggest it is more plausible that FUS regulates mRNA
stability via the control of PAT at least for GluA1 mRNAs.
Further biochemical analyses are needed to identify the
mechanism by which FUS regulates mRNA polyadenylation.
The identification of additional mRNAs whose stability is affected
by FUS depletion is under investigation.

We show that FUS stabilizes GluA1 mature mRNA, which
results in overall reduction in GluA1 protein level. Behavioural
and morphological aberrations in FUS knockdown mice were
rescued by exogenous GluA1, indicating that FUS-mediated
GluA1 mRNA stability control is crucial for the phenotypes.
Considering the variety of FTLD/ALS symptoms, it is certainly
possible that some phenotypes may not be rescued by GluA1
expression due to the involvement of additional targets or
mechanisms. Indeed, recent studies demonstrated that FUS
R521C mutation found in familial ALS patients also elicits
synaptic malfunctions likely via a toxic gain of function
mechanism, which involve decreased interaction of FUS and
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histone deacetylase HDAC 1 and defective Bdnf splicing7,29.
Nonetheless, the results presented here indicate the importance of
this novel function of FUS on synaptic functions and some of
FTLD-related behaviours.

To evaluate the intrinsic role of FUS in the brain, we
stereotactically injected shRNA-expressing AAVs to deplete
FUS in vivo. Surprisingly, we found that FUS knockdown
specifically in the hippocampus resulted in FTLD-like behavioural
phenotypes, such as disinhibition, hyperactivity and social
interaction defects. These results might lead us to reconsider
the importance of the brain regions affected in FTLD/ALS
patients on physiological and behavioural manifestations of
symptoms. Indeed, not only the frontal and temporal lobes, but
also the hippocampus, is largely degenerated in a subpopulation
of FTLD patients18,30. The hippocampus is the most affected
region of the brain in Alzheimer’s disease patients and it is
believed that its major function is learning and memory.
However, it is also involved in behaviours such as hyperactivity,
emotion and anxiety19,20,31. Our result that FUS depletion in the
hippocampus impacts hyperactivity and disinhibition, but not
learning and memory, is interesting because the situation is
similar in FTLD patients. GluA1 knockout mice show deficits in
learning and memory. It may be possible that hyperactivity
simply hindered our assays32. Another possibility is that FUS
depletion affects only basal synaptic transmission and activity-
induced synaptic plasticity, which is critical for learning and
memory, might be rather intact (Supplementary Fig. 13). In any
scenario in the future, it will be important to examine how
FUS distinctively affects such animal behaviours and which
downstream signalling pathways are specifically involved in these
behavioural aberrations caused by FUS depletion.

Methods
Animals. All mice (C57BL/6J) were maintained in a temperature- (25 �C) and
light-controlled (12-h light–dark cycle) environment (3–5 mice per cage). Animal
protocols were approved for use by the Institutional Committee under Regulations
on Animal Experiments at the Nagoya University.

Neuron culture. Mouse cortical and hippocampal neuron cultures were prepared
as described33. Cultured cortical and hippocampal neurons were maintained in
Neurobasal medium supplemented with Glutamax (Life Technologies) and B27
supplements (Life Technologies). When needed, cultured neurons were treated
with 1 mM cytosine arabinofuranoside to eliminate contaminating glial cells.

DNA constructions. FUS knockdown lentiviral constructs were identical to those
described previously9. The targeted sequences were 50-GAGTGGAGGTTATGGT
CAA-30 (shFUS-1) and 50-GAGTGGAGGTTATGGTCAA-30 (shFUS-2). GluA1
knockdown lentiviral transfer vector was prepared on pLentiLox3.7-Syn as
described33. The targeting sequence for GluA1, 50-GCATTATCGACCATTA
CAA-30 , was chosen as described34. PAN2 knockdown lentiviral vector was
constructed as described for GluA1 knockdown construct. Targeting sequences for
PAN2 is 50-CATCATGAGACAGACAAAT-30 . For lentiviral GluA1 expression,
mouse GluA1 cDNA was cloned into the pFUGW lentiviral vector using
Xba1/EcoR1 sites to make wild-type protein without tags.

For fluorescence reporter assay, the 30 UTR sequence of GluA1 mRNA was
amplified by RT–PCR using the primers 50-AATTCCCCTGGAGCAGACAGGA
AACCC-30 and 50-AGTCACTCGAGTAATGGGTCCACAGTGATTTAA-30 , and
cloned into pcDNA-Venus-PEST (kind gift from N. Farny) at EcoR1/Xho1 sites.

For AAV-mediated transductions, AAV-s1 vector, a modified version of
AAV-9-GFP (kind gift of K. Miyake), was used as a backbone for shRNA-mediated
knockdown and for exogenous gene expression35. AAV-s1 has an AAV9 serotype
backbone, which expresses shRNA under the H1 promoter as well as enhanced
green fluorescent protein (EGFP) under the CAG promoter. The same shRNA
sequences used for the lentivirus system mentioned above were cloned into AAV-
s1 at Kpn1. For GluA1 expression, the CAG promoter in AAV-s1 was replaced
with human Synapsin promoter at the Nco1/Kpn1 sites and mouse GluA1 cDNA
was cloned into the Nhe1/Asc1 sites adapted to the 30 end of the Synapsin
promoter.

Lentivirus production. Lentiviruses were produced using the vectors described
above with packaging vectors pLP1, pLP2 and pVSVG in HEK293T cells

(American Type Culture Collection). Transfection was performed in 6 or 10 cm
dishes using Lipofectamine 2000 (Life Technologies) according to the manu-
facturer’s instructions. Three hours after transfection, the medium was replaced
with fresh DMEM with FBS and the virus-containing medium was collected and
filtered 2 days later.

Western blot. Cells scraped from neuron cultures or brain samples were homo-
genized with Brain IP buffer containing (in mM) 25 HEPES-KOH, pH 7.4, 150
NaCl, 5 MgCl2, 1 EDTA and 1% IGEPAL-CA630 supplemented with protease
inhibitors (Roche), phosphatase inhibitors (Thermo Scientific) and RNase inhibitor
(Takara) when needed. Homogenates were incubated on ice for 30min and cen-
trifuged at 15,000g for 10min at 4 �C. The lysates were mixed with 4�NuPAGE
LDS sample buffer (Novex), heated at 70 �C for 5min, and analysed by western blot
using the antibodies listed in Supplementary Table 4. Band intensity was quantified
by Multi Gauge 3.0 software (FujiFilm). All full blots are in Supplementary Fig. 20.

Immunofluorescence. Cultured hippocampal neurons were processed for
immunofluorescence as described previously33. Cultured hippocampal neurons
grown on poly-L-lysine-coated coverclips were fixed in 4% paraformaldehyde for
20min and permeabilized with 0.2% Trition X-100 diluted in PBS for 7min. After
blocking with 10% BSA diluted in PBS for 1 h at 37 �C in humidified chamber,
neurons were processed with antibodies listed in Supplementary Table 4 and
Fig. 1c. Neurons were imaged by a Zeiss LSM 710 confocal microscope using the
same settings for all samples.

Subcellular fractionation. Synaptoneurosomes and nuclear and cytoplasmic
fractions were prepared from cultured cortical neurons as described36,37. For
synaptoneurosome preparation, cultured cortical neurons (10 cm� 4) were washed
with ice-cold PBS, scraped from the dish and spun at 1,000g for 5min at 4 �C. The
cell pellets were homogenized with pre-cooled 7ml Dounce tissue grinder in 3ml
of homegenizing buffer containing (mM) 5 HEPES-KOH, pH 7.4, 320 sucrose,
1 EDTA, 1mgml� 1 bovine serum albumin. The homogenate was centrifuged at
3,000g for 10min at 4 �C. The supernatant was centrifuged at 14,000g for 12min at
4 �C. The pellet was resuspended in 110ml of Krebs–Ringer buffer containing (mM)
10 HEPES-KOH, pH 7.4, 140 NaCl, 5 KCl, 5 glucose, 1 EDTA. 90 ml of Percoll was
added and spun at 14,000g for 2min at 4 �C. The enriched synaptoneurosomes on
the surface was recovered by aspirating the underlying solution and resuspended in
1ml of Krebs–Ringer buffer. After a brief centrifugation at 14,000g for 1min, the
pellet containing synaptoneurosomes were resuspended in 200 ml of Krebs–Ringer
buffer and used for western blot. For nuclear and cytoplasmic fractionation,
cultured neurons (10 cm� 2) were washed with ice-cold PBS, scraped from the
dish and collected by a brief centrifugation. The cells were lysed with 900 ml of
buffer A containing (in mM) 10 HEPES-KOH, pH 7.4, 15 KCl, 2 MgCl2, 0.1 EDTA,
0.1% IGEPAL-CA630 and 1 dithiothreitol supplemented with protease inhibitors,
phosphatase inhibitors and RNase inhibitor for 10min on ice. The cytoplasmic
extract was collected by centrifugation at 1,000g for 10min at 4 �C. The pellet was
resuspended in 300ml of RIPA buffer containing (in mM) 25 Tris-HCl, pH 7.5,
150 NaCl, 1% IGEPAL-CA630, 1% sodium deoxycholate, 0.1% SDS supplemented
with protease inhibitors, phosphatase inhibitors and RNase inhibitor, incubated for
30min on ice, centrifuged at 18,000g for 20min at 4 �C. The supernatant was
collected as nuclear extract.

Quantitative real-time PCR. RNA was prepared from neuron cultures using the
RNeasy Mini kit (Qiagen) according the manufacturer’s instructions. 500 ng of
total RNA was used as template for reverse transcription using ImProm-II
reverse transcriptase (Promega). qPCR was performed using primers listed in
Supplementary Table 5 and iQ SYBR Green supermix (Bio-Rad) according to the
manufacturer’s instructions.

Fluorescence in situ hybridization. FISH for GluA1 mRNA was performed as
described previously38 with minor modifications. Primary neuron cultures were
fixed by 4% paraformaldehyde in PBS for 20min and permeabilized by 0.3% Triton
X-100 diluted in PBS for 5min. After three washes with PBS containing 5mM
MgCl2, the cells were equilibrated in 1� saline sodium citrate (SSC) buffer for
10min. Escherichia coli tRNA (1 mg) and single-stranded salmon sperm DNA
(1 mg) were mixed, dried and resuspended in 15 ml of 80% formamide/1� SSC, pH
7.0. The mixtures was heated at 95 �C for 5min and added to15 ml of hybridization
buffer (10% dextran sulfate, 2� SSC, 4mgml� 1 BSA and 10mM sodium
phosphate buffer, pH 7.0). The coverslips were incubated cell-side-down in 30 ml of
pre-hybridization mix on parafilm at 37 �C in humidified chamber for 1 h. The
digoxigenin-labelled anti-sense and sense control riboprobes for GluA1 mRNA
were prepared as described38. The riboprobes (100 ng) were dried with the E. coli
tRNA (10 mg) and single-stranded salmon sperm DNA (10mg) and resuspended in
15 ml of 80% formamide/1� SSC, pH 7.0. The mixture was heat denatured and
mixed with 15ml of hybridization buffer. The coverslips were incubated cell-side-
down in 30 ml of a riboprobe-containing mixture overnight at 40 �C in humidified
chamber. The coverslips were washed for 20min in 40% formamide/1� SSC at
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40 �C, followed by three additional washes with 1� SSC for 10min at room
temperature.

The cells were washed in TBS50 buffer (50mM Tris-HCl, pH 7.4; 150mM
NaCl) for 5min and permeabilized with TBS50 containing 0.3% Triton X-100 for
5min. The cells were further incubated in immunofluorescence (IF) buffer (2%
BSA; 0.1% Triton X-100 in TBS50) for 5min and incubated in blocking buffer
(2%BSA; 2% fetal bovine serum; 0.1% Triton X-100) for 30min at room
temperature. Subsequently, the cells were incubated with a primary mouse anti-
digoxigenin antibody (1:100; Roche Applied Science) for 1 h at room temperature.
After the wash with IF buffer for 10min, the cells were incubated with AlexaFluor
555-conjugated goat anti-mouse antibody (Invitrogen) diluted in IF buffer
(1:1,000) for 1 h at room temperature. After three washes with IF buffer, the
coverslips were mounted with DAPI fluoromount-G (Southern Biotech).

Samples were imaged on a Zeiss LSM 710 confocal microscope using the same
settings for all samples. FISH signals were quantified by Zen software (Zeiss) in the
cell body compartment and in the 70 mm of the distal dendritic segments starting
from 30 mm from the edge of the soma up to 100mm.

Immunoprecipitation. The total cell lysates prepared as above were mixed with
1–2 mg of antibody and rotated at 4 �C for 1 h. Protein G dynabeads (Invitrogen)
was added to the mixture and further incubated at 4 �C for 2 h. After the beads
were washed with Brain IP buffer four times, bound protein and RNA were
analysed as below. To examine protein–protein interactions (Fig. 3e), Brain IP
buffer was supplemented with either RNase inhibitor (Takara) or RNase A
(Qiagen) throughout the procedure. The beads were directly mixed with 2�
NuPAGE LDS-PAGE sample buffer (Novex) containing b-mercaptoethanol,
heated at 70 �C for 10min and analysed by western blotting. To analyse the bound
RNA (Fig. 3a), the buffer was supplemented with RNase inhibitor (Takara). Equal
amounts of TE and phenol were added to the beads and vigorously vortexed. The
RNA collected in the aqueous fraction was chloroform-washed and pelleted by
ethanol precipitation with glycogen. The RNA was resuspended in distilled water
and analysed by qRT–PCR.

Biotinylated RNA pulldown assay. To assess the interaction of GluA1 mRNA 30

UTR with endogenous FUS, a biotinylated RNA pull-down assay was performed as
described39. GluA1 30UTR sequence was amplified by RT–PCR using primers
50-TAATACGACTCACTATAGGGAAGAAGTTACCTTGTATTATGTAT-30 and
50-TAATGGGTCCACAGTGATTTAA-30 . PCR product was purified by PCR
purification kit (Qiagen) and used as template for in vitro transcription reaction
using T7 RNA polymerase (Takara) with biotin RNA labelling mix (Roche). The
biotinylated RNA was incubated with streptoavidin dynabeads in Brain IP buffer.
The lysate from cortical neuron cultures prepared as described above was added to
the RNA-beads suspension. Two hours after the incubation at room temperature,
the beads were washed with Brain IP buffer five times and mixed with 2�
NuPAGE LDS-PAGE sample buffer (Novex) containing b-mercaptoethanol.
Total lysate and the bound proteins were analysed by western blot.

Fluorescence reporter assay. To examine the involvement of GluA1 30 UTR
sequence in its expression, a fluorescence reporter assay was performed. The GluA1
30 UTR (or a control SCNA1 30 UTR) was cloned onto a variant of yellow fluor-
escent protein, Venus, fused with a PEST sequence that increases the sensitivity of
the reporter by destabilizing the protein fused to it. The reporter constructs were
co-transfected into Neuroblastoma Neuro2A cells with the appropriate lentiviral
shRNA constructs by Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. 24 h post transfection, bright-field and fluorescence
images were obtained using a fluorescence microscope (Olympus). The level of
fluorescence was measured relative to equal number of cells by Image J software.

Polyadenylation assay. GluA1 mRNA PAT was assayed by Poly (A) tail length
assay kit (Affymetrix) according to the manufacturer’s instructions with slight
modifications. RNA was purified from cytoplasmic and nuclear fractions prepared
as above. The following GluA1-specific primers were used: 50-AAATATTTGGGG
TAGGGATTTC-30 and 50-TAATGGGTCCACAGTGATTTAA-30 .

AAV production. AAVs were produced and purified as described previously40.
Subconfluent AAV-human embryonic kidney 293 cells (AAV-HEK293) were
transiently transfected with the vector plasmid and two helper plasmids, pAAV2-9
(kind gift of Dr James M. Wilson) and pHelper (kind gift of Dr K. Miyake), using
the calcium phosphate co-precipitation method. Seventy-two hours after
transfection, cells were collected by low-speed centrifugation, resuspended in
Tris-buffered saline (100mM Tris-HCl (pH 8.0), 150mM NaCl) and lysed by three
freeze and thaw cycles. Lysate was treated with Benzonase (200Uml� 1) with
5mM MgCl2 and the reaction was stopped with 6.5mM EDTA. AAV vectors were
concentrated by two-tier CsCl gradient centrifugation (1.25 and 1.50 gml� 1 of
CsCl in HEN buffer (50mM HEPES (pH7.4), 150mM NaCl, 25mM EDTA)) for
3 h (16 �C, 25,000 r.p.m., SW28 (Beckman)). Viral-rich fraction was collected by
measuring refractive index (1.371–1.380). The collected solution was purified using
continuous CsCl gradients centrifugation (1.39 gml� 1 of CsCl in HEN buffer)

for 16 h (18 �C, 38,000 r.p.m., SW40 (Beckman)), and a part of refractive index 1.371–
1.380 was collected, dialysized against thre changes of HEPES-buffered saline (HEPES
40mM (pH 7.4), 150mM NaCl), concentrated using filter and stored at � 80 �C.
Titres of the viral stocks were determined by qPCR of the vector stocks.

Stereotactic injection of AVV. AAVs were bilaterally injected into the hippo-
campus of 6-week-old male mice as described41. 1 ml of viral titre solution was
injected bilaterally into the hippocampus (1.58mm posterior to bregma, 1.50mm
lateral to midline and 1.80mm below the skull surface) at a flow rate of
0.5 ml min� 1. After the injection, the mice recovered for 6 weeks.

Hippocampal slice preparation. Hippocampal slices were prepared from the mice
aged 12–13 weeks. Mice were decapitated under deep anaesthesia with ethyl ether.
Brains were quickly removed, and coronal 350-mm-thick slices were cut from the
hippocampus using a vibratome in ice-cold modified artificial cerebrospinal fluid
(ACSF) containing 206mM sucrose, 5mM KCl, 8mM MgCl2, 1.25mM KH2PO4,
1mM CaCl2, 26mM NaHCO3 and 10mM D-glucose. ACSF was gassed with 95%
O2/5% CO2 and the pH was adjusted to 7.4. Slices were maintained for at least 1.5 h
at room temperature (26–28 �C) in an incubation chamber containing gassed
standard ACSF containing 128mM NaCl, 5mM KCl, 1.3mM MgSO4, 1.25mM
KH2PO4, 2.41mM CaCl2, 26mM NaHCO3 and 10mM D-glucose.

Electrophysiology. A single hippocampal slice was transferred to the recording
chamber where it was superfused continuously with gassed standard ACSF at a rate of
2–2.5mlmin� 1 at room temperature. For whole-cell patch-clamp recordings from
CA1 pyramidal neurons of the hippocampal slice, a patch electrode was filled with a
pipette solution containing (in mM) 140 cesium gluconate, 10 NaCl, 2 MgCl2, 1
EGTA, 10 HEPES, 3 Mg-ATP, 0.3 Na-GTP (pH 7.2), with 6–8MO of resistance. CA1
pyramidal neurons were imaged with an IR-DIC optics (BX51WI) with � 20 water
immersion objective lens (OLYMPUS). Whole-cell patch-clamp recordings from
cultured cortical neurons were made at room temperature with an external solution
containing (in mM) 140 NaCl, 3.5 KCl, 2 CaCl2, 2 MgCl2,10 HEPES and 20 D-glucose
(pH 7.4) and a pipette solution containing (in mM) 140K gluconate, 10 KCl, 2 MgCl2,
0.2 EGTA, 10 HEPES, 3 Mg-ATP, 0.3 Na-GTP (pH 7.2), with 6–8MO of resistance.
Holding potentials were compensated for the junction potential between the pipette
solution and the external solution (or the standard ACSF). AMPA receptor-mediated
mEPSCs were recorded in voltage-clamp mode at a membrane potential of � 70mV
and in the presence of voltage-dependent Naþ channel blocker (0.5mM TTX) and
GABAA receptor antagonist (50mM picrotoxin). Access resistance was monitored
continuously during the experiment, and the obtained data were discarded if the
access resistance fluctuated over 20%. Signals were amplified and filtered at 5 kHz
with an amplifier (Axopatch 200B, Axon Instruments). Data acquisition and analysis
were performed using pCLAMP 9.0 software (Axon Instruments). Miniature EPSCs
were identified by setting the event detection threshold at 5 pA and by checking that
the events had faster rising times than decay times.

Golgi-Cox staining. The whole brain was dissected from the AAV-injected mice
and subjected to the FD Rapid GolgiStain kit (FD Neuro Technologies) according
to the manufacturer’s instructions. In the CA1 apical dendrite, 100-mm-long
dendritic segments from the first branch were analysed to quantify spine density
and spine morphology. Unbranched spines that had more than 1.5-fold larger head
diameter than neck diameter were defined as mushroom-shaped spines.

Behavioural assays. Behavioural assays were conducted on the mice aged 12–15
weeks during light cycle. Mice were examined in the homecage activity test42, open
field test, elevated plus maze test, novel object recognition test, social interaction
(resident-intruder) test and fear conditioning test43,44, in the same experimental
settings as described previously. Mice were used for each behavioural test only
once. Outliers were excluded based on the Grubb’s test.

Open field test. Mice were placed in the centre of the arena and were allowed to
explore the open field (diameter: 60 cm, height: 35 cm) for the following 5min
under moderately light conditions (80 lx), while their activity was measured
automatically using the Ethovision automated tracking programme (Brainscience
Idea Co., Ltd). The open field was divided into an inner circle (diameter: 40 cm)
and an outer area surrounding the inner circle. The movement of mice was
measured via a camera mounted above the open field. Measurements included
distance and time spent in the inner and outer sections.

Elevated-plus maze test. The elevated-plus maze consisted of two open
(25� 8� 0.5 cm3) and two closed (25� 8� 20 cm3) arms emanating from a
common central platform (8� 8 cm2) to form a plus shape. The entire apparatus
was elevated to 50 cm above floor level under moderately bright conditions
(170 lux). The test began by placing a mouse on the central platform of the
maze facing an open arm. An arm entry was defined as all four paws in the arm.
The duration of time spent in an arm and number of arm entries was measured
for 5min.
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Novel object recognition test. Mice were individually habituated to an open-box
(30� 30� 35 cm3) for 3 days. During the training session, two novel objects were
placed in the open field and the animals were allowed to explore for 10min under
moderately light conditions (10 lx). The time spent exploring each object was
recorded. During retention sessions, the animals were placed back into the same
box 24 h after the training session, one of the familiar objects used during training
was replaced by a novel object, and the mice were allowed to explore freely for
5min. The preference index in the retention session, the ratio of the amount of
time spent exploring the novel object over the total time spent exploring both
objects, was used to measure cognitive function. In the training session, the
preference index was calculated as the ratio of time spent exploring the object
that was replaced by a novel object in the retention session, to the total
exploration time.

Social interaction (resident–intruder) test. Animals were individually housed in
a home cage (29� 18� 12 cm3) for 2 days before the trial. We used sex- and age-
matched C57BL/6J mice that had not previously shown aggressive behaviour, as
intruders. During the first trial (5min duration), an intruder mouse was introduced
into the resident’s home cage under moderate light (60 lux). The duration of social
interaction (close following, inspection, anogenital sniffing and other social body
contacts, except aggressive behaviour) were analysed. Four trials were performed
with an inter-trial interval of 30min, and social behaviour was analysed using the
same intruder mouse.

Fear conditioning test. During the conditioning phase, each mouse was placed in
a training chamber (30� 30� 40 cm3) equipped with a metal floor, and a 15-s
white noise tone (85 dB) was delivered (conditioned stimulus). During the last 5 s
of the tone stimulus, a foot shock of 0.8mA was delivered through a shock
generator as an unconditioned stimulus (Brainscience Idea). This procedure was
repeated four times at 15-s intervals. Twenty-four hours after conditioning, the
context-dependent test was performed. For the context-dependent test, each mouse
was placed in the training chamber, and the freezing response was measured for
2min in the absence of the conditioned stimulus. Tone-dependent testing was
performed 4 h after the context-dependent test. For the tone-dependent test, the
freezing response was measured in a standard transparent rectangular rodent
cage (25� 30� 18 cm3) for 1min in the presence of a continuous-tone stimulus
identical to the conditioned stimulus using mice that had been subjected to the
context-dependent test.

Statistics. For western blot and qRT–PCR, the data were obtained from at least
three independent experiments. The data were presented as relative value to
control. For mRNA decay assay, the data for shCtrl and shFUS were each
normalized to time 0 (pretreatment) and the data at 24 h were used for statistical
analysis. For quantification of the FUS-bound mRNAs (Fig. 3a), representative data
from triplicate experiments is shown, as the IP efficiency for each transcript varied
from experiment to experiment, while the pattern of IP efficiency between primary
and mature transcripts remained same in all experiments. For polyadenylation
assay (Fig. 3d), representative gel image from three independent experiments is
shown, as the length of poly (A) smear varied from experiment to experiment,
while the tendency that the FUS knockdown has shorter poly (A) tail remained
same in all experiments. Representative data from three independent experiments
were shown for IP (Fig. 3b, e, and Supplementary Fig. 7). No statistical analysis was
used to predetermine the sample sizes used for experiments; however, our sample
sizes are similar to those reported previously. No randomization was used for data
collection and analysis. All data were analysed by Graphpad Prism software.
Normality was tested by the KS normality test. For statistical analysis of two
groups, the paired or the unpaired t-test was used as described in figure legend.
When the data were not normally distributed, the Mann–Whitney’s U-test was
used (Fig. 4 and Supplementary Fig. 17a, c). In experiments with more than two
groups, one-way analysis of variance post hoc Tukey’s multiple comparison test was
used. When the data were not normally distributed, the Kruskal–Wallis test post
hoc Dunn’s test was used (Fig. 6i). In all experiments, the data were expressed as
mean±s.e.m. and the determination of statistical significance was set to Po0.05.
For the experiments using cell cultures, the n numbers refer to the number of
experiments from separate cultures, unless otherwise stated. For the experiments
using mice, the n numbers refer to the number of mice used for experiments, with
the exception of spine analysis (Fig. 5h, i and Supplementary Fig. 15b), where n
refers to the number of dendrites from three mice. The data collection and analysis
were not performed blind, with exceptions of behavioural experiments, where two
experimenters collected and analysed the data separately.
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