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FUS is an RNA-binding protein that regulates transcription, alternative splicing, and mRNA transport.
Aberrations of FUS are causally associated with familial and sporadic ALS/FTLD. We analyzed
FUS-mediated transcriptions and alternative splicing events in mouse primary cortical neurons using exon
arrays. We also characterized FUS-binding RNA sites in the mouse cerebrum with HITS-CLIP. We found
that FUS-binding sites tend to form stable secondary structures. Analysis of position-dependence of
FUS-binding sites disclosed scattered binding of FUS to and around the alternatively spliced exons including
those associated with neurodegeneration such as Mapt, Camk2a, and Fmr1. We also found that FUS is often
bound to the antisense RNA strand at the promoter regions. Global analysis of these FUS-tags and the
expression profiles disclosed that binding of FUS to the promoter antisense strand downregulates
transcriptions of the coding strand. Our analysis revealed that FUS regulates alternative splicing events and
transcriptions in a position-dependent manner.

A
myotrophic lateral sclerosis (ALS) is one of the most devastating neurodegenerative disorders character-
ized by loss of motor neurons in the spinal cord and motor cortex. Approximately 10–20% of ALS patients
have a family history. Among them several genes have been identified as a cause or risk-factor for ALS.

Interestingly, recently identified ALS-related genes including TARDBP encoding the TAR DNA-binding protein
(TDP-43) and FUS encoding the fused in sarcoma are RNA-binding proteins that regulate RNA metabolisms
including gene transcription, RNA splicing, and mRNA transport1,2. Mutations in FUS have been identified in
familial ALS (ALS6). In addition, aberrations of FUS have been linked to the pathogenesis of familial and sporadic
ALS as well as frontotemporal lobar degeneration (FTLD)3,4. While it remains elusive how aberrations of FUS are
linked to the pathogenesis of ALS and FTLD, several lines of evidence suggest that the loss-of-function mech-
anism is, at least partly, involved in FUS-associated neurodegeneration. First, in autopsied spinal cords and brains
of sporadic and familial ALS as well as of FTLD, FUS redistributes into the cytoplasm from the nucleus and
accumulates in ubiquitin-positive inclusions3–5. Second, artificially introduced mutant FUS proteins in cultured
cells are distributed to the cytoplasm from the nucleus6–9. This is in contrast to the physiological condition where
FUS is localized in the nucleus. Finally, the loss of FUS directly leads to neuronal cell death in drosophila10 and
zebrafish11.

FUS is a multifunctional protein that is involved in several steps of gene expression regulation especially for
transcription and RNA splicing. FUS belongs to the FET family of RNA-binding proteins, which includes FUS,
Ewing’s sarcoma (EWS), and TATA-binding protein-associated factor (TAFII68)12. FUS is present in polymerase
II transcription complexes that function in the transcription process13. Interestingly, FUS inhibits the acetyl-
transferase activities of CREB-binding protein (CBP) and p300 on cyclin D1 (Ccnd1) in HeLa cells. Both CBP and
p300 are co-activators of multiple classes of signal-dependent transcription factors and the TLS/CBP/p300
interactions result in the inhibition of histone-acetyltransferase (HAT) activities followed by repression of
transcription10. Moreover, FUS is involved in the splicing machinery by cooperating with other splicing factors
like serine/arginine-rich (SR) proteins (SC35, SRp75, and TLS-associated SR protein), SRm160, and PTB14,15.
These observations suggest that compromised effects of FUS on transcription and alternative splicing could lead
to neuronal cell degeneration in FUS-associated ALS and FTLD.
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In an effort to understand the global roles of FUS on RNA meta-
bolisms in neuronal cells, we analyzed exon arrays of primary cortical
neurons after knocking down Fus. We also identified FUS-binding
RNA segments in the mouse brain using the high-throughput
sequencing of RNA isolated by crosslinking immunoprecipitation
(HITS-CLIP)16. Our analysis revealed the global profiles of FUS-
mediated regulations of transcription and pre-mRNA splicing, and
the position dependence of FUS-binding sites in regulations of tran-
scription and alternatively splicing.

Results
Silencing of Fus in primary cortical neurons. In an effort to identify
global profiles of FUS-mediated gene expression and alternative
splicing in neurons, we introduced lentivirus expressing shRNA
against Fus into primary cortical neurons derived from E15 mouse
embryos (Fig. 1a). To exclude possible off-targeting effects, we used
two different shRNA, shFus1 and shFus2, and the experiments were
performed in triplicate for shFus1 and shFus2 (Fig. 1b). The
expression levels of Fus were suppressed by more than 80% in both
shFus1 and shFus2 by real-time qPCR (Fig. 1c). Immunohisto-
chemistry also showed that the protein levels of FUS were mar-
kedly decreased in primary cortical neurons infected with shFus1
and shFus2 (Fig. 1d).

We analyzed gene expression and alternative splicing of Fus-
silenced primary cortical neurons using the Affymetrix Mouse
Exon 1.0 ST Array (GEO accession number, GSE36153). Scatter
plots of fold-changes (FC) of gene expressions in cortical neurons
showed a correlation coefficient of 0.69 (data not shown). Filtering
the gene-level signal intensities with the t-test p-value # 0.1
increased the correlation coefficient to 0.96 (Supplementary Fig.
S1a). We further restricted our analysis to 183 genes that had the
t-test p-value # 0.05 and FC # 0.67 or 1.5 # FC for both shFus1 and
shFus2. The 21 most altered genes were validated by real-time qPCR
and were all indeed differentially expressed in shFus1 and shFus2
(Supplementary Fig. S1c).

We also filtered the exon-level signal intensities with the t-test
p-value # 0.1, which gave rise to 3202 exons that were altered by
both shFus1 and shFus2 with a correlation coefficient of 0.69
(Supplementary Fig. S1b). We chose 44 exons that were increased
by 1.3-fold or more by both shFus1 and shFus2. Similarly, we chose
55 exons that were decreased by 1.5-fold or more by shFus1 and
shFus2. We validated 17 exons with increased signals and 20 exons
with decreased signals, and all showed altered splicing events by RT-
PCR. Especially, we observed altered splicing events in genes assoc-
iated with neuronal functions and neurodegeneration including
Mapt, Camk2a, and Fmr1 (Fig. 2 and Supplementary Fig. S2).

We next analyzed Gene Ontology (GO) terms of genes that were
regulated by FUS using DAVID 6.717,18. We found that genes for
which FUS regulates the expression levels were enriched with GO
terms of signaling cascades and metabolic processes. Similarly, genes
for which FUS regulates alternative splicing events were enriched
with GO terms of vesicle transport, neuronal impulse, and neuronal
projection (Table1). FUS is thus likely to exert neuron-specific gene
regulations by modulating alternative splicing events rather than
gene expressions.

Global identification of FUS-binding RNA segments in mouse
brain. We next identified FUS-binding RNA segments in vivo by
HITS-CLIP (Fig. 1d). As the number of primary cortical neurons
that we could obtain from E18 embryos was too small for the HITS-
CLIP analysis, we used the mouse cerebrum. In the HITS-CLIP
analysis, our first experiment yielded 47,647,724 CLIP tags of 50
nt, of which 17,703,863 were mapped to the mm9 genome using
the default parameters with BioScope 1.3.1. A second CLIP experi-
ment yielded 36,282,895 CLIP tags of 50 nt, of which 9,295,669 were
mapped to the mouse genome. We only analyzed reads that were

aligned uniquely in the genome and removed all potential PCR
duplicates using the Avadis NGS software.

Mapping FUS CLIP-tags onto the ENSEMBL annotations
revealed that a large fraction of FUS-binding regions were located
in introns (Fig. 3a), as previously described19. As introns and intere-
genic regions are longer than the other regions, we normalized dis-
tribution of CLIP-tags for the length of each annotation, and found
that FUS-binding regions were concentrated in 39 UTRs as well as
introns (Fig. 3b). When CLIP-tags were mapped to the relative posi-
tions of each gene, CLIP-tags were enriched close to the 39 end of a
gene and toward the 59 end of a gene (Fig. 3c). In addition, CLIP-tags
were enriched in genes with alternative transcription start/end sites
compared to those with constitutive transcription start/end sites.

We next analyzed FUS-binding motifs with the BioProspector
software20, but detected variable motifs that widely varied even
by adding, eliminating, or modifying combinations of parameters.
Another motif analysis software, MEME21, also predicted highly
variable motifs. Hoell and colleagues reported that FUS binds to
stem-and-loop structures with only three loosely conserved nucleo-
tides at the boundaries of a stem and a loop19. We thus examined if
our CLIP-tagged regions readily form secondary structures. We
extracted 30-mer RNA stretches of CLIP-tagged regions and calcu-
lated a free energy, dG, of the most stable secondary structure using
the mfold program22. As expected, the dG’s of CLIP-tagged regions
were 22.06 6 3.10 kcal/mol (mean 6 SD), whereas those of
the controls were 21.50 6 2.74 kcal/mol (p , 0.0001) (Fig. 3d).
Stable structures with dG # 214.0 kcal/mol were observed in 28
CLIP-tagged regions and 3 control regions, and the predicted sec-
ondary structures are shown in Supplementary Fig. S4. Thus, our
CLIP-tagged regions formed stable secondary structures compared
to the control regions.

Analysis of position dependence of FUS-binding to splicing
targets. FUS-tags were clustered in alternatively spliced splice sites
rather than constitutively spliced splice sites, which suggests the
essential roles of FUS on regulations of alternative splicing
(Fig. 4a). Both exonic and intronic regions were similarly tagged
by FUS, but regions around the 39 and 59 splice sites were less
prominently recognized by FUS, as previously reported19.

We next analyzed position dependence of FUS-binding to splicing
targets and their effects on alternative splicing by comprehensively
analyzing the exon array and HITS-CLIP. We analyzed positions of
CLIP-tags of 37 FUS-responsive exons that we confirmed by RT-
PCR: 17 exons were included and 20 exons were skipped by shRNA
(Fig. 2, Supplementary Fig. S2). We combined these exons into a
single composite pre-mRNA and made integrated RNA maps from
our HITS-CLIP reads mapped to the corresponding genomic
regions, as previously described16,23,24. The analysis revealed that
FUS binding sites were scattered around the alternatively spliced
exons (Fig. 4b). Among these, however, it was interesting to note
that conspicuous bindings of FUS were observed at ,500 nt
upstream of the 39 end of the downstream intron (arrows in
Fig. 4b). The similar peaks were observed when we extended our
analysis to 78 FUS-responsive exons detected by the exon array
analysis: 54 exons were skipped and 24 exons were included by
shRNA (Supplementary Fig. S3). Bindings of FUS to the downstream
introns were representatively observed in genes that we validated
alternative splicing by RT-PCR (Fig. 2).

Fus-binding to the antisense strand at the promoter region
downregulates gene expression. We noticed that CLIP-tags were
often located on the antisense strand in each promoter region. A
previous report that FUS binds to noncoding RNA (ncRNA) and
downregulates transcription of Ccnd110 prompted us to hypothesize
that a transcript arising from the promoter antisense strand is the
identity of the ncRNA recognized by FUS. We thus examined if
binding of FUS to the promoter antisense strand downregulates
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Figure 1 | Experimental schemes. (a) Mouse primary cortical neurons are prepared and infected with lentivirus expressing two different shRNA against

FUS (shFus1 and shFus2) and control shRNA (shCont). Total RNA is isolated and analyzed by the Affymetrix Mouse Exon Array. (b) Fus is efficiently

knocked down in primary cortical neurons, which is evaluated by real-time qRT-PCR. Bars indicate the mean and SD of three experiments. (c)

Immunohistchimical analysis using anti-FUS antibody on primary cortical neurons silenced by shFus1, shFus2, and shCont. Cells are fixed and

immunostained with anti-FUS antibody, anti-bTubulin antibody, and DAPI. (d) Mouse cerebrum derived from a 12-week-old C57Bl/6 mouse is UV-

irradiated at 400 mJ and FUS-bound RNA segments are immuno-precipitated. High-throughput 50 bp single-end sequencing is performed using the

SOLiD 3 sequencer.
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gene expression. We analyzed the fold-changes of gene expressions
after silencing FUS in primary cortical neurons in the absence or
presence of CLIP-tags on the antisense strand upstream of the
transcription start sites, and found that the binding of FUS to the
promoter antisense strand indeed increases expression of the target
genes (Fig. 5a). Eighteen transcriptional start sites of 17 genes carried
more than 250 CLIP tags on the promoter antisense strand, and we
validated shFus-induced upregulation of transcriptions of four
representative genes by realt-ime qPCR (Fig. 5b). The 17 genes,
however, did not increase the expression levels more than 1.5-fold
after silencing Fus according to the exon array analysis, and were not
included in our initial validation of the eleven genes in which
expression levels were increased with shFus (Supplementary Fig.
S1c). On the contrary, the eleven genes scarcely had CLIP-tags on
the promoter antisense strand, which suggests the presence of
additional and possibly indirect mechanisms that regulate FUS-
mediated gene expressions. We also found that genes in which
FUS binds to the promoter antisense strand were enriched with
GO terms related to reproductive process (Table 1).

Discussion
We globally analyzed FUS-mediated regulations of gene expressions
and alternative splicing events using exon arrays. In addition, we
globally mapped RNA-FUS interactions in vivo by HITS-CLIP and
analyzed position dependence of FUS-binding to gene expressions
and alternative splicing events.

Collation of the exon-level analysis of exon arrays and CLIP-tags
enabled us to draw a normalized complexity map (Fig. 4b). The map
disclosed scattered binding of FUS to the upstream and downstream
introns with conspicuous binding peaks close to the 39 end of the
downstream intron. A similar peak close to the 39 end of the down-
stream intron is observed with PTB and MBNL1 but not with

CUGBP123,24. The underlying mechanisms shared by these RNA-
binding molecules, however, remain elusive.

Although we could not detect FUS-binding consensus motifs in
our CLIP-tags, we found that FUS-binding regions readily form
secondary structures. Our observation is consistent with previous
reports that FUS binds to stem-and-loop structures19 and that FUS
has a weakly enriched motif endowed with G/C nucleotides, which is
present in less than 10% of the FUS-bound sites25. In vitro SLELX
analysis determined that FUS-binding motif is GGUG26,27. Nd1-L,
however, has no GGUG motif but is able to specifically bind to
FUS28. We assume that FUS binds to specific RNA targets with
specific secondary structures, and simple analysis of primary se-
quences is unlikely to be sufficient.

Divergent transcriptions including bidirectional transcriptions at
the promoter regions of protein-coding genes are widely recog-
nized29,30, although its biological significance is poorly understood.
Collation of the gene-level analysis of exon arrays and CLIP-tags on
the antisense strands at the promoter regions revealed that binding of
FUS to the promoter antisense strand downregulates transcriptions
of the coding sense strand (Fig. 5). FUS interacts with CBP and p300
in the presence of ncRNA and inhibits HAT followed by repression
of transcription of Ccnd1, but the origin of ncRNA was not scruti-
nized10. Our global analysis suggests that binding of FUS to the
promoter antisense strand and the subsequent downregulation of
transcription of the sense-coding strand is likely to be instrumental
in some but not all genes. Recently, Tan and colleagues reported that
FUS binds to single-strand DNA at the promoter region, and up-
or down-regulates transcriptions31. In our CLIP experiments, we
needed to degrade DNA using DNase to make a precipitate with
anti-FUS antibody. Lack of DNA in our RNA-protein complex was
also indicated by that a high concentration of RNase decreased the
molecular weight of the RNA-protein complex to that of FUS alone

Figure 2 | Four representative FUS-mediated alternative splicing events. The top panels show the positions of CLIP-tags and exon-intron structures.

The second panels represent schematic splicing changes mediated by FUS. shCont and shFus lead to the upper and lower splicing events, respectively. The

third panels show representative RT-PCR of the indicated exons. The experiments are repeated in quadruplicate using four independent sets of samples.

The last panels show densitometric quantification of RT-PCR (n 5 4; mean and SD).
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(Fig. 1d). The underlying mechanisms shared by FUS-binding to
single-strand DNA and to the promoter antisense RNA strand need
to be further studied.

Involvement of TDP43 and FUS in the pathogenesis of ALS and
FTLD suggests that the two diseases are likely to be caused by aberra-
tions of RNA metabolisms32. Four additional RNA-binding proteins
are causally associated with ALS: senataxin (SETX), angiogenin
(ANG), elongation protein 3 (ELP3), and survival motor neuron
(SMN)33. In the present study, we identified that FUS facilitates skip-
ping of Mapt exon 10 in primary cortical neurons (Supplementary
Fig. S2). Mapt encodes Tau protein and inclusion of exon 10 yields 4-
repeat Tau (RD4), whereas skipping of exon 10 generates 3-repeat
Tau (RD3). It has been reported that the RD4-to-RD3 ratio is in-
creased in neurodegenerative disorders including PSP and FTLD34,35.
Recently, a large hexanucleotide repeat expansion in intron 1 of
C9ORF72 has been reported in both familial ALS and familial
FTLD36,37. Abnormally expanded repeats sequestrate MBNL1 in
myotonic dystrophy38, spinocerebellar ataxia type 839, and Hun-
tington9s disease-like 240, and cause RNA gain-of-function patholo-
gies, in which MBNL1 is sequestrated to abnormally expanded

repeats, which compromises physiological functions of MBNL1.
Thus, aberrations of RNA metabolisms are likely to be a common
underlying mechanism shared by familial and sporadic ALS/FLTD.
We hope that the global expression profiling and the global CLIP-
mapping of FUS in our studies further facilitate discovery of the
underlying pathophysiology leading to ALS/FTLD.

Methods
Lentivirus. We designed two different shRNAs against mouse Fus as well as a control
shRNA. The targeted sequences were 59-GCAACAAAGCTACGGACAA-39 for
shRNA/FUS1 (shFus1); 59-GAGTGGAGGTTATGGTCAA-39 for shRNA/FUS2
(shFus2); and 59-AATTCTCCGAACGTGTCACGT-39 for shRNA/control
(shCont). These were cloned into a lentiviral shRNA vector (pLenti-RNAi-X2 puro
DEST, w16-1, a kind gift from Dr. Eric Campeau at Resverlogix Corp.). Lentivirus was
prepared following the Campeu’s protocols41. Briefly, lentiviral particles were
produced in HEK293T cells by transfection using Lipofectamine 2000 (Invitrogen).
Lentivirus-containing supernatant was collected at 48 hours after transfection, and
stored at -80uC. A titer of lentivirus was measured using NucleoSpin RNA Virus kit
(Clontech Laboratories).

Primary cortical neurons. Mouse studies were approved by the Animal Care and Use
Committee of the Nagoya University Graduate School of Medicine. Mouse fetal brain

Figure 3 | Annotation mapping of FUS CLIP-tags. (a) Distributions of FUS CLIP-tags. Binding regions are mapped to CDS (coding sequence), 59 and 39

UTRs, introns, intergenic regions including tRNA and rRNA genes according to the ENSEMBL version e!61 annotation based on the mouse genome

assembly NCBI build 37.1/mm9. Pie-charts show ratios of binding regions mapped to the indicated regions. (b) Distribution of FUS CLIP-tags

normalized for the length of each annotation. (c) Distribution of FUS CLIP-tags mapped to the relative positions of each gene. The broken line indicates

12,508 genes with constitutive transcriptional start/end sites, and the solid line indicates 7,477 genes with alternative transcriptional start/end sites. (d)

Probability density function of the minimum free energies, dG, of 30-mer stretches of CLIP-tagged regions. CLIP-tagged regions and controls are shown

in red and blue lines, respectively.
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was taken from C57BL/6 mouse embryos at E15. After removing meninges cortical
tissue was dissociated into a single-cell suspension by Sumilon dissociation solution
(Sumitomo Bakelite, Tokyo Japan). Cells were plated at a density of 1.5 x 106 cells in a
60 mm-well culture plate with the medium containing 0.5x Sumilon nerve-culture
medium (Sumitomo Bakelite), 0.5x Neurobasal medium, 1% FBS, 0.5x B27
supplements (Invitrogen), 0.5x Glutamax, 5 mg/ml of BDNF, 5 mg/ml of CNTF, and
0.5% Pen-Strep. A day after plating (day 2), neurons were supplemented with 10
ng/ml of AraC and incubated overnight. On day 5, neurons were infected with 2x1010

copies/well (1.5x107 copies/ml) of lentivirus expressing shRNA against mouse Fus
(shFus1 or shFus2) or control (shCont). After 4 hr of infection, the virus media was
removed. Neurons were then cultured for 6 additional days, and were harvested on
day 11 followed by RNA extraction and cDNA synthesis. Each knock-down
experiment was performed in triplicate for each microarray analysis. For
immunohistochemistry we used anti-FUS antibody (A300-293A, Bethyl
Laboratories), anti-bTubulin antibody (TU20, Santa Cruz), and DAPI.

Microarray analysis. Total RNA was extracted from primary cortical neurons by the
RNeasy Mini kit (Qiagen). We confirmed that the RNA integrity numbers (RIN) were
all above 7.0. We synthesized and labeled cDNA fragments from 100 ng of total RNA
using the GeneChip WT cDNA Synthesis Kit (Ambion). Hybridization and signal
acquisition of the GeneChip Mouse Exon 1.0 ST exon array (Affymetrix) were

Figure 4 | Mapping of CLIP-tags on exon-intron structures. (a)

Distribution of CLIP-tags on constitutively or alternatively spliced exons

and the flanking intronic regions. The abscissa indicates an intron-exon-

intron structure. The sizes of all the exons are normalized to 150

nucleotides. The number of exonic CLIP-tags is also normalized

accordingly. Intronic CLIP-tags within 1,000 nucleotides upstream or

downstream of exons are indicated. The number of CLIP-tags is

normalized for the number of transcripts belonging to each category of

constitutive and alternative exons. (b) Normalized complexity map of

FUS-dependent splice sites. shFus-mediated alternative splicing events are

compiled. Arrows point to conspicuous peaks at ,500 nt upstream of the

39 end of the downstream intron. Shaded areas indicate an average of 100

sets of normalized complexity of 20 randomly selected constitutive exons.

Figure 5 | CLIP-tags on the promoter antisense strand and gene
expression profiles. (a) The numbers of CLIP-tags on the antisense strand

at 1 to 700 nucleotides upstream of the transcription start sites of each gene

are divided into three categories according to the partitioning functionality

of the JMP 8.0 software. Fold-changes of gene expression levels with shFus1

and shFus2 are calculated for each category. Means and SEs are plotted.

The numbers of transcription start sites are 2390 for no tag, 53 for 1-250

tags, and 18 for more than 250 tags. The number of CLIP-tags represents

the total number of nucleotides covered by the tags. No statistical

difference is observed for each dataset with the one-way ANOVA analysis.

(b) Four representative genes, Ptprn2, Xrn1, Gak, and Glt1d1, for which

more than 250 CLIP-tags are bound to the promoter antisense strand, are

validated by real-time qPCR. Changes in gene expression levels in cortical

neurons after knocking down Fus with shFus1 and shFus2 are indicated by

means and SDs (n 5 3).
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performed according to the manufacturer’s instructions. Each array experiment was
performed in triplicate. The exon-level and gene-level signal intensities were
normalized by the RMA and iterPLIER methods, respectively, using the Expression
Console 1.1.2 (Affymetrix). We followed the gene annotation of the ENSEMBL
version e!61, which was based on the mouse genome assembly NCBI build 37.1/mm9.
All microarray data were registered in the Gene Expression Omnibus with an
accession number of GSE36153.

We compared the gene-level signal intensities of three controls treated with shCont
and three samples treated either with shFus1 or shFus2 using the Student’s t-test.
Among the 21,603 genes on the mouse exon array, 1,814 genes had the t-test p-values
# 0.10 for both shFus1 and shFus2, and the correlation coefficient of the fold-changes
became 0.963 between shFu1 and shFus2 (Supplementary Fig. S1a). By applying the t-
test p-values # 0.01 for both shFus1 and shFus2, we obtained 1,500 genes, the
expression levels of which were altered by knocking down Fus. We also analyzed
alternative splicing profiles by filtering the exon-level signal intensities with the t-test
p-value # 0.1, which gave rise to 3,202 exons that were altered by both shFus1 and
shFus2 with the correlation coefficient of 0.925 (Supplementary Fig. S1b).

RT-PCR for alternative splicing analysis. Total RNA was isolated from cells using
RNeasy Mini Kit (Qiagen) followed by DNaseI (Qiagen) treatment. cDNA was
synthesized from 1 mg of total RNA with the Oligo-dT primer (Promega). Primers for
each candidate exon were designed using Primer3 software (http://frodo.wi.mit.edu/
primer3/input.htm). The sequences of primers were shown in Table S1. Semi-
quantitative RT-PCR was performed using Ex Taq (Takara) at 25-30 cycles at 98uC
for 10 sec, 60uC for 30 sec, and 72uC for 1 min. PCR products was electrophoresed on
a 15% acrylamide gel and stained with ethidium bromide. The intensity of each band
was measured by Multi Gage software (Fujifilm).

Real-time qPCR for gene expression analysis. Total RNA was isolated from cells
using RNeasy Mini Kit (Qiagen) and reverse transcribed using 1 mg of total RNA with
Oligo-dT primer. For the thermal cycle reaction, the CFX96 system (BioRad) was
used at 95uC for 3 min, then 40 cycles at 95uC for 10 sec and 55uC for 30 sec.

The relative amount for each transcript was calculated by drawing a standard curve
of cycle thresholds for serial dilutions of cDNA samples and normalized to the
amount of b-actin. The PCR was performed in triplicate for each sample, after which
all experiments were repeated twice. The sets of primers (Table S1) and iQ SYBR
Green Supermix (BioRad) were used for real-time qPCR.

HITS-CLIP analysis. Mouse cerebrum derived from 12-week-old C57BL/6 mice was
UV-irradiated at 400 mJ and CLIP was performed as previously described24. High-
throughput 50-bp single-end sequencing was performed with the SOLiD 3 sequencer
(Life Technologies) using one quad of a SOLiD sequencing slide for each sample. All
HITS-CLIP data were registered in NCBI SRA. Sequences of RNA oligonucleotide
adaptors and PCR primers used for HITS-CLIP analysis were as follows:

59-RNA linker 59-CCACUACGCCUCCGCUUUCCUCUCUAUGGGCAGUCG-
GUGAU-39

39-RNA linker phospho-59-AGAGAAUGAGGAACCCGGGGCAGUU-39-
amino

RT Primer 59- CCCGGGTTCCTCATTCTCTCGCCTTGGCCGTACAG-39

Forward PCR Primer 59- CCACTACGCCTCCGCTTTCCTCTCTATG-39

Reverse PCR Primer 59-CTGCCCCGGGTTCCTCATTCT-39

Bioinformatics analysis. SOLiD reads were mapped to the mouse genome (NCBI
build 37.1/mm9) with default parameters using the BioScope 1.3.1 (Life
Technologies). We next removed multiply aligned reads, unreliable reads, and PCR
duplicates with Avadis NGS software 1.3 (Strand). We analyzed the uniquely aligned
reads according to the ENSEMBL version e!61 gene annotations of the mouse genome
(NCBI build 37.1/mm9) by writing and running Perl and Excel VBA programs, as
well as by running BEDTools utilities42.

We extracted CLIP-tagged regions using the enrichment functionality of Avadis
NGS. Motifs of the tagged regions were analyzed by BioProspector20 and MEME21. As
these motif analysis tools gave rise to highly variable motifs, we extracted 17,385 30-
mer RNA stretches of the CLIP-tagged regions by moving a 30-mer window every five
nucleotides, and calculated the free energy, dG, of the most stable secondary structure
using the mfold program22. We similarly calculated the free energies of control
sequences for which nucleotide sequences were scrambled from the 30-mer stretches
of the CLIP-tagged regions.

We identified 2,461 distinct transcription start sites in the 1,500 genes, the tran-
scription levels of which were significantly altered by both shFus1 and shFus2. We
counted CLIP tags on the antisense strand at 1 to 700 nucleotides upstream of each
transcription start site. We analyzed the expression profiles of primary cortical
neurons after knocking down Fus in relation to the number of CLIP tags on the
antisense strand at the promoter region.

Normalized complexity maps of FUS-RNA interactions were generated as prev-
iously described24. For the control, normalized complexity map was similarly gen-
erated by analyzing 100 sets of 20 constitutive exons that were randomly selected from
118,969 constitutive exons in the mouse genome. To identify enriched Gene Ontology
terms, we used the Database for Annotation, Visualization and Integrated Discovery
(DAVID 6.7)17,18.
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