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Abstract 

FUS, an RNA-binding protein (RBP), is mutated or abnormally regulated in 

neurodegenerative disorders. FUS regulates various aspects of RNA metabolisms. 

FUS-binding sites are rich in GU contents and are highly degenerative. FUS-binding 

motifs of GGU, GGUG, GUGGU and CGCGC have been previously reported. These 

motifs, however, are applicable to a small fraction of FUS-binding sites. As CLIP-seq 

tags are enriched in genes that are highly expressed, we normalized CLIP-seq tags by 

Nascent-seq tags or RNA-seq tags of mouse N2a cells. Nascent-seq identifies nascent 

transcripts before being processed for splicing and polyadenylation. We extracted 

frequently observed 4-nt motifs from Nascent-seq-normalized CLIP regions, 

RNA-seq-normalized CLIP regions, and native CLIP regions. Specific GU-rich motifs 

were best detected in Nascent-seq-normalized CLIP regions. Analysis of structural 

motifs using Nascent-seq-normalized CLIP regions also predicted GU-rich sequence 

forming a stem structure. Sensitivity and specificity were calculated by examining 

whether the extracted motifs were present at the cross-linking-induced mutation sites 

(CIMS), where FUS was directly bound. We found that a combination of six motifs 

(UGUG, CUGG, UGGU, GCUG, GUGG, and UUGG), which were extracted from 

Nascent-seq-normalized CLIP-regions, had a better discriminative power than (i) motifs 

extracted from RNA-seq-normalized CLIP regions, (ii) motifs extracted from native 

CLIP regions, (iii) previously reported individual motifs, or (iv) 15 motifs in SpliceAid 2. 

Validation of the 6 GU-rich (6GUR) motifs using CLIP-seq of the cerebrum and the 

whole brain showed that the 6GUR motifs were specifically enriched in CIMS. The 

number of the 6GUR motifs in an uninterrupted region was counted and multiplied by 

four to calculate the area, which was defined as the 6GUR-Score. The 6GUR-Score of 8 or 

more best discriminated CIMS from CIMS-flanking regions. We propose that the 6GUR 

motifs predict FUS-binding sites more efficiently than previously reported individual 

motifs or 15 motifs in SpliceAid 2. 
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1. Introduction 

Fused in Sarcoma (FUS, formerly called translocated-in-liposarcoma, TLS) is an 

RNA-binding protein (RBP), which belongs to the FET family. The FET family is 

comprised of FUS, the EWS RNA-binding protein 1 (EWSR1), and the TATA-box 

binding protein-associated factor 15 (TAF15) (Masuda et al., 2016). FUS plays pivotal 

roles in RNA metabolisms (splicing, mRNA transport, and microRNA processing), DNA 

repair, and cell proliferation through binding to target RNAs (Fredericks et al., 2015). 

Mutations and dysregulations of FUS are causally associated with the pathogenesis of 

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) 

(Fujioka et al., 2013). 

Recent advances in high-throughput sequencing technology revealed that most 

RBPs have thousands of RNA target sites. Identification of RBP-binding sites is critical 

for understanding the mechanism of RNA processing (Van Nostrand et al., 2016). FUS 

has four RNA-binding domains (RBDs): two arginine-glycine-glycine boxes (RGGs), an 

RNA-recognition motif (RRM), and a zinc finger domain (ZnF) (Da Cruz and Cleveland, 

2011). Presence of multiple RBDs is likely to be one of the major causes that make 

identification of the FUS-binding motifs challenging (Li et al., 2014). More than 10 

years ago, a GGUG motif was first identified by SELEX (systematic evolution of ligands 

by exponential enrichment) using a bacterially expressed GST-FUS protein (Lerga et al., 

2001). An NMR study revealed that ZnF of FUS recognizes GGUG-containing RNA, 

while RRM of FUS has no observable interaction with the GGUG-containing RNA (Iko 

et al., 2004). An in vitro RNAcompete analysis with the recombinant RRM domain of 

FUS showed that the FUS motif was CGCGC (Ray et al., 2013). The CGCGC motif, 

however, is different from GU-rich motifs reported by others. In addition to these in 
vitro analyses, CLIP-seq (cross-linking and immunoprecipitation, followed by 

high-throughput sequencing) and iCLIP (individual nucleotide-resolution cross-linking 

and immunoprecipitation) disclosed that FUS-binding motifs were GUGGU and GGU, 

respectively (Lagier-Tourenne et al., 2012; Rogelj et al., 2012). In concordance with 

these GU-rich motifs, another CLIP-seq study disclosed that FUS binds to GU- or 

GGU-containing sequences on intron 6-exon 7-intron 7 of FUS, although no consensus 

motifs were deduced (Zhou et al., 2013). We similarly reported that FUS binds to 

GU-rich sequences by CLIP-seq analysis, but has no specific motifs (Masuda et al., 

2015). We (Ishigaki et al., 2012) and others (Hoell et al., 2011) additionally reported that 

FUS binds to secondary structures enriched in G/C or U/A nucleotides. However, the 

secondary structures accounted for less than 10% of the identified FUS-binding sites 

(Ishigaki et al., 2012). Another study showed that FUS binds to RNA only in a 

length-dependent manner (Wang et al., 2015b). Other studies demonstrated that there 

are no specific binding motifs or alternative binding mechanisms like secondary 

structures (Schwartz et al., 2012; Nakaya et al., 2013). Thus, there are no approved 

consensus FUS-binding motifs. Nonetheless, FUS regulates RNA metabolisms in a 

position-specific manner (Ishigaki et al., 2012; Masuda et al., 2015). FUS, however, is 

not exceptional, because binding motifs have been determined in only 15% of human 

RBPs (Ray et al., 2013). Dependable prediction of FUS-binding sites is essential for 

understanding the functions of FUS under physiological and pathological conditions. 

CLIP-seq extensively identifies RNA-binding sites in specific cells or tissues by 

UV cross-linking of an RBP with an RNA fragment (Zhang and Darnell, 2011). 

Nascent-seq extensively identifies nascent transcripts in the chromatin fraction in the 

nucleus (Menet et al., 2012). In Nascent-seq, nascent RNA derived from chromatin 

fraction is treated with DNase I, followed by removal of polyadenylated RNA and 

ribosomal RNA. Unlike RNA-seq, Nascent-seq identifies transcripts immediately after 

transcription and before being processed for splicing and polyadenylation. Therefore, 

Nascent-seq can measure the expression levels of intron-containing nascent RNA in the 
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nucleus. In contrast, RNA-seq has three drawbacks: (i) mRNAs in both the nucleus and 

cytoplasm are detectable; (ii) mRNA lacks introns, where an RBP can bind; and (iii) 

gene-specific stability of mRNA affects individual RNA-seq coverage. CLIP-seq tags are 

enriched in highly expressed genes, while they are underrepresented in scarcely 

expressed genes (Kishore et al., 2011; Wang et al., 2015a). Normalization of CLIP-seq by 

RNA-seq or Nascent-seq is expected to correct for enrichment of FUS-bind sites in 

highly expressed genes. Indeed, in eCLIP, CLIP-seq is normalized by RNA-seq, which is 

called size-matched input (SMInput) (Van Nostrand et al., 2016). As far as we know, 

FUS-binding motifs have not been analyzed by any normalization method. In an effort 

to identify FUS-binding motifs, we analyzed FUS CLIP-seq, Nascent-seq, and RNA-seq 

of N2a mouse neuroblastoma cells. We normalized CLIP-seq tags by Nascent-seq tags or 

RNA-seq tags to unbiasedly extract FUS-binding sites and to increase the diversity of 

RBP-binding sites. We here show that normalization of CLIP-seq by Nascent-seq best 

detects FUS-binding motifs. 

 

2. Materials and Methods 

 

2.1. CLIP-seq data of mouse neuroblastoma cell line (N2a cells) for motif extraction 
We used FUS CLIP-seq that we previously obtained from N2a cells (N2a_CLIP) 

(Masuda et al., 2015). CSFASTQ sequences of N2a cells were comprised of 50-bp 

strand-specific single-end reads by SOLiD 4 System (Thermo Fisher Scientific). 

N2a_CLIP was previously deposited in the DDBJ Sequence Read Archive (DRA) 

(Mashima et al., 2016) with an accession number of DRA001190 (Masuda et al., 2015). 

Procedures on N2a_CLIP were essentially the same as our previous report 

(Masuda et al., 2015), and are summarized in Supplementary Table S1. Briefly, the 

reads were mapped to the mouse reference genome (UCSC mm9) (Speir et al., 2016) 

using BioScope version 1.3.1 (Thermo Fisher Scientific). Multiply aligned reads, 

unreliable reads, and PCR duplicates were removed by Avadis NGS version 1.3 (Strand 

NGS). Removal of PCR duplicates was important, because CLIP-seq involves PCR 

amplification of cDNA library with limited complexities (Wang et al., 2015a). The peaks 

of mapped sequences of N2a_CLIP were called by MACS version 1.4.2 (Zhang et al., 

2008). MACS was developed for ChIP-seq, but has also been used for CLIP-seq (Chen et 

al., 2014). 

 

2.2. CLIP-seq data of the mouse cerebrum and the mouse whole brain for validation 
We also used two sets of FUS CLIP-seq obtained from the mouse cerebrum by 

us (cerebrum_CLIP) (Ishigaki et al., 2012), and the mouse whole brain by others 

(brain_CLIP) (Lagier-Tourenne et al., 2012). CSFASTQ sequences of cerebrum_CLIP 

and FASTQ sequences of brain_CLIP were comprised of 50-bp and 36-bp strand-specific 

single-end reads sequenced by SOLiD System 3.0 (Thermo Fisher Scientific) and HiSeq 

2000 (Illumina), respectively. The cerebrum_CLIP and brain_CLIP were deposited in 

the NCBI Gene Expression Omnibus (GEO) (Barrett et al., 2013) with accession 

numbers of GSE37190 (Ishigaki et al., 2012) and GSE40651 (Lagier-Tourenne et al., 

2012), respectively. 

Procedures on cerebrum_CLIP were the same as above and are summarized in 

Supplementary Table S2. Similarly, procedures on brain_CLIP are summarized in 

Supplementary Table S3. Briefly, the quality of the FASTQ sequences was first checked 

by FastQC version 0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

and the sequences were filtered by Trimmomatic version 0.32 (Bolger et al., 2014). 

Second, the quality-controlled FASTQ sequences were mapped to the mouse reference 

genome (UCSC mm9) by BWA version 0.7.10 (Li and Durbin, 2010) to generate a SAM 

file. Third, the SAM file was converted to a BAM file, and PCR duplicates were removed 
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by SAMtools version 0.1.19 (Li et al., 2009). 

  

2.3. Nascent-seq data of N2a cells 
FASTQ sequences of Nascent-seq of N2a cells (N2a_Nascent) (Masuda et al., 

2015) were comprised of 100-bp strand-specific paired-end reads sequenced by HiSeq 

2000 (accession number, DRA003231). Procedures on the FASTQ sequences of 

N2a_Nascent were essentially the same as our previous report (Masuda et al., 2015), 

and are summarized in Supplementary Table S4. The sequences were mapped to the 

mouse reference genome (UCSC mm9) by BWA. 

 

2.4. RNA-seq data of N2a cells 
To compare the effect of normalization between pre-mature and mature RNA, 

we also used RNA-seq of native N2a cells (N2a_RNA) (Han et al., 2014). FASTQ 

sequences were comprised of 100-bp strand-specific paired-end reads sequenced by 

HiSeq 2000 (accession number, GSE45119). Procedures on the FASTQ sequences of 

N2a_RNA were the same as N2a_Nascent, and are summarized in Supplementary 

Table S5. 

 

2.5. Definition of Nascent-seq-normalized CLIP regions, RNA-seq-normalized CLIP 
regions, and native CLIP regions, as well as search for putative motifs with 
MEME-ChIP 

BAM files of N2a_CLIP, N2a_Nascent, and N2a_RNA were first converted into 

a Wiggle format by Pyicoteo version 2.0.7 (Althammer et al., 2011) (Supplementary 

Tables S1, S4 and S5). N2a_CLIP coverage was normalized by N2a_Nascent coverage at 

a single nucleotide level using the following equation: 

 

Norm_N2a_CLIP_coverage = (N2a_CLIP coverage / genome-wide N2a_CLIP 

coverage) / (N2a_Nascent coverage / genome-wide N2a_Nascent coverage) 

 

As the numbers of CLIP-seq tags and Nascent-seq tags are proportional to the 

number of analyzed cells and to the number of high-throughput reads, CLIP-seq tags 

and Nascent-seq tags were normalized by genome-wide coverage of each dataset. Exonic 

N2a_CLIP tags arose from both nascent transcripts and mature mRNA. In contrast, 

exonic N2a_Nascent tags arose mostly from nascent transcripts and little from mature 

mRNA. We thus analyzed only intronic FUS-binding regions according to the RefSeq 

annotation (O'Leary et al., 2016), and further applied the following conditions. First, 

N2a_CLIP coverage ≥ 1 throughout an uninterrupted region. Second, N2a_Nascent 

coverage is ≥ 10 throughout an uninterrupted region, and spans ≥ 30 nt. Third, the 

region is within a MACS peak. We thus extracted 12,838 N2a_CLIP regions. 

Norm_N2a_CLIP_coverage within a region was summed up to calculate the 

N2a_CLIP_area. The CLIP-seq regions were sorted in descending order of the 

N2a_CLIP_area. The top 2,000 regions were defined as Nascent-seq-normalized CLIP 

regions. N2a_CLIP coverage was similarly normalized by N2a_RNA coverage. Following 

the same procedures for Nascent-seq, 2,000 RNA-seq-normalized CLIP regions were 

extracted from 5,890 N2a_CLIP regions, which were normalized by RNA-seq. The top 

2,000 regions with high CLIP-seq tag coverage (spanning ≥ 30-nt) were defined as the 

native CLIP regions. 

Putative motifs in Nascent-seq-normalized CLIP regions, RNA-seq-normalized 

CLIP regions, and native CLIP regions were detected by MEME-ChIP version 4.9.1 

(Machanick and Bailey, 2011) with “meme-chip -oc output_directory/ -norc -meme-mod 

anr -meme-minw 5 -meme-maxw 10 input.fa”. According to the web site of MEME-ChIP 

(http://meme-suite.org/doc/meme-chip.html), MEME-ChIP can be used for CLIP-seq 
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analysis to search for motifs. 

 

2.6. Prediction of a structural motif of Nascent-seq-normalized CLIP regions by 
GraphProt 

To train the model of FUS-binding motifs by GraphProt version 1.1.4 (Maticzka 

et al., 2014), we randomly extracted 1,000 Nascent-seq-normalized CLIP regions as a 

positive training dataset, and 1,000 intronic sequences of 30-100 nt, where FUS 

CLIP-seq tags were never mapped, as a negative training dataset. We then predicted 

FUS-binding motifs using a testing dataset, which was comprised of the remaining 

1,000 Nascent-seq-normalized CLIP regions. For the execution of GraphProt, 100-nt 

sequences were added on both ends of CLIP regions for positive and negative training 

datasets, as well as the testing dataset. 

 

2.7. Calculation of Youden’s index to evaluate the presence of extracted motifs in the 
center of cross-linking-induced mutation sites (CIMS) 

First, we calculated frequencies of all possible 4-nt motifs in 

Nascent-seq-normalized CLIP regions, RNA-seq-normalized CLIP regions, and native 

CLIP regions. For Nascent-seq-normalized CLIP regions, we extracted 17 4-nt motifs 

with frequency > 0.8%. Second, to identify cross-linking-induced mutation sites (CIMS) 

of N2a_CLIP, we generated a VCF file from a BAM file by SAMtools. The VCF file was 

converted into a BED file by BEDOPS version 2.4.16 (Neph et al., 2012). The BED file 

was used for CIMS software package version 1.0.5 [analysis steps 96-106 in (Moore et 

al., 2014)]. We obtained 1,974 CIMS. CIMS ± 100 nt regions were excised from the mm9 

mouse genome sequence. Third, we generated all possible combinations of k 4-nt motifs 

(k = 1 to 10) out of the 17 4-nt motifs with frequency > 0.8%. For all the combinations, 

the number of motifs in the center of CIMS (CIMS ± 10 nt) was compared to the number 

of motifs out of CIMS (CIMS – 50 nt ± 10 nt). We then calculated the sensitivity and 

specificity of each combination of k motifs (k = 1 to 10). For each k, the best combination 

of motifs with the highest Youden’s index (= sensitivity + specificity -1) in 17Ck 

combinations was selected. Similar calculations were executed using 

RNA-seq-normalized CLIP regions and native CLIP regions. For the purpose of 

validation of the extracted motifs from N2a_CLIP, CIMS of cerebrum_CLIP and 

brain_CLIP were similarly identified. 

 

3. Results 

 

3.1. FUS-binding motifs extracted from Nascent-seq-normalized CLIP regions, 
RNA-seq-normalized CLIP regions, and native CLIP regions 

We tried to identify FUS-binding motifs using CLIP-seq (N2a_CLIP) and 

Nascent-seq (N2a_Nascent) of untreated N2a mouse neuronal cells that we reported 

previously (Masuda et al., 2015). As CLIP-seq coverage represents the number of RNA 

fragments bound to an RBP (Konig et al., 2012), CLIP-seq coverage is over-represented 

in highly expressed genes (Wang et al., 2015a). Nascent-seq analyzes unprocessed 

native transcripts, to which FUS binds immediately after transcription. We thus 

examined the association between the number of Na2_CLIP tags and the number of 

Na2_Nascent tags at the gene level. Scattered plot of 7,921 RefSeq coding genes with 

the reads per kilobase per million mapped reads (RPKM) ≥ 1 for both N2a_CLIP and 

N2a_Nascent showed a correlation coefficient of 0.574 (Fig. 1). As predicted, N2a_CLIP 

tags were more abundant in highly expressed genes. 

After FUS is bound to nascent RNA, exonic FUS may stay on mature mRNA, 

whereas intronic FUS is removed from mature mRNA. As exonic N2a_CLIP tags are 

likely to be over-presented compared to intronic N2a_CLIP tags, we eliminated exonic 
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N2a_CLIP tags from normalization of N2a_CLIP coverage with N2a_Nascent coverage. 

Using the Na2_Nascent_normalized N2a_CLIP data, we first restricted our analysis to 

genomic regions where N2a_Nascent coverage was ≥ 10 (average of coverage = 31.44) in 

an uninterrupted stretch ≥ 30-nt in introns of RefSeq coding genes. Normalization of 

CLIP-seq by Nascent-seq yielded 12,838 CLIP regions. We then extracted the top 2,000 

CLIP regions with the highest coverages to generate Nascent-seq-normalized CLIP 

regions. 

To compare normalization by Nascent-seq and RNA-seq, we similarly 

generated RNA-seq-normalized CLIP regions. Normalization of CLIP-seq by RNA-seq 

yielded 5,890 CLIP regions. We then extracted the top 2,000 CLIP regions with the 

highest coverages. We also made native CLIP regions, where the top 2,000 CLIP regions 

with the highest coverages without normalization were located. 

First, we searched for FUS-binding motifs on Nascent-seq-normalized CLIP 

regions, RNA-seq-normalized CLIP regions, and native CLIP regions with MEME-ChIP. 

The E-values of motifs detected in Nascent-seq-normalized CLIP regions were better 

than those detected in RNA-seq-normalized CLIP regions and native CLIP regions 

(Supplementary Fig. S1). Especially, motifs with E-value < 1 x 10-10 were detected only 

in Nascent-seq-normalized CLIP regions (Supplementary Fig. S2). We then predicted a 

structural motif of FUS using Nascent-seq-normalized CLIP regions with GraphProt 

(Maticzka et al., 2014). GraphProt predicted a GU-rich sequence motif (Supplementary 

Fig. S3A), as well as a structural motif predicting a stem (Supplementary Fig. S3BC). 

This was consistent with our previous study (Ishigaki et al., 2012). 

We also analyzed single nucleotide frequencies of Nascent-seq-normalized 

CLIP regions, RNA-seq-normalized CLIP regions, and native CLIP regions. We found 

that G was abundant in Nascent-seq-normalized CLIP regions, whereas A was 

abundant in native CLIP regions (Supplementary Table S6). Analysis of dinucleotide 

frequencies revealed that UG, GU and GG dominated in Nascent-seq-normalized CLIP 

regions over native CLIP regions (Supplementary Table S7). In addition, UG was 

abundant in Nascent-seq-normalized CLIP regions compared to RNA-seq-normalized 

CLIP regions (Supplementary Table S7). Dominance of specific 4-nt motifs was 

conspicuous in descending order of Nascent-seq-normalized CLIP regions, 

RNA-seq-normalized CLIP regions, and native CLIP regions (Fig. 2). 

We next detected 1,974 CIMS in N2a_CLIP. As an RBP-crosslinked site tends 

to have a mutant nucleotide in high throughput sequencing, CIMS points to the direct 

FUS-binding site. Assuming that a motif in CIMS ± 10 nt is true-positive and a motif 

out of CIMS is false-positive, we calculated the sensitivity and specificity of all possible 

4-nt motifs by the binary classification test (Fig. 3). We first selected 17 4-nt motifs with 

frequency > 0.8% in Nascent-seq-normalized CLIP regions (Table 1). We made all 

possible combinations of k 4-nt motifs (k = 1 to 10) using the 17 4-nt motifs, and 

calculated the Youden’s index with CIMS. The best combinations of motifs for each k are 

shown in Table 2. Among these, a combination of 6 4-nt motif combination gave rise to 

the best Youden’s index (Table 2 and Fig. 4), and was better than previously reported 

individual motifs or 15 motifs annotated by SpliceAid 2 (Piva et al., 2012) (Fig. 4 and 

Supplementary Table S8). The combination of 6 4-nt motifs included GU-rich UGUG, 

CUGG, UGGU, GCUG, GUGG, and UUGG motifs, and was designated as 6GUR motifs. 

We performed similar analysis with RNA-seq-normalized CLIP regions and native CLIP 

regions (Table 1). The best Youden’s indices (0.274 and 0.268) of them were not as good 

as that (0.283) of 6GUR motifs (Table 2). 

 

3.2. Validation of 6GUR motifs with cerebrum_CLIP and brain_CLIP 
The 6GUR motifs extracted from Nascent-seq-normalized CLIP regions were 

validated using CIMS ± 100 nt regions of cerebrum_CLIP and brain_CLIP. The 
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numbers of CIMS of cerebrum_CLIP and brain_CLIP were 5,642 and 14,530, 

respectively. The numbers of the 6GUR motifs were higher in CIMS than those out of 

CIMS in both cerebrum_CLIP (Fig. 5A) and brain_CLIP (Fig. 5B). 

We also validated that a combination of 4-nt motifs is better than those of the 

other sized motifs. We similarly made combinations of 5- and 6-nt motifs that were 

comprised of 22 and 75 motifs, respectively (Supplementary Table S9), which yielded 

the best Youden’s indices with N2a_CLIP according to similar analyses shown in Fig. 4. 

We found that the numbers of the combinations of 5- and 6-nt motifs in CIMS of 

cerebrum_CLIP (Supplementary Fig. S4A) and brain_CLIP (Supplementary Fig. S4B) 

were not as high as those of 6GUR motifs. 

 

3.3. 6GUR-Score to predict FUS-binding sites 
To predict FUS-binding sites, the area comprised of 6GUR motifs was defined 

as the 6GUR-Score. For example, a stretch of UGUGGUGU has the UGUG, GUGG, and 

UGGU motifs, and the 6GUR-Score becomes 12. We compared the 6GUR-Score in CIMS 

(CIMS ± 10 nt) with the 6GUR-Score out of CIMS (CIMS – 50 nt ± 10 nt) of N2a_CLIP 

(Fig. 6). The 6GUR-Score of 4 or less was set to 0, because most 4-nt stretches covered by 

a single 6GUR motif were likely to be artifacts. We applied the 6GUR-Score to Fus 

(Supplementary Fig. S5) and Mib1 (Supplementary Fig. S6), and found that 

FUS-binding sites detected by N2a_CLIP were predicted by 6GUR-Score, but not by 

SpliceAid 2. 

We next examined the position of predicted FUS-binding sites on gene 

structure. Genomic coordinates of four types of exons (5’ UTR-containing exons, 3’ 

UTR-containing exons, coding exons, and alternatively spliced cassette exons) and 

introns were obtained from UCSC Table Browser (Speir et al., 2016) in a BED format. 

The predicted FUS-binding sites were most prevalent in introns (Supplementary Fig. 

S7 and Supplementary Table S10), which was consistent with our previous analyses of 

positions of CLIP-seq tags (Ishigaki et al., 2012; Masuda et al., 2015). 

We also looked into the position of predicted FUS-binding sites around the 

polyadenylation signal (PAS) sites. We used 46,081 PAS sites obtained from PolyA-seq 

in our previous report (Masuda et al., 2015), and counted the number of FUS-binding 

sites around PAS (Supplementary Fig. S8). Predicted FUS-binding sites made a peak 

downstream to PAS, which is consistent with our previous report showing that binding 

of FUS downstream to PAS enhances polyadenylation (Masuda et al., 2015). 

 

4. Discussion 

GU-rich motifs were more enriched in Nascent-seq-normalized CLIP regions 

than RNA-seq-normalized CLIP regions and native CLIP regions (Fig. 2, and 

Supplementary Figs. S1 and S2). Normalization by N2a_Nascent was likely to have 

suppressed dominance of motifs present in highly expressed genes. RBPs have 

degenerative binding motifs. Degeneracy, however, is highly variable from RBP to RBP. 

For example, RBFOX1 and RBFOX2 strictly recognize (U)GCAUG (Kuroyanagi, 2009), 

and CUGBP1 recognizes only a stretch of (UG)n (Masuda et al., 2012). In contrast, 

MBNL1, which has a binding motif of YGCY, binds to highly degenerative sequences 

and its binding sites cannot be readily predicted (Masuda et al., 2012). Similarly, the 

binding sites of NOVA1, which has a binding motif of YCAY, cannot be precisely 

predicted (Ule et al., 2006). An RBP with a stringent motif makes distinct clusters of 

CLIP-seq tags, whereas an RBP with a degenerative motif makes scattered and less 

distinct clusters of CLIP-seq tags. CLIP-seq studies by us (Ishigaki et al., 2012; Fujioka 

et al., 2013; Masuda et al., 2016) and others (Hoell et al., 2011; Lagier-Tourenne et al., 

2012; Rogelj et al., 2012; Schwartz et al., 2012; Nakaya et al., 2013; Zhou et al., 2013) 

indicate that FUS makes scattered clusters of CLIP-seq tags. Indeed, motif analysis 
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demonstrated highly degenerative motifs (Hoell et al., 2011; Ishigaki et al., 2012; 

Lagier-Tourenne et al., 2012; Rogelj et al., 2012; Fujioka et al., 2013; Masuda et al., 

2016) or lack of a distinct motif (Schwartz et al., 2012; Nakaya et al., 2013; Zhou et al., 

2013). In contrast to CLIP-seq, distinct motifs of GGUG and CGCGC were extracted 

with SELEX (Lerga et al., 2001) and RNAcompete (Ray et al., 2013), respectively. Lerga 

and colleagues additionally showed that one or two mutations in the GGUG motif are 

sufficient to loose FUS binding by electrophoretic mobility shift assay (EMSA) (Lerga et 

al., 2001). The GGUG and CGCGC motifs, however, gave rise to low Youden’s indices 

with N2a_CLIP (Fig. 4). The discrepancy between in cellulo CLIP-seq analysis and in 
vitro SELEX/RNAcompete analyses is likely due to difference in the binding conditions 

(Reyes-Herrera and Ficarra, 2014). Although FUS tends to make scattered clusters of 

CLIP-seq tags on many genes, FUS has distinct binding sites on the other genes, as 

exemplified on Fus itself (Supplementary Fig. S5). Similarly, we previously reported 

that FUS regulates alternative splicing by position-specific binding to the downstream 

introns (Ishigaki et al., 2012). We also reported that binding of FUS to the upstream of a 

cryptic polyadenylation site (cPolyA) suppresses cPolyA, whereas binding of FUS to the 

downstream of a cPolyA enhances cPolyA by recruiting CPSF160 (Masuda et al., 2016). 

FUS is thus likely to recognize specific binding sites on some genes, but the underlying 

mechanisms remain undetermined. We have shown that a combination of six 4-nt 

FUS-binding GU-rich (6GUR) motifs yields a better Youden’s index than previously 

reported motifs [GGU (Rogelj et al., 2012), GGUG (Lerga et al., 2001), GUGGU 

(Lagier-Tourenne et al., 2012), and CGCGC (Ray et al., 2013)] or SpliceAid 2 

(Supplementary Table S8) (Piva et al., 2012) (Fig. 4). The sensitivity and specificity of 

6GUR motifs, however, were 0.726 and 0.557, respectively (Table 2), which were not high 

enough to our satisfaction. Our analysis also disclosed that previously identified 

individual motifs and SpliceAid 2 are able to detect FUS-binding sites with a high 

specificity, although the sensitivities are low. Conversely, a combination of more than six 

motifs (Table 2) can be used to increase sensitivity at the cost of low specificity. We hope 

that 6GUR motifs of FUS will help elucidate yet unidentified functions of FUS in 

physiological and pathological conditions. 
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Figure legends 

 

Fig. 1. Correlation of the numbers of FUS CLIP-seq tags and Nascent-seq tags at the 

gene level in N2a cells. The numbers of tags are indicated in reads per kilobase per 

million mapped reads (RPKM) for each gene. In the 7,921 RefSeq coding genes, genes 

with RPKM ≥ 1 in both CLIP-seq and Nascent-seq are plotted. As calculation of RPKM 

in a sliding window of a fixed size yielded a large number of datasets, we calculated 

RPKM at the gene level for both CLIP-seq tags and Nascent-seq tags. The linear 

regression line is RPKM_Nascent-seq = 0.607 × RPKM_CLIP-seq + 1.583. Pearson’s 

correlation coefficient = 0.574. 

 

Fig. 2. Comparison of frequencies of all possible 4-nt motifs in Nascent-seq-normalized 

CLIP regions, RNA-seq-normalized CLIP regions, and native CLIP regions. (A) The 

horizontal axis indicates 256 4-nt motifs in descending order of frequency. (B) The 

top-ranked 17 4-nt motifs of Nascent-seq-normalized CLIP regions in (A). 

 

Fig. 3. Sensitivity and specificity of a specific motif is calculated using the number of 

motifs on 1,974 CIMS ± 100 nt segments of N2a_CLIP. (A) An example of UGUG motif. 

The number of UGUG motifs is plotted from CIMS – 100 nt to CIMS + 100 nt. (B) 

Matrix presentation of the number of motifs to calculate sensitivity and specificity. The 

number of CIMS ± 100 nt segments with a specific motif within CIMS ± 10 nt [flanked 

by solid lines in (A)] is defined as true-positive (TP). The number of CIMS ± 100 nt 

segments with a specific motif within CIMS – 50 nt ± 10 nt [flanked by dotted lines in 

(A)] is defined as false-positive (FP). False-negative, FN, and true-negative, TN, are 

similarly defined for CIMS ± 10 nt and CIMS – 50 nt ± 10 nt without a specific motif, 

respectively. Sensitivity, specificity, and Youden’s index are calculated using the 

indicated equations. 

 

Fig. 4. Receiver operating characteristic (ROC) plots (A) and Youden’s indices (B) of 

combinations of the best 1 to 10 motifs (Table 2), as well as previously reported motifs. 

Among them, a combination of 6 4-nt motifs (6GUR motifs) yielded the best Youden’s 

index of 0.283. For SpliceAid 2, a combination of 15 motifs is indicated. 

 

Fig. 5. Validation of the identified FUS-binding 6GUR motifs using cerebrum_CLIP and 

brain_CLIP. The number of 6GUR motifs are plotted for 5,642 CIMS ± 100 nt segments 

of cerebrum_CLIP (A) and for 14,530 CIMS ± 100 nt segments of brain_CLIP (B). Using 

Kruskal-Wallis rank sum test and Steel-Dwass post-hoc test with Bonferroni correction 

(R version 3.2.1), we calculated p-values to evaluate the difference in the number of 

6GUR motifs in CIMS (a single position) and that out of CIMS (each point of 200 

positions). The 200 p-values were all less than 1 x 10-12 for both the cerebrum_CLIP and 

brain_CLIP (not indicated in figure). 

 

Fig. 6. Difference in 6GUR-Score spanning and outside of CIMS of N2a_CLIP. The 

6GUR-Scores spanning CIMS (CIMS ± 10 nt) are counted, and the ratio of each bin (0 to 

32) of 6GUR-Score is calculated. Similarly, the 6GUR-Score out of CIMS (CIMS – 50 nt ± 

10 nt) are counted, and the ratio in each bin (0 to 32) of 6GUR-Score is calculated. For 

each bin (0 to 32), the ratio of 6GUR-Score out of CIMS is subtracted from that spanning 

CIMS. The difference is plotted for each bin. A positive value in the difference indicates 

that the specific 6GUR-Score is enriched in CIMS. 
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Table 1. Motifs (4-nt) with frequency > 0.8% in the Nascent-seq-normalized CLIP regions, 

RNA-seq-normalized CLIP regions, and native CLIP regions 

 

A. Nascent-seq-normalized CLIP regions 

Motif  Frequency (%)  

UGUG 1.598 

CUGG 1.228 

GUGU 1.194 

UGGU 1.168 

UCUG 1.118 

GCUG 1.080 

CUGU 1.060 

UGCU 1.044 

CCUG 1.037 

UGUG 1.037 

UGGG 1.026 

GUGG 1.026 

GGUG 1.000 

UGAG 0.902 

UUGG 0.873 

CUGA 0.867 

CUCU 0.828 

 

B. RNA-seq-normalized CLIP regions 

Motif  Frequency (%)  

UGUG 1.557 

GUGU 1.165 

CUGG 1.150 

UCUG 1.046 

CUGU 1.043 

UGGU 1.031 

GCUG 1.023 

CCUG 0.948 

UGCU 0.937 
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UGGG 0.911 

GUGG 0.891 

GGUG 0.868 

UGAG 0.856 

CUGA 0.815 

 

C. Native CLIP regions 

Motif  Frequency (%)  

UGUG 1.152 

UCUG 0.899 

GUGU 0.888 

CUGG 0.879 

CUGU 0.852 

UGGU 0.813 

UGGG 0.805 
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Table 2. Combinations of 4-nt motifs with the best Youden’s indices 

 

A. Nascent-seq-normalized CLIP regions 

Combinations Motifs 1 - Specificity  Sensitivity  Youden’s index  

1 CUGG 0.125 0.256 0.131 

2 CUGG, UUGG 0.210 0.424 0.213 

3 UGUG, CUGG, UUGG 0.337 0.605 0.268 

4 UGUG, CUGG, GUGG, UUGG 0.378 0.659 0.280 

5 UGUG, CUGG, UGGU, GUGG, UUGG 0.398 0.680 0.282 

6 
UGUG, CUGG, UGGU, GCUG, GUGG, 

UUGG 
0.443 0.726 0.283 

7 
UGUG, CUGG, UGGU, GCUG, UGGG, 

GUGG, UUGG 
0.459 0.741 0.282 

8 
UGUG, CUGG, GUGU, UGGU, GCUG, 

GUGG, GGUG, UUGG 
0.490 0.770 0.280 

9 
UGUG, CUGG, GUGU, UGGU, GCUG, 

UGGG, GUGG, GGUG, UUGG 
0.504 0.781 0.277 

10 
UGUG, CUGG, GUGU, UGGU, GCUG, 

CCUG, UGGG, GUGG, GGUG, UUGG 
0.549 0.817 0.268 
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B. RNA-seq-normalized CLIP regions 

Combinations Motifs 1 - Specificity  Sensitivity  Youden’s index  

1 CUGG 0.125 0.256 0.131 

2 UGUG, CUGG 0.263 0.477 0.213 

3 UGUG, CUGG, UGGU 0.319 0.570 0.251 

4 UGUG, CUGG, UGGU, UGGG 0.368 0.636 0.268 

5 UGUG, CUGG, UGGU, UGGG, GUGG 0.384 0.657 0.273 

6 
UGUG, CUGG, UGGU, GCUG, UGGG, 

GUGG 
0.432 0.705 0.274 

7 
UGUG, CUGG, UGGU, GCUG, CCUG, 

UGGG, GUGG 
0.484 0.755 0.271 

8 
UGUG, GUGU, CUGG, UGGU, GCUG, 

UGGG, GUGG, GGUG 
0.480 0.751 0.271 

9 
UGUG, GUGU, CUGG, UGGU, GCUG, 

CCUG, UGGG, GUGG, GGUG 
0.526 0.794 0.268 

10 
UGUG, GUGU, CUGG, UGGU, GCUG, 

CCUG, UGGG, GUGG, GGUG, UGAG 
0.571 0.832 0.261 
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C. Native CLIP regions 

Combinations Motifs 1 - Specificity  Sensitivity  Youden’s index  

1 CUGG 0.125 0.256 0.131 

2 UGUG, CUGG 0.263 0.477 0.213 

3 UGUG, CUGG, UGGU 0.319 0.570 0.251 

4 UGUG, CUGG, UGGU, UGGG 0.368 0.636 0.268 

5 UGUG, GUGU, CUGG, UGGU, UGGG 0.401 0.664 0.263 

6 
UGUG, UCUG, GUGU, CUGG, UGGU, 

UGGG 
0.473 0.719 0.247 

7 
UGUG, UCUG, GUGU, CUGG, CUGU, 

UGGU, UGGG 
0.519 0.747 0.228 

Youden’s index = sensitivity + specificity -1 

 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

Highlights 

 

 As CLIP-seq tags are enriched in highly expressed genes, we normalized CLIP-seq 

tags of N2a cells by Nascent-seq tags of N2a cells. 

 We extracted frequently observed 4-nt motifs from the normalized CLIP-seq 

regions. 

 Six GU-rich motifs of UGUG, CUGG, UGGU, GCUG, GUGG and UUGG (6GUR 

motifs) were enriched in FUS-binding sites of CLIP-seq. 

 We propose that an area covered by 6GUR motifs (the 6GUR-Score) of 8 or more 

efficiently predicts FUS-binding sites. 
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