
 

主論文の要旨 

 

 

 

HnRNP C, YB-1 and hnRNP L coordinately enhance skipping 

of human MUSK exon 10 to generate a Wnt-insensitive MuSK isoform 
 

RNA 結合蛋白 hnRNP C、YB-1 および hnRNP L は協調して、ヒト MUSK 

exon10 の skipping を誘導し、Wnt 不応性 MuSK アイソフォームを生成する 
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Background 

Muscle specific receptor tyrosine kinase (MuSK) is an essential postsynaptic 

transmembrane molecule that mediates clustering of acetylcholine receptors (AChR) at 

neuromuscular junction (NMJ). MuSK harbors specific domains to respond to agrin and Wnt 

ligands. The ectodomain of MuSK has three immunoglobulin (Ig)-like domains (Ig1, Ig2, and 

Ig3) and a frizzled-like cysteine-rich domain (Fz-CRD) (Fig. 1). The first Ig-like domain (Ig1) 

of MuSK is required for agrin to stimulate MuSK phosphorylation via LRP4. Phosphorylation 

and activation of MuSK can also be promoted by Wnt proteins by interacting with Fz-CRD. 

Frizzled proteins have ten highly conserved cysteine residues forming five disulfide bonds, 

which are essential for forming a compact folding structure. MuSK Fz-CRD is encoded by exon 

10 coding for 6 cysteines and exon 11 coding for 4 cysteines. MUSK exon 10 is alternatively 

skipped in human, but not in mouse. Skipping of this exon disrupts Fz-CRD, thereby likely to 

affect Wnt-mediated AChR clustering. Considering the functional significance Fz-CRD, we 

humans are likely to have acquired an evolutionally novel Wnt-insensitive MuSK isoform 

lacking 6 essential cysteines, but the underlying mechanisms of alternative skipping of MUSK 

exon 10 remains unknown.  

 

Results 

To investigate the underlying mechanism of alternative splicing, we constructed MUSK 

minigene by inserting exon 10 and flanking intronic sequences into the modified exon-trapping 

vector pSPL3 originated from both human and mouse (Fig. 2b). The minigenes successfully 

recapitulated the alternative and constitutive splicing pattern of human and mouse MuSK 

respectively in HeLa and KD3 (Immortalized human myogenic cells) cells. To identify 

exonic/intronic segments carrying splicing cis-elements, we constructed chimeric minigenes 

made of variable combinations of human and mouse segments (Fig. 2c). We found that the 

introduction of mouse exon 10 into human minigene resulted in constitutive splicing (pH-EC in 

Fig. 2c). To specifically identify exonic splicing cis-elements, we sequentially introduced a 

20-nucleotide heterologous sequence block, which was previously reported to have no effect on 

splicing (Fig. 2d). We scanned the entire exon 10 by substituting 13 blocks. The block scanning 

mutagenesis detected a potential ESS in two separate blocks (blocks 5 and 12). Artificial 

introduction of discordant nucleotides into ESS5 (pH-mB5) and ESS12 (pH-mB12) resulted in 

profound and moderate loss of exon skipping, respectively (Fig. 3a and b), which was consistent 

with the block-scanning mutagenesis experiments (Fig. 2d). Therefore, the splicing suppressive 

effect of ESS5 was stronger than that of ESS12. 

Using RNA-affinity purification, mass spectrometry, and Western blotting, we identified 

that hnRNP C, YB-1 and hnRNP L are bound to ESS5 of MUSK exon 10 (Fig. 3e and f). We 

next examined the effects of the identified trans-factors on skipping of exon 10 by 

siRNA-mediated downregulation of the individual factors in HeLa cells. Downregulation of 
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hnRNP C resulted in a significant loss of exon skipping (Fig. 4b). Similarly, downregulation of 

YB-1 and hnRNP L caused a loss of exon skipping, but to a lesser extent compared to hnRNP C. 

Downregulation of all three trans-factors exerted a more prominent effect than hnRNP C alone. 

Thus, YB-1 and hnRNP L are likely to have additive effects on exon skipping. We reconfirmed 

these findings by cDNA overexpression experiments (Fig. 4d).  

To characterize the precise binding sites of the associated factors, we introduced a series 

of artificial point mutations into the human ESS5 RNA probe and checked the binding of each 

factor by RNA-affinity purification followed by Western blotting (Fig. 5a and b). The results 

suggest that binding of hnRNP C to the poly-T stretch facilitates the binding of YB-1 and 

hnRNP L to the adjacent downstream site. To test this hypothesis, we depleted hnRNP C from a 

HeLa nuclear extract using a specific antibody and performed RNA affinity purification assays. 

As we had expected, depletion of hnRNP C nullified the binding of YB-1 and hnRNP L. 

To examine the additive effect of YB-1 or hnRNP L on hnRNP C-mediated exon 

skipping, we made a reporter minigene (pSPL3-human-MUSK-MS2-PP7), in which the 

bacteriophage MS2 coat protein-binding site was substituted for the native ‘TTTTTCT’ 

sequence in the first half of ESS5 (the binding site of hnRNP C), and the bacteriophage PP7 

coat protein-binding site was substituted for the native ‘CAACACCTC’ sequence in the second 

half of ESS5 (the binding site of YB-1 and hnRNP L) (Fig. 5d). We also made cDNA fusion 

constructs, hnRNP C-MS2, YB-1-PP7, and hnRNP L-PP7, to artificially tether splicing 

trans-factors to the respective sites. Simultaneous tethering of two splicing trans-factors to the 

target confirmed the cooperative effect of YB-1 and hnRNP L on hnRNP C-mediated exon 

skipping. 

We next examined the splicing profile of human MUSK exon 10 in different stages of 

myogenic differentiation in KD3 cells. We found that skipping of human MUSK exon 10 

reduces upon differentiation (Fig. 6b). Expression analysis of identified trans-factors 

demonstrated that hnRNP C and YB-1 are indeed decrease upon differentiation, whereas the 

expression level of hnRNP L is not significantly changed at the mRNA (Fig. 6d) and protein 

(Fig. 6e) levels. Therefore, reduction of hnRNP C and YB-1 in the course of muscle 

differentiation causes reduction of skipping of human MUSK exon 10 to produce a 

Wnt-sensitive MuSK isoform. 

 

Discussion 

In this study, we have identified splicing regulatory cis-elements and cognate 

trans-factors that drive alternative splicing of human MUSK exon 10. We have characterized the 

mutual coordination between the three trans-factors. HnRNP C binds to a poly-T stretch in the 

first half of ESS5, whereas binding motifs of hnRNP L and YB-1 are overlapped in the second 

half of ESS5. In addition, binding of YB-1 and hnRNP L is dependent on hnRNP C. One 

possible mechanism for this is that overlapping binding motifs between hnRNP L and YB-1 
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provoke competitive binding of the two factors. A third molecule, hnRNP C, may rearrange 

RNA conformation to stabilize the binding of either hnRNP L or YB-1. Binding of YB-1 and 

hnRNP L to the same target and the subsequent coordinated splicing regulation have been 

previously reported. To the best of our knowledge, MUSK exon 10 is the first target where 

coordinated splicing regulation by YB-1 and hnRNP L is dependent on hnRNP C. RT-PCR 

analysis of 37 targets, where an hnRNP C-binding 'TTTT' motif and a YB-1-binding 

'CATC/CACC' motif are adjacent to each other in human alternative cassette exons and flanking 

introns, revealed three alternative cassette exons that are coordinately skipped by hnRNP C and 

YB-1. Although detailed functional coordination of hnRNP C and YB-1 on these targets, and 

involvement of hnRNP L, remain unknown, MUSK exon 10 is unlikely to be the only target 

where hnRNP C, YB-1, and hnRNP L coordinately induce exon skipping. 
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