
 

主論文の要旨 

 

 

 

Phenylbutazone induces expression of MBNL1 and 

suppresses formation of MBNL1-CUG RNA foci in a 

mouse model of myotonic dystrophy 
 

フェニルブタゾンは、筋緊張性ジストロフィーモデルマウスにおいて、

MBNL1 の発現を増強し、MBNL1 と CUG 異常反復 RNA の 

結合を阻害する 
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Background 

Myotonic dystrophy type 1 (DM1) is caused by abnormal expansion of CTG repeats in the 3’ 

untranslated region of the DMPK gene. Expanded CTG repeats are transcribed into RNA and make 

an aggregate with a splicing regulator, MBNL1, in the nucleus, which is called the nuclear foci. The 

nuclear foci sequestrates and downregulates availability of MBNL1. Symptomatic treatments are 

available for DM1, but no rational therapy is available. In this study, we explored to identify a drug 

which upregulates MBNL1 expression in DM1 mouse model. 

 

Method 

We screened twenty NSAIDs for upregulation of MBNL1 using C2C12 mouse myoblasts. 

After culturing the cells with each drug at 50 µM for 24 h, we performed real-time RT-PCR analysis 

and found that PBZ promoted expression of Mbnl1 mRNA. Then we treated HSALR mice with 16.7 

mg/kg/day of PBZ from 8 weeks after birth, which was about three times more than that taken by 

patients as an NSAID (300 mg/day). After 3 months of PBZ-treatment, the mice were sacrificed, and 

immunohistochemistry analysis and RT-PCR analysis were performed to examine the effect of PBZ 

on these mice. 

 

Results 

Phenylbutazone (PBZ) upregulated the expression of Mbnl1 mRNA and protein in the mouse 

C2C12 myogenic cells during differentiation (Fig 1). 

We next examined the effect of PBZ on HSALR mice, which carried 250 CUG repeats driven 

by a muscle-specific promoter. HSALR mouse is an established model for DM1. Consistent with the 

results of C2C12 cells, our analysis showed that PBZ elevated expression of Mbnl1 mRNA and 

protein in skeletal muscles of HSALR mice (Fig. 2a and b). We also analyzed the voluntary wheel 

running exercise for these mice during the treatment of PBZ. We found that PBZ treatment increased 

the number of wheel rotations in HSALR mice to a similar level of wild-type mice (Fig. 2c). In HSALR 

mice, affected muscles show central nuclei, split fibers, ring fibers, and markedly increased fiber size 

variations. We stained muscle sections of untreated wild type FVB/N mice, untreated HSALR mice, 

and PBZ-treated HSALR mice with hematoxylin and eosin (H&E), and found that PBZ significantly 

reduced the number of muscle fibers with central nuclei (Fig. 2d and e). 

More than 100 aberrant splicing events are observed in the skeletal muscles of HSALR mice. 

Our analysis showed that PBZ ameliorated aberrant inclusions of Clcn1 exon 7a, Nfix1 exon 7 and 

Rpn2 exon 17, which are mis-spliced in HSALR mice (Fig. 3a and b). Immunofluorescence analysis 

showed that the immunostaining of the CLCN1 protein was markedly improved by the PBZ treatment 

(Fig. 3c). Thus, PBZ suppresses aberrant splicing of the Clcn1 gene, which leads to increased 

expression of the CLCN1 protein on the cell membrane. 

In DM1, MBNL1 colocalizes with CUG RNA foci. The sequestration of MBNL1 to CUG 

RNA foci leads to a loss-of-function of the protein. To investigate whether PBZ affects association of 



MBNL1 with CUG RNA foci, we performed RNA fluorescence in situ hybridization and 

immunohistochemistry of skeletal muscle of HSALR mice (Fig. 4a). We found that co-localization of 

MBNL1 and RNA foci was markedly attenuated by PBZ treatment (lower panel in Fig. 4a). We also 

performed an electrophoretic mobility shift assay (EMSA) experiment using the recombinant 

MBNL1 protein and an RNA probe carrying ten copies of CUG repeats. Our analysis demonstrated 

that PBZ suppressed formation of the MBNL1-CUG RNA complex in a dose-dependent manner 

(lanes 3-7 in Fig. 4b and c), whereas PBZ did not affect formation of the PTBP1-polypyrimidine tract 

RNA complex (lanes 10-14 in Fig. 4b and d). These results suggest that PBZ specifically inhibits the 

MBNL1 and CUG RNA interaction in vivo and in vitro. 

We have demonstrated that PBZ upregulates MBNL1 expression in myogenic cells as well as 

in HSALR mice muscle. Since DNA methylation is deeply involved in the regulation of gene 

expression during myogenic differentiation, we analyzed DNA methylation of the mouse Mbnl1 locus. 

We first analyzed the effect of the 5-aza(deoxy)cytidine (5-AC), a compound known to inhibit DNA 

methylation, on Mbnl1 expression. RT-PCR analysis showed that 5-AC treatment upregulated 

expression of Mbnl1 mRNA in C2C12 cells (Fig. 5b), suggesting the suppressive effect of DNA 

methylation on Mbnl1 expression. Next, we looked into previously published methylated DNA 

immunoprecipitation (MeDIP) analysis of C2C12 cells (GSE22077). We found three methylated 

regions (MeR) around Mbnl1 locus in C2C12 cells: MeR1, MeR2, and MeR3 are located upstream of 

exon1, in intron 1, and in exon 2, respectively (Fig. 5a). To examine whether PBZ affects methylation 

of these regions in myogenic cells, we performed bisulfite sequencing on myogenic differentiation 

day 3 of C2C12 cells treated with or without PBZ. Our analysis showed that PBZ significantly 

suppressed methylation of MeR2 in differentiation-induced C2C12 cells (Fig. 5c and d). 

Next, we examined if demethylation of MeR2 by PBZ is responsible for upregulation of 

Mbnl1 mRNA. We performed chromatin immunoprecipitation (ChIP) with an antibody against RNA 

polymerase II (RNAP II) to see the effect of PBZ on accumulation of RNAP II in this region (Fig. 6b). 

We also examined the effect of PBZ on the transcription rate around MeR2 by qRT-PCR of nascent 

transcripts (Fig. 6c). We found that PBZ treatment increased RNAP II occupancy on (P3 in Fig. 6b) 

and downstream (P5 and P6 in Fig. 6b) of MeR2. Similarly, PBZ enhanced expression of nascent 

transcripts on (P3 in Fig. 6c) and downstream (P4 in Fig. 6c) of MeR2. These results suggest that PBZ 

suppresses methylation of MeR2 and enhances transcription. 

 

Discussion 

DM1 is the most common muscular dystrophy in adults, affecting approximately one in 

every 8,000 individuals. However, there is as yet no therapy for DM1. The novel therapeutic 

approaches, including RNA interference against the CUG repeats, CAG oligonucleotides, and small 

chemical compounds that bind to the CUG RNA may exert unexpected toxic effects in humans. 

Unlike these novel therapeutic options, the optimal doses of NSAIDs including PBZ have been 

established and the adverse effects are predictable. 



In this study, we demonstrate that PBZ increases MBNL1 availability, which leads to 

amelioration of muscle weakness and muscle pathology in HSALR model mice. We found that PBZ 

has two distinct mechanisms: one on the attenuation of sequestration of MBNL1 on CUG RNA foci, 

and the other on the suppression of methylation of Mbnl1 intron 1. PBZ is accordingly able to 

increase availability of MBNL1 and ameliorate a loss-of-function of MBNL1 observed in DM1 

pathology. Although further analysis is required, we hope that PBZ becomes one of the rational 

therapeutic options for DM1 patients. 




