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            Abstract
Rhabdomyosarcoma, a cancer of skeletal muscle lineage, is the most common soft-tissue sarcoma in children1. Major subtypes of rhabdomyosarcoma include alveolar (ARMS) and embryonal (ERMS) tumors2,3. Whereas ARMS tumors typically contain translocations generating PAX3-FOXO1 or PAX7-FOXO1 fusions that block terminal myogenic differentiation4,5,6, no functionally comparable genetic event has been found in ERMS tumors. Here we report the discovery, through whole-exome sequencing, of a recurrent somatic mutation encoding p.Leu122Arg in the myogenic transcription factor MYOD1 in a distinct subset of ERMS tumors with poor outcomes that also often contain mutations altering PI3K-AKT pathway components. Previous mutagenesis studies had shown that MYOD1 with a p.Leu122Arg substitution can block wild-type MYOD1 function and bind to MYC consensus sequences7, suggesting a possible switch from differentiation to proliferation. Our functional data now confirm this prediction. Thus, MYOD1 p.Leu122Arg defines a subset of rhabdomyosarcomas eligible for high-risk protocols and the development of targeted therapeutics.
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                    Figure 1: Prevalence of MYOD1 p.Leu122Arg in rhabdomyosarcoma.[image: ]


Figure 2: Distinctive clinicopathological features and outcome of ERMS with MYOD1 p.Leu122Arg.[image: ]


Figure 3: Effects of MYOD1 Leu122Arg on cell growth and myogenic differentiation in vitro.[image: ]


Figure 4: Effects of concurrent expression of PIK3CA His1047Arg on MYOD1 Leu122Argâ€“induced phenotypes in vitro and in vivo.[image: ]


Figure 5: Aberrant transcriptional effects of MYOD1 Leu122Arg.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Identification of MYOD1 L122R in RMS.
IGV views of exome and RNA-seq reads at MYOD1 L122 in embryonal RMS case RMS1. A mutation (c.365T>G) was seen in the tumor exome and tumor transcriptome but not in the normal exome; the read counts for the reference and variant alleles in these three sequencing runs were, respectively, 35T:40G, 284T:389G and 143T:0G.


Supplementary Figure 2 Sequenom mass spectrometryâ€“based genotyping data showing MYOD1 L122R point mutation in ten ERMS cases.
In human tumors with admixed non-neoplastic cells, heterozygous mutant (M) peaks are typically smaller than the wild-type (WT) allele peaks. The cases with LOH at MYOD1 by Affymetrix Oncoscan array analysis (see text for details) are grouped by the boxes. The latter data were not available in case RMS8, but the fact that the wild-type allele is less abundant than the mutant allele in this tumor biopsy is also suggestive of loss of the wild-type allele in this tumor.


Supplementary Figure 3 Introduction of MYOD1 L122R and PIK3CA H1047R into C2C12 mouse myoblast cells.
(a) Protein blot analysis of MYOD1 and MYC transfectants. The expression levels of MYOD1 (top panel), MYC (second from the top panel) and PI3 kinase p110Î± (third from the top panel) were evaluated. GAPDH is shown as a loading control (bottom panel). This confirmed MYOD1 protein expression and MYC protein expression in the respective transfectants. (b) Phase-contrast microscopy of C2C12 mouse cells transfected with GFP, wild-type MYOD1, MYOD1 L122R or MYC expression constructs, cultured in normal medium (not differentiation medium) (top panel; 200Ã—magnification; scale bar, 100 Î¼m). (c) Phase-contrast microscopy of C2C12 cells transfected with the indicated expression plasmids cultured in normal medium (not differentiation medium) are shown (200Ã— magnification; scale bar, 100 Î¼m). Arrowheads indicate multinucleated myotubes.


Supplementary Figure 4 Assessment of whole-genome copy number, LOH and PTEN deletion status in MYOD1-mutated samples using the Affymetrix OncoScan FFPE assay kit.
(a) The results of 9 of 10 mutant cases are summarized (sample RMS8 was inadequate for this analysis). MYOD1 is located on chromosome 11p15.1. LOH through uniparental disomy (UPD) was identified at this region in 44% (4/9) of the mutant cases. PTEN deletions were identified in 22% (2/9) of the mutant cases. Neither of these cases harbored PIK3CA mutations. (b) Representative data from case RMS5, depicting UPD at 11p12-15 and homozygous loss of PTEN exon 1.


Supplementary Figure 5 Global gene expression changes associated with MYOD1 L122R.
(a) Venn diagrams of the number of genes that were upregulated (left panel) or downregulated (right panel) by more than 2-fold in C2C12 mouse myoblast cells transfected with wild-type MYOD1, MYOD1 L122R or MYC compared to parental C2C12 cells. Overlaps among both upregulated and downregulated genes were greater between MYOD1 L122R and MYC than between the former and wild-type MYOD1 (81/347 versus 30/270, P < 0.001; 200/435 versus 18/182, P < 0.001). (b) Venn diagrams of genes that were more than 2-fold upregulated (left panel) or downregulated (right panel) in BJ human fibroblast cells transfected with wild-type MYOD1, MYOD1 L122R or MYC compared to parental BJ cells. Overlaps among downregulated genes were greater between MYOD1 L122R and MYC than between the former and wild-type MYOD1 (503/1,104 versus 266/718, P < 0.001), but upregulated genes were not significantly different (277/1,080 versus 213/777, P = 0.425). (c) Heat maps of hierarchical clustering of the expression microarray data from parental C2C12 cells and cells transfected with wild-type MYOD1, MYOD1 L122R or MYC. The analysis was performed on 693 statistically significant genes with a fold change of at least 2 in one of three comparisons, as described in the Online Methods. Levels of expression are indicated on a color scale where blue represents the upregulated genes and yellow represents the downregulated genes. Similarities or differences in the gene expression patterns of each cell line are represented in the horizontal dendrogram. (d) Heat maps of hierarchical clustering of the expression microarray data from parental BJ cells and cells transfected with wild-type MYOD1, MYOD1 L122R or MYC. The analysis was performed on 1,372 statistically significant genes (from a filtered list of 3,850 genes) with a fold change of at least 2 in one of three comparisons, as described in the Online Methods.


Supplementary Figure 6 Gene set enrichment analysis on the gene list from MYOD1 L122Râ€“transfected C2C12 cells.
(a) GSEA plots for the top seven transcription factor binding motifs enriched among genes changed by the transfection of MYOD1 L122R in C2C12 cells. The genes from the microarray analysis are ranked according to their differential expression scores in MYOD1 L122Râ€“transfected C2C12 cells from highest to lowest along the x axis. The over-representation of genes encoding DNA-binding motifs (represented by the black lines) at the top of the ranked gene list suggests that there is a correlation between genes encoding this binding motif and MYOD1 L122Râ€“regulated genes. The green line represents the running enrichment score. (b) Table of the significant (FDR q value < 0.1) gene sets associated with the MYOD1 L122Râ€“regulated gene signature. Sets are ranked in order of their normalized enrichment score (NES). The transcription factors associated with these DNA-binding motifs are shown.


Supplementary Figure 7 Cotransfection of wild-type MYOD1 and MYOD1 L122R into C2C12 cells.
Quantitative RT-PCR (qPCR) was performed to compare the expression levels of genes related to myogenic differentiation in C2C12 transfected with wild-type MYOD1, both wild-type MYOD1 and MYOD1 L122R, or MYOD1 L122R. Data were normalized to the expression levels of GAPDH and are expressed as the fold increase relative to C2C12 cells transfected with wild-type MYOD1.


Supplementary Figure 8 Histone modifications associated with wild-type MYOD1 and MYOD1 L122R.
(a) Individual ChIP assays were used to assess the deposition of the indicated histone marks at the enhancer regions of myotube-specific genes that are highly expressed in C2C12 cells upon transfection with wild-type MYOD1. DNA enrichment was measured by quantitative PCR (qPCR). ChIP enrichment is calculated as a percentage of input and is shown as the ratio to control. Error bars represent s.d. from three independent experiments. â€ P < 0.01, control versus MYOD1; *P < 0.01, MYOD1 versus MYOD1 L122R; N.S., not significant, control versus MYOD1 or MYOD1 versus MYOD1 L122R.
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