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            Abstract
MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression. Heterozygous loss-of-function point mutations of miRNA genes are associated with several human congenital disorders1,2,3,4,5, but neomorphic (gain-of-new-function) mutations in miRNAs due to nucleotide substitutions have not been reported. Here we describe a neomorphic seed region mutation in the chondrocyte-specific, super-enhancer-associated MIR140 gene encoding microRNA-140 (miR-140) in a novel autosomal dominant human skeletal dysplasia. Mice with the corresponding single nucleotide substitution show skeletal abnormalities similar to those of the patients but distinct from those of miR-140-null mice6. This mutant miRNA gene yields abundant mutant miR-140-5p expression without miRNA-processing defects. In chondrocytes, the mutation causes widespread derepression of wild-type miR-140-5p targets and repression of mutant miR-140-5p targets, indicating that the mutation produces both loss-of-function and gain-of-function effects. Furthermore, the mutant miR-140-5p seed competes with the conserved RNA-binding protein Ybx1 for overlapping binding sites. This finding may explain the potent target repression and robust in vivo effect by this mutant miRNA even in the absence of evolutionary selection of miRNA–target RNA interactions, which contributes to the strong regulatory effects of conserved miRNAs7,8. Our study presents the first case of a pathogenic gain-of-function miRNA mutation and provides molecular insight into neomorphic actions of emerging and/or mutant miRNAs.
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                    Fig. 1: Novel skeletal dysplasia associated with miR-140-5p mutation.[image: ]


Fig. 2: Skeletal phenotype of miR-140 mutant mice.[image: ]


Fig. 3: Loss-of-function and gain-of-function effects of miR-140-G mutation in chondrocyte transcriptome.[image: ]


Fig. 4: Competition between miR-140-5p-G and Ybx1.[image: ]
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              Data generated during this study are available in the Gene Expression Omnibus under accession number GSE98309. The human variant is deposited in the ClinVar database (SCV000586692.1). Human genome data from the individuals participating in the study is protected by Swedish law (2006:351), and raw Sanger sequencing data within the area of interest is available upon request. All other data will be made available upon request to the corresponding author.
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Extended data

Extended Data Fig. 1 Human phenotype and genotype.
a–c, Fiberscopy findings in P1, 44 years of age, consistent with laryngomalacia. a, The right arytenoid cartilage is enlarged with redundant soft tissues and it prolapses antero-medially over the larynx during inspiration. b, Reduced laryngeal contraction is observed during expiration. c, A close view of the larynx and vocal folds shows dorsal narrowing of the subglottic region. d, The pathogenic variant in MIR140 (chr16:g.69967007A>G) (indicated by black arrows) in WGS and exome sequencing data (left and right panels), and its Sanger sequencing confirmation (middle panel) in individuals P1, P2, and P3 as in Fig. 1. Position of the mutation is according to GRCh37 (hg19). MP1, mother of P1; FP1, father of P1; MP3, mother of P3; FP3, father of P3. e, Evolutionarily conservation of MIR140 in different species; miRNA hairpin sequence is highlighted in gray. The second nucleotide in miR-140-5p is conserved from human to Australian ghostshark (indicated by a black arrow).


Extended Data Fig. 2 The miR-140 gene-associated super-enhancers in human and mouse chondrocytes.
a, Distribution of ChIP–seq signals at enhancers in human and mouse chondrocytes. The miR-140 gene-associated enhancers are highlighted. The miR-140 locus is associated with high ChIP–seq signals of H3K27Ac and Sox9 in mouse chondrocytes. b, Summary of association between miR-140 and super-enhancers (SEs). TE, typical enhancer. c, H3K27Ac ChIP–seq profiles at the miR-140 gene locus in human chondrocytes. The H3K27Ac profile of the donor id: 60 is shown in Fig. 1s. d, H3K27Ac and Sox9 ChIP–seq profiles of the miR-140 gene locus in mouse chondrocytes.


Extended Data Fig. 3 Skeletal phenotype of miR-140 A>G mutant mice.
a, miR-140G/G mice are smaller. The y axis and x axis indicate weight in grams and days of postnatal age, respectively. Numbers of evaluated mice with indicated genotypes are shown in parentheses. Results represent mean ± s.e.m. Statistical significance was assessed using two-way ANOVA and post hoc Tukey–Kramer test. b, Representative images from two independent experiments (at least three sections of each genotype) of in situ hybridization in epiphyseal growth plates of proximal humeri. Decreased expression of Col10a1 is observed in miR-140G/G and miR-140G/+ mice. c, Representative images of Alizarin red staining of the trachea (+/+, n = 6; G/+, n = 3; G/G, n = 5). Cartilage mineralization is absent or severely impaired in miR-140G/+ and miR-140G/G mice. d, Representative images of Alizarin red staining of the thoracic cage (+/+, n = 4; G/+, n = 7; G/G, n = 9; −/−, n = 2). Delay in chondrocyte mineralization in the rib cartilage is observed in miR-140G/G and miR-140G/+ mice. e,f, Proliferation rate assessed by BrdU labeling (e) and apoptosis assessed by TUNEL staining (f) in P7 tibial proximal growth plates. The fraction of BrdU-positive cells was calculated in the columnar proliferating chondrocytes. Results represent mean ± s.e.m. (+/+, n = 3; G/+, n = 4; G/G, n = 3). Apoptotic cells were not observed in the growth plate of miR-140G/G or miR-140+/+ mice (f). White arrow indicates apoptotic cells associated with blood vessels invaded into the epiphysis of WT mice. White dotted boxes indicate the growth plates (excluding the epiphyseal cartilage), and there were no TUNEL-positive cells in the growth plate cartilage in both miR-140+/+ and miR-140G/G mice. g, Representative images of Alizarin red staining of vertebral bodies (+/+, n = 4; G/+, n = 7; G/G, n = 9; −/−, n = 2). Vertebral bodies of miR-140G/G mice are smaller compared with miR-140G/+, miR-140+/+, and miR-140−/− mice. h, Delayed maturation of the proximal tibial epiphysis in P56-old mutant mice. Scale bars, 200 µm. Measurements of tibial growth plates of P56 mice show significant expansions in miR-140G/G and miR-140G/+ mice. The bar graphs show mean ± s.e.m. (+/+, n = 6; G/+, n = 3; G/G, n = 5). Statistical significance was assessed using Kruskal–Wallis one-way ANOVA and post hoc Steel–Dwass test.
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Extended Data Fig. 4 Small RNA profiles in miR-140-G mutant chondrocytes.
a, Proportion of small RNA species of mouse primary chondrocytes with indicated genotypes. b, Relative fold changes and mean expression levels of small RNAs in WT chondrocytes versus mutant chondrocytes. Note that miR-140-5p and miR-140-3p are highly abundant miRNAs in chondrocytes, reflecting super-enhancer-mediated high transcriptional activity. Red lines denote twofold cutoffs. Significant changes of other miRNAs are not observed. c, Pileup plots of miR-140-5p and miR-140-3p in WT and mutant chondrocytes. d, Comparison of Drosha and Dicer processing sites in WT and mutant chondrocytes. Drosha and Dicer cleavage sites were inferred from the 5′-ends of miR-140-5p and miR-140-3p, respectively. Results represent mean ± s.e.m. (n = 3 animals). e, Predicted effects of the A>G substitution on miR-140 5p/3p ratio. Selection of a single mature miRNA strand from miRNA duplex is determined by combination of 5′-end nucleotide identity and thermodynamic asymmetry of miRNA duplex termini20. Ago2 prefers strands with 5′-uridine or 5′-adenosine and thermodynamically unstable 5′-ends. This mechanistically explains abundant expression of miR-140-3p compared with miR-140-5p in chondrocytes. Prediction of 5p/3p ratio was performed according to our previous report20. Note that the A>G substitution is predicted to destabilize the 5′-end of the 5p arm and thus to increase the 5p/3p ratio for both 5p/3p.1 and 5p/3p.2 duplexes, consistent with the increase in miR-140-5p and decrease in miR-140-3p in chondrocytes from miR-140G/+ and miR-140G/G mice.


Extended Data Fig. 5 Transcriptome analysis by RNA-seq and identification of miR-140-5p-G targets by TargetScan.
a, Expression levels of genes within the neighborhood of the miR-140 gene locus. Results represent mean ± s.e.m. (n = 3 animals). b, Workflow of target prediction by TargetScan v7.0. c,d, Venn diagrams showing overlaps of genes with conserved sites (c) and genes with conserved and non-conserved sites (d) for miR-140-5p-WT, -5p-G, -3p.1, and -3p.2. e, Conservation frequency of target sites for miR-140-5p-WT, -5p-G, -3p.1, and -3p.2. The target sites of miR-140-5p-G are less conserved than those of WT miR-140 species. Classification of miRNAs (broadly conserved, conserved, poorly conserved, and others) is based on the TargetScan information. Center lines show medians; box limits indicate the 25th and 75th percentiles; whiskers extend to 1.5× the interquartile range.
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Extended Data Fig. 6 Deregulation of miR-140-5p-G targets in miR-140 mutant chondrocytes.
a, Cumulative distributions of fold changes of mRNAs with conserved and non-conserved 8mer target sites for miR-140-5p-WT, -5p-G, -3p.1, and -3p.2 between miR-140 mutant or null chondrocytes versus WT chondrocytes. P values (versus a control gene set) were calculated by one-sided Kolmogorov–Smirnov test for either direction: upregulation (U) or downregulation (D) with Bonferroni correction (control genes, n = 9,706; miR-140-5p-WT, n = 333; miR-140-5p-G, n = 608; miR-140-3p.1, n = 903; miR-140-3p.2, n = 603). b, Cumulative distributions of fold changes of mRNAs with all 8mer, 7mer-m8, 7mer-A1, and 6mer target sites for miR-140-5p-G (left) and miR-140-5p-WT (right) when comparing miR-140-G homozygous chondrocytes with WT chondrocytes. P values (versus a control gene set) were calculated by one-sided Kolmogorov–Smirnov test for either direction: upregulation (U) or downregulation (D) with Bonferroni correction. Left (miR-140-5p-G): no site, n = 7,684; 8mer, n = 608; 7mer-m8, n = 862; 7mer-A1, n = 1,741; 6mer, n = 2,497. Right (miR-140-5p-WT): no site, n = 7,453; 8mer, n = 333; 7mer-m8, n = 1,507; 7mer-A1, n = 710; 6mer, n = 3,093. c, Performance of TargetScan v7.0 for prediction of miR-140-5p-G targeting. Cumulative distribution plots (left) and box plots (right) of fold-change expression of predicted target gene sets grouped by CWCS. Expression levels of predicted target genes of miR-140-5p-G (top; no site, n = 7,684; top 128, n = 59; top 256, n = 129; top 512, n = 275; top 1,024, n = 559; top 2,048, n = 1178; all targets, n = 4,187) and miR-140-5p-WT (bottom; no site, n = 7,453; top 128, n = 68; top 256, n = 142; top 512, n = 311; top 1,024, n = 637; top 2,048, n = 1,235; all targets, n = 4,418) were analyzed. Gene expression of miR-140-G homozygous chondrocytes and WT chondrocytes was compared. All predictions were considered. High CWCS was associated with stronger target gene regulation for both miR-140-5p-G and miR-140-5p-WT, suggesting that miR-140-5p-G follows mechanisms of conventional miRNA targeting as well as other endogenous miRNAs. In box plots, center lines show medians; box limits indicate the 25th and 75th percentiles; whiskers extend to 1.5× the interquartile range. d, Box plots showing context++ scores for conserved (left) and all (right) predicted target sites for miR-140-5p-WT, -5p-G, -3p.1, and -3p.2. Consistent with the effects on target gene expression, miR-140-5p-WT and miR-140-5p-G show similar and higher predicted target site efficiency than miR-140-3p.1 and miR-140-3p.2. Center lines show medians; box limits indicate the 25th and 75th percentiles; whiskers extend to 1.5× the interquartile range. Left (conserved 8mer): miR-140-5p-WT, n = 96; miR-140-5p-G, n = 114; miR-140-3p.1, n = 222; miR-140-3p.2, n = 115. Right (conserved and non-conserved 8mer): miR-140-5p-WT, n = 524; miR-140-5p-G, n = 1,002; miR-140-3p.1, n = 1,405; miR-140-3p.2, n = 930.


Extended Data Fig. 7 Deregulation of the Hif1a pathway and the cartilage markers in miR-140 mutant chondrocytes.
a, Top: sequence alignments between miR-140-5p-G and its putative binding sites in the coding sequence of mouse and human Hif1a. Bottom: representative images from two independent experiments of western blot analysis of Hif1a protein expression in primary rib chondrocytes at the normoxic condition. Hif1a protein was detected by western blot analysis using anti-Hif1a antibody (Novus Biologicals NB100-449). Bar graphs represent mean (n = 2 animals). b, Validation of the Hif1a target site. HEK293T cells were transfected with WT or mutant mouse Hif1a expression plasmids and pri-miRNA expression plasmids, and subjected to western blot analysis. Representative images from two independent experiments are shown. A mutation of the target site is shown in a. c, Relative expression of Hif1a and its target genes was determined by qRT–PCR in primary rib chondrocytes isolated from P7 mice. Results represent mean ± s.e.m. (n = 3 animals). Statistical significance was assessed using one-way ANOVA and post hoc Tukey–Kramer test. P values indicate comparison versus WT. d, Expression of lysyl oxidases in P7 primary rib chondrocytes assessed by RNA-seq. Results represent mean ± s.e.m. (n = 3 animals). Statistical significance was assessed using one-way ANOVA and post hoc Tukey–Kramer test. P values indicate comparison versus WT. e, Reduced collagen cross-linking in miR-140G/G rib cartilage cells. Rib cartilage of four-week-old mice was subjected to collagen cross-link analysis by mass spectrometry. Hydroxylysyl pyridinoline and lysyl pyridinoline were quantified. Results represent mean ± s.e.m. (n = 4 animals). Statistical significance was assessed using one-way ANOVA and post hoc Tukey–Kramer test. P values indicate comparison versus WT. f, RNA expression of cartilage markers. The x axis and y axis indicate miR-140 genotypes and normalized expression (reads per kilobase per million mapped reads, RPKM), respectively. Each dot represents the expression level in an individual sample (n = 3 animals), and the thick bars indicate the mean value. Statistical significance was assessed using one-way ANOVA and post hoc Tukey–Kramer test. Connector lines at the top of each panel indicate significant changes in expression (P < 0.05).
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Extended Data Fig. 8 A relationship between miR-140-5p-G and Ybx1 and Ago2 and Ybx1 seCLIP analysis in mouse primary chondrocytes.
a, Potential RBPs that are predicted to bind to complementary sequences of miR-140-5p-G (left) and miR-140-5p-WT (right). Motif analysis was performed using the CISBP-RNA database. b, Genome browser shot of YBX1 iCLIP for human HIF1A, BTG1, TRPS1, LOXL3, and EHD1 using the previously reported YBX1 iCLIP data in human glioblastoma cells32. We observed that multiple conserved miR-140-5p-G target genes were bound by YBX1 in the YBX1 iCLIP dataset. c, Expression levels of Ybx1 protein in mouse primary chondrocytes. Representative images from three independent experiments are shown. Note that Ybx1 protein expression levels normalized to those of Actb did not differ between WT and mutant chondrocytes. Normalized values of densitometric analysis are indicated. Results represent mean ± s.e.m. (+/+, n = 3; G/+, n = 3; G/G, n = 2). d, Genomic annotation of Ago2 and Ybx1 seCLIP clusters. Left pie charts shows genomic distribution of Ago2 and Ybx1 seCLIP clusters. Right panels show the fold enrichment of various genomic annotations over the background. e, Genome browser shot of the Loxl3 locus.
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Extended Data Fig. 9 Analysis of Ago2 seCLIP clusters.
a, Hexamer enrichment analysis in all Ago2-bound seCLIP clusters including intronic clusters identified in WT (left) and mutant (right) chondrocytes (WT, n = 14,947 clusters; G/G, n = 13,873 clusters). The x axis shows z-scores of hexamer frequency. The y axis shows the negative log10 P value from two-sided Fisher’s exact test with Bonferroni correction of the hexamer enrichment above background. b, Hexamer enrichment analysis for various genomic annotations. The negative log10 P values from one-sided Fisher’s exact test with Bonferroni correction of the hexamer enrichment above background are shown. Left (Ago2 WT): 5′ UTR clusters, n = 279; CDS clusters, n = 1,315; 3′ UTR clusters, n = 1,782; intronic clusters, n = 10,402; non-coding RNA region clusters, n = 434; others, n = 735. Right (Ago2 G/G): 5′ UTR clusters, n = 303; CDS clusters, n = 2,006; 3′ UTR clusters, n = 3,229; intronic clusters, n = 7,091; non-coding RNA region clusters, n = 332; others, n = 912. c, Cumulative distributions of fold changes of mRNAs with Ago2-bound seCLIP CDS clusters with the ACCACC motif in mutant chondrocytes (red) or Ago2-bound seCLIP CDS clusters with the ACCACU motif in WT chondrocytes. P values (versus a control gene set) were calculated by one-sided Kolmogorov–Smirnov test for either direction: upregulation (U) or downregulation (D) with Bonferroni correction (control genes, n = 10,093; miR-140-5p-WT, n = 28; miR-140-5p-G, n = 100).


Extended Data Fig. 10 Analysis of Ybx1 seCLIP clusters.
a, Hexamer enrichment analysis in all Ybx1-bound seCLIP clusters including intronic clusters, identified in WT chondrocytes (n = 8,354). The x axis shows the z-scores of hexamer frequency. The y axis shows the negative log10 P value of two-sided Fisher’s exact test with Bonferroni correction of the hexamer enrichment above background. b, Hexamer enrichment analysis for various genomic annotations (5′ UTR clusters, n = 265; CDS clusters, n = 2,537; 3′ UTR clusters, n = 1,649; intronic clusters, n = 3,143; non-coding RNA region clusters, n = 191; others, n = 569). The negative log10 P values from one-sided Fisher’s exact test with Bonferroni correction of the hexamer enrichment above background are shown. c, siRNA-mediated knockdown of YBX1 in HEK293T cells for single-cell reporter analysis, confirmed by qRT–PCR analysis. Results represent mean ± s.e.m. (n = 3 biologically independent samples). d, Flow cytometry gating strategies for single-cell reporter analysis. Single-cell populations (P3) were selected by sequential gating by SSC and FSC and subjected to two-color analysis in Fig. 4i. An example of the flow cytometry gating strategy is shown. e, Cumulative distributions of fold changes of YBX1-stablized gene sets between miR-140 mutant or null chondrocytes versus WT chondrocytes. P values (versus a control gene set) were calculated by one-sided Kolmogorov–Smirnov test for downregulation (D) (other genes, n = 11,768; YBX1-regulated genes, n = 103). f,g, Systematic RBP target gene analysis using GSEA. For 94 RBPs, possible RBP target genes were predicted using RBPmap59, and used for GSEA analysis to assess which RBP activity changes in miR-140-G homozygous and miR-140-null chondrocytes relative to WT chondrocytes (n = 3 animals for each group). In f, normalized enrichment scores for 94 RBPs are shown. Among three significantly suppressed motifs in miR-140-G homozygous cells (SRSF10, YBX1, and SRSF9), only the YBX1 RBP motif gene set was selectively suppressed in miR-140-G homozygous but not miR-140-null cells. In g, GSEA enrichment plots for YBX1 RBP motif genes are shown. Enrichment analysis and statistical analysis were performed using GSEA.
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