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            Abstract
Nonsyndromic mitral valve prolapse (MVP) is a common degenerative cardiac valvulopathy of unknown etiology that predisposes to mitral regurgitation, heart failure and sudden death1. Previous family and pathophysiological studies suggest a complex pattern of inheritance2,3,4,5. We performed a meta-analysis of 2 genome-wide association studies in 1,412 MVP cases and 2,439 controls. We identified 6 loci, which we replicated in 1,422 cases and 6,779 controls, and provide functional evidence for candidate genes. We highlight LMCD1 (LIM and cysteine-rich domains 1), which encodes a transcription factor6 and for which morpholino knockdown of the ortholog in zebrafish resulted in atrioventricular valve regurgitation. A similar zebrafish phenotype was obtained with knockdown of the ortholog of TNS1, which encodes tensin 1, a focal adhesion protein involved in cytoskeleton organization. We also showed expression of tensin 1 during valve morphogenesis and describe enlarged posterior mitral leaflets in Tns1−/− mice. This study identifies the first risk loci for MVP and suggests new mechanisms involved in mitral valve regurgitation, the most common indication for mitral valve repair7.
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                    Figure 1: Plots representing the association of 4.8 million SNPs in the GWAS meta-analysis.[image: ]


Figure 2: Cardiac regurgitation in zebrafish embryos with morpholino-mediated knockdown of orthologs to the candidate genes at 2q35 in human.[image: ]


Figure 3: Tensin 1 expression in developing mouse valves and the knockout phenotype at 9 months.[image: ]


Figure 4: Cardiac regurgitation in zebrafish embryos with morpholino-mediated knockdown of the ortholog of LMCD1 at 3p13 in human.[image: ]
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Supplementary Figure 1 Study design with cohorts in discovery and follow-up and filtration strategy of SNPs.

Supplementary Figure 2 Igfbp5 expression in mouse developing heart.
Cardiac expression of Igfbp5 (red) was analyzed at embryonic (E13.5), fetal (E17.5) and adult time points. At the time points investigated, very little Igfbp5 protein was detected in the valves. Expression was observed in the myocardium of the left and right atria and the primary atrial septum (PAS) at E13.5 and E17.5 (arrows) as well as the coronary endothelium in the adult (arrow heads). AL, PL, IVS, LV = anterior and posterior mitral leaflets, interventricular septum, and left ventricle, respectively. Green = MF20 (sarcomeric myosin-myocytes), Blue = Hoescht (nuclei).


Supplementary Figure 3 In vivo assessment of mitral valve phenotypes in Tns1 total knockout mice using echocardiographs.
Tensin1+/+, wildtype; Tensin1-/-, Tns1 knockout mice. Images were obtained in a four-chamber view of the heart.


Supplementary Figure 4 In situ hybridizations of tns1 and lmcd1 mRNA distribution in zebrafish embryos.
Top panel shows tns1 expression pattern at 96 hours post fertilization. Expression is found throughout the myocardium, with highest levels in the outflow tract (right). Lower panel shows lmcd1 expression at 72 hours post fertilization (hpf). Expression is found in the entire myocardium, with enhanced expression in the ventricular chamber.


Supplementary Figure 5 In situ hybridizations for developmental markers of valvulogenesis in lmcd1 and tns1 knockdown embryos.
Top panel shows anti-notch1b probe labeling the developing valve in 72-hpf embryos. Lower panel shows anti-bmp4 probe labeling the valve and surrounding myocardium in control (CN) and lmcd1 knockdown embryos. Arrows in both panels point to the approximate location of the AV valve.


Supplementary Figure 6 Pitpnb expression in mouse developing heart.
Cardiac expression of Pitpnb (red) was analyzed at embryonic (E13.5), fetal (E17.5) and adult time points. Pitpnb was detected in valve endothelial and interstitial cells within the mitral leaflets at each of the time points investigated. Expression was also observed in the epicardium (arrow head) and coronary endothelium (arrow) at E17.5. AL, PL, IVS, LV = anterior and posterior mitral leaflets, interventricular septum, and left ventricle, respectively. Green = MF20 (sarcomeric myosin-myocytes), Blue = Hoescht (nuclei).


Supplementary Figure 7 Assessment of cardiac regurgitation in zebrafish morpholino knockdown for genes on Chr17p13.
(a) Genomic context of the association signal observed in the GWAS meta-analysis. (b) Morpholino-mediated knockdown efficacy. Efficacy for smg6 and sgsm2 in embryonic zebrafish was measured by RT-PCR. (c) Fold change in observed mitral regurgitation in 72-hpf zebrafish embryos after morpholino-mediated knockdown. All results are relative to clutchmate controls. n = number of biological replicates per morpholino. (d) Brightfield micrographs displaying gross morphology of 72-hpf embryos following smg6 or sgsm2 knockdown. Scale bar represents 1 mm. CN = control morpholino-injected embryos.


Supplementary Figure 8 Multidimensional scale–based principal-component analysis.
Cases and controls positions on first and second components axis are presented for the two discovery samples (GWAS 1 and GWAS 2). C1, first principal component. C2, second principal component. All individuals plotted are those included in the discovery GWAS who are all French with European ancestry origin. Cases and controls with non-European ancestry based on the principal component analyses were excluded before association tests.


Supplementary Figure 9 Representative gel images from analysis of morpholino efficacy.
rsID indicates the sentinel SNP at the analyzed locus. CN indicates samples amplified from control-injected embryos, whereas MO indicates amplicons from samples obtained following microinjection of gene-specific morpholino. All samples were obtained from 72-hpf embryos.
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