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            Abstract
Congenital heart disease (CHD) affects up to 1% of live births1. Although a genetic etiology is indicated by an increased recurrence risk2,3, sporadic occurrence suggests that CHD genetics is complex4. Here, we show that hypoplastic left heart syndrome (HLHS), a severe CHD, is multigenic and genetically heterogeneous. Using mouse forward genetics, we report what is, to our knowledge, the first isolation of HLHS mutant mice and identification of genes causing HLHS. Mutations from seven HLHS mouse lines showed multigenic enrichment in ten human chromosome regions linked to HLHS5,6,7. Mutations in Sap130 and Pcdha9, genes not previously associated with CHD, were validated by CRISPRâ€“Cas9 genome editing in mice as being digenic causes of HLHS. We also identified one subject with HLHS with SAP130 and PCDHA13 mutations. Mouse and zebrafish modeling showed that Sap130 mediates left ventricular hypoplasia, whereas Pcdha9 increases penetrance of aortic valve abnormalities, both signature HLHS defects. These findings show that HLHS can arise genetically in a combinatorial fashion, thus providing a new paradigm for the complex genetics of CHD.
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                    Figure 1: Ohia HLHS phenotype and mouse HLHS mutations in human HLHS linkage intervals.[image: ]


Figure 2: Phenotypes of Pcdha9m/m mice and CRISPRâ€“Cas9-generated Sap130; Pcdha9 mice and sap130a-mutant zebrafish.[image: ]


Figure 3: Ohia HLHS mutants show defects in cardiomyocyte proliferation, differentiation, and mitochondria.[image: ]


Figure 4: RNA-seq and Sap130 ChIPâ€“seq analyses show similar pathway enrichment.[image: ]


Figure 5: Mutant genes recovered from HLHS mice and subjects with HLHS.[image: ]
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Fetal ultrasound color flow Doppler imaging of Ohia HLHS mutant.
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Video microscopy of HLHS Ohia mutant heart.
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Functional MRI imaging of Ohia Pcdha9m/m mutant in coronal view.
MRI in coronal view of the same Pcdha9m/m mutant and. Pcdha9+/+ wildtype adult mice examined by echocardiography in Video 5 confirmed aortic stenosis and regurgitation in the mutant mouse. This is indicated by the thickened aortic valve with domeshaped opening and high velocity jet flowing across the aortic valve in systole, and with retrograde regurgitant diastolic flow to the LV. (MOV 696 kb)


Functional MRI imaging of Ohia Pcdha9m/m mutant in transverse view.
MRI in short axis view of the same mice shown in Video 6 revealed abnormal bicuspid aortic valve (BAV) in the Pcdha9m/m mutant, while the normal three-leaflet aortic valve is seen in the Pcdha9+/+ wildtype mouse. (MOV 673 kb)


Color flow Doppler imaging show HLHS in mutant from CRISPR/Cas9 targeted Sap130/Pcdha9 transgenic mice.
Color flow Doppler imaging using the Vevo2100 ultrasound system revealed HLHS in an F2 embryo double homozygous for the CRISPR/Cas9 generated Sap130/Pcdha9 mutations. Note absence of blood flow into the very small LV with no lumen, suggesting mitral valve atresia with hypoplastic LV. A tiny blood flow (red blood flow) into the aorta originating from the RV was observed, indicating aortic stenosis and double outlet right ventricle (DORV). Also note a regurgitant flow associated with the pulmonary valve. (MOV 547 kb)


Serial histopathology image stack of CRISPR/CAS Sap130/Pcdha9 targeted HLHS mutant embryo shown in coronal view.
A serial histopathology image stack obtained by episcopic confocal microscopy of the CRISPR/Cas9 transgenic mutant embryo shown in Video 8 revealed muscle-bound hypoplastic LV with almost no lumen, mitral valve atresia, hyoplastic ascending aorta, and with both the aorta and the pulmonary artery arising from RV, indicating DORV subtype of HLHS. (MOV 4451 kb)
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