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            Abstract
Total anomalous pulmonary venous connection (TAPVC) is a potentially lethal congenital disorder that occurs when the pulmonary veins do not connect normally to the left atrium, allowing mixing of pulmonary and systemic blood1. In contrast to the extensive knowledge of arterial vascular patterning, little is known about the patterning of veins. Here we show that the secreted guidance molecule semaphorin 3d (Sema3d) is crucial for the normal patterning of pulmonary veins. Prevailing models suggest that TAPVC occurs when the midpharyngeal endothelial strand (MES), the precursor of the common pulmonary vein, does not form at the proper location on the dorsal surface of the embryonic common atrium2,3. However, we found that TAPVC occurs in Sema3d mutant mice despite normal formation of the MES. In these embryos, the maturing pulmonary venous plexus does not anastomose uniquely with the properly formed MES. In the absence of Sema3d, endothelial tubes form in a region that is normally avascular, resulting in aberrant connections. Normally, Sema3d provides a repulsive cue to endothelial cells in this area, establishing a boundary. Sequencing of SEMA3D in individuals with anomalous pulmonary veins identified a phenylalanine-to-leucine substitution that adversely affects SEMA3D function. These results identify Sema3d as a crucial pulmonary venous patterning cue and provide experimental evidence for an alternate developmental model to explain abnormal pulmonary venous connections.
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                    Figure 1: Sema3dâˆ’/âˆ’ mice have TAPVC.[image: ]


Figure 2: Pulmonary vein patterning defects are present in Sema3dâˆ’/âˆ’ embryos as early as E10.5.[image: ]


Figure 3: Sema3d-expressing cells form a boundary that restricts the pulmonary endothelium.[image: ]


Figure 4: Sema3d binds to Nrp-1 and is capable of repelling endothelial cells.[image: ]
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Supplementary Video 1 
Echocardiograms showing normal chamber sizes in a wild type mouse heart, as compared to right-sided chamber dilatation a Sema3dâ€“/â€“ mouse heart. First, a single cardiac cycle from a control mouse is shown at slow speed. Note that the right ventricle (RV) and right atrium (RA) are relatively small compared to the left ventricle (LV) and left atrium (LA) in this view. Next, an echocardiogram of a Sema3dâ€“/â€“ mouse (Sema3d mutant) with TAPVC shows a single cardiac cycle at slow speed. Note that the right ventricle (RV) and right atrium (RA) are very large compared to the left ventricle (LV) and left atrium (LA) in this view. Right-sided chamber dilation results from persistent left-to-right shunting of blood. (MOV 597 kb)


Supplementary Video 2
Volume rendered microCT of a newborn mouse to highlight vascular connections. The movie begins in a left lateral view and the image is rotated to a dorsal view with cranial angulation. LA â€“ left atrium, LV â€“ left ventricle, LSVC â€“ left superior vena cava, CS â€“ coronary sinus, PV - pulmonary veins, RA â€“ right atrium, RSVC â€“ right superior vena cava. (MOV 717 kb)


Supplementary Video 3
Optical projection tomography of a heart-lung block dissected from control and Sema3d mutant E12.5 mouse embryos. First, multiplanar reconstruction (MPR) at a roughly cross sectional plane moving from anterior to posterior allows one to follow the course of the pulmonary vein (arrow) from the lung to the left atrium in the control. Next, similar MPR planes show an E12.5 Sema3dâ€“/â€“ embryo and traces the course of a pulmonary vein from the lung to the coronary sinus (CS), which then connects to the right atrium. (MOV 409 kb)


Supplementary Video 4
Sema3d repels endothelial cells in culture, while control HEK293 cells do not, and Sema3d (F602L) variant has a markedly reduced ability to repel compared to Sema3d. Timelapse microphotographs (20 Ã— magnification, 5 min intervals per frame) of HEK293 cells (arrows) co-cultured with HUVECs. The HEK293 cells were infected with a lentiviral vector for wild type Sema3d, GFP or variant Sema3d (F602L). Note that the HUVECs are repelled and do not make contact with the cell overexpressing Sema3d. The control-GFP expressing cell contacts and intermingles with the HUVECs. The cell expressing Sema3d (F602L) has a reduced ability to repel. (MOV 1155 kb)
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