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            Abstract
Physiological blood flow induces the secretion of vasoactive compounds, notably nitric oxide, and promotes endothelial cell elongation and reorientation parallel to the direction of applied shear. How shear is sensed and relayed to intracellular effectors is incompletely understood. Here, we demonstrate that an apical spectrin network is essential to convey the force imposed by shear to endothelial mechanosensors. By anchoring CD44, spectrins modulate the cell surface density of hyaluronan and sense and translate shear into changes in plasma membrane tension. Spectrins also regulate the stability of apical caveolae, where the mechanosensitive PIEZO1 channels are thought to reside. Accordingly, shear-induced PIEZO1 activation and the associated calcium influx were absent in spectrin-deficient cells. As a result, cell realignment and flow-induced endothelial nitric oxide synthase stimulation were similarly dependent on spectrin. We conclude that the apical spectrin network is not only required for shear sensing but also transmits and distributes the resulting tensile forces to mechanosensors that elicit protective and vasoactive responses.
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                    Fig. 1: Hyaluronan is an indispensable, junction-independent regulator of endothelial responses to shear stress.[image: ]


Fig. 2: The hyaluronan receptor CD44 mediates shear-induced responses.[image: ]


Fig. 3: Endothelial cells require spectrin for normal responses to shear stress.[image: ]


Fig. 4: Shear-induced mechanical strains on spectrin networks influence plasma membrane tension in a HA-dependent manner.[image: ]


Fig. 5: Spectrin-dependent shear-induced Ca2+ signalling is mediated by PIEZO1.[image: ]


Fig. 6: PIEZO1 channels and caveolae are stabilized by the spectrin cytoskeleton.[image: ]


Fig. 7: Association between spectrin deficiency and endothelial dysfunction.[image: ]
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Extended data

Extended Data Fig. 1 Silencing of CD44 expression in endothelial cells.
a, CD44 expression in RF24 cells probed by immunoblotting after transfection with non-targeted or CD44-targeted siRNAs. Normalized to Î²-actin. Representative of 3 independent experiments. b, Representative confocal images of sparsely distributed endothelial cells immunostained for endogenous Î²-II spectrin (left panel and magenta in merge) and stained for actin filaments (F-actin) with phalloidin (green in merge). Representative of 3 independent experiments. c, Orthogonal confocal sections of cells immunostained for Î²-II spectrin following transfection with non-targeted or CD44 siRNA.
Source data


Extended Data Fig. 2 Î²-II spectrin-KO cells retain defining characteristics of the endothelium.
a, Distribution of VE-cadherin in indicated endothelial cell lines, assessed by immunofluorescence. Representative of 3 independent experiments. Here and elsewhere, scale bar: 5â€‰Î¼m. b, Ratio of VE-cadherin fluorescence at intercellular contacts and cytosol for individual cells in a confluent monolayer. In A and C jittered data points (in shades of blue) represent individual measurements and are color-coded according to biological replicate. Means of individual experiments are presented in black. Overall meansâ€‰Â±â€‰SE are indicated in red. Histograms of all data points indicating the mean (solid line) as well as the 25th and 75th percentiles (dashed line) are shown to the right of the individual data. nâ€‰=â€‰3 independent experiments, each analyzing 23 cells per condition. c, Distribution of von-Willebrand factor (vWF) in indicated endothelial cell lines, assessed by immunofluorescence. nâ€‰=â€‰3, each analyzing 12 images per condition. d,e Distribution of vinculin (d) and p-tyrosine (e) at the basal cell surface in the indicated endothelial cell lines and F-actin following staining with phalloidin. nâ€‰=â€‰3 independent experiments of 12 images per condition. f, Mean fluorescence intensity (MFI) of phospho-tyrosine measured in confocal sections as in e, normalized to the experimental mean MFI of wildtype cells in static culture. Data are meansâ€‰Â±â€‰SE, nâ€‰=â€‰3 independent experiments, each analyzing 12 images per condition. P values are from one-way ANOVA of experimental means (b,f).
Source data


Extended Data Fig. 3 Î²-II spectrin-KO cells fail to align with shear despite normal tyrosine phosphorylation of junctional proteins.
Endothelial cells were subjected to constant fluid flow or maintained in static culture for 30â€‰min. Cells were then fixed and immunostained for phosphorylated protein tyrosine residues (p-tyrosine). a, Representative polar histograms of F-actin orientations analyzed as described in Methods from one representative experiment as in b. b, Confluent endothelial cells grown in static or shear conditions were fixed and immunostained for VE-cadherin to visualize cell borders. Aspect ratios were calculated as the longest axis divided by the shortest axis of each cell. Here and elsewhere, for each condition, on the left: jittered data points (in shades of blue) represent individual measurements and are color-coded according to biological replicate. Means of individual experiments are presented in black. Overall meansâ€‰Â±â€‰SE are indicated in red. Histograms of all data points indicating the mean (solid line) as well as the 25th and 75th percentiles (dashed line) are shown to the right of the individual data. nâ€‰=â€‰4 independent experiments, analyzing 141,172,204,346 wildtype static-; 109,136,195,371 wildtype shear-; 83,142,147,377 KO clone 4 shear-; and 171,352,130,129 KO clone 6 shear-exposed cells. c, Representative micrographs for indicated conditions, scale-bar: 5â€‰Î¼m. Representative of 3 independent experiments. d, Ratio of phospho-tyrosine fluorescence at junctions (VE-cadherin-positive structures) and cytosol for individual cells. nâ€‰=â€‰3 independent experiments, analyzing 140,175,72 wildtype static-; 168,109,99 wildtype shear-; 73,89,72 KO clone 4 static-; 83,142,81 KO clone 4 shear-; 74,91,92 KO clone 6 static- and 103,143,38 KO clone 6 shear-exposed cells. P values are from one-way ANOVA of experimental means (b,d).
Source data


Extended Data Fig. 4 Defective mechanoresponses of Î²-II spectrin-KO cells persist in cells with high density of surface HA.
a, Untransfected endothelial cells and cells overexpressing HA-synthase 3 (HAS3-gfp) were incubated with fluorescent HA-binding complex (HABC) and imaged. Representative of 2 independent experiments. Here and elsewhere, scale-bar: 5â€‰Î¼m. b,c, Untransfected endothelial cells and cells overexpressing HA-synthase 3 (HAS3-gfp) were grown in collagen-coated microfluidic chambers under static conditions or subjected to a constant shear stress of 15 dynes/cm2 for 30â€‰min, as indicated prior to fixation and phalloidin staining. b, Representative images of HAS-gfp (left panel and green in merge) and F-actin (middle panel and magenta in merge) for indicated conditions. c, Interquartile ranges (the ranges between the 25th to 75th percentile of the data) of the distribution of segmented filament orientations for the indicated conditions. Here and elsewhere, data are meansâ€‰Â±â€‰SE, nâ€‰=â€‰3 independent experiments, each quantifying 12 images per condition. P values are from one-way ANOVA of experimental means (c).
Source data


Extended Data Fig. 5 Effect of GsMTx4 on hypotonically-induced [Ca2+] changes.
Live imaging of confluent endothelial cells expressing the cytosolic [Ca2+] indicator GCaMP6 before and after the introduction of hypotonic stress (grey background). Images were acquired every 12â€‰s. Cells were treated with vehicle (PBS) or the small peptide GsMTx4 for 30â€‰min prior to imaging. Quantification of mean GCaMP6 fluorescence over time. Data are meansâ€‰Â±â€‰SE (shaded area), nâ€‰=â€‰3 independent experiments, quantifying 12,8,9 cells per condition.
Source data


Extended Data Fig. 6 Comparable expression of Piezo1 and caveolin-1 proteins in wildtype and Î²-II spectrin-KO cells.
a,b, Wild-type or spectrin-KO endothelial cells were lysed and a Piezo1 or b caveolin-1 expression was assessed by immunoblotting and compared to vinculin as in Fig. 6. Quantification of protein expression by densitometric analysis of nâ€‰=â€‰3 independent experiments, normalized in each instace to the wild-type control, presented as meansâ€‰Â±â€‰SD. c, Ratio of apical/basal membrane fluorescence of caveolin-1. Data are meansâ€‰Â±â€‰SE (shaded area) of 3 independent experiments, each analyzing 32,38,37 wildtype; 33,51,37 KO clone 4; 42,45,31 KO clone 6 cells. d, Confocal images of wild-type or spectrin-KO endothelial cells expressing cavin-2-RFP and caveolin-1-GFP. Representative of 3 independent experiments. Scale bars: 5â€‰Î¼m. e, Pearsonâ€™s coefficient assessing the correlation between cavin-2 and caveolin-1, calculated for multiple individual cells under indicated conditions. Data are meansâ€‰Â±â€‰SE (shaded area), nâ€‰=â€‰4 independent experiments, each analyzing 8,11,8,9 wildtype isotonic- and 8,11,8,9 hypotonic-treated cells. P values are from one-way ANOVA (aâ€“c) or Studentâ€™s t-test (e) of experimental means.
Source data


Extended Data Fig. 7 Effect of shear on surface-expression of platelet receptors.
Representative micrographs of indicated cells following exposure to 30â€‰mins of shear stress. Immunostaining was performed on fixed unpermeabilized cells. Distribution of vWF (magenta) and P-selectin (green) are shown. Representative of 3 independent experiments. Scale bars: 5â€‰Î¼m.
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