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            Abstract
Fundamental biological processes are carried out by curved epithelial sheets that enclose a pressurized lumen. How these sheets develop and withstand three-dimensional deformations has remained unclear. Here we combine measurements of epithelial tension and shape with theoretical modelling to show that epithelial sheets are active superelastic materials. We produce arrays of epithelial domes with controlled geometry. Quantification of luminal pressure and epithelial tension reveals a tensional plateau over several-fold areal strains. These extreme strains in the tissue are accommodated by highly heterogeneous strains at a cellular level, in seeming contradiction to the measured tensional uniformity. This phenomenon is reminiscent of superelasticity, a behaviour that is generally attributed to microscopic material instabilities in metal alloys. We show that in epithelial cells this instability is triggered by a stretch-induced dilution of the actin cortex, and is rescued by the intermediate filament network. Our study reveals a type of mechanical behaviour—which we term active superelasticity—that enables epithelial sheets to sustain extreme stretching under constant tension.
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                    Fig. 1: Generation of epithelial domes of controlled size and shape.[image: ]


Fig. 2: Measurement of luminal pressure and dome tension.[image: ]


Fig. 3: Constitutive relation between dome tension and strain.[image: ]


Fig. 4: Epithelial domes exhibit superelasticity.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Collective intelligence: A unifying concept for integrating biology across scales and substrates
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 March 2024
                                    

                                

                                Patrick McMillen & Michael Levin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Shell buckling for programmable metafluids
                                        
                                    

                                    
                                        Article
                                        
                                         03 April 2024
                                    

                                

                                Adel Djellouli, Bert Van Raemdonck, … Katia Bertoldi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        De novo design of pH-responsive self-assembling helical protein filaments
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 April 2024
                                    

                                

                                Hao Shen, Eric M. Lynch, … David Baker

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The data that support the findings of this study are available from the corresponding authors on reasonable request.

            

References
	Alberts, B., Wilson, J. & Hunt, T. Molecular Biology of the Cell, 6th edn (Garland Science, New York, 2014).

	Bosveld, F. et al. Mechanical control of morphogenesis by Fat/Dachsous/Four-jointed planar cell polarity pathway. Science 336, 724–727 (2012).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	He, B., Doubrovinski, K., Polyakov, O. & Wieschaus, E. Apical constriction drives tissue-scale hydrodynamic flow to mediate cell elongation. Nature 508, 392–396 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wilson, P. D. Polycystic kidney disease. N. Engl. J. Med. 350, 151–164 (2004).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Harris, A. R. et al. Characterizing the mechanics of cultured cell monolayers. Proc. Natl Acad. Sci. USA 109, 16449–16454 (2012).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Tambe, D. T. et al. Collective cell guidance by cooperative intercellular forces. Nat. Mater. 10, 469–475 (2011).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Vincent, R. et al. Active tensile modulus of an epithelial monolayer. Phys. Rev. Lett. 115, 248103 (2015).
Article 
    ADS 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Vedula, S. R. et al. Mechanics of epithelial closure over non-adherent environments. Nat. Commun. 6, 6111 (2015).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Nier, V. et al. Tissue fusion over nonadhering surfaces. Proc. Natl Acad. Sci. USA 112, 9546–9551 (2015).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Leighton, J., Brada, Z., Estes, L. W. & Justh, G. Secretory activity and oncogenicity of a cell line (MDCK) derived from canine kidney. Science 163, 472–473 (1969).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Tanner, C., Frambach, D. A. & Misfeldt, D. S. Transepithelial transport in cell culture. A theoretical and experimental analysis of the biophysical properties of domes. Biophys. J. 43, 183–190 (1983).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wyatt, T. P. et al. Emergence of homeostatic epithelial packing and stress dissipation through divisions oriented along the long cell axis. Proc. Natl Acad. Sci. USA 112, 5726–5731 (2015).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Gudipaty, S. A. et al. Mechanical stretch triggers rapid epithelial cell division through Piezo1. Nature 543, 118–121 (2017).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Guillot, C. & Lecuit, T. Mechanics of epithelial tissue homeostasis and morphogenesis. Science 340, 1185–1189 (2013).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Alt, S., Ganguly, P. & Salbreux, G. Vertex models: from cell mechanics to tissue morphogenesis. Phil. Trans. R. Soc. Lond. B 372, 20150520 (2017).
Article 
    
                    Google Scholar 
                

	Hannezo, E., Prost, J. & Joanny, J. F. Theory of epithelial sheet morphology in three dimensions. Proc. Natl Acad. Sci. USA 111, 27–32 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Salbreux, G., Charras, G. & Paluch, E. Actin cortex mechanics and cellular morphogenesis. Trends Cell Biol. 22, 536–545 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hildebrand, S. et al. The E-cadherin/AmotL2 complex organizes actin filaments required for epithelial hexagonal packing and blastocyst hatching. Sci. Rep. 7, 9540 (2017).
Article 
    ADS 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Deglincerti, A. et al. Self-organization of the in vitro attached human embryo. Nature 533, 251–254 (2016).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Otsuka, K. & Wayman, C. M. Shape Memory Materials (Cambridge Univ. Press, Cambridge, 1998).

                    Google Scholar 
                

	Suarez, C. & Kovar, D. R. Internetwork competition for monomers governs actin cytoskeleton organization. Nat. Rev. Mol. Cell Biol. 17, 799–810 (2016).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Chugh, P. et al. Actin cortex architecture regulates cell surface tension. Nat. Cell Biol. 19, 689–697 (2017).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Turlier, H., Audoly, B., Prost, J. & Joanny, J. F. Furrow constriction in animal cell cytokinesis. Biophys. J. 106, 114–123 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Jirásek, M. & Bazant, Z. P. Inelastic Analysis of Structures (Wiley, Chichester, 2002).

                    Google Scholar 
                

	Raucher, D. & Sheetz, M. P. Characteristics of a membrane reservoir buffering membrane tension. Biophys. J. 77, 1992–2002 (1999).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Maître, J. L. & Heisenberg, C. P. Three functions of cadherins in cell adhesion. Curr. Biol. 23, R626–R633 (2013).
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Hilbrant, M., Horn, T., Koelzer, S. & Panfilio, K. A. The beetle amnion and serosa functionally interact as apposed epithelia. eLife 5, e13834 (2016).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Clevers, H. Modeling development and disease with organoids. Cell 165, 1586–1597 (2016).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Style, R. W. et al. Traction force microscopy in physics and biology. Soft Matter 10, 4047–4055 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Style, R. W., Hyland, C., Boltyanskiy, R., Wettlaufer, J. S. & Dufresne, E. R. Surface tension and contact with soft elastic solids. Nat. Commun. 4, 2728 (2013).
Article 
    ADS 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Mertz, A. F. et al. Cadherin-based intercellular adhesions organize epithelial cell-matrix traction forces. Proc. Natl Acad. Sci. USA 110, 842–847 (2013).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Vedula, S. R. et al. Epithelial bridges maintain tissue integrity during collective cell migration. Nat. Mater. 13, 87–96 (2014).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Long, R., Hall, M. S., Wu, M. & Hui, C. Y. Effects of gel thickness on microscopic indentation measurements of gel modulus. Biophys. J. 101, 643–650 (2011).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Mertz, A. F. et al. Scaling of traction forces with the size of cohesive cell colonies. Phys. Rev. Lett. 108, 198101 (2012).
Article 
    ADS 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Bergert, M. et al. Confocal reference free traction force microscopy. Nat. Commun. 7, 12814 (2016).
Article 
    ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	del Álamo, J. C. et al. Three-dimensional quantification of cellular traction forces and mechanosensing of thin substrata by Fourier traction force microscopy. PLoS ONE 8, e69850 (2013).
Article 
    ADS 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Álvarez-González, B. et al. Three-dimensional balance of cortical tension and axial contractility enables fast amoeboid migration. Biophys. J. 108, 821–832 (2015).
Article 
    ADS 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Bar-Kochba, E., Toyjanova, J., Andrews, E., Kim, K.-S. & Franck, C. A fast iterative digital volume correlation algorithm for large deformations. Exp. Mech. 55, 261–274 (2015).
Article 
    
                    Google Scholar 
                

	Yu, Y. S. & Zhao, Y. P. Elastic deformation of soft membrane with finite thickness induced by a sessile liquid droplet. J. Colloid Interface Sci. 339, 489–494 (2009).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Das, S., Marchand, A., Andreotti, B. & Snoeijer, J. H. Elastic deformation due to tangential capillary forces. Phys. Fluids 23, 072006 (2011).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lubarda, V. A. Mechanics of a liquid drop deposited on a solid substrate. Soft Matter 8, 10288–10297 (2012).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Yu, Y.-s. Substrate elastic deformation due to vertical component of liquid-vapor interfacial tension. Appl. Math. Mech. 33, 1095–1114 (2012).
Article 
    
                    Google Scholar 
                

	Edelstein, A. D. et al. Advanced methods of microscope control using μManager software. J. Biol. Methods 1, e10 (2014).
Article 
    PubMed 
    
                    Google Scholar 
                

	Colombelli, J., Grill, S. W. & Stelzer, E. H. K. Ultraviolet diffraction limited nanosurgery of live biological tissues. Rev. Sci. Instrum. 75, 472–478 (2004).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank N. Castro for technical assistance; C. Pérez-González, A. Labernadie, R. Sunyer and A. Torres-Sánchez for discussions and G. Charras for providing cells; J. Colombelli, L. Bardia and A. Lladó (IRB) for assistance with laser ablation and photoactivation; N. Borges from Embryotools S.L. for fixation of mouse blastocysts. This work was supported by the Spanish Ministry of Economy and Competitiveness/FEDER (BFU2015-65074-P to X.T., DPI2015-71789-R to M.A., SAF2017-89782-R to N.M., SAF2015-72617-EXP to N.M., RYC-2014-16242 to N.M.), the Generalitat de Catalunya and CERCA program (2014-SGR-927 to X.T., 2017-FI-B1-00068 to E.L., 2014-SGR-1471 to M.A., 2017 SGR 1306 to N.M., ‘ICREA Academia’ award to M.A.), the European Research Council (CoG-616480 to X.T., CoG-681434 to M.A., CoG-617233 to B.L., StG-640525 to N.M.), European Commission (project H2020-FETPROACT-01-2016-731957 to M.A., A.d.C. and X.T.), LABAE16006 to N.M., Instituto de Salud Carlos III (CardioCell, TerCel to N.M.), the Deutsche Forschung Gemeinschaft (SFB 1027 to A.d.C.) and Obra Social ‘La Caixa’. IBEC is the recipient of a Severo Ochoa Award of Excellence from the MINECO.

                Reviewer information

                
Nature thanks U. Schwarz, M. Théry and the other anonymous reviewer(s) for their contribution to the peer review of this work.

              

Author information
Authors and Affiliations
	Institute for Bioengineering of Catalonia (IBEC), The Barcelona Institute for Science and Technology (BIST), Barcelona, Spain
Ernest Latorre, Laura Casares, Manuel Gómez-González, Marina Uroz, Léo Valon, Elena Garreta, Nuria Montserrat, Marino Arroyo & Xavier Trepat

	LaCàN, Universitat Politècnica de Catalunya-BarcelonaTech, Barcelona, Spain
Ernest Latorre, Sohan Kale & Marino Arroyo

	INM-Leibniz Institut für Neue Materialien, Saarbrücken, Germany
Roshna V. Nair & Aránzazu del Campo

	Centro de Investigación Biomédica en Red en Bioingeniería, Biomateriales y Nanomedicina, Barcelona, Spain
Nuria Montserrat & Xavier Trepat

	Chemistry Department, Saarland University, Saarbrücken, Germany
Aránzazu del Campo

	CNRS UMR 7592, Institut Jacques Monod (IJM), Université Paris Diderot, Paris, France
Benoit Ladoux

	Mechanobiology Institute (MBI), National University of Singapore, Singapore, Singapore
Benoit Ladoux

	Unitat de Biofísica i Bioenginyeria, Universitat de Barcelona, Barcelona, Spain
Xavier Trepat

	Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spain
Xavier Trepat


Authors	Ernest LatorreView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sohan KaleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Laura CasaresView author publications
You can also search for this author in
                        PubMed Google Scholar



	Manuel Gómez-GonzálezView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marina UrozView author publications
You can also search for this author in
                        PubMed Google Scholar



	Léo ValonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Roshna V. NairView author publications
You can also search for this author in
                        PubMed Google Scholar



	Elena GarretaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nuria MontserratView author publications
You can also search for this author in
                        PubMed Google Scholar



	Aránzazu del CampoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Benoit LadouxView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marino ArroyoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xavier TrepatView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
E.L., L.C., M.A. and X.T. conceived the study and designed experiments. E.L. and L.C. performed the experiments with the help of L.V., E.G. and N.M. E.L., M.G.-G. and M.U. developed the 3D traction microscopy algorithm. E.L. and M.G.-G. developed computational analysis tools. E.L. and L.C. processed and analysed the experimental data with the help of M.G.-G. S.K. and M.A. developed the theory and implemented the vertex model. B.L. contributed expertise in the implementation of the micropatterned substrates. R.V.N. and A.d.C. developed the photoactivatable derivative of Cytochalasin D. E.L., M.A. and X.T. wrote the manuscript. All authors helped with the interpretation of the results and commented on the manuscript. M.A. and X.T. supervised the study.
Corresponding authors
Correspondence to
                Marino Arroyo or Xavier Trepat.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 The number of cells in the domes does not change significantly over time.

a-c, Confocal x–y, y–z and x–z sections of domes of MDCK–CAAX cells, with rectangular basal shapes and varying size. Scale bar, 100 μm (representative of n = 3 micropatterned substrates). d, Time evolution (0, 60 and 120 min) of a representative dome with a star-shaped footprint. The patterned footprint (yellow) was obtained from images of the fibrinogen-labelled substrate. Each row shows a different z-plane (labelled by dotted yellow lines in the x–y profiles in e (n = 3 micropatterned substrates). Scale bar, 50 μm. e, Time evolution (0, 60 and 120 min) of the same star-shaped dome, showing the rare delamination of a single cell (red rectangle) at one tip of the star. Images are maximum intensity projections with confocal x–z and y–z sections along the yellow dashed lines (n = 3 micropatterned substrates). Scale bar, 50 μm. f, Quantification of the number of cells in circular domes at two time points 12 h apart (n = 4 domes). NS, not significant (P = 0.4571), two-tailed Mann–Whitney test. Data are shown as mean ± s.d.


Extended Data Fig. 2 Dome response to inhibition of tension and weakening of cell–cell adhesion.

a, Time evolution of surface tension and volume of a representative dome in response to Y27632 (30 μM, added at t = 0 min). b, Cellular areal strain ε
c as a function of dome nominal areal strain ε
d during dome swelling. Only a subset of cells is represented and most cells with ε
c < ε
d have been omitted for clarity. Coloured lines represent the cells labelled in c. Dashed line represents the relation ε
c = ε
d. The inset represents the variance of ε
c within the dome as a function of ε
d. c, Maximum intensity projection and x–z and y–z confocal sections of an epithelial dome of MDCK–CAAX cells before (−1 min) and after (12 min and 26 min) addition of Y27632 (30 μM, added at t = 0 min). The time evolution of coloured cells is depicted in b using the same colour code. Scale bars, 50 μm. Data are representative of n = 3 experiments. d, Maximum intensity projection and corresponding x–z and y–z profiles, showing the collapse of a dome of MDCK–CAAX cells after treatment with 2 mM EGTA (30 min and 35 min after the addition of EGTA). Data are representative of n = 3 experiments. Scale bar, 50 μm. e, After dome collapse, gaps (red arrowheads) were apparent at tricellular junctions. Scale bar, 10 μm.


Extended Data Fig. 3 Dome volume dynamics during spontaneous fluctuations.

a, c, Time evolution of the dome volume in experiments that last 12 h (a) and 6 h (c). Cells are MDCK–LifeAct. b, d, Confocal x–z sections of domes during these experiments. Data representative of n = 10 experiments. Scale bars, 50 μm.


Extended Data Fig. 4 Tension–strain relations in MDCK–CAAX and Caco2 cells.

a, Relation between surface tension and areal strain for MDCK–CAAX cells. Data include measurements at different time points from n = 9 domes. The tension–strain relation is qualitatively similar to the one obtained for MDCK–LifeAct cells (Fig. 3e), with small quantitative differences. The solid line and shaded area indicate the mean ± s.d. obtained by binning the data (n = 14 points per bin). b, Image of a representative Caco2-cell dome labelled with BODIPY FL C16 dye (n = 3 micropatterned substrates). Confocal x–y, x–z and y–z sections are shown. Scale bar, 50 μm. c, Relation between surface tension and areal strain for Caco2 cells. Data include measurements at different time points from n = 6 domes. Caco2 cells show a tensional plateau throughout the probed strain range. The solid line and shaded area indicate the mean ± s.d. obtained by binning the data (n = 10 points per bin).


Extended Data Fig. 5 Dome cells exhibit large strain heterogeneity.

a, Cellular areal strain ε
c as a function of dome nominal areal strain ε
d during dome swelling. Only a subset of cells is represented and most cells with ε
c < ε
d have been omitted for clarity. Coloured lines represent the cells labelled in b. Dashed line represents the relation ε
c = ε
d. The inset represents the variance of ε
c within the dome as a function of ε
d. b, Maximum intensity projection of an epithelial dome of MDCK–CAAX cells at four different time points of the swelling event described in a. The time evolution of coloured cells is depicted in a using the same colour code. Scale bars, 50 μm. c, d, represent the same as a, b, for a different dome of MDCK–CAAX cells during slow deflation. e, Coefficient of variation (CV) (defined as standard deviation divided by mean) of MDCK–CAAX cells in a 2D adherent cell monolayer, in weakly inflated domes (20–100% areal strain), and in highly inflated domes (100–150%). The coefficient of variation is a non-dimensional indicator of heterogeneity. The coefficient of variation was calculated by measuring area of 10 cells in n = 7 cell monolayers, n = 7 weakly inflated domes and n = 7 highly inflated domes. **P = 0.0041 (left), **P = 0.0041 (right), two-tailed Mann–Whitney test. Data are shown as mean ± s.d. f, g, Mouse blastocysts (labelled with E-cadherin) exhibiting heterogeneity in cell area in the trophectoderm, particularly during hatching (g) (n = 4). Scale bars, 25 μm.


Extended Data Fig. 6 Superstretched cells display a lower density of F-actin at the cortical surface.

a–f, Sum of intensity projection of epithelial domes stained with phalloidin for F-actin. n = 5. Scale bars, 50 μm.


Extended Data Fig. 7 Inhibition of ARP2/3 does not affect area heterogeneity in domes of MDCK cells.

a, Coefficient of variation of the cell area in domes of MDCK–CAAX cells, treated with CK666 (100 μM for 60 min), compared to control domes. The coefficient of variation is a non-dimensional indicator of heterogeneity. The coefficient of variation was calculated by measuring area of 10 cells in n = 6 domes treated with CK666 and in n = 14 control domes. NS, not significant (P = 0.1256). Two-tailed Mann–Whitney test. Data are shown as mean ± s.d. b, Dome nominal areal strain in domes of MDCK–CAAX cells, treated with CK666 (100 μM for 60 min, n = 6), compared to control domes (n = 14). NS, not significant (P = 0.7043). Two-tailed Mann–Whitney test. Data are shown as mean ± s.d. c, Maximum intensity projections and x–z sections of a representative control dome (left) and the same dome treated with CK666 100 μM (60 min). Scale bar, 25 μm.


Extended Data Fig. 8 Local perturbation of the actin cortex using photoactivatable cytochalasin D increases cell area.

a, Time evolution of the normalized cell area in response to local photoactivation of cytochalasin D (black line, activation at t = 0 min, n = 5 domes; see Methods). The blue line shows the time evolution of control cells (same illumination protocol but no photoactivatable cytochalasin D in the medium, n = 8 domes). The area was normalized to the first time point. Solid lines and shaded areas indicate mean ± s.d. At t = 21 min, normalized cell areas were significantly different (*P = 0.0159, two-tailed Mann–Whitney test). b, Normalized cell area 21 min after photoactivation in three experimental conditions: photoactivated cells (black circles, n = 19 cells from 5 domes), cells subjected to the same illumination protocol but without photoactivatable cytochalasin D in the medium (blue squares, n = 19 cells from 8 domes) and cells with photoactivatable cytochalasin D in the medium but without illumination (red triangles, n = 24 cells from 9 domes). Data include the immediate neighbours of the targeted cells because cytochalasin D quickly diffused after activation. ****P < 0.0001, NS, not significant (P = 0.4130), two-tailed Mann–Whitney test. Data are shown as mean ± s.d. c, Representative photoactivation experiments showing the apex of one dome before (−12 min) and after (6 min and 21 min) photoactivation of the cell marked with a yellow dashed rectangle (n = 5). Top panels show the fluorescently labelled membrane and bottom panels show the SiR–actin channel. Note the increase in cell area and granulation in the SiR–actin channel (white arrowheads), which indicates disruption of the actin cortex. Scale bar, 15 μm. d, Control experiment in which one cell at the apex of the dome (yellow dashed line) was subjected to the illumination protocol of c without photoactivatable cytochalasin D in the medium (n = 8). Top panels show the fluorescently labelled membrane and bottom panels show the SiR–actin channel. Scale bar, 15 μm. See also Supplementary Video 9.


Extended Data Fig. 9 Intermediate filaments reorganize in superstretched cells.

a–f, Immunofluorescence micrographs (see Methods)—represented using maximum intensity projection—of domes of MDCK keratin-18–GFP (in green) cells stained for F-actin (phalloidin, red), and nuclei (Hoechst, blue), n = 3. Scale bars, 50 μm. a, d, Zoomed-in area (marked with a dashed white square in b, e) showing that the keratin-18 filament network links neighbouring cells and localizes at cell boundaries (white arrowheads). Scale bars, 10 μm. c, f, Zoomed-in area (marked with a dashed white square in b, e) showing that keratin-18 filaments are taut (white arrowheads) and have reorganized, with nodes at the cell centre connecting different cells. Scale bars, 10 μm.


Extended Data Fig. 10 Intermediate filaments stabilize cell shape in superstretched cells.

a, Representative MDCK keratin-18–GFP superstretched cell at the apex of a dome before (0 s) and after (90 s) laser cutting the keratin filament bundle marked in b with a white arrowhead. The yellow line marks the outline of the cell measured with bright-field imaging. Scale bar, 10 μm. b, Magnified view of the region labelled in a with a dotted magenta rectangle. Scale bar, 5 μm. c, Representative MDCK keratin-18–GFP weakly stretched cell at the apex of a dome before (0 s) and after (90 s) laser cutting the keratin filament bundle shown in d. The yellow line marks the outline of the cell measured with bright-field imaging. Scale bar, 10 μm. d, Magnified view of the region labelled in c with a dotted magenta rectangle. The same laser cutting protocol and laser power were used to cut filaments in superstretched and weakly stretched cells. n = 5. Scale bar, 5 μm. See Fig. 4o, p for quantification and statistics.
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This file contains Supplementary Table 1, Supplementary Notes 1–4 and Supplementary References. Supplementary Table 1: Cell cultures reported to exhibit domes. Supplementary Note 1: Mechanics of a thin axisymmetric membrane under uniform pressure. Supplementary Note 2: Dome hydraulics. Supplementary Note 3: 3D vertex model of epithelial domes. Supplementary Note 4: Surface calculations.


Reporting Summary

Video 1 | Dome mechanics during tension inhibition.
Time evolution of tractions on epithelial domes of MDCK–LifeAct cells before (CT) and after 5 min incubation with 30 µM Y-27632, known to reduce tissue tension (n = 3). Time step is 15 min. Scale arrows, 100 Pa. Scale bar, 50 µm.


Video 2 | Dome mechanics during spontaneous fluctuations.
Time evolution of tractions on epithelial domes of MDCK–LifeAct cells during spontaneous volume fluctuations (n = 13). Time step is 30 min. Scale arrows, 150 Pa. Scale bar, 50 µm.


Video 3 | Spontaneous fluctuations of an epithelial dome.
Projected view (maximum intensity) of a dome of MDCK–CAAX cells during spontaneous volume fluctuations (n = 10). Dome footprint was circular. Time step is 2.5 min. Scale bar, 50 µm.


Video 4 | Spontaneous fluctuations of an epithelial dome.
Projected view (maximum intensity) of a dome of MDCK–CAAX cells during spontaneous volume fluctuations. Time step is 1 h. Dome footprint was star-shaped (n = 3). Scale bar, 50 µm.


Video 5 | Strain heterogeneity during spontaneous deswelling of an epithelial dome.
Projected view (maximum intensity) of a dome of MDCK–CAAX cells during spontaneous deswelling (n = 10). Time step is 10 min. Scale bar, 50 µm.


Video 6 | Strain heterogeneity during spontaneous swelling of an epithelial dome.
Projected view (maximum intensity) of a dome of MDCK–LifeAct cells during spontaneous swelling (n = 6). Time step is 30 min. Scale bar, 50 µm.


Video 7 | Strain heterogeneity during spontaneous deswelling of an epithelial dome.
Projected view (maximum intensity) and lateral view of a dome of MDCK–CAAX cells during dome deswelling (n = 10). Time step is 10 min. Scale bar, 50 µm.


Video 8 | Reversible cortical dilution during dome fluctuations.
Projected view (sum of intensity) of a dome of MDCK cell labelled with SiR–actin cells during spontaneous volume fluctuations (n = 3). Time step is 30 min. Scale bar, 25 µm.


Video 9 | Local perturbation of the actin cortex using photoactivatable Cytochalasin D.
Projected view (maximum intensity) of the apex of a dome of MDCK–CAAX cells (green) labelled with SiR–actin (red) before and after local photoactivation of Cytochalasin D (n = 5). Activation was produced by illumination (405 nm) of the region marked with a white square at t = 0 min. Time step is 3 min. Scale bar, 15 µm.


Video 10 | Vertex model simulation showing sudden localization of the areal strain during dome swelling.
Computational vertex model simulation accounting for strain-softening due to cortical depletion but not re-stiffening due to intermediate filaments leads to sudden localization of the areal strain in a single cell. The simulation is performed for \({\gamma }_{l,0}/{\gamma }_{ab,0}=0.25\) and \(\omega =10\).


Video 11 | Vertex model simulation of swelling-deswelling events in an epithelial dome.
The enclosed volume was increased to reach a nominal dome strain of 400%, and then decreased until the dome flattens. The simulation parameters are those used in Fig. 4k, q, r and described in Supplementary Note 3. The network of intermediate filaments that re-stiffen the superstretched cells are also shown.


Video 12 | Vertex model simulation of equibiaxial stretching of a biperiodic epithelial sheet beyond the superelastic transition. 
The nominal areal strain of the sheet is increased beyond the high strain phase of individual cells, thus leading to the progressive transition of all cells from low-strain phase to high-strain phase. The intermediate filaments surpassing the activation threshold appear in the superstretched cells. The simulation parameters are those used in Fig. 4k, q, r.
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