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Bending towards differentiation

Both biochemical and mechanical signals coordinate all processes at the origin of the formation of functional organs, including tissue folding, cell shape and differentiation. In this issue of Developmental Cell, Blonski et al. establish a direct consequence of epithelial monolayer folding on nuclear shape and gene expression.

During embryonic development, cells will transform to form interconnected organs. First, cells undergo differentiation, expressing the specific genes linked to their function and location. In the meanwhile, through a process called morphogenesis, the tissue they belong to acquires its shape to give the organ the proper structures. Differentiation and morphogenesis have to be coupled to obtain the functional organ, and both biochemical and mechanical factors participate in this coupling. Morphogens, small secreted molecules that diffuse into the tissue, establish gradients that control both cell proliferation and differentiation. But mechanical parameters, such as the stiffness of the tissue itself, play an essential role in triggering the correct differentiation program [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. The shape of tissues is expected to be a strong determinant of the coupling between morphogenesis and differentiation in order to position specialized cells at the right place in the organs. However, this has never been directly linked to differentiation or signaling pathways. In particular, because shapes of tissues/organs are often convoluted and curved, it is not known whether induction of tissue folding promotes specific gene expression and activation of signaling pathways. In this issue of Developmental Cell, Blonski and coworkers designed a clever assay to rapidly induce folding of flat epithelia, measure the strain and stresses applied to cells by this deformation, and observe the resulting activation of signaling pathways and promotion of specific gene expression patterns [START_REF] Blonski | Direction of epithelial folding defines impact of mechanical forces on epithelial state[END_REF]. To do this, the authors sealed the top face of a microfluidic channel with a thin elastomer (a layer of PDMS, PolyDiMethylSiloxane), onto which they grew an epithelial monolayer (Figure 1). With the microfluidic channel connected to liquid pressure controllers, Blonski et al. applied negative and positive pressures to the channel, inflating or deflating the PDMS layer. This led to immediate induction of positive and negative curvatures into the epithelium on the free-standing part of the PDMS layer. Conversely, at its connection with the channel border, onto which the PDMS is bonded and where the highest strains and stresses are visible, the curvature of cells was respectively negative and positive. At this specific place, the deformations experienced by the cells are similar to well-described morphogenetic events such as gastrulation or neurulation of Drosophila embryos. The authors used a theoretical model to predict what stresses (in particular, torques) could be generated during the induction of curvature, and they predicted that positive pressure would lead to moderate stretching of cells in the PDMS layer over the channel and high torque and compression at the boundary, whereas negative pressures would lead to moderate compression in the free-standing PDMS and high torque and stretch at the boundary. To qualitatively verify predictions, the authors measured changes of cell membrane tension with a recently developed membrane-tension probe [START_REF] Colom | A fluorescent membrane tension probe[END_REF]. They indeed observed a decrease of tension at the boundary when positive pressure was applied, consequently to compression, and an increase of tension at the boundary when negative tension was applied. Because of this change in membrane tension, the authors suspected that mechanosensitive channels, particularly calcium channels, could react to this induction of curvature. By using in cellulo calcium imaging, the authors showed a transient calcium wave propagating from the boundary when negative pressure was applied, inducing an increase of tension, and calcium signaling was completely inhibited at the channel border when positive pressure was applied, leading to a decrease in tension. Using inhibitors for mechanosensitive calcium channels led to the surprising result that it did not change the calcium signal induced by curvature. Thus, calcium waves were generated from internal pools of calcium, and authors found that it came from internal endoplasmic reticulum and nuclear pools. However, the most exciting result came from a technical sorting of cells to analyze the gene expression profiles of cells in various parts of the device. By pre-activating cells expressing a photo-activable version of mCherry, the authors sorted cells from the flat part, from cells found on the border, and cells from the free-standing PDMS sheet. They found that the gene expression profiles were only changed in the cells at the boundary during positive pressure, where torque is the highest. In this case, they observed an upregulation of genes linked to ribosome production and translation, and a downregulation of genes involved in cell-cell adhesion, all being consistent with induction of cell proliferation. The results of Blonski and colleagues in this issue of Developmental Cell make a direct link between induction of positive and negative curvature of an epithelium, cell shape and changes of gene expression. These findings contribute to understand the spatiotemporal effects of mechanical cues on cell behavior and, thus, on their biochemical responses. Furthermore, they are also relevant to many developmental and regenerative situations: the intestinal villi, for example, where cell proliferation is found in negatively curved crypts, and cells are extruded at positively curved tips of the villi. Studying how curvature controls cell differentiation and growth in physiological conditions remains challenging, but Blonski et al. take one big step forward to motivate further physiological studies.
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 1 Figure 1. Principle of the assay used by Blonski et al. An elastic layer of PDMS (gray) is used to cover a microfluidic channel casted in resin (dark gray blue). Epithelial cells are grown on top of the PDMS layer, and pressure within the microfluidic channel can induce positive or negative curvature.
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