N

N

How multiscale curvature couples forces to cellular
functions

Marine Luciano, Caterina Tomba, Aurélien Roux, Sylvain Gabriele

» To cite this version:

Marine Luciano, Caterina Tomba, Aurélien Roux, Sylvain Gabriele. How multiscale curvature couples
forces to cellular functions. Nature Reviews Physics, 2024, 6, pp.246 - 268. 10.1038/s42254-024-
00700-9 . hal-04533877

HAL Id: hal-04533877
https://hal.science/hal-04533877v1
Submitted on 9 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04533877v1
https://hal.archives-ouvertes.fr

https://doi.org/10.1038/s42254-024-00700-9

How multiscale curvature couples
forcestocellularfunctions

Marine Luciano?, CaterinaTomba?, Aurélien Roux'? & Sylvain Gabriele*

Abstract Sections

Among the physicochemical cues in the cellular microenvironment
that orchestrate cell processes, the different levels of curvature in the
extracellular matrix and intrinsic to the tissues play a pivotal role in Forces and tissue curvature
the spatiotemporal control of key cellular functions. Curvature generation
influences multicellular organization and contributes to the onset of
specific human diseases. This Review outlines how physical parameters —

i . . i Implications for human
usedtodescribe the balance of forces in cells and tissues shed light diseases
on the mechanism of curvature sensing of cells across different
length scales. We provide a summary of progress in delineating
the fundamental mechanobiological characteristics of curvature
sensingacrossvarious scales, emphasizing key challenges inthe field.
Additionally, we explore the potential of vertex model approaches
to uncover critical physical elements involved in the mechanical
regulation of curved tissues and the construction of functional
architectures at the collective level. Finally, we examine how changes
in curvature can influence transcriptional regulation through a
reorganization of cytoskeletal forces acting on the nucleus, thereby
facilitating the development of specifichuman diseases.

Introduction

Mechanisms of cellular and
nuclear curvosensing

Outlook
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Key points

= Cellsinteract with the curved surfaces of many organs and, at a lower
scale, with the rounded features of the extracellular matrix, which
inherently links geometric form and biological function.

= The curvature of the extracellular matrix influences vital cellular
processes by defining physical boundary conditions across multiple
scales.

= Multicellular tissues are active materials, and curved patterns in
tissues emerge from stress fields generated by intrinsic forces coupled
with extrinsic constraints.

= The regulation of cellular shape and tension by curvatures at various
length scales activates specific mechanotransduction pathways that
synergistically determine downstream cellular functions.

= Changes in the balance of cellular forces required to adapt to curved
environments can have dramatic consequences, promoting the
emergence of various human diseases.

Introduction

Curved surfaces are a hallmark of many biological tissues, enabling
important functions such as maximizing the surface-to-volume ratios.
Examples include brain gyri that optimize neuronal connectivity', intes-
tinal villi that enhance nutrient absorption in the gut, and alveoli that
facilitate gas exchange in the lungs. Interestingly, cells not only interact
with micrometre-scale curved features but also with the curved nano-
structures of the extracellular matrix (ECM), reshaping their membrane
and cytoskeletal components accordingly.

In addition to other physical ECM cues such as stiffness2-4, con-
finements-7, viscoelasticity®-'° or mechanical stretch!'-4, growing evi-
dence suggests that the length scale of curved features substantially
influences cellular and tissue functions, guiding repair mechanisms,
tissue morphogenesis and pathological processes's-19. Moreover,
there is an intricate relationship among biological form, function
and mechanical forces29; it is thus important to study how cells and
tissues adapt to curved nanoenvironment and microenvironment
with a specific response in terms of force balance. Investigating
the interplay among shape, force and cell regulation in response
to modifications of the cell microenvironment properties has laid
the foundations for cell mechanobiology as a discipline2'. Among
other physical ECM cues, how curvature of the cell microenviron-
ment affects the interplay between cell shape and force is crucial for
understanding the organization, dynamics and fate of individual
cells and collectives.

We present an overview of the impact of curvature at different
length scales on cell organization, motility and morphogenesis.
We describe the coupling of cell forces and shapes to curvature. We
also show how cell shape adapts to the matrix curvature and we dis-
cuss vertex models used to determine the balance of forces in the
emergence of curved patterns. Finally, we highlight the importance
of understanding the cellular and tissue responses to substrate curva-
ture, as they hold insights into the complex mechanisms involved in
various pathological conditions and diseases associated with matrix
curvature.

Forces and tissue curvature generation

The human body is characterized by geometric and topological struc-
tures thatexhibit curvatures ranging from the moleculartothe organ
scale (Box 1).In 2D, curvatureis represented by a curved line in the plane
(xy),whereas inthe perpendicular dimensions (xzand yZz), the line forms
an out-of-plane (3D) curved surface (Box 2). Within living systems,
the environment s primarily 3D and highly structured, influenced by
Gaussian and mean curvature distributions that give rise to numerous
complex structures (Box 2). Curvature manifests at the microscopic
level within organs and extends to the organs themselves, relying on
amodulation of the balance of forces generated by various sources.

Balance of forces in the emergence of curved patterns
Multicellulartissues are active materials composed of force-generating,
growing and dividing cells. As for any material, their deformation
depends on the force balance applied to them. But the tissue forces
can be intrinsic, generated by the cells themselves, or external, or can
resultfrom acombination of active cell processes (growth and prolif-
eration) and external constraints (pressure and spatial confinement).
We review the different intrinsic forces within tissues and describe how
forces are combined with extrinsic constraints to generate stress fields
that can shape tissues. Tissue-intrinsic forces emerge from subcellular
forces that integrate over multicellular distances through multicellular
features such as cell-celladhesion, order and tissue fluidity.

Intrinsic forces at the single-cell level. Active cells generate three
types of forces: osmotic pressure, cytoskeleton forces and membrane
tension (Fig. 1a). These forces are not independent, as changes in one
also affectthevalue of others.

Cells are delimited by a semi-permeable lipid membrane. Thus,
any concentration change of solutes across the cell membrane
changes the cell osmotic pressure, and active pumping of solutes
across the membrane may create osmotic gradients. The osmotic
pressure inside cells varies from cell type to cell type and is particularly
high in organisms having a cell wall and growing through turgor
pressure22, Inthe firstapproximation of a spherical cell, the osmotic
pressure of the cell is coupled to its volume through the Laplace law
(P = 22, in which P is the pressure, o is the membrane tension
(discussed subsequently) and R is the radius). Experimentally, it is
found that the volume of cells is coupled to its osmotic pressure, but
with a minimal, incompressible volume, leading to the Ponder-Boyle-
Vant’Hoff equation that accounts for changes of volume with changes
of osmotic pressure (P(V - Vo))= Po(Vo - Vo)), in which Pand V are the
osmotic pressure and volume after the volume change, Po and Vo are
the osmotic pressure and volume before the osmotic change and Vo
is the minimal (osmotically inactive) volume. However, the complex
dynamics of the osmotic response under hypotonic shocks modifies
this relation between volume and pressure in times longer than afew
tens of seconds?3. In multicellular tissues, the turgor pressure is an
integration of the different osmotic pressures of its cells and can
generate a pressure when the tissue is under confinement. Impor-
tantly, many tissues have also liquid cavities between cells, and
osmotic pressure is regulated by ions pumped by cells within the cav-
ity. In this case, the pressure of the cavity applies to the cells, which
can participate in tissue deformation24. Three ionic transporters
participate in balancing the osmotic pressure between the cell and its
external media2s. As these transporters are regulated genetically and
biochemically, different levels of osmotic pressure are obtained
through differentregulations.




Box 1

Scales of curvature in the human body

Inliving systems, curvature is a prevalent characteristic observed
within the extracellular matrix (ECM) and organs. The human body
has a range of curved structures spanning various length scales
(see the figure, part a) in both 2D and 3D'%'%88-1%2,

At the subcellular scale, curved structures are found in the
ECM, which comprises fibrillar proteins and proteoglycans. For
instance, mature tendons exhibit collagen fibrils of few hundreds
of nanometres in diameter, forming bundles spanning tens to
hundreds of micrometres'®® (see the figure, part b). Curved ECM fibres
arise from a reciprocal feedback between ECM fibres and cells'®,
and aligned collagen networks are observable in specific tissues
by using second harmonic generation microscopy (see the figure,
part c). Specific cell types, such as fibroblasts, actively participate
in the alignment process of collagen fibres, thereby enhancing the
migratory persistence of tumour cells'®>. Within bones, a highly
curved hierarchical structure is formed, encompassing collagen
fibrils, osteons and osteocytes. Osteons are cylindrical structures of
mineral matrix of diameter 100-200 um that permit living osteocytes
to align with the bone axis'®® (see the figure, partd).
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Curvature at the subcellular scale is not only associated with the
ECM but also intrinsic to the cell itself. Notably, the lipid bilayers
of the cell membrane can form either convex surfaces, forming
membrane-bound vesicles with diameters ranging from tens to
hundreds of nanometres, or concave shapes with cleavage furrows
during cytokinesis, characterized by aring of diameter 1-2um.
Moreover, cellular extensions known as cilia and flagella, with
diameters in the range of tens to hundreds of nanometres, are
present in various microorganisms and eukaryotic cells to facilitate
movement or guide their motion through fluids. The twist of bundles
of microtubule filaments in the axoneme, the inner motile structure of
cilia and flagella, is crucial for regulating the motion of the motors,
enabling the production of coordinated waveforms and serving as
mechanism through which motors can sense curvature'®’. Highly
curved protrusions are also observed in the microvilli, “100nm
in diameter, enhancing the apical surface area for absorption in
epithelial cells of the small intestine. Within cells, multifolding
structures give rise to the Golgi apparatus and the endoplasmic
reticulum, characterized by spirals and tubules with diameters of
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(continued from previous page)
afew tens of nanometres'*®'*° and peaks of curvature measuring
<10nm?* (see the figure, parte).

On a larger scale, epithelial cells line the interior surface of
cylindrical or lobular structures in various organs, including
the lung, kidney, breast and pancreas. Epithelial tissues from
different organs, such as the urinary bladder and skin, exhibit
folds at varying dimensions, which can be attributed to common
mechanisms driven by physical forces®?°!. Apical constrictions
are integral to developmental processes, involving the active
narrowing of cellular apices?’? and the local reduction of basal
tension owing to decreased ECM density, along with increased
lateral tension resulting from F-actin fluctuations?%*2% (see the
figure, partf). In the intestinal barrier, chemical gradients contribute
to maintaining cell compartmentalization within the villus-crypt

One manifestation of cytoskeleton forces is the cell contractil-
ity that is generated by protein filaments, actin, onto which myosin
molecular motors can exert forces. Myosins are chemo-mechanical
transduction machines that operate via the rotation of their leverarm
in response to actin binding and ATP hydrolysis2¢. Motors can move
actin filaments relative to each other, leading to contraction, but a part
ofthe contractile forces is generated by the constant polymerization-
depolymerization dynamics of actin fibres. Depending on how the
actin filaments are organized, how they are bound to the membrane
and/or crosslinked, the actomyosin system can form contractile rings
during cell division, stress fibres to anchor cells onto a substrate or a
contractile surface known as lamellipodia for cell migration. In most
cells, a thin contractile layer tightly bound to the plasma membrane,
known as the actin cortex, keeps cells under tension.

Another source of cytoskeleton forces is microtubules. Forces
implicated in tissue remodelling and the formation of curved patterns
are not exclusively attributed to the actomyosin network but can
also stem from microtubules. The polymerization of microtubules
involves the addition of a GTP-tubulin dimer, corresponding to a
mechanical force of approximately 4 pN (ref. 27). The polymerization
or depolymerization of a single microtubule composed of 13 protofila-
ments can generate a force of approximately 50 pN (ref. 28). Addition-
ally, microtubules can interact with molecular motors to generate
pushing or pulling forces, which are crucial for creating stress fields
that shape tissues2°. An active role of microtubules in generating
compressive forces to stabilize cell shape during morphogenesis
has been uncovered in Drosophila. Further research is needed to
understand the contribution of microtubules and other cytoskeletal
components, such as vimentin, to the generation of shaping forces in
epithelial tissues.

Finally, various definitions of membrane tension have been
proposed3?, starting with the original thermodynamic definition3'.
We adopt a mechanical definition, wherein membrane tension is con-
sidered to be the reactive force in response to the stretch of a lipid
membrane. Through the Laplace law, osmotic pressure has a direct
contribution to membrane tension. The actomyosin system also has a
direct contribution to membrane tension, mostly through cortical actin
contractility, but also through the protrusion of filopodia and lamellipo-
dia. Other processes can regulate membrane tension: endocytosis and
exocytosis that regulate membrane area; the formation of caveolae,
which are plasma membrane invaginations that buffer rapid increase

structure®” (see the figure, part g), and tension gradients facilitate
compartmentalization, folding and collective migration®2. The highly
curved organization of the gastrointestinal tract has mechanical
origins®® linking morphogen-based patterning and muscle
alignment?”’, whereas the brain undergoes progressive cortical
folding stages driven by mechanical forces?® (see the figure, part h).
Finally, curved macrostructures could also be observed in the human
body, as in the veins and arteries of the cardiovascular system or the
looping pattern of the gut (see the figure, parti).

Part c is reprinted with permission from ref. 194, CC BY 4.0. Partd
reprinted with permission from ref. 196, Elsevier. Part e reprinted with
permission from ref. 200, Elsevier. Part g reprinted with permission
from ref. 205, Elsevier. Part h reprinted with permission from ref. 208,
Royal Society. Part i adapted from ref. 206, Springer Nature Limited.

in tension; or lipid metabolism. The actomyosin cortex and osmotic
pressure are thus coupled in the regulation of cell surface tension, all
of which participate in processes of many cells. For example, in migrat-
ing cells, there is a gradient of membrane tension, coupled to the actin
dynamics32-35, But the cellular process in which the balance between
osmotic pressure, actin cortex contractility and membrane tension
is the most appreciable is probably cell division. During cytokinesis,
changes in the composition and structure of the contractile actomyosin
cortex, along with osmotic swelling, lead to substantial modifications
in cell morphology. These morphological modifications allow a divid-
ing cell to generate force against its surroundings36. Moreover, a com-
plex mechanical feedback loop activates the cortical actin contractility
if one of the daughter cells gets too large, avoiding the smaller cell
emptyingitselfintothe larger one because of aninstability created by
differencesin osmotic pressure3’.

All these forces contribute to the collective forces that shape
curved tissues, but additional properties of collective assemblies must
alsobe considered.

Combining intrinsic forces at the multicellular level. Additional
properties associated with multicellularity are essential to integrate
forces over multicellular distances: cell-cell adhesion and cell-substrate
adhesion, cell planar polarity and cell order.

Intercellularinteractions are usually mediated by cadherin-like
molecules. Cadherins have many isoforms, but usually the adhesive
force they provide is strongest between cells expressing the same
isoform (isoforms) at their surface. In epithelial cells, cadherins form
amorestructured adhesive zone called the adherens junction. Adher-
ens junctions in epithelial cells are located on their apical side and are
linked to an actomyosin ring that participates in keeping cell under
lateral tension (Fig. 1b). Thus, the adherens junctions are linked to the
contractile machinery of the cells that propagates tension over large
distances,whichisalso true for any cells interacting through cadherins.

Another essential adhesive property of cells is their adhesion to
the substrate. Usually, ECM proteins interact with integrins. Integrins
are transmembrane proteins bound to the actin-cytoskeleton in the cell
(Fig. 1b). They are part of focal adhesions, structures known to provide
strong anchoring of cells to stiff substrates. Focal adhesions are also
essential actors of the mechanosensing pathways.

Planar cell polarity is associated with an anisotropic shape of the
epithelial cells, and the localization of specific proteins, in particular
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Box 2

Geometrical concepts of curvature

To understand the effect of curvature on cells and tissues, it is first
necessary to define the term and the main geometries associated
with curved surfaces. In the context of surfaces, the curvature can
be defined by considering two principal curvatures, denoted as k1
and ko, also referred to as maximum and minimum curvature,
respectively (see the figure, part a). These curvatures correspond

to the inverse of the radius of a circle that is tangential to the surface
atthe corresponding point (see the figure, part b). Curved surfaces
can also be classified as concave when they curve inward or as
convex when they curve outwards (see the figure, partb). A concave
surface and a convex surface with identical curvatures fit perfectly
into each other.

Taking the example of a cylinder, which is a surface with
constant curvature, k1 represents the maximum curvature along the
axis of the cylinder, indicating the rate at which the surface curves
in the direction of its length. Conversely, k2 represents the minimum
curvature, indicating the rate of curvature in the direction
perpendicular to the length of the cylinder. Together, ki and k2
provide a complete description of how the surface curves at a
specific point, offering valuable insights into its geometric
properties. The product of the two principal curvatures (K = kikz)
defines the Gaussian curvature (K), which is a quadratic term.

The average of the two principal curvatures determines the mean
curvature (H), H = (k1 + k2)/2. K is an intrinsic measure defined by
the surface itself, whereas H is an extrinsic measure determined

by the surface and its surrounding?®. Therefore, it does not
characterize the shape but gives the amount of curvature in one
way or another. The intrinsic property of curvature does not depend
on the embedding of the surface, whereas the extrinsic does. This is
best reflected in the fact that when integrated over the whole
surface, Gaussian curvature is a constant, the value of which
depends on the topology of the surface and not its shape, whereas
the integral of H varies markedly as a function of the global

shape of the surface. According to the Gauss-Bonnet theorem, the
integral of K over the entire manifold with respect to area is 2n times
the Euler characteristic of the manifold (Kds = 2ny, in which yis
Euler’s characteristic). An infinite flat surface has K and H values of
zero, as both ki and k2 are zero (see the figure, part c). Infinite
cylindrical surfaces obtained through isometric folding have one
principal curvature equal to zero, resulting in K=0 at any point
(green dotted line; see the figure, part c). Structures such as
domes and spheres have non-zero values for both ki and ka,
exhibiting curvature in a consistent direction and consequently
have a positive K (orange dotted line). Saddle-like surfaces or
branched tubes exhibit principal curvatures (k1 and kz) curving in
opposite directions and not equal to zero, leading to a negative K
(blue dotted line). The situation differs for H because it depends on
how the surface is incorporated in the surrounding 3D environment
and, therefore, the chosen direction for the normal surface.
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leads to T1-T2 transition. d, At a larger scale, cohesive cell assemblies can be
described by their nematic order of single-cell directors (the orientational vector
of the cells). Nematic order forms lines of order organized by topological defects
(grey schematics) and coordinates the motility and contractility of cells at the
tissue scale. ECM, extracellular matrix. Part d adapted with permission from

ref. 186, Elsevier.

adhesion molecules and actomyosin components, at one or several
poles of the cell. These anisotropies can orient all forces into one direc-
tion, leading to cell motion towards a main direction. Such orientation
occurs in the case of T1-T2 transitions (Fig. 1c), which are driven by
cell planar polarities that push one row of cells in a hexagonal lattice
of epithelial cells tointercalate in between the cells of aneighbouring
row. These intercalations generate shearing flows that cause the tissue
to expand predominantly in one direction while concurrently reducing
its length in the perpendicular direction3s.

Finally, dense assemblies of anisotropic cells can produce an ori-
entational field that is described by a nematic order and is coupled
to the collective flow field of cells39 (Fig. 1d). One essential difference
between collective cell migration and liquid crystals is that cells are
active and produce their own forces, forming multicellular flows similar
to the ones observed in thin layers of dense cytoskeleton filaments and
motors40. Following Newton’s principle, these flows are created by
spatiotemporally varying stress fields, which are organized by topologi-
cal defects. Understanding how assemblies of cells interact to create

active stress fields that generate flows is a growing subject of interest
to understand morphogenesis, as these stress fields are expected to be
the ones shaping tissues. In passive nematic systems at rest, the order
tends to homogenize in one direction (Fig. 1d, top). In active systems,
because of the varying force field, there is a constant rate of creation of
nematic defects, which are points where the order is lost. These defects
are surrounded by specific patterns of orientational and velocity fields,
which define their topological charge (Fig. 1d, bottom). Because of
the specific orientational and flow field around them, defects impose
structure in the gradients of forces around them“!. These gradients can
be contractile, meaning that the defects are under compressive forces,
or extensile, meaning that defects are under stretching forces42:43,
Whether stresses around defects are contractile or extensile depends
on several factors: the balance between motility and contractility, but
also cell-cell adhesion. For example, reducing the expression of pro-
teins involved in establishing adhesive interactions between epithelial
cells transforms contractile stress fields around defects into extensile
stress fields44.




Mechanisms of tissue curvature generation

All mechanisms by which tissues can deform and generate curvature
involve forces. To unveil these mechanisms, one must measure these
forces atvarious scales. In addition to using various biological model
systems for studying in vivo tissue curvature generation, scientists
have adopted a reconstitution approach that mimics key stages of mor-
phogenesis and allows the measurement of forces under standardized
conditions.

Hydrostatic and osmotic pressure. Manyembryosandtissuesgrowand
deformaround liquid cavities, which are created byosmotic fracturing*s.
Invitro, epithelia recapitulate some features of osmotic deformation.
Epithelia are osmotic barriers to protect tissues from their osmoti-
cally varying environment. These cells actively pump ions to main-
tain their osmotic pressure regardless of environmental changes.
When Madin-Darby canine kidney epithelial cells cover a small, flat
micropattern onto which they weakly adhere, a liquid cavity forms
between the epithelium and the substrate24. Because of active ion
pumping, the cavity osmotically swells, forming growing domes
of cells. When their contractility opposes their osmotic stretch, most of
the cells flatten, some more than others: certain cells acquire superelas-
tic properties to accommodate the large tissue deformation induced
by osmotic swelling46. This mechanical behaviour enables epithelial
tissues to sustain several-fold areal strains under constant tension
leading to a curved epithelium enclosing a pressurized lumen. These
observations recapitulate osmotic swelling seen in mouse embryos,
inwhich periodic swelling occurs once the liquid cavity of the blastula
has been formed47.

Apical constriction. Apical constriction is probably the most
ancient mechanism discovered that causes multicellular curvature
generation*8.49, Epithelial (ectodermal for embryos) cells are polarized
and some of them exhibit a higher contractility at their apical side,
which leads to curvature of the tissue, a mechanism essential to fold
the ectoderm during gastrulation of all animals. Apical constriction
was experimentally demonstrated in the 1930s when it was observed
that the gastrula plate of sea anemones — the half of the embryo con-
taining the animal pole — could still invaginate even after dissection49.
Further discoveries provided robust support for this mechanism by
reporting the presence of contractile actin filaments at the apical side
of epithelial cellss°. Furthermore, many simulations recapitulating api-
cal constriction, including vertex models, predict correctly the shapes
of different gastrulating embryos>'. The most recent achievements
have measured the forces generated by apical constriction during
the formation of crypts in intestinal organoidss2.53. Interestingly, these
stresses are not very strong (maximum 50 Pa)>2 but their impact on
curvature is enhanced when combined with cell elongations45°: if cells
subjected to apical constriction get thicker, the resulting curvature
is larger. Therefore, the balance between lateral and apical tension is
critical in setting the curvature of epithelial tissues.

However, apical constriction is probably not sufficient for gastrula-
tion: attachmentto the eggshellin gastrulating insectembryosis essen-
tial for generating the cell flows required for deep invagination®6.57.
Attachment and confinement provided by the eggshell may enable
other multicellular forces to apply. Thus, a two-step mechanism could
be proposed: the initiation of gastrulation could be controlled in
time and space by inducing apical constriction at the appropriate
timing and location. If apical constriction fails to generate sufficient
forces for further propagating the invagination, substantial forces at

the tissue scale are required. Compression-inducing buckling or large
ordered flows could be the final driving forces of gastrulation.

Buckling of epithelia. When apical constriction was discovered, one
of the competing hypotheses was buckling: as all embryos grow in
eggshells, confinement could lead to accumulation of compressive
stresses that could be relaxed by buckling, forming the primordial
invagination of gastrulation. Buckling is a simple mechanical process,
in which anisotropic elastic material under compression prefers to
bend rather than elastically compressing. Theoretical models can eas-
ily predict the formation of epithelial folding by buckling58-60. Because
buckling is a global force-dependent mechanism, showing that the
invagination is formed through buckling requires measurement of
compressive stresses within the embryo, which remains technically
challenging. An in vitro approach makes it possible to reconstitute
the geometry of the embryo by encapsulating proliferating epithelia
in hollow spheres of alginate¢' (Fig. 2a). In these elastic shells, epithelial
cells, adhering to the inner surface of the capsule, form a spherical cell
layer that proliferates, accumulating compressive stresses. At pressures
inthe range of 100 Pa, measured by the elastic expansion of the capsule,
the epithelium buckles and invaginates.

Interestingly, in the real embryo, confinement could be achieved
by other means than having an elastic eggshell: confinement could
come from tissues with low proliferation surrounding tissues with
high proliferation. Such confinement occurs in the formation of
drosophila wing veins62, which buckle out of the wing plane by prolif-
erating more than surrounding tissues. Notably, in cellular aggregates
in vitro, a different mechanism for buckling leads to complicated
folding patterns analogous to Miura origami structures with a four-
fold vertex pattern, similar to those observed in the chick embryo63.
The necessary strain to form these tessellated curvature motifs,
consisting of three concave folds and one convex fold, is generated
by stresses induced by non-muscle myosin || molecular motors. This
process leads to local ECM compaction and alignment of nearby
collagen fibres.

Nematic defects organize tissue morphogenesis. Collective flows
of cells are organized by cell nematic order, and topological defects
could thus organize large scale stress fields that could shape tissues
(Fig. 2b). In unconfined cell monolayers, however, only defects with
no circular symmetry are observed (+1/2 and -1/2 defects). + 1 Defects
(concentric circles, spirals and asters) have circular symmetry and thus
potentially can concentrate large stresses. But how are integer defects
created? Cells collectively migrating on a ring pattern always exhibit
rotational movements, with a defined chirality depending on the cell
typeb4. Butin rings, the defect is materialized by the absence of cells
inthe centre of the disc. Could cell form integer defects on their own,
and create larger stresses? On discoidal micropatterns smaller than the
spontaneous inter-defect length, highly nematic muscle cells initially
form spirals. These spirals form domes while cells continue to prolif-
erating, the spiral transforming into a vortex that grows into a rotating
cylinder, alike a tornado®s. Because the force fields within the spirals
andthetornadoes are compressive, the rotating nematic flow of cells
constrains the growth within a cylindrical shape. Thus, active nematic
order of cells controls the stress fields required to shape bulky tissues.
Recent theoretical considerations have suggested that the introduc-
tion of a curved field can control the onset of spontaneous tissue flow
and a wide variety of flow structures, depending on the magnitude and
the sign of curvature®,
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Fig. 2 | Mechanismsoftissue curvature generationand vertexmodels.

a, An epithelium growingin an elastic hollow sphere (blue) accumulates pressure
that makes it buckleé1. b, Nematic order of muscle cells confined ona discforms a
spiral that transitions into an aster, which further grows into avortex, resulting in
protrusionthrough proliferationés.c, Asuspended epithelialmonolayer

under compression deforms in two different ways depending on the speed of
compression. Under fast compression, the epithelium buckles and then flattens
through cellular shape change. Under slowcompression, the cells adapt their shape
toaccommodate the deformation, whereas the epithelium stays flat.d, The vertex
modelwas developedtodescribe the paving shapes of cellsinaflat epitheliums.
Eachcellhasanelasticenergy (k) around apreferred area(A%) (yellow), aline tension
energyterm (/) correspondingto cell-celladhesion (blue)and membrane tension
andacontractilityterm (inred)which has the formof alinearelasticity term.

Thetwo vertices (black dots)arelabelledwithindicesiandj. The connectingjunction
lengthis denoted by Ljjand the coefficients Kq,Ajjand racorrespond tothe areacell
elasticity of cella, theline tensionof junction (/,j) and perimeter contractility of cell g,
respectively. e, Vertex model that distinguishes three types of sides (apical, basal
and lateral), allofwhich arelinetensionenergies (A) withassociated length (L) inthis
description?.Theareaofcells (A)isafixedvalue and cannotchange.f, The 3D vertex
modelis composedofthethreesurfacetensionenergytermscorrespondingtothe
three types of sides (apical, basal and lateral). Cell-substrate energy term
proportional to the basal area (Abasal). Cell-cell lateral energy term proportional to
the lateral area (Aiteral) and an energy term associated to the tension of the apical
contractile part proportional to the apical perimeter (Lapica). The first term is an
elastic volume energy term (yellow). Part a adapted with permission from ref. 61,
Elsevier.Partbreprintedfromref.65,SpringerNature Limited.

Impact of curvature induction on cell forces

Apart from cellular forces contributing to tissue curvature forma-
tion, in many instances, tissue curvature results from forces exerted
by adjacent tissues. In such cases, cells within the bending tissue adjust
to the altered curvature. To understand this adaptive process, sus-
pended epithelial layers were cultured between two metal sticks and
rapidly subjected to buckling by bringing the sticks closer togethert?
(Fig. 2¢). Notably, the cellular response depends on the speed of stick
convergence. When performed slowly, cells contract and reorganize,
maintaining a columnar epithelium and preserving a consistently flat
tissue. Conversely, if the sticks are rapidly brought together, the epi-
thelium buckles initially and then relaxes through cell contraction,
ultimately returning to the flat columnar state observed with slower
convergence. The proximity of the sticks during this process is crucial:
compression <30% of the initial length results in curved epithelia that
remain buckled. This finding underscores that the primary response of
epithelial cells to bucklingis an active attempt to revert to a flat state,
likely restoring the overall contractile stress field. This phenomenon
bears resemblance to the flattening effect of apical tension observed
on periodically curved substrates.

To investigate whether convex or concave curvature leads to dis-
tinctly different mechanical states over a short timescale, epithelial
monolayers were subjected to dynamic deformations in either a convex
(towards the apical side) or a concave (towards the basal side) direction
using deformable microsystemses. In response, epithelial cells exhibit a
rapidwaveofintracellularcalciumsignallingor, dependingonthefolding
orientation, changesingeneexpressionwithinafew hours. Calciumwaves
were exclusively observed at the epithelium-substrate boundary under
concave deformation, inwhichtensionand curvature were the most pro-
nounced. Conversely, theimpact ongenetranscriptionwas only noticeable
when the convex curvature was applied, leading to a decrease in mem-
brane tension. This finding highlights that curvature can elicit a specific
genetic response over longer timescales by inducing signal transduction,
probablydependenton mechano-sensitive calcium channels.

Very few experimental systems enabling dynamic modulation of
tissue curvature have been employed thus far. A deeper understanding
of the impact of convex or concave curvature on tissue relies on the
ability to study both force and stress equilibriums within tissues at very
short (<1 min) timescales, as well as the functional response of tissues.
In this regard, a flat epithelium was grown on a pre-strained substrate,
and rolled upon cutting the substrate, releasing the strain®. The main
change observed is cell swelling: in the roll, cells transiently increase
their volume by ~50% 5 min after rolling and recover completely within
30 min. Interestingly, the effect is observed regardless of the sign of

curvature, but if cells are periodically curved, inducing periodic hills
and valleys, the volume does not change. The swelling is correlated with
a complete depolymerization of the apical actin belt, and a decrease
of membrane tension, again showing how all subcellular forces are
coupled. The primary effect of this depolymerization is probably to
decrease membrane tension, which the cell probably perceives as an
osmotic shock, inducing swelling to restore tension. As a matter of
fact, inhibition of the mainionictransportersinvolved in the osmotic
balance of the cell affected the swelling and its recovery.

In future investigations, the application of Forster resonance
energy transfer (FRET) tension sensors holds promise for revealing
the dynamics of force transmission at focal adhesions and cell-cell
contacts in response to dynamic curvature changes’®. FRET sensors
use an elongation-reporter system, consisting of two fluorophores —
an energy donor and an acceptor — with distinct yet overlapping exci-
tation and emission spectra. The FRET sensor can be considered as a
molecular spring between the two fluorophores with a rate of energy
transfer (Kerer) as:

K2kt
Kerer = 3¢
FRET n4r6 )

in which « is the relative dipolar orientation between the donor and the
acceptor, J is the integral of the overlap between the donor-emission
and the acceptor-excitation spectra, kr is the radiative emission rate
of the donor, n is the refraction index of the medium and r is the dis-
tance between the donor and the acceptor?'. Implementing these FRET
tension sensorswould provide valuable insights into the mechanical
forces involved in cellular responses to varying curvatures. However,
the tensional state of a specific protein as reflected by FRET sen-
sors does not reflect exactly the stress in the epithelial monolayer.
The internal stress distribution in the tissue can be obtained using the
monolayer stress microscopy (MSM) technique?2. In this technique,
the monolayer is modelled as a very flat plate under plane-stress
conditions and the equilibrium is described as
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in which oxx, 0,y and o, are the components of the stress tensorin the tis-
sue, histhe mean height ofthe monolayerand Txand Ty arethe tractions




measured by traction force microscopy. However, these two partial
differential equations alone do not provide enough information to
determine the three unknown stress components. They need to be
supplemented by the Beltrami-Michell compatibility condition73-75:
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in which v is the Poisson’s ratio of the monolayer. An implicit assump-
tion in this equation is that the tissue exhibits linearly elastic isotropic
behaviour. The inferred MSM tissue stress is subsequently derived by
solving these equations with appropriate boundary conditions. The
MSM method has been adapted to curved epithelial monolayers to
map their tensional stress’s. Interestingly, a weak, size-independent
increase in stress with areal strain was observed in spherical geometry,
whereas epithelia with rectangular and ellipsoidal cross-sections
were characterized by distinct stress anisotropies influencing cell
alignment.

A model system to quantitatively assess the tissue force balance
Epithelia are single-cell monolayers that separate tissues or cavities
from their environment. The skin, intestinal and lung surfaces are clas-
sic epithelia. These epithelia typically possess a thickness ranging from
a few to a few tens of micrometres and exhibit apico-basal polarity.
The basal surface is defined by cell-substrate adhesions, whereas the
apical surface is exposed to the environment and houses a contractile
actomyosin belt. Epithelia are thus considered as bidimensional tissues,
with a prototypical hexagonal cell shape, and a simple architecture of
force-generating components. These features make the epithelium a
model of choice to understand how subcellular forces can be integrated
to generate large-scale forces in relation with the shape of cells.

Tissue architecture and cell shape. Epithelial cells on a flat substrate
have a 3D shape that can be modelled as contiguous hexagonal prisms
of base length r and height h. Epithelial cell shapes are classified
depending on their aspect ratio: columnar (tall and thin, h/r > 1),
squamous (flat and spread out, h/r < 1) and an intermediate cuboidal
shape (h/r ~ 1). To accommodate curvature, cells can adopt conical
or inverted conical shapes, wherein the disparity in area between
the apical and basal sides corresponds to the discrepancy imposed
by the curvature. These simple shapes perfectly adapt cell shapes to
isotropic curvature (sphere and dome).

In more complex structures, in which curvature is anisotropic
(cylinders and ellipsoids) or changes sign (branched network), the
shape can be a scutoid”7.78, Scutoids are geometrical shapes in which
the number of neighbouring cells on the apical side differs from that
on the basal side. Inthese cells, there is a change of contact cells along
the z axis, like in the apico-basal T1 (AB-T1) transition. Although these
shapes are not at energy minimum per se, they tend to minimize the
overall energy cost associated with the area change from apical to basal
in highly anisotropic curved surfaces. This is supported by the fact that
scutoids are found in dry foams confined between curved surfaces, and
predicted from simulations based on surface energy minimizationso,
also suggesting that scutoids are stable intime?7.

Tissue curvature plays a pivotal role in AB-T1 transitions, par-
ticularly in regions characterized by low curvature anisotropy, such
as the Drosophila embryo head?8'. Within 3D environments featuring
a pronounced curvature gradient, cells exhibit a tilting behaviour to
optimize packing efficiency. The resulting tilted lateral membranes

generate tensions, contributing to in-plane stresses with opposite
signs on the apical and basal planes, consequently initiating AB-T1
transitions. Lateral membranes crucially modulate stress distribution
within cells, influencing cell shape regulations82, Reduced contractility

inlateral membranes induces cell tilting, interacting with pressure and
tissue thickness toyield a diverse phase diagram for AB-T1 transitions.
Increased stiffness in lateral membranes suppresses tilting, causing

AB-T1 transitions in regions with significant curvature anisotropy,
aligning with hydrostatic limit predictions.

Vertex models. Epithelial tissues are out-of-equilibrium, but can be
described in a first approximation using a mechanical equilibrium
as the minimization of an effective energy, E. The primary compo-
nents of Einclude the energy of cell-substrate adhesion, the energy
of intercellular adhesion, the energy associated with volume control
and the energy provided from the tension exerted by the apical acto-
myosin belt83.84, However, these ingredients must be combined with
geometrical constraints of cells and tissue shape to reliably describe
the mechanical state of the epithelium. Attempts to have a mechani-
cal model that reproduced shapes of both cells and tissues date to
1902, when an assembly of elastic cells made of corset bones of dif-
ferentlengths, lacing and wires to apply forces was used to reproduce
observations of gastrulation in sea anemones?8,

Mathematical models of epithelia make it possible to anticipate
shapes based on the mechanical characteristics of tissues and cells85.86,
The goal is to describe shapes of cells during gastrulation of simple
organisms using a 2D circle of cells. The main limitation of early mod-
els is that they do not separate well from the different types of forces
(adhesion, osmotic pressure and contractility). Later, force terms
related to geometrical changes were introduced?’. Area and perimeter
length changes are used to calculate three tension terms, the area, the
edge and the angular tensions. Such formalization of different forces
was reused in a dynamic, out-of-equilibrium computation of different
tessellations of epithelial cells from their force distribution?s.

Refined 2D vertex models were introduced to better predict
the tessellation of epithelial cells from cellular forces by proposing
a more accurate force balance equations? (Fig. 2d). In this case, the
force balance at each vertex combines a tension term corresponding
to membrane tension, a surface elastic term for the apical area corre-
sponding to osmotic pressure and an elastic term along the perimeter
corresponding to the actin contractile ring force. Energy minimization
of the global force balance, using cells with the same resting area and
perimeter length, predicts well the distribution of neighbours and the
shapes of cells. Vertex models can adapt to any epithelium geometry
and identify the specific contributions of each vertex. Apart from
describing the tessellation of epithelial cells, vertex models predict
gastrulation shapeswith orwithout the need forapical constriction2°
(Fig. 2e). The energy of the system arises from the three types of cell
sides — lateral (A1), basal (As) and apical (A.) — the line tensions of which
can be modified independently. In this case, the area of surface is
considered constant.

Expansions of vertex models to 3D have predicted buckling of
epitheliad and the contribution of baso-lateral tensions in tissue
deformation?' (Fig. 2f). A limitation of vertex models is the number of
parameters used, which allows fitting the models to any experimental
observation, but with low reliability on the parameter values. More-
over, changing tension terms (constant force with extension) to spring
terms (force proportional to extension) usually changes the parameter
values, but notreally the predictions.




Mechanisms of cellular and nuclear curvosensing
In-plane curvature

Single-cell level. Surface micropatterning is a powerful technique
for studying the effect of 2D geometrical cues on individual cells92-94
or small cell assemblies by imposing adhesive patterns and chemical

Cellular scale

Tissuescale

Fig. 3 | In-plane curvature at cellular and tissue scales. Aa, Actin cytoskeletal
architectureinasingle epithelial cell plated onacrossbow-shaped micropatternwith
abranchedactin networkinthelamellipodia (positive curved edge) and actin stress
fibres above non-adhesive zones (negative curved edges). Ab, Fluorescentimage of
thespatial organization ofthe actin cytoskeleton (green)inanepithelial cell plated
on an adhesive crosshow-shaped micropattern. Stereotypical actin architecture,
featuringabranched networkinthe lamellipodium along the curved adhesive edge.
This network reorganizedinthe lamella, formingradialfibres perpendiculartothe
curved edge and transverse arcs along the same edge. Additionally, a pattern of
ventral stressfibresemergedabove non-adhesive edges, flanking the central barin
acrossbow configuration. The nucleus (blue)is located atthe centre of mass of the
cell.Ba, Single cell cultured on micropatterned dots (blue) showing circles thatfit
wellwitharc-like contours ofthe cells. Foreacharc, theradius Randthe spanning
distance dare measured. ThelinetensionAacts tostraightenthe contour between
adjacentadhesions,andthe surfacetension opullsthe envelopeinward towards
thebulk.In mechanical equilibrium, Ris locally determined by A/oand remains
independentofd.Bb, Fluorescentimage of cellshape on micropatternedfibronectin

boundaries. On 2D surfaces, focal adhesions occur most prominently
along adhesive zones, and stress fibres along non-adhesive zones. On
protein micropatterns with shapes such as crossbow or square, lamel-
lipodial extensions were preferentially formed at the convex zones
(Fig. 3Aa) owing to accumulated tractional forces and the concentration

Forces on edges: o.n = (@ -§2)n

\l/

dots showinganarc-like contour composedofactinfibres (green)and paxillin (red).
Ca, Epithelial cells onapart of aflower-micropatterned surface showing lamellipodia
formation at positive curvatures and suspended cell parts over non-adherent areas
at negative curvatures. A supracellular actomyosin cable exerts high contractile
forcesinthe negatively curvedregion of the pattern. Cb, Image of amicropatterned
tissue of epithelial cells. Phalloidinis labelled inred, myosinllAingreen, nucleus

in blue and fibronectin pattern in cyan. Da, Gap closure with a combination of
contractile cables and cell crawling. Local curvatures of the epithelium edge
induceseitherlamellipodiaextension (purplearrow) oractomyosin cable assembly
(red arrow). Contribution of two forces: crawling forces owing to lamellipodium
extension, F, and purse-stringforces, yk,inwhich yisthelinetensionandkis the
local curvature (=1/R).Db, Immunofluorescence staining of actin (red) and paxillin
(green)ofthegapatdifferentcurvatures (N, negative; P, positive). Part Abreprinted
with permissionfromref.97, Company of biologists. Parts Baand Bbadapted with
permissionfromref. 100, Elsevier. Parts Caand Cbadapted fromref. 107, Springer
Nature Limited. Part Dais adaptedfromref. 110, CCBY 4.0. PartDbisreprinted from
ref.110,CCBY4.0.
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of mature focal adhesion sites?4-°7. Branched actin network forms in the
lamellipodia at the positive curved edge, whereas actin stress fibres are
located at negative curved edges, above non-adhesive zones (Fig. 3Ab).
In addition, high aspect ratios and subcellular curvatures enhanced the
cellular contractility and led to osteogenic differentiation?8, whereas
rounded cell morphologies promoted adipogenesis®°.

The interaction among local curvature, cytoskeletal anisotropy
and the geometric constraints imposed by the spatial distribution of
focal adhesions was investigated with micropatterned cells by approxi-
mating the cell edge with a series of circular arcs (Fig. 3B). The spatial
distribution of focal adhesions can dynamically adapt to different
geometrical constraints, resulting in the formation of curved edges in
individual cells, akin to a tent canvas stretched between its pegs. The
reason for the formation of these curved edges lies in the high tension
between focal adhesion points. The eccentricity of the arcs depends
on the level of anisotropy in the contractile stresses generated by the
contractile actomyosin network'0 (Fig. 3Ba). Consequently, the cell
shape can be described based on a geometry-dependent distribution
of asurface tension, with contractile forces retracting the cell inwards
towards their centre of mass. Intuitively, contractile forces work to
reduce the surface area of the cell, whereas opposing forces, such as
line tension, arise from the resistance of the cell boundary to length
extension. Surface tension and line tension maintain a local equilibrium
along the contour of the cell, counterbalancing each other (Fig. 3Ba),
and the degree of anisotropy in contractile actomyosin fibres regulates
the eccentricity of the circular arcs. The cell contour evolves subject
to a competition between internal and external bulk stresses acting on
the cell boundary and the tension arising within the cell cortex. Atthe
cellular level, a feedback mechanism regulates the alignment of stress
fibres parallel to the cell edge and uniformly across the entire cell'07,
Collectively, these findings demonstrate that dynamic cell contour
changes are controlled by the interplay between the stresses exerted on
the cell boundary and the tension within the cell cortex. This interplay
allows for the prediction of both cellular morphology and the spatial
distribution of stress fibres.

Protein micropatterns were used to investigate the influence
of cell-size positive and negative curvatures on the polarization of
metastatic cells'02. Cells adhering to these surfaces respond to local
curvature at the perimeter of the adhesive islands. Stress fibres
were mostly present across non-adhesive space of concave edge
and lamellipodia-like structures were formed at the region with high
convexity'02, Furthermore, it was established that polarity in tumour
cells is sensitive to both the global aspect ratio of the pattern shape and
the local curvature of adhesive micropatterns®4102 and that the align-
ment of stress fibres exhibits a strong correlation with the direction
of cell polarization03-106,

Collective cell level. Similar findings were observed in epithelial tis-
sues cultured on adhesive micropatterns with flower-like shapes, which
contain both convex and concave domains. Cells form protrusions at
positive curvature zones'07, whereas a supracellular actomyosin cable
exerts high contractile forces in the negatively curved region of the
pattern (Fig. 3C). Gap closure experiments involving both convex and
concave features demonstrated the impact of in-plane curvature on the
two distinct mechanisms involved in wound closure: cell crawling'8 and
purse-string contractions'09.110 (Fig. 3D). Negative curvatures stabilize
the formation of robust contractile actin cables, whereas positive cur-
vatures promote the assembly of persistent lamellipodial extensions,
with a perturbation actomyosin cable continuity (Fig. 3Da). At the edge

of the gap, crawling forces exerted perpendicular to the edge drive cells
forward, resulting in nearly constant edge speeds across all curvatures.
However, these crawling forces are counteracted by purse-string forces
(yk), in which k represents the local curvature and y is the tension
exerted by the actomyosin cable, which pulls the edge backward in
positive regions and forward in negative regions (Fig. 3Da). In positive
curvature zones, purse-string contraction positively pairs with cell
crawling in negative curvature zones, resulting in higher velocities.

On substrates with heterogeneous curvature, cell shape changes
give rise to distinctarrangements of the actin cytoskeleton, resulting
in functional modifications such as the formation of contractile acto-
myosin cables and lamellipodial protrusions''?. In addition to in-plane
curvature changes, cells also interact with the curved topography of
their microenvironment (curvotaxis). The curvature occurs across
several length scales. Two questions arise: how can topographical
features modulate cell-level and tissue-level functions, and to which
curvature length scale (from nanometre to micrometre) are adherent
cells sensitive? Addressing these questions is crucial for understanding
fundamental physiological processes and can provide insight for the
design of new therapeutic devices.

Out-of-plane curvature

Nanometre scale. The nanoscale characteristics of the ECM influence
diverse biological processes, and the lateral nanospacing of integ-
rins plays a role in governing single-cell functions such as spreading
and migration'!-113, Additionally, lateral adhesion spacing regulates
intracellular force generation, consistent with the molecular clutch
model''4. Exploring the intricate interplay among cell adhesion, the
cytoskeleton and surface nanoengineering techniques can provide
insights into how cells perceive their nanoenvironment and respond to
curvature changes at the nanoscale. Interactions between human bone
osteosarcoma epithelial cells and nanopillars of radii of 100-1,000 nm
revealed actin accumulation on the curved lateral surface of the pillars,
rather than on the flat areas of the substrate''> (Fig. 4a). Actin accu-
mulation was more pronounced on smaller nanopillars, suggesting a
curvature-dependent formation of actin fibres with an upper curvature
limit at around 400 nm (ref. 18). This finding was confirmed using
nanobars with long straight sides and curved ends, in which actin fibres
accumulated at the curved extremities, mediated by a multiprotein
(Arp2/3) complex (Fig. 4a), which is a key regulator of actin polym-
erization, and curvature-sensing proteins of the BAR-domain protein
family. The formation of actin fibres in response to nanotopographi-
cal features led to a notable reduction in mature focal adhesions and
results ina profound remodelling of the entire actin network.

Under physiological conditions, cells encounter more complex
curved nanostructures, such as ECM fibres. Cells first extend numerous
lamellipodial extensions to explore their microenvironment composed
of a meshwork of fibres and then establish a stable cellular protrusion,
which defines the front-rear axis''¢. The diameter of the fibre influences
the spatial distribution of focal adhesions!'7, which play arole in gener-
ating traction forces. Interestingly, normal epithelial cells developed
shorter protrusions than did highly metastatic breast adenocarcinoma
cells when encountering suspended fibres of different diameters!'1s,
These results suggest that metastatic cells exhibit better adaptability
to the nanoscale curvature of the fibrous collagen matrix. In vitro
investigations revealed that metastatic breast cancer cells possess the
ability to sense fibre curvature by wrapping around them, exhibiting a
coiling rate thatincreases in a curvature-dependent fashion'9 (Fig. 4b).
There are also reports of curved adhesions that mediate the 3D cellular




attachmentto nanometric fibres and are involved in the migration of
tumoural cells'20, The dimensions of the ECM fibres imposed specific
membrane curvatures thatin turn are regulated by the formation of
curved adhesions.

Micrometre scale. At a larger scale, cells encounter surfaces with
radii of curvature spanning the range of cell sizes (~20-100 ym), which
are prevalent in numerous biological systems. The significance of
micrometre-scale curvature was explored in the 1940s when Schwann
cells were cultured on glass fibres with radii of 13 pm, revealing cell
alignment along the axis of the cylinders'2!. Subsequently, it was pro-
posed that the extent of axial alignment inversely correlates with the
cylinder radius, emphasizing the importance of micrometre-scale cur-
vature as acrucial ECM cue capable of modulating cell locomotion via
modifications of the cytoskeleton'22, Intriguingly, although numerous
cell types align along the axial direction on cylinders with radii equal to
their length scale, most cell types do not adopt preferential alignment
on larger cylinders'23, The current hypothesis considers that cell align-
ment on small cylinders allows avoiding the energy penalty required
tobendalong stress fibres.

Despite considerable progress in investigating cellular responses
to curvature, experiments perturbing the activation of Rho, which
governs the assembly of contractile fibres, have reported counter-
intuitive observations'23, Surprisingly, the alignment of thick stress
fibres in the circumferential direction of low-curvature cylinders
was observed when Rho was activated, defying the expectation that
thicker stress fibres would exhibit enhanced axial alignment owing
to theirincreased resistance to bending. Moreover, certain cell types
exhibit a distinct lack of curvature response, characterized by a small
population of short stress fibres wrapping around the circumference,
indicating substantial bending. This phenomenon is reminiscent of
invivo scenarios encountered by pericytes, smooth muscle cells and
endothelial cells, in which complex curvatures are shaped by tubular
blood vessels'24. For instance, pericytes encircle small capillaries with
extensions in a circumferential manner'25, whereas vascular smooth
muscle cells were oriented in the circumferential direction or adopted
helical patterns within cylindrical tissues'26. Moreover, the sign of cur-
vature should also be considered in determining the mechanism of cell
adaptation to curvature. For example, as the curvature increases on
convex channels, renal epithelial cells align their in-plane axis perpen-
dicular to the channel without changing their morphology, whereas
on concave channels, renal cells elongate and exhibit longitudinal
directionality'27.

Thus, although the concept of actin bending penalties remains
important in understanding curvature cues, relying solely on bending
energy arguments is not sufficient to explain the different cell orienta-
tions or the organization of actin filaments. Additional mechanisms,
such as actomyosin contractility, may be at play'28. To gain further
insights into the mechanical adaptation of cytoskeletal force balance
in response to complex out-of-plane curvature patterns, fibroblasts
were cultured onaxisymmetric sphere-with-skirt substrates'2? (Fig. 4c).
These substrates consist of convex caps (positive curvature) transi-
tioning smoothly towards flat surroundings through a saddle-shaped
region (negative curvature). Although most cells avoid the cap part,
occasional probing occurs using short-lived lamellipodia. Two distinct
subpopulations of stress fibres were observed in fibroblasts on the
skirt region: apical stress fibres (above the nucleus), aligning radially
to avoid bending, and basal stress fibres (below the nucleus), aligning
circumferentially (Fig. 4¢). Interestingly, the apical stress fibres do not

conform to the local concave curvature of the substrate but bridge this
concavity instead.

In addition to single-cell studies, additional research has explored
the role of matrix curvature in confluent monolayers. When plated
at confluency, fibroblasts undergo elongation and alignment with
neighbouring cells, leading to the formation of co-alignment domains
of ~500 umin size. This process also gives rise to the formation of topo-
logical defects'30.131, These observations have led to the introduction of
an additional physical cue based on the nematic order, as observed in
liquid crystals, to understand fibroblast behaviour in confluent mon-
olayers. Nonetheless, when cells are cultured on cylindrical substrates,
their alignment patterns deviate from the anticipated helical wrapping
patterns predicted by the nematic theory. Contrary to expectations,
cells within confluent monolayers exhibit strong axial alignment cyl-
inders with low curvatures'23, suggesting that the underlying mecha-
nisms governing the alignment of cells in curved monolayers are more
complex than alignment phenomena in active nematics.

More recent studies have used wavy substrates to investigate the
individual roles of concave and convex curvatures on confluent epithe-
lial monolayerss84.132,133, These monolayers do not form nematic orders
but exhibit a highly ordered distribution of packed polygonal cells.
Although micrometre-scale curvatures do not affect the organizational
rules in epithelia, epithelial cells are thicker in concave valleys com-
pared withwhen they are negatively curved on convex crests, leading
tolocalvariations in monolayer thickness on corrugated substratess4
(Fig. 4d). These observations were described using vertex models based
ontheassumption that the morphology of epithelial cells is primarily
determined by the balance between tension generated by the actomyo-
sin cortex, cell-substrate adhesion and cell-cell adhesion'34. Finally,
at curvature length scales much larger than the cell size, cell guidance
is dominated by nanoscale contact guidance along collagen fibrils.

A better understanding of the physical mechanisms that underlie
cellular responses to mesoscale curvatures would not only provide
insights into the regulation of cellular tension by curvatures at various
length scales but also how various mechanotransduction pathways
synergistically determine downstream cellular functions. In addition
to this challenge, additional studies should also investigate the impact
of curvature length scale on cell migration on curved substrates.

Curvotaxis and cell migration on curved substrates

Cell migration involves intricate interactions between the cell-
substrate interface, cell polarization and propulsive forces. The migra-
tory capacity of cells is crucial for numerous physiological functions
and is also implicated in tissue morphogenesis during developmental
processes. Importantly, cell migration drives pathological conditions
thatinclude cancer invasion and metastasis. Extensive research has
focused on studying how physicochemical parameters of the cell
microenvironment, such as rigidity, viscoelasticity and cell-ligand
density, influence cell migration. Emerging evidence suggests that local
changes in curvature of the cell microenvironment can alsoinfluence
cell migration, notably by modulating cytoskeletal arrangements within
membrane protrusions, such as filopodia and lamellipodia, which are
key drivers of cell movement. However, the precise mechanisms by
which the length scale of curvature in the ECM regulates cell migration
atsingle and collective levels remain poorly understood.

Single-cell migration. Toinvestigate how single cells adapttheirloco-
motion to the curvature imposed by ECM fibres, such as collagen and
elastin ofafew hundred nanometres in diameter, in vitro experiments
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Fig. 4 | Multiscale out-of-plane curvatures. a, Curvature-dependent
formation of actin filaments around nanobars. The curvature is recognized

by F-BAR domains, and SH3 domain of FB17 interacts with N-WASP to promote
Arp2/3-initiated F-actin polymerization. Scanning electron microscopic
image of vertical nanopillar with tubular (left) and nanobar (right) geometries.
The sketch shows the threshold of nanocurvature leading to F-actin formation.
b, Representative image of coiling by an epithelial cell (MCF-10A) along a
nanometric fibre. Scale bar, 10 ym. Schematic representation of the coiling
dynamics with retraction and growth movements. The sketch shows the inverse
relationship between the coil width and the fibre curvature. c, Left to right:
scanning electron microscopic image of a sphere-with-skirt surface, with a
scale bar of 50 pm. The curve illustrates the variation of the local curvature field
around each stress fibre obtained from radial reslice lines (cyan dots) around a
reference stress fibre (red dot). The sketch illustrates the inverse relationship
between the energy penalty owing to bending (in grey) and the length of apical
stress fibres (in red). Projections of phalloidin signals (in grey) in cells on a skirt
region are depicted, with red and yellow lines indicating apical and basal stress
fibres, respectively. A schematic representation of the actin cytoskeleton of a
cell on a sphere-with-skirt surface demonstrates the perpendicular alignment
of stress fibre subpopulations. d, From top to bottom: representative confocal
profiles (xz) and average thickness modulation for a corrugated hydrogel

of 30 pm wavelength. Schematic of an epithelial monolayer grown on a
corrugated hydrogel of amplitude B and wavelength A. The balance between

apical tension, lateral tension and basal tension leads to thickness modulation
of the epithelial monolayer, with a flattening on the crest and a thickening in
the valley. e, From top to bottom: a confluent Madin-Darby canine kidney
monolayer (green) inside a tube with collective movements with longitudinal
(V) and azimuthal (V) velocities. Cross-sectional views of a cell monolayer that
lays on either the inner (tube, in blue) or the outer side (cylinder, in orange) of

a cylindrical substrate (dark grey) with associated azimuthal (Ve, in orange)
velocities. Representative 3D reconstructed images of a Madin-Darby canine
kidney monolayer grown inside a tube of 100 pm diameter. White arrows show
either Vs or V. Schematic representation of the orientation of actin filaments
and cell-cell junctions and the distribution of focal adhesions and B-catenin
for tubular and cylindrical geometries. Representative Vg as a function of

the diameter of a tube (blue) and a cylinder (red). f, Typical confocal images
showing top (xy) and side (xz; yz) views of a 3D microwell of radius 100 + 3 ym
covered by a confluent epithelial monolayer. The inset on the right shows a
supracellular actin ring formed at the edge of a microwell of radius 100 ym.
F-actinisingreenand DNAin blue. Scale bars, 20 ym (left)and 50 pm (right).
Part a reprinted with permission from ref. 187, PNAS. Part b adapted with
permissionfromref. 119, Elsevier. Part cadapted with permission from ref. 129,
Elsevier. Part d adapted from ref. 84, Springer Nature Limited. Part e adapted
with permission fromref. 156, AAAS. Part freprinted with permission from

ref. 158, Wiley. SFs, stress fibres.

were conducted using synthetic microfibres and nanofibres formed
by phase separation'3s or electrospinning'3¢. Although nanofibre cur-
vature has a limited impact on cell migration persistence, itincreased
the cell migration speed by approximately a factor of 2.5 (ref. 137).
Interestingly, the curvature that leads to the maximum migration
speed was found to be cell-type-dependent, with 2.5 ym-1 for fibro-
blast mouse embryonic cells'37 and 5 ym-! for mesenchymal stem cells
(MSCs)138. Surprisingly, these maximum velocities decreased for larger
and smaller fibre diameters, indicating a biphasic dependency of the
cell velocity on curvature, as observed previously for other cues such
as ligand density139-141,

Various cell types exhibited substantial decreases in projected
cell area and increased cell aspect ratios on small fibre diameters, sug-
gesting cell elongation and reduced adhesion area'37.142.143, Inhibition
of Rho-associated kinases (ROCK) resulted in a decrease in migration
velocity regardless of fibre curvature, and downregulation of the
ROCK-1 gene expression was observed for larger fibre curvatures'+4.
These findings collectively demonstrate that fibre curvature can modu-
late the cell migration velocity through the regulation of Rho/ROCK
signalling, which is involved in the assembly of focal adhesions. Work is
needed to confirm the existence of a curvature threshold and to explore
the possible interplay between curvature and contactguidance.

Atlarger curvature scales (~10-2-10-3 pm-1), cells migratingondou-
ble sinusoidal surfaces tend to remain in concave regions (valleys) and
avoid convex ones (crests)'45. Individual human MSCs exhibit enhanced
migration in concave tubular structures, whereas the expansion speed
of epithelial tissues decreased notably in smaller tube diameters'46.
These observations could be explained by the fact that protrusive
forces exerted towards the direction of migration are larger on concave
surfaces than on convex ones'47, suggesting that the local curvature can
direct cell motion during important biological processes'*s.

Collective cell migration. Collective cell migration is influenced
by substrate curvature across scales from nano to micro. Epi-
thelial monolayers cultured on surfaces with a single principal

curvature, such as convex cylindrical wires, expand along the tube
axis, and the migration speed increases with the tube curvature'4°.
Conversely, inside cylindrical pores, the migration speed of
epithelial sheets decreases with increasing curvature!so.151,
On substrates that possess both concave and convex zones,
the migration trajectories of epithelial tissues differ in each zone.
Migration along high curvatures remains relatively straight, but
the straightness of the migration front decreases as the substrate
curvature decreases, indicating the formation of a migration front
in the transverse direction's2. The sensitivity to the curvature is
cell-type-dependent. Osteoid-like tissues grown exclusively inside
the concave areas of niches exhibit different growth rates on concave
and convex spherical regions's3. These findings were confirmed on
more complex scaffolds with a constant mean curvature’s4, sug-
gesting that convex edges of substrates promote outward tissue
extension, leading to effective flattening.

Although previous studies have focused on tubular systems for
studying the expansion of epithelial monolayers on concave and
convex substrates, only a few studies have looked at how curvature
influences the dynamics of cell monolayers. Such studies show that epi-
thelial cells can undergo global and persistent rotation on both concave
and convex cylindrical substrates (Fig. 4e). Surprisingly, despite similar
circumferential rotational dynamics, concave and convex surfaces
exhibit distinct orientations of the contractile actomyosin network
and opposite apicobasal polarities. Stress measurements conducted
in flat epithelial monolayers revealed a phenomenon known as plitho-
taxis, wherein cells exhibit a preference for migration along the maxi-
mal principal stress component's>. Experimental findings on curved
substrates therefore challenge the conventional understanding that
collective migration aligns with the principal stress componentin 2D
flat monolayers's¢, and further investigation should study plithotaxis
on curved substrates.

Unexpectedly, the Gaussian curvature of spheroids triggers an
active velocity wave propagating along the spheroid equator, influ-
encing collective cell migration's?. The wavelength of this velocity
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Fig. 5 | Nuclear curvosensing on concave and convex substrates.
Geometry-induced changes in cellular attachment and forces on the nucleus

for concave and convex surfaces. a, On convex surfaces, cytoskeletal forces
exert a substantial push force towards the surface, causing compression

and deformation of the nucleus. Mechanical forces on the nucleus promote
osteogenic differentiation. Traction force measurements reveal stress gradients
preceding and mirroring differentiation patterns, with high stress favouring
osteogenesis on convex substrates and low stress promoting adipogenesis
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on concave substrates. This underscores the role of mechanical forces in
shaping patterns of cell differentiation. b, On concave surfaces, cytoskeletal
forces generate an upward pull force away from the substrate. The cell body

is elevated, attaching only at distinct adhesion points, and the nucleus
experiences a more relaxed state. The equilibrium between cell-inherent
traction forces and geometry-induced pull forces reduces cytoskeletal and
nuclear envelope tension, resulting in Yes-associated protein (YAP) cytoplasmic
phosphorylation.

wave is found to be determined by the diameter of a spheroid, and
the migration behaviour can be described using a theoretical model
based on a monolayer of active particles constrained to a sphere.
Interestingly, the straightness and speed of individual cells within
a confluent epithelial tissue are enhanced at the concave entrance
of 3D microwells that mimic lobular structures's (Fig. 4f). These
modifications in collective migration are suggested to be related
to the presence of a contractile supracellular actin cable promoted
by the Gaussian curvature of the microwell. These findings illustrate
how curvature and topology can shape collective migration within
curved multicellular tissues.

Overall, these studies highlight that individual and collective
migration on complex curved surfaces remains poorly understood and
could be more intricate than on flat 2D surfaces, exhibiting cell-type
dependency, as observed in durotaxis's°. In addition to migratory behav-
iour, the impact of curvature on cell proliferation remains unclear.
For example, the proliferation of neural stem cells on the outer of
convex nano-cylindrical wires increases with increasing curvature!'60,
Epithelial proliferation within hollow sphere of constant curvature
generates compressive stresses, deforming the elastic shell and result-
ing in a spontaneous tissue invagination®', and the pressure accumu-
lated due to cell proliferation in a confined area can inhibit cell-cycle
progression6l,

Nuclear curvosensing and transcriptional regulation

Substrate curvature has been shown to induce cytoskeletal rearrange-
ments that enable adherent cells to adapt to curvature changes while
also modifying the transmission of forces to the nuclear membrane,

ultimately resulting in changes to nuclear morphology and function.
Understanding the mechanism of nuclear curvosensing remains a key
open questioninthefield, particularly concerning how local changes
in curvature influence transcriptional regulation.

Cytoskeletal tension exerts physical constraints on nuclei in con-
vex regions, resulting in a pushing vertical force that leads to nuclear
compression and flattened nuclear shapes (Fig. 5a). By contrast, nuclei
experience a more relaxed mechanical state in concave zones, lead-
ing to a nuclear offset towards these regions (Fig. 5b). These results
obtained on epithelial cells were confirmed with MSC, which trans-
locates their nucleus from one concave region to another, avoiding
convexregions'4s.

Curvature-sensitive nuclear deformations can regulate the shut-
tling of transcriptional factors and proteins, such as Yes-associated
protein (YAP), which has a role in cancer and other diseases'62.163, The
spatial distribution of YAP in epithelial cells is influenced by surface cur-
vature via changes in nuclear shape and cell densitys4. These findings
suggest a nuclear curvosensing mechanism that regulates nucleocyto-
plasmic shuttling, potentially influencing YAP-regulated processes and
long-term gene expression. Interestingly, intestinal organoids cultured
on curved hydrogels mimicking microvilli have shown that heterogenei-
ties in YAP activities, governed by geometrically established gradients
in cell mechanics, can determine villus and crypt domains'64. A natural
question that arises is: how can changes in substrate curvature impact
nucleocytoplasmic transport proteins? Addressing this question is a
crucial challenge for a better understanding of nuclear curvosensing
mechanisms. However, it remains extremely complex, considering
that mechanical forces act on nucleocytoplasmic transport with a




Glossary

Adherens junction

Component of the cell-cell junction
in multicellular organisms in which
cadherin receptors bridge
neighbouring plasma membranes

via their homophilic interactions.
Adherens junction provides strong
mechanical attachment between
neighbouring cells through the linkage
of their cytoplasmic face to the actin
cytoskeleton.

BAR-domain protein

Highly conserved protein dimerization
domains that occurin many proteins
involved in membrane dynamics

and act as connecting links between
actin dynamics and membrane
rearrangements in all eukaryotes. BAR
domains preferentially bind to curved
membrane regions.

Chromatin

Complex of genomic DNA with
proteins called histones that forms
chromosomes within the nucleus
of eukaryotic cells.

Durotaxis

Guidance of cell migration by
rigidity gradients, which arise from
differential structural properties of the
extracellular matrix. Most cells migrate
up rigidity gradients (thatis, in the
direction of greater stiffness)

but some cell types have been
reported to migrate down rigidity
gradients (known as negative
durotaxis).

Epithelial tissues

Single-cell monolayers that separate
tissues or cavities from their
environment.

Filopodia

Slender and finger-like projections
that extend from the leading edge
of migrating cells. They are filled
with bundled actin filaments and are
involved in cell migration, cell-cell
communication and sensing the
environment.

Focal adhesions

Multiprotein site within cells that
mechanically interact the extracellular
matrix (cell outside) with the actin
cytoskeleton (cellinside).

Mechanosensing

Molecular process through which
cells or cellular components translate
mechanical forces or deformations into
biochemical signals.

Gene transcription

Process of copying a segment of
DNA sequence into an RNA molecule.
This process can be divided in three
steps: initiation, elongation and
termination.

Histone

Family of positively charged proteins
that associate with DNA and help
condense itinto chromatin.

Hypotonic shocks

Referto an environmental medium
that has a lower concentration of
solutes than the cytoplasm, inducing
a flow of water into the cell and a
sudden modification of its osmotic
pressure.

Lamellipodia

Thin projection that extends from
the leading edge of a migrating
cell and contains a quasi-2D actin
mesh. These projections on the
leading edge are involved in cell
migration and exploration of the
environment.

Laplace law

The pressure of a bubble with fixed
surface tension varies inversely with
its radius of curvature.

Manifold

A topological space M for which
every point x has a neighbourhood
homeomorphic to Euclidean space.
In simple terms, itis a mathematical
concept describing a space that
appears flat similar to ordinary
Euclidean space when you zoom in
close enough but can have a more
complicated overall shape such as a
curved shaped.

Mechanotransduction
Cellularresponses to changes in the
mechanical environment, including
forces, deformations or mechanical
properties.

Membrane tension

Local characteristic of the membrane,
delineating the stretching-compression
elastic stresses at each point along
the membrane surface. This involves
examining an infinitesimal element

of the membrane plane, isolated by
an imaginary boundary. Mechanical
tension is the force exerted on the unit
length of this imaginary boundary by
the surrounding membrane, acting
tangentially to the membrane plane.

Mesenchymal stem cells
(MSCs)

Type of multipotent stromal cell that
can differentiate into various cell
types, such as osteoblasts (bone cells),
chondrocytes (cartilage cells) and
adipocytes (fat cells).

Microvilli

Finger-like projections of “1-2pm in
length that extend from the surface

of epithelial cells lining, forinstance,
the small intestine, kidney tubules

and the inner ear. Microvilli are filled
with bundled actin filaments and are
involved in a wide variety of functions,
including absorption, secretion, cellular
adhesion and mechanotransduction.

Molecular clutch model
Concept that describes the flexible
transmission of forces generated by
the flow of actin filaments to adhesion
sites, allowing cells to exert a spatially
and temporally regulated grip

on the substrate. It has a crucial

role in the mechanical connection
between the actin flow and cell
adhesion complexes during cell
migration.

Nematic order

Refers to a state of molecular alignment
observed in cellular populations such as
fibroblasts, akin to the alignment seen
inliquid crystals. In this state, molecular
entities exhibit a preferred directionality
without long-range positional order.

Osmotic pressure

Pressure caused by a difference in the
amounts of solutes (or molecules)
between solutions (or fluids) separated
by a semipermeable membrane.

Second harmonic generation
microscopy

A second-order coherent process is
employed, up-converting two lower
energy photons precisely to twice

the incident frequency (half the
wavelength) of an excitation laser.
This nonlinear imaging technique has
proven effective in the specific and
sensitive visualization of endogenous
extracellular matrix components,
such as collagen fibres, across diverse
sample types.

Signal transduction

Process by which cells receive,
interpretand respond to extracellular
forces and signals. This intricate
communication system involves the
transmission of molecular signals
through a series of events, ultimately
leading to a cellular response or
change in behaviour.

Tessellation

Repeating pattern that covers a

2D surface without overlaps or gaps
using one or more geometric shapes,
calledtiles, with no overlaps and

no gaps.

Transcription

Process by which the information in
a strand of DNA is copied into a new
molecule of messenger RNA.




Glossary (continued)

Vertex models

A class of mathematical models
thattreat cells as individual objects,
represented by polygons in two

Villus and crypt domains
Two distinct regions of the intestinal
epithelium, which play important
roles in nutrient uptake and tissue
regeneration, respectively. The villus
is a finger-like projection lined with
absorptive enterocytes, secretory
enteroendocrine cells and goblet
cells. The crypt is a pocket-like
invagination located atthe base

of the villus that houses the intestinal

dimensions and polyhedrain
three dimensions. Epithelial tissues
are modelled as a connected mesh of
these polygons or polyhedral elements,
and mechanical forces are applied
to the vertices of these geometric
structures.

stem cell niche.

Viscoelasticity
Rheological property of biological
tissues and materials that present

Yes-associated protein
Yes-associated protein, also known
as YAP, is a mechanosensitive
elastic properties and viscous properties, transcriptional co-activator protein that
which allow for timescale-dependent associates with several DNA-binding
deformation when subjected to

mechanical stress.

proteins to drive gene transcription.
YAP activity is regulated by many
kinase cascade pathways and
proteins through phosphorylation.
Phosphorylated YAP can be
sequestered in the cytoplasm and
then degraded by the ubiquitin-
proteasome system, whereas
unphosphorylated YAP translocates
to the nucleus, where it performs

a series of functions. YAP and its
paralogue, transcriptional co-activator
with PDZ-binding motif (TAZ), are
the major downstream effectors
ofthe Hippo pathway.

differential effect on passive and facilitated diffusion and a dependence
onthe molecular weight of a protein'es,

Remarkably, changesin curvature were also associated with differ-
entiation patterns that correlated with modifications of the stress field.
MSCs cultured on 2D sinusoidal adhesive bands differentiated into
osteocytes at convex edges and adipocytes at concave edges, regard-
less of the band amplitude or thickness'¢5. Traction force measurements
revealed stress gradients preceding and mirroring differentiation pat-
terns, with high stress favouring osteogenesis (Fig. 5a) and low stress
promoting adipogenesis (Fig. 5b), demonstrating a role for mechanical
forces in the emergence of patterns of cell differentiation’¢6. Additional
evidence confirmed that transcriptomic activity of MSCs is sensitive
to curvature changes, leading to three processes: downregulation of a
large subset of genesinvolved in stress, remodelling of the cytoskeleton
and proliferation of cells'45. MSCs on hemispherical caps exhibit higher
levels of osteogenic differentiation markers'8 and Gaussian curvature
has been suggested as a driving factor in osteogenic differentiation
and boneregeneration'67.

The interplay between substrate curvature and cell differentiation
was also investigated on other cell types and at larger curvature scales.
For instance, myoblast transdifferentiation of keratocytes results in
lower sensitivity of curvature'68, whereas milliscale concave curvature
promotes differentiation of skeletal muscle cells'69. Collectively, these
studies support the emerging concept of nuclear curvosensing and
indicate that mechanical adaptation of the nucleus to local changes
in surface curvature can activate downstream signalling pathways
and regulate transcription. However, the precise mechanism for direct
sensing of curvature and converting mechanical forces generated
by the cytoskeleton into transcriptional outputs remains elusive.
A mechanical insight into the regulatory process of substrate curvature
on stem cell fate was suggested based on studies of MSCs on concave
substrates. Cell contractile forces in curved MSCs increase through
the upregulation of phosphorylated light chains in myosin motors,
leading to nuclear deformation that alters the histone modification

profile and promotes differentiation of MSCs'7°. Further progress in
unravelling the molecular details of the curvosensing mechanism
and the curvoregulation of transcription in adherent cells will require
dynamic investigations of substrate curvature modulation and visu-
alization of cytoskeletal tension, chromatin compaction and nuclear
mechanoadaptation in curved tissues.

Further progress in understanding the mechanism of curvoregu-
lation of transcription in adherent cells will require dynamic investi-
gations of substrate curvature modulation with live visualization of
mechanical stress in curved epithelia’é and the associated chromatin
compaction.

Implications for human diseases

In vivo, cells dynamically adapt their morphology to the physicochemi-
cal properties of the surrounding fibrous matrix, which exhibits a large
range of curved patterns across various length scales. There is evidence
that alterations in tissue organization and specific cellular functions in
response to curvature changes are characteristic features of numerous
diseases. Notably, curvature has emerged as a pivotal factor in certain
cancer types and has potential diagnosis implications. For instance, the
local variations in the surface curvature of breast lesions extracted from
tomography images can serve as a novel image feature for classifying
breasttumours'71.172,

Atamicroscopic scale, emerging evidence suggests that interfacial
curvature is implicated in the modulation of tumour morphogen-
esis and tumorigenicity'73.174, However, additional matrix properties,
such as stiffness!7s, have been implicated in the severity of pancreatic,
breast and prostate cancers. To investigate the interplay between
interfacial curvature and matrix stiffness, micropatterned hydrogels
with various geometries of adhesive islands were used to culture het-
erotypic cell populations'76. Convex regions of the co-culture inter-
face, corresponding to high stress regions, were found to activate
cancer-associated fibroblasts, which adopted a myofibroblast pheno-
type. In addition to 2D investigations, tumour cells were cultured on




3D microenvironments with tunable stiffness and variable geometries
encompassing concave and convex regions. Although it was found
in vitro that convex curvature zones exhibit more cancer stem cell
markers than concave zones'”7, in vivo experiments have not defi-
nitely established whether the regulation of cancer cells is primarily
influenced by curvature or solely by the presence of the interface.
Collectively, these findings indicate that interfacial curvature can be
considered as a biophysical cue in cancer development?2. Nonetheless
significant knowledge gaps remain regarding how interfacial curvature
triggers cell tumorigenicity. Future studies should combine in vitro
models with in vivo experiments to explore how subtle changes in
convex and concave interfacial curvatures may guide tumorigenicity
and epithelial-to-mesenchymal transition.

In addition to interfacial curvature, the role in tumorigenicity of the
tissuecurvature, suchasincapillaries,ducts orlobes, remainsanintrigu-
ing question. Recent in vivo experiments in mice, combined with in vitro
experiments on organoids and histological observations of human
pancreatictissues, have shedlightonthe significance oftissue curvature
in epithelial tumorigenesis'®. Three-dimensional imaging of curved pan-
creatictissues and vertex model simulations reveal that small pancreatic
ducts produced exophytic growth (outward expansion from the duct),
whereas large ducts undergo endophytic deformation (growth inward to
the ductal lumen). This transition from exophytic to endophytic growth
is attributed to a central mechanism involving a balance between apical
and basal tensions. In small tubes, the imbalance between apical and
basal tensions fails to overcome the epithelial resistance, resulting in
outward lesion growth (exophyticbehaviour). Conversely, large tubes
exhibit transformed epithelial cells with cytoskeletal changes associated
with increased basal tensions and decreased apical tensions, leading to
inward lesion growth (endophytic behaviour). Interestingly, theoretical
models based onthe bending modulus of pancreatictissues and changes
in apico-basal tensions predict that the transition from exophytic to
endophytic should occur at a mean tube radius of 10 pm (0.1 pm-'in
curvature)'®. These findings have implications for studying other cancer
types characterized by curved features such as cysts, ducts and crypts,
including breast and ovarian cancers. Notably, it has been suggested
that matrix curvature affecting tension in the epithelial monolayer
could trigger the invasion of fallopian tube epithelial cells, which are
trapped into corticalinclusion cysts’s.

Collectively, these studies emphasize the role of tissue curvature in
human diseases, particularly in cancer development. They also demon-
strate that cells integrate various physicochemical factors simultane-
ously, and alterations in the balance of cellular forces required to adapt
to curvature changes can have dramatic consequences, promoting
the emergence of atumoural phenotype. Tounderstand this intricate
mechanism, it is crucial to elucidate how curvature length scales influ-
ence the interplay among interfacial energy, apico-basal tension and
intercellular adhesion. Indeed, these factors have the potential to
activate specific mechanotransduction pathways, thereby influenc-
ing and modulating the activity of transcriptional factors implicated
in cancer, suchas YAP/TAZ!78,

Outlook

Understanding the link among geometry, curvature and in-plane ten-
sion is crucial to better understand the initiation of fundamental pro-
cesses such as gastrulation'”9 and the mechanism of organ separation
through folding dynamics'80. Exploring the influence of curvature on
topological transitions will also contribute to a better understanding
of cellular rearrangements in curved tissues82. With this in mind, itis

interesting to study more complex curved surfaces with positive, zero
and negative Gaussian curvatures, as observed intoroidal structures's!.

Beyond the contribution of curvature to the formation of intricate
biological structures, anincreasing body of evidence indicates that it
has a central role in fundamental cellular functions. For instance, it was
suggested that the lung branching process is regulated by a feedback
loop betweentissue curvatureand extracellular signal-regulated kinase
(ERK) activity's2. In addition, epithelial cell extrusion, which is involved
intissue homeostasis, is influenced differently by the sign of curvature
through an osmotic process'83. Despite significant progress in under-
standing of the impact of substrate curvature on specific biological
processes, many questions remain unanswered.

One such question pertains to how cells dynamically perceive and
adapt to modifications in curvature and how the mechanical signals
originating from different length scales of curvature are transduced
into specific biochemical responses. Although intriguing findings
have emerged regarding the cytoskeletal reorganization in response
to curvature changes, the mechanisms underlying the adaptation in
space and time of the internal force balance remain unclear. To address
this challenge, it is necessary to measure the temporal adaptation of
cytoskeletal components and other subcellular structures to dynamic
changes in surface curvature. Doing so is particularly important for
understanding the regulation of the internal force balance, especially
in terms of apico-basal tensions. Tools capable to dynamically modu-
late substrate curvature will be required to tackle this challenge’s4,
Furthermore, the transmission of forces across the nucleocytoskeletal
couplingin curved situations has yet to be thoroughly studied.

Despite the influence of cytoskeletal forces on the spatial arrange-
ment of chromatin and the formation of condensed domains that regu-
late gene expression and cell fate determinations, it remains unclear
how cells convey modulation of the apico-basal tension from the curved
substrate to the nucleus to regulate gene expression. Using linker of
nucleoskeleton and cytoskeleton complexes, adherent cells can gener-
ate forces on the nuclear lamina that affect the chromatin condensation
state, implying a mechanical adaptation of the nucleus to local changes
in surface curvature. Unravelling the complex mechanical interplay
among curvature, substrate traction forces, internal cell force bal-
ance, cytoskeletal filaments, the nuclear envelope and chromatin state
compaction will require interdisciplinary approaches in cell mecha-
nobiology. Experimental methods incorporating stimuli-responsive
biomaterials at different length scales, precise mechanical manipula-
tion, co-culture of different cell types, genetic manipulation, live-cell
imaging and optogenetics tools with high spatial and temporal
resolution will be necessary. The development of biomaterials with
multiscale curvature patterns that can dynamically respond to exter-
nal stimuli over time is crucial. These materials have the potential to
revolutionize the study of the dynamic interplay between cells and
their changing microenvironment. For instance, they can be used to
investigate how specific signalling pathways (such as YAP/TAZ, Ras/Erk
and RhoA) are involved in curvosensing mechanisms. However, to fully
realize their potential, new optogenetics tools are needed to control
the spatiotemporal localization and activation of these signalling
pathways. Such tools would enable researchers to better understand
the complex signalling networks that govern the cellular response
to curvature changes. These advanced experimental tools will allow
addressing outstanding questions, such as how various organelles
individually respond to the matrix curvature and cooperate to deliver
a curvature-dependent transcriptional output. There are still other
technological challenges to overcome to understand tissue adaptation




to curvature modulations, whether at the mechanical level (for exam-
ple, by real-time observation of internal cellular tension intissues) or at
the functional level (by real-time observation of chromatin compaction
and gene expression modifications). In addition to determining the
physical laws that describe how the balance of mechanical forces in
curved cells leads to transcriptional outputs, efforts should be directed
towards translating invitro techniques and deploying new molecular
biosensors (strain gauges and optical and magnetic biosensors) in
invivo situations. Doing so will enable researchers to better understand
the mechanisms behind tissue adaptation to curvature modulations,
and help with developing more effective treatments for diseases that
involve tissue deformation, such as cancer and cardiovascular disease.
These experimental breakthroughs will pave the way for mechani-
cal models that provide a more integrated view, incorporating the
roles of cell-substrate adhesions, the cell membrane, cytoskeletal
filaments, nucleus and other organelles. Theoretical modelling will also
be essential for exploring the complexity of the cooperative interac-
tions between different organelles to various length scales of curvature
and guiding the comprehensive analysis of complex interconnected
experimental data sets.

Unravelling the interplay between mechanical and biochemical
parameters will enable the elucidation of the mechanism of curvo-
sensing and clarify which cellular mechanotransduction pathways
are activated at specific length scales of curvature. This knowledge
will also help determine the interplay between curvature and cell
fate. Collectively, these efforts will enhance our fundamental under-
standing of the complex mechanisms by which tissues assemble into
organs that utilize curvature to create functional architectures. Fur-
thermore, these endeavours have the potential to guide the develop-
ment of bioengineered tissues with advanced functions and lead to
new translating and therapeutic strategies'8s for treating disrupted
mechanotransduction pathways and human diseases that arise from
changesin curvature.
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