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Preface 
 

“Imagine that you knew everything about how a single fish works, all the 
biology, all the physics, everything. This, alone, will not let you predict how a school of 
a million fish will behave”. Xavier Trepat postulated this idea in a conference - that I 
fortuitously watched – where he explained the concept of emergent phenomena and 
collective behaviors. I had never thought about such a fundamental problem, but I 
found it so interesting. This was how I came to know Trepat’s work, and I consider this 
moment as the beginning of the journey that led to the thesis that you are now reading.  
 

Some months later, I started working as a master student in Trepat’s lab, under 
the supervision of Carlos Pérez - at the time a last year PhD student and now my thesis 
co-director. Carlos had already started doing some tests to culture intestinal organoids 
over hydrogels, to develop a system compatible with force measurements on the 
intestinal epithelium. From there, we continued working hand in hand in a project that 
composes a major part of this thesis and that we published as co-first authors in 20211. 
In that project, we were able to quantitatively map the forces that intestinal organoids 
exert to fold into crypts and to allow migration from the crypt to the villus. After that, 
I started a new project, centered on the role of Eph/Ephrin signaling in the mechanics 
of crypt-villus compartmentalization. Overall, the work presented in this thesis 
involved extensive collaboration with colleagues from our lab and from the lab of Dr. 
Marino Arroyo, Dr. Danijela Matic Vignjevic and Dr. Eduard Batlle. The specific 
contributions of each collaborator to this project are listed at the end the thesis (section 
“Contributions to the data presented in this thesis”). 
 

This thesis focusses on the mechanics of three fundamental processes of the 
intestinal epithelium – crypt folding, tissue compartmentalization and collective cell 
migration.  The thesis starts with an introduction, that can be divided in three parts. 
First, an introduction to general epithelial mechanics including how cells can generate, 
withstand, and sense mechanical forces as well as how these forces can orchestrate 
tissue folding and collective cell migration. Second, an introduction to the intestine, 
the intestinal epithelium and the intestinal organoid systems. Finally, an introduction 
to the current understanding of the mechanics of the intestinal epithelium.  

 



 

Then, the aims and the methodology are presented, followed by the 
experimental results. These results include quantitative measurements of the forces 
that intestinal epithelial cells exert on the substrate and on their neighbors, and how 
these forces induce crypt folding, compartmentalize the tissue into crypt and villus 
domains and allow for constant flow of cells from crypt to villus.  
 

The results are then discussed, by setting them in the context of existing 
literature and by generating new hypothesis. Finally, several conclusions are drawn 
from the presented data. 
 
I hope you will enjoy reading it. 
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1.1 Epithelial mechanics 
 

Epithelia are apico-basally polarized cell layers that cover all the internal and 
external surfaces of the animal body. They play crucial roles in physiology by 
protecting against external hazards (e.g. the skin), secreting hormones (e.g. insulin in 
the pancreas), absorbing nutrients (e.g. the intestine), exchanging gasses (e.g. the 
respiratory tract) or excreting toxins (e.g. the kidney). Attending to the number of 
cellular layers, epithelia can be simple (a single cell layer), pseudostratified (a single, 
very packed, cell layer with cell nuclei positioned at different heights) or stratified 
(more than one cell layer). Attending to the differences between the apical, basal and 
lateral surface area of the cells, epithelia are also classified in squamous, cuboidal or 
columnar (Figure 1). Squamous cells show a smaller lateral area compared to the apical 
and basal area. Cuboidal cells show a similar lateral, basal and apical area. Finally, 
columnar cells show an increased lateral area compared to the apical and basal area. 

 

 
Figure 1.  Classification of epithelia. Adapted from reference 2.  
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Epithelia are continuously exposed to physical forces. For instance, peristaltic 
contractions of muscle cells compress the intestine to induce water and food flow 
through the tube. At the same time, food contents generate an outward expansion of 
the intestinal tube and the epithelium gets stretched. A similar tissue expansion 
happens at the lungs, where the epithelium is stretched during air inspiration. 
Epithelial cells also exert forces on their surrounding environment. For example, they 
generate propelling forces to migrate in a certain direction during wound healing3 or 
embryo gastrulation4. Cells integrate all these mechanical inputs into biological 
responses through different biochemical cascades, known as mechanotransduction.  
 

In this section, I will briefly introduce how epithelial cells generate, endure and 
respond to mechanical forces, as well as the role of these forces during epithelial 
migration and tissue morphogenesis. 

 
 

1.1.1 The cellular machinery that exerts, withstands and 
senses mechanical forces 

 
In order to generate, integrate and resist mechanical forces, epithelia exploit 

three main cellular structures that are interconnected: The cell cytoskeleton, cell-cell 
adhesions and cell-ECM (extracellular matrix) adhesions.  
 
The cell cytoskeleton 
 

The cell cytoskeleton is a complex intracellular network, composed of three 
types of protein filaments: microtubules, intermediate filaments and actin filaments 
(Figure 2). This network is under constant remodeling thanks to specific enzymes that 
polymerize and depolymerize the protein filaments.  
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Figure 2. The cell cytoskeleton. A) Schematic depicting the structure of different cytoskeletal filaments 
(microtubules, actin filaments and intermediate filaments). Adapted from reference5. B) Cultured 
green monkey cells stained for actin (gray), microtubules (orange) and intermediate filaments (cyan). 
Image courtesy of Dr. Christophe Leterrier, NeuroCyto, INP, CNRS Aix-Marseille Université. 

 
Microtubules are hollow filaments made of tubulin monomers that typically 

extend from the microtubule-organizing center (MTOC, centrosome in animal cells) 
towards the cell periphery. Compared to actin and intermediate filaments, 
microtubules are the most rigid components of the cytoskeleton6. They create a 
network that sustain cell shape, separate chromosomes during mitosis, form cilia and 
flagella, and act as scaffolds for motor proteins involved in intracellular transport7. 
 

Intermediate filaments are a large family of protein filaments, including 
keratins, desmin, vimentin, neurofilaments, nestins and lamins, among others8,9. 
Intermediate filaments are the most flexible component of the cytoskeleton6. They 
withstand very large strains - they can be stretched over 2 times their initial length 
without rupture10 – thus acting as a mechanical buffer that protects cell integrity upon 
extreme cellular deformations11–13.  
 

Actin filaments (F-actin) are polymer chains, formed by polymerization of 
globular actin (G-actin) monomers. Similar to microtubules, protein motors can bind 
to actin filaments. Non-muscle myosins bind actin filaments and pull on them, 
generating a contractile force14. Within cells, actin filaments organize into two types of 
higher assemblies: actin bundles and actin networks (Figure 3)15. Actin bundles are 
fibers of parallelly-oriented actin filaments that generate a high contractile force. They 
are found at the cytokinetic ring (a contractile ring that splits the cell cytoplasm during 

Actin 
Microtubules 
Intermediate filaments 

B A 
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mitosis)16, at stress fibers (thick contractile bundles involved in cell-substrate 
adhesion, migration and mechanosensing)17,18, at the adhesion belt (apical ring at 
epithelial cell-cell contacts that links the cytoskeleton of adjacent cells)19,20, at 
microvilli (apical protrusions of the cell membrane)21 or at filopodia (protrusions of 
migratory cells that sense the environment and provide guidance cues)22,23. On the 
other hand, actin networks are 3D meshes of branched actin filaments.  As opposed to 
the typical contractile forces generated by actin bundles, the polymerization of actin 
networks can generate protrusive forces. Examples of actin networks are the cell cortex 
(a thin layer of actin filaments that tether the cytoskeleton to the plasma membrane)24 
or the lamellipodium (a migratory protrusion of the cell membrane induced by actin 
polymerization)25,26.  

 

 
 

Figure 3. Different types of actin structures within the cell. Actin filaments assemble into bundles 
(microvilli, adhesion belt, filopodia, stress fibers, cytokinetic ring) or networks (cell cortex, 
lamellipodia). Adapted from reference 27.  

 

To properly generate and transmit forces to the substrate and to neighbor cells, 
cytoskeletal filaments are anchored at the cell periphery to cell-cell and cell-ECM 
adhesion complexes (Figure 4). These connections not only favor efficient cell force 
generation and cell stability upon force load, but they also allow for the coordination 

Microvilli Adhesion belt Cell cortex 

Filopodia Lamellipodium Cell cortex 

Stress fibers Contractile ring 
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within neighbors and collective force generation. For instance, the alignment of actin 
fibers within neighbor cells into supracellular actin cables enables collective 
contraction during wound healing3 or the establishment of boundaries between cell 
populations28,29. 
 
Cell-Cell adhesions 
  

Epithelial cells are rarely found as single cells. Instead, they generally form 
connections with other cells, assembling into tissues or cell clusters. In fact, the loss of 
cell-cell connections at epithelial cells is often associated with malignant processes 
such as cancer metastasis30.  
  

Epithelial cells form different types of cell-cell adhesions: tight junctions, 
adherens junctions, desmosomes and gap junctions (Figure 4). Tight junctions, 
adherens junctions and desmosomes are connected to the cell cytoskeleton, thus 
mechanically coupling neighboring cells. Tight junctions are strong apical cell-cell 
adhesions that seal the epithelium, avoiding leakage of molecules through it. They are 
formed by proteins including occludins and claudins (among others) and bind to the 
actin cytoskeleton through adaptor proteins such as ZO-1, ZO-2 and ZO-331. Adherens 
junctions are highly dynamic lateral junctions connected intracellularly to actin 
filaments32 and formed by proteins of the cadherin family. A prototypical and well 
characterized cadherin protein in epithelial adherens junctions is E-cadherin. E-
cadherin binds intracellularly to p120-catenin, β-catenin and α-catenin, which are 
then linked to the actin cytoskeleton33,34. Adherens junctions sustain and generate 
mechanical stress and allow for mechanical coordination between neighbors though 
the adhesion belt34–36. Similar to adherens junctions, desmosomes are also very 
dynamic lateral junctions formed by proteins of the cadherin family, but they are 
connected intracellularly to intermediate filaments. Thus, desmosomes help 
protecting the cells’ integrity upon large deformations37,38. Finally, gap junctions are 
basolateral channels connecting the cytoplasm of neighboring cells, allowing 
intercellular transport of molecules39.  
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Cell-ECM adhesions 
 

Epithelia typically sit on top of a thin ECM layer (several hundred nanometer 
thickness) named basement membrane, composed of laminin, collagen IV, nidogen, 
perlecan and other constituents40–42. Epithelial cells are anchored to this basement 
membrane through two types of adhesions: Focal adhesions and hemidesmosomes 
(Figure 4). Both focal adhesions and hemidesmosomes are formed by alpha- and beta-
subunits of integrin proteins. However, focal adhesions are connected intracellularly 
to the actin cytoskeleton while hemidesmosomes are connected to intermediate 
filaments43. In focal adhesions, integrins bind actin filaments via adaptor proteins 
such as talin, focal adhesion kinase, vinculin or paxillin44. In hemidesmosomes, 
integrins generally bind intermediate filaments via plectin adaptor protein45,46. Cell-
ECM adhesions are anchoring points that allow the transmission of forces from the 
cell cytoskeleton to the underlying substrate. These forces are crucial, for instance, to 
propel the cell during migration.  

 
Figure 4. The anchoring points of the cytoskeleton: cell-cell and cell-ECM contacts. The cell 
cytoskeleton is anchored to the cell periphery at cell-cell and cell-ECM adhesions. Cell-cell adhesions 
include tight junctions, adherens junctions, desmosomes and gap junctions. Cell-ECM adhesions 
include hemidesmosomes and focal adhesions. Actin filaments are connected to tight junctions, 
adherens junctions and focal adhesions while intermediate filaments are connected to desmosomes 
and hemidesmosomes. Modified from reference 47, with permission from Springer Nature.  
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1.1.2 Mechanosensing and mechanotransduction 
 

Epithelial cells not only generate and endure physical forces, but they also sense 
them and react to them through specific biological responses. Cells sense mechanical 
inputs through different mechanosensors. Following mechanosensing, a signal is 
transduced and induces a specific biological response (e.g. changes in gene expression 
or remodeling of the cytoskeleton). 
 

Mechanosensing happens at different structures within the cell. Adhesion sites 
are well known mechanosensors. In focal adhesions and adherens junctions, pulling 
forces from the actomyosin cytoskeleton induce the unfolding of talin48,49 and α-
catenin50,51, respectively, exposing their vinculin binding sites. Vinculin then binds 
talin or α-catenin and anchors actin fibers to the cell-ECM52 or to the cell-cell53 
adhesion site. This leads to adhesion reinforcement, by recruitment of more adhesion 
molecules and by stabilization of the adhesion-cytoskeleton bond. This ultimately 
results in higher force generation, both because of an increase in contractility and 
because the reinforced adhesion is able to sustain higher load before disengaging54–56.  
 

Mechanosensing at cell-cell or cell-ECM adhesion can then activate a 
mechanotransduction pathway and induce changes in gene expression57. For instance, 
on stiff substrates where cells develop strong focal adhesions, the actomyosin 
contraction deforms the nucleus58,59. Nuclear deformation induces the opening of 
nuclear pores, enabling nuclear translocation of transcription factors such as YAP 
(Yes-associated protein) / TAZ (Transcriptional coactivator with PDZ-binding motif) 
(Figure 5)59. Alternatively, the increase in cortex tension could trigger the activation of 
signaling cascades60–62 or induce the sequestering of YAP/TAZ inhibitors to the 
adhesion site63,64, resulting as well in nuclear translocation of YAP/TAZ. 
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Figure 5. Cell-adhesion mechanosensing. A) Top: Immunostainings of F-actin (phalloidin), nucleus and 
YAP/TAZ. Cells seeded on stiff substrates (29 kPa) show nuclear translocation of the transcription 
factor YAP/TAZ (control row). Perturbation of focal adhesions abrogates nuclear translocation of 
YAP/TAZ (Talin 2 shRNA row). Bottom: Stretch experiments. In control cells on stiff substrates, the 
initial area of both the cell (gray) and the nucleus (blue) enlarges (dashed line) upon stretching, as 
tension is transmitted through the cytoskeleton and reaches the nucleus. In cells with perturbed focal 
adhesions (Talin 2 shRNA row), the nuclear area does not increase upon stretch, indicating that tension 
does not reach the nucleus. Scale bars, 20 µm. B) Scheme depicting the mechanism of YAP/TAZ nuclear 
translocation. On stiff substrates, the cytoskeletal tension reaches the nucleus and deforms it. This 
leads to nuclear pores opening, enhancing the nuclear translocation of YAP/TAZ. Adapted from 
reference 59, with permission from Elsevier. 

 
The nuclear membrane can also act as a mechanosensor. A clear example is the 

response of cells to squeezing, such as immune cells when they migrate in confined 
environments. Squeezing of the cell induce the unruffling of the nuclear membrane 
and the binding of the enzyme cytosolic phospholipase A2 (cPLA2) to the inner nuclear 
membrane. cPLA2 releases arachidonic fatty acid (AA) from the nuclear membrane to 
the cytoplasm, where it triggers the activation of cortical myosin motors (Figure 6)65,66.   

 

A B 
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Figure 6. Nuclear mechanosensing. On crowed or confined environments, the cell nucleus can get 
squeezed, inducing the unfolding of the nuclear membrane. Arachidonic acid is then released from 
the nuclear membrane to the cytoplasm where it activates myosin, enhancing contractility and cell 
motion. Adapted from reference 65, with permission from AAAS. 

 
The cell membrane is also a hub for mechanosensation. In epithelial cells, 

different mechanoreceptors are present at the cell membrane. An example is Piezo1, a 
mechanosensitive calcium channel that opens under mechanical load. Calcium influx 
upon Piezo1 activation results in a variety of cell responses, including stimulation of 
cell extrusion upon compression67,68 or division upon stretch69.  
 

1.1.3 Epithelial forces and tissue folding 
 

Cellular forces sculpt the shape of epithelial tissues by folding them through 
different mechanisms. Folding can be generated by stresses of different sign. For 
instance, compressive stresses are typically associated to buckling instabilities, while 
differentials in tensional stresses along the apico-basal axis typically induce bending 
of the tissue. Attending to the source of the mechanical force, folding mechanisms 
could be classified in local (involving the cells at the very fold), or global (involving the 
neighboring cells or the whole tissue). In many cases, however, folding is not induced 
by a single mechanism, but it results from the coordination of local, neighboring and 
global forces70.  
 
 A well characterized and extensively studied folding mechanism is apical 
constriction (Figure 7). During apical constriction, the actomyosin machinery is 
recruited to the apical side of some cells within a region of the monolayer. The 
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coordinated actomyosin contraction induces a shrinkage of the apical cell surface, 
which translates into the invagination of the tissue71,72. Classical examples of epithelial 
folding mediated by apical constriction include the Drosophila gastrulation73–77, the 
vertebrate neural tube formation78–81, or the eye lens placode invagination82–85. 
 

Of note, apical constriction is often accompanied by basal relaxation86. For 
instance, during Drosophila ventral furrow invagination, apical constriction first 
induces an elongation of the cells due to volume conservation. After that, a decrease in 
basal myosin contractility induces basal relaxation and allows for tissue 
invagination86. 

 

 
 

Figure 7. Tissue folding: Apical constriction. Top: scheme depicting the process of apical constriction. 
In a region of the tissue, cells reduce their apical size by actomyosin-driven constriction, leading to the 
folding of the monolayer. Adapted from reference87, with permission from The Company of Biologists 
Ltd. Bottom: Apical constriction during Drosophila embryo gastrulation (ventral furrow formation). 
Note the decrease in the apical area of the cells at the invagination region (center image). Green: 
membrane, Magenta: Snail. Image courtesy of the He lab (Dartmouth College, U.S.). 

 

An interesting example of apical constriction is the leg imaginal disc 
invagination in Drosophila. In this case, basally extruding cells increase and stabilize 
apical actomyosin in the neighbors. The coordination of extrusions at a localized 
region generates a local apical tension that results in the invagination of the tissue88,89.   
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 Lateral shift of apical junctions can also induce folding70,90,91. During the 
formation of dorsal folds in Drosophila embryos, some cells move their apical 
junctions along the apico-basal axis to a lower position. This repositioning of the apical 
junctions generates deformation of the apical surface of their neighbors, which is then 
relieved by bending of the epithelium70,91 . Of note, this mechanism is independent of 
actomyosin asymmetric distribution70,91. 
 

Although less common than apical constriction, basal constriction also 
generates tissue folding. During optic cup morphogenesis92–95  or during the formation 
of the midbrain-hindbrain boundary96,97 neuroepithelial cells fold the tissue by basally 
constricting. Importantly, basal constriction requires integrin-mediated adhesion to 
the ECM, which allow the transmission of tension along the tissue to coordinate the 
folding93–97. 
 

In many instances, the folding of the tissue is not only mediated by the cells in 
the fold but forces from cells at the vicinity of the fold strongly contribute to the folding 
process.  A clear example is the Drosophila salivary gland invagination. In this case, 
local apical constriction of the cells at the fold acts in conjunction with a compressive 
supracellular actomyosin ring at the neighbors that induces buckling of the tissue 
(Figure 8A). Folding in this tissue can happen in the absence of apical constriction, 
although the final tissue shape is abnormal, indicating a tightly regulated coordination 
between bending by local apical constriction and buckling by neighbor compression98.  
 
 Cells at adjacent tissues can also contribute to epithelial folding. During ventral 
furrow formation in Drosophila gastrulation, mesoderm invagination is mediated by 
apical constriction but the late steps in the process depend on buckling instabilities 
induced by lateral compression from the ectoderm99. During lung branching 
morphogenesis, the bifurcation of epithelial buds is mediated by the presence of 
smooth muscle cells that physically wrap the bud (Figure 8B)100. Another example is 
the emergence of villi in the mammalian intestine. In this case, the compaction of the 
ECM by mesenchymal cells below the intestinal epithelium generate an initial folded 
dome that later further develops into a villus101–104.  



Introduction 

14 
 

 
Figure 8. Tissue folding: coordination between local and adjacent forces.  A) Scheme of the 
Drosophila salivary placode folding mechanism. An apical constriction from the cells at the fold is 
combined with a contractile actomyosin ring by the neighbors. Adapted from reference70, with 
permission from The Royal Society (U.K.) B) Scheme of the airway epithelium branching during lung 
development. At the site of bifurcation, muscle cells wrap the tissue to constrict and fold the epithelia 
into shape. Adapted from reference100, with permission from Elsevier. 

 
A more complex interplay between epithelial and adjacent tissue forces takes 

place during the invagination of the hair follicle placode105. In a first step, the apical 
tension of the epithelial tissue is combined with the compression of a basal actomyosin 
ring around the placode formed by fibroblasts beneath, triggering the elongation of 
the epithelium along the apico-basal axis and some degree of invagination. In a second 
step, softening of the ECM by metalloproteinases leads to the release of epithelial 
compression, inducing epithelial cell divisions and further invagination. This 
mechanism is reminiscent of the salivary gland placode invagination (Figure 8A). 
However, the apical tension during hair follicle placode invagination does not seem to 
be restricted to the folding area105.  
  
 Mechanical instabilities at the tissue scale can also generate folding. Growth 
under confinement or differential growth in the tissue plane or between two tissues 
can induce in-plane compressive forces in the epithelium that result in tissue buckling 
(Figure 9A)106,107. For instance, epithelial monolayers growing inside alginate drops 
experience buckling when the maximum available area is filled (Figure 9B)108. Another 
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example is the intestinal looping during development, where the intestinal tube 
buckles due to its faster growth compared to the adjacent mesenchyme. In the chicken, 
the growth of the intestinal epithelium under the confinement imposed by the adjacent 
muscular layers induces its buckling into villi109,110. A similar growth-induced folding 
has been proposed for the folding of the cerebral cortex111–115 and the dental epithelium 
during tooth germ development116.  
 

Buckling can be also induced by exogenous application of a compressive force. 
When suspended epithelial monolayers are compressed, they undergo buckling 
(Figure 9C)117.  Interestingly, these experiments showed that the pre-tensional state of 
the cell layers due to the actomyosin cortex can buffer up to ~35% compressive strain. 
Compressive strains above this threshold induce the formation of stable buckles117. 

 

 
 

Figure 9. Tissue folding: buckling. A) Scheme of the mechanism of buckling-mediated folding. 
Confined tissue growth or lateral application of force to a tissue generates a compressive stress that 
ultimately leads to folding. Adapted from reference 87, with permission from The Company of 
Biologists Ltd. B) MDCK monolayers grown under confinement inside alginate drops. Over time, the 
compression induced by the growth induces buckling of the tissue (17.5h, asterisk). Nuclei are labelled 
in green. Scale bar, 100 µm. Adapted from reference 108.  C) Suspended MDCK monolayers exposed to 
compressive force undergo buckling. Scale bars, 20 µm. Adapted from reference 117, with permission 
from Springer Nature.   

 

A 
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1.1.4 Epithelial forces and collective cell migration 
 

Fundamental processes such as embryogenesis or tissue regeneration require 
collective motion of multicellular entities. To collectively migrate, epithelial cells 
coordinate as clusters (e.g. the neural crest) or sheets (e.g. the skin). 
 

Within advancing epithelial sheets, a front-rear (“leader” - “follower”) 
polarization of the multicellular system typically takes place118–120. At the front of the 
epithelial monolayer, “leader” cells extend protrusive lamellipodia via actin 
polymerization121. At the lamellipodial protrusions, new focal adhesions are formed 
and anchor cytoskeletal actomyosin fibers that contract to propel the cell forward34,119.  
Because “leader” cells are connected to “follower” cells through cell-cell adhesions, 
propelling of the leader cells generates a pulling force that drags follower cells in the 
direction of motion34,119. 
 

Nevertheless, pulling forces from cells at the leading edge are not sufficient to 
drive the motion of the epithelial sheet. Force measurements on expanding epithelial 
monolayers showed that, although cells at the leading edge exert higher traction forces 
on the substrate35,122, cells far away from the edge still generate active tractions (Figure 
10A)35. To generate these tractions, follower cells extend basal protrusions (cryptic 
lamellipodia) under the cells located at their front35,123 (Figure 10B).  

 
Thus, cells at the leading edge and cells rows behind are mechanically 

coordinated to migrate as a collective. This coordination is, in part, achieved by force 
transmission through cell-cell junctions. As cell tractions are not balanced at the single 
cell level, gradients of tension emerge from the leading edge to the core of the 
monolayer, where cell-cell tension is maximal (Figure 10A, C)35,36. Interestingly, cell-
cell tension is a mechanical cue that gives directionality to the collective migration. 
Cells align and migrate parallel to the direction of maximum principal stress, a 
phenomenon known as plithotaxis36. 
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Figure 10. Collective cell migration: Leader-follower coordination. A) Phase contrast (top panel), cell-
ECM tractions (Tx, middle panel) and cell-cell Tension (σxx, bottom panel) of an expanding monolayer 
of MCF-10A epithelial cells. Note that, although at both free edges of the monolayer cells exert high 
tractions, cells at rows behind the leading edge still exert significant forces. Cell-cell tension is minimal 
at the edge of the expanding monolayer and increases towards its center. Adapted from reference124, 
with permission from AAAS. B) Snapshots of GFP-expressing MDCK follower cells during a wound 
healing experiment. Note the protrusion of cryptic lamellipodia underneath their neighbors at the 
front (The black areas correspond to non-transfected cells closer to the free edge of the monolayer). 
Adapted from reference123, with permission from The Company of Biologists Ltd. C) Mechanical 
coordination between leaders and followers during collective cell migration. Cells at the leading edge 
(leaders) exert higher traction via lamellipodia extension, focal adhesion formation and actomyosin 
contraction. Follower cells also extend cryptic lamellipodia and exert tractions in a similar fashion. 
Leaders and followers are mechanically coupled by cell-cell adhesions. This creates a gradient of 
increasing tension from the edge to the center of the monolayer. Adapted from reference125, with 
permission from the American Society for Cell Biology. 

 
Epithelial cells are exposed to other biochemical and mechanical cues that guide 

the directionality of the collective motion. Epithelial collectives follow gradients of 
substrate stiffness (durotaxis)124,126,127, chemoatractant gradients (chemotaxis)128,129 or 
extracellular matrix gradients (haptotaxis)130,131. 
 

Of note, not all epithelial systems show a clear leader-follower behavior. For 
instance, during neural crest migration in Xenopus, contraction of cells at the rear of 
the cell cluster propels it forward128 (Figure 11). A similar mechanism has been recently 
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proposed for lateral line primordium migration in zebrafish, where higher stresses 
exerted by rear cells propel the cluster forward132. Moreover, in the absence of a free 
edge in the epithelial monolayer, cells can migrate behaving as single cells (their 
traction forces are balanced at the single cell level) but coordinate with neighbors for 
the motion of the whole cellular sheet133.  

 

 
Figure 11. Collective cell migration: rear propulsion. A) During Xenopus neural-crest migration, an 
actin cable forms at the periphery of the cluster (MLC, myosin light chain). Scalebar, 50 µm B) Laser 
ablation of the actomyosin ring at the rear of the cluster (right panel) but not at the front (left panel) 
abrogate cluster migration along the SDF1 gradient. Arrowheads indicate the points of ablation. 
Scalebars, 10 µm (top) and 50 µm (bottom). A) and B) are adapted from reference 128, with permission 
from AAAS. C) Scheme of the process. Adapted from reference134, with permission from Elsevier.  

 
In summary, collective epithelial migration is an emergent phenomenon, 

whereby the mechanical coordination of individual cells into a supracellular entity 
allows collective motion. 
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1.2  The intestinal epithelium and its 
experimental models 

 

1.2.1 Anatomy of the mammalian intestine  
 

The adult mammalian intestine is a hollow tube that extends from the end of 
the stomach to the anus (Figure 12A). This tube is composed of different concentric 
cell layers. From the outer-most to the inner-most, these layers include a connective 
tissue layer (serosa), a longitudinal muscle layer, a circular muscle layer, a connective 
tissue layer (submucosa), another longitudinal muscle layer (muscularis mucosa), a 
connective tissue layer (lamina propria) and the epithelium (Figure 12B)135,136. 

 
The intestinal tube - although it is physically a continuum - can be functionally 

and morphologically divided in different segments along the rostro-caudal axis (Figure 
12A). The small intestine extends from the end of the stomach to the cecum and is 
subdivided in duodenum, jejunum and ileum, from rostral to caudal. The large 
intestine comprises the rest of the tube and it is subdivided in cecum, proximal colon, 
mid colon, distal colon, rectum and anus, from rostral to caudal135. 

 
The intestinal epithelium constitutes the inner-most cell layer of the gut, 

directly facing the intestinal lumen (Figure 12B). It is composed of columnar epithelial 
cells that are attached to a basement membrane rich in Collagen IV and Laminin137,138. 
The intestinal epithelium acts as a physical barrier that protects against pathogens and 
other external agents, but at the same time, it absorbs nutrients from food digestion 
and secretes molecules such as antimicrobials or hormones. The structure of the 
intestinal epithelium largely varies along the different segments of the intestinal tube 
(Figure 12C). At the small intestine, the intestinal epithelium is folded into finger-like 
protrusions towards the lumen called villi and invaginations into the stroma called 
crypts (Figure 12C). The length of villi decreases from duodenum to ileum and villi are 
completely absent in the large intestine (Figure 12C). The length of the villi is optimal 
for the specific function of each intestinal segment. At the proximal small intestine 
(duodenum and jejunum) long villi considerably enlarge the absorptive surface area 
of the epithelium. Thus, most of the nutrient absorption takes place in these segments. 
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At the ileum, cells specialize in the absorption of bile acids and vitamin B12. At the 
large intestine, devoid of villi, nutrient absorption is virtually absent and cells 
specialize in water absorption139.  

 

 

 
 

Figure 12. Anatomical features of the intestine. A) Structure of the gastrointestinal tube. The intestine 
is divided along the rostro-caudal axis in small intestine (duodenum, jejunum and ileum) and large 
intestine (cecum, proximal colon, mid colon, distal colon, rectum and anus). Adapted from 
reference135, with permission from Elsevier. B) Scheme of a transversal view of the intestinal tube. The 
different concentric tissue layers are indicated. Adapted from reference136. The publisher for this 
copyrighted material is MaryAnn Liebert, Inc. publishers. C) Left: Structure of the intestinal epithelium. 
Note the finger-like protrusions towards the lumen (villi) and the invaginations into the stroma (crypts) 

140, with permission from Springer Nature. Right: Hematoxylin/eosin staining of intestinal cuts at the 
indicated segments. Note the decrease of villus size from the duodenum to the ileum and the absence 
of villi in the colon. Scale bar, 100 µm. Adapted from reference141.  
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1.2.2 The intestinal epithelium: cell types and dynamics 
 

The folded shape of the epithelium of the small intestine establishes two 
functional domains – the crypt and the villus. At the villus, differentiated cells absorb 
nutrients and secrete hormones and other molecules and eventually die at the tip. At 
the crypt, cells proliferate to constantly repopulate the villus (with a turnover rate of 
about 3-5 days142). For that, intestinal stem cells (ISCs) located at the bottom of the 
crypts divide and give rise to progenitor cells, which further proliferate at the transit 
amplifying region and differentiate into the other intestinal epithelial cell types (i.e. 
Goblet cells, Enterocytes, Tuft cells, Enteroendocrine cells, M cells, Paneth cells). 
Differentiated cells migrate up the villus (or the surface epithelium in the colon) and 
finally extrude and die at the tip (Figure 13)143–147. Paneth cells are an exception, as 
they migrate down the crypt to support stem cells148,149.  

 
 

Figure 13. The mammalian small intestinal epithelium. Structure of the small intestinal epithelium. 
The different cell types (Stem cells, Paneth cells, Goblet cells, Enterocytes, Enteroendocrine cells, Tuft 
cells and M cells) as well as their main functions are indicated. Stem cells divide at the bottom of the 
crypt. Some daughter cells enter the transit amplifying region, where they start differentiating into 
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the absorptive or secretory lineage by lateral inhibition. After some rounds of divisions, cells exit the 
transit amplifying region and migrate to the top of the villus, where they are extruded at the tip.  
Adapted from reference150, with permission from Elsevier. 

 
Intestinal Stem Cells  
 

ISCs were first described in the 70s by Cheng and Leblond as very thin cells 
intermingled with Paneth cells at the crypt base. They were called crypt base columnar 
(CBC) cells151. Cheng and Leblond performed rudimentary but powerful tracing 
experiments showing that the differentiated cells originated from these CBC cells. By 
injecting 3H-thymidine to the mice, some of the CBC cells died and were phagocytosed 
by surviving CBC cells, forming radioactive phagosomes in their cytoplasm that were 
traceable. Over time, these phagosomes were found in differentiated cells, indicating 
that these differentiated cells are descendants of a CBC cell152. It was in 2007 when 
leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5) was described as 
the first bona fide marker of ISCs153. Since then, other markers have been described, 
including Achaete scute-like 2 (ASCL2)154 , Olfactomedin-4 (OLFM4)155,156 or SPARC-
related modular calcium-binding protein 2 (SMOC2)157, among others. Interestingly, 
the mouse adult stem cell pool does not arise exclusively from LGR5+ fetal cells. 
Instead, the whole fetal epithelium - including villus cells – contribute to the formation 
of the adult stem cell pool158.  

 
ISCs divide symmetrically (both daughter cells have the same probability to stay as 
stem cell) every 24h159,160.  Interestingly, lineage tracing experiments have shown that 
the pool of adult intestinal stem cells is monoclonal 159,161. This means that at any given 
point, all the stem cells of a crypt share a common ancestor. This monoclonality is 
achieved through neutral competition for the space. In this model, when a stem cell is 
stochastically lost (e.g. if the two daughter cells differentiate) it gets replaced by a 
neighbor stem cell resulting from a symmetric division159. 

 
At the bottom of the crypts (stem cell niche), stemness is sustained by different 

biochemical signals, including Epidermal growth factor (EGF), Wingless/Integrated 
(Wnt) and Notch. These signals are provided by sub-epithelial mesenchymal cells and 
Paneth cells143–145.  
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After division, the progeny of the stem cell enters the transit amplifying region 

(TA) and differentiates. Differentiation at the TA is known to be dependent on Delta-
Notch lateral inhibition. Notch receptor activation by Delta ligands induces the 
expression of HES1 transcription factor, which is a repressor of Atoh1 gene. When 
Atoh1 is repressed, cells differentiate towards the absorptive lineage (Enterocytes, M 
cells). In the absence of Notch signaling, ATOH1 is expressed (not inhibited by HES1) 
and cells differentiate towards the secretory lineage (Goblet, Paneth, Enteroendocrine, 
Tuft)144,160. At the crypt, Paneth cells express Delta ligands (DLL1 and DLL4), while 
stem cells express the receptors (Notch1 and Notch2). At the border of the stem cell 
niche, stem cell progeny loses the contact with a Paneth cell.  Atoh1 starts being 
expressed in these cells as Notch signaling shuts down. Some of these cells start 
differentiating towards the secretory lineage and start expressing Delta ligands. These 
Delta ligands activate Notch receptors in the neighbor cells that did not enter yet 
differentiation144. The Notch active cells then undergo ~4-6 round of divisions and 
differentiate into the absorptive lineage. On the contrary, secretory progenitors are 
proposed to divide slower 162,163.  
 
Paneth cells 
 

Paneth cells were described before ISCs by Gustav Schwalbe and Joseph 
Paneth164,165. Paneth cells reside at the bottom of the crypts, intermingled with ISCs, 
and are characterized by a cytoplasm full of secretory granules. As opposed to the 
relatively short life of differentiated cells, Paneth cells reside at the bottom of the crypt 
for 3-4 weeks before they die166,167.  As commented, Paneth cells provide Wnt, Notch 
and EGF signals to sustain stem cell fate144,168. In vivo, however, Paneth cell depletion 
has no impact on stem cell behavior, indicating that the presence of similar signals 
from the stroma or other epithelial cells are sufficient to maintain stem cell 
function169–171. Paneth cells also secrete a plethora of other molecules, including 
antimicrobial enzymes such as alpha-defensins (cryptdins in mice) or lysozyme164. 
Paneth cells are more abundant at the ileum172 and virtually absent in the colon173–175, 
where most of their stem cell supportive functions are taken over by Reg4+ deep 
secretory cells176.  
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Paneth cell differentiation requires Wnt activation and Notch inactivation144. 
Interestingly, in opposition to the upward migration of the other differentiated cells, 
differentiating Paneth cells migrate towards the bottom of the crypt148,149. This 
downward migration is proposed to be driven by repulsive forces between EphB3 
expressing Paneth cells and EphrinB1 expressing cells at higher positions of the crypt 
(see section 1.3.1.4 for further details on Eph/Ephrin signaling)177.  

 
Goblet cells 
 

Goblet cells are the most abundant population of the secretory lineage. They 
secrete mucus to create a protective and lubricating layer over the epithelium162. They 
are also involved in antigen presentation to dendritic cells to create antigen 
tolerance178. As opposed to Paneth cells, Goblet cell differentiation is induced by both 
Wnt and Notch inactivation144,179. The number of goblet cells increase along the rostro-
caudal axis of the intestine180–183.  
 
Enteroendocrine cells 
 
 Enteroendocrine cells specialize in the secretion of hormones. Attending to the 
type of hormone that they secrete they are classified in different subtypes184. Besides 
their primary secretory function, they can serve as a reserve source of Notch signaling 
for stem cells upon Paneth cell depletion185. 
 
Tuft cells 
 

Tuft cells are a very rare epithelial cell type. Although they derive from DLL+ 
secretory progenitors, their differentiation does not depend on ATOH1 or other 
transcription factors of the secretory lineage144,186. Tuft cells are chemosensory cells 
and they play a crucial role in immune response to infection. Upon helminth infection, 
tuft cells release Interleukin-25, which activates tissue-resident group 2 innate 
lymphoid cells (ILC2s). ICL2s then release Interleukin-13 at the bottom of the crypt, 
activating receptors of the ISCs and secretory progenitors and biasing the 
differentiation towards Tuft and goblet cells. This tuft and goblet cell metaplasia later 



Introduction 

25 
 

facilitates helminth expulsion162,187–189. Moreover, similar to Enteroendocrine cells, 
Tuft cells provide Notch signals to stem cells upon Paneth cell depletion185. 

 
Enterocytes 
 
 Enterocytes are the most abundant intestinal epithelial cell type and are 
specialized in the absorption of nutrients. They are characterized by the presence of a 
very pronounced brush border formed by cilia. These cilia increase the surface area of 
the epithelium, thus increasing absorption efficiency190.  

 
Enterocyte differentiation requires Wnt inactivation and Notch activation144. Of 

note, enterocytes are not a homogeneous population, but rather show spatial zonation 
along the villus axis. At the bottom of the villus, enterocytes express an antimicrobial 
genetic program. In the central region of the villus, they express carbohydrate, peptide 
and fat absorption machineries. At the villus tip, they express enzymes involved in 
anti-inflammatory pathways191.  
 
M cells 
 

M cells are a specific cell type found at the intestinal epithelium located over 
Peyer patches, that are lymphoid follicles containing immune cells. M cells regulate 
immune responses by transporting antigens and bacteria to the antigen presenting 
cells in the Peyer patch150,192. M cell differentiation requires the activation of nuclear 
factor-kB (RANK) by RANK ligands (RANKL) expressed by subepithelial stromal cells 
covering the Peyer Patch193.     
 

1.2.3  Intestinal organoids 
 

Despite the inherent physiological relevance of in vivo and ex vivo models of 
the intestinal epithelium, they are experimentally challenging and their applicability 
to mechanistic questions poses some technical limitations. On the other hand, in vitro 
models based on immortalized cells lines show limited resemblance to the native 
tissue. To fill this gap, intestinal organoids have emerged as gold standard in vitro 
models that recapitulate more closely intestinal epithelium physiology.  
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Closed-lumen organoids 
 

In their original set up, intestinal organoids are 3D cell structures with an 
enclosed lumen (closed-lumen organoids) that are embedded in Matrigel or other 
Extracellular matrix (ECM) gels194. They are formed by the proliferation, self-assembly 
and differentiation of ISCs (Figure 14A). They can be generated from intestinal 
crypts194, single ISCs194,195 or through differentiation of induced pluripotent stem 
cells196,197. Importantly, intestinal organoids maintain key physiological features of the 
native tissue. For instance, they are compartmentalized into crypt-like and villus like 
domains. In closed-lumen organoids, crypt-like domains appear as protrusive buds 
containing proliferative cells, ISCs and Paneth cells. The villus-like domains are 
interbud regions containing differentiated cells (Figure 14B, C). Much like in the in 
vivo tissue, proliferation occurs at the crypt-like domain while dead cells are shed to 
the organoid lumen at the villus-like regions. 
 

Despite being powerful in vitro models, closed-lumen organoids present some 
technical limitations for specific applications. For instance, in closed-lumen 
organoids, the apical surface of the cells faces the lumen, and thus, it is hardly 
accessible for experimental manipulation. This hinders their applicability to 
experiments such as bacterial infection or drug treatments, which physiologically 
would happen through the lumen of the intestine. Moreover, as closed-lumen 
organoids grow, dead cells unphysiologically accumulate in the enclosed lumen. For 
this reason, organoids must be broken down into small pieces and reseeded regularly. 
This can lead to the question of whether closed-lumen organoids model intestinal 
homeostasis or conversely, they better model intestinal regeneration195. 
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Figure 14. Closed-lumen intestinal organoids. A) Phase contrast time course of a closed-lumen 
intestinal organoid grown from a single intestinal stem cell. The days of culture are indicated on top 
of the respective images. Adapted from reference194, with permission from Springer Nature. B) 
Scheme of the intestinal organoid with the different cell types. The budding regions are crypt-like 
domains containing Stem cells, Paneth cells and Proliferative cells. The interbud regions are villus-like 
regions containing differentiated cells. Adapted from reference144, with permission from Springer 
Nature. C) Immunostaining of a closed-lumen intestinal organoids. Note the presence of Paneth cells 
(Lysozyme+) and proliferative cells (Ki67+) at the crypt-like regions. Scale bar, 50 µm. Image by Gerardo 
Ceada.  

 
Open-lumen organoids 
 

Recently, open-lumen organoids have emerged as new in vitro models of the 
intestinal epithelium. In open-lumen organoids, ISCs or crypts (from the in vivo tissue 
or from closed-lumen organoids) are seeded over a substrate (and not embedded in 
it). The substrate can be for instance an ECM gel, a synthetic hydrogel coated with 
ECM, or a silicone gel coated with ECM.  

 

A 
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In the simplest form, open-lumen organoids are grown over flat substrates. 
Under these conditions, they self-organize into crypt- and villus-like regions (Figure 
15-top)198–201. By using this model, Thorne et al.199 showed for example that epithelial-
intrinsic Wnt and BMP signals precisely control the proliferation and patterning of the 
crypt-like region. A limitation of this flat open lumen organoid format is that the 
location of the crypt-like and villus-like structures is not controlled and depends on 
the self-organization of the tissue. Different strategies have been recently followed to 
localize the crypt-like domains in flat open-lumen organoids. One of these strategies 
is the use of transwell inserts with a membrane having holes with the typical diameter 
of a crypt. A medium rich in factors supporting stem cell fate is added at the basal 
compartment of the transwell, while a medium containing low amount of factors is 
added at the apical compartment. As the tissue grows, stem cells localize at the holes 
(as they have access to the basal factors) while the rest of the tissue differentiates201–

203. Alternatively, microprinting of circular islands of Wnt3a proteins over a Matrigel 
substrate has been also used to pattern crypt-like regions in open-lumen organoids204. 

 
Open-lumen intestinal organoids can be also generated over scaffolded 

substrates with the shape of the crypt/villus (Figure 15-bottom). In these scaffolds, 
proliferative regions containing ISCs and Paneth cells become restricted to the concave 
regions (crypt-like) whereas differentiation and cell death localize at the convex 
regions (villus-like)205–208. Different types of substrates have been used as scaffolds, 
including ECM hydrogels206,207, polyethylene glycol diacrylate (PEGDA)-based 
hydrogels209 or Polydimethylsiloxane (PDMS) silicone gels208. Of note, ECM hydrogels 
have a low strength and are susceptible to protease degradation by the cells205. Thus, 
in order to generate scaffolds that sustain epithelial coverage, ECM proteins are 
typically cross-linked205,207. Besides the crypt-villus topology, other physiological 
parameters have been replicated in scaffolded organoids. For instance, the application 
of shear stress - mimicking the flow of fluids through the intestinal tube – stabilizes 
the epithelial layer for longer culture periods207. Some scaffolded open-lumen 
organoids also include the formation of gradients of ISC-stimulating factors205,209 , 
which help establishing the in vivo-like compartmentalization of the proliferative and 
differentiated cells along the crypt-villus axis205,209.  Stromal cells can be embedded in 
the ECM-based scaffolds, further mimicking the in vivo scenario206,207.  
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Figure 15. Open-lumen organoids. Top: Intestinal organoids grown over a flat substrate (Matrigel). In 
these flat conditions they are able to self-organize into crypt-like regions (dense circular regions 
indicated with arrowheads in the left phase contrast image) and villus-like regions (the surrounding 
tissue, composed by differentiated cells). Note the presence of proliferative cells (Edu+) and Paneth 
cells (UEA-1+) in the crypt-like regions (right panel). Adapted from reference199, with permission from 
Elsevier. Bottom: Intestinal organoids grown over PDMS scaffolds with the shape of villus and crypts 
(left image). Note the presence of differentiated cells (AldoB+) at the villus-like regions (right image). 
Scalebar, 200 µm. Adapted from reference208, with permission from AAAS. 

 
Importantly, the apical side of the cells is easily accessible in open-lumen 

intestinal organoids, which renders them ideal for infection and host-microbe 
interaction studies. For example, all the different phases of the infection by the 
parasite Cryptosporidium parvum could be modeled in open-lumen organoids206. 
These experiments are otherwise much more challenging on closed-lumen organoids, 
where the pathogen should be microinjected in the lumen of a single organoid210,211. 
Another advantage of open-lumen organoids is that dead cells can be easily flushed 
out by medium change. Moreover, open-lumen organoids can be maintained for 
longer periods of time, better mimicking intestinal homeostasis206,208.  
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1.3 Mechanobiology of the intestinal epithelium 
 

Biochemical gradients produced by epithelial cells and the sub-epithelial stroma 
ensure proper morphogenesis and sustain proper functioning of the intestinal 
epithelium throughout life.  As previously explained, higher Wnt, EGF and Notch at 
the bottom of the crypt induces and maintaining stem cell fate. Conversely, the 
increase in BMP signals along the crypt-villus axis guides differentiation143–145. 
 

Besides the very important role of different biochemical signals in intestinal 
physiology, mechanical forces exerted or withstood by the intestinal epithelium also 
have a pivotal contribution during intestinal epithelium development and 
homeostasis. In this section, the role of mechanical forces in morphogenetic and 
homeostatic processes of the intestinal epithelium is highlighted. 
 

1.3.1  Intestinal morphogenesis 
 

1.3.1.1  Early steps  
 

Once the primitive gut is formed, the midgut starts looping in a very 
coordinated manner to finally form the small intestine and proximal colon (the distal 
colon originates from the hindgut). Initially, the faster growth of the midgut compared 
to the surrounding tissue generates a first rotation of the tube when it no longer fits 
the body cavity (Figure 16A). This rotation happens anticlockwise (leftward) due to 
asymmetries in the architecture and mechanical properties along the right-left axis of 
the mesentery (a peritoneal layer that attached the gut tube to the abdominal wall). 
Cell-cell adhesion forces increase at the left side of the mesentery, compacting the 
tissue, while the ECM stiffness likely increases at the right side due to swelling212,213. 
This mechanical imbalance ultimately tilts the intestinal tube towards the left (Figure 
16A).  

 

However, as the embryo further develops, this first rotation is insufficient to fit 
the whole intestine in the body cavity, so the gut tube continues looping. Interestingly, 
further looping of the gut tube is controlled by compressive forces (mechanical 



Introduction 

32 
 

buckling). These compressive forces emerge from the higher growth rate of the 
intestinal tube compared to its supportive mesentery. Consequently, the mesentery 
gets stretched and pulls on the intestine, deforming it into regular loops (Figure 
16B)214,215. 

 

 
 

Figure 16. Intestinal looping during early morphogenesis. A) Top: Alcian Blue (labeling acidic 
glucosaminoglycans) and HABP (in red, labeling hyaluronic acid) stainings in a developing chicken 
embryo indicating differences in the ECM composition of the left and right side of the midgut dorsal 
mesentery during the first rotation. As hyaluronic acid tends to attract water, swelling of the ECM at 
the right side could increase the stiffness. The high N-cadherin staining at the left side of the dorsal 
mesentery indicates a stronger cell-cell adhesion force, favoring compaction of the mesentery. 
Bottom: scheme of the process. The differences in cell compaction and ECM composition of the dorsal 
mesentery bias the rotation of the developing gut towards the left side. Adapted from reference212, 
Copyright (2008) National Academy of Sciences and reference213, with permission from Elsevier. B) 
Buckling instabilities due to differences in growth between the epithelial layer and the mesentery 
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generate further looping of the intestinal tube. The differential growth could be modeled with a 
physical model (schematized at the left panel). In this model, a thin latex sheet mimicking the 
mesentery (in orange) is stretched and then bound to a silicone rubber tube mimicking the gut tube 
(in blue). Upon relaxation, the model is able to generate loops (panel ¥) similar to those observed in 
the developing gut tube of a chicken embryo (panel #). Adapted from reference214, with permission 
from Springer Nature.  

 

1.3.1.2 Villification 
 

The next morphogenetic event is the emergence of villi (villification). In the 
chick embryo, formation of the different muscular layers confines the growth of the 
pseudostratified intestinal epithelium and induces its folding via mechanical buckling. 
First, the inner circumferential muscular layer forms, generating a radial physical 
boundary to the epithelium and generating compressive forces as the epithelium keeps 
expanding. This compression leads to the formation of epithelial folds that expand 
longitudinally along the anterior-posterior axis (Figure 17). Then, the emergence of the 
outer longitudinal muscular layer further compresses the epithelium in the 
longitudinal direction, deforming the epithelial folds into a zig-zag pattern (Figure 17). 
Finally, the inner longitudinal muscular layer (muscularis mucosae) that emerges 
between the circumferential muscular layer and the epithelium instruct the formation 
of villi (Figure 17)109,110,216. 

 
In the mammalian intestine, villi do not form from ridges that later zig-zag, but 

from single domes that emerge in the flat epithelium217,218. Initially, villification in the 
mouse was showed to follow the same muscle-induced epithelial buckling of the chick 
embryo109,110. However, later works argue that this is not the case102,103,219. Instead, 
mouse villification seems to be induced by mesenchymal clusters that form beneath 
the epithelium (Figure 18)102–104. Mesenchymal clusters induce a change in the shape 
of the epithelial cells above, which become shorter along the apico-basal axis and 
expand laterally. This generates compressive stresses on the proliferative cells that lie 
in between mesenchymal clusters. The compressive stresses ultimately lead to apical 
invaginations of the tissue at mitotic rounding sites, setting the boundaries between 
emerging villi (Figure 18B,E)220. At the same time, these mesenchymal clusters likely 
pull on the ECM to deform the epithelium into a dome, that will further develop into 
a mature villus101. 
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Figure 17. Chick villification. A) Gut tubes of chicken embryos at different developmental stages (E6-
E17, E = Embryonic day). Left column: Immunostaining of nuclei (DAPI) and muscle cells (αSMA) in 
transversal cuts. Middle column: close-ups of the left column. Right column: longitudinal views of the 
gut lumen. The anterior (A) to posterior (P) axis is indicated. Scale bars, 100 µm. B) Scheme of the 
villification process in the chicken. At E6, no muscle layer is present, and the epithelium is flat. By E12, 
the circumferential muscle layer is formed, and epithelial folds along the anterior-posterior axis 
appear. By E15, the emergence of the longitudinal muscle layer deforms the folds into zig-zags. Finally, 
by E17, villi emerge with the formation of the inner longitudinal muscle layer. Adapted from 
reference110, with permission from AAAS. 
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Figure 18. Mouse villification. Top: Immunostainings of EZRIN (green, apical marker) and PGFRα (red, 
mesenchymal cells) in mouse gut tubes at different developmental stages (E13.5 -E15.5, E = Embryonic 
day). A-C are transversal cuts and D-F are longitudinal cuts. Note in panels B and E the formation of 
mesenchymal clusters beneath the epithelium (asterisks) and apical invaginations of the epithelium 
(arrows) at the positions where the villi and intervillus regions will emerge, respectively. Scale bars, 
50 µm. Adapted from reference220, with permission from Oxford University Press. Bottom: Scheme of 
the villification process in the mouse. Mesenchymal clusters emerge beneath the pseudostratified 
epithelium and induce a change in the epithelial cells, which expand laterally. This generates a 
compressive stress in the neighbors and apical invaginations at mitotic rounding sites. Villi and 
intervillus regions then emerge at the cluster and apical invagination sites, respectively. Adapted from 
reference221, with permission from Elsevier. 

 
Emergence and shaping of the villus thus seem to greatly depend on the 

mesenchyme. This is further supported by the fact that intestinal organoids (where the 
mesenchyme is absent) show villus-like regions that are not folded (Figure 14, Figure 
15). However, intestinal epithelial cells can generate villus-like folds if subjected to 
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shear stress222 or cyclic stretch223, further supporting the notion that the intestinal 
epithelium can be sculpted by mechanical forces into villi structures. 
 

1.3.1.3 Crypt morphogenesis  
 

As villi form, Hedgehog (Hh) protein secreted by epithelial cells locally 
accumulates beneath the developing villi, inducing the secretion of BMP signals by 
mesenchymal cells. BMP signals, in turn, impose differentiation of epithelial villus 
cells and cell proliferation gets restricted to the intervillous regions, where crypts will 
later emerge102,103,109.  
 

In the mouse, crypts emerge after birth224 while in humans they form during 
gestation225. A recent work shows that Myosin II-driven apical constriction of 
intervillous progenitor cells induce crypt invagination226 (Figure 19). The bending 
forces that induce crypt folding in vivo are thus very likely generated by the epithelial 
cells. However, the contribution of the supporting mesenchyme has not been directly 
assessed and remains an open question. 

  

 
Figure 19. Crypt morphogenesis. Top: Whole-mount immunostainings of the mouse intestinal 
epithelium at different developmental stages (P0-P10; P = Postanal day). Nuclei are shown in blue, 
progenitor cells (CD44v6) in red and the apical membrane (ZO1) in green. Scale bar, 20 µm. Bottom: 
Scheme of crypt morphogenesis. Cells at intervillus regions apically constrict to induce invagination of 
the crypt. Adapted from reference 226, with permission from Elsevier. 
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Of note, the fact that intestinal organoids are able to fold into crypts in the 
absence of a supporting mesenchyme, highlights the sufficient contribution of 
epithelial forces to crypt morphogenesis. Apical constriction has been proposed as 
necessary for crypt budding in intestinal organoids227. However, a quantitative 
measurement of the epithelial forces that allow for tissue bending and crypt 
invagination is still missing.  
 

1.3.1.4 Crypt-villus compartmentalization 
 

Once crypts have invaginated, a dynamic boundary between the crypt and villus 
emerges. At this boundary, cells are basally constricted and expand apically, forming 
a “hinge” (Figure 20). Hinge cells display Rac1 activation, which suppresses 
hemidesmosome formation and allows for the cell shape remodeling required for basal 
constriction (Figure 20)226.  

 

 
Figure 20. Hinge formation at the crypt-villus boundary. F-actin (phalloidin) immunostainings of 
mouse intestinal epithelium in vivo (top) and in organoids (bottom) for wildtype and Rac1 KO 
conditions. In organoids, only Rac1 KO condition was stained for progenitor cells (CD44v6). Note the 
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basal constriction of the WT cells at the crypt-villus boundary both in vivo (arrowheads, and green 
outlined cells in zoomed insets) and in organoids (white outlined cells). In Rac1 KO condition, cells at 
the crypt-villus boundary are not basally constricted neither in vivo nor in organoids. Scale bar In vivo, 
20 µm. Adapted from reference226, with permission from Elsevier.   

 
The force-generating mechanism that leads to basal constriction in hinge cells 

and how proper crypt-villus compartmentalization is mechanically sustained at long-
term remains, however, unknown. 

 

To ensure proper functioning of the intestinal epithelium, the different cell 
types must then remain correctly positioned at their specific compartment. In this 
context, the Eph/Ephrin signaling pathway plays a crucial role. Eph/Ephrin signaling 
involves a receptor (Eph) and a ligand (Ephrin) expressed at the cell membrane. There 
are two families of both receptors and ligands. In general, EphA receptors bind 
EphrinA ligands and EphB receptors bind EphrinB ligands, although there is some 
level of cross-reactivity228. EphA and B receptors share the same structure (Figure 21): 
i) an extracellular region, where they bind Ephrin ligands, that is composed of a ligand 
binding domain followed by a cysteine rich domain and two fibronectin-type III 
domains, ii) a transmembrane domain and iii) an intracellular region, where a 
phosphorylation cascade initiates upon ligand binding, that is composed of a Tyrosine 
kinase domain followed by a sterile alpha motif (SAM) and a PDZ binding domain. 
EphrinA and B ligands, however, do not share the same structure. Ephrin B ligands 
are composed of an extracellular receptor binding domain, a transmembrane domain 
and an intracellular region containing a PDZ binding domain. Ephrin A ligands have 
an extracellular receptor binding domain, but they are anchored to the cell membrane 
via a Glycosylphosphatidylinositol (GPI)-linker (Figure 21)228,229. 

 
In vertebrates, 16 Eph receptors (EphA1-EphA10 / EphB1-EphB6) and 9 Ephrin 

ligands (EphrinA1-EphrinA6 / EphrinB1-EphrinB3) have been reported230.  
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Figure 21. Structure of Eph receptors and Ephrin ligands. Adapted from reference 228, with permission 
from Springer Nature.   

 
When cells expressing the Eph receptor encounter cells expressing the Ephrin 

ligand, both cells transduce a signal (bidirectional signaling). This signal can lead to 
repulsion, cell segregation or boundary formation, among other responses228. 
  

In the intestinal epithelium, Eph and Ephrin proteins are expressed in counter-
gradients along the crypt-villus axis. EphB2, 4 and 3 receptors have maximum 
expression at the crypt and their expression decreases towards the villus. EphB3 
expression is more restricted to the bottom of the crypt. EphrinB1 and 2 ligands, on 
the contrary, show minimal expression at the crypt and their expression increases 
towards the villus (Figure 22)177,231,232. Genetic perturbation of EphB receptors or 
EphrinB ligands leads to defects in cell positioning and crypt-villus 
compartmentalization. In EphB3 Knock out (KO) , EphB2/3 double KO or EphrinB1 
KO mouse, Paneth cells are no longer restricted to the bottom of the crypts (Figure 
22)177,233–235. Of note, EphA receptors and EphrinA ligands are also expressed 
differentially along the intestinal epithelium, although their function remains yet to be 
determined236.  
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Figure 22. Eph-Ephrin signaling in the intestinal epithelium. A) Scheme depicting the expression 
pattern of EphB receptors and EphrinB ligands in the intestinal epithelium. Note that EphB3 expression 
is more restricted to the bottom of the crypt177 (not indicated for simplicity). Adapted from 
reference228, with permission from Springer Nature.  B-C) Paneth cells (purple), typically restricted to 
the bottom of the crypts (B), are mispositioned along the crypt-villus axis in mouse KO for EphB 
receptors (C). Adapted from reference177, with permission from Elsevier.  

 
Differential adhesion between progenitor cells and differentiated cells 

downstream of EphB/EphrinB signaling is proposed to maintain crypt-villus 
compartmentalization237. In vitro experiments in MDCK and Co115 cells showed that 
EphB+ cells activate the metalloproteinase ADAM10 at the contact with EphrinB+ cells. 
ADAM10 activation triggers E-Cadherin sheeding, decreasing the adhesion between 
EphB and EphrinB expressing cells and leading to the sorting of the two cell 
populations237. Of note, a dominant negative ADAM10 expressed in Paneth cells 
recapitulates the mispositioning phenotype observed in EphB2/3 KO mice, further 
supporting this differential adhesion mechanism237.  
 

In the intestinal epithelium, however, cells at the crypt-villus boundary express 
both the EphB receptors and EphrinB ligands. Thus, additional mechanisms to 
differential adhesion are expected to play a role in crypt-villus compartmentalization.  
 

Interestingly, actomyosin-driven cell constriction is observed at the boundary 
between EphB and EphrinB expressing cells (Figure 23)29,238,239. Increase in cortical 
tension via actomyosin contractility is crucial for cell sorting of Eph and Ephrin 
expressing cell populations28,240,241. Furthermore, much like basal constriction of 
hinge cells at the crypt-villus boundary, Eph/Ephrin-mediated cell sorting requires 
active Rac1242,243. An appealing hypothesis is that Eph/Ephrin signaling could induce 
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actomyosin-driven basal constriction of hinge cells at the crypt-villus boundary. 
However, this hypothesis has not been experimentally addressed to date.  

 

 
Figure 23. Actin cable formation at the boundary of EphB and EphrinB cells. A) MDCK cells expressing 
either the EphrinB1 ligand (red) or the EphB3 receptor (green) sort out when mixed. B) An actin cable 
forms at the boundary between EphB and EphrinB sorted populations. A and B are adapted from 
reference239. C-D) Similar results are found at the collision site of two expanding MDCK monolayers 
expressing either EphB2 or EphrinB1. Note the accumulation of phospho-myosin light chain (pMLC) at 
the boundary between the two cell populations (C). Adapted from reference29, with permission from 
Springer Nature.  

 
 
1.3.2  Proliferation and cell fate 
 

In the adult intestinal epithelium, mitosis is restricted to ISCs and transit 
amplifying cells and it takes place at the apical surface of the monolayer. After mitosis, 
daughter cells reintegrate in the epithelium either as neighbors or far away from each 
other. As previously mentioned, gradients in biochemical factors regulating cell fate 
are established along the crypt villus axis. Consequently, the distance of the 
reintegration site to the bottom of the crypt influences the exposure level of daughter 
cells to specific biochemical factors, affecting their fate.  
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Interestingly, some of these signaling pathways can be activated by mechanical 
cues. For instance, Wnt signaling is enhanced by tissue compression. Tissue 
compression imposes intracellular molecular crowding, favoring the sequestration of 
the β-catenin destruction complex to the plasma membrane and thus increasing the 
translocation of β-catenin to the nucleus244. Additionally, β-catenin bound to E-
cadherin also respond to compressive stress. Upon compression, β-catenin gets 
phosphorylated and is released from E-Cadherin adherens junctions, to then 
translocate to the nucleus245.  By contrast, Notch signaling respond to pulling forces. 
In this case, pulling forces induce a conformational change of the Notch receptor, 
triggering its intracellular cleavage and downstream signaling246. 
 

YAP driven mechanosensing also regulates intestinal proliferation and cell 
identity. In intestinal organoids, transient and heterogeneus YAP inactivation 
regulates crypt budding. Buds develop from an initial cyst composed of cells all 
displaying nuclear YAP. As the cyst grows, some cells experience cytoplasmic 
translocation of YAP (presumably due to the increase in cell density and compression) 
and a symmetry breaking event takes place. The cells that retain nuclear YAP start 
expressing Notch ligands and differentiate into Paneth cells, defining the localization 
of the nascent crypt (Figure 24A)195 . This is mainly due to the secretion of Wnt signals 
from Paneth cells that support the formation of the stem cell niche208. Substrate 
stiffness also affects YAP signaling in the intestinal epithelium. When intestinal 
organoids are grown on matrices of 1.3kPa, nuclear YAP translocation favor cyst 
formation. However, crypt budding and intestinal stem cell differentiation requires 
matrix softening247.  
 

Whether YAP enhances or abrogates intestinal stem cell fate is still quite 
controversial248–254. The conflicting results often found in the literature might be 
explained by the context-dependent role of YAP in regeneration and homeostasis, as 
well as in the redundancy of the mechanical and biochemical cues regulating this 
pathway. 
 

Tissue curvature constitutes another physical cue that can instruct intestinal 
cell fate. In open lumen organoids grown over scaffolded substrates, ISCs localize at 
the bottom of concave regions, while differentiated cells localize at the convex 
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regions205,206,208. Concave curvature generates a region of increased local density that 
elicits crypt specification via the same YAP-Notch driven symmetry breaking 
commented before (Figure 24B)208. Although tissue geometry can help guiding 
intestinal cell fate, curvature is not necessary for proper crypt-villus specification, as 
open-lumen organoids grown over flat surfaces self-organize into crypt- and villus-like 
structures with correct cell specification198–200. 

 

 

 
 

Figure 24. YAP-mediated symmetry breaking and crypt initiation of intestinal organoids. A) Scheme 
of the steps of intestinal organoid formation from a single cell. The first step is the formation of a cyst, 
where cells display nuclear translocation of YAP. As the cyst grows, YAP nuclear translocation becomes 
heterogeneous and the cyst breaks its symmetry. Some of the cells retain nuclear YAP and start 
expressing the Notch ligand DLL1. These cells later differentiate into Paneth cells and stop expressing 
YAP. The YAP-Notch symmetry breaking event is highlighted in the dashed box immunostainings. Note 
the expression of the Notch target gene (HES 1) in the neighbors of DLL1+ cells that display nuclear 
YAP.  Scale bars, 10 µm. Adapted from reference195, with permission from Springer Nature. B) Local 
increase in cell density at regions of concave curvature induce the same YAP-Notch symmetry breaking 
mechanism depicted in panel A. In this case, organoid cells are seeded on ellipsoidal microcavities in 
the ECM. At the edges of the microcavities, cell density increases, leading to heterogeneous activation 
of YAP and the YAP-Notch symmetry breaking event. Cells displaying nuclear YAP become DLL1+ and 
differentiate into Paneth cells. Arrowheads denote adjacent pairs of cells displaying nuclear/non-
nuclear YAP. Adapted from reference208, with permission from AAAS. 
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1.3.3 Migration along the crypt-villus axis 
 

During intestinal homeostasis, the movement of new cells from the bottom of 
the crypt to the tip of the villus allows for a constant renovation of the epithelium. For 
a very long time, mitotic pressure has been thought to drive passive cell migration from 
the crypt to the tip of the villus. In this model, the reintegration of new cells into the 
tissue after division generates a compressive force on their neighbors, displacing the 
whole cell monolayer towards the villus tip  152,255,256. 
 

However, this model is inconsistent with evidence in the literature showing that 
inhibition of proliferation does not affect epithelial migration in the intestine257–260. 
Recent in vivo and ex vivo experiments by Krndija et al. corroborate these results, 
showing that inhibition of proliferation at the crypt do not affect migration at the villus 
(Figure 25A)261.  

 

 
Figure 25. Active migration in the intestinal epithelium. A) Inhibition of proliferation do not prevent 
migration along the villus. 18h post Edu injection (EdU 18h panel) mice were treated with Hydroxyurea 
to stop proliferation. 6h after treatment, (EdU 24h panel), the migrated distance of the Edu+ cells 
along the villus is similar in both control and treated animals. Scale bar, 50 µm. B) Left: A mosaic 
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intestinal epithelium showing lifeact-mcherry expression (labelling actin, showed in red) in sparse 
individual cells. Scale bar, 50 µm. Middle: Super-resolution image of a villus cell extending cryptic 
lamellipodia in the direction of migration. Scale bar, 4 µm. The basal side of the cell is zoomed in the 
dashed panel, where the lamellipodia is visible at the right side of the image. Scale bar, 2 µm. Bottom 
right: Rose plot showing the normalized basal protrusion length at different angles along the front-
back axis of the migrating cells. Note that protrusions extend in the direction of movement (front). A) 
and B) Adapted from reference261, with permission from AAAS.  

 
Krndija et al. also show that the villus epithelium is under tension, not 

compression as expected by the mitotic pressure scenario. Furthermore, differentiated 
cells establish a front-rear polarity and extend cryptic lamellipodia at their front to 
actively migrate towards the villus tip (Figure 25B)261. Thus, migration along the 
intestinal villus is not a passive process downstream of mitotic pressure. Instead, it is 
an active phenomenon where cells exert propelling forces on the underlying substrate. 
 

Active migration in the intestinal epithelium has been thoroughly tested within 
the villus region. However, whether active cell migration also governs the movement 
of cells along the crypt262 and their transition towards the villus requires further 
investigation.   
 
 

1.3.4 Cell extrusion 
 

After exiting the crypt and actively migrating along the villus, differentiated 
cells reach the top of the villus and are extruded to the lumen146. Although most of the 
extrusion happens at the villus tip146,263, extruding events have been also observed 
below the tip263,264. This has been associated to a fixed lifespan of intestinal epithelial 
cells, so that migratory cells that exhaust their lifespan before reaching the villus tip 
undergo extrusion256,264. 
 

During the extrusion process, extruding cells lose their contacts with the ECM 
and redistribute the cell-cell junctions with the neighbors, in such a way that the 
epithelium is sealed during and after the extrusion265,266. Defects in the extrusion 
process are associated with intestinal diseases including bacterial infection, 
inflammation and cancer267–271. 
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In epithelial monolayers, cells can be extruded alive or once apoptosis has been 

initiated. In both cases, extruding cells release Sphingolipid 1 phosphate (S1P), which 
activates its receptor (S1P2) on the neighbor cells and induces the formation of an 
actomyosin ring. The actomyosin ring contracts and squeezes the extruding cell, 
expelling it apically from the monolayer (Figure 26A)67,272,273.  
 

Interestingly, live cell extrusion can be induced by compression67,274. 
Compressive stresses due to overcrowding activate the mechanosensitive channel 
Piezo1 in the extruding cell, triggering the release of S1P and consequent extrusion 
cascade (Figure 26A).  
 

Whether cells in the intestinal epithelium extrude alive or dead is still a matter 
of debate. Indeed, both types of extrusion are observed in the intestinal epithelium 
(Figure 26B)67,208. At the villus tip, where cells are overcrowded261, compressive 
stresses are proposed to induce live cell extrusion following activation of Piezo167. 
Moreover, contrarily to previous results, compression could also induce apoptotic cell 
extrusion via caspase activation274. Thus, both apoptotic and non-apoptotic extrusion 
could be triggered by the same mechanical input (compression) at the villus tip, 
redundantly ensuring the expelling of cells. Topological defects (local singularities in 
the orientational order of the cells)275 induce local compressive stresses and cell 
extrusion in epithelial monolayers276. In the case of the intestinal villus, converging 
flows of migrating cells at the villus tip could possibly induce the formation of 
topological defects and instruct cell extrusion. However, whether topological defects 
are present at the intestinal villus tip and their implication in live or dead cell extrusion 
remains largely unexplored. Moreover, whether there is compression at the villus tip 
has not yet been formally tested. 
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Figure 26. Cell extrusion. A) Scheme depicting the process of epithelial cell extrusion. Both apoptotic 
and crowing signals induce the release of S1P by the extruding cells. S1P activate its receptors on the 
neighbor cells, triggering the formation of an actomyosin ring that expels the extruding cell out of the 
monolayer. Adapted from reference268. B) Immunostainings of Human colon tissue showing different 
modes of extrusion - non-apoptotic (activate caspase 3 negative, left) and apoptotic (active caspase 3 
positive, right). Scale bar, 10 µm. Adapted from reference67, with permission from Springer Nature. 
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2 Aims 
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2.1 General aim 
The general aim of this thesis is to provide a quantitative understanding of the 

mechanical principles that govern crypt folding, crypt-villus compartmentalization 
and collective cell migration in mouse intestinal organoids.  
 

2.2 Specific aims 
To achieve the general aim above, the specific aims are:  

 
1. To optimize an open-lumen intestinal organoid system compatible with 

accurate force measurements at high spatio-temporal resolution. 

1.1. To culture intestinal organoids over mechanically tunable polyacrylamide 
gels. 

1.2. To evaluate the physiological features of the optimized open-lumen 
intestinal organoids. 

 

2. To study the mechanics of crypt folding and crypt-villus compartmentalization 
in open-lumen organoids.  

2.1. To measure 3D cell-ECM forces on the intestinal organoids via traction force 
microscopy. 

2.2.To unveil the force-generating mechanism driving crypt folding and crypt-
villus compartmentalization. 

2.3.To assess the mechanical role of Eph/Ephrin signaling in crypt-villus 
compartmentalization. 

 

3. To investigate the role of active Cell-Cell and Cell-ECM forces on collective cell 
migration from crypt to villus in open-lumen organoids. 

3.1. To quantitatively map cell velocities, cell-cell and cell-ECM forces during 
collective cell migration. 
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3 Materials and methods 
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3.1 Mice 
 
mTmG277, LifeAct–enhanced Green Fluorescent Protein (eGFP)278 and myosin IIA–
eGFP279 mice were maintained at the laboratory of Danijela Matic Vignjevic (Institut 
Curie, France). Lgr5–eGFP-IRES-CreERT2153 mice were maintained at the laboratory 
of Dr. Eduard Batlle (IRB Barcelona, Spain). EphB2+/+ EphB3+/+ mTmG (EphB2/3 
WT) and EphB2-/- EphB3-/- mTmG (EphB2/3 dKO) mice were obtained through 
genetic crosses by mating EphB2-/- 280, EphB3-/- 281 and mTmG277  mouse strains at the 
laboratory of Dr. Eduard Batlle (IRB Barcelona, Spain). Animal experimentation was 
approved by the Animal care and Use Committee of Barcelona Science Park (CEEA-
PCB) and the Animal Welfare Body, Research Centre, Institut Curie. All procedures 
were carried out in compliance with the European Regulation for the Protection of 
Vertebrate Animals used for Experimental and other Scientific Purposes (Directive 
2010/63). 
 

3.2 Intestinal organoid culture 
 
Organoid culture media composition 
ENR medium was composed of DMEM/F-12 medium (Gibco, cat. no. 21331020) 
supplemented with 2% antibiotic-antimycotic (Gibco, cat. no. 15240062), 2.5% 
GlutaMAX (Gibco, cat. no. 35050038), 20 ng/ml mouse EGF (Peprotech, cat. no. 315-

09), 100 ng/ml Noggin (Peprotech, cat. no. 250-38, or hNoggin), 500 ng/ml R-
spondin1 (R&D Systems, cat. no. 3474-RS, or hR-spondin1), 10 ng/ml mouse FGF 
(Peprotech, cat. no. 450-33), 1×B-27 (Gibco, cat. no. 12587010) and 1×N-2 (Gibco, cat. 
no. 17502048). 
 
ENRCV medium was prepared by supplementing ENR medium with 3 µM CHIR99021 
(SelleckChem, cat. no. S2924) and 1 mM of Valproic acid (Sigma, cat. no. P4543). 
 
Intestinal crypt isolation and organoid culture  
Intestinal crypts from mTmG277, LifeAct–eGFP278 and myosin IIA–eGFP279 mice were 
isolated as described elsewhere207. Briefly, the small intestine was isolated from 3 to 6 
month-old mice and cleared of its inner materials with cleaning solution (2% (v/v) 
antibiotic–antimycotic (Gibco), 1% (v/v) gentamicin (Gibco) in cold sterile PBS). The 
intestine was cut longitudinally, divided into 3 cm-long pieces and incubated in the 



Materials and methods 

56 
 

cleaning solution with constant shaking at 4 °C twice for 15 min. The clean tissue was 
chopped and incubated in 2 mM EDTA diluted in PBS for 30 min at 4 °C. The EDTA 
supernatant was then replaced by a cleaning solution and pipetted ten times with a 10 
mL pipette to mechanically dissociate the intestinal tissue. This step was repeated four 
times, and each time the supernatant was replaced by a fresh cleaning solution. The 
last 2 supernatants were combined and centrifuged at 200×g for 3 min at 4°C. The 
pellet was resuspended in a resuspension solution (DMEM/F-12 medium (Gibco, cat. 
no. 21331020) supplemented with 2% antibiotic-antimycotic (Gibco, cat. no. 
15240062), filtered through a 70 µm filter and centrifuged at 400×g for 6 min at 4°C. 
The pellet was suspended in Matrigel (Corning) half diluted in resuspension solution 
and plated in drops of 50 µL in 24 well plates. The Matrigel was allowed to polymerize 
for 30 min at 37 °C. After polymerization, the Matrigel drops were covered with 350 
µL of ENR medium. 
 
Intestinal crypts from Lgr5–eGFP-IRES-CreERT2153, EphB2+/+ EphB3+/+ mTmG 
(EphB2/3 WT) and EphB2-/- EphB3-/- mTmG (EphB2/3 dKO) mice were isolated as 
follows:  
 
The duodenum of mice from 2-4 months old was isolated, washed in PBS and cut 
longitudinally. Villi were mechanically removed with a scalpel. The tissue was then 
incubated in HBSS solution (Lonza, cat. no. BE10-547F) containing 8 mM EDTA 

(Invitrogen, cat. no. 15575020) for 5 min at room temperature (RT). After vigorous 
shaking, the liquid (mainly containing villi) was discarded and the tissue was 
reincubated with HBSS 8mM EDTA for 15 min on ice. After vigorous shaking, the 
solution was filtered through a 100-µm-pore cell strainer (Falcon, cat. no. 352360), 
obtaining the first crypt fraction. HBSS was added to the crypt fraction to dilute the 
EDTA and the solution was kept on ice. The tissue was incubated a second time with 
HBSS 8mM EDTA for 15 min on ice, vigorously shaken and filtered through a 100-µm-
pore cell strainer to obtain a second crypt fraction. The first and second crypt fractions 
were mixed. The final solution containing the isolated crypts was centrifuged at 306×g 
for 5 min at 4oC, and the pellet containing crypts was resuspended in Matrigel (diluted 
at 6mg/mL in ENR) and plated in drops of 50 µl in 24-well plates. After incubation for 

30 min at 37 °C, the drops were covered with ENRCV medium (ENR for Lgr5–eGFP-
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IRES-CreERT2153) supplemented with 10 µM Y-27632 (Tocris, cat. no. 1254). After the 
first splitting, organoids were grown without Y-27632.  
 
For splitting, the organoid culture medium was aspirated and PBS supplemented with 
calcium and magnesium (Sigma-Aldrich, cat. no. D8662) and 2% antibiotic-
antimycotic (Gibco, cat. no. 15240062) was added on top of the Matrigel domes. The 
domes were scratched with a serological pipette and transferred to a falcon tube. The 
organoid-containing solution was mechanically disaggregated by pipetting through a 
serological 10mL pipette with a 200 and 10 µL pipette tips plugged at the end. The 
solution was then centrifuged at 100g at RT for 3.5 min. The pellet was resuspended 
in Matrigel diluted in ENR and plated in 50 µL drops in 24 well plates. After 
polymerization of the drops for 30 minutes at 37oC, 350 µL of organoid culture 
medium* was added on top of the domes. Note: Throughout the process, to avoid 
organoid attachment to the plastic surfaces, all the plastic material (tubes, pipettes) 
were prewetted with PBS (Sigma-Aldrich, cat. no. D8662) containing 1% fetal bovine 
serum (FBS, Gibco, cat. no. 10270106). 
 
*For mTmG277, LifeAct–eGFP278, myosin IIA–eGFP279 and Lgr5–eGFP-IRES-
CreERT2153 the organoid medium was ENR and they were splitted every 3-4 days. For 
EphB2+/+ EphB3+/+ mTmG (EphB2/3 WT) and EphB2-/- EphB3-/- mTmG (EphB2/3 
dKO) the organoid culture medium was ENRCV and they were splitted once a week 
(with a refreshment of the medium every 4-5days).  
 
Organoid cryopreservation 
Before cryopreservation, organoids were cultured for at least 4 days in ENRCV 
medium (with a media replacement every 2-3 days). The Matrigel domes were 
mechanically disaggregated in PBS (with calcium and magnesium) as explained above. 
In this case, however, the organoids were disaggregated into bigger pieces than for 
splitting, by only using pipette tips of 200µL (and not 10µL). The solution was then 
centrifuged at 100×g at RT for 3.5 min. The pellet was resuspended in Cryostor CS10 
(STEMCELL technologies, cat. no. 7930) and aliquoted in cryotubes. The vials were 
frozen overnight at -80oC in an isopropanol bath (Mr. Frosty). The next day, the 
cryotubes were placed in liquid nitrogen for long term storage. 
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3.3 Polyacrylamide gel fabrication 
 
Glass-bottom dishes (MatTek, cat. nos. P35G-0-20-C, P06G-0-20-F) were incubated 
for 10 min at RT with Bind-silane (Sigma-Aldrich, cat. no. M6514) diluted in absolute 
ethanol (PanReac, cat. no. 131086.1214) and acetic acid (Sigma-Aldrich, cat. no. 

27225) at volume proportions of 1:12:1. After two washes with absolute ethanol, 22.5 µl 
of the PAA mix (see Table 1) were added on top of the glass and covered with an 18-
mm coverslip (Paul Marienfeld, cat. no. 0111580). For the traction measurements, we 
used FluoSpheres with a diameter of 0.2 µm (Invitrogen, cat. no. F8807). For 
immunostainings where all fluorescent channels were needed, we used non-
fluorescent CML latex beads with a diameter of 0.2 µm (Invitrogen, cat. no. C37480). 
After 1 h polymerization at RT, PBS was added, and the coverslips were removed with 
a scalpel. 
 
Stiffness (kPa) Acrylamyde % Bis-acrylamide % Beads % solids APS % TEMED % 

0.2 3 0.03 0.04 0.05 0.05 
0.7 4 0.03 0.04 0.05 0.05 
1.5 5 0.04 0.04 0.05 0.2 
5 7.46 0.044 0.04 0.05 0.05 
15 7.5 0.16 0.04 0.05 0.05 
 

Table 1. Polyacrylamide gel composition. A 500uL solution in PBS with the specified proportion of the 
different components was prepared. The reagents used were Acrylamyde (BioRad cat.no. 1610140), 
Bis-acrylamyde (BioRad, cat. no. 1610142), beads 0.2 µm (fluorescent or non-fluorescent, specified 
before), Ammonium persulfate (APS, Sigma, cat. no. A3678, stock prepared at 10% in MiliQ H2O) and 
Tetramethylethylenediamine (TEMED; Sigma cat. no. T9281). 

 

3.4 Polyacrylamide gel functionalization and ECM 
micropatterning 

 
Organoid monolayers were confined in large circular ECM micropatterns (>900 µm). 
For this, the PAA gels were functionalized with 2 mg/ml Sulpho-SANPAH (Invitrogen, 

cat. no. 22589) irradiated for 7.5 min with ultraviolet light (365 nm) (Black Ray XX-
15L UV bench lamp). The gels were then washed twice with 10 mM HEPES (Gibco, cat. 
no. H0887). For ECM micropatterning, polydimethylsiloxane (PDMS) stencils with 
circular openings were used282. The PDMS stencils were incubated with 2% pluronic 
acid F127 (Sigma-Aldrich, cat. no. P2443) in PBS for 1 h. They were then washed twice 
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with PBS and allowed to dry at RT for 20 min. The stencils were carefully placed on 
top of the functionalized PAA gels. A solution of 250 µg/ml rat-tail type I Collagen 

(First Link UK, cat. no. 60-30-810) and 100 µg/ml Laminin 1 (Sigma-Aldrich, cat. no. 
L2020) dissolved in PBS was added on top of the PDMS stencils and incubated 
overnight at 4 °C. Finally, the ECM solution was aspirated, the gels were washed twice 
with PBS and the PDMS stencils were carefully removed. 
 

3.5 Organoid seeding on PAA substrates 
 
The 3D intestinal organoids were mechanically disaggregated by pipetting in PBS 
supplemented with calcium and magnesium (Sigma-Aldrich) and 2% antibiotic-
antimycotic (Gibco). For one PAA gel, we seeded the number of organoids contained 
in one Matrigel drop of the 24-well plate. After disaggregation, the organoids were 
centrifuged at 100g for 3.5 min at RT and the pellet was resuspended in ENR medium. 

The organoids were seeded in a small volume (50 µl) on top of the ECM-coated PAA 
gels and incubated at 37oC for 1h. After incubation, 550 µl ENR medium was added on 
top of the previous 50 µl. All experiments were performed 2–4 d after seeding. 
 
For the seeding of EphB2+/+ EphB3+/+ (EphB2/3 WT) and EphB2-/- EphB3-/- 
(EphB2/3 dKO) organoids in polyacrylamide gels (Figure 48, Figure 49), the ENRCV 
medium was aspirated and 400 µL of TrypLE Express (Gibco, cat. no. 12604-013) 
supplemented with 10 µM Y-27632 (Tocris, cat. no. 1254) was added to each dome. 
The domes were broken by pipetting 5 times with a P1000 manual pipette. After 5 min 
incubation at 37oC, the pipetting process was repeated. 400 µL of PBS with calcium 
and magnesium supplemented with 10 µM Y-27632 was then added to each well. The 
volume of all the wells was mixed in a falcon tube and the alive cell concentration was 
estimated via hemocytometer counting. 750000 alive cells per PAA gel were 
centrifuged at 200×g for 5 min at RT, resuspended in ENRCYV medium and seeded 
in a drop of 50 µL on top of the patterned area of the gel. After 2h incubation at 37oC, 
500 µL of wash medium (DMEM/F-12 supplemented with 2% antibiotic-antimycotic 
and 2.5% of GlutaMAX) was added on top of the drop, the dish was gently shacked, 
and the medium was aspirated. Finally, 500 µL of ENRCYV was added. One day after 
seeding, the medium was aspirated, the sample was washed with wash media and 500 
µL of ENR was added. The next day, crypt-like regions were already visible. 
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3.6 Immunostaining 
 
Open-lumen organoids immunostaining 
The organoid monolayers were fixed in 4% paraformaldehyde (PFA; Electron 
Microscopy Sciences, cat. no. 15710‑S) for 10 min at RT and washed three times with 
PBS. The samples were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, cat. no. 
T8787) in PBS for 10 min at RT. After three washes of 5 min at RT with PBS, the 
samples were blocked with PBS containing 10% FBS (Gibco, cat. no. 10270106) for 1 h 
at RT. Primary antibodies diluted blocking solution were added and incubated 
overnight at 4 °C. After five washes in PBS for 5 min at RT, secondary antibodies and 
phalloidin diluted in blocking buffer were added for 1 h at RT. Finally, the samples 
were washed five times for 5 min at RT with PBS and imaged in PBS. 
 
For the immunostainings of EphB2+/+ EphB3+/+ mTmG (EphB2/3 WT) and EphB2-/- 
EphB3-/- mTmG (EphB2/3 dKO) organoid monolayers, the samples were fixed in 4% 
PFA (Electron Microscopy Sciences) in PBS for 10 min at RT and washed with PBS 
three times for 5 min at RT under mild rocking. The samples were then permeabilized 
with 1% Triton X-100 in PBS for 1h at RT and washed 3 times for 5 min at RT with 1X 
EnVision FLEX Wash Buffer (Agilent, cat. no. K800721-2). Next, the samples were 
blocked for 1h at RT with blocking buffer containing 10% Donkey serum (Jackson 
ImmunoResearch, cat. no. 017-000-121) and 0.5% Triton X-100 in PBS filtered with a 
0.2µm-pore filter. Primary antibodies diluted in EnVision FLEX Antibody Diluent 
(Agilent, cat. no. K800621-2) were added and incubated for 24h at 4oC. After 5 washes 
for 5 min at RT with 1X EnVision FLEX Wash Buffer, secondary antibodies diluted in 
EnVision FLEX Antibody Diluent were added and incubated for 24h at 4oC. Finally, 
the samples were washed 5 times for 5 min at RT with 1X EnVision FLEX Wash Buffer 
and mounted in 40 µL of mounting media (Vectashield cat. no. H-1000). All steps from 
permeabilization were performed under mild rocking in a humidified chamber. 
Samples were stored at 4oC until imaging. 
 
Closed-lumen organoid immunostaining 
For the image in Figure 14C, EphB2/3 WT organoids grown in ENR were fixed and 
immunostained following the protocol by O’Rourke et al. 283. Briefly, the organoidss 
were fixed in 4% PFA-PME (50mM PIPES (Sigma-Aldrich, cat. no. P1851), 2.5 mM 
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MgCl2 (Sigma-Aldrich, cat. no. M8266), 5mM EDTA (Invitrogen, cat. no.15575-038)) 
for 20 minutes at RT. They were then washed once with IF Buffer (PBS, 0.2% Triton 
X-100 (Sigma-Aldrich, cat. no. T8787), 0.05% Tween 20 (Sigma, cat. no. P7949)), 
permeabilized in 0.5% Triton X-100 in PBS for 20 minutes at RT, washed once with 
IF Buffer and blocked in IF Buffer containing 1% BSA for 30 min at RT. The organoids 
were then incubated with primary antibodies diluted in blocking solution overnight at 
4ºC,  washed 3 times (5 min each) with IF buffer at RT and incubated with the 
secondary antibodies diluted 1/400 in blocking solution. Finally, they were washed 3 
times (5 min each) with IF buffer at RT and mounted in Vectashield H-1000.  
 
In vivo tissue immunostaining 
For the immunostaining of tissue slices, adult (3–6 months old) mT/mG277  or myosin 
IIA–GFP279 mice were euthanized to isolate the small intestine (jejunum). After gently 
flushing the gut lumen with PBS, the tissue was hand cut into fragments that were 0.5–
1 cm in length with a scalpel and fixed in 4% PFA (Electron Microscopy Sciences) for 

1 h at RT. The tissue was then rinsed with PBS and either hand cut with a scalpel into 
approximately 1-mm-thick slices or embedded in 4% wt/vol low-melting point agarose 
(Ultrapure, Thermo Fisher) and transversally sectioned on a vibratome (Leica 
VT1000) to obtain gut slices that were approximately 350 µm thick. The slices were 

permeabilized with 1% Triton X-100 (Sigma-Aldrich) in PBS for 1 h at RT. All antibody 
solutions and wash steps were performed using 0.2% Triton X-100 in PBS on a shaker, 
with mild rocking. Incubations with primary antibodies were performed overnight at 

RT and were followed by three washes of 1 h each. Secondary antibodies and DAPI 
were added with or without phalloidin—all of which were diluted 1:200 in 0.2% Triton 
X-100 in PBS—and incubated overnight at 4 °C. After the washes (as described above), 
the samples were mounted on slides using mounting agent (aqua-poly/mount; 
Polysciences) and left to cure overnight at RT in the dark.  
 
For the whole-mount immunostaining in Figure 50, a portion of the proximal small 
intestine of EphB2+/+ EphB3+/+ mTmG (EphB2/3 WT) and EphB2-/- EphB3-/- mTmG 
(EphB2/3 dKO) mice was fixed in Formalin 10% (Sigma-Aldrich, cat. no. HT501128) 
overnight at 4oC. Next, the tissue was washed 3 times in PBS for 2h at RT (each wash) 
and incubated in Ethanol 70% for 1h at RT. The Ethanol 70% was refreshed, and the 
tissue was stored at 4oC in Ethanol 70%. Longitudinal slices of ~1mm were cut by hand 
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with a scalpel from the samples stored in Ethanol 70%. The slices were rehydrated by 
sequential incubations in Ethanol 50%, 25% and PBS for 30 min each at RT. After that, 
the slices were permeabilized with 1% Triton X-100 (Sigma-Aldrich, cat. no. T8787) in 

PBS for 1 h at RT and blocked for 1h at RT with 3% Donkey serum (Jackson 
ImmunoResearch) 1% BSA (Sigma, cat. no. A9418) in PBS. Primary antibody was 
diluted 1/200 in 0.2% Triton X-100/PBS and incubated overnight at 4oC. After 3 
washes with 0.2% Triton X-100/PBS for 1h at RT (each wash), secondary antibodies 
diluted 1/200 in 0.2% Triton X-100/PBS were added and incubated overnight at 4oC. 
Finally, the slices were washed 3 times with 0.2% Triton X-100/PBS for 1h at RT (each 
wash) and mounted in Fluorescent mounting medium (Agilent, cat. no. S302380-2). 
Samples were stored at 4oC until imaging. 
 

3.7 Antibodies 
 
The primary antibodies used and their respective dilutions were: rabbit anti-Olfm4, 
1/200 (Cell Signaling Technology, cat. no. 39141); mouse anti-CK20, 1/50 (Dako, cat. 
no. M7019); mouse anti-Ki67, 1/100 (BD Biosciences, cat. no. 550609); rabbit anti-
lysozyme, 1/200 (in vivo and closed lumen organoids) and 1/1000 – 1/2000 (open-
lumen organoids) (Dako, cat. no. A0099); rabbit anti-ZO-1, 1/200 (Thermo Fisher 
Scientific, cat. no. 40-2200); goat anti-EpHB2, 1/200 (R&D systems, cat. no. AF467) 
and mouse anti-GFP, 1/400 (Abcam, cat. no. ab1218). 
 
The secondary antibodies used were: goat anti-mouse Alexa Fluor 488 (Thermo Fisher 
Scientific, cat. no. A-11029); donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher 
Scientific, cat. no. A-21206), goat anti-rabbit Alexa Fluor 555 (Thermo Fisher 
Scientific, cat. no. A-21429), goat anti-mouse Alexa Fluor 405 (Abcam, cat. no. 
ab175660), donkey anti-mouse Alexa Fluor 647 (Thermo Fisher Scientific, cat. no. 
A31571). All the secondary antibodies were used at a dilution of 1/400 unless otherwise 
stated. To label F-actin, phalloidin Atto 488 (Sigma-Aldrich cat. no. 49409) or 
phalloidin-TRITC (Sigma-Aldrich, cat. no. P1951) was used at 1/500 and phalloidin 
Alexa Fluor-647 (Thermo Fisher Scientific, cat. no. A22287) at 1/400. 
 
For the immunostaining of tissue slices, rat anti-E-cadherin (ECCD-2; Thermo Fisher 
Scientific, cat. no. 13-1900) was used at 1:100, DAPI (Sigma-Aldrich, cat. no. D9542) 
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was used at 5 µg ml−1 and rhodamine–phalloidin (Thermo Fisher Scientific, cat. no. 
R415) was used at 1:200. 
 

3.8 Image acquisition 
 
For laser ablation, images were acquired using a laser-scanning confocal microscope 
(LSM880, Carl Zeiss) at a resolution of 512 × 512 pixels (pixel size = 0.2595 µm) with 
a bidirectional scan. A Plan-Apochromat ×40 objective (NA, 1.3; oil; DIC M27) was 
used. The microscope was equipped with temperature control (37 °C), and CO2 and 
humidity control. The Zeiss ZEN software was used to carry out the acquisitions. 
 
For immunostainings of tissue slices (Figure 45, Figure 46), images were acquired 
using a laser-scanning confocal microscope (LSM880, Carl Zeiss) at a resolution of 
1,024 × 1,024 pixels (pixel size = 0.2076 µm) with a bidirectional scan and a Plan-
Apochromat ×40 objective (NA, 1.3; oil; DIC M27) in Airyscan mode. Imaging and 
Airyscan processing were performed using the Zeiss ZEN software. 
 
Images in Figure 14C Figure 48, Figure 49 and Figure 50 were acquired with a Nikon 
TiE inverted microscope with a spinning disk confocal unit (Dragonfly 200, Andor) 
and a sCMOS camera (Sona-4BV6U, Andor) using the commercial Fusion software 
(Andor). The microscope was equipped with a temperature box maintaining 37oC in 
the microscope (Life Imaging Services). A ×20 objective (Nikon, S Plan Fluor NA 0.45 
ELWD Ph1 ADM WD 8.2-6.9 dry) was used. A grid of z-stack tiles overlapping by 10% 
(Figure 50) or 20% (Figure 48, Figure 49) was acquired and stitched in the Fusion 
software.  
 
For the timelapse in Figure 27B images were acquired with a ×20 objective (Nikon, S 
Plan Fluor NA 0.45 ELWD Ph1 ADM WD 8.2-6.9) in a Nikon TiE inverted microscope 
with an ORCA-Flash4.0-C11440-22CU CMOS camera, using MetaMorph (Universal 
Imaging) software. The microscope was equipped with a temperature box maintaining 
37oC in the microscope (Life Imaging Services) and a chamber maintaining CO2 and 
humidity (Life Imaging services) was used. 
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The rest of the images were acquired using a Nikon TiE inverted microscope with a 
spinning disk confocal unit (CSU-WD, Yokogawa) and a Zyla-4.2-CL10 sCMOS camera 
(Andor). The microscope was equipped with a temperature box maintaining 37oC in 
the microscope (Life Imaging Services). For Figure 29A, a ×40 objective (Nikon, Plan 
fluor NA 0.75 OFN25 DIC M/N2 WD 0.66) was used. For Figure 42, (first row of 
images) a 2 × 2 stitching grid was acquired with a ×20 objective (Nikon, Plan Apo NA 
0.75 Ph2 DM WD 1 dry). For the remaining images, a ×60 objective (Nikon, Plan Apo 
VC NA 1.2w WD 0.31-0.28 water immersion) was used. For the live imaging 
experiments, a chamber maintaining CO2 and humidity (Life Imaging services) was 
used. The open-source Micromanager284 was used to carry out multidimensional 
acquisitions with a custom-made script. 
 
To image the monolayers on the 0.7 kPa gels (Figure 34, Figure 38, Figure 39), the gels 
were mounted upside down to improve the image quality. Briefly, the samples were 
fixed in 4% PFA for 10 min at RT. They were then mounted in PBS and sealed with nail 
polish before being flipped and imaged from the apical side. 
 

3.9 Three-dimensional traction microscopy 
 
The 3D tractions were computed as previously described11. Briefly, confocal stacks of 
the top layer of the fluorescent beads embedded in the PAA gels were imaged with a z-
step of 0.2 µm both in the deformed (by the cells) and relaxed (trypsinized) states. 
From the stacks, the 3D deformations of the gel were computed with a homemade 
iterative 3D PIV software11. A window size of 64 × 64 pixels and an overlap of 0.75 was 
used. 3D tractions were then computed from the 3D deformations of the gel by solving 
the elastostatic equation in the Fourier space11,285. In the experiments involving a soft 
substrate condition, a Finite Element Method solution was implemented in ABAQUS 
to compute the 3D tractions from the 3D deformations of the gel for all the 
conditions11. 
 

3.10 Cell velocities 
 
To characterize the cell kinematics in Figure 51, the velocity of the monolayer was 
computed by performing 3D PIV analysis on consecutive time-lapse images of 
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organoid monolayers expressing membrane-targeted tdTomato (custom-made 
software; window size, 64 × 64 pixels; overlap, 0.75). 
 

3.11 Radial averaging and kymographs 
 
The boundary between the stem cell compartment and the transit amplifying zone was 
drawn by connecting the points where the normal traction component changed sign 
from negative to positive. If tractions were not available (as in immunostainings), the 
boundary was defined by the change in cell morphology (from columnar to elongated). 
For averaging (traction, velocity or image intensity), every pixel in the image was 
assigned the value of the distance to the closest point of the contour of the stem cell 
compartment. Spatio–temporal diagrams (kymographs) of a given variable were 
obtained by binning the values of that variable as a function of the (signed) distance 
from the boundary of the stem cell compartment and then computing the mean for 
each bin. For vectors, the normal to the contour was determined by fitting a parametric 
parabola to the nine pixels surrounding each pixel of the contour. To attribute a 
normal vector to each pixel of the image, we followed the approach of Trepat and 
colleagues35. Briefly, for each pixel of the image, we first assigned the normal vector of 
the closest pixel of the contour of the stem cell compartment. We then smoothed the 
curvature and normal vector components using a moving average filter whose 
characteristic length increased with the distance from the contour. To build spatio-
temporal kymographs, the process of masking and radial averaging was repeated for 
every time point. Additional crypts in the field of view were excluded from the analysis. 
 
In Figure 34H, the normal traction of the stem cell compartment was computed as the 
mean of the normal traction at the crypt center. The normal traction of the transit 
amplifying zone was computed as the peak in positive normal traction within the first 

20 µm outside the stem cell compartment. 
 

3.12 Averaging of crypt radial profiles 
 
Crypts are variable in size within a certain range. As a consequence, directly averaging 
profiles of tractions, velocity or any other parameter of the study generates artefacts 
arising from the misalignment of compartments between different crypts. To avoid 
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this, individual crypt profiles were linearly resized to the average crypt radius of the 
experimental group. The resized profiles were then averaged. 
 

3.13 Blebbistatin treatment 
 
For the blebbistatin dosage experiments (Figure 34A-C), organoid monolayers on 
5 kPa gels were treated with DMSO (Sigma-Aldrich, cat. no. D8418) or (-)-blebbistatin 
(Sigma-Aldrich, cat. no. B0560) at 0.5, 1.5, 5 or 15 µM in ENR medium. The 

monolayers were imaged 3 h after the treatment. 
 
In Figure 34F-H, Organoid monolayers on 5 kPa gels were imaged for 90 min in 
normal ENR medium (baseline). ENR medium containing blebbistatin was then 
added to a final concentration of 15 µM and the monolayers were imaged for 3 h. The 
medium was then aspirated, the sample was washed with ENR, and the monolayers 

were imaged for additional 11 h in normal ENR. 
 
Monolayers on 0.7 kPa (Figure 34D, E and Figure 39B) or 15 kPa (Figure 40) gels were 

treated with 15 µM blebbistatin or DMSO in ENR medium for 3 h. They were then fixed 
in 4% PFA for 10 min at RT. Finally, they were washed twice with PBS and imaged as 
indicated earlier. The monolayers of Figure 40 were imaged without fixation. Crypt 
indentation (Figure 34E) was quantified in Fiji by tracing a vertical line from the 
bottom of the crypt to the bottom of the cells of the transit amplifying zone in a lateral 
view of the monolayer. 
 

3.14 F-actin and myosin quantification 
 
Given the heterogeneity in the height of the different compartments of the organoid 
monolayer, we developed the following algorithm to define the cell apical, medial and 
basal coordinates for every x-y position of the substrate. For the F-actin staining 
(phalloidin), each plane of the imaged z-stack was first binned (8 × 8 pixels). For each 
x-y position of the binned image along the substrate, the apical and basal coordinates 
were then defined as the coordinates of the apical-most and basal-most peaks in 
fluorescence intensity (phalloidin). The medial position was defined as the z 
coordinate equidistant to the apical and basal coordinate for each x-y pixel. We then 
extracted the fluorescence intensity of the apical, medial and basal positions. A similar 
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approach was used to quantify myosin IIA, but the Volume Manager plugin (by R. 
Haase, MPI-CBG) was used to segment the monolayer. This last approach was also 
used for F-actin quantification on 0.7 kPa PAA gels (Figure 35B), as the high 
indentation of the crypts on these soft substrates prevented accurate automatic 
segmentation of the apical and basal surfaces. The radial distribution of the apical and 
basal F-actin signal from the crypt center was measured as explained in “Radial 
averaging and kymographs”. For each crypt, apical and basal radial profiles were 
normalized by dividing both profiles by the mean apical F-actin signal in the first 5µm 
from the crypt center. Each profile was then linearly resized to the average crypt 
radius. The resized profiles were finally averaged. 
 
To quantify the myosin intensity of the crypt and villus in the tissue immunostainings, 
small rectangular regions of interest (ROIs) of about 10 pixels in width were manually 
drawn around the apical and basal surfaces on the F-actin channel. The myosin IIA 
intensity was then averaged in the longitudinal axis of each ROI to quantify the 
intensity of the peak. Two ROIs were quantified and averaged per position. To correct 
for changes in absolute intensity at different tissue depths, the values for each crypt–
villus image were normalized by dividing all values by the apical intensity of the crypt 
bottom. Measurements were performed only in the crypt–villus regions that fitted in 
approximately three image planes (1 µm step) to avoid differences in intensity due to 
light penetration through the tissue. 
 

3.15   EphB2 receptor quantification 
 
3D mean intensity projections of EphB2 immunostainings were generated and the 
radial distribution of the signal from the crypt center was measured as explained in 
“Radial averaging and kymographs”. For each crypt, the radial profile of EphB2 signal 
was normalized by dividing for the maximum value of the profile and then linearly 
resized to the same average crypt radius of the basal actin distribution. The resized 
profiles were finally averaged. 
 

3.16 Quantification of cell tilt in vivo 
 
To quantify cell tilt in vivo, the cells were manually segmented in crypt images labelled 
with membrane-tdTomato or E-cadherin. An ellipse was fitted to each cell contour and 
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cell orientation was defined as the angle of the ellipse long axis. The contour of the 
crypt was manually segmented and the normal direction to each pixel of the contour 
was calculated by fitting a parametric parabola to contour arcs of nine pixels (as 
described in the ‘Radial averaging and kymographs’ section). Cell tilt was defined as 
the angle difference between the normal to the crypt contour and the cell orientation. 
Tilt towards the crypt bottom was defined as positive. The tilt profiles obtained from 
each side of the crypt were averaged to generate one tilt profile per crypt. All crypt 
profiles were then rescaled to the average crypt contour length (in µm) and averaged. 
 

3.17   De novo crypt formation 
 
For the experiments in Figure 42, Organoids were cultured in ENR medium containing 
10 µM CHIR99021 (SelleckChem, cat. no. S2924) and 10 mM nicotinamide (Sigma-

Aldrich, cat. no. N0636). After 2 d, the organoids formed hyperproliferative spherical 
cysts devoid of crypts. For each PAA gel, we seeded the number of cysts contained in 
three Matrigel drops of a 24-well plate. The cysts were dissociated in TrypLE Express 
(Gibco, cat. no. 12604-013) at 37 °C for 5 min. Dissociation was mechanically assisted 
by pipetting and finally stopped by dilution in PBS supplemented with calcium and 
magnesium (Sigma-Aldrich). The cell suspension was then filtered through a cell 
strainer (40 µm diameter) to remove clumps of undissociated cells and centrifuged at 

500g for 5 min at RT. The pellet was resuspended in ENR containing 10 µM 
CHIR99021, 10 mM nicotinamide and 10 µM Y-27632 (Merck Millipore, cat. no. 
688001; ENR-CYN). The cells were seeded in a small volume (30 µl) on top of the 

micropatterned area of 5 kPa PAA gels. Functionalization and ECM micropatterning 
of the PAA gels was performed as described earlier using micropatterns of 700–
900 µm in diameter. After incubation for 2 h at 37oC and 5% CO2, the unattached cells 

were washed out with 200 µl ENR-CYN, and 600 µl ENR-CYN was added. The 
medium was changed to ENR the following day. The ENR medium was refreshed on 
the third day after seeding. 
 
Monolayers were fixed in 4% PFA at different timepoints (1, 2, 3 and 4 d after seeding) 
and immunostained for Olfm4, CK20 and F-actin (phalloidin) as described earlier. Z-
stacks of the whole circular patterns were acquired with a ×20 objective by stitching 
four fields of view in a 2 × 2 grid, with a 20% overlap. A maximum intensity projection 
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of each channel was generated for each field of view. The maximum intensity 
projections were then fused in Fiji with the plugin ‘Grid/collection stitching’. 
Monolayers and Olfm4+ foci were manually segmented, and their area and intensity 
were measured. The density of the Olfm4+ foci was calculated as the ratio between the 
number of foci and the monolayer area. The CK20 intensity was measured in the 
segmented monolayer after excluding the Olfm4+ foci. The background for each 
channel was estimated at regions outside of the monolayer and subtracted. All 
analyses were performed in Fiji. 
 
The apical and basal F-actin intensities were automatically extracted from z-stacks 
acquired with a ×60 objective following the same approach explained above. The 
apical and basal F-actin intensities were then averaged over a circular ROI with a 

radius of approximately 16 µm located at the center of the Olfm4+ area or at a random 
position in the Olfm4− area. 
 
For traction measurements, stacks of the cells and beads were acquired at the four 
indicated time points. The 3D tractions were measured as explained earlier. Tractions 
normal to the substrate were averaged over a circular region with a radius of 
approximately 16 µm at the center of the developing crypts. 
 

3.18 Quantification of the area of the stem cell niche, and 
number of stem and Paneth cells 

 
Organoid monolayers seeded on PAA gels of varying stiffnesses were fixed and stained 
for F-actin (phalloidin) and Olfm4 as explained earlier. 
 
The Olfm4+ area was manually segmented. Cells in the Olfm4+ area were manually 
counted in Fiji using the multipoint selection tool. Paneth cells were identified by their 
granular apical signal in bright-field and distinct apical actin signals. The number of 
stem cells was calculated by subtracting the number of Paneth cells from the total 
number of cells in the Olfm4+ area. 
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3.19 Laser cuts 
 
Laser ablation was performed using a Ti:Sapphire laser (Mai Tai DeepSee, Spectra 
Physics) set at 800 nm with a laser power of 15% (500–750 mW). Circular regions for 
ablation were manually selected at the boundary between crypt compartments based 
on basal cell morphology. The cuts were performed in the medial plane of the 
monolayer. 
 
To compute the recoil velocities, PIV was performed using a window size of 
16 × 16 pixels and an overlap of 0.75. The velocity fields were resized to the original 

image size (512 × 512) using a bicubic interpolation to compute velocities relative to 
the ablated region. A peak in tissue velocity occurred within the first 2 s after ablation 
and thus recoil velocity was computed in this time frame. 
 
The contour of the ablated region was used to compute the radial and tangential 
components of the recoil velocity as explained earlier. The radial velocities were 
averaged according to their distances to the ablated region. Crypt indentation before 
and after ablation was computed from the deformation of fluorescent beads embedded 
in the substrate as explained in the ‘Three-dimensional traction microscopy’ section. 
 

3.20 Single-cell shape analysis 
 
Image pre-processing 
Spinning-disc images of intestinal organoid monolayers were pre-processed to 
address low signal-to-noise ratios and image scattering at the apical and basal cell 
surfaces—presumably due to rich apical excretion, brush microvillar border and 
scattering in the hydrogel underlying the organoid monolayers. To enable automatic 
detection of all single-cell surfaces, the signal-intensity values in dim regions of the 
apical and basal surfaces were computationally increased. Using Fiji286, the monolayer 
apical and basal surfaces were defined in 3D, following the contour of the monolayer 
by manually adding sparse points in the x–z view and interpolating the surface 
between them, using the Volume Manager plugin (by R. Haase, MPI-CBG). Using a 
custom MATLAB script, image pixels lying on the capping surface with a fluorescence 
signal intensity higher than the 1st and lower than the 3rd quartile of the overall image 
intensity were set to the value of the 3rd quartile (4th quartile in the case of extremely 
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bright lateral cell surfaces), resulting in segmentable apical and basal membrane 
signals in cells that displayed only clear lateral surfaces in the original images. 
 
Cell segmentation 
Pre-processed cell-membrane images were used for automatic cell segmentation in 
MorphographX287. The images were processed with Gaussian blurring (sigma, 0.3–
0.5) and stack normalization (radius, 4–10; blur factor, 0.5–0.8). Segmentation was 
performed in whole image stacks in 3D using the Insight Toolkit watershed algorithm 
implemented in MorphographX (threshold, 800–1500). All segmentations required 
extensive manual correction for oversegmented, undersegmented and incomplete 
cells. Three-dimensional cell meshes were created (cube size, 2; smoothing, 1) from 
pixel label images for further shape analysis. 
 
Shape analysis 
Single-cell shape analysis was performed in 3D using custom-developed MATLAB 
tools. To account for the complex shape of the cells in the organoid monolayers, an 
apicobasal cell axis was constructed for each cell from the centroids of horizontal cell 
cross-sections in the central 70% of the cell body. The remaining 15% of the axis on 
each end was extrapolated as a straight line from the more stable central 70%. This 3D 
axis was used to calculate the 3D cell height and obtain new cross-sections normal to 
the cell axis. These cross-sections were analyzed for their area and various shape 
parameters, resulting in detailed apicobasal shape profiles for all cells. Cell tilt to the 
crypt center was defined as the angle of the straight end-to-end cell axis to the 
substrate normal (component in line with crypt center), and set as <0 if the axis was 
pointing away from the crypt center. Transit amplifying cells were defined as cells 
whose basal centroid lies within 14 µm of the manually outlined stem-cell niche 
border. Paneth cells were identified based on their distinct (granular) apical 
appearance in the corresponding bright-field images. All of the cells within the niche 
that were not Paneth cells were considered to be stem cells, in line with the Lgr5 and 
Olfm4 immunostaining results. 
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3.21 Quantification of the cell division rate 
 
Maps of the spatial distribution divisions were manually obtained using Fiji multipoint 
selections. The coordinates of each cell division were imported to MATLAB. The mask 
of the stem cell compartment was used to compute the radial distance to the crypt 
center of each pixel of the field of view as explained earlier. The radius of the stem cell 
compartment was divided into three equal regions and the rest of the monolayer was 
divided into circular regions of 8,1 µm (75 pixels). For each region, we divided the total 
number of divisions by the area of the region and the time of observation to calculate 
the cell division rate. 
 

3.22 Quantification of Paneth cell clustering and density 
 
Open-lumen EphB2/3 WT or EphB2/3 dKO organoids grown on circular ECM 
patterns (700-900 µm diameter) were fixed 3 days after seeding and immunostained 
for Lysozyme. Z-stacks of the membrane-TdTomato and Lysozyme signals of the 
whole circular patterns were acquired with a ×20 objective by stitching multiple fields 
of view with a 20% overlap. The Lysozyme signal was used to segment Paneth cells in 
3D with Cellpose 2.0 288,289 in Python. The normalize99 function of Cellpose (it 
performs linear normalization of the signal between 0 and 1) was modified so that 0.0 
is the 0.01st percentile of the signal and 1.0 is the 99.99th percentile of the signal. The 
parameters used in the segmentation were: gpu =false, model_type=cyto, 
diameter=35, channels=[0,0], net_avg=True, flow_threshold=0, 
cellprob_threshold=-3, stitch_threshold = 0.1, do_3D=False, min_size=-1).  For each 
segmented Paneth cell, the XY coordinates of the 3D centroid was saved. Due to errors 
in the segmentation, the data was then manually corrected in Fiji286 with the 
multipoint selection tool (the coordinates that did not correspond to Paneth cells were 
eliminated and new points at the center of non-segmented Paneth cells were added).  
 
The area of each circular pattern was automatically detected in Fiji286. For that, a 
median filter of radius = 5 pixels was applied to a maximum intensity projection of the 
membrane signal and the image was then thresholded. The pattern mask was 
manually corrected if needed.  Paneth cell density was then calculated by diving the 
number of detected Paneth cells (after correction) by the area of the circular pattern.  
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To measure the clustering level of Paneth cells, we used the Clarks and Evans (CE) 
index (index of aggregation of a spatial point pattern)290. CE of each pattern was 
calculated with the function clarkevans.test of the spatstat package291 in R292, defining 
the observation window as the segmented pattern contour. CE Values smaller than 1 
indicate that the Paneth cells are clustered, CE values equal to 1 indicate that Paneth 
cells are randomly distributed within the pattern and CE values higher than 1 indicate 
that the cells are uniformly distributed within the pattern. 
 

3.23 Quantification of Ki67 area 
 
Open-lumen EphB2/3 WT or EphB2/3 dKO organoids grown on circular ECM 
patterns (700-900 µm diameter) were fixed 3 days after seeding and immunostained 
for Ki67. Z-stacks of the membrane-TdTomato and Ki67 signals of the whole circular 
patterns were acquired with a ×20 objective by stitching multiple fields of view with a 
20% overlap.  
 
The area of each circular pattern was automatically detected in Fiji286. For that, a 
median filter of radius = 5 pixels was applied to a maximum intensity projection of the 
membrane signal and the image was then thresholded. The pattern mask was 
manually corrected if needed. For each pattern, the area positive for Ki67 was detected 
by thresholding a maximum intensity projection of the Ki67 signal (same threshold 
value for all the patterns) in Python. Finally, the percentage of the total area of the 
pattern being Ki67-positive, was calculated as (area Ki67-positive / total area of the 
pattern) x 100.  
 

3.24 Statistics and reproducibility 
 
Traction maps, kymographs and laser cuts were plotted in MATLAB. The remaining 
plots were generated in GraphPad Prism 8. Immunostaing images and videos were 
processed with the open-source software Fiji and HandBrake. The data are 
represented as the mean ± error (s.e.m. or s.d.; as indicated in the figure captions). 
Normality of the data was checked and the statistical test used to compare the means 
was chosen accordingly, as indicated in the figure captions. No statistical method was 

used to predetermine the sample size, a minimum of n = 2 experiments with multiple 



Materials and methods 

74 
 

measurements per experiment were performed. All the statistical analyses were 
performed in GraphPad Prism 8. 
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4.1 Open-lumen intestinal organoids show functional crypt-
like and villus-like domains 

 
We seeded intestinal organoids over polyacrylamide gels (PAA) of 5kPA coated 

with Collagen I and laminin I (Figure 27A) Under these conditions, the organoids 
spread and formed confluent apico-basally polarized monolayers in few days (Figure 
27B, C). These monolayers were heterogeneous in cell shape and density and showed 
compartmentalization of the different intestinal cell types.  

 

 
Figure 27. Open-lumen intestinal organoids compartmentalize into crypt-like and villus-like 
domains. A) Scheme of the culture system. Closed-lumen organoids (3D organoids) grown in Matrigel 
are broken into small pieces and seeded on top of polyacrylamide gels coated with Collagen I and 
Laminin I, where they form open-lumen organoids (2D organoids).  B) Live imaging of the organoid 
monolayers after seeding. As the monolayer gets confluent, two compartments are clearly visible: 
Circular dense foci (encircled with dashed line at 35h) are surrounded by regions of lower cell density 
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and higher cell area. Memb, membrane-targeted tdTomato. Scale bars, 75 µm. C) Organoids stained 
for the tight junction protein Zonula occludens-1 (ZO-1). Top: Average intensity projections of the 10 
most basal apical planes of the monolayer. Bottom: lateral view of the monolayer. Scale bar, 20 µm. 
D) Organoids expressing membrane-targeted tdTomato (Memb, basal plane) stained for cytokeratin 
20 (CK20, basal plane), lysozyme (Lys, apical plane), Olfm4 (basal plane) and Ki67 (basal plane). Scale 
bars, 20 µm. E) Organoids expressing Lgr5–eGFP-IRES-CreERT2 stained for GFP and F-actin (phalloidin). 
Scale bar, 20 µm. Stiffness of the PAA gel in all cases, 5 kPa.  

 

Highly dense circular foci were composed of ISCs (positive for Olfm4 and Lgr5), 
Paneth cells (positive for Lysozyme) and proliferative cells (positive for Ki67), which 
were basally elongated at the edge of the foci (Figure 27D, E). These circular foci were 
surrounded by regions of lower density where cells increased their spreading area and 
expressed the differentiation marker Cytokeratin 20 (Figure 27D). 

 
We next investigated whether the cells in each compartment retained their in 

vivo homeostatic functions. Time-lapse imaging showed that stem cells divided 
apically quite frequently (Figure 28A).  

 

 
Figure 28. Live imaging of mitosis and migration in open-lumen organoids. A) Timelapse series of an 
apical plane of the organoids showing mitotic events in the circular dense foci. Three dividing cells (0 
min) and its daughters after division (12, 24 min) are indicated with a dot of the same color (magenta, 
green or yellow). B) Displacement of representative cells over 6.5 h (left and middle). Each color labels 
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one cell. Note that one cell divided (green). Displacement vector of each cell (right). Stiffness of the 
PAA gels, 5kPa. Memb, membrane-targeted tdTomato. Scale bars, 20 µm.  

 
Newly generated cells transitioned towards the differentiated region (Figure 

28B), where they were extruded to the medium (Figure 29). Interestingly, following 
division at the boundary of the stem cell compartment, some daughter cells moved 
towards the center of the compartment, consistent with the idea that border cells can 
gain short-term self-renewal potential by changing their radial position within the 
niche293,294 (Figure 30). 

 

 
Figure 29. Live imaging of cell extrusion in open lumen organoids. A) Timelapse of an apical plane of 
the organoids showing extrusion events at the differentiated region. Extruding cells are indicated with 
a red dot at timepoint 1h 20 min. Scale bars, 40 µm. B) High magnification snapshots of an extrusion 
event happening at the differentiated region. The extruding cell is indicated with the arrowhead in the 
orthogonal views (bottom row). The neighbors of the extruding cell are highlighted in colors in the top 
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views of the monolayer (middle row). The lateral views correspond to the midplane indicated with a 
white dashed line at their corresponding top views (Top row). Scale bar, 20 µm. Memb, membrane-
targeted tdTomato. Stiffness of all PAA gels, 5 kPa. 

 
 
 

 
Figure 30. Retrograde movement of a cell toward the center of the stem cell niche. Snapshots of a 
cell that exhibits retrograde flow due to division. The contour of the cell of interest is delineated in 
red. The track of this cell is delineated in yellow. The contour of the second daughter cell that appears 
after the division event is delineated in green. The first and last snapshots (0 min and 160 min) 
correspond to basal planes of the crypt (Z = 0 µm and 2 µm, respectively). Because division occurs 
apically, the second and third snapshots (48 min and 52 min), correspond to an apical plane where 
division is better observed (Z = 12 µm). Scale bar, 20 µm. Memb, membrane-targeted tdTomato. 
Stiffness of the PAA gel, 5 kPa. 

  
 
Given the analogy of the open-lumen organoid to the intestinal in vivo tissue, 

we adopted the following nomenclature:  the region containing only stem and Paneth 
cells is called the stem cell compartment, the region containing highly proliferative 
elongated cells is called the transit amplifying zone and the region containing 
differentiated cells is called the villus-like domain. 
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4.2 Intestinal organoids are mechanically compartmentalized 
into functional domains 

 
We used traction microscopy (Figure 31A) to map the three-dimensional (3D) 

traction forces that the organoids exerted on the underlying substrate (Figure 31B,C). 
Tractions were decomposed into a normal component (Tn, perpendicular to the 
substrate) and a radial component (Tr, parallel to the substrate and perpendicular to 
the crypt contour) (Figure 31D).  
 

At the stem cell niche, normal tractions were negative, indicating that Stem and 
Paneth cells push the substrate downwards (Figure 31C, D). The magnitude of the 
normal forces decreased radially from the center of the crypt and became positive at 
the transit amplifying region (TA), indicating that cells at this region pull the substrate 
upwards (Figure 31C, D). After peaking at the transit amplifying zone, the normal 
tractions decreased in the villus-like domain, except in a few areas where the 
monolayer had delaminated to form pressurized domes11 (Figure 31E). 
 

The radial tractions were negligible at the crypt center and became increasingly 
negative (pointing towards the crypt center) at the crypt edge, peaking near the TA 
region (Figure 31D). Along the TA region, radial tractions decreased and became 
positive (pointing away from the crypt) at the villus-like region (Figure 31D).  

 
These measurements reveal that the intestinal epithelium generates non-

monotonic traction fields on the substrate, defining distinct mechanical 
compartments that colocalize with functional compartments; the stem cell 
compartment pushes downwards, the transit amplifying zone pulls upwards and the 
villus-like domain shears outwards.  
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Figure 31. Open-lumen organoids are mechanically compartmentalized into functional domains. A) Traction 
Microscopy procedure (see methods). Briefly, the gel deformations caused by cell forces is calculated by 
measuring the displacement of fluorescent beads within the gel after trypsinizing the cells. Knowing the stiffness 
of the substrate, the forces needed to generate those deformations can be calculated. B) Illustration of the 
boundaries between the stem cell compartment and transit amplifying zone (green), and between the transit 
amplifying zone and villus-like domain (blue). C) Top: Three-dimensional traction map overlaid on a top view of 
an organoid. The yellow vectors represent components tangential to the substrate and the color map represents 
the component normal to the substrate. Bottom: Lateral view along the crypt horizontal midline. The yellow 
vectors represent tractions. Scale vector, 200 Pa. D) Circumferentially averaged normal and radial tractions as a 
function of the distance to the crypt center. The blue and green dashed lines indicate the radii where Tn and Tr, 
respectively, are zero, closely corresponding to the boundaries between the functional compartments in d. The 
Tr value at the villus is significantly different from zero (one-sample Wilcoxon test, P < 0.0001). Data are 
represented as the mean ± s.d. of n = 37 crypts from seven independent experiments. E) Spontaneous formation 
of pressurized domes in the villus-like domain. Top left: medial view of an organoid monolayer expressing 
Lifeact– eGFP. The dashed orange line defines the regions where the monolayer has delaminated to form a 
pressurized dome (orange arrowheads in bottom panel). Top right: 3D traction map of the same crypt. Yellow 
vectors represent components tangential to the substrate and the color map represents the component normal 
to the substrate. Horizontal cyan line indicates y-axis position of the lateral XZ view (bottom). Bottom: lateral 
view of the organoid monolayers. Yellow vectors represent tractions. Scale vector, 300 Pa. Scale bars, 20 µm. 
Memb, membrane-targeted tdTomato. Stiffness of all the PAA gels, 5 kPa. TA, transit amplifying zone.  
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4.3 Crypt size and folding depend on substrate stiffness 
 

We next asked whether and how these mechanical forces control the shape and 
function of the crypt. The pattern of normal tractions (Figure 31C, D) suggests that the 
tissue is undergoing folding by pushing the stem cell compartment downwards. 
However, the monolayer remained quite flat (Figure 31C).  
 

We reasoned that folding could be prevented because the substrate was too stiff. 
Thus, we tested whether a sufficiently soft substrate would enable the stem cell 
compartment to adopt the folded shape characteristic of 3D organoids and in vivo 
crypts. For that, we cultured intestinal organoids on substrates of varying stiffness 
(0.2, 0.7, 1.5, 5 and 15 kPa). On the stiffest substrates (15 kPa) the monolayer remained 
flat, and the crypts bulged out (Figure 32A). However, on progressively softer 
substrates, the crypts showed an increasingly pronounced folding (Figure 32A, B). 
 

We then measured the cell tractions for each substrate stiffness except for the 
0.2 kPa substrates, which displayed extreme deformations and hydrogel creasing 
instabilities that prevented an accurate calculation (Figure 32A). The radial traction 
component was strongly dependent on the substrate stiffness, whereas the normal 
component was not (Figure 32C, D). This observation prompted us to study whether 
the substrate stiffness influences epithelial compartmentalization. We found that the 
size of the stem cell compartment and the number of stem cells therein decreased as 
substrate stiffness increased (Figure 33A-C). By contrast, the ratio of stem to Paneth 
cells was insensitive to stiffness (Figure 33D).  These experiments show that the 
mechanical microenvironment regulates intestinal homeostasis. 
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Figure 32. A stiffness-independent normal traction folds the crypt. A) Single confocal plane of 
representative crypts on substrates of increasing stiffness (top). Three-dimensional traction maps 
(center). The yellow vectors represent components tangential to the substrate and the color map 
represents the component normal to the substrate. Lateral view along the crypt midline (bottom). The 
yellow vectors represent tractions. Scale bar, 20 µm. Representative images of n = 14 (0.2 kPa), 23 (0.7 
kPa), 23 (1.5 kPa), 37 (5 kPa) and 30 (15 kPa) crypts from 2, 3, 3, 7 and 4 independent experiments, 
respectively. B-D, Crypt indentation (B), normal traction (C) and radial traction (D) as a function of the 
distance to the crypt center for substrates of different stiffness. Data are represented as the mean ± 
s.e.m. of n = 23 (0.7 kPa), 23 (1.5 kPa), 37 (5 kPa) and 30 (15 kPa) for B, and n = 14 (0.7 kPa), 12 (1.5 
kPa), 36 (5 kPa) and 30 (15 kPa) crypts for C,D from 3, 3, 7 and 4 independent experiments, 
respectively. Memb, Membrane-targeted tdTomato.  
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Figure 33. The size of the stem cell compartment decreases with substrate rigidity. A) Olfm4 and F-
actin (phalloidin) immunostaining of organoids grown on substrates of increasing stiffness. Due to 
pronounced crypt folding, for visualization purposes, the image for 0.7 kPa is a projection along the 
crypt medial plane. Representative images of three independent experiments. Scale bar, 20 µm. B-D) 
Area of the stem cell compartment (B), number of stem cells (C) and ratio between the number of 
stem and Paneth cells (D) for substrates of increasing stiffness. n = 16 (0.7, 5 and 15 kPa) and 12 (1.5 
kPa) crypts from three independent experiments. Statistical significance was determined using a one-
way analysis of variance, followed by a Tukey’s multiple-comparison test (B), and a Kruskal–Wallis test, 
followed by a Dunn’s multiple-comparison test (C,D). Only statistically different pairwise comparisons 
are indicated. B) P = 0.0305 (0.7 versus 5 kPa) and 0.0157 (0.7 versus 15 kPa). C) P = 0.0071 (0.7 versus 
15 kPa). *P < 0.05 and **P < 0.01. 

 
 
 
 



Results 

86 
 

4.4 The crypt folds through apical constriction 
 

We reasoned that the observed traction patterns and monolayer geometry could 
be generated by different mechanisms. The confined proliferation at the crypt may 
generate a compressive force (mitotic pressure) that pushes the stem cell compartment 
towards the substrate, inducing buckling of the tissue. Alternatively, contractility of 
the epithelium via the actomyosin machinery could be responsible of crypt folding by 
compressive buckling of the crypt or bending through apical constriction.  
 

To test whether the tractions and folding of the crypt were generated by 
buckling instabilities due to proliferation or by actomyosin contractility, we treated the 
organoids with blebbistatin, an inhibitor of myosin II contractility. Following the 
addition of increasing doses (0.5–15 µM) of blebbistatin, the traction forces were 
progressively impaired and the monolayer flattened gradually (Figure 34A, B, C). All 
traction forces vanished at a dose of 15 µM (Figure 34A, C, F) and the crypt indentation 
was negligible (Figure 34B, D, E). The elongated shape of the basal cell surface at the 
transit amplifying zone, which was unaffected by the stiffness of the gel, was largely 
lost by this treatment (Figure 34A, F). When blebbistatin was washed out, the traction 
patterns re-emerged, the elongated morphology was recovered and the monolayer 
refolded (Figure 34F, G, H). Remarkably, the crypt size decreased after recovering 
from blebbistatin, further emphasizing a mechanical control of intestinal homeostasis 
(Figure 34F, G). Taken together, these results show that crypt folding and tractions are 
not generated by a buckling instability under mitotic pressure, but from actomyosin-
driven contraction of the epithelium. 
  

To study how the actomyosin cytoskeleton drives crypt folding, we measured 
the distribution of actin and myosin across organoid monolayers seeded on stiff (5 
kPa) and soft (0.7 kPa) substrates. Irrespective of the substrate stiffness, F-actin 
staining (phalloidin) and live imaging of organoids expressing myosin IIA–eGFP 
revealed an actomyosin accumulation at the apical surface of the stem cell 
compartment (Figure 35, Figure 36). In addition, they showed a basal ring of 
circumferential stress fibers under the elongated cells at the transit amplifying zone 
(Figure 35, Figure 36). 
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Figure 34. Crypt tractions and folding are actively generated through myosin contractility. A) Top 
row: 3D tractions of the crypts treated with the indicated concentration of blebbistatin (Bleb). Yellow 
vectors represent components tangential to the substrate and the color map represents the 
component normal to the substrate. Bottom row: lateral views of the organoids along the crypt 
midline. Yellow vectors represent tractions. Scale vector, 200Pa. B-C) Crypt indentation (B), and 
normal traction (C) as a function of the distance to the crypt center for crypts treated with the 
indicated concentrations of blebbistatin for 3 hours. Data are represented as mean ± s.e.m of n=18 
(DMSO), 24 (0.5 μM), 19 (1.5 μM) 22 (5 μM) and 20 (15 μM) crypts from 3 independent experiments. 
D) Lateral views of crypts seeded on 0.7 kPa gels and treated with dimethylsulfoxide (top) or 15 μM  
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blebbistatin (bottom) for 3 h. E) Indentation at the center of the crypt in cells treated with 
dimethylsulfoxide or blebbistatin for 3 h. P < 0.0001, two-tailed unpaired Student’s t-test; n = 12 crypts 
from two independent experiments. F) Traction maps under baseline conditions (left), after 3 h of 
blebbistatin treatment (center) and after 11 h of blebbistatin washout (right) on 5 kPa substrates. 
Membrane-targeted tdTomato (medial plane; top). Three-dimensional traction maps (center). The 
yellow vectors represent components tangential to the substrate; the color map represents the 
component normal to the substrate. Lateral view along the crypt midline (bottom). Representative 
images of three independent experiments. G) Normal traction as a function of the distance to the 
crypt center before, during and after blebbistatin treatment. H) Time evolution of normal traction for 
the stem cell compartment and transit amplifying zone (TA) before, during and after blebbistatin 
treatment. Scale bars, 20 μm. Memb, Membrane-targeted tdTomato; DMSO, dimethylsulfoxide; bleb, 
blebbistatin; a.u., arbitrary units. PAA Stiffness in A-B and F-H = 5 kPa, and D-E = 0.7kPa.***P < 0.001 

 

 
Figure 35. F- Actin shows a similar distribution in soft and stiff gels. A-B) F-actin (phalloidin) staining 
of crypts on 5 kPa gels (A) and 0.7kPa gels (B). Projections of basal (left) and apical (center) F-actin of 
a representative crypt. Lateral view of the same crypt (top right). Radial distribution of the apical and 
basal F-actin intensity as a function of the distance to the crypt center (bottom right). n = 36 crypts 



Results 

89 
 

from 4 independent experiments (A) and n = 12 crypts from 3 independent experiments (B). Data are 
represented as mean ± s.d. All scale bars, 20 μm. 

 

 
Figure 36. Actomyosin distribution in open-lumen organoids. A-B), Apical, medial and basal 
projections of F-Actin (Phalloidin, A) and myosin IIA-eGFP (B). The stem cell compartment (Stem), the 
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Transit amplifying zone (TA) and the villus-like domain (villus-like) are zoomed in the regions of the 
monolayer indicated with the respective colors. Scale bars, 20 μm. Stiffness of the gels, 5kPa. 

 

This actomyosin distribution suggests two potential mechanisms that are not 
mutually exclusive. The first is that myosin differentials across the apicobasal cell axis 
drive monolayer bending through apical constriction. The second is that supracellular 
contraction of the transit amplifying zone compresses the stem cell compartment 
radially to induce its buckling. To assess the contribution of bending versus buckling, 
we reasoned that both mechanisms involve cell–cell stresses of opposite sign. In the 
bending scenario, cells in the stem cell compartment should pull on each other 
differentially along the apicobasal axis to indent the substrate, thereby generating an 
apical tensile stress. By contrast, in the buckling scenario, cells in the stem cell 
compartment should push on each other as a result of the compressive stress 
generated by the contractile ring at the transit amplifying zone. 

 
To measure the sign of the stress field, we performed circular laser ablations 

along the internal and external boundaries of the transit amplifying zone. In both cases 
ablations induced a radial recoil on both sides of the cuts (Figure 37A-E). The recoils 
were asymmetrical and showed non-monotonic velocity fields, suggesting that 
monolayer friction and viscosity follow a complex spatial distribution that prevents a 
straightforward readout of the relative tensions from recoil dynamics (Figure 37B, D, 
E). However, the fact that monolayers recoiled on both sides of the cuts implies that 
the crypt is under tension. Moreover, after cutting the monolayer at the inner 
boundary of the transit amplifying zone, the stem cell compartment increased its 
indentation of the substrate (Figure 37F). 
 

This set of experiments rules out compressive buckling driven by myosin 
differentials between crypt compartments or by mitotic pressure. It instead shows that 
the stem cell compartment bends by apical constriction. 
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Figure 37. Circumferential laser cuts show that crypts are under tension. A, C) Recoil-velocity maps 
immediately after ablation along the red lines of two crypts on 5 kPa (A) or 0.7 kPa substrates (B) 
substrates (bottom). Cut inside the transit amplifying zone (left). Cut outside the transit amplifying 
zone (right). The two crypts before ablation (top). Scale vector 1 μm/s (A) or 1.5 μm/s (C). B,D) Radial 
recoil velocity as a function of the distance to the crypt center for cuts between the stem cell 
compartment and transit amplifying zone (green), and the transit amplifying zone and villus-like 
domain (blue) in 5kPa (B) or 0.7kPa (D) substrates. Data are represented as mean ± s.d. n = 14 (cut 
stem / TA) and 11 (cut TA / villus-like) crypts from 5 independent experiments (B); n= 14 (cut Stem / 
TA) and 10 (cut TA / Villus-like) crypts from 3 independent experiments (D). E) Representative 
kymographs of circumferentially averaged radial velocity as a function of the distance to the crypt 
center on 0.7 kPa (Top) and 5 kPa (bottom) substrates. Left: cut inside TA; right: Cut outside TA. The 
dashed black line indicates the time and position of the cut. Negative velocities point towards crypt 
center. F) Indentation at the center of the crypt before and after cutting between the stem cell 
compartment and the transit amplifying zone. P = 0.0313, two-tailed Wilcoxon paired test; n = 6 crypts 
from two independent experiments. All scale bars, 20 μm; Memb, Membrane-targeted tdTomato; TA, 
transit amplifying zone. 
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4.5 The actomyosin cortex determines cell shape and traction 
 

We next investigated how cell shape evolves between compartments. To this 
aim, we segmented individual cell shapes in crypts grown on stiff (15 kPa) and soft (0.7 
kPa) substrates (Figure 38A; Figure 39A,B). The cell shapes were heterogeneous 
(Figure 38A) but averages over all cells and crypts revealed consistent morphometric 
patterns. The apical area of the stem cells on both the stiff and soft substrates was 
smaller than the basal area (Figure 38B; Figure 39E,F). Paneth cells showed the 
opposite behavior (Figure 38D), indicating that stem, but not Paneth, cells drive apical 
constriction of the stem cell compartment. Both cell types were taller than 
differentiated cells (Figure 39G) and displayed an apicobasal tilt towards the center of 
the crypt, which peaked at the boundary between the stem cell compartment and the 
transit amplifying zone (Figure 38D; Figure 39H). On reaching this boundary, the 
differences between the apical and basal area vanished (Figure 39E,F) and the cells 
became basally elongated along the circumferential direction (Figure 38C,D ; Figure 
39I). Treatment with blebbistatin for 3 h reduced the tilt at the stem cell compartment 
and the basal aspect ratio of every cell type at the crypt (Figure 40).  

 

To investigate the link between tissue shape, cell shape, cell–ECM tractions and 
actomyosin localization, we developed a 3D vertex model295–297 of the crypt coupled to 
a soft hyperelastic substrate (Appendix 1). We considered a uniform flat monolayer 
with a pattern of cell surface tensions as suggested by the measured distribution of 
cortical components (Figure 35; Figure 36). Specifically, we prescribed apical and 
basal surface tensions with a profile following the measured F-actin density (Figure 35 
and Appendix 1). We then allowed the monolayer to equilibrate its shape while 
adhering to the substrate. The model was able to recapitulate all morphological 
features of the monolayer - both at the cell and tissue scales - including cell height, 
shape and monolayer folding, for both soft and stiff substrates (Figure 39C,D).  
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Figure 38. Morphometric analysis of the different cell types in the crypt. A) Top, front and side 3D 
renders of a segmented stem cell (left), Paneth cell (center) and transit amplifying cell (right). B-C) Cell 
area (B) and aspect ratio (C) along the apicobasal axis of stem (green), Paneth (red) and TA (blue) cells 
on rigid (left, 15 kPa) and soft (right, 0.7 kPa) gels. n = 190 (stem cells), n = 21 (Paneth cells); n = 218 
(transit amplifying cells) for 15 kPa gels. n = 596 (stem cells); n = 52 (Paneth cells); n = 301 (transit 
amplifying cells) for 0.7 kPa gels. n = 3 crypts per stiffness from 2 (0.7 kPa) and 3 (15kPa) independent 
experiments. Data are represented as mean ± s.e.m. D) Top: Apical and basal area of Paneth cells as a 
function of the distance to the crypt center on stiff (left, 15 kPa) and soft (right, 0.7 kPa) substrates. 
The boundary between the stem cell compartment and the transit amplifying zone is indicated in all 
the plots with a dashed vertical line. Bottom: Apicobasal tilt (left) and basal aspect ratio (right) of 
Paneth cells as a function of the distance to the crypt center on stiff (red, 15 kPa) and soft (blue, 0.7 
kPa) substrates. n = 3 crypts per stiffness from 2 (0.7 kPa) and 3 (15kPa) independent experiments. 
From center to edge bins, n = 3, 7 and 10 cells for 15 kPa gels and n = 11, 25 and 15 cells for 0.7 kPa 
gels. Data are represented as mean ± s.e.m. 

A 
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Figure 39. A vertex model recapitulates crypt folding and cell shapes. A, B) Three-dimensional crypt 
segmentation on stiff (A; 15 kPa) and soft (B; 0.7 kPa) substrates. Representative of three crypts per 
stiffness from two (0,7 kPa) and three (15 kPa) independent experiments. Colors indicate different 
cells. Scale bars, 20 µm. C, D) Three-dimensional vertex model of a monolayer adhered to a stiff (C) 
and soft (D) substrate. The colors in the cell outlines indicate the surface tension. E, F) Apical and basal 
area profiles on stiff (E; 15 kPa) and soft (F; 0.7 kPa) substrates. Paneth cells were excluded from the 
analysis (see Figure 38). From the center to the edge bins, n = 77, 198, 339 and 307 cells for F, and 32, 
61, 102 and 230 for E from two and three independent experiments, respectively. G-I) Cell height (G), 
apicobasal tilt (H) and basal aspect ratio (I) as a function of the distance to the crypt center on soft 
and stiff substrates. Paneth cells were excluded from the analysis of the tilt and aspect ratio (see Figure 



Results 

96 
 

38). The vertical dashed lines indicate the boundary between the stem cell compartment and transit 
amplifying zone, and between the transit amplifying zone and villus-like domain (in G). The crypts and 
number of cells are the same as for E (15k Pa) and F (0.7 kPa). For the cell-height profiles: from center 
to edge bins, n = 77, 198, 339, 307, 242, 192 and 159 cells for the soft substrates, and n = 32, 61, 102, 
230, 165, 125 and 106 cells for the stiff substrates. J,K) Simulated apical and basal area profiles on a 
rigid (J) and soft (K) substrate. From the center to the edge bins, n = 9, 26, 54 and 230 simulated cells 
for K, and n = 10, 28, 54 and 227 simulated cells for J. L-N) Simulated cell height (L), apicobasal tilt (M) 
and basal aspect ratio (N) on soft and rigid substrates. The crypts are the same as for J,K. Data are 
represented as the mean ± s.e.m. Memb, membrane; TA, transit amplifying zone; and a.u., arbitrary 
units. 

 

 
Figure 40. Effect of myosin inhibition on organoid cell shape. A-B) 3D segmentation of a crypt on 15 
kPa gels under baseline conditions (A) and the same crypt after 3 h treatment with 15 µM of 
blebbistatin (B). Top: medial view. Bottom: lateral view. Representative images of 2 independent 
experiments. Scale bar, 20 µm. Memb, Membrane-targeted tdTomato. C-D) Apicobasal tilt (C) and 
basal aspect ratio (D) as a function of the distance to crypt center on rigid substrates (15 kPa) before 
and after blebbistatin. Vertical dashed line indicates the boundary between the stem cell 
compartment and the transit amplifying zone. From center to edge bins, n = 42, 72, 150 and 232 cells 
for baseline crypt and 39, 82, 131 and 209 for blebbistatin treatment. Data represented as mean ± 
s.e.m from 2 independent experiments.  
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Moreover, the model captured apical constriction (Figure 39J,K) and increased 
cell height (Figure 39L) at the stem cell compartment, apicobasal cell tilt (Figure 39M) 
and basal tangential elongation at the transit amplifying zone (Figure 39N). Besides 
cell and tissue morphology, the model also predicted the distribution of normal cell-
substrate tractions (Figure 41A), from which we estimated a maximum apical tension 
of 4.6 ± 1.7 mN m−1 (mean ± s.d.). The model also captured the local recoil of the 
monolayer following laser cuts (Figure 41B,C). The overall agreement between the 
model and experiments shows that a stereotyped contractility pattern in the crypt can 
explain its stiffness-dependent shape and normal traction patterns. 

 

 

 
Figure 41. The 3D vertex model recapitulates the crypt tractions and tensional state. A) Simulated 
normal traction. B) Simulated tissue recoil after laser ablations (red) at the boundary between the 
stem cell compartment and transit amplifying zone (left), and the transit amplifying zone and villus-
like domain (right). The cyan vectors indicate tissue displacement right after ablation, Scale bar, 20 
µm. C) Radial displacement in the two simulated cuts. Data are represented as the mean ± s.d. The 
vertical dashed lines indicate cuts. Memb, membrane; TA, transit amplifying zone; and AU, arbitrary 
units. 
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4.6 Cell fate and mechanics co-evolve during crypt formation 
 

We next studied how this mechanical picture co-evolves with cell-fate 
specification during crypt formation. We treated 3D organoids with ENR medium 
containing CHIR99021 and nicotinamide for 48 h to mimic a hyperproliferative fetal 
progenitor state168,298,299. Following this treatment, the organoids lost their buds and 
formed cysts. We then dissociated the cysts and seeded the resulting cells at high 
density on soft two-dimensional (2D) substrates. The cells adhered readily, 
proliferated and progressively formed a confluent monolayer. This monolayer lacked 
the packing geometry, apical accumulation of actomyosin, traction 
compartmentalization and expression pattern of Olfm4 and cytokeratin 20 
characteristic of crypts and villi. One day after replacing the culture medium with 
regular ENR, we observed the formation of cellular foci that expressed Olfm4, 
exhibited apical F-actin and myosin IIA, and generated downwards traction (Figure 
42A,B). The expression levels of Olfm4 inside the foci and cytokeratin 20 outside them 
increased steadily over the following days (Figure 42C,D). The number foci was 
constant in time, and their size plateaued after 24 h (Figure 42E,F). F-actin and 
myosin IIA increased over time at the apical and basal surfaces of both the crypt and 
the villus-like compartments (Figure 43A,B; Figure 44A,B). Although the apical actin 
and myosin densities at the stem cell compartment were the highest across the 
monolayer, their ratio to the basal densities decreased with time (Figure 43C; Figure 
44C). However, the normal forces at the center of the stem cell compartment 
increased, probably because of the rise in the total amount of actomyosin (Figure 42G). 
These experiments show that apical constriction and pushing forces arise as early as 
the time at which Olfm4 foci can be detected (day 2), before crypt size and density in 
the monolayer are established (day 3). Forces thus co-evolve with fate specification to 
progressively shape a mature compartmentalized epithelium. 
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Figure 42. Co-evolution of cell fate and tissue mechanics during de novo crypt formation. A) Olfm4 
and cytokeratin 20 immunostaining following the development of the monolayers over four 
consecutive days (top). F-actin (phalloidin) and Olfm4 immunostaining (middle), and lateral views of 
F-actin (bottom) at the positions indicated with a dashed square in the corresponding monolayers of 
the top row. Scale bars, 200 µm (top) and 20 µm (bottom). Representative images of two independent 
experiments. B) Three-dimensional tractions at the indicated time points. The yellow vectors 
represent components tangential to the substrate and the color map represents the component 
normal to the substrate. Scale bar, 20 µm. Scale vector, 300 Pa. Representative images of two 
independent experiments. C-F) Olfm4 intensity inside the Olfm4+ foci (C), cytokeratin 20 intensity in 
the Olfm4− regions (D), area of the Olfm4+ foci (E) and density of the Olfm4+ foci (F) at the indicated 
time points; n = 90 (2 d), 112 (3 d) and 115 (4 d) Olfm4+ foci (C,E), and n = 6 (1, 2, 3 and 4 d) circular 
patterns (D,F) from two independent experiments. G) Mean normal traction at the stem cell 
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compartment for the indicated time points; n = 21 (2 d), 18 (3 d) and 16 (4 d) crypts from two 
independent experiments. C-G, Data are represented as the mean ± s.d. Statistical significance was 
determined using a Kruskal–Wallis test, followed by a Dunn’s multiple-comparison test (C,E,G), and a 
one-way analysis of variance, followed by a Tukey’s multiple-comparison test (D,F); *P < 0.05; **P < 
0.01; ***P < 0.001; and ns, not significant (P > 0.05). CK20, cytokeratin 20; and AU, arbitrary units. 
Stiffness of all gels, 5kPa. 

 

 
 

Figure 43. F-Actin distribution during de novo crypt formation. A) Apical and basal projections of F-
Actin (Phalloidin, A) of crypts at the indicated timepoints (2 days, 3 days, 4 days). The crypts are the 
same as in Figure 42A. Representative images of 2 independent experiments. Scale bar, 20 μm. B,C) 
Quantification of apical and basal F-actin intensity (B) and apical/basal F-actin ratio (C) at the Olfm4 
positive and Olfm4 negative regions for the indicated timepoints. n = 14 (2d), 12 (3d) and 14 (4d) crypts 
from 2 independent experiments. For all the graphs, data is represented as mean ± s.d. Stiffness of 
the gel, 5 kPa.  * (p < 0.05) ***(p < 0.001). ns, not significant (P>0.05); AU, arbitrary units. Statistical 
significance was determined using a Kruskal–Wallis test, followed by a Dunn’s multiple-comparison 
test (B and C for Olfm4+), and a one-way analysis of variance, followed by a Tukey’s multiple-
comparison test (C for Olfm4−); *P < 0.05; **P < 0.01; ***P < 0.001. Only the statistical comparison 
between 2d and 4d is shown. 
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Figure 44. Myosin IIA distribution during de novo crypt formation. A) Apical and basal projections of 
myosin IIA–eGFP of crypts at the indicated timepoints (2 days, 3 days, 4 days). The crypts are the same 
as in Figures 42A and 43. Representative images of 2 independent experiments. Scale bar, 20 μm. B,C) 
Quantification of apical and basal myosin IIA intensity (B) and apical/basal myosin IIA ratio (C) at the 
Olfm4 positive and Olfm4 negative regions for the indicated timepoints. n = 14 (2d), 12 (3d) and 14 
(4d) crypts from 2 independent experiments. For all the graphs, data is represented as mean ± s.d. 
Stiffness of the gel, 5 kPa.  * (p < 0.05) ***(p < 0.001). ns, not significant (P>0.05); AU, arbitrary units. 
Statistical significance was determined by a Kruskal– Wallis followed by a Dunn’s multiple-comparison 
test (B: basal Olfm4+ and C) and one-way ANOVA followed by a Tukey multiple-comparison test (B: 
apical Olfm4+, apical Olfm4- and basal Olfm4-). Only the statistical comparison between 2d and 4d is 
shown.  
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4.7 Comparison with the intestinal epithelium in vivo 
 

To assess whether our organoids captured the cellular morphology and 
cytoskeletal organization of the in vivo crypt and villus, we studied whole-mount 
sections of the small intestine of mice. We focused on myosin IIA to avoid the 
confounding contribution of non-contractile F-actin at the brush border (Figure 45A). 
Apical myosin IIA was highest at the stem cell compartment and dropped at the villus. 
By contrast, basal myosin IIA increased progressively from the base of the crypt 
towards the villus, where the presence of stromal cells prevented further quantification 
(Figure 45B,C).  

 

 
 

Figure 45. Cytoskeletal organization of the intestinal epithelium in vivo. A) Staining of F-actin 
(phalloidin) and nuclei (4,6-diamidino- 2-phenylindole, DAPI) of tissue sections of the small intestine 
of myosin IIA–eGFP mice. Myosin IIA–eGFP signal (left). Overlay of myosin IIA–eGFP, F-actin and nuclei 
(center). Maximum intensity z-projection of the overlayed channels to better visualize the continuity 
of the crypt–villus axis (right). Scale bar, 40 μm. B) Illustration of the approach used to quantify the 
myosin IIA intensity along the crypt–villus axis in tissue sections. The myosin intensity was measured 
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at the basal (red) and apical (blue) sides of cells at the indicated crypt and villus regions. Note that the 
high myosin IIA intensity of stromal cells prevented accurate quantification of the basal epithelial 
intensity at the villus. Scale bar, 20 µm. C) Apical and basal myosin IIA distribution along the crypt–
villus axis of tissue sections. Data are represented as the mean ± s.d. of n = 13 crypt–villus units from 
three mice; AU, arbitrary units. 

 
 

The cells at the base of the crypt were slightly tilted towards the villus. This tilt 
is in the opposite direction to that observed in our organoids, showing that besides 
active processes, tilting is influenced by curvature and spatial constrains300. Beyond 
this highly curved region, the cells were tilted towards the crypt center, in agreement 
with our observations in organoids (Figure 46). Together, these data reveal a 
substantial agreement between organoids and the intestinal epithelium. 

 
 

 
 

Figure 46. Cell morphology of the intestinal epithelium in vivo. A) Example of an intestinal crypt from 
membrane–tdTomato mice (left). The membrane signal (Memb) has been overlaid on the nuclear 
signal (DAPI). Representative image of 16 crypts from three mice. Cell segmentation of the same crypt 
(right). The basal contour of the crypt is delineated with a black dashed line. Individual cells are colored 
according to their tilting angle with respect to the normal direction to the crypt contour (positive 
indicates towards the crypt bottom; negative indicates away from the crypt bottom). Scale bar, 20 
μm. B) Cell tilt along the crypt axis. Data are represented as the mean ± s.d. of n = 16 crypts from three 
mice. 
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4.8 Eph/Ephrin signaling regulates crypt-villus boundary 
formation in open-lumen intestinal organoids  

 
Our data indicate that the basally constricted cells at the transit amplifying 

region act as a dynamic mechanical boundary between the stem cell niche and the 
villus-like region (Figure 31). We next studied how this mechanical boundary is 
established and maintained and whether it regulates cell fate specification and 
compartmentalization along the crypt-villus axis. We focused on the Eph/Ephrin 
signaling pathway, given its known pivotal role on intestinal cell positioning and tissue 
compartmentalization177,233–235,238,241,301,302. We first assessed the distribution of the 
EphB receptors in the organoid monolayers (Figure 47).  

 

 
Figure 47. EphB2 receptor distribution in open-lumen organoids. A) Immunostainings of F-actin 
(phalloidin, left), EphB2 receptor (middle) and composite (right). B) Radial distribution of the basal F-
actin intensity (gray) and EphB2 receptor intensity (magenta) as a function of the distance to the crypt 
center. Data is represented as the mean ± s.d. of n = 20 crypts from 3 independent experiments. Scale 
bar, 20 µm; Stiffness of the substrate, 5kPa. 
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As expected, EphB2 receptor was highly expressed at the crypt-like regions 
(Figure 47A)177,198,231,303. Interestingly, EphB2 expression sharply decreased at the 
crypt-villus boundary, coinciding with the formation of circumferential actin cables 
and basal constriction of the transit amplifying cells (Figure 47A, B). Motivated by 
these results, we hypothesized that Eph/Ephrin signaling may regulate crypt-villus 
boundary formation and tissue compartmentalization by inducing basal constriction 
of transit amplifying cells. 

 
 To test this hypothesis, we generated organoids from EphB2 and EphB3 double 

knock out mice (EphB2/3 dKO) and their wild type counterparts (EphB2/3 WT). We 
then grew EphB2/3 WT and EphB2/3 dKO stem cells on confined circular ECM 
micropatterns, where they both formed confluent compartmentalized monolayers 
(Figure 48A).   

 

 
Figure 48. EphB2/3 dKO organoids compartmentalize into proliferative and non-proliferative 
regions of defective size. A) Left column: Representative immunostainings of the proliferation marker 
Ki67 in EphB2/3 WT and EphB2/3 dKO organoids grown on circular ECM micropatterns. Images are 
maximum intensity projections. Scale bar, 200 µm; Stiffness of the substrate, 5kPa; Memb, 
membrane-targeted tdTomato. Center column: zoom of a basal plane at the indicated region in the 
left image. Scale bar, 50 µm. Right column: zoom of the membrane signal at the indicated region of 
the center image. Scale bar, 10 µm. B) Quantification of the proliferative area (percentage of the 
pattern area that is positive for Ki67). Data is represented as mean ± s.d. of n = 22 micropatterns 
(EphB2/3 WT) and n = 10 micropatterns (EphB2/3 dKO) from 2 independent experiments. Statistical 
difference was determined by a two-tailed Mann-Whitney test. ****(P<0.0001). 
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The basal constriction at the crypt-villus boundary was less pronounced in 
EphB2/3 dKO organoids (Figure 48A, right inset), supporting a role of Eph-Ephrin 
signaling in basal constriction of transit amplifying cells. Nevertheless, the tissue 
retained the typical compartmentalization into proliferative (ki67+) and non-
proliferative (ki67-) domains (Figure 48A). Strikingly, however, the proliferative 
domain was significantly larger in EphB2/3 dKO organoids compared to wildtype 
(Figure 48B).  

 
The mechanism behind the enlargement of the proliferative region in EphB2/3 

dKO organoids is under current active investigation. Interestingly, although Paneth 
cell density remained constant in EphB2/3 WT and dKO organoids (Figure 49A, B), 
their typical clustering at the center of the crypt (Figure 49A-top) was impaired in 
EphB2/3 dKO organoids, where they became more scattered (Figure 49A-bottom, C). 

 

 
Figure 49. Paneth cells are scattered in EphB2/3 dKO open-lumen organoids. A) Representative 
immunostainings of Paneth cells (Lysozyme) in EphB2/3 WT and EphB2/3 dKO organoids grown on 
circular ECM micropatterns. Regions indicated in cyan are zoomed in the right images. Stiffness of the 
substrate, 5 kPa; left scale bar 200 µm; Scalebar of the zooms, 40 µm. B, C) Quantification of the 
Paneth cell density (B) and the Clark-Evans (CE) clustering index of Paneth cells (C) in EphB2/3 WT and 
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EphB2/3 dKO organoids. Data is represented as mean ± s.d. of 50 (EphB2/3 WT) and 41 (EphB2/3 dKO) 
organoid micropatterns from 3 independent experiments. Statistical significance was determined by 
a two-tailed Mann-Whitney test. Memb, membrane-targeted tdTomato; ns, not significant (P>0.05), 
**** (P<0.0001). 

 
A similar scattering phenotype is observed in vivo177,234,235 (Figure 50). As 

Paneth cells are the only source of Wnt3 in organoids, a plausible mechanism is that 
their mispositioning in EphB2/3 dKO organoids could result in a broader Wnt 
gradient and expansion of the proliferative compartment. 
 
 

  

Figure 50. Paneth cell mispositioning in vivo in EphB2/3 dKO mice. Whole mount immunostainings 
of Paneth cells (Lysozyme) in the proximal intestine of EphB2/3 WT and EphB2/3 dKO mice. Scale bar, 
200 µm. The crypt and villus regions highlighted in cyan are zoomed in the middle (villus) and right 
(crypt) images. Scale bar of the zooms, 40 µm. Images representative of 7 (EphB2/3 WT) and 2 
(EphB2/3 dKO) mice. Memb, membrane-targeted tdTomato.  

 

Overall, these experiments highlight the role of Eph/Ephrin signaling in 
establishing and maintaining the mechanical and biological compartmentalization of 
the intestinal epithelium.  Further experiments will help disentangle the specific 
molecular mechanisms taking place and their functional consequences on intestinal 
homeostasis.   
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4.9 Cells are dragged out of the crypt 
 

We next studied the dynamics of the cell monolayer. Cell movements at the 
villus are driven by active migration261 but the mechanisms driving movements from 
the crypt to the villus remain unknown. The widely assumed mechanism for such 
movements, a pushing force arising from compression downstream of mitotic 
pressure152,255,256, is incompatible with our observation that the transit amplifying zone 
is under tension. To address the mechanisms underlying cell movements, we studied 
maps of cell velocities and forces in the organoid monolayers (Figure 51A-J). Particle 
imaging velocimetry (PIV) on 5 kPa gels revealed strong spatial fluctuations in cell 
velocities, characterized by clusters of fast-moving cells surrounded by nearly 
immobile ones (Figure 51A). To average out these fluctuations and unveil systematic 
spatiotemporal patterns, we computed the average radial velocity as a function of the 
distance from the crypt center. Kymograph representation of this average showed that 
the radial velocity was weak in the central region of the stem cell compartment, begun 
to increase near the transit amplifying zone and peaked at the boundary with the 
villus-like domain (Figure 51C,I). The cell division rate followed an opposite profile 
characterized by a plateau at the stem cell compartment and a decrease thereafter. 

 
To understand how the spatial distribution of cell velocity arises from cellular 

forces, we turned to kymographs of radial cell–ECM tractions and radial cell–cell 
monolayer tension measured using monolayer stress microscopy (Appendix 2)36. 
Similar to the velocity kymographs, the traction and tension kymographs were 
stationary, confirming that our open-lumen organoids are in steady state within our 
window of observation (Figure 51D,E). Kymographs of the radial tractions displayed 
the three compartments already shown in Figure 31C; in the stem cell compartment 
the radial tractions pointed inwards, in the transit amplifying zone they vanished, and 
in the villus-like domain they pointed outwards (Figure 51D, I). By contrast, 
kymographs of the cell–cell tension showed a minimum at the transit amplifying zone 
flanked by two tension gradients that built up towards the center of the crypt and 
towards the villus-like domain (Figure 51E,I). 
  
 We repeated this set of experiments on softer substrates (0.7 kPa; Figure 51B), 
which showed similar cell velocity profiles to those obtained on the 5 kPa substrates 
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(Figure 51F-H, J). In this compartment, the radial tractions were nearly one order of 
magnitude weaker than on the 5 kPa substrates. Close to the transit amplifying zone, 
the radial tractions changed direction and displayed a positive peak of similar 
magnitude but shorter length than on the 5 kPa substrates.  
 
 

 
Figure 51. Dynamics of open-lumen intestinal organoids in stiff and soft substrates. A,B) 
Representative velocity maps (right) overlaid on membrane-targeted tdTomato signal (Memb; left) on 
5 kPa (A) and 0.7 kPa (B) substrates. Representative images of five crypts from three independent 
experiments (A) and seven crypts from two independent experiments (B). Memb, membrane; Scale 
bars, 40 µm; Scale arrow 5 µm/h. B) Due to pronounced crypt folding, for visualization purposes, the 
image for the 0.7 kPa substrate is a projection along the crypt medial plane. C-H) Kymographs showing 
the circumferentially averaged radial velocity (C,F), radial traction (D,G) and radial tension (E,H) on 5 
kPa (C-E) and 0.7 kPa (F-H) substrates for 6.5 h. The vertical dashed line indicates the boundary 
between the stem cell compartment and the transit amplifying zone. I,J) Time-averaged radial profiles 
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of the traction, tension, velocity and cell division rate on 5 kPa (I) and 0.7 kPa (J) substrates. The vertical 
dashed line indicates the boundary between the stem cell compartment and the transit amplifying 
zone. Data are represented as the mean ± s.e.m. of n = 5 crypts from three independent experiments 
(C-E, I) and n = 7 crypts from two independent experiments (F-H, J). Note that for an unbounded 
monolayer, monolayer stress microscopy computes stress up to a constant (Appendix 2). As the laser 
cuts indicated tension everywhere in the monolayer, this constant was arbitrarily set so that the 
minimum tension throughout the time lapse was zero. 

 
The pronounced negative gradient in tension observed at the stem cell 

compartment on the 5 kPa substrates nearly vanished on the 0.7 kPa substrates. 
However, we found a positive tension gradient that begins at the boundary of the stem 
cell compartment, persists through the transit amplifying zone, and decays thereafter. 
Thus, despite large quantitative differences at the stem cell compartment on soft and 
stiff substrates, the radial tractions on both substrates displayed a region where they 
changed sign and pointed away from the crypt center, resulting in a positive tension 
gradient. 

 

To further substantiate this tensional landscape, we again resorted to laser 
ablation but this time we cut the monolayer radially. As commonly observed in laser 
ablation experiments, we found recoil perpendicular to the cut (Figure 52A,B). 
Surprisingly, however, the dominant recoil component was parallel to the cut. This 
radial recoil was minimum at the boundary between the crypt and the villus-like 
domain and increased on either side of it. Our vertex model predicts radial recoil at 
the stem cell compartment as a consequence of apical constriction but not at the villus-
like domain (Figure 52C). Recoil in this domain is consistent with a tensile gradient 
associated with migratory forces that pull cells out of the crypt, which are not included 
in our model. 

 



Results 

111 
 

 
Figure 52. Radial laser cuts on open-lumen organoids on stiff and soft substrates. Recoil velocity 
maps (top), and the parallel and perpendicular velocity (bottom) immediately after laser ablation 
along the crypt–villus axis on 5 kPa (A) and 0.7 kPa (B) substrates, and simulations (C). The red lines 
indicate the ablated area. The yellow dashed lines indicate the crypt contours. Data are represented 
as the mean ± s.d. of n = 11 crypts from three independent experiments (A) and n = 13 crypts from 
four independent experiments (B). Scale bars, 20 µm. 

 
Together, our data indicate that cells exit the crypt using a collective cell-

migration mode in which cell velocity is parallel to cell-substrate traction, rather than 
antiparallel to it. This alignment is opposite to that observed at the leading edge of 
advancing monolayers35,122. Because cells are under tension, outward-pointing 
tractions cannot arise from pushing forces generated at the stem cell compartment. 
Our evidence instead indicates that cells at the crypt are dragged by other cells located 
further into the villus-like domain, much as the trailing edge of a cell cluster is dragged 
by the leading edge304. Thus, the boundary of the crypt can be understood as a 
multicellular trailing edge that is constantly being replenished with cells through 
proliferation. 
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The apparent harmony in the structure and behavior of many biological systems 
is governed by the constant interplay between form, fate and function. This interplay 
is clearly exemplified in the intestinal epithelium. Starting from a flat sheet of 
epithelial cells, the intestinal epithelium is reshaped into concave (crypts) and convex 
(villus) structures. Reshaping of this tissue satisfies the large surface area demanded 
for its main function – absorbing nutrients. The folding of the intestinal epithelium 
imposes a clear compartmentalization of cell fate and function along the crypt-villus 
axis. At the villus, cells specialize in absorbing nutrients and secreting molecules, while 
undifferentiated cells at the crypt proliferate to constantly replenish the villus 
population. Importantly, the tissue forces and the mechanical environment of the 
epithelium have a crucial role in its form, fate and function, from the early 
development of the tissue to the proper functioning of the adult gut.  
 

Over the last decade, important discoveries have been made on the mechanics 
of intestinal epithelium morphogenesis and homeostasis. However, significant gaps of 
knowledge preclude a comprehensive understanding of the intestinal epithelium 
dynamics. For instance, the specific role of epithelial forces during crypt folding; 
whether active or passive mechanisms drive migration from crypt to villus; or the 
forces that drive cell sorting and tissue compartmentalization into crypt and villus 
regions are only partially understood. In part, this is due to the limited applicability of 
mechanical measurement techniques on the in vivo set-up. In this context, the 
development of intestinal organoid systems about a decade ago opened a new era in 
the field, providing experimentally accessible systems in vitro.  

 
In this thesis, by combining the intestinal organoid technology with high 

resolution force measurements, we aimed at deepening the current understanding of 
the mechanics of three fundamental processes in the intestinal epithelium - crypt 
folding, crypt-villus compartmentalization and crypt to villus cell migration.  

 
We started by generating an organoid culture system over polyacrylamide gels 

that is compatible with cell-cell and cell-ECM force measurements. Remarkably, under 
these culture conditions the organoids formed monolayers that retained the tissue 
compartmentalization into crypt-like and villus-like structures. We use the term 
“open-lumen intestinal organoid” to differentiate them from the typical organoid 
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system embedded in Matrigel developed by Sato and colleagues194, where a 
pressurized enclosed lumen is formed.  Of note, similar culture systems have been 
developed by other groups198–201. For instance, Thorne et al.199, Liu et. Al200 and Altay 
et.al198 grew intestinal organoids over Matrigel substrates, where they self-organized 
into crypt-like and villus-like domains. Importantly, as we also found, they were able 
to grow open-lumen intestinal organoids both from tissue pieces and from single cells 
derived from close lumen organoids or in vivo crypts. This is a very interesting feature 
of the system, as it implies that the pre-existing crypt configuration before seeding 
does not necessarily define the final crypt-like domain in the open-lumen organoid. 
During the development of closed-lumen intestinal organoids or upon injury of the 
intestinal epithelium, a fetal-like YAP-driven regenerative program is activated, 
inducing undifferentiation of the stem cells (LGR5+)195,247–250. It is very likely that 
upon tissue disaggregation during seeding, the same regenerative program is activated 
both in single cells and organoid pieces. Thus, stem cell dedifferentiation may dilute 
any influence from a pre-existing crypt configuration on the final open-lumen 
organoid crypt, although this needs to be formally tested. 

 
By combining open-lumen intestinal organoids with traction microscopy, we 

were able to quantitatively map the 3D forces that the intestinal epithelium exerts on 
the underlying substrate. We found that the stem cell niche pushes on the substrate 
while the transit amplifying cells pull on it. Broguiere et al.305 performed 3D traction 
force microscopy on budding closed-lumen organoids grown in fibrin hydrogels 
supplemented with 10% Matrigel. Of note, and as acknowledged by the authors, their 
force measurements are not to be taken as quantitative measurements of the forces 
but rather as an estimate, due to the degradability and viscoelasticity of the matrix they 
use. Importantly, and supporting our results, they find a similar pattern of tractions in 
the budding organoids - budding structures push the substrate, while interbud regions 
pull on it.   

 
A very important feature of the open-lumen organoids that we employ here is 

the precise control over the substrate stiffness. This allowed us to study both the 
mechanics of the tissue (i.e. the cell-cell and cell-ECM forces) and the impact that the 
mechanical environment (i.e. the stiffness of the substrate) can have on the tissue 
dynamics. When we seeded the organoids on sufficiently soft gels, the crypt-like 
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regions were able to acquire the typical folded geometry of the crypts found in closed-
lumen organoids and in vivo. We wondered whether the increased tissue curvature in 
soft gels could feedback to the force generation. Interestingly, however, we found that 
cells are somehow encoded to exert a well-defined traction pattern where the pushing 
force at the crypt and the pulling force at the transit amplifying region remains 
constant over substrate stiffness and crypt geometry. These results indicate that 
substrate stiffness seems to be the main parameter that opposes tissue folding and 
instructs the final configuration of the crypt in open-lumen intestinal organoids. Xi et 
al.306 have recently reported a value of around 150 Pa for the crypt ECM, which is 
similar to the stiffness condition where we find a pronounced folding of the crypt.  

 
Through myosin inhibition, circumferential laser cuts and vertex model 

simulations based on the measured actomyosin distribution in open-lumen organoids, 
we show that the tractions and folding of the crypt are generated via apical constriction 
of the stem cell niche. These results are in line with previous in vivo226 and in vitro227 
data and are further supported by a recent work on closed-lumen organoids307 . Yang 
et al.307 report apical constriction of the crypt and basal constriction beyond the 
boundary of the niche. In their case, however, the osmotic pressure of the organoid 
lumen acts as an additional morphogenetic force. They report that lumen shrinkage, 
accompanied by an increase in the volume of enterocyte cells is necessary for crypt 
folding. Although we have not addressed enterocyte volume, the fact that the stem cell 
compartment in our open-lumen organoids folds further when separated from the rest 
of the epithelium (Figure 37F), indicates that the villus-like compartment is 
dispensable for crypt folding. We cannot, however, exclude a contribution of luminal 
pressure to further invagination of the tissue. This may explain why the folding levels 
that we obtain are less pronounced than in vivo. Moreover, further invagination of the 
tissue might be facilitated in vivo by matrix remodeling or other contributions from 
the stroma, which are not included in our model. 

 
The concave geometry of the folded crypt is a topological cue that could instruct 

cell fate. Indeed, imposing substrate curvature to intestinal organoids is sufficient to 
guide the formation of crypt domains at concave regions206–208. Nevertheless, our data 
on flat substrates indicate that substrate curvature is not necessary for crypt 
emergence and folding. However, we cannot exclude a possible positive feedback 
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between tissue curvature and stem cell fate in our organoids. Certainly, the specific 
traction pattern that folds the crypt co-emerge with crypt fate specification. We also 
find that stem cells are the main contributors to the folding of the crypt via apical 
constriction, as recently corroborated by a recent report308. Pentinmikko et al.308 show 
that the cone geometry of the intestinal stem cells acquired through apical constriction 
increases their lateral surface to volume ratio (LSV), and propose that this enhances 
signaling from neighboring Paneth cells. Indeed, when organoids were grown on 
scaffolds with lower curvature or treated with drugs that disrupt apical constriction, 
the LSV of intestinal stem cells decreased and both Notch and Wnt signaling were 
reduced308. Thus, although the crypts can fold without a preexisting curvature in the 
substrate, the acquired concave geometry might enhance and sustain stem cell fate.  
 

Besides creating a permissive environment for tissue folding, by using 
substrates of varying stiffness we also found that crypt size and the number of stem 
cells therein decrease on stiff gels. This may be due to differential activation of 
mechanotransduction pathways at different rigidities. Indeed, He et al. have recently 
reported a similar decrease in the size of crypt-like regions on stiff substrates, due to 
the nuclear translocation of the transcriptional factor YAP/TAZ309. Given the increase 
in crypt folding on soft substrates, stem cell fate might be also enhanced by the 
acquired curvature, as commented before308. Of note, the crypt-like domains in our 
open-lumen organoids contain ~100-300 Olfm4 positive cells (Figure 33), an order of 
magnitude higher than the number of stem cells reported in vivo (~14 stem cells)159. 
The ratio stem/Paneth that we observe in open lumen organoids is also higher than in 
vivo - as the number of Paneth cells per crypt in vivo is ~6172,310. This means that a 
Paneth cell in our organoids sustains more stem cells than a Paneth cell in vivo. Given 
that Wnt and Notch signals provided by Paneth cells require cell-cell contact311, a 
Paneth cell in open lumen organoids should thus contact more stem cells than a 
Paneth cell in vivo. Given the complex shape of the crypt cells (Figure 38), Paneth cells 
might contact multiple and different neighbors along the apicobasal axis.  

 
Pumping of ions across an epithelium can generate an osmotic differential 

between the apical and basal side of the monolayer, inducing a water flow from the 
hypotonic to the hypertonic compartment. If ions accumulate at the basal side of the 
monolayer, the water flow and the hydrostatic pressure generated can induce the 
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delamination of the epithelium into domes11,312. In our open-lumen organoids, we find 
a similar behavior at the villus-like regions, where the epithelium sometimes 
delaminated into domes. The formation of the lumen in closed lumen organoids is also 
due to osmotic differentials downstream of ion pumping. However, in contrast to 
domes, the ions in closed lumen organoids are pumped from the basal to the apical 
side of the epithelium313. In the in vivo intestinal epithelium, and as in open-lumen 
organoids, the ion pumping at villus cells also generates a water influx from the apical 
to the basal side of the epithelium314. Nevertheless, to our knowledge, the epithelium 
remains constantly attached to the basement membrane and domes are not observed 
in vivo.  Different reasons may explain why the epithelium delaminates in open-lumen 
organoids. One of them is the specific ECM composition of our culture system. We use 
a homogeneous coating of Collagen I and Laminin I, a situation that differs from the 
in vivo tissue. In vivo, the basement membrane contains Collagen IV and the ECM 
composition as well as the type of cell-ECM adhesion molecules expressed by epithelial 
cells vary along the crypt-villus axis138. Thus, the specific ECM coating used in our 
system may be less optimal for differentiated cells compared to in vivo, favoring 
delamination upon water influx. Interestingly, epithelial cells can generate some basal 
protrusions that cross the basement membrane in vivo256,315–317 . Another possibility 
is that these protrusions may help anchoring the cells more strongly in vivo, to impede 
tissue delamination. 

 
The stereotypical pattern of tractions observed in the organoids defines distinct 

mechanical and functional compartments – the stem cell niche, the transit amplifying 
region and the villus-like region. In this context, the formation of circumferential 
actomyosin cables and basal constriction of transit amplifying cells seems to generate 
a mechanical boundary that isolates the stem cell niche from the villus-like domain. 
We find that the actin cables and basal constriction of the transit amplifying cells 
correlates with the expression of molecules of the Eph/Ephrin signaling pathway. 
Specifically, and assuming that the villus-like region should express EphrinB ligands, 
basal constriction happens at the boundary between EphB/EphrinB expressing cells. 
Motivated by these results, we disrupted Eph/Ephrin signaling and found that indeed, 
the mechanical boundary gets diluted in EphB2/3 dKO organoids. During neural tube 
segmentation in mouse238 and zebrafish241, similar actomyosin cables downstream of 
Eph/Ephrin signaling are formed at the boundaries between rhombomeres. In the 
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rhombomeres, the cells that divide next to the junction between two rhombomeres are 
not able to cross to the neighbor rhombomere241. Contrarily, in the intestine, the cells 
that divide are able to cross the crypt-villus boundary in their journey towards the 
villus tip. This discrepancy is most probably explained by the different expression 
pattern of Eph receptors and Ephrin ligands in the intestine versus the neural tube. In 
the neural tube, each rhombomere express either the Eph receptor or the 
complementary Ephrin ligand. Contrarily, in the intestine, Eph receptors and Ephrin 
ligands are expressed in counter gradients from the bottom of the crypt to the tip of 
the villus. This means that transit amplifying cells express both Eph receptors and 
Ephrin ligands and, thus, the boundary gets more permissive to movements across it. 
In mosaic monolayers of EphB and EphrinB expressing cells, the two populations do 
not form stable cell-cell adhesions and a physical empty space emerges at the 
boundary, as shown for MDCK29, Hek293318 or colorectal cancer cells237. However, and 
supporting the idea that the crypt-villus boundary is more permissive, no gaps in the 
monolayer are observed at the transit amplifying region in our organoids, indicating 
that cells form cell-cell adhesions.  

 
Actin cable formation and increase in contractility at the crypt-villus boundary 

are probably due to Rho-Rock activation downstream of Eph/Ephrin signaling28,239,319. 
Importantly, in our organoids, this increase in contractility reshapes the basal surface 
of the transit amplifying cells, by pinching them and increasing their basal aspect ratio 
(Figure 38). For this basal reshaping to occur, the cells must probably decrease the 
adhesion to the substrate. In the in vivo epithelium, cells at the crypt-villus junction 
show a similar basal constriction226. In these cells, Rac1 activation inhibits 
hemidesmosomal adhesion to allow for basal reshaping of the cell surface. 
Interestingly, Rac1 activation has been shown to be crucial for Eph/Ephrin mediated 
cell sorting242,243. Given all this evidence, a plausible mechanism explaining crypt-
villus boundary formation in intestinal organoids is that Eph/Ephrin signaling triggers 
both activation of RhoA - to induce actomyosin contractility - and activation of Rac1 – 
to reduce hemidesmosomal adhesion and allow for cell reshaping. To substantiate this 
hypothesis, we would need to evaluate the expression level of hemidesmosomes, Rac1 
activation and RhoA activation along the crypt-villus axis and whether they are 
perturbed in EphB2/3 dKO organoids. 
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Strikingly, the proliferative compartment is larger in EphB2/3 dKO organoids. 
In line with these results, Eph/Ephrin downregulation correlates with an increase in 
crypt proliferation in vivo320,321. Other reports show, however, that Eph/Ephrin 
inhibition reduces proliferation234,235. Given these discrepancies, it will be worth re-
assessing proliferation in EphB2/3 dKO tissues. Of note, we also need to assess 
whether the stem cell compartment, the transit amplifying region or both are 
enlarging. In any event, why does this enlargement occur? Different mechanisms - that 
are not mutually exclusive - could explain it. From one side, the observed scattering of 
Paneth cells in EphB2/3 dKO organoids might generate a broader Wnt gradient, 
providing proliferative signals to a larger area of the monolayer. In support of this idea, 
when Wnt3a is micropatterned on the substrate, crypt-like structures of open-lumen 
organoids accommodate their size to the Wnt3a area204.  

 
Recently, ERK waves have been shown to control the size of crypt-like domains 

in colon open-lumen organoids322. Extruding cells at the differentiated regions of 
open-lumen organoids generate an ERK activation wave that travels radially towards 
the crypt-like region322. The crypt like region, however, shows a reduced ERK 
activation, attributed to the inactivation of ERK by Wnt signaling323,324. Importantly, 
pharmacological inhibition of ERK signaling results in the enlargement of the stem 
cell compartment322. Eph/ephrin signaling induces ERK activation through the RAS 
pathway319. Thus, a decrease in ERK activity in EphB2/3 dKO organoids - either 
through a broader Wnt gradient or through a downregulation of the RAS pathway - 
might also explain the enlargement of the proliferative region that we observe.  

 
Alternatively, or in combination, mechanotransduction pathways might be 

altered in EphB2/3 dKO organoids. For instance, the basal elongation of transit 
amplifying cells in wild type organoids might induce nuclear translocation of 
transcription factors such as YAP/TAZ through stretching of the nucleus and nuclear 
pore opening59. YAP/TAZ inactivation is proposed to induce an enlargement of the 
crypt-like regions in open-lumen organoids309. Conversely, YAP/TAZ activation 
regulates intestinal differentiation252. In the neural tube, the constriction of 
actomyosin cables at the boundary between rhombomeres downstream of Eph/Ephrin 
signaling induces nuclear translocation of YAP/TAZ, which then triggers cell 
differentiation238. Moreover, YAP/TAZ activation antagonizes Wnt signaling through 
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the expression of Wnt inhibitors325. An appealing hypothesis is that basal relaxation at 
the crypt-villus boundary in EphB2/3 dKO organoids results in downregulation of 
YAP/TAZ signaling, which in turns causes a perturbation in cell differentiation and / 
or an increase in Wnt signaling and subsequent enlargement of the proliferative 
regions.  

 
In the Drosophila neuroepithelium, perturbation of Eph/Ephrin signaling 

causes mitotic spindle misorientation and increase in proliferation326. Interestingly, 
intestinal stem cells deficient for the adenomatous polyposis coli gene (APC) – a tumor 
suppressor mutated in most colorectal cancers - show spindle misorientation327,328. 
Whether spindle misorientation might endow EphB2/3 dKO organoids with a 
malignant hyperproliferative phenotype is another exciting question to be addressed 
in the future.  

 
Our circumferential laser cuts experiments revealed that the crypts are under 

tension. This result rules out mitotic pressure as the main mechanism driving crypt to 
villus migration, as crypts in that case should be under compression. High spatio-
temporally resolved maps of cell velocities, cell-cell and cell-ECM forces suggested that 
the cells are dragged out of the crypt by a gradient of increasing tension at the villus-
like region. In vivo, however, tension is higher at the bottom of the villus than at the 
top261.  Given that the villus-like region in our organoids is shorter than the ~400 µm 
of the villus length in vivo103,261, it is possible that the flat villus-like region of our open 
lumen organoids recapitulates only the bottom part of the villus. To understand this 
discrepancy, it would be interesting to measure 3D tractions and monolayer tension 
in scaffolded organoids with crypt and villus lengths similar to the in vivo situation. 
On a flat open-lumen organoid system similar to ours, intestinal subepithelial 
myofibroblasts (ISEMFs) have been shown to align and direct the motion of the 
intestinal epithelium during the closure of a gap329. In homeostatic conditions, 
ISEMFs might also have a mechanical role in the migration of cells from the crypt to 
the villus by aligning the migration of villus cells. In the future, to test this hypothesis, 
we could seed ISEMFs as a basal layer over polyacrylamide gels and grow the intestinal 
organoids on top. 
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 In vivo, cells ascending from different crypts meet at the villus tip, generating 
a region of high cell density261 . It has been proposed that compressive stresses due to 
this increase in cell density trigger cell extrusion, via mechanisms including Piezo-1 
activation67. In our organoids, however, cells extrude at regions of low cell density and 
high cell spreading area, suggesting that other mechanisms than compression may be 
responsible for extrusion. Kocgozlu et al.330 showed that attending to the cell density, 
epithelial cells experience different modes of cell extrusion. At high density, a 
contractile actomyosin ring squeezes the extruding cell out, while at low cell density, 
extrusion is mainly driven by the lamellipodial extension of neighboring cells. It may 
be thus possible that cells in the villus-like regions are extruding through different 
mechanisms depending on the local density of the tissue. Comet-shaped (+1/2) 
topological defects have been also shown to induce cell extrusion in epithelial 
monolayers276. We have not noticed such topological defects at the site of extrusions, 
although further investigation is warranted. Hence, the exact mode of extrusion 
followed by cells at the villus-like regions and whether this correlates with local 
density, cell type or apoptotic/non-apoptotic state of the cells is an exciting area for 
further study. 

 
Overall, by quantitative force mapping in a physiologically relevant model of the 

intestinal epithelium, we uncover the paramount role of epithelial forces during crypt 
folding, crypt-villus compartmentalization and crypt-to-villus migration. With this 
experimental framework, the role of mechanics in other homeostatic and malignant 
processes such as differentiation, inflammation, regeneration, or cancer progression, 
is now accessible to experimental interrogation. 
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In light of the results presented and discussed throughout this thesis, we draw the 
following conclusions: 

 

1. Open-lumen intestinal organoids self-organize into functional crypt-like and 
villus-like domains, allowing for quantitative force mapping at high spatio-
temporal resolution. 
 

2. Cell fate and tissue mechanics co-evolve in intestinal organoids to properly shape 
a mature epithelium. 

 
3. Intestinal organoids exert a tightly regulated pattern of forces on the underlying 

substrate, defining mechanical and functional compartments. 
 

4. The mechanical environment has a great impact on intestinal organoid 
architecture and cell fate. On softer substrates, crypts adopt a folded geometry, 
increase in size, and contain more stem cells. 

 
5. The stem cell compartment pushes the substrate downwards and induce crypt 

folding through actomyosin-driven apical constriction of the stem cells.  
 

6. The transit amplifying region pulls on the substrate by basally constricting, 
defining a mechanical boundary between the stem cell niche and the villus-like 
region.  

 
7. Eph/Ephrin signaling regulates the basal constriction of transit amplifying cells 

and instructs proper cell positioning and crypt-villus compartmentalization. In 
EphB2/3 dKO organoids, the proliferative compartment enlarges, and Paneth cells 
are mispositioned.  

 
8. Collective migration at the villus-like region drags cells out of the crypt along a 

gradient of increasing tension.  
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Contributions to the data presented in this thesis 
 

The experiments in Figure 27, Figure 28, Figure 29, Figure 30, Figure 31, Figure 
32, Figure 34, Figure 38, Figure 39, Figure 40 and Figure 51 were performed and 
analyzed by Gerardo Ceada and Carlos Pérez. The experiments in Figure 33, Figure 35, 
Figure 36, Figure 42, Figure 43, Figure 44 were performed and analyzed by Gerardo 
Ceada. Manuel Gómez developed codes to measure 3D Tractions (Fourier and Finite 
elements). Marija Matejčić performed the 3D segmentation (Figure 38, Figure 39 and 
Figure 40). Laser cuts experiments (Figure 37, Figure 52) and the in vivo 
measurements (Figure 45, Figure 46) were performed and analyzed by Carlos Pérez at 
the laboratory of Danijela Matic Vignjevic (Institut Curie, Paris). Venkata Ram 
Gannavarapu helped on the immunostainings in Figure 45 and Figure 46. The in vivo 
myosin data in Figure 45 was provided by Denis Krndija and Andrew G. Clark. Adrián 
Álvarez isolated Lgr5–eGFP-IRES-CreERT2 crypts for organoid culture at the 
laboratory of Eduard Batlle (IRB, Barcelona). The computational 3D vertex model and 
the Monolayer Stress Microscopy (Figure 39, Figure 41, Figure 51, Figure 52) were 
developed by Francesco Greco, Sohan Kale and Marino Arroyo at the laboratory of 
Marino Arroyo (UPC, Barcelona). The experiments in Figure 47 were performed and 
analyzed by Gerardo Ceada. EphB2/3 WT and EphB2/3 dKO mice were generated by 
Sergio Palomo at the laboratory of Eduard Batlle (IRB, Barcelona). Organoids from 
EphB2/3 WT and EphB2/3 dKO intestinal tissue were generated by Gerardo Ceada.  
Open-lumen EphB2/3 WT and EphB2/3 dKO organoid data (Figure 48, Figure 49) 
was generated by Gerardo Ceada with help from Clément Hallopeau. In vivo data of 
EphB2/3 WT and EphB2/3 dKO mice (Figure 50) was generated by Gerardo Ceada. 
All along the project we received experimental assistance from Natalia Castro and 
Anghara Menéndez. 
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Appendix 1: Computational vertex 
model. 

 
This model was developed by Francesco Greco, Sohan Kale and Marino Arroyo in 
Marino Arroyo’s group at the UPC. 

 

3D vertex model on a rigid substrate. 
To understand the tissue mechanics leading to cell and monolayer morphology 

and to the mechanical coupling with the substrate, we developed a 3D computational 
vertex model. This model is based on a conventional effective energy or virtual work 
function of the form  

 
 

where N	is the number of cells, Nc		the number of faces of cell c, γf,c	the surface tension 

of face f	of cell c, and δAf,c	the variation of the surface area of that face. We assume that 

the surface tensions γf,c	remain constant during a simulation but are heterogeneous 
throughout the tissue. Work functionals for 3D vertex models can also account for the 
line tension generated by apical or basal cables. We also implemented such terms but 
found no essential differences for the purpose of this study, and hence we ignored them 
for the sake of simplicity. 

 

To capture the cell shapes with curved junctions observed in the experiments, 
we discretized each cell with a triangulation as shown in Figure 53a. However, we did 
not account for cell rearrangements, which are easily dealt with in 2D but much more 
challenging in 3D. Thus, during tissue relaxation, cells maintain their prismatic 
topology and connectivity and can only change their shape. In the actual system, local 
junctional rearrangements may contribute to the tissue deformation300. 

 

Accounting for cell volume preservation, we can define an effective or pseudo-
energy over the entire triangulation describing the tissue of the form295–297 
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where xi	denotes the position of node i	in this triangulation, Vc	is the volume of cell c, 

and κ	 is an osmotic compressibility modulus that ensures that cell volumes remain 

fixed within 0.1% to the initial volume, Vc,0	for cell c. 

 

We started our analysis by considering a planar tissue with cells of uniform 
shape and size as shown in Figure 53. To examine the mechanics of intestinal crypts, 
we prescribed a distribution of surface tensions that mimics the measured basal and 
apical F-actin distribution. It is known that cortical tension depends in a highly 
nontrivial way on the amount, but also the architecture, of cytoskeletal components. 
However, given the order of magnitude variations of F-actin accumulation in our 
crypts, it is reasonable to consider F-actin accumulation as a proxy for cortical tension 
in a first approximation. Noting that the F-actin distributions were measured on an 
actual deformed crypt and that we are prescribing surface tensions on an idealized 
undeformed tissue, we broadened the apical and basal peaks in F-actin distribution in 
our computer model. Regarding lateral surface tensions, we noted that the apical/basal 
surfaces of our monolayers were quite smooth at the intersections with lateral 
junctions. We reasoned that if lateral surface tensions were relatively large, then as a 
result of mechanical equilibrium at these intersections we should observe noticeable 
surface deformations at apico-lateral and baso-lateral intersections. Since these were 
absent, we concluded that lateral tensions should be significantly smaller than basal 
and apical tensions. We note in this regard that at lateral faces, adhesion tension acts 
as a negative surface tension that lowers the total lateral surface tension. 
 

During our analysis, we kept fixed the distribution of surface tension over cell 
faces shown in Figure 53b. Given the high heterogeneity of this surface tension pattern, 
the initial regular cell monolayer is not in mechanical equilibrium. We then proceeded 
to the equilibration of the system on a rigid substrate. For this, we minimized the 
function in Eq. (2) using Newton’s method to find the equilibrium positions of nodes 
in our triangulation. While our description of each cell face as a triangulated surface 
allows us to describe curved shapes, it also poses a numerical challenge as the 
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distortion of our triangulations needs to be controlled during the numerical 
minimization. Indeed, since the function in Eq. (2) only depends on the surface area 
of each face and the volume of each cell, it is invariant with respect to tangential 
motions of internal nodes to each face that leave these geometric quantities 
unchanged, and thus does not provide any control of mesh distortion. To deal with this 
issue, we adopted the approach proposed elsewhere331, which considers a fictitious 
surface hyperelastic model for each cell junction whose reference configuration is 
updated iteratively to the previously converged configuration. This fictitious elastic 
energy results in an effective viscosity of the cellular cortices and the algorithm can 
then be viewed as the dynamical relaxation of a viscous cell aggregate with active 
surface tensions and fixed cellular volumes. These dynamics control mesh distortions 
and upon convergence of the algorithm, the fictitious elastic energy vanishes and does 
not bias the final results. 
 

In our simulations on rigid substrates, we allowed the nodes on the basal plane 
to slide tangentially but forced their z position to zero so that they stay on the plane of 
the substrate. Furthermore, we fixed the lateral edges of the tissue. Upon equilibration, 
we found the tissue and cellular shapes and the normal tractions, Figure 53c. As the 
tissue deformed, the pattern of surface tensions more closely followed the 
experimentally measured patterns of F-actin distribution. 
 

3D vertex model on a deformable substrate 
We then placed the equilibrated crypt in contact with a highly deformable 

elastic substrate. We modeled the substrate using finite deformation continuum 
mechanics and a NeoHookean hyperelastic model, for which the strain energy density 
per unit undeformed volume is given by332 

 

 
 
where C	=	F	T	F is the right Cauchy-Green deformation tensor, F is the deformation 

gradient, J	= √𝑑𝑒𝑡𝐶 is the Jacobian determinant and λ and µ are the Lamé coefficients 
at infinitesimal deformations. These coefficients are related to infinitesimal Young’s 
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modulus E	and Poisson’s ratio ν	by the relations λ	= Eν	/	[(1 + ν)(1 −	2ν)] and µ	= E	/	(1 + 

ν). We discretized the deformable substrate with linear tetrahedral finite elements. The 
bulk tetrahedral mesh was generated to be conforming in its top plane to the surface 
triangulation of the basal plane of the tissue equilibrated on a rigid substrate. We 
imposed kinematical compatibility at the cell-matrix interface by identifying the basal 
nodes of the tissue triangulation to the corresponding nodes of the matrix mesh. We 
then further equilibrated the joint tissue-matrix system by minimizing the joint 
effective energy given by 

 

 
 

where Ω0	is the domain representing the substrate, with respect to the positions of the 
nodes of the tissue triangulation and of the bulk finite element mesh. This 
minimization was again performed using Newton’s method with a line-search. As a 
result, the crypt was able to deform the substrate, Figure 53d. 

 

Sensitivity to the pattern of active tensions 
We simulated tens of computational crypts with patterns of cellular surface 

tensions following the measured F-actin distribution. We found a very robust 
agreement with the main features of the experiments in terms of tissue shape in stiff 
and soft substrate, of cellular shapes and of normal traction. However, the details of 
these observables depended on the specific pattern of surface tensions. By way of an 
illustration of this sensitivity, we report in Figure 54d the tissue morphology and 
normal tractions for two models with significantly different distribution of basal 
surface tensions. When basal tension is increased, we observe that the peak of positive 
normal tractions is smaller, and that the indentation on soft gels is smaller since 
tension works against the extension of the basal surface required for bending. 
However, both models recapitulate the essential features of the actual crypts. In Figure 
54a we report the pattern of surface tensions used to produce the results in Figure 39. 
We also illustrate the procedure to filter the normal tractions in the simulations, Figure 
54b, and the finite element mesh used to model the substrate, Figure 54c. 
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Estimation of the maximum apical surface tension 
The length-scale of the model is fixed by the typical size of cells and height of 

the typical crypt. Given this length-scale, γmax, Figure 53b and Figure 54a, sets the 
force-scale in the model, and hence the units of the computational normal tractions. 
By comparing the normal tractions in the simulations and in the experiments, we can 
scale the force scale in our model and hence attach physical units to the surface 
tensions. This allows us to estimate the magnitude of the surface tensions. By focusing 

on the normal traction data in Figure 34G and its standard deviation, we find that γmax	
∼	4.6 mN/m with a standard deviation of 1.7 mN/m. This cellular surface tension is 
about two times larger than surface tensions measured in suspended cells during 
mitosis333. We note that apical actin cables could contribute to this effective apical 
surface tension. 

 
Simulating laser cuts 

To simulate laser cuts and starting from a previously equilibrated system, we 
instantaneously imposed nearly zero surface tension in the finite elements lying in the 
cut region. By removing the mechanical effect of the cut region, the internal force 
balance of the system is broken and it will move to regain a new state of equilibrium. 
In theoretical models of tissue recoil, the instantaneous recoil depends on pre-existing 
tension (irrespective of its origin, active or elastic) and on an effective viscosity. The 
detailed modelling of the viscosity of the different structural elements of the tissue is 
complex and beyond the scope of the present work. However, by taking advantage of 
the viscosity intrinsic to our algorithm described above331, we could predict the recoil 
velocity pattern (but not the physical magnitude of these velocities) from the model 
displacements in the first iterations. To post-process the results in Figure 39 and 
Figure 52, we represented the displacements of the nodes in the apical plane after the 
first iteration. 
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Basal elongation in the transit amplifying zone 

Despite introducing a peak of basal surface tension in the transit amplifying 
zone, consistent with our quantification of F-actin distribution, our computational 
model did reproduce some degree of basal elongation, but not nearly as marked as in 
actual crypts, Figure 39I,N. Imaging of cytoskeletal components in this region (Figure 
36) clearly showed strongly aligned supra-cellular structures, which can likely 
influence the active force generation since active tension is expected along these 
aligned structures, but also bundling active forces may act perpendicular to those 
structures. All surface tensions being isotropic in our model, it likely misses some 
mechanical aspects of the basal plane in the transit amplifying region, which may 
explain the extreme elongation of cells. 
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Figure 53. 3D computational vertex model and simulation protocol. a, Discretization of the tissue: 
the thick lines denote the intersection between cellular faces and the thin lines the triangulation of 
the cell surfaces. b, Pattern of apical, basal and lateral surface tensions prescribed in the initial regular 
cell monolayer. c, Equilibration of the initial regular monolayer with patterned surface tensions on a 
rigid substrate, where basal nodes are constrained to a plane but can slide horizontally. Initial state 
(i), equilibrated state (ii), and different view of equilibrated state with basal cell outline (iii). d, Coupling 
with a deformable substrate, modelled computationally with a tetrahedral mesh discretizing a 
hyperelastic block (i). The equilibrated crypt on a rigid substrate (c-ii) is further equilibrated on the 
deformable substrate (d-ii,iii). 
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Figure 54. Simulation of crypt normal tractions. a, Pattern of apical, basal and lateral surface tensions 
prescribed in the initial regular cell monolayer. b, Maps of basal normal traction. (i) Raw normal 
tractions at the basal plane featuring sub-cellular fine-scale details. To compare with experimental 
averages, we filtered these tractions with a Gaussian filter with standard deviation of 6 µm, (ii). c, 
Computational model of the deformed crypt on a soft hyperelastic substrate. d, Crypt folding for two 
models with different basal tension profiles on soft and rigid substrates. 
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Appendix 2: Axisymmetric Monolayer 
Stress Microscopy 

 
This was developed by Francesco Greco and Marino Arroyo in Marino Arroyo’s group 
at the UPC. 

 
We describe here a simple approach for Monolayer Stress Microscopy (MSM), 

that is to infer the tissue surface stress from the measured tractions, in an 
axisymmetric configuration pertinent to the analysis of our crypts. The starting 

variable is then the radially-averaged tangential traction Tr, Figure 31D. 

 

Background 
We consider polar coordinates given by	x(r,θ)	=	rcosθ	and	y(r,θ)	=	rsinθ.	The natural basis is 
given by xr(r,θ)	=	(cosθ,sinθ)	and	xθ(r,θ)	=	(−rsinθ,r	cosθ).	Hence the metric tensor is given by	

 
The corresponding Christoffel symbols are 

 
Therefore, using standard formulae in differential geometry, we can compute the 
covariant derivative of a radial vector field u(r,θ) = u(r) xr(r,θ) as 

 
The symmetrized displacement gradient is the small-strain tensor, which thus takes 
the form 

 
and its trace is 

 
 



Appendix 

142 
 

Consider a stress tensor in axisymmetry, and thus of the form 

 
The radial component of its divergence σab|b can be written as 

 
 
Consider now linear elastic constitutive relation 

 

Using the equations above, we find 

 

and 

 

and we obtain its radial divergence as 

 
If material properties are uniform, then we obtain 

 
 
Monolayer Stress Microscopy 

The tissue modeled as a 2D continuous medium is initially in an axisymmetric 

state of mechanical equilibrium characterized by a stress σ. The equilibrium condition 

can be expressed as 

 



Appendix 

143 
 

where Tr		are the measured radial tractions exerted by cells on the substrate. Thus, we 
have one equation for two unknowns, σrr	and σθθ. One standard way to proceed is then 
to assume a constitutive relation, e.g. linear elasticity36, leading to 

 
or if mechanical properties are assumed to be constant to 
 

 
which, along with boundary conditions u(0) = 0 and u(r∞) = U	allow us to find the 

auxiliary displacement u(r). The boundary condition at a far away location u(r∞) = U	

only fixes the undetermined hydrostatic and uniform state of tension σ0, and is thus 
arbitrary unless an independent measurement is available. Finally, recalling Eqs. (6,7) 
we obtain the sought-after tension as 

 

The quantity   is the radial tension reported in Figure 51, whereas σθθ		is a hoop 
tension. 

 

We lack an independent measurement to determine σ0	but our laser cuts indicate 
that radial tension is positive where it is minimum, at the transit amplifying zone. 

Therefore, in our calculations of MSM reported in Figure 51 we chose σ0	so that the 
minimum radial tension is zero with the understanding that there should be a positive 
offset to this curve. 
 

Given Tr, we solve Eq. (9) using 1D finite elements. For this, we multiply Eq. (9) by 

a test function w, integrate over the domain (0,Rout) noting that dS	= 2πrdr, and integrate 
by parts, to obtain 
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Approximating the unknown with finite element basis function 

 and taking the test functions to be w(r) = NI	 (r), we find the 

following algebraic system of equations 

 
imposing the constraints that u1 = 0 and uM = U and where 
 

 
and 

 
 

In the calculations reported in Figure 51, we chose λ	= 10µ. We checked that the 
inferred tensions were largely insensitive to the choice of material parameter provided 
that    Since the crypt is bound to have very different material properties than 
the rest of the tissue, we tested the sensitivity of the recovered tensions to 

heterogeneous elastic constants. For this, we chose λ	and µ	to be 10 and 20 times larger 
in the crypt than in the rest of the tissue. The results were again insensitive. 
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