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CELL BIOLOGY

Epithelial tension controls intestinal cell extrusion
Daniel Krueger*†, Willem Kasper Spoelstra†, Dirk Jan Mastebroek, Rutger N. U. Kok, Shanie Wu, Mike Nikolaev,  
Marie Bannier-Hélaouët, Nikolche Gjorevski, Matthias Lutolf, Johan van Es, Jeroen van Zon*, Sander J. Tans*,  
Hans Clevers*

INTRODUCTION: The intestinal epithelium is a protective barrier 
between the body and the luminal gut content. Disruption of this 
barrier is a hallmark of diseases such as inflammatory bowel 
disease and tufting enteropathy. To preserve tissue homeostasis, 
the epithelium undergoes self-renewal, during which new cells are 
born continuously and older cells are removed through extrusion. 
A commonly proposed model suggests that proliferation-induced 
crowding triggers extrusion at the villus tip. This model, although 
conceptually attractive, remains untested owing to the challenges 
of studying mechanical forces and cellular dynamics within the 
intestine’s complex architecture. Identifying cues that govern 
extrusion is essential for understanding how the intestine 
maintains homeostasis and how extrusion fails in disease.

RATIONALE: We hypothesized that intestinal cell extrusion is 
regulated by intercellular force transmission arising from  
crowding or other mechanical interactions. To test this, we  
used intestinal organoids that recapitulate key features of the 
native tissue while enabling real-time manipulation and observa-
tion from multicellular to subcellular levels. Our strategy com-
bined long-term live imaging with automated cell tracking such 
that we could follow extrusion events in space and time. To mimic 
in vivo tissue topology, organoids were cultured on three-
dimensionally shaped hydrogels. CRISPR-engineered fluorescent 
tagging and optogenetic control of myosin II enabled both 
visualization and induction of contractility, and laser ablation 
provided acute mechanical perturbations. Key findings were 
validated in mouse intestinal tissue. This multiscale approach 
allowed us to dissect the spatiotemporal force dynamics that 
govern extrusion.

RESULTS: We found that cells extrude from regions of the intestinal 
villus that are under tension. This tension is generated by a 
dynamically contracting actomyosin network at the cell base and 

reveals the “tug-of-war” behavior of cells. Optogenetic activation of 
contractility and mosaic organoids consisting of cells with 
different levels of contractility showed that highly contractile cells 
can drive extrusion of less-contractile neighbors. Reducing a cell’s 
contractility genetically or disrupting its basal cortex by laser 
ablation also prompted extrusion, showing that the abrupt loss of 
the ability to generate tension triggers cell extrusion. Extrusion 
involved myosin II up-regulation in the extruding cell and its 
neighbors, reflecting a coordination at the tissue level. Lastly, in a 
model of congenital tufting enteropathy—caused by epithelial cell 
adhesion molecule (Epcam) loss and associated with hyperactive 
myosin II—we observed excessive contractility, which disrupted 
tissue architecture, increased extrusion rates, and in mosaics led to 
the myosin-dependent preferential elimination of less-contractile 
wild-type cells.

CONCLUSION: Our results support a tension-based model for the 
regulation of cell extrusion in the intestine. A dynamic and 
contractile actomyosin network generates tissue-scale tension, 
and cells that fail to produce sufficient force to counteract pulling 
by their neighbors are preferentially removed. This tug-of-war 
mechanism maintains mechanical integrity by eliminating the 
tissue’s weakest links. Our findings reframe intestinal homeostasis 
as an active, force-regulated process. They also show how differ-
ences in contractility, such as those observed in congenital tufting 
enteropathy, can lead to abnormal extrusion and disrupted 
epithelial structure. These insights suggest that targeting force-
generating pathways may provide potential therapeutic strategies 
for diseases in which epithelial barrier function is compromised. 

*Corresponding author. Email: h.​clevers@​hubrecht.​eu (H.C.); s.​tans@​amolf.​nl; (S.J.T.);  
j.​v.​zon@​amolf.​nl (J.V.Z.); d.​krueger@​hubrecht.​eu (D.K.) †These authors contributed equally 
to this work. Cite this article as D. Krueger et al., Science 389, eadr8753 (2025). 
DOI:10.1126/science.adr8753

Tug-of-war–like competition between 
intestinal epithelial cells regulates cell 
extrusion. Cells in the intestinal 
epithelium proliferate in the crypt, 
migrate up the villus, and typically extrude 
near the villus tip. In the villus, cells exert 
highly dynamic tension forces on their 
neighbors. Mechanically compromised 
cells that cannot exert sufficient tension 
extrude in order to maintain the integrity 
of the intestinal epithelial barrier.
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CELL BIOLOGY

Epithelial tension controls 
intestinal cell extrusion
Daniel Krueger1,2*†, Willem Kasper Spoelstra3†,  
Dirk Jan Mastebroek1, Rutger N. U. Kok3,4‡, Shanie Wu1, Mike 
Nikolaev4§, Marie Bannier-Hélaouët1,2§, Nikolche Gjorevski4§,  
Matthias Lutolf4§, Johan van Es1,2, Jeroen van Zon3*,  
Sander J. Tans3,5*, Hans Clevers1,2*¶  

Cell extrusion is essential for homeostatic self-renewal of the 
intestinal epithelium. Extrusion is thought to be triggered by 
crowding-induced compression of cells at the intestinal villus 
tip. In this study, we found instead that a local “tug-of-war” 
competition between contractile cells regulated extrusion in the 
intestinal epithelium. We combined quantitative live microscopy, 
optogenetic induction of tissue tension, genetic perturbation  
of myosin II activity, and local disruption of the basal cortex in 
mouse intestines and intestinal organoids. These approaches 
revealed that a dynamic actomyosin network generates tension 
throughout the intestinal villi, including the villus tip region. 
Mechanically weak cells unable to maintain this tension 
underwent extrusion. Thus, epithelial barrier integrity depends 
on intercellular mechanics.

The intestinal epithelium is a defensive barrier protecting the underly-
ing tissue from microbiota, pathogens, and acidity. The turnover of 
cells within the intestinal epithelium is rapid, and most cells are re-
placed within a few days (1, 2). Stem cells are generated in the crypt 
and then migrate upwards to the tissue protrusions called villi (3) as 
they differentiate and acquire specialized function (4, 5). After several 
days, mature cells are extruded in a controlled manner into the gut 
lumen (6–8). The mechanisms regulating cell extrusion in the intestine 
are not well understood (9), and current models are largely inferred 
from nonmammalian model organisms and systems. Apoptotic cell 
extrusion has been demonstrated to regulate cell numbers in cell lines, 
Drosophila (10), and the zebrafish epidermis (11, 12). However, mouse 
intestines with genetic knockouts of key apoptotic pathway compo-
nents such as Bcl-2, Bax, Bcl-w, and Caspase-3/7/8 display normal villus 
morphology, indicating a normal regulation of homeostatic cell extru-
sion (13–16). In Madin-Darby canine kidney (MDCK) cell monolayers (17), 
zebrafish epidermis (17), and the Drosophila notum (18, 19), extrusion 
is driven by increased cell density. These findings have inspired a 
model for the mammalian intestinal epithelium, in which the flow of 
cells to the villus causes cell crowding. In that model, compression 
forces at the villus tip would trigger extrusion [see (20) and (21) for 
recent reviews]. However, cell extrusion is enriched at—but not limited 
to—the villus tip: The frequency of cell extrusion gradually increases 
along the villus shaft and peaks at the villus tip (22, 23). Yet cell density 
is high in the crypt and at the villus base, lower along the villus shaft, 

and returns to villus-base levels at the villus tip (3). Thus, crowding 
alone seems insufficient to explain the extrusion pattern.

Previous work suggests that active cell migration along the villus 
leads to cell crowding at the villus tip, while leaving the villus bottom 
under tension, as indicated by laser ablation experiments (3). Cell 
contractility and mechanical forces have been implicated in the regula-
tion of cell extrusion or delamination in other epithelial systems. For 
example, induction of Ras homolog (Rho) kinase—an upstream regulator 
of myosin II—reduces extrusion in the Drosophila notum and zebrafish 
epidermis (24–26). In the Drosophila abdominal epidermis, extrusion 
is associated with pulsatile actomyosin contractions, and extrusion 
frequency increases under conditions of elevated tensile stress (27). 
By contrast, elevated cortical tension inhibits the apical extrusion of 
oncogenic H-RasV12 cells in liver epithelial monolayers (28). Thus, the 
role of mechanical force is important for cell extrusion and depends 
on the tissue context but has remained largely unaddressed in the in
testinal villi.

Cells extrude from regions under tension in a 
crowding-independent manner
Mouse intestinal organoids faithfully recapitulate the self-renewal 
processes of the gut epithelium (6). At the tips of organoid buds (the 
equivalents of the crypts of Lieberkühn), Lgr5+ stem cells are inter-
spersed between Paneth cells, the latter serving as a source of niche 
signals. Daughter cells rapidly proliferate and move away from the 
buds toward a central villus domain. As they reach the villus domain, 
the cells differentiate into one of the mature intestinal epithelial cell 
types, the most abundant being the enterocyte. To establish an experi-
mental platform for mechanistic studies of the cell extrusion process, 
we developed a method to quantify the localization of the cell extru-
sion events. We imaged mouse intestinal organoids expressing a his-
tone 2B (H2B)–mCherry nuclear marker over multiple days. Using a 
neural network approach (29), we tracked single cells and identified 
hundreds of extruding cells (Fig. 1, A and B, and movie S1). We ob-
served two distinct extrusion modes: One showed fragmented nuclei 
before extrusion, indicative of extrusion driven by apoptosis; the other 
showed extrusion with intact nuclei, indicating a live-cell process 
(Fig. 1, C and D, and fig. S1A). Apoptotic cell extrusion was the pre-
dominant form in the stem cell–containing crypt region, where, under 
physiological in  vivo conditions, cell extrusion is typically rare. 
However, most (92%) of the extrusions in the villus-like region were 
live-cell extrusions (Fig. 1E and fig. S1B). Next, we tested whether cell 
extrusion was determined by an intrinsic timer set before the last divi-
sion (30). The lifetime of cells—defined as the period between the last 
division and extrusion—showed major differences for apoptotic and 
live-cell extrusion. The median lifetime of apoptotic cells was short 
(6 hours) and similar between sister cells: Cells had an 82% chance of 
extruding in an apoptotic manner if their sister also did so (fig. S1C). 
Thus, apoptotic cell extrusion appears to result from fatal errors in 
the mother’s cell cycle or during mitosis (31). The lifetimes of cells 
undergoing live-cell extrusion were broadly distributed, with a median 
of 27 hours (Fig. 1F and fig. S1, D and E). The lifetime of one sister cell 
undergoing live-cell extrusion poorly predicted the lifetime of the sec-
ond sister (fig. S1F). Conclusively, live-cell extrusion is not controlled 
by a timer set before the cell’s birth.

To test whether tissue crowding triggers live-cell extrusion in the 
intestinal epithelium, we analyzed the positions of extrusion events 
and the local cell density by tracking nuclei. Nuclei of neighbors of 
extruding cells initially moved away from the extruding cell and re-
turned directly after extrusion so that the local cell density recovered 
to pre-extrusion levels within approximately 45 min (fig. S1, G and 
H). Furthermore, cell extrusion events were spatially and temporally 
correlated; cells tended to extrude close to each other and shortly 
after a nearby cell had extruded, typically when cells from different 
crypts came into contact (fig. S1, I to L). Notably, extrusions were not 
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to this work. ‡Present address: Center for Molecular Medicine, UMC Utrecht, Netherlands. 
§Present address: Institute of Human Biology (IHB) Roche Pharma Research and Early 
Development, Basel, Switzerland. ¶Present address: Roche Pharma, Research and Early 
Development (pRED) of F. Hoffmann-La Roche, Basel, Switzerland.

D
ow

nloaded from
 https://w

w
w

.science.org at D
elft U

niversity on Septem
ber 16, 2025

mailto:h.​clevers@​hubrecht.​eu
mailto:s.​tans@​amolf.​nl
mailto:j.​v.​zon@​amolf.​nl
mailto:d.​krueger@​hubrecht.​eu


Research Article

Science  4 September 2025 2 of 16

A B C

D

E F G H

LKJI

M N O P Q

R

2

1

10 20 30

10 20 30

2

1

5

3

1

4

2

-400 -300 -200 -100

1

2

3

4

100

60

20

Fig. 1. Intestinal live-cell extrusion occurs predominantly from regions under tension. (A) Live imaging and single-cell tracking of nuclear-labeled intestinal organoids. (B) Time-
colored tracks overlaid on a tracked organoid. (C and D) Cross section (C) and top view (D) of a live-cell extrusion, defined by the presence of an unfragmented nucleus at its final time 
point in the epithelium. Arrowheads indicate the extruding cell. Scale bars, 10 μm. (E) Proportions of apoptotic and live-cell extrusions in villus and crypt. (F) Lifetime distribution  
of 217 apoptotically and 114 live extruding cells. (G) Cell density around 142 extruding cells (green) and nonextruding cells from n = 5 organoids (Mann-Whitney U test on individual 
densities). Cell density was defined as the reciprocal of the average distance to the six nearest neighbors. Binning is for visualization only. (H) Average cell density of extruding and 
nonextruding cells per organoid (n = 5 organoids; two-sided corrected Student’s t test). (I to K) Whole-mount stain of mouse intestinal villi. (I) Overview showing F-actin (phalloidin, 
magenta), active myosin II (pMyo, green), and nuclei [4′,6-diamidino-2-phenylindole (DAPI), blue]. Scale bar, 100 μm. (J) Cross section of an intestinal villus stained for pMyo (green) 
and nuclei (magenta). Dashed line marks the basal surface. (K) Zoom of villus tip in (J). (L) Basal myosin II profile along the villus (mean ± SD; n = 6 villi). [(J) and (K)] Scale bar,  
25 μm. (M) Schematic: Line cut reveals tension by recoil, compression by condensation. (N) Dissected mouse intestine stained with membrane marker (CellMask-Orange). (Top) 
Overview of villi. (Bottom left) Villus cross section with magenta line marking the basal plane (shown in bottom right). Line ablation was performed at this basal section. Scale bars: 50 μm 
(top), 10 μm (bottom). (O) Line ablation (dashed line) at the villus tip (top) and shaft (bottom). Magenta shows the basal surface before ablation; green shows basal surface after ablation. 
Scale bars, 10 μm. (P) Orthogonal recoil after basal line ablation at the villus tip (top) and shaft (bottom). Bold lines indicate mean; shaded areas indicate SEM. (Q and R) Maximum 
recoil (Q) and initial velocity (R) after basal ablation at villus tip and shaft (two-sided Student’s t test). [(P) to (R)] Data from 12 villus tips, 7 villus shafts (n = 3 mice).
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concentrated in regions of high cell density. Instead, cells showed a 
tendency to extrude from areas of average—or low—cell density within 
the villus-like domain (Fig. 1, G and H). Thus, cell extrusion in intes-
tinal organoids is not primarily driven by tissue crowding.

These findings prompted us to investigate whether alternative 
mechanisms involving mechanical forces underlie cell extrusion. We 
examined the actomyosin network along the intestinal villus by stain-
ing whole-mount mouse intestines for active (phosphorylated) myosin 
II, the primary force-generating motor protein. We observed a pro-
nounced accumulation of myosin II at the basal surface of villus cells, 
which increased from the base to the tip (Fig. 1, I to L, and fig. S2, A 
to D). This myosin II accumulation suggested the generation of tensile 
forces, prompting us to question whether compression forces prevail 
at the villus tip.

To test whether the intestinal epithelium at the villus tip was 
under tension or compression in vivo, we dissected small intestines 
from wild-type (WT) mice and immediately afterwards applied line-
shaped laser ablations at different regions of the villus: If the tissue 
were under tension, one would expect an outward retraction orthogo-
nal to the cut line, whereas a compressed tissue would shrink or 
remain static (Fig. 1M). In one set of experiments, we ablated the 
basal surface of a lateral group of 6 to 10 adjacent cells using a line 
cut spanning ~60 μm (fig. S2, E and F)—sizeable enough to integrate 
the response of multiple cells, yet within the geometric constraints 
imposed by the villus curvature (32). These cuts were performed both 
at the villus shaft and at the villus tip region. Upon ablation at the 
basal surface, we observed a rapid outward tissue recoil orthogonal 

to the ablation line in both regions (Fig. 1, N to P; fig. S2F; and movie 
S2) with a similar maximum recoil and initial recoil velocity of ap-
proximately 1.4 μm/s (Fig. 1, Q and R). In another setup, we ablated 
entire single cells along their apical-basal axis at the villus tip rather 
than cutting only their basal surface. Here too, neighboring cells 
consistently retracted away from the ablated cell (fig. S2, G to J). 
Thus, the mouse villus tip, the main region of cell extrusion, is under 
tension rather than compression.

A highly dynamic actomyosin network underlies basal 
tissue tension
Given the above findings and the known cytoskeletal remodeling re-
quired for cell extrusion, we hypothesized that local tensile tissue 
forces could play a role in its regulation. We generated intestinal 
organoid reporter lines for myosin II by integrating a fluorescent tag 
(mNeonGreen) in the endogenous locus of different subunits of the 
myosin II multiprotein complex (Fig. 2, A and B, and fig. S3, A to D). 
The reporter targeting myosin regulatory light chain (Myl12a) colocal-
ized strongly with antibodies for active (phosphorylated) myosin II 
(fig. S3, E and F). It was also enriched at sites of actomyosin contrac-
tion, for example at the cytokinetic furrow during cell division 
(fig. S3G). During cell extrusion, myosin II rapidly increased at the 
cell base and redistributed in a zipper-like pattern along the lateral 
surface toward the apex, before the cell was expelled apically into the 
organoid lumen (Fig. 2C, fig. S3H, and movie S3). This suggests that 
myosin II–mediated contraction exerts the force necessary to extrude 
a cell into the lumen.

A B C

FED

Fig. 2. A basal actomyosin network connects intestinal epithelial cells. (A) Generation of fluorescent reporter organoid line for myosin II activity. The endogenous myosin 
regulatory light chain gene Myl12a was tagged with a fluorescent fusion protein (mNeonGreen). (B) myosin II–mNeonGreen reporter organoid showing myosin II enrichment at 
the basal surface in the villus-like domain. (C) Time-lapse image of an extruding cell in an organoid coexpressing myosin II–tdTomato (green) and H2B-GFP (blue). Dashed line 
marks the cell just before extrusion. Scale bar, 20 μm; cell was imaged with light-sheet microscopy. (D) Schematic of cells in the villus region of intestinal organoids and in  vivo 
villus tips (light blue). The apical surface facing the lumen features actin-rich microvilli and a cortical cytoskeleton lining the plasma membrane. (E and F) The basal actomyosin 
network (green) connects cells through junctions. (E) Super-resolution STED microscopy images of the apical (top row) and basal (bottom row) actomyosin network stained for 
F-actin (phalloidin, magenta, middle), in an organoid expressing myosin II–mNeonGreen (green, left). The right-hand images show a zoom-in of a single cell with superimposed 
actin and myosin signals. Scale bars: 10 μm (left), 5 μm (zoom-ins). (F) High-resolution confocal images of cells of the mouse intestinal villus tip with top views of the apical 
(top), medial (middle), and basal (bottom) section and cross sections of the entire cell (right) stained for F-actin (phalloidin, magenta), phosphorylated myosin (green), and 
nuclei (DAPI, blue). Scale bars, 5 μm. Dashed lines in (E) and (F) indicate the cell boundaries.
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The myosin II intensity profile along the organoid’s crypt-villus axis 
showed a strong apical signal in the crypt region, diminishing toward 
the villus domain (33, 34) (fig. S3, I and J, and movie S4). Conversely, 
basal myosin II exhibited its highest intensity in the villus region, both 
in organoids and in tissue (Fig. 1L and fig. S3, I and J). Stimulated 
emission depletion (STED) super-resolution microscopy identified two 
distinct myosin II localization patterns: a junctional pool, which lined 
the cell boundaries and predominated the apical surface, and a medial 
pool where myosin II coalesced in the cell center and extended radially 
to cell-cell junctions, predominantly found at the basal cell surface in 
the villus domain (Fig. 2, D and E). The overlap of medial and junc-
tional myosin II at the basal surface creates an interconnected acto-
myosin network, similar to those facilitating coordinated cell 
movements in other epithelial tissues (35, 36). We confirmed that this 
organization was also prevalent in vivo throughout the intestinal villi, 
both in the shaft region and at the villus tip (Fig. 2F and fig. S3K). The 
prominent basal enrichment of both medial and junctional myosin II 
suggests a network capable of generating tissue tension through co-
ordinated contractions (37, 38).

To reconstruct the force-transmission between cells in an in vivo-like 
fashion, we grew myosin II reporter organoids on three-dimensional 
(3D) hydrogel substrates that closely mimic the tissue architecture of 
the intestine (Fig. 3A and fig. S3L) (8). Live-cell imaging of the syn-
thetic villus tip showed dynamic basal myosin II remodeling, revealing 
a pulsatile reorganization of the actomyosin network on the basal 
surface of the intestinal epithelium (Fig. 3, B to F; fig. S4, A to E; and 
movie S5). With our earlier data, this suggested that although the tis-
sue is permanently under tension, individual cells’ contractility 

dynamically changes. This is reflected in transient myosin II accumula-
tion that was accompanied by a concomitant decrease of basal cell 
area, presumably due to the myosin II–mediated pulling forces (Fig. 3, 
C to F, and fig. S4, A to E). Conversely, basal expansion was accompa-
nied by decreasing myosin II levels, and myosin II minima coincided 
with an increase of basal area (Fig. 3, C to F, and fig. S4, A to E). 
Pulsatile actomyosin networks have been described in other epithelia 
to coordinate cellular rearrangements such as the inward folding of a 
tissue (37, 38) or delamination of individual cells (39). These dynamics 
allow cells to continuously interact with their neighbors, probe the 
environment, and enable tissue-level coordination (38, 40). Such tissue-
level coordination was evident in the inverse relationship between the 
cell areas of neighboring cells: When a central cell constricted, its 
neighbors expanded (fig. S4, F and H). Thus, cells in the villus region 
dynamically regulate myosin II, driving pulsatile basal area changes. 
Through mechanical coupling via cell junctions, myosin II–generated 
forces appear to propagate to adjacent cells, orchestrating a tissue-
wide “tug-of-war.”

Cell extrusion is regulated by a cell’s ability to exert 
tissue tension
To determine whether tissue tension generated by basal actomyosin 
contractions has a role in regulating cell extrusion, we established an 
optogenetic method to control myosin II–mediated contractility, and 
thereby tissue tension, in intestinal organoids. We integrated a 
doxycycline-inducible optogenetic system called opto-Arhgef11 (41) 
into intestinal organoids. Opto-Arhgef11 is based on the light-
dependent heterodimerization of the photosensor cryptochrome 2 

A B D E

F

C

Fig. 3. Intestinal epithelial cells use their basal cytoskeleton to exert highly dynamic pulling forces on their neighbors. (A) Experimental setup to analyze basal cell 
dynamics at the villus domain using crypt-villus substrates mimicking the in vivo tissue architecture. (B and C) The myosin reporter line coexpressing a membrane-bound 
mCherry fluorescent marker was grown on crypt-villus substrates, and the tip region was imaged using confocal microscopy. Segmented membranes (magenta) were overlayed 
with the myosin signal (green). (B) Synthetic villus tip. Scale bar, 50 μm. (C) Time-lapse micrographs showing the accumulation and dissipation of myosin II in cells causing 
basal cell–area pulsations. Scale bar, 5 μm. (D) Mean myosin II signal (green, left axis) and corresponding basal cell area (magenta, right axis) of three cells indicated in panel 
(C). Gray vertical lines indicate the respective time points of the micrographs in (C). (E) Time-aligned mean traces of myosin II peaks (top) reveal a concurrent decrease in basal 
cell area (bottom). Solid lines indicate mean fold change (FC); shaded areas indicate SEM. (F) Schematic illustrating the observed anticorrelation between basal myosin II and 
basal area.
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(CRY2), fused to Rho guanine nucleotide exchange factor 11 (Arhgef11) 
and its interaction partner cryptochrome-interacting basic-helix-loop-
helix (CIBN), which is anchored at the plasma membrane (Fig. 4A). 
Arhgef11-CRY2 remained cytoplasmic and inactive in the dark but 
rapidly translocated to the plasma membrane upon blue-light excitation 
(Fig. 4B). On the membrane, it initiated the endogenous Rho signaling 
cascade, which triggers myosin II–induced cell contractility and in-
creases tissue tension. Indeed, local photoactivation caused a focused 
contraction of the organoid, which relaxed again owing to the 

dissociation of CRY2-CIBN in the absence of blue light (Fig. 4C and 
movie S6). Staining uniformly photoactivated opto-Arhgef11 organoids 
for phosphorylated myosin II revealed a ~1.7-fold overall increase in 
active myosin II levels, with minimal impact on its subcellular distribu-
tion (fig. S5, A to C).

To test the impact of myosin II activity on cell extrusion systemati-
cally, we grew opto-Arhgef11 organoid cells on synthetic 3D hydrogel 
substrates and measured the rate of extrusion at the villus tip (Fig. 4D 
and fig. S5D). Continuous global photoactivation led to increased 
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Fig. 4. Differences in intercellular tension influence cell extrusion at the villus tip. (A) Schematic of the Arhgef11-CRY2 optogenetic system. Doxycycline (Dox) induces 
Arhgef11-CRY2 expression through reverse tetracycline-controlled transactivator (rtTA) (TetON). Blue light triggers its dimerization with membrane-bound CIBN, causing 
Arhgef11 translocation to the membrane, activation of Rho signaling, and increased myosin-driven contractility. (B) Arhgef11-CRY2-mCherry was recruited to the membrane 
upon photoactivation with 488-nm light. Scale bar, 10 μm. (C) A group of cells in an opto-Arhgef11 organoid was photoactivated with 488-nm light, inducing contraction. 
Membrane-anchored CIBN-GFP visible in the photoactivated region (blue). Scale bar, 50 μm. (D) Setup to assess acute, global myosin activation: opto-Arhgef11 organoids on 
crypt-villus substrates were photoactivated at the tip (488 nm). Extrusion was tracked through H2B-iRFP. (E) Cell extrusion rates over time in nonphotoactivated (gray) and 
photoactivated (blue) synthetic villi. Villi were imaged with 640-nm light before 488-nm photoactivation (PA) (vertical line), which triggered up to a fivefold increase in the 
average extrusion rate. Rates are shown as fold change (FC) relative to dark control (mean ± SD; 19 dark, 13 photoactivated villi). (F to K) Patterned activation of myosin-
mediated tension: One half of synthetic villus tips were photoactivated (blue) to create an artificial boundary between myosin-activated and nonactivated cells (n = 24 villi). (F) 
Schematic illustrating the setup. (G) Confocal image of a villus tip with cells coexpressing opto-Arhgef11 (CIBN-GFP, cyan) and H2B-iRFP (magenta). Asterisks mark extrusion 
events detected within 45 min. [(H) and (I)] Heatmaps showing the location of extrusion events detected within 2.5 hours in 24 villi (H) and total cell density (I). The dashed lines 
indicate the boundary of the photoactivated region (left). [(J) and (K)] Density of extrusion events averaged along the x axis—with photoactivation creating a boundary between 
photoactivated (left, x < 0) and nonactivated (right, x > 0) regions (J)—and along the y dimension (K). Cells near the pattern boundary extruded less in the photoactivated 
region and more in the adjacent nonactivated region.
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tissue tension compared with nonactivated villi (fig. S5, D to F) and 
resulted in a fivefold increase in the average extrusion rate (Fig. 4E 
and fig. S5, G to J). The increase of extrusion rates upon photoactiva-
tion was dependent on the addition of doxycycline, confirming that it 
was not caused by phototoxicity (fig. S5G). The extrusion rate in-
creased readily upon photoactivation, directly after the overall in-
crease of tissue tension. This suggested a link between the tension 
exerted by cells on their neighbors and extrusion. To test the effect of 
contractility differences between neighboring cells, we photoactivated 
one half of the optogenetic villus tip, creating an artificial boundary 
between myosin-induced and noninduced cells (Fig. 4, F and G). Cell 
extrusion was increased locally along the boundary of photoactivation 
(Fig. 4, H to K). Cells most frequently extruded in the nonactivated 
area facing the boundary with the photoactivated area, whereas cells 
adjacent to the boundary in the photoactivated region extruded less 
frequently in comparison (Fig. 4J). Extrusion events were evenly dis-
tributed along the photoactivation boundary, indicating that the effect 
was specific to the illumination pattern (Fig. 4K). Thus, individual cells 
with lower contractile capabilities compared with the surrounding 
tissue appear to be more prone to extrusion.

To test this hypothesis, we generated mosaic organoids containing 
varying ratios of WT cells [tagged with H2B-iRFP (iRFP, infrared fluo-
rescent protein) or H2B-mCherry nuclear markers] and opto-Arhgef11 
organoid cells (Fig. 5A). Upon photoactivation, WT cells were signifi-
cantly overrepresented among extruded cells, particularly in mosaics 
where WT cells were present as a minority. To quantify this effect, we 
compared the fraction of WT cells in the extruded population with 
their overall presence in the organoid, referred to as extrusion enrich-
ment. In organoids where WT cells represented the majority, their 
extrusion occurred approximately at a rate proportional to their abun-
dance (Fig. 5B). However, as the proportion of opto-Arhgef11 cells 
increased, WT cells were extruded at a disproportionately higher rate, 
resulting in a fourfold extrusion enrichment (Fig. 5B). This imbalance 
was not observed in control organoids that were not induced with 
doxycycline or not exposed to blue light; in these cases, WT cell extru-
sion rates remained proportional to their overall presence in the or-
ganoid (Fig. 5C). When examining mosaic organoids with a WT cell 
majority (>50%), the probability of WT-cell extrusion increased with 
their local proximity to opto-Arhgef11 cells (Fig. 5D). Thus, when op-
togenetic cells form the majority, the increased tissue-level tension 
enhances mechanical competition and drives the preferential extru-
sion of less-contractile WT cells. This effect is further reinforced at the 
local level because WT cells are more likely to extrude when close to 
highly contractile optogenetic cells.

To further substantiate these findings, we created a Myh9 hetero-
zygous knockout (Myh9+/−) organoid line, which has genetically im-
paired myosin heavy chain function (33, 42–45) (Fig. 5E and fig. S5, 
K and L). When Myh9+/− were combined with WT cells in 3D mosaic 
organoids, WT cells were consistently underrepresented among ex-
truded cells, whereas Myh9+/− cells were overrepresented (Fig. 5, F 
to I). The observation that Myh9+/− extrusion enrichment progres-
sively increased with higher WT cell content argued that higher 
organoid-level tension promotes the preferential removal of less-
contractile cells (Fig. 5I). Indeed, when two Myh9+/− populations 
labeled with different nuclear markers [H2B-mCherry and H2B-GFP 
(GFP, green fluorescent protein)] were combined, thus eliminating 
contractility differences, no extrusion bias was observed (Fig. 5, J 
and K). Thus, cells appear to assess their neighbors’ ability to gener-
ate tension continuously, resembling a tug-of-war competition for 
extrusion of weaker cells.

Disruption of the basal cortex integrity causes cell extrusion
To test this tug-of-war hypothesis at the cellular level, we used infrared 
(IR) laser microsurgery (33, 46) to destabilize the basal cell cortex of 
individual cells in the villus region (Fig. 6, A and B). Disrupting the 

basal cytoskeleton consistently led to the extrusion of the targeted cell 
within 1 hour (Fig. 6, C to G, and movie S7), whereas applying the same 
laser stimulus directly to the nucleus had no such effect (Fig. 6, E to 
G, and movie S8). In line with our finding that villus cells are under 
tension, basally targeted cells expanded within 15 s of ablation, indicat-
ing a rapid release of basal tension, whereas expansion was absent 
when ablation was instead targeted to the nucleus (Fig. 6, H and I). 
The magnitude of the basal area expansion correlated with the prob-
ability of subsequent cell extrusion (Fig. 6J) but not with the extrusion 
time (Fig. 6K). The reliable induction of cell extrusion after basal ex-
pansion further supported the notion that a critical loss of tension-
generating capacity due to cytoskeleton disruption is necessary to 
trigger extrusion.

Directly after basal microsurgery, basal myosin II levels increased 
at the lateral cell boundaries accompanied by a contraction of the basal 
surface that brought together the membranes of neighboring cells 
(Fig. 6, L and M). When myosin II activity was inhibited pharmacologi-
cally with blebbistatin, the probability that cells extruded at all within 
1 hour decreased from 91% in control organoids to 50% in blebbistatin-
treated organoids (Fig. 6N), whereas the duration of the extrusion 
process after basal microsurgery increased ~twofold (Fig. 6, O and P). 
Thus, myosin II activity is required for executing cell extrusion and 
for the timely removal of mechanically weakened cells.

Next, we examined the cellular response when applying the laser 
stimulus to tension-bearing bi- or tricellular basolateral junctions 
(Fig. 6Q). This procedure reliably induced the simultaneous extrusion 
of a duplet or triplet of cells, respectively, showing that the mechanical 
destabilization of multicellular junctions led to the simultaneous ex-
trusion of the affected cells (Fig. 6R; fig. S6, A to F; and movie S9). 
Again, when we inhibited myosin II activity with blebbistatin and 
destabilized the bases through microsurgery, only 50% of the cells 
extruded within 1 hour, compared with 91% without inhibition (fig. S6, 
G to I). The stimulated multicell extrusion was driven by the contrac-
tion of a common actomyosin accumulation that enclosed all extruding 
cells (fig. S6J). E-cadherin junctions in neighboring cells were main-
tained (fig. S6K), and the overall extrusion rate at the organoid level 
did not significantly increase (fig. S7, A to C), indicating that the epi-
thelial barrier and tissue integrity was maintained. Thus, the epithe-
lium appears to eliminate groups of neighboring cells when they 
become mechanically compromised and lose the ability to maintain 
junctional tension.

This prompted us to investigate whether extrusion is driven by cell-
autonomous contraction or the coordinated contraction of adjacent 
cells. We generated mosaic organoids composed of myosin II reporter 
cells and cells expressing only a nuclear marker and analyzed reporter 
cells surrounded by nonlabeled neighbors (Fig. 6S), as well as nonla-
beled cells surrounded by reporter neighbors (Fig. 6T). Myosin II levels 
increased markedly in spontaneously (nonablated) extruding cells but 
also in the cell neighbors (Fig. 6U and movie S10). Thus, the extruding 
cell appears to trigger an endogenous response to drive its own extru-
sion through myosin II up-regulation supported by the coordinated 
myosin II up-regulation in adjacent cells. Together these processes 
reflect a coordinated tissue behavior to achieve proper contraction, 
extrusion, and maintenance of epithelial integrity. Thus, intestinal cell 
extrusion is a coordinated tissue behavior.

Epcam loss distorts tissue tension and epithelial homeostasis 
in tufting enteropathy
Dysregulation of contractility-based tissue coordination can pro-
foundly impact tissue homeostasis. For example, congenital tufting 
enteropathy (CTE) is a rare genetic disorder characterized by severe, 
intractable diarrhea in infants, often leading to intestinal failure. It is 
caused by mutations in the epithelial cell adhesion molecule (Epcam) 
gene (47, 48), which encodes a negative regulator of myosin II: Its loss 
leads to myosin II hyperactivation (49, 50). The disease phenotype 
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Fig. 5. Contractility differences drive competitive extrusion of myosin II–compromised cells in mosaic organoids. (A) Schematic of the setup: wild-type (WT) (green) and 
opto-Arhgef11 (purple) cells were mixed in mosaic organoids. Photoactivation increased contractility of optogenetic cells. Extrusion enrichment was defined as the ratio of a cell 
type’s fraction in extruded cells to its fraction in the organoid. (B and C) WT extrusion enrichment in mosaic organoids with varying WT fractions. Each dot: one organoid; solid 
line: exponential fit with 95% confidence interval (CI) (shaded). The y axis shows the log scale. Sample sizes: 31 organoids (B); 22 organoids (C) . (B) WT cells tagged with 
H2B-iRFP (light blue) or H2B-mCherry (dark blue) showed increased extrusion enrichment when in the minority. (C) Control conditions without doxycycline induction (no Dox) 
or without photoactivation (Dark) show no significant extrusion enrichment. (D) WT cell extrusion probability increases near opto-Arhgef11 cells. Solid line indicates mean; 
shaded area indicates SEM (82 extrusions from n = 6 organoids). (E) CRISPR-Cas9 strategy to generate a heterozygous loss-of-function mutant organoid line for Myh9, 
encoding nonmuscle myosin heavy chain IIA. (F) Myh9+/− cells (H2B-mCherry) and WT cells (H2B-iRFP) were mixed as single cells to form mosaic organoids. (G) Light-sheet 
image of a mosaic organoid showing WT (green) and Myh9+/− (magenta) nuclei. Scale bar, 50 μm. (H and I) Extrusion enrichment of WT (H) and Myh9+/− (I) cells. WT cells are 
underrepresented, whereas Myh9+/− cells are enriched among extruded cells, especially when in the minority (27 organoids). The y axes show the log scale. (J) Control mosaic 
organoids with two differentially labeled Myh9+/− populations (H2B-mCherry and H2B-GFP) show no extrusion bias (16 organoids). (K) Violin plot summarizing fold enrichment 
of Myh9+/− and WT cells in extruded populations, grouped by whether the genotype was in the minority (<50%) or majority (>50%) in the mosaic organoid. Each dot indicates 
one organoid. P values were obtained by two-sided corrected Student’s t test. The dashed line indicates equal extrusion probability.
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Fig. 6. Release of tissue tension triggers cell extrusion. (A to D) Point ablation of a single cell’s basal surface. (A) Schematic of the point ablation experiment. (B) Brightfield 
with H2B-mCherry (magenta); [(C) and (D)] Confocal top view (C) and cross section (D) after basal ablation. The arrowheads indicate targeted cells; dashed circles indicate 
neighbors. “ΔZ” indicates vertical shift of the extruding cell relative to neighbor Z-levels. Scale bars, 10 μm. (E and F) Schematic (E) and confocal images (F) of point ablation in 
the nucleus. Time stamps in (C), (D), and (F) indicate time since ablation. Asterisk indicates location of the stimulus. (G) Basal ablation triggered extrusion, unlike nuclear 
stimulation (data from 81 basal and 94 nuclear stimulations; P < 10−23, Fisher’s exact test). (H) Point ablation causes cell base expansion (magenta indicates before ablation; 
green indicates after). (I) Cell area expanded after basal but not nuclear ablation (Student’s t test; data from 27 basal and 18 nuclear stimulations). (J) Basal expansion predicted 
extrusion (Mann-Whitney U test; 21 extrusions, 6 nonextrusions). (K) Basal expansion after ablation did not correlate with extrusion time (Pearson r, −0.14). (L) Confocal  
images of myosin-II (green) dynamics after basal point ablation. Asterisk indicates the location of the stimulus; arrowheads indicate the extruding cell. (M) Response to acute 
basal tension loss by laser-induced cytoskeletal ablation. (N) Blebbistatin reduced extrusion probability within 1 hour after basal ablation (Fisher’s exact test; 81 control,  
49 blebbistatin-treated organoids). (O) Vertical shift (ΔZ) over time (mean ± SEM of stimulated cells). (P) Extrusion time [Mann-Whitney U test; 22 extrusions per condition in 
(O) and (P)]. (Q) Multicellular junction ablation. Arrowheads indicate ablation site. [(F), (H), (L), and (Q)] Scale bar, 5 μm. (R) Ablation of multicellular junctions triggered 
extrusion of nearby cells (within 9 μm; n = 34 organoids). (S and T) Mosaic organoids with myosin II reporter (green) and H2B-iRFP–only cells (magenta). Time relative to 
spontaneous extrusion. Scale bars, 10 μm. (S) Extruding myosin reporter cell autonomous up-regulation of myosin. (T) Nonreporter cell extrusion induced myosin in neighbors. 
(U) myosin II levels over time in extruding cells (green) and their neighbors (magenta), aligned to extrusion. Data are from 10 extruding and 15 adjacent cells.
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includes impaired intestinal barrier function, epithelial defects, and 
disrupted tissue organization, such as villous atrophy, crypt hyperpla-
sia, and focal epithelial tufts (Fig. 7A) (51). These tufts are distinct 
histological features characterized by the disorganization and crowd-
ing of surface enterocytes into tuft-like structures.

To investigate the potential role of our proposed extrusion regula-
tion mechanism in CTE, we introduced Epcam loss-of-function muta-
tions in intestinal organoids using CRISPR-Cas9, generating three 
independent Epcam−/− lines (Fig. 7, B and C, and fig. S8A). Mutant 
organoids displayed distorted morphology: The well-structured mor-
phology of WT organoids, characterized by distinct budding protru-
sions and a cystic center, was largely lost in Epcam−/− organoids (Fig. 7, 
C and D, and fig. S8, B and C). Time-lapse imaging of Epcam−/− organ-
oids growing from small cystic organoids over several days revealed 
repeated cycles of inflation and deflation (movie S11). Compared to 
WT organoids, Epcam−/− organoids exhibited delayed budding, initiat-
ing bud formation after 3 rather than 2 days (Fig. 7E). Additionally, 
they grew into noticeably larger structures than WT organoids 
(fig. S8C). Using quantitative polymerase chain reaction (qPCR) and 
immunofluorescence, we confirmed that Epcam−/− organoids differ-
entiated into all major intestinal lineages but exhibited some marked 
differences (fig. S8, D and E): Consistent with CTE’s crypt hyperplasia, 
Epcam−/− organoids showed increased expression of markers for stem 
cells and immature enterocytes and a reduction in markers of mature 
cell types in comparison with WT organoids (fig. S8, D and E). These 
findings align with reports of delayed differentiation and persistent 
differentiation defects in CTE (52, 53).

The reduced presence of mature cell types could be attributed to 
increased cellular turnover. To investigate this, we measured cell extru-
sion rates using a transwell assay and flow cytometry. Epcam−/− or-
ganoids exhibited a ~1.5-fold increase in extrusion rate compared with 
WT (Fig. 7F), and immunostaining for phospho–myosin II confirmed 
myosin hyperactivation (Fig. 7G and fig. S8, F and G). Our findings 
that excessive contractility and elevated tissue-level tension acceler-
ated cell extrusion (Fig. 4, D and E) suggested that Epcam loss may 
contribute to epithelial dysregulation by increasing mechanical ten-
sion, which could promote premature cell removal and thereby mani-
fest the disease phenotype.

To examine the effects of contractility differences in this disease-
relevant context, we generated mosaic organoids containing WT and 
Epcam−/− cells and analyzed cell extrusion. Live imaging and quanti-
fication of extrusion enrichment revealed that hypercontractile 
Epcam−/− cells extruded less frequently, whereas WT cells were over-
represented among extruded cells. This effect became stronger with 
increasing abundance of Epcam−/− cells (Fig. 7, H and I, and fig. S8H). 
This mirrored our earlier finding with WT and opto-Arhgef11 cells, in 
which the less-contractile minority population was preferentially ex-
truded (Fig. 5B). Combining two WT lines with different nuclear mark-
ers did not show such biased extrusion (Fig.  7J), confirming that 
contractility differences rather than genetic labels drive extrusion. To 
determine whether myosin II hyperactivation directly drives competi-
tive extrusion, we inhibited Rho signaling pharmacologically using 
Y16 (Rho-GEF inhibitor) and Y-27632 (ROCK inhibitor) in mosaic 
Epcam−/−/WT organoids with a majority of Epcam−/− cells. Both in-
hibitors significantly reduced WT extrusion enrichment, demonstrat-
ing that suppressing myosin II activity alleviates the extrusion bias 
against WT cells (Fig. 7K). Thus, tension heterogeneity within the epi-
thelium drives cell extrusion, and differences in myosin II–mediated 
contractility create mechanical competition that determines which 
cells are extruded (fig. S9, A and B). This process, when dysregulated, 
may contribute to epithelial pathologies such as CTE.

Discussion
The self-renewal of the intestinal epithelium is commonly described 
with the analogy of a conveyor belt: Cells are continuously produced 

in intestinal crypts, move into the villus domain as they differentiate, 
and finally extrude into the lumen from the villus tip. In line with this 
model, it has been suggested that cells extrude in response to tissue 
crowding as they ultimately accumulate at the villus tip, where owing 
to the limited space, the tissue is compressed (20, 21). Our findings 
challenge this model: Instead of tissue compression, we find that the 
basal surface of intestinal villi, including the tip region, is under ten-
sion. This tension is mediated by myosin II pulsations in the basal cyto-
skeleton, and cell extrusion rates are directly coupled to this tissue-level 
tension. Laser ablation of the cell base—causing local weakening—or 
genetic impairment of contractility both induce extrusion, suggest-
ing that cells unable to sustain tension are eliminated. By contrast, 
(opto-)genetic activation of myosin II increases tissue-wide tension 
and amplifies the mechanical competition between cells, promoting 
the preferential extrusion of weaker cells. These complementary ap-
proaches reveal a shared principle: A cell extrudes when it can no 
longer sustain or reciprocate the tension exerted by neighboring 
cells—whether because of a local impairment of contractility or in-
creased tension exerted by its neighbors.

In the intestine, an interconnected basal actomyosin network facili-
tates the transmission of physical forces throughout the villus epithe-
lium, coordinating tissue-level behaviors such as cell extrusion, as 
shown here, but potentially also cell migration (3) and proliferation 
(54, 55). Indeed, a cell’s extrusion triggers cell contractility in its neigh-
bors and impacts tissue-level tension. We propose a revision of the roles 
of cell extrusion and proliferation in tissue homeostasis. Cells at the 
villus tip are not pushed into crowding and compression but instead 
pull on their neighbors, driving a mechanical competition and lead-
ing to the preferential extrusion of less-contractile (“weak”) cells. 
Thus, the intestinal epithelium acts as a self-renewing network of 
cells that autonomously replaces its weakest links. Indeed, cell extru-
sion thus not only serves to maintain cell number homeostasis but 
also to maintain “mechanical homeostasis”—the need to maintain 
and restore the optimal mechanical tissue state. Mechanochemical 
signaling dynamics driven by myosin II–mediated tissue tension thus 
complements biochemical signaling gradients in the organization 
and maintenance of intestinal homeostasis. This tissue-level ten-
sion caused by the extrusion of weak cells could, in turn, promote cell 
proliferation, and so proliferation may respond to extrusion to main-
tain cell number homeostasis, rather than driving extrusion. This would 
invert the conventional view of cause and effect in intestinal homeo-
stasis. Indeed, increased tissue tension in intestinal organoids (54, 55), 
MDCK monolayers (56), mouse colon (57), or the pig intestine (58) can 
stimulate cell proliferation.

Although the role of tensile basal actomyosin has been recognized 
in morphogenesis (59–61), we show its importance for intestinal bar-
rier maintenance during tissue homeostasis. This has implications for 
pathologies in which the epithelial barrier function is impaired, be-
yond the tufting enteropathy studied here. For example, mutations in 
cytoskeletal components such as myosin IIA heavy chain (62), RAC1 
(63), myosin IXB (64), keratin 8 (65), and cytoskeletal cross-linking 
protein ACF7 (66) are associated with increased epithelial permeability 
and are implicated in diseases characterized by excessive cell extru-
sion, such as inflammatory bowel disease (IBD, e.g., Crohn’s disease 
and ulcerative colitis). By contrast, cancerous epithelial cells evade 
homeostatic cell extrusion and initiate primary tumors by distorting 
extrusion mechanisms and extruding through the basal rather than 
the apical surface (67, 68). Mutation of RAS oncogenes—prime drivers 
of small intestinal adenocarcinomas (69)—interfere with myosin II 
activity and alter tissue mechanics [reviewed in (70)]. On the basis of 
our findings, we propose tissue tension as a potential therapeutic tar-
get that could be influenced through pharmacological modulation (71) 
to alleviate excessive shedding in the context of IBD or to accelerate 
the extrusion of cells that threaten intestinal integrity, e.g., during 
pathogen infections (72–74).
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Materials and methods
Organoid culture
Organoids were grown in basement membrane extract (BME; Biotechne 
R&D Systems; cat. #3533-010-02) and ENR growth medium. ENR growth 
medium was prepared with murine recombinant Noggin (100 ng/ml; 
Thermo Fisher, cat. #250-38-100UG) and human recombinant R-spondin 
1 (500 ng/ml; Thermo Fisher, cat. #120-38-5UG), 1 mM n-acetylcysteine 

(Merck, cat. #A9165-5G), 50 ng/ml epidermal growth factor (EGF; 
Thermo Fisher cat. #315-09-500UG), N2 and B27 supplement (1×; 
Thermo Fisher, cat. #17502048 and #17504044, respectively), Glutamax 
(2 mM; Thermo Fisher cat. #35050061), HEPES (10 mM; Thermo Fisher, 
cat. #15630080), 100 U/ml Penicillin, 100 μg/ml Streptomycin (Penicillin-​
Streptomycin, Gibco Thermo Fisher Scientific, cat. #11548876) in Advanced 
DMEM/F12 (Thermo Fisher, cat. #12634010). Passaging was done once 
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Fig. 7. Hyperactivation of myosin II in Epcam−/− cells disrupts epithelial homeostasis and drives competitive cell extrusion. (A) Hallmarks of congenital tufting 
enteropathy (CTE), a disease caused by loss-of-function mutations in Epcam. (B) Schematic of Epcam function and its role in myosin II inhibition. (Right) CRISPR-Cas9 strategy 
to generate Epcam−/− organoids (guide sites shown). Epcam loss leads to myosin II hyperactivation. (C and D) Immunofluorescence staining [Epcam (magenta) and DAPI (blue)] 
and brightfield images of WT and Epcam−/− mutant organoids. Scale bars, 50 μm (C) and 100 μm (D). (E) Brightfield images showing growth and morphological changes of WT 
(bottom) and Epcam−/− (top) organoids over time. Scale bars, 100 μm. (F) Quantification of cell extrusion rates using a transwell assay and flow cytometry; Epcam−/− organoids 
(red) show a significantly higher extrusion rate compared with WT (green). The solid line shows the mean, the dashed line shows linear fit, and the shaded area shows the SEM 
data: 5 WT, 12 Epcam−/− [5 of a mutant line generated with guide RNA1/2 (gRNA1/2); 2 of a line generated with gRNA3] transwells. (G) Immunofluorescence for Epcam 
(magenta) in a mosaic organoid with H2B-iRFP–labeled Epcam cells (also magenta) and H2B-mCherry–labeled WT cells (green). Scale bar, 50 μm. (H and I) Extrusion enrichment 
in mosaic organoids composed of H2B-iRFP–labeled Epcam−/− cells and H2B-mCherry–labeled WT cells. Extrusion enrichment of WT (H) or Epcam−/− (I) cells is shown at  
varying fractions of the respective cell population in the mosaic organoid. WT cells become increasingly enriched among extruded cells as the proportion of Epcam−/− neighbors 
rises, whereas Epcam−/− cells are underrepresented (27 organoids). (J) Extrusion enrichment in control mosaics with WT cells labeled by different nuclear markers showed no bias. 
[(H) to (J)] Each dot indicates one organoid; exponential fit ± 95% CI (shaded). The y axis shows the log scale. (K) Pharmacological inhibition of Rho signaling upstream of myosin II 
activity with Y16 or Y-27632 (scheme on left) reduces extrusion enrichment of WT cells in WT/Epcam−/− mosaics. Data are from seven DMSO-treated, nine Y16-treated, and seven 
Y27632-treated organoids; two-sided Student’s t test.
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and the medium change twice per week on non-consecutive days. 
During passaging, BME was dissolved in cold base medium (2 mM 
Glutamax, 10 mM HEPES in Advanced DMEM/F12) and organoids 
were mechanically disrupted, before embedding in new BME and 
plating onto a culture plate. BME was left to solidify for 20 to 30 min 
before new growth medium was added. For expansion and outgrowth 
of single cells, organoids were cultured in Wnt-conditioned medium 
[ENR, 10 mM Nicotinamide (Sigma‐Aldrich, cat. #98-92-0), home-made 
Wnt3A conditioned medium 50% (v/v) (75)]. Organoids expressing the 
optogenetic module were kept in the dark in an aluminum vessel. To 
inspect optogenetic organoids, culture plates and dishes were placed in 
containers wrapped in Deep Amber lighting filter foil (Cabledelight) 
to filter blue light.

Cloning
Gibson Assembly (NEBuilder HiFi DNA Assembly, NEB, cat. # E2621) 
was used for the cloning of all constructs. Transgenic constructs were 
cloned into p2T vectors that flank the inserts with 3′ and 5′ tol2 se-
quences. These transposable elements mediate the mT2TP transposase-
dependent random integration of the expression constructs into the 
cell genome. For p2T-CIBN-GFP-PuroR, a new p2T vector was assem-
bled by combining fragments containing an empty p2T backbone, 
the CAG promoter, CIBN-GFP [from (76)] and IRES-PuroR. To express 
Arhgef11-CRY2 under Dox-inducible promoter, in a p2T backbone, 
the Tet-ON 3G transcription factor driven by a CMV promoter [from 
(77)] was combined with a P2T-T2T tandem and a HygromycinR. In 
opposite direction, a TRE3GS promoter [from (77)] was cloned to 
drive the PHR-CRY2 domain fused to Arhgef11 (from Addgene plas-
mid #89481) and followed by a SV40 polyA tail. A second construct 
containing Argef11-mCherry-CRY2 was generated based on the p2T-
TetON-Hygro-Arhgef11-CRY2 construct. For p2T-H2B-iRFP-IRES-PuroR 
and p2T-H2B-mCh-IRES-BlastR nuclear markers, the p2T-CIBN-GFP-
BlastR construct was cut with XhoI and BsrGI (both New England 
Biolabs, cat. #R0146S, #R3575S) and fragments containing H2B, iRFP670 
or mCherry and IRES-BlasticidinR were combined. p2T-CMV-H2B-
eGFP-SV40-HygroR was assembled to contain the p2T backbone, a 
CMV promoter driving H2B-mEGFP and a SV40 promoter driving a 
HygromycinR. 2 CRISPR-HOT donor plasmids were generated. Based 
on pCRISPaint-mNeon (Addgene plasmid #174092), new donors con-
taining pCRISPR-HOT-mNeon-P2A-T2A-mCherry-CAAX (to generate 
mNeonGreen fusion protein that co-translates a red-fluorescent 
plasma membrane marker), pCRISPR-HOT-mNeon-Stop-PGK-
mCherry-CAAX (to generate mNeonGreen fusion protein and ex-
presses a red-fluorescent plasma membrane marker independently 
under the PGK promoter) were generated using Gibson assembly.

CRISPR-mediated reporter and knockout generation
Knock-in reporter organoids were generated using CRISPaint technol-
ogy (78) and the CRISPR-HOT method (79). A gene-specific sgRNA-
containing plasmid (Table S1) was co-transfected (80) with a donor 
plasmid containing the fluorescent tag and the frame-selector plasmid 
containing an sgRNA to linearize the donor plasmid and the Cas9 into 
mouse intestinal organoids (each 5 μg sgRNA plasmid) using a NEPA 
electroporation system (NEPAGENE). Myosin knock-in reporter or-
ganoids were generated using both pCRISPR-HOT_mNeon-P2A-T2A-
mCherry-CAAX and pCRISPR-HOT_mNeon-Stop-PGK-mCherry-CAAX 
donor vectors. The comparison of the target-specific co-expression and 
independent expression of the mCherry plasma membrane marker 
allowed an estimation of signal strength and localization across gene 
targets. Myl12a-mNeonGreen-P2A-T2A-mCherry-CAAX was selected to 
characterize myosin activity and dynamics in organoid tissue. In addition, 
pCRISPR-HOT_tdTomato (Addgene plasmid #138567) was used to 
generate a Myl12a-tdTomato line and pCRISPaint-mNeon in combina-
tion with a Cdh1-specific sgRNA was used to generate a live reporter 
for E-cadherin. 3 days before and 2 weeks after electroporation 

organoids were split and cultured in Wnt-conditioned medium. Expression 
of fluorescent reporters in individual organoids was monitored daily. 
To generate stable organoid lines, fluorescent organoids were picked, dis-
sociated to single cells using TrypLE Express Enzyme (Thermo Fisher Scien
tific, cat. #12605010) and expanded for 2 weeks in Wnt-conditioned medium. 
Stable lines were cultured in ENR medium.

For gene-specific knockout generation, a sgRNA vector conferring 
a transient Hygromycin and a Cas9 vector conferring a transient 
Puromycin resistance were co-transfected. After electroporation or-
ganoids were cultured in Wnt-conditioned medium. 1 day after elec-
troporation the organoids were exposed to Puromycin (2 μg/ml; 
InvivoGen, cat. #ant-pr) and Hygromycin B Gold (100 μg/ml; InvivoGen, 
cat. #ant-hg) for 24 hours. 2 weeks after electroporation outgrown 
organoid clones were picked, dissociated to single cells, DNA was ex-
tracted using Quick-DNA Microprep Kit (Zymo Research Corporation, 
cat. #D3021) and genotyped using gene-specific primer pairs (sanger 
sequencing performed by Macrogen Europe BV). Clonal organoid lines 
were cultured in ENR medium.

Generation of transgenic organoids
Organoid lines expressing H2B nuclear marker (30, 81), Dox-inducible 
optogenetic modules and the optogenetic anchor CIBN-GFP were gen-
erated by co-electroporation of 5 μg of the respective expression con-
struct and 5 μg of a vector containing the mT2TP transposase driven 
by the CAG promoter for the transient expression of mT2TP mediat-
ing the tol2-dependent genome integration of expression constructs. 
1 week after electroporation organoids were exposed to the expression 
construct-conferred resistance. The culture was propagated and main-
tained in ENR medium containing the expression construct-conferred 
resistance.

Sample preparation of synthetic hydrogels with crypt-villus topology
ECM-based hydrogel substrates were generated as described previ-
ously (8). Before organoid seeding, the substrates attached to 35-mm 
culture dishes were sterilized using UV illumination and repeated 
washes using PBS solution containing Primocin (1:500; InvivoGen, 
cat. #ant-pm) and incubated in Wnt-conditioned medium overnight. 
Cells were incubated in Wnt-conditioned medium 3 days before seed-
ing. For cell seeding, BME was enzymatically digested using Dispase 
(Stemcell Technologies cat. #07913) and washed away using cold base 
medium. Cells were dissociated to single cells using Accutase Cell 
Detachment Solution (Innovative Cell Technologies, cat. #AT104-500), 
pelleted by centrifugation at 250×g for 5 min and resuspended in 
15 μl of Wnt-conditioned medium. Medium was aspirated from sub-
strates and the cell suspension was seeded evenly onto the surface. 
Cells were allowed to attach for 5 min at 37°C before more Wnt-
conditioned medium containing 10 μM Y‐27632 (Abmole, cat. #M1817) 
was added to fill the culture dish. The cells were kept in Wnt-
conditioned medium for 4 days, in Wnt-conditioned medium diluted 
1:2 in ENR for 3 days and eventually kept in ENR medium. Organoids 
expressing the optogenetic modules were kept in medium containing 
Puromycin (1 μg/ml) and Hygromycin B Gold (100 μg/ml) and incu-
bated in a dark aluminum chamber and inspected through blue-light 
filtering foil.

Generation of mosaic organoids
Organoid lines were dissociated to single cells as described for seed-
ing on hydrogel substrates, resuspended in Wnt-conditioned medium 
and combined at desired ratios. The cell suspension containing 
300,000 cells in 20-μl medium was mixed well by repeated pipetting 
and 20 μl were seeded per well onto a 48-well plate. The plate was 
spun at 200×g for 5 min and incubated for 30 min at 37°C before 
Wnt-conditioned medium (with 10 μM Y‐27632) was added. After 24 hours 
the cell layer was mechanically detached by scraping off the cell layer 
using a pipette tip and repeated flushes with base medium. Without 
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extra mechanical sheering, the cells were collected by centrifuga-
tion and seeded directly into microscope sample carriers. Organoids 
were cultured in ENR medium. Mosaic organoids were imaged for 12 to 
20 hours using a Leica Stellaris confocal microscope or Viventis Light 
sheet microscope.

Extrusion measurement of Epcam−/− and WT cells
Transwell inserts with 0.1-μm pore size (Corning, cat. #CLS3396) were 
coated with 5% BME for 30 min. Organoid cells were dissociated into 
single cells as described above, resuspended in Wnt-conditioned me-
dium supplemented with 10 μM Y-27632, and seeded onto the transwell 
surface at a density of 200,000 cells per insert. The cells were cultured 
for 4 days in Wnt-conditioned medium to achieve full confluency, fol-
lowed by 2 days in transition medium (1:1 mix of ENR and Wnt-
conditioned medium). To promote differentiation, monolayers were 
then maintained for 10 days in ENR medium. Only transwells with 
complete and confluent monolayer coverage were included in down-
stream analysis. Flow cytometry was used to count extruded cells in 
the medium covering the monolayer. To this end, the medium covering 
the monolayer was refreshed and collected after 1, 2, and 3 hours. The 
cells were stained with DAPI (1 μg/ml) and the number of extruded 
cells was measured by FACS using a CytoFLEX (Beckman Coulter). To 
normalize extrusion rates to the number of cells in the monolayer, the 
transwell membranes were fixed in 4% paraformaldehyde for 30 min 
at room temperature, washed with PBS, and stained with DAPI (1 μg/
ml). Whole-membrane tile scans were acquired using a Leica Thunder 
widefield microscope with a 5× air objective. Cell nuclei were seg-
mented using StarDist in Fiji, and total cell numbers were quantified. 
The extrusion rate was calculated as the number of extruded cells (by 
FACS) divided by the total number of monolayer cells (by image seg-
mentation), normalized to the time of sample collection.

Long-term live-cell imaging and image analysis
For long-term live imaging of nuclear reporter organoids, organoids 
were seeded onto an imaging chamber (CellVis 4 Chambered 
Coverglass System cat. #C4-1.5H-N) and imaged on a A1R MP (Nikon) 
scanning confocal microscope outfitted with a 1.30 NA 40× magnifica-
tion oil immersion objective, incubation chamber set to (37°C, 5% CO2) 
(30). Images were taken every 12 min, and at each time point, 31 Z-
slices were imaged with 2-μm intervals.

For live imaging of organoids grown on synthetic crypt-villus sub-
strates, the chips were placed into a μ-Dish 35 mm glass bottom dish 
(Ibidi, cat. #81218-200) onto a circular holder made of PDMS material 
with a width of ~2 mm. The samples were imaged using a Leica SP8 
confocal microscope using a HC PL APO CS2 20x/0.75 air objective at 
37°C and 5% CO2. Z-Stacks of 40 μm were collected with 1 μm Z-interval 
and with a time interval of 6 min.

Epcam−/− and WT organoids were seeded on a 96-well glass bottom 
plate and imaged over a period of 1 week using a Leica Thunder wide-
field microscope using a 5× air objective and brightfield illumination.

Cell tracking
Semi-automated tracking of single cells and their extrusion from or-
ganoids was done by tracking the cell nuclei using the OrganoidTracker 
(29) software. Tracks and lineage trees were analyzed in Python. Cells 
were censored when they moved out of view or were still alive when 
the image acquisition was stopped. We measured the cell density 
around a cell as the inverse of the average distance to its 6 closest 
neighbors (in millimeters), using the cell_density_calculator in 
OrganoidTracker (29).

Optogenetic experiments
Photoactivation of opto-Arhgef11 organoids was done using a Leica 
SP8 confocal microscope using a HC PL APO CS2 40×/1.10 water objec-
tive. 3D organoids expressing the system were imaged first using only 

640-nm excitation to collect transmitted light and the H2B-iRFP nu-
clear marker signal (pre-activation). For regional photoactivation a 
region of interest (ROI) was designed, which was set to be illuminated 
with low intensity of 488-nm light (0.5 to 1%). A time course with a 
time interval of 1 s was started with simultaneous illumination of the 
entire organoid with 640-nm excitation (to collect transmitted light 
and the H2B-iRFP nuclear marker signal) and 488-nm photoactivation 
specific to the ROI. In this region, the GFP signal of the labeled opto-
genetic anchor was recorded. To stop photoactivation, the laser power 
of the 488-nm laser was set to zero. To record the translocation of 
Arhgef11-CRY2-mCherry to the plasma membrane, a Zeiss LSM780 
was used with a C-Apochromat 40×/1.20 W Korr M27 water objective 
(Zeiss). First, the mCherry signal was collected using 564-nm excita-
tion, then a region was illuminated within a ROI using 488-nm illu-
mination and the mCherry signal was collected again after 5 s. For the 
photoactivation of optogenetic organoids grown on synthetic hydro-
gels, a Leica SP8 confocal microscope using a HCX IRAPO L 25×/0.95 
water objective was used. A water pump was attached to the water 
immersion objective that compensated for water evaporation during 
the experiments. As a control, we first imaged optogenetic organoids 
on hydrogel substrates that were not induced by doxycycline before 
for 2.5 hours at a time interval of 4 min with both 640-nm light to 
record the H2B-iRFP nuclear signal and 488-nm blue light. The posi-
tions of the imaged villi were saved. Afterwards the organoids were 
incubated for 12 hours to let them recover, induced with 1 μg/ml doxy-
cycline (Thermo Fisher Scientific, cat. #10592-13-9) for 24 hours and 
the same villi were imaged for 2.5 hours only with 640-nm light with-
out 488 nm. Again, the organoids were incubated for 12 hours and the 
villi were imaged for 2.5 hours with both 640 nm and photoactivated 
using 488-nm light. Extrusions were counted and the extrusion rates 
were calculated for each villus. In another setup, the samples were first 
imaged for 2.5 hours exclusively with 640-nm light (non-activation), 
followed by 2.5 hours with simultaneous photoactivation using 488-nm 
light in time intervals of 4 min. For patterned photoactivation of only 
one half of the villus tip, the tip was first centered and imaged in the full 
field of view using 640-nm light, while the left half was selectively illu
minated with 488-nm light for 2.5 hours. Mosaic organoids were imaged 
using a Leica Stellaris Confocal microscope using a 20× air objective 
(20×/0.75 Air, Leica) or using a Viventis Light sheet microscope, as 
described below, and photoactivated every 5 min. For all optogenetic 
experiments: To be able to position the optogenetic samples at confocal 
microscopes a deep Amber lighting filter foil (Cabledelight) was placed on 
top of the condenser to block blue light from brightfield illumination.

Light-sheet imaging
Live imaging of Myo-mNG reporter organoids and mosaic organoids 
was performed using a LS1 Live light sheet microscope (Viventis 
Microscopy) using a Nikon 25× NA 1.1 water immersion objective at a 
magnification of 18×. Organoids were mounted on a single-chamber 
sample holder 1 day before the start of imaging. Organoids were imaged 
at 37°C and 5% CO2. A position-specific alignment of the light sheets 
with a thickness of 2.2 μm was done. Organoids were imaged every 
8 min using appropriate laser lines depending on the fluorophores ex
pressed. Myo-mNG reporter organoids were imaged with 488-nm and 
561-nm illumination. Mosaic organoids expressing combinations of 
H2B-mCherry, H2B-iRFP, H2B-GFP, or CIBN-GFP were imaged using 
561-nm, 638-nm, and 488-nm illumination, respectively. Organoids 
co-expressing Myo-mNG with H2B-iRFP, or Myo-tdTomato with H2B-
GFP and H2B-iRFP, were imaged using 488-nm and 638-nm, or 488-nm, 
561-nm, and 638-nm illumination, respectively. Post-acquisition analy-
sis was performed using Fiji.

Image analysis of short-term movies
Image processing and analysis was done using Fiji (82)/ImageJ2 (83). 
To measure the basal expansion after laser-ablation of the basal 
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cytoskeleton, organoids expressing H2B-mCherry and E-cadherin-
mNeonGreen were plated onto an imaging plate (day 0) and ablated 
at the base on day 2. The time-lapse video of the stimulation was taken 
from 5 s before stimulation until 15 s after stimulation, and the basal 
area of the ablated cells was measured on the average E-cadherin-
mNeonGreen signal before (−5 s < t < 0 s) and after (10 s < t < 15 s) 
ablation. 3D renderings were generated by exporting nuclei positions 
from OrganoidTracker and rendering in ParaView (v. 5.11.0).

The basal surface of reporter organoids grown on synthetic crypt-
villus substrates was extracted using the Fiji plugin LocalZProjector 
(84). Basal cell membranes were segmented and tracked manually 
using Napari (napari.org) and analyzed in Matlab (2021b, MathWorks). 
Myosin levels were quantified using Matlab by creating binary masks 
for individual cells and time points to calculate the cell area and mean 
fluorescent signal. Graphs were visualized using the plot function and 
smoothened with a factor of 3. To identify myosin or basal area peaks 
(primary parameter), a trend curve was calculated and subtracted 
from the raw signal before maxima were identified using the findpeaks 
function. To calculate the trend, a polynomial function of 4th degree 
was fitted to single cell myosin/basal area curves (signal over time) 
using the fit function. The corresponding secondary parameter was 
analyzed and averaged across all identified signal peaks within a defined 
time window (typically 1 hour) centered around each peak to generate 
the final graph. 3D rendering of organoids growing on hydrogels with 
crypt-villus topology was done using Imaris 10.0 (Oxford Instruments).

To quantify apical and basal myosin levels, crypts recorded in the 
cross section were selected and a line was drawn following the shape 
of the epithelium with ~150-μm length. The epithelium was virtually 
transformed into a straight line using the Fiji straighten function. A 
line was drawn on the apical and basal surface respectively and the 
signal measured with a line width of 4 μm to obtain the respective line 
profiles. Line profiles centered around multiple crypts were averaged 
and depicted in the final graph. The same approach was used to mea-
sure the apical and basal myosin profile for a single developing crypt 
over time. To this end, for each time point the shape of the epithelial 
line was adjusted and the measured distances scaled to match the 
length of the final crypt-villus region.

To analyze extrusion of cells upon optogenetic activation of myosin, 
the acquired H2B-iRFP nuclear marker signal was used to monitor 
cell dynamics. The detection of cell extrusion events and total cell 
counts were done using the Fiji plugin Cell Counter and the position 
and time were registered. Counting was done in a blinded fashion 
without information about the photoactivation pattern by a person, 
who was not the experimenter. Using Matlab, the positional and tem-
poral data were analyzed. To analyze the extrusion rate over time, it 
was calculated as the average number of extrusions per total cells 
within a 25-min time window. To analyze the position of extruding 
cells, the position data of extrusion events and total cells were binned 
equally using the hist3 and visualized using the imagesc function. The 
x- and y-profile for cell extrusions and total cells was generated by 
calculating the mean density along the respective axis within a 9-μm 
window. The raw extrusion profile was then normalized by the total 
cell profile to obtain the final extrusion profile.

For the quantification of mosaic organoids, the respective cell popu-
lation was measured as fraction of the total and extruded cell popula-
tion (extrusion enrichment), extrusions and total cells were manually 
counted based on the co-expressed fluorescent markers using Napari 
and Fiji Cell counter. Counting was done in a blinded fashion. Mosaic 
organoids were excluded from analysis if they showed no extrusions, 
moved out of focus, exhibited excessive damage, or had insufficient 
signal strength during imaging.

Immunofluorescent staining of whole-mount intestinal tissue
Mice were sacrificed and the small intestine was dissected. The lu-
men was flushed several times with cold PBS. The tissue was cut as 

a tube and opened along the longitudinal axis. The tissue was fixed 
in 4% paraformaldehyde solution at 4°C overnight and washed with 
PBS. The cells were permeabilized using 2% PBST (2% Triton X-100 
in PBS) for 2 days at room temperature and washed with PBS. The 
sample was incubated in blocking buffer (10% normal goat serum, 
1% Triton-X 100, 2.5% DMSO in PBS) for 2 days at 4°C. The sample 
was incubated in primary antibody solution (1% normal goat serum, 
0.2% Triton-X 100, 2.5% DMSO, and 0.2% sodium azide in PBS; 
rabbit anti-myosin light chain (phospho S20) antibody (Abcam, cat. 
#ab2480) diluted 1:200), incubated for 5 days at 4°C and washed 
with PBS at room temperature. The sample was incubated in sec-
ondary antibody solution [1:500 goat anti-rabbit IgG Alexa-488 
(Thermo Fisher Scientific, cat #A-11008) and 1:1000 phalloidin-
atto647N (Sigma-Aldrich, cat. #65906)] for 2 days at 4°C and washed 
in PBS. The sample was stained with DAPI (1 μg/ml) diluted in PBST 
4°C overnight. The sample was cleared with RapiClear 1.47 Solution 
(SunJin Lab, cat. #RC147001) overnight at 4°C. The sample was placed 
on a glass-well plate and imaged using a Leica Stellaris confocal 
microscope using a HC PL APO CS2 20×/0.75 air objective (Leica) 
for overview images (voxel size: 0.28 by 0.28 by 0.69 μm3) and a HC 
PL APO CS2 63×/1.40 oil objective (Leica) for high-resolution image 
stacks (voxel size: 0.0586 by 0.0586 by 0.2985 μm3). For the quan-
tification of basal myosin level along the villus, villi that were lo-
cated longitudinally to the objectives were imaged and stacks were 
recorded. Using Fiji, a Z-profile was generated using the reslice 
function and a line was drawn below the nuclei at the basal surface. 
The line profiles of several villi were overlayed relative to the distance 
to the villus tip.

Whole-mount organoid staining
Organoids were fixed in 4% paraformaldehyde for 30 min at room 
temperature, washed in PBS, blocked in blocking solution (PBS; 0.5% 
Tween, 5% normal goat serum) for 1 hour at room temperature and 
stained overnight with primary antibodies in antibody solution (PBS; 
0.1% Tween, 1% normal goat serum). Primary antibody used for phos-
phor–myosin II staining: Rabbit anti-mouse phospho-myosin light 
chain 2 (Thr18/Ser19) (Cell Signaling Technology, cat. #3674). Primary 
antibody used for Epcam staining: Rat anti-mouse CD326-APC (Clone 
G8.8) (eBioscience, cat. #17-5791-80). After washing in PBS, organoids 
were stained with secondary antibody (Goat anti-Rabbit IgG Alexa-488, 
Invitrogen, cat. #A-11008) in antibody solution for 1.5 hours at room 
temperature. After washing in PBS, organoids were stained with DAPI 
(1 μg/ml) in PBS for 15 min and mounted on glass slides.

STED super-resolution microscopy
Organoids were fixed in 4% paraformaldehyde for 30 min at room 
temperature, washed in PBS, blocked in blocking solution (PBS; 
0.5% Tween, 5% normal goat serum) for 1 hour at room temperature 
and stained overnight for phalloidin conjugated to the STED fluo-
rophore atto647-N. The organoids were washed and incubated for 
10 min at room temperature in PBS containing DAPI (1 μg/ml). 
Organoids were mounted in ProLong Gold Antifade Mountant (Mo
lecular Probes/Thermo Fisher Scientific, cat. # P10144) medium on 
a glass carrier. A 0.16- to 0.19-mm-thick (thickness 1.5) cover glass 
(Glaswarenfabrik Karl Hecht GmbH & Co KG, cat. #41014) was 
placed on top, and excessive mounting medium was removed using 
tissue paper, dried, and sealed using nail polish. 2D-STED image 
stacks were collected using a Leica Stellaris 8 STED microscope 
with a HC PL APO CS2 100×/1.40 oil objective and type F immersion 
liquid. The phalloidin-atto647N–stained sample was imaged com-
bining 650-nm excitation with the 775-nm STED depletion laser. The 
image was scanned with a voxel size of 0.0199 by 0.0199 by 0.1826 μm3, 
a line accumulation of 16, a dwell time of 0.75 μs. Sequentially the 
myosin-mNeonGreen reporter and DAPI signal was collected in the 
classical confocal mode.
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Animal work
Mice were maintained by professional caretaker according to proce-
dures approved by the Central Committee Animal Experimentation 
(CCD) of the Dutch government and approved by the KNAW/Hubrecht 
Institute Animal Welfare Body (IvD). Mouse strain (Mus musculus): 
C57BL6/J, male and female of age 7 to 12 weeks without genetic modi-
fications (RRID:IMSR_JAX:000664) was used.

Laser ablation in the living mouse intestine
Mice were sacrificed and immediately afterwards the intestine was 
dissected in ice-cold PBS-Orange containing CellMask Orange Plasma 
Membrane Stain (Invitrogen/Thermo Fisher Scientific, cat. #C10045) 
diluted 1:1000 and Primocin (InvivoGen; 1:500) in PBS. The lumen was 
flushed several times with ice-cold PBS-Orange. The musculature and 
connective tissue outside the intestinal tube was removed as much as 
possible. The intestine was cut open, inverted, and placed onto a glass-
bottom well with a cover glass on top to bring the sample closer to the 
objective. The well was filled with ENR medium containing CellMask 
Orange (1:1000) and Primocin (1:500). A Leica SP8 confocal microscope 
equipped with a tunable Chameleon multiphoton laser with a HC PL 
IRAPO 40×/1.10 water objective (Leica) was used at room temperature 
and 5% CO2. The objective was positioned at villus regions, and the 
cell base identified. Laser ablation using a wavelength of 800 nm of 
the Chameleon laser was done with a 1-pixel wide and 15-μm long line 
with 80% laser intensity for three iterations. Before laser ablation 10 
and after ablation 30 frames were collected with a time interval of 
1 s. Per mouse sample multiple positions at the villus tip and villus 
shaft were processed. The procedure from dissection to laser ablation 
was optimized to not exceed a duration of 1.5 hours. To analyze tissue 
recoil, the Euclidean distance from the initial position was manually 
tracked for at least 10 cell interfaces on both sides of the ablation line. 
The mean recoil for each ablation experiment was calculated, and the 
average across multiple experiments was presented in the final graph. 
The initial recoil velocity was calculated by fitting a sigmoidal curve 
(with A: amplitude, k: steepness, t0: inflection point, y0: vertical offset) 
to each experiment and the slope of the curve at the inflection point 
(νinitial​) was calculated:

To ablate individual cells along their apical-basal axis, villus tip 
regions were selected where tissue orientation allowed a ~30-μm line 
cut through the full length of a single cell, using the same laser settings 
as described above. The boundaries of the targeted cell were seg-
mented, and all experiments were aligned by normalizing cell dimen-
sions prior to ablation. Average cell shapes before and after ablation 
were calculated, and boundary displacement vectors were computed 
based on these contours.

To quantify orthogonal recoil upon laser ablation in crypt-villus sub
strates, synthetic tips were photoactivated with 488-nm light for 1 hour 
at 5-min intervals and compared to non-activated controls. Recoil was 
measured by tracking H2B-iRFP–labeled nuclei along the ablation line 
and determining their maximal displacement within 30 s post-ablation.

Laser point ablation
For the laser point ablation experiments, organoids were seeded onto 
an imaging chamber (CellVis) and imaged on a Nikon A1R MP scan-
ning confocal microscope using a 1.30 NA 40× magnification oil im-
mersion objective, and the incubation chamber was set to (37°C, 5% CO2) 
(30). For each time point, 31 Z-slices were imaged with 2-μm intervals. 
We only selected organoids that contained at least one crypt and a 
villus domain. An 8-ms laser stimulus of 800-nm wavelength was 

applied (MaiTai DeepSee, 100% laser power), which was optimized 
such that epithelial barrier integrity was maintained while still trig-
gering cell extrusion. Time-lapse videos for laser stimulation were 
acquired at more than 2 frames/s. Only one ablation was done per 
organoid and organoids were subsequently imaged for at least 1 hour 
to determine if a stimulated cell extruded. Ablated organoids were 
excluded from analysis if (i) the stimulus missed the organoid (i.e., if 
no visible bleaching of the nucleus occurred and/or no cavitation 
bubble was observed when stimulating the cytoskeleton), (ii) imaging 
failed within 1 hour after stimulation, (iii) ablated cells extruded to the 
basal side in response to the ablation. Determination of the region 
(base/nucleus/junction) in which cells were ablated was determined 
as follows: If a cavitation bubble was observed below the nucleus, a 
cell was classified as ablated at the base. If no cavitation bubble was 
observed, but the nucleus was partially bleached, the cell was classified 
as ablated in the nucleus. If a cavitation bubble was observed in the 
same xy-plane as the nucleus but a cavitation bubble was observed 
outside the nucleus, the stimulation was classified as a stimulation of 
a multicellular junction. Whether cells extruded (within 1 hour) in 
response to point ablation was determined by visual inspection. To 
determine the extrusion time of cells that extruded in response to the 
point ablation, we tracked the nuclei of the extruding cells and their 
immediate neighbors for 1 hour. For single-cellular extrusions, we com-
puted the relative vertical displacement of the extruding cells from 
their non-extruding neighbors (ΔZ) as follows:

where Ωi is the set of neighbors of extruding cell i. For multicellular 
extrusions, we computed ΔZ as:

where Zext is the average Z-level of all the co-extruding cells, and Ω is 
the set of all non-extruding neighbors of all extruding cells. Extrusion 
time was defined as the time until ΔZ > 5 μm.

Real-time qPCR
Total RNA was extracted from control and Epcam−/− organoids using 
the RNeasy Mini Kit (Qiagen), following the manufacturer’s protocol. 
RNA concentration was determined spectrophotometrically and di-
luted to a uniform concentration. cDNA was synthesized from 540 ng 
total RNA using the High-Capacity RNA-to-cDNA Kit (Applied Bio
systems, cat. #4388950). qPCR was performed using SYBR Green 
Supermix (Bio-Rad, cat. #1725121) in 384-well format with gene-specific 
primers (table S2) and 4 ng of cDNA per reaction. The cycling protocol 
consisted of an initial denaturation at 95°C for 3 min, followed by 40 
cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s. Fluorescence 
was recorded after each cycle. Average CT values were calculated from 
technical duplicates and normalized to the geometric mean of Actb 
and Gapdh. Relative gene expression levels were determined using the 
ΔΔCT method and normalized to control organoids.

Pharmacological treatments
For the laser ablation of blebbistatin-treated organoids, the organoids 
were incubated overnight in ENR medium supplemented with 100 μM 
(±)-blebbistatin (Abcam, cat. #120425). For measuring extrusions in 
mosaic Epcam−/− organoids, organoids were pre-incubated for 5 hours 
in 50 μM Y-16 (MedChemExpress, cat. #HY-12649) and 10 μM Y27632 
(AbMole, cat. #M1817) and imaged for 16 hours.

Statistical analysis
Statistical tests were done using the scipy.stats library (85) and the 
Matlab Statistics and Machine Learning Toolbox (Mathworks).
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