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Cell injury triggers actin polymerization to initiate
epithelial restitution

ABSTRACT
The role of the actin cytoskeleton in the sequence of physiological
epithelial repair in the intact epithelium has yet to be elucidated. Here,
we explore the role of actin in gastric repair in vivo and in vitro gastric
organoids (gastroids). In response to two-photon-induced cellular
damage of either an in vivo gastric or in vitro gastroid epithelium, actin
redistribution specifically occurred in the lateral membranes of cells
neighboring the damaged cell. This was followed by their migration
inward to close the gap at the basal pole of the dead cell, in parallel
with exfoliation of the dead cell into the lumen. The repair and focal
increase of actin was significantly blocked by treatment with EDTA or
the inhibition of actin polymerization. Treatment with inhibitors of
myosin light chain kinase, myosin II, trefoil factor 2 signaling or
phospholipase C slowed both the initial actin redistribution and
the repair. While Rac1 inhibition facilitated repair, inhibition of RhoA/
Rho-associated protein kinase inhibited it. Inhibitors of focal
adhesion kinase and Cdc42 had negligible effects. Hence, initial
actin polymerization occurs in the lateral membrane, and is primarily
important to initiate dead cell exfoliation and cell migration to close
the gap.
KEY WORDS: Actin, Epithelial cell, Repair, Cell migration,
Gastric organoid

INTRODUCTION

The actin cytoskeleton plays an important role in maintaining
cellular integrity as well as coordinating cellular motility.
Particularly, actin is known to drive cell protrusions that lead to
cell migration, implicating a role for actin dynamics in the repair of
damage to an epithelium. In fact, several previous results have
demonstrated that F-actin increases at the leading edge in several
epithelial wound models (Bement et al., 1993; Kuipers et al., 2014;
Osada et al., 1999; Russo et al., 2005; Tamada et al., 2007).
The physiological significance of the actin dynamics in wound
repair is to lead cell migration by providing the force (Levayer and
Lecuit, 2012; Stricker et al., 2010), in collaboration with myosin II
(i.e. the actomyosin ring) (Bement et al., 1993; Kuipers et al., 2014;
Tamada et al., 2007), to push damaged cells from the cell layer and
enable the neighboring cells to cover the denuded area of damage.
This actomyosin contractility is regulated by phosphorylated
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myosin light chain (MLC, also known as MYL), which is
activated by MLC kinase (MLCK) (Russo et al., 2005). Upstream
in this signaling cascade, the Rho/Rho-associated protein kinases
(ROCK1 and ROCK2, hereafter denoted ROCK) regulate MLC
phosphorylation. It has been suggested that ROCK acts as a trigger
of actomyosin ring assembly (Hall, 1998; Russo et al., 2005).
In contrast, during cell migration, cell protrusions, including
lamellipodia or filopodia, are formed as a result of the rearrangement
of actin filaments induced by activation of Rac1 or Cdc42,
respectively, (Hall, 1998). Thus, signaling via Rho family
proteins impacts on actin dynamics, implicating their central role
in the repair of damage. Furthermore, focal adhesion kinase (FAK,
also known as PTK2) impacts on cell migration by controlling focal
contacts with cell–cell and cell–extracellular matrix, as well as
affecting Rho family activities (Mitra et al., 2005).
Many migration assays have been performed in monolayers using
several cell lines. Induction of small wounds, by means of twophoton laser, UV light or manual scraping, leads relatively quickly
to recruitment of F-actin and myosin, as well as actomyosin
contraction, resulting in purse-string wound closure (Bement et al.,
1993; Russo et al., 2005; Tamada et al., 2007). In the established
Madin–Darby canine kidney (MDCK) cell line, focal wound
healing has been shown to be a two-stage process of cell death
followed by migrating cells causing extrusion of the dead cell
(Kuipers et al., 2014). However, less is known about how such
results relate to outcomes in vivo, from primary epithelial cultures,
or from gastrointestinal cell types. In gastrointestinal systems,
gastric epithelial wound repair has been studied in cultured primary
rabbit gastric epithelium, where macroscopic wound closure was
evaluated in response to a physically ‘scratched’ area within the
culture dish. Such wound closure takes place over 24–48 h, utilizing
a mixture of cell migration and cell proliferation (Ranta-Knuuttila
et al., 2002; Watanabe et al., 1994a). These classic scratch wound
assays lack the ability to show interaction between dead cells and
their intact neighboring cells. In these x-y monolayer culture
settings, wound closure is observed from the top of the cells, making
it difficult to assess the ongoing repair processes that restore normal
epithelial morphology after epithelial continuity is restored and to
differentiate the localized area where actin assembly occurs along
the apical to basal axis of the cells.
In vivo, it is believed that, in response to epithelial injury of a
small region or programmed cell death, neighboring cells migrate to
close the gap, concurrent with the exfoliation of the dead cell into
lumen (Aihara and Montrose, 2014; Marchiando et al., 2011). This
sequence is a natural physiological process for repair of small
wounds that is dependent on cell migration, but not proliferation,
and is frequently observed in the gastrointestinal epithelium (Aihara
and Montrose, 2014; Marchiando et al., 2011). Actin also plays
important roles in the healing of big injuries, such as gastric ulcer; in
fact, that the inhibition of actin polymerization delays epithelial
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healing in vivo (Banan et al., 1996). This importance of actin
cytoskeleton dynamics in the gastric epithelial healing has
previously been inferred from wound repair experiments in vitro
using a rat gastric epithelial cell line (RGM1) and primary rabbit
gastric epithelial cells (Nguyen et al., 2007; Osada et al., 1999;
Paehler Vor der Nolte et al., 2017; Pai et al., 2001; Watanabe et al.,
1994a). However, the molecular mechanisms of actin dynamics
underlying the repair of damage are largely unknown in gastric
epithelial cells.
Recently three-dimensional (3D) primary epithelial cell cultures,
known as organoids, have been established and widely used
(Bartfeld and Clevers, 2017; Sato et al., 2009). Gastric organoids
(gastroids) physiologically mimic in vivo gastric epithelium
(Schumacher et al., 2015a,b; Stange et al., 2013); therefore, we
considered that gastroids could be useful for cell migration assays,
replicating in vivo gastric epithelial cells. We previously showed that
gastroids are useful as a restitution model that could replicate
physiological responses (Schumacher et al., 2015a). In the present
study, we investigate the actin cytoskeleton dynamics in normal
epithelium of in vivo gastric tissue and in vitro gastroids following
two-photon-induced damage.
RESULTS

We utilized mice expressing the human GFP–actin (HuGE)
transgene, solely using heterozygotes that express the GFP–actin
fusion protein as only 1–3% of the total cellular actin (Gurniak and
Witke, 2007). By using intravital confocal imaging of the gastric
surface in vivo in anesthetized mice, we observed GFP–actin
homogeneously expressed in the surface epithelium and most
abundantly near the plasma membrane (Fig. S1A). In gastric
organoids (gastroids) created from the gastric corpus tissue of
HuGE mice, GFP–actin is also uniformly expressed in the gastroid
epithelium and in the same juxta-membrane locations as seen in
native tissue (Fig. S1B).
Phalloidin staining confirmed that the localization of total actin
was indistinguishable between gastroids created from GFP–actinnegative or -positive mice (Fig. S1C). The tight junction protein
ZO-1 (also known as TJP1) is expressed in the apical junction.
F-actin staining was most abundant at the apical and lateral
membranes, and we observed the actin scaffold network at the apical
membrane where the ZO-1 is in the same plane (Fig. S1C, asterisk,
also shown in x-z images shown at bottom of panel). These results
suggest that HuGE mice are a valid model to monitor actin
distribution, and that gastroids faithfully reflect the actin distribution
of native tissue.
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HEDTA to luminal perfusate; Fig. 1C,D). Additionally, HEDTA
blocked the increase of GFP–actin, suggesting that extracellular Ca2
+
plays an important role in regulation of actin dynamics (Fig. 1E,F).
Actin dynamics and actin source during gastric epithelial
repair in vitro

In the in vivo animal restitution model, subcellular actin dynamics
could not be tracked at the single-cell level due to tissue motion and
epithelial orientation, and it was impossible to find the damaged
area in fixed tissue after experiments. Therefore, we applied twophoton damage to gastroids, a 3D primary culture of the gastric
epithelium.
In response to two-photon-induced damage of the perinuclear
region of a single cell in HuGE gastroids, GFP–actin intensity
increased within ∼1 min in the lateral membrane next to the
damaged area, and subsequently tracked the cellular contraction or
migration inward to close the gap at the basal pole of the dead cell
(Fig. 2A–C; Movie 1). This led to exfoliation of the dead cell into
the gastroid lumen (Fig. 2A). The actin dynamics are a local
response, as GFP intensity did not change in cells that were >20 µm
from the damage site cells during repair (Fig. 2C). Similar to what
was seen in native tissue, the closure of the damaged area was
completed within ∼15 min (Fig. 2C). We also observed
spontaneous natural cell shedding in the gastroids. During
this event, GFP intensity increased, followed by cell exfoliation
(Fig. S1D), replicating the repair process induced by photodamage.
Evidence shows that the single-cell gastroid photodamage model
matches important features of native tissue and normal cell
replacement processes.
We performed multiple damage inductions to ask whether the
increased actin originates solely from the damaged cell, and whether
the pool of actin impacts the capacity for repair. In one protocol,
after a first cycle of damage and repair, a second damage was
imposed on the opposite side of a migrating cell that had already
mounted an increase in actin. After this second damage, the increase
of GFP–actin was delayed in the lateral membrane area adjacent to
the new damage (Fig. S2A,B; Movie 2) and the repair of damage
was significantly slower (Fig. S2C,D). In a second protocol, the
middle cell had two neighboring cells that were damaged
simultaneously. In this model, increases in GFP–actin in the both
sides of the lateral membrane of the middle intact cell were
diminished and repair was delayed (Fig. S3). These results suggest
that actin availability within the restituting cell is a source of
increased actin that can limit repair.

Ca2+-dependent actin dynamics during in vivo gastric repair

A mathematical model of actin-mediated gastric epithelial
repair

As previously described (Aihara et al., 2014; Starodub et al., 2008;
Xue et al., 2010), high-intensity 730 nm two-photon photodamage
(PD) was used to induce damage of three to five cells at the gastric
surface epithelium in vivo. Tracking damage size in the HuGE mice,
identified by reflectance and lack of NAD(P)H, showed gastric
epithelial damage was repaired within ∼15 min (Fig. 1A,B). The
GFP–actin intensity measured in the viable epithelial cells adjacent
to the damaged area (Fig. 1A,B) revealed a transient decrease in
response to damage, followed by a more sustained increase,
especially within the leading edge of migrating cells. In contrast,
GFP–actin intensity did not change in the cells >100 µm away from
the damaged site (Fig. 1B), suggesting that actin specifically
assembles ithe leading edge of migrating cells. Consistent with
previous findings (Aihara et al., 2013), repair of damage was
significantly inhibited by chelation of Ca2+ (addition of 10 mM

We constructed a mathematical model in order to have a framework
to understand the linkages within the complex temporal
orchestration of actin recruitment, dead cell extrusion and damage
area closure (Fig. 2D). In the model, a damage signal initiates
recruitment of available actin into a branching network. This
process is assumed to be fast and not to involve the synthesis of new
proteins. The temporal simulations of the constructed model have
recaptured the temporal order of the observed events (Fig. S4). The
damaged area significantly decreases before the dead cell moves
away (Fig. 2E). This implies a temporal coordination between
damaged area closure and dead cell extrusion. During migrating cell
protrusion, the actin network generates physical force, which in turn
leads to the acceleration of the extrusion of the dead cell during the
early stage. Subsequently, the cell deaccelerates due to the resistance
force it experiences after the dead cell is far from the actin network
2
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(Fig. 2F). By integrating the observed properties, such as actin
accumulation and dead cell motion, the model predicted these
unobserved physical properties such as dead cell ejection velocity
and the presence of actin-mediated force on the dead cell.
Furthermore, experimental data from individual cells suggest that
the accumulation of actin is sustained even after the damaged area is
closed (Fig. 2G). In order to explain this committed actin
accumulation, we incorporated a phenomenological bi-stable
switch (competition for actin monomers between two filamentous
actin networks) (Byrne et al., 2016; Lomakin et al., 2015). This
assumed switch predicts sustained actin accumulation after damage
repair. The consistency between the temporal simulation and
experimental observation suggests future areas to test the proposed
mechanism versus the observed gastric epithelial repair.
Actin polymerization regulates paracellular permeability
during gastric epithelial repair in vitro

F-actin stained by phalloidin was confirmed to increase in the lateral
membrane next to the damaged area at ∼1 min after induction of cell
damage (Fig. 2H). In this initial stage, ZO-1 remained at the apical
pole and only subsequently moved toward the basal pole in a similar
manner to that seen in the protrusions of migrating cells (Fig. 2H).
These results suggest that in response to damage, actin accumulation
precedes tight junction rearrangements.

We directly tested whether actin plays a role in regulating
paracellular permeability during gastroid damage repair. Either
Alexa 647 10K-dextran (molecular mass of 10,000 Da) or Lucifer
Yellow (molecular mass of 444 Da) was added to the medium and
paracellular leakage measured as the luminal accumulation of dye.
We first used the same probes to track intracellular accumulation of
the dyes after directed photodamage. 10K-dextran or Lucifer
Yellow leaked negligibly into the dead cell unless damage
was intentionally made to the basal plasma membrane (Fig. 3A;
Fig. S5A). In response to basal damage, epithelial repair proceeds
normally, but both 10K-dextran and Lucifer Yellow leak into the
damaged cell immediately and then decrease over time (Fig. 3A;
Fig. S5B,C). The time of fluorescence decrease is used to mark the
time of the separation of the dying cell from the basolateral dye
ocean, which can be visualized as being separated by GFP–actin at
the basal membrane at about the 4 min time point (Fig. S5D). The
repair is completed without adding a significant amount of dye
leaking into the lumen (Fig. 3F). These results suggest that even
with a compromised basolateral membrane, gastric repair can limit
transcellular flux of material during repair of damage.
To investigate role of actin polymerization in the paired events of
repair and paracellular permeability, we employed Cytochalasin D
and Latrunculin A, both actin polymerization inhibitors, or
Jasplakinolide, an actin stabilizer. In preliminary tests, these
inhibitors increased paracellular leakage over time in normal
3
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Fig. 1. Actin dynamics during restitution in mouse gastric epithelium in vivo. (A) Reflectance (Ref ) and NAD(P)H (excitation 730 nm) or GFP (HuGE)
images collected at the indicated times from a representative timecourse experiment in anesthetized mouse stomach. Gastric surface cells were photodamaged
(PD) in the region marked by a yellow rectangle. Scale bar: 10 µm. (B) The damaged area was measured (left y-axis). GFP intensity was measured in viable cells
adjacent to the damaged area or in viable cells >100 µm from damage area (adjacent and far; right y-axis). GFP intensity is normalized to the averaged resting
value prior to damage. Mean±s.e.m., n=9. Experiment testing the effect of luminal perfusion of 10 mM HEDTA (n=5). Compiled results (mean±s.e.m.) showing
(C) the timecourse of the amount of damaged area, which was used to derive the calculated repair rate (D). **P<0.01 versus control (two-tailed t-test).
Timecourse of GFP intensity (E) and values at specific indicated times (F). In C and E, control values were taken from B. *P<0.05, **P<0.01, ***P<0.001, versus
prior to damage in the corresponding condition (one-way ANOVA with Dunnett’s test). #P<0.05 versus control at corresponding time (two-tailed t-test).
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Fig. 2. Actin dynamics during restitution in mouse gastroids in vitro. (A) Nuclei (Hoechst 33342, excitation 730 nm) or GFP images collected at the indicated
times from a representative timecourse experiment using a gastroid. A single gastric epithelial cell was photodamaged (PD) in the region marked by the
yellow rectangle. Scale bar: 10 µm. (B) GFP fluorescence (average pixel intensity, arbitrary units) versus position was measured along the red line in A. Graphs
display values prior to PD (red) in all graphs, versus the values at the indicated time point (black). (C) The damaged area (white dotted line) was measured. GFP
intensity was measured in the lateral membrane (black) and basal compartment (red) of viable cells adjacent to the damaged area or in viable cells away from the
damaged area (blue). GFP intensity is normalized to averaged resting value prior to damage. Mean±s.e.m., n=7. (D) The mathematical model diagram for
dynamics of repair of damage. Nodes represent the model components; arrows indicate activation. (E) The damaged area ( y-axis) shrinks before the extrusion of
the dead cell (x-axis). The black curve indicates model simulation, and the red curves indicate data from individual cells. (F) Predicted velocity of the extruded cell
(blue curve) and the force executed on the dead cell by the actin network of neighbor cells (red curve). (G) The sustained accumulation of actin even after the
closure of the damaged area. The black curve indicates model simulation and the red curves indicate data from individual cells. (H) Immunofluorescence of F-actin
and ZO-1 in PD gastroid epithelium. Gastroids were fixed with 4% PFA at 1, 3 and 8 min following PD. Gastroids were whole-mount stained for nuclei (Hoechst
33342, blue), F-actin (using Phalloidin, green) and ZO1 (tight junction, red). Scale bar: 10 µm. Yellow asterisks in A and H are the PD cell.

gastroids (Fig. S6A–C), suggesting that actin turnover is crucial for
the maintenance of epithelial continuity. Cytochalasin D did not
alter total cellular GFP intensity while Latrunculin A reduced it, but
it is noted that over time Cytochalasin D led to clumping
accumulation of GFP–actin over the entire cell (Fig. S6A–C),
whereas Jasplakinolide caused GFP–actin accumulation
specifically in the basal compartment and decreased GFP–actin in

the cytosolic compartment (Fig. S6D,E). Results confirmed that the
inhibitors were bioactive against actin in the gastroid with different
mechanisms of action. After 1 h preincubation, all three inhibitors
completely inhibited repair of damage and GFP–actin dynamics
(Fig. 3A–E) and caused sustained paracellular leakage through the
damaged area (Fig. 3F). These results suggest that actin assembly
and/or disassembly is essential in repair.
4
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Fig. 3. Effect of actin inhibitors and paracellular leakage during the restitution in gastroids. (A) Nuclei (Hoechst 33342), GFP (HuGE) or Alexa Fluor 647conjugated 10K-dextran (10 µM in the medium) images collected at the indicated times from a representative timecourse experiment using gastroids in the
absence (control, n=7), or presence of Cytochalasin D (Cyto D; 1 µM, n=5), Latrunculin A (Lat A; 2 µM, n=6) or Jasplakinolide (Jasp; 1 µM, n=4) in the medium,
or photodamage at the basal membrane (Basal PD; n=5). A single gastric epithelial cell was photodamaged (PD) in the region marked by yellow rectangle.
Compiled results (mean±s.e.m.) showing timecourse of the amount of damaged area (B), which was used to derive the calculated repair rate (C). ***P<0.001
versus control (one-way ANOVA with Dunnett’s test). Scale bar: 10 µm. (D) GFP intensity changes in the lateral membrane before and 2 min after PD. **P<0.01,
***P<0.001 versus prior to damage (two-tailed t-test). ###P<0.001 versus control at corresponding time (one-way ANOVA with Dunnett’s test). (E) Timecourse
of GFP intensity changes in the basal compartment of viable cells adjacent to the damaged area. GFP intensity is normalized to averaged resting value
prior to damage. (F) Alexa Fluor 647-conjugated 10K-dextran intensity was measured in the damaged site and in the medium. Results (mean±s.e.m.) show the
ratio of Alexa Fluor 647 intensity in damaged site to that in the medium (outside). The inset shows the expanded y-axis scale of the control group.

Since prolonged drug preincubation led to noticeable redistribution
of cytosolic GFP–actin in Latrunculin A- or Jasplakinolide-treated
conditions (Fig. S6), we performed photodamage experiments at

earlier time points after treatment with Latrunculin A or
Jasplakinolide to clarify the involvement of actin assembly or
disassembly in the repair process. At 30 or 60 min preincubation,
5
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Latrunculin A significantly inhibited repair of damage and
inhibited the increase of GFP–actin (Fig. S7A–C), without
affecting the basal compartment of GFP–actin level (Fig. S7D),
suggesting that F-actin filament elongation plays an important
role. In contrast, Jasplakinolide did not inhibit repair of damage at
early time points (Fig. S7E–G) when cytosolic actin was still
available (Fig. S7H). These results demonstrate that actin
assembly, but not actin disassembly, is essential to promote
repair of damage.
To test whether specific mechanisms of actin assembly were
required during repair, we examined the effect of CK-666 (an Arp2/
3 inhibitor), and SMIFH2 (a formin inhibitor). CK-666 at a dose
of 200 µM was shown to significantly inhibit repair of damage
(Fig. 4A–C), and blocked an initial increase of GFP–actin in the
lateral membrane in the migrating cell and delayed actin appearance
in the basal compartment of the damaged area (Fig. 4D–F). This
suggests that Arp2/3 is involved in the actin polymerization in
response to damage. In contrast, SMIFH2 had no effect (Fig. 4).
The effectiveness of both drugs was confirmed ( positive control),
as preincubation of CK-666 or SMIFH2 was shown to slow
Jasplakinolide-induced GFP-actin accumulation in the basal
compartment (Fig. S8), suggesting both inhibitors affect actin
turnover in the gastroid.

Journal of Cell Science (2018) 131, jcs216317. doi:10.1242/jcs.216317

Effect of known inhibitors of gastric restitution on actin
dynamics in vitro

Similar to our in vivo study, addition of a Ca2+ chelator (EDTA) into
the medium significantly inhibited both gastric repair of damage
(Fig. 5A–C) and the increase in GFP–actin in a concentrationdependent manner (Fig. 5E–G). EDTA also inhibited dead cell
exfoliation, seen as an impairment in movement of the dead cell into the
lumen (Fig. 5D). It is noted that gastroids were often dissociated under
2 mM EDTA conditions, with increased GFP–actin in the cell
membrane, suggesting that the cellular junction could not be
maintained in the gastroids under very low Ca2+ conditions.
Dissociated gastroids were not used for experiments/analysis.
These findings suggest that extracellular Ca2+ plays an important
role in increasing the initial actin polymerization and damage
repair in gastroids.
We previously demonstrated in vivo that trefoil factor 2 (TFF2) and/
or intracellular Ca2+ play an important role in the repair of damage,
mediated by C-X-C chemokine receptor type 4 (CXCR4) (Aihara
et al., 2013; Xue et al., 2010, 2011). Here, we test whether the CXCR4
inhibitor AMD3100 or the phospholipase C (PLC) inhibitor U73122
affects actin polymerization and repair of damage within the gastroid.
Both AMD3100 and U73122 significantly slowed repair of damage
and inhibited dead cell exfoliation (Fig. 5H–K), consistent with our

Fig. 4. Effects of Arp2/3 and formin inhibitors on restitution in gastroids. (A–C) Control (n=6), CK-666 (100 µM, n=10; 200 µM, n=8) or SMIFH2 (30 µM, n=6;
100 µM, n=5) was added to medium. Compiled results (mean±s.e.m.) showing timecourse of the amount of damaged area (A), which was used to derive the
calculated repair rate (B) and dead cell moving distance (C). **P<0.01, versus control (one-way ANOVA with Dunnett’s test). (D) GFP intensity changes in the lateral
membrane before and 2 min after PD. **P<0.01, ***P<0.001 versus prior to damage (two-tailed t-test). #P<0.05 versus control at the corresponding time
(one-way ANOVA with Dunnett’s test). Timecourse of GFP intensity in the basal compartment of viable cells adjacent to the damaged area (E) and and values at
specific indicated times (F). GFP intensity is normalized to averaged resting value prior to damage. *P<0.05, **P<0.01, ***P<0.001, versus prior to damage in
corresponding conditions (one-way ANOVA with Dunnett’s test). #, P<0.05 versus control at corresponding time (one-way ANOVA with Dunnett’s test).
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Fig. 5. See next page for legend.

previous findings in vivo. The drugs also slowed GFP–actin
appearance at the lateral membrane in the migrating cell and basal
compartment in the damaged area (Fig. 5L–N).
To test the role of myosin, the myosin light chain kinase (MLCK)
classic inhibitor ML7, and the non-muscle myosin II inhibitor,

(−)-Blebbistatin, were used. These drugs significantly inhibited
repair of damage and slowed dead cell ejection (Fig. 6A–D). Both
drugs significantly inhibited an initial increase of GFP–actin at the
lateral membrane in the migrating cell and delayed actin appearance
in the basal compartment in the damaged area (Fig. 6E–G). We also
7
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Fig. 5. Effect of several inhibitors on restitution in gastroids. (A) Nuclei
(Hoechst33342) or GFP (HuGE) images collected at the indicated times from a
representative timecourse experiment using a gastroid in the presence of
1 mM EDTA in the medium. Scale bar: 10 µm. A single gastric epithelial cell
was photodamaged (PD, yellow asterisk). Compiled results (mean±s.e.m.)
with gastroids (control; n=7, 0.5 mM EDTA; n=5, 1 mM EDTA; n=8, 2 mM
EDTA; n=6) showing timecourse of the amount of damaged area (B), which
was used to derive the calculated repair rate (C) and dead cell moving distance
(D). ***P<0.001 versus control (one-way ANOVA with Dunnett’s test). (E) GFP
intensity changes in the lateral membrane before and 2 min after PD.
***P<0.001 versus prior to damage (two-tailed t-test). ##P<0.01 versus control
at corresponding time (one-way ANOVA with Dunnett’s test). Timecourse of
GFP intensity changes in the basal compartment of viable cells adjacent to the
damaged area (F) and values at specific indicated times (G). GFP intensity is
normalized to the averaged resting value prior to damage, and data show mean
±s.e.m. **P<0.01 versus prior to damage in corresponding conditions (oneway ANOVA with Dunnett’s test). ##P<0.01 versus control at the corresponding
time (one-way ANOVA with Dunnett’s test). Control values were taken from
Fig. 2C. (H) Representative timecourse images of control (n=5), and
AMD3100-treated (CXCR4 inhibitor, 1 µM, n=5) or U73122-treated (PLC
inhibitor, 10 µM; n=5) gastroids. The yellow asterisk indicates the PD cell.
Scale bar: 10 µm. Compiled results (mean±s.e.m.) showing timecourse of the
amount of damaged area (I), which was used to derive the calculated repair
rate (J) and dead cell moving distance (K). **P<0.01, ***P<0.001 versus control
(one-way ANOVA with Dunnett’s test). (L) GFP intensity changes in the lateral
membrane. **P<0.01, ***P<0.001 versus prior to damage (two-tailed t-test).
##
P<0.01 versus control at corresponding time (one-way ANOVA with
Dunnett’s test). Timecourse of GFP intensity in the basal compartment of
viable cells adjacent to the damaged area (M) and values at specific indicated
times (N). GFP intensity is normalized to the averaged resting value prior to
damage. *P<0.05, ***P<0.001 versus prior to damage in corresponding
conditions (one-way ANOVA with Dunnett’s test).

confirmed that (+)-Blebbistatin, the inactive enantiomer of
(−)-Blebbistatin, had no effect on these processes (Fig. 6). These
results suggest that cell membrane contraction partially contributes
to GFP–actin accumulation and is crucial for dead cell exfoliation.
We further investigated effects of Rac1 (NSC23766), FAK (PF562271), Cdc42 (ML141) or ROCK (Y27632) inhibitors on repair
of damage. NSC23766 significantly accelerated repair, while
ML141 and PF-562271 had negligible effects on the repair rate,
but they appeared to slow the process of exfoliation in the later phase
(Fig. 7). In these cases, actin polymerization still occurred with
these drug treatments, with no consistent pattern of inhibition or
stimulation of actin dynamics with these measurements. In contrast,
Y237632 significantly inhibited repair and partially blocked actin
dynamics (Fig. 7).
Since ROCK is a downstream effector of RhoA, we tested
whether C3 transferase (CT04) inhibits the repair and actin
dynamics. Gastroids treated with C3 transferase for 4 h showed
normal morphology and actin distribution at concentrations up to
10 µg/ml (Fig. 8A). Treatment of C3 transferase (10 µg/ml)
significantly inhibited repair (Fig. 8B–D) and the initial increase
of GFP–actin at the lateral membrane in the migrating cell, and
delayed the appearance of actin in the basal compartment in the
damaged area (Fig. 8E–G).
DISCUSSION

Epithelial restitution is defined by a rapid cell migration to restore
continuity of epithelium within minutes to hours without cellular
proliferation (Aihara and Montrose, 2014; Critchlow et al., 1985;
Yanaka et al., 2002). Herein, we showed that gastroids allow us to
evaluate cell migration, dead cell extrusion and actin cytoskeletal
dynamics using fluorescent probes in real time. We also clearly
demonstrated in real-time that actin increased locally in the lateral
membrane adjacent to a damaged site within ∼1 min after damage,
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and that this accumulation then extended to the basal site of
damaged area. This quick repair of damage in the gastroid is similar
to purse-string wound closure, which is observed in a sheet of
Caco-2 or MDCK cells, which are polarized epithelial cell lines
(Kuipers et al., 2014; Russo et al., 2005; Tamada et al., 2007).
Importantly in the present study, we find that actin dynamics during
natural cell shedding processes mimics that of photodamage-induced
repair in the gastroid and we observed a quick increase of actin in the
leading edge in response to relatively larger damage in vivo. We did
not observe any cell division during the repair of damage that
occurred over 10–15 min, suggesting that our gastroid model in vitro
is mediated by restitution and mimics the in vivo process.
After the cell is injured and the damaged area generated, the actin
network quickly assembles and leads to cell migration into
the damaged area, which results in fast shrinkage of the damaged
area as well as dead cell exfoliation. The order of this event
sequence is identical to previous observations in MDCK cells or
in the Drosophila damage model induced by laser ablation
(Abreu-Blanco et al., 2011; Kuipers et al., 2014; Tamada et al.,
2007), but our system was able to trace dead cell movement to
directly analyze coordination with actin and the wounded area.
Active protrusion of the cells, while being in physical contact with
the dead cell, results from a physical force that causes the extrusion
of the dead cell. After the dead cell moves sufficiently far away, the
force from actin is no longer experienced and the dead cell then
stops moving due to the resistance from the environment.
Meanwhile, the actin network also mediates the migration of
the neighbor healthy cells into the blank area left by the extruded
dead cell. Thus, a coherent feedforward loop, in which the actin
network is upstream of both processes, can facilitate their proper
coordination. Furthermore, the extrusion of the dead cell follows the
actin network assembly after a time delay of ∼5 min. This time delay
allows the dead cell to serve as a temporary ‘kitchen plug’ and
reduces the leakage caused by cell death.
It has been reported that the dead cell is immediately
permeabilized following two-photon laser ablation in MDCK cell
(Kuipers et al., 2014). In the present study, interestingly, leakage of
Lucifer Yellow or 10K-dextran into the damaged cell is negligible
when damage is made in the center of the cell, while damage
induced to the basal membrane caused Lucifer Yellow or 10Kdextran to penetrate the damaged cell in the gastroid. With either
damage site, regions of the plasma membrane remain impermeable
until the damaged cell is isolated from the monolayer by migrating
cells. In fact, we observed that fluorescent dyes in the dead cell
started diffusing into the lumen once the basal domain was sealed
from the monolayer. We previously demonstrated that fluorescent
dextrans (intravenous treatment) accumulated in the photodamaged
cells in vivo but did not leak out into lumen (Demitrack et al., 2010).
Thus, data suggest that even dead cells sustain a certain degree of
barrier function to hold separation between the lumen and serosal
sides.
The inhibition of actin polymerization deters gastric wound
healing (Banan et al., 1996; Critchlow et al., 1985; Paehler Vor der
Nolte et al., 2017; Watanabe et al., 1994a). Consistent with these
findings, we also observed that inhibition of actin dynamics
completely hindered initiation of cell migration as well as dead cell
exfoliation. In the present study, we used three different actin
inhibitors that inhibit actin by different mechanisms as
schematically summarized by Peng et al. (2011). Cytochalasin D,
which binds barded ends of F-actin filaments to inhibit actin
assembly (Cooper, 1987; Peng et al., 2011), and is also reported to
slow disassembly of F-actin in mammalian cells (Kueh et al., 2008),
8
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inhibited repair, suggesting that action of actin assembly or
disassembly is crucial in epithelial repair. Latrunculin A directly
binds actin monomers (G-actin) to prevent actin polymerization and
facilitates actin disassembly (Peng et al., 2011; Spector et al., 1983),
whereas Jasplakinolide stabilizes F-actin filaments resulting in
inhibition of disassembly, and also promotes actin polymerization
(Peng et al., 2011). In the present study, Latrunculin A completely
inhibited repair, while short-term treatment with Jasplakinolide
did not inhibit repair. The Arp2/3 complex and formins are
accessory proteins involved in actin polymerization; the former
promotes formation of actin branches and is active in lamellipodia to
produce force, while the latter stimulates unbranched actin filament
formation (Bieling et al., 2016; Mueller et al., 2017; Pollard, 2007).
Our study indicates that the increase of actin in the lateral membrane
is mediated by activation of Arp2/3, but not formins. Taken
together, results clearly demonstrate that actin polymerization, and
branching in the existing actin filaments, initiates the process of
epithelial repair of damage.
MLC phosphorylation mediated by MLCK, which is activated by
the intracellular Ca2+ and calmodulin complex, acts to stimulate

myosin II, resulting in a facilitation of cell contraction (Bement
et al., 1993; Kuipers et al., 2014; Russo et al., 2005; Tamada et al.,
2007). In rabbit gastric epithelial cells, inhibition of either the Ca2+/
calmodulin complex or MLCK prevented cell migration (RantaKnuuttila et al., 2002; Watanabe et al., 1994b). In the present study,
MLCK or non-muscle myosin II inhibition partially reduced the
initial GFP–actin increase at the lateral membrane in the migrating
cell, suggesting that membrane contraction partially contributes to
increased GFP–actin fluorescence intensity at the lateral membrane.
These inhibitors also slowed cell protrusion and inhibited
restitution. These results suggest that MLCK or non-muscle
myosin II are not involved in the processes that lead to actin
polymerization after damage, but instead is engaged with actin in
gastric epithelial cell protrusion as well as contraction.
We previously reported that extracellular Ca2+ plays an important
role in restitution in vivo (Aihara et al., 2013). Both in vivo and
in vitro, extracellular Ca2+ chelation inhibited actin dynamics and
inhibited repair in this study. Ca2+ has been shown to be involved in
maintaining adherens and tight junctions (Gonzalez-Mariscal et al.,
1990; Marchiando et al., 2011), so it was not surprising that high
9
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Fig. 6. Effects of MLCK and myosin II inhibitors on restitution in gastroids. (A) Nuclei (Hoechst33342) or GFP (HuGE) images collected at the indicated times
from a representative timecourse experiment using gastroids. Scale bar: 10 µm. A single gastric epithelial cell was photodamaged (PD, yellow asterisk). Control
(n=9), ML7 (10 µM, n=5), (−)-Blebbistatin [(−)-Bleb; 50 µM, DMSO 0.25%, n=5] or (+)-Blebbistatin [(+)-Bleb, 50 µM; DMSO 0.25%, n=6] was added to medium.
Compiled results (mean±s.e.m.) showing timecourse of the amount of damaged area (B), which was used to derive the calculated repair rate (C) and dead cell
moving distance (D). ***P<0.001 versus control (one-way ANOVA with Dunnett’s test). (E) GFP intensity changes in the lateral membrane before and 2 min after
PD. *P<0.05, **P<0.01, ***P<0.001 versus prior to damage (two-tailed t-test). #P<0.05, ##P<0.01 versus control at corresponding time (one-way ANOVA with
Dunnett’s test). Timecourse of GFP intensity in the basal compartment of viable cells adjacent to the damaged area (F) and values at specific indicated times (G).
GFP intensity is normalized to averaged resting value prior to damage. *P<0.05, **P<0.01, ***P<0.001, versus prior to damage in corresponding conditions
(one-way ANOVA with Dunnett’s test). #P<0.05 versus control at corresponding time (one-way ANOVA with Dunnett’s test).
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concentrations of EDTA caused cell dissociation within the
gastroid. Additionally, inhibitors of actin dynamics increased
paracellular leakage of 10K-dextran into otherwise unperturbed
gastroids. This suggests that extracellular Ca2+ is an essential
factor to regulate actin dynamics, and maintains transepithelial
permeability as well as cellular motility. In the gastroid model,
a dead cell generally extrudes into the luminal side, even if damage
is induced onto the basal membrane. Moreover, actin always
increases at the membrane adjacent to the damaged site. We
speculate that Ca2+ dynamics at the damage site regulate actin
assembly at the lateral membrane, potentially via the dead cell
providing the necessary signal to initiate a repair program and
communicating to neighboring cells through cell–cell adhesion
contacts (Gagliardi et al., 2018; Lubkov and Bar-Sagi, 2014;
Monier et al., 2015). In particular, it has been proposed that Ecadherin anchors actomyosin to generate the force to extrude dead

cells (Abreu-Blanco et al., 2011; Lecuit and Yap, 2015; Michael
et al., 2016). It has also been reported that intracellular Ca2+
increases in the neighboring cells in response to damage as well as
playing an important role in the repair of damage (Aihara et al.,
2013; Antunes et al., 2013; Hunter et al., 2015). Elegant studies
have shown that this intracellular Ca2+ action is required for
E-cadherin redistribution at the wounded junction and Ca2+ influx
mediated by TRPM channels immediately occurs after wounding
and coordinates actomyosin flow (Antunes et al., 2013; Hunter
et al., 2015). Our work identifies specific cellular sites for study,
but additional methodologies will be needed to identify the role and
interactions among such factors within this repair
microenvironment.
Our work shows that the physiological triggers of gastric
epithelial repair in vivo are preserved in the organoid model, and
are therefore intrinsic to the epithelial layer. TFF2 and CXCR4
10
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Fig. 7. Effects of several inhibitors on restitution in gastroids. (A) Nuclei (Hoechst 33342) or GFP (HuGE) images collected at the indicated times from
a representative timecourse experiment using gastroids. Scale bar: 10 µm. A single gastric epithelial cell was photodamaged (PD, yellow asterisk). Control
(n=11), NSC23766 (Rac1 inhibitor, 50 µM, n=6), PF-562271 (FAK inhibitor, 1 µM, n=6), ML141 (Cdc42 inhibitor, 20 µM, n=5) or Y27632 (ROCK inhibitor, 20 µM,
n=6) was added to medium. Compiled results (mean±s.e.m.) showing timecourse (B), which was used to derive the calculated repair rate (C) and dead cell
moving distance (D). *P<0.05, **P<0.01 versus control (one-way ANOVA with Dunnett’s test). (E) GFP intensity changes in the lateral membrane before and 2 min
after PD. **P<0.01, ***P<0.001 versus prior to damage (two-tailed t-test). Timecourse of GFP intensity in the basal compartment of viable cells adjacent to the
damaged area (F) and values at specific indicated times (G). GFP intensity is normalized to averaged resting value prior to damage. *P<0.05, **P<0.01,
***P<0.001, versus prior to damage in corresponding conditions (one-way ANOVA with Dunnett’s test).
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promote gastric restitution in vivo (Aihara et al., 2017; Xue et al.,
2010, 2011). We confirmed that CXCR4 inhibitor slowed repair in
gastroids. It is reported that the activation of CXCR4 in the Caco-2
cells increases the intracellular Ca2+ concentration, resulting in
enhancing intestinal epithelial restitution through reorganization of
the actin cytoskeleton (Agle et al., 2010). It also is reported that
exogenous TFF3 limits disruption to the F-actin in Caco-2 cells (Xu
et al., 2011). In the present study, PLC inhibitor also inhibited repair
of damage in the gastroids, consistent with previous in vivo and
in vitro studies (Aihara et al., 2013; Watanabe et al., 1994a).
Inhibition of PLC or CXCR4 strongly prevented an initial increase

of GFP–actin in the lateral membrane in the migrating cell,
suggesting that intracellular Ca2+ plays important role to initiate
actin dynamics and TFF2 functions as an upstream effector in
response to gastric epithelial damage. Thus TFF2 and CXCR4
signaling may also affect actin dynamics via regulating cell
protrusion and contraction, and that this action might be mediated
by Ca2+ mobilization. It is also possible that TFF2 signaling affects
myosin dynamics, but this will require further studies.
Rho/ROCK signaling is known to regulate cell migration (Hall,
1998; Matsuoka and Yashiro, 2014; Mitra et al., 2005; Zhao and
Guan, 2011). Additionally, gastric mucosal injury induces FAK
11
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Fig. 8. Effect of RhoA inhibitor on restitution in gastroids. (A) Gastroids were incubated with C3 transferase at an indicated concentration for 4 h and fixed
with 4% PFA. Representative images show nuclei (Hoechst 33342, blue) and F-actin (using phalloidin, green). Scale bars: 10 µm. A single gastric epithelial
cell was photodamaged in the absence (control; sterile water, n=7) or the presence of C3 transferase (C3; 10 µg/ml, n=7). Compiled results (mean±s.e.m.)
showing the timecourse of the amount of damaged area (B), which was used to derive the calculated repair rate (C) and dead cell moving distance (D). ***P<0.001
versus control (two-tailed t-test). Timecourse of GFP intensity in the lateral and basal compartment of viable cells adjacent to the damaged area (E) and values at
specific indicated times (F, lateral; G, basal). GFP intensity is normalized to the averaged resting value prior to damage. In F, **P<0.01, ***P<0.001 versus
prior to damage in corresponding conditions (two-tailed t-test). #P<0.05 versus control at corresponding time (two-tailed t-test). G: *P<0.05, ***P<0.001 versus
prior to damage (two-tailed t-test). ##P<0.01 versus control at corresponding time (two-tailed t-test).

phosphorylation, and others have observed that indomethacin
(which slows gastric repair) reduced FAK immunoreactivity in the
migrating cell after NaCl-induced gastric injury (Szabó et al., 2002).
We observed that inhibitors for Cdc42 or FAK appeared to inhibit
restoration of normal actin levels following the completion of repair;
however, they did not affect the total repair rate or dead cell
exfoliation rate. It is reported that ROCK is critical for actin
assembly and actomyosin activity in the purse-string wound closure
model (Abreu-Blanco et al., 2011; Antunes et al., 2013; Russo et al.,
2005). Consistent with these studies, we observed that ROCK
inhibition prevented actin dynamics and delayed restitution. It is
reported that RhoA, which acts upstream of ROCK, stimulates the
initial events of protrusion (Machacek et al., 2009). Similar to what
was seen upon ROCK inhibition, we demonstrated that RhoA
inhibition blocked actin dynamics as well as restitution. RhoA/
ROCK regulates myosin II to control contraction, whereas RhoA
also regulates formins to promote unbranched actin nucleation
(Goode and Eck, 2007; Pellegrin and Mellor, 2007). It has been
shown that silencing Dia, which acts downstream of RhoA,
inhibited wound repair in Drosophila, which suggests that a
formin, but not the Arp2/3 complex, is the main regulator of actin
polymerization within their system (Antunes et al., 2013). We could
not confirm the involvement of formins in the pharmacological
approach we used in the gastric restitution, but our results suggest
that RhoA/ROCK likely stimulates cell contraction and protrusion
in response to damage. Thus, it is possible that the Cdc42 and FAK
primarily regulate the later phase of the gastric repair process and
RhoA/ROCK is mainly involved in initial cell stretching and
generation of force to extrude the dead cell, but not actin
polymerization.
Since the sustained actin accumulation after the decrease of
damage area was observed, a bistable ‘commitment switch’ was
assumed. The molecular network underlying the commitment
switch for actin dynamics remains largely unknown in normal
epithelial cells, although multiple positive feedbacks have been
proposed in other models. It has been reported that actin protrusion
is promoted by Rac1, and that the activity of Rac1 is regulated by a
mutually antagonistic positive feedback between Rac1 and RhoA
(Byrne et al., 2016; Lomakin et al., 2015). Early studies have
observed that both RhoA and Rac1 are strongly expressed during
wound healing in RGM1 cells (Osada et al., 1999). In the present
study, inhibition of Rac1 promoted restitution in gastroids. Rac1
promotes intestinal epithelial cell migration after wounding (Rao
et al., 2008). It is reported that Rac1 has either inhibitory or
stimulatory effects on cell migration depending on types of cell line,
and this stimulation upon Rac1 inhibition was accompanied with the
enhancement of RhoA activity (Zuo et al., 2006). It is possible that
Rac1 inhibition results in an increase of RhoA activity in the
gastroids. Two redundant positive-feedback mechanisms between
RhoA, ROCK, and non-muscle myosin II have also been proposed
to function as a bistable switch (Priya et al., 2015). Furthermore, a
biomechanical positive feedback has been proposed to amplify the
recruitment of essential molecules including myosin II (Munjal
et al., 2015). In our work, inhibition of RhoA, ROCK and myosin II
all partially inhibited actin dynamics, consistent with their positive
contribution to a proposed commitment switch. We have not
systemically identified the precise molecular pathway of this
commitment switch. Further studies will be necessary to reveal
the molecular composition of the switch.
In conclusion, gastric organoids are a useful system to augment
studies of epithelial repair in native tissue. Our studies in this system
have shown that actin dynamics regulated by Ca2+ signaling and the
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physiological effector TFF2/CXCR4 initiate gastric repair of
damage, followed by the promotion of cell migration to complete
restitution. These actin dynamics are tightly correlated with
dead cell exfoliation and are associated with force generation.
This organoid model will provide new insight into the molecular
and cellular mechanisms of gastric epithelial restitution by enabling
experimental approaches and therapeutic validations that cannot
currently be performed in either animal or native human tissues.
MATERIALS AND METHODS
Animal husbandry and surgery

Experiments used HuGE heterozygous mice or HuGE negative mice from
same colony (Gurniak and Witke, 2007). Animals were fed a standard
rodent chow diet, and had free access to water. HuGE mice used in the
experiments carried one GFP–actin knock-in allele in the profilin 1 locus
(Gurniak and Witke, 2007), and they were confirmed by PCR genotyping.
Male and female mice were used for experimentation at 2–4 months of age.
All animal procedures were approved by the Institutional Animal Care and
Use Committee of the University of Cincinnati.
The surgical preparation of animals has been described previously
(Aihara et al., 2014, 2013; Xue et al., 2010). Mice were anesthetized with
inactin (10 mg/kg body weight, intraperitoneal) and ketamine (50 mg/kg
body weight, intraperitoneal), and the exposed gastric mucosa protruded
into a perfusion chamber on the stage of an inverted confocal and twophoton microscope (Zeiss LSM 510 NLO), with the microscope stage
enclosed and heated to keep the body temperature of the animal at ∼37°C.
Generation of gastroids

Gastroids from mouse gastric corpus were generated as described previously
(Mahe et al., 2013; Schumacher et al., 2015a). Briefly, isolated mouse
gastric corpus was incubated with rocking at 4°C for 2 h in 10 mM EDTA in
Dulbecco’s phosphate-buffered saline (DPBS) without Ca2+ and Mg2+.
Then tissue was placed into ice-cold dissociation buffer (43.3 mM sucrose
and 54.9 mM D-sorbitol, Sigma, in DPBS) and shaken forcefully by hand to
dissociate individual glands. Dissociated glands were centrifuged at 150 g
for 5 min at 4°C, and the pellet re-suspended in Matrigel. Suspended glands
in Matrigel were added to an eight-well Lab-Tek chamber with coverglass
(Thermo Scientific). After Matrigel polymerization at 37°C, advanced
DMEM/F12 supplemented with 2 mM GlutaMax, 10 mM HEPES, 100 U/
ml penicillin/100 μg/ml streptomycin, 1× N2 and 1× B27 supplements (Life
Technologies), Wnt3a-conditioned medium (50%), R-spondin-conditioned
medium (10%), Noggin-conditioned medium (10%), [Leu15]-Gastrin I
(10 nM, Sigma) and EGF (50 ng/ml, PeproTech) was added to the wells
and replaced every 4 days. Gastroids were cultured in a 5% CO2 incubator
at 37°C.
Induction of two-photon laser-induced microlesion
In vivo animal

Tissue NAD(P)H autofluorescence (Ti-Sa laser, excitation of 730 nm,
emission of 435–485 nm) and GFP–actin fluorescence (excitation of
488 nm, emission of 500–550 nm) in the gastric corpus were collected
simultaneously using a C-Apochromat 40× objective with a confocal
reflectance image (reflecting 730 nm light to show cell/tissue structure).
Gastric epithelial damage was induced by a two-photon laser
( photodamage) as described previously (Aihara et al., 2014, 2013; Xue
et al., 2010). After collecting a set of control images, a small rectangle region
(≈200 µm2) of gastric surface epithelium in the corpus was repetitively
scanned at high Ti-Sa laser power (350 mW average) for 150 iterations. The
mucosal surface was exposed to pH 5 solution (150 mM NaCl and 4 mM
homopipes; Research Organics). In some experiments, solutions contained
10 mM HEDTA (Fluka).
In vitro gastroid

Experiments were performed in organoid culture medium under 5% CO2 at
37°C (incubation chamber, PeCon, Erbach, Germany) on an inverted
confocal microscope (Zeiss LSM 510 NLO) and imaged with a
C-Achrophan NIR 40× objective. The gastroid was preincubated with

12

Journal of Cell Science

RESEARCH ARTICLE

RESEARCH ARTICLE

Hoechst 33342 (10 μg/ml, Thermo Fisher Scientific) for 30 min to visualize
nuclei. Images of Hoechst 33342 (Ti-Sa laser, excitation of 730 nm,
emission of 435–485 nm) and GFP–actin (excitation 488 nm, emission
500–550 nm) in the gastroid were collected simultaneously with a
transmitted light. In some cases, Alexa Fluor 647-conjugated 10K-dextran
(10 μM, excitation 633 nm, emission 650–700 nm, Thermo Fisher
Scientific) was added to the medium of the HuGE gastroids while Alexa
Fluor 647-conjugated 10K-dextran and Lucifer Yellow (20 μM, excitation
458 nm, emission 500–550 nm, Molecular Proves) were added to the
medium of the HuGE-negative gastroids. After collecting a set of control
images, a small rectangle region (≈5 µm2) of a single cell was repetitively
scanned at high Ti-Sa laser power (730 nm; 650 mW average) for 500
iterations (duration, 2–3 s). Gastroids locating ∼150–300 μm from the cover
glass in the Matrigel were used. In some cases, EDTA (0.5–2 mM)
was applied to medium. Unless noted, gastroids were preincubated at least 1 h
prior to experiments with the following drugs, which were kept in the medium
during experiments; Cytochalasin D (1 μM, Sigma), Latrunculin A (2 μM,
Sigma), Jasplakinolide (1 μM, Cayman), AMD3100 (1 μM, Sigma), U73122
(10 μM, Enzo life sciences), ML7 (10 μM, Calbiochem), (−)-Blebbistatin
(50 μM, Sigma), (+)-Blebbistatin (50 μM, Sigma), NSC23766 (50 μM,
Cayman), PF-562271 (1 μM, a gift from Dr James E. Casanova, Virginia
University, VA), ML141 (20 μM, Calbiochem), Y27632 (20 μM, Enzo
life sciences), CK-666 (100-200 μM, Sigma), and SIMFH2 (30-100 μM,
Sigma). C3 transferase (CT04, 1-20 μg/ml, Cytoskeleton) was applied to
medium 4 h prior to experiments. Final DMSO concentration was <0.2% in
the medium, equal amount of DMSO was added to medium in control group
unless stated.
The damage–repair cycle was measured independently several times per
animal in different locations of the corpus, or once per gastroid, and
outcomes from at least three animals or four different gastroids, were
compiled for each experimental protocol. In one set of experiments, shown
in Fig. S2, two damage cycles were imposed on gastroids.
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Whole-mount staining

Gastroids with or without damage were fixed with 4% paraformaldehyde
(PFA) for 30 min at room temperature. Gastroids were permeabilized with
1% Triton X-100 in PBS for 20 min, then blocked in 5% goat serum. AntiZO-1 antibody (1:100, Thermo Fisher Scientific, cat. #33-9100) were
incubated overnight at 4°C. Then, gastroids were incubated with Alexa
Fluor 647-conjugated goat anti-mouse IgG (1:200; Thermo Fisher
Scientific, cat. #A21236) overnight at 4°C. Additionally, gastroids were
incubated with Alexa Fluor 555–Phalloidin (1:40, Thermo Fisher Scientific,
cat. #A34055) for 30 min, followed by nuclear stain (Hoechst 33342, 10 μg/ml,
Thermo Fisher Scientific) for 20 min. Gastroids were imaged with Zeiss
LSM710 confocal microscopy.
Model construction and simulation

The model components are summarized in the influence diagram presented in
Fig. 2D. The influence diagram was converted into a system of ordinary
differential equations. The first derivative of distance is the velocity, and the
first derivatives of the velocity are the acceleration and de-acceleration. Given
the unclear molecular nature of the assumed bi-stable switch, it is modelled
with a generic formula as previously described (Mjolsness et al., 1991; Tyson
and Novák, 2010; Zhang et al., 2013). The model parameters were estimated
by comparing the temporal simulation of the models with the experimental
data that is averaged from multiple observations. The temporal simulations and
phase plots were carried out using XppAut (http://www.math.pitt.edu/~bard/
xpp/xpp.html) and then plotted with MATLAB (https://mathworks.com/).
Statistical analysis

All values are reported from representative experiments as the mean±s.e.m.
from multiple experiments. Statistical significance was determined using
unpaired Student’s t-test or one-way ANOVA with Dunnett’s multiple
comparison post-hoc test. A P value of <0.05 was considered significant.
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