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A B S T R A C T   

Several factors present in the extracellular environment regulate epithelial cell adhesion and dynamics. Among 
them, growth factors such as EGF, upon binding to their receptors at the cell surface, get internalized and directly 
activate the acto-myosin machinery. In this study we present the effects of EGF on the contractility of epithelial 
cancer cell colonies in confined geometry of different sizes. We show that the extent to which EGF triggers 
contractility scales with the cluster size and thus the number of cells. Moreover, the collective contractility results 
in a radial distribution of traction forces, which are dependent on integrin β1 peripheral adhesions and trans-
mitted to neighboring cells through adherens junctions. Taken together, EGF-induced contractility acts on the 
mechanical crosstalk and linkage between the cell-cell and cell-matrix compartments, regulating collective 
responses.   

1. Introduction 

Collective dynamics is central for epithelial tissue integrity mainte-
nance and its perturbation leads to diseases, such as cancer cell growth 
and dissemination. In maintaining the cohesion of collectives, many 
cells individually correlate their own mechanical status with the one of 
their neighbors (Tambe et al., 2011). This complex force balance is 
regulated by intracellular biochemical signaling pathways, orchestrated 
by molecular complexes involved in cell-cell and cell-matrix adhesions 
(Mui et al., 2016). How these local chemo-mechanical signals are inte-
grated and adjusted at the multicellular level remains still largely 
unknown. 

Cell-cell adhesion is facilitated by adherens junctions (AJs), in which 
the cadherin-catenin complex is crucial for sensing and transducing 
forces, as well as for adapting to forces experienced by cells during 
epithelial collective dynamics (Han et al., 2016; Pannekoek et al., 2019). 

Mechanotransduction at intact AJs allows cells to respond to 
chemo-mechanical signals of the environment through activation of 
myosin II contractility (Seddiki et al., 2018). Recent findings suggest 
that in multicellular clusters, stresses at nearby AJs are tightly coupled 
and directly contribute to the transmission of forces exerted at matrix 
contacts. Cell-cell and cell-matrix adhesion sites are mechanically 
coupled through a pre-stressed actin network, which allows to balance 
adhesive forces to adjust to cell shape changes (Maruthamuthu et al., 
2011) and, within a cluster for each cell forces are balanced at AJs and 
focal adhesions (FAs). When adhesive forces at AJs are weakened 
through a perturbation of cell-cell contacts, cell-matrix forces are reor-
ganized, shifting from ring-like traction at the periphery to high and 
evenly distributed forces across the cell cluster (Mertz et al., 2013). 

Soluble growth factors such as epidermal growth factor (EGF), alter 
epithelial cells morphology and mechanics (Chinkers et al., 1979; Yang 
et al., 2012) and induce actin polymerization and migration of different 
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cancer cell types (Felkl et al., 2012; Makowiecka et al., 2016). Addi-
tionally, EGF activates ROCK, leading to phosphorylation of myosin II 
regulatory light chain and inactivation of myosin II phosphatases 
(Rubsam et al., 2017). As a result, there is an increase in myosin II 
contractility, which initially triggers stress fiber assembly and an in-
crease in traction forces. Of note, maturation of adhesions to the matrix 
is guided by actin stress fiber assembly even in absence of tension due to 
myosin II activation (Choi et al., 2008; Oakes et al., 2012; Stricker et al., 
2011). At FA, upon EGF stimulation, there is a decrease in adhesion 
strength to the matrix due to paxillin dephosphorylation and subsequent 
retraction of protrusions (Schneider et al., 2009). In cell clusters, the 
level of complexity for integrating signaling into mechanical responses is 
increased due to the presence of AJs, which act themselves as me-
chanical units. By using a finite element model to resolve 3D traction 
forces in epithelial cell clusters, it was shown that the magnitude of 
tractions within the cluster increases in response to EGF and that the 
cluster behaves like a spring-like single unit, where maintenance of 
tension at cell-cell junctions coordinates the collective response (Not-
bohm et al., 2012). In this model, two different tractions were presented: 
In-plane tractions pulling on the substrate directed to the center of the 
cluster, and larger out-of-plane tractions, occurring due to structural 
reorganization of the cluster. While these studies point out the impor-
tance of the mechanotransducive properties of AJs in maintaining col-
lective integrity, it remains to be identified how the force balance at 
cell-cell and cell-matrix adhesions is maintained during EGF-induced 
collective contractility. 

Here, we use surface patterning and biophysical approaches to 
analyze static confined monolayers of epithelial carcinoma cells at a 
constant surface density. We show that EGF-mediated contractility re-
sults in a transition from flat to dome-like cell collectives, which requires 
intact AJs. Increasing monolayer size leads to an increase in traction 
forces and modulates the internal stress distribution. Triggering collec-
tive contractility, EGF induces the actomyosin-dependent increase of 
collective forces which leads to a molecular clutch-mediated responses 
at FAs and is followed by retraction at matrix adhesions and overall 
cluster contractility. 

2. Material and methods 

2.1. Surface micropatterning 

Surfaces were micropatterned using a protocol adapted from 
Azioune et al. (2010). Glass coverslips (20×20 mm2 1.5, Carl Roth) were 
cleaned in 96 % ethanol for 15 min while sonicating, rinsed twice with 
deionized water and dried with an air gun. The coverslips were placed 
inside an ultraviolet light-ozone (UVO) cleaner (UVO Cleaner Unit 342, 
Jelight Company Inc., USA) for 10 min and afterwards their surface was 
coated with PLL-PEG (0.1 mg/ml in 10 mM HEPES, pH 7.5) (SuSoS 
Surface Technology, Switzerland). For micropatterning, a quartz chro-
mium photomask (Toppan Photomasks, Inc.) was designed with 8 
identical squared fields, sized 15 × 15 mm2; containing an array of 
circles of ranging from 20 to 500 µm in diameter, spaced 150 µm from 
each other. The photomask was washed with acetone and isopropanol, 
dried and activated in the UVO cleaner for 5 min. Directly after acti-
vation, the passivated glass coverslips were sandwiched with the 
photomask using 4 µl of deionized water. The samples were placed in the 
UVO cleaner for 5 min and then washed with deionized water for 10 
min. If not used immediately for cell experiments, the micropatterned 
coverslips were kept overnight at 4 ◦C. 

2.2. Polyacrylamide gel fabrication, coating and micropatterning 

Polyacrylamide (PAA) gels were fabricated as described previously 
(Casares et al., 2015; Latorre et al., 2018; Perez-Gonzalez et al., 2019). 
Briefly, polyacrylamide gels of 6 kPa containing fluorescent beads were 
generated by mixing 76.71 % (w/v) HEPES ( #H4034, Sigma) 10 mM pH 

7.5, 18.74 % (v/v) acrylamide 40% (#161-0140, BIO-RAD), 3 % (v/v) 
bis-acrylamide (#161-0142, BIO-RAD), 1 % (v/v) Fluo-Spheres 
carboxylate-modified 0.2 µm red (Ex. 580, Em. 605) (#F8810, Invi-
trogen), 0.5 % (v/v) ammonium persulphate (APS) solution (10 %(v/v) 
APS (#A3678, SIGMA) in H2O) and 0.05 % (v/v) Tetramethylethyle-
nediamine (TEMED) (#T9281, Sigma). The gel surface was activated 
with a solution of 2 mg/ml of Sulpho-SANPAH exposed to UV light of 
365 nm for 5 min (#XX-15 L, Workflow Solutions for Life Science) to 
covalently crosslink extracellular matrix proteins. After washing with 
PBS, PDMS stencils containing circular openings of the desired sizes 
were placed on top to micropattern the adhesive regions. PDMS stencils 
were fabricated as described previously (Perez-Gonzalez et al., 2019). A 
solution of 100 µg/ml collagen type I (rat tail #08-115, Millipore) was 
added on top of the gel and incubated overnight at 4 ◦C. Before cell 
seeding, the samples were washed with PBS and the stencil was 
removed. 

2.3. A431 cell culture 

Human epidermoid carcinoma cell line A431 was purchased from 
ATCC (#CRL-1555, LOT: 60304745). CRISPR-Cas9 A431 α-catenin 
knockout cells and rescue transfected with pLV-α-catenin-mCherry were 
kindly provided by Takuya Kato (F. Crick Institute, London) (Labernadie 
et al., 2017). All cell lines were cultured at 37 ◦C in 5% CO2 in complete 
growth medium, containing high glucose DMEM, (#41966 Thermo 
Fisher), 10 % FBS and 1 % Pen/Strep (Thermo Fischer). Confluent cells 
were passaged at 1:3 dilution using 0.25 mM trypsin/EDTA (Thermo 
Fischer) for detachment. For experiments on micropatterned glass cov-
erslips, cells were seeded at a density of 8.3 × 104 cell/cm2. For the TFM 
experiments on PAA hydrogels, 106 cells were resuspended in 200 µl of 
complete medium and seeded on the hydrogel surfaces for 20 min. Then, 
unattached cells were removed by vigorous washing with sterile PBS and 
the remaining cells were grown in complete medium. 

2.4. EGF and blebbistatin treatment 

A431 cells were seeded on the samples in complete growth medium 
for 48 h. Then, cells were washed twice with PBS and serum starved 
using DMEM without FBS, supplemented with 1 % Pen/Strep for 5 h. 
Recombinant human epidermal growth factor (EGF; # 236-EG, R&D) 
was added to the starvation medium at a concentration of 100 ng/ml in 
PBS. As negative control, an equivalent amount of PBS was added to the 
media. For myosin II inhibition experiments, the cells were treated for 1 
h with blebbistatin (#B0560-5MG, Sigma Aldrich) dissolved in dimethyl 
sulfoxide (DMSO) at a concentration of 50 µM. As negative control, an 
equivalent amount of DMSO was added to the media. 

2.5. Western blot 

A431 cells, A431 α-catenin knockout cells and rescue transfected 
α-catenin knockout cells were grown as previously described. Cells were 
then washed with cold PSB, lysed with RIPA lysis buffer supplemented 
with 1 % (v/v) Halt Protease and Phosphatase Inhibitor Single-Use 
Cocktail and 1 % (v/v) 0.5 M EDTA and incubated overnight at −
80 ◦C. The following day cell lysates were collected and centrifuged 
(14,000 rpm for 30 min at 4 ◦C). Protein containing supernatants were 
processed according to NuPAGE™ Bis-Tris Mini Gels protocol (Thermo 
Fisher). After protein transfer, nitrocellulose membranes were blocked 
with 3 % BSA in TBS-T buffer and incubated with primary antibody 
solution (1 % BSA in TBS-T buffer) overnight at 4 ◦C. The following 
primary antibodies were used: 0.1 µg/ml α-catenin (Ab51032, Abcam), 
0.5 µg/ml β-actin (A1978, Merck), 0.25 µg/ml β-catenin (610153, BD 
Bioscience), 0.2 µg/ml E-cadherin (Sc-8426 Santa Cruz), 0.2 µg/ml 
EGFR (Sc-03, Santa Cruz). The following day, three washing steps were 
performed followed by incubation with secondary antibody solution (1 
% BSA in TBS-T buffer) at RT for 2 h. 0.4 µg/ml HRP conjugated anti 
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mouse (Sc-2005, Santa Cruz) or anti rabbit (Sc-2004, Santa Cruz) were 
used as secondary antibodies. The membranes were then washed three 
times with TBS-T and incubated with ECL Prime detection reagent 
(Amersham, GE Healthcare) to record the chemiluminescent signal 
using an imaging analyzer (Imager 600, Amersham). 

2.6. Time-lapse microscopy 

Time lapse phase contrast imaging was performed on a DeltaVision 
system (GE Healthcare) installed on an Olympus IX inverted fluor-
escence widefield microscope, with a cooled CCD camera (Coolsnap HQ, 
Roper Scientific, USA). A 10 × objective (NA 0.3, Zeiss) was used and 
images were obtained every 15 min over a period of 24 h. 

The paxillin-YFP plasmid was kindly provided by Benjamin Geiger 
(the Weizmann Institute of Science, Rehovot) and cell transfection was 
performed using Amaxa cell line nucleofector (Kit T, Lonza). After 
transfection, 1 × 106 cells were seeded in complete medium on micro-
patterned glass surfaces for 24 h and then treated with EGFR as previ-
ously described. Time lapse was performed in DMi8 inverted 
fluorescence widefield microscope (Leica) using a 63 × oil objective (NA 
1.4, Leica). Images were acquired every minute starting 5 min prior to 
EGF stimulation over a period of 1 h. 

To label the actin cytoskeleton, A431 cells on micropattern were 
rinsed with warm PBS. SiR actin and verapamil (catalog no. SC001, 
Spirochrome, diluted 1:1000) were added to the medium and cells were 
incubated for 1 h at 37 ◦C and 5 % CO2. Immediately following addition 
of EGF, images were acquired every 5 min at room temperature using a 
laser scanning confocal microscope (Zeiss LSM 900, Oberkochen, Ger-
many) equipped with a 20 × air (Objective Plan-Apochromat 20 ×/0.8 
M27, Carl Zeiss AG). 

2.7. Traction force microscopy and monolayer stress microscopy 

For traction force microscopy (TFM), an inverted fluorescence 
widefield DMi8 microscope (Leica) equipped with a dark incubation 
chamber controlling a temperature and CO2 was used. Images were 
acquired with 10 × objective and using the software LAS X (Leica). 
Alternatively, samples were imaged with an automated inverted fluor-
escence widefield microscope (Nikon Eclipse Ti2) with 20 × objective. 
The microscope was operated with the software MetaMorph (Universal 
Imaging). 

Traction forces were computed as previously described (Per-
ez-Gonzalez et al., 2019; Trepat et al., 2009). Briefly, bead displace-
ments were measured by comparing each bead image of the time-lapse 
to a reference image of the relaxed gel after removing cells by adding of 
trypsin. Substrate displacement maps were calculated using 
custom-made particle image velocimetry (PIV) implemented in Matlab. 
Traction forces were calculated from substrate displacements using 
Fourier Transform Traction Force Microscopy with a finite gel thickness 
(Trepat et al., 2009). 

Monolayer internal stresses were computed from traction maps using 
monolayer stress microscopy as previously described (Tambe et al., 
2011). The average normal stress was computed as the mean of the xx 
and yy components, as the increase in tension triggers the transition 
while the cluster is still a monolayer. 2D force balance provides stresses 
in the units of surface tension (N/m). To provide stresses in Pa, a con-
stant monolayer thickness of 10 µm was assumed. 

2.8. Immunofluorescence microscopy 

Cells were fixed with 4 % (w/v) paraformaldehyde for 15 min and 
then washed twice with PBS. For immunofluorescence, plasma mem-
brane was permeabilized with 0.1 % (v/v) Triton X-100 for 5 min. 
Samples were incubated with blocking solution (1 % bovine serum al-
bumin (BSA) in PBS) for 30 min at RT. Staining with primary antibody 
was performed overnight at 4 ◦C, followed by incubation with secondary 

antibody for 2 h at RT. After each antibody incubation step the samples 
were washed three times for 10 min each. The coverslips were mounted 
in Mowiol containing DABCO. Primary antibodies (α-catenin, 1:100, 
#Ab51032, Abcam; E-cadherin 1:200, # Sc-7870, Santa Cruz; β-catenin 
1:500 #610153, BD Bioscience; paxillin Y118, #2541S, Cell Signaling; 
vinculin 1:100, #V9131, Sigma Aldrich; zyxin 1:100, #307011, Syn-
aptic systems; integrin β1 clone 12G10 1:100 #30394 Abcam; pMLC2 
1:50, #3671 S, Cell Signaling) were diluted in blocking solution and 
incubated on the samples overnight at 4 ◦C. Samples were incubated 
with secondary antibodies (AlexaFluor647 anti-mouse, 1:500 #A- 
21236, Thermo Fisher; AlexFluor488 anti-rabbit, 1:500, #A-11034, 
Thermo Fisher) in blocking solution for 1 h at RT. F-actin staining was 
done by using Phalloidin-TRITC (1:1000, #P1951, Sigma Aldrich). For 
fluorescent staining of plasma membrane, cells were fixed as described 
above and then incubated in blocking solution for 30 min at RT. The 
samples were incubated with 5 µg/ml wheat germ agglutinin conjugated 
with AlexaFluor488 (WGA, #W11261, Thermo Fisher) and 1 µg/ml 
DAPI (#D9542, Sigma Aldrich) for 30 min at RT. Cells were washed with 
blocking solution three times for 10 min each and mounted in Mowiol 
(Sigma-Aldrich) containing 1.4-diazabicyclo-[2.2.2]-octane (DABCO, 
Merck). 

Cell proliferation was evaluated with the Click-iT EdU Flow 
Cytometry Cell Proliferation Assay (Thermo Fisher) following the 
manufacturer’s protocol. Briefly, cells grown on glass coverslips were 
fixed in 4 % PFA for 15 min and washed with 3 % BSA in PBS for 10 min. 
Cells were then permeabilized with 0.5 % Triton-X 100 in PBS for 20 
min. Cells were washed twice with washing solution and incubated in a 
buffer containing CuSO4, AlexaFluor488 azide and reaction buffers for 
the click reaction for 30 min. Cells were washed and stained with 1 µg/ 
ml DAPI for 15 min. 

Epifluorescence images of fixed samples were acquired with an up-
right fluorescence widefield microscope (Leica DM6000B) with 40x and 
63x objective and using the software LASX. Confocal images of fixed 
fluorescent samples were recorded with a LSM 880 and LSM 800 
confocal microscopes (Zeiss) using the 40x and 63x objectives respec-
tively. Fixed cells stained for actin, integrin β1 and pMLC were imaged 
with a laser scanning confocal microscope (Zeiss LSM 900, Oberkochen, 
Germany) equipped with a 63 × oil objective (Plan-Apochromat 63 
×/1.4 Oil DIC M27) using an Airyscan 2 module. Airyscan images were 
automatically post-processed using the Zeiss ZEN 2 software. 

2.9. Image and statistical analysis 

Nuclei counting of cell clusters was done using the plugin “Nucleus 
Counter” (ImageJ) for images processed by application in the following 
order of Otsu algorithm/No Smooth filter/Subtract background/Watershed. 
Since the algorithm underestimated the number of nuclei, automated 
count was manually corrected using Show all function in the ROI man-
ager of Cookbook (ImageJ). For each cluster size the average number of 
nuclei was calculated. For statistical test, One-way ANOVA (GraphPad 
Prism 9) was performed. For the quantification of proliferating cells, 
EdU positive cells were manually counted in 3D z-stacks using the plugin 
Cell count (ImageJ). Statistical analysis was performed using unpaired t- 
test (GraphPad Prism 9). A431 cells cluster areas were quantified over 
time using the macro MRI-wound healing tool (ImageJ). 

To quantify the area of FAs, fluorescence images of cell clusters 
stained for integrin β1 were automatically segmented using the random 
forest classifier Weka Segmentation (Arganda-Carreras et al., 2017). To 
train the classifier, approximately 100 FAs were annotated manually. 
The images were cropped in a way to only investigate integrin β1 clus-
ters at the edge of the epithelial cell clusters (outer 5 µm) and a 2 × 2 
median filter was applied. Binary images were generated and processed 
in ImageJ using Analyse Particles to obtain the area of each FA. Thereby, 
a size (> 0.3 µm2) and a circularity filter (< 0.7) were used to remove 
background and e.g. FAs merged due to the segmentation. To approxi-
mate the length and the ratio between the minor and the major axis, 
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ellipses were fitted on each detected cluster and their major and minor 
axes were measured. The results were verified by manual measurement 
of the FA length and width. Integrin cluster radial orientation analysis 
was performed by rotating the fields of view such that the cell cluster 
border is parallel to the x-axis. Next, images were cropped and a 5×5 
median filter was applied. Binarized images were generated as described 
above and processed using the OrientationJ plugin in ImageJ (De Vos 
and Timmermans, 2016) to determine the distribution of integrin cluster 
orientation (Fig. S7). Time lapse movies of Paxillin-YFP were analyzed 
using the function multi-kymograph of ImageJ. Kymographs with a width 
of 8 pixel were plotted at the cell edge. Mean intensity values of the 8 
pixel width were calculated for every timepoint using the plot profile 
function each kymograph and averaged. Multiple kymographs were 
merged to generate an average kymograph. 

Using GraphPad Prism 9, a one-way ANOVA significance test with 
Welch’s correction was performed on the means of the different exper-
iments using Dunnett’s multiple comparison test. Thereby, the threshold 
for significance was defined as α = 0.05. p-values between 0.1 and 0.01 
correspond to (*), p-values between 0.01 and 0.001 correspond to (**), 
p-values between 0.001 and 0.0001 correspond to (***) and p-values <

0.0001 correspond to (****). No statistical significance is denoted as (n. 
s.). The individual datapoints were plotted together with the results of 
the statistical analysis using GraphPad Prism 9. 

3. Results 

3.1. EGF-induced collective contraction dynamics depend on the size of 
epithelial cell clusters 

To quantitatively examine the interplay between EGF-induced 
contraction and cell-cell junctions in regulating epithelial collective 
dynamics, we generated circular patterns with a diameter of 
100–200–300 µm to grow defined clusters of human epidermoid carci-
noma cells (A431 cell line) (Fig. 1). To generate cell clusters with 
defined size, surfaces were first coated with a layer of poly-L-lysine- 
polyethylene glycol (PLL-g-PEG) and then patterned by UV- 
photolithography, to create adhesive islands of different diameters. 
The PLL-g-PEG layer, visualized by conjugation to FITC fluorophore 
(Fig. 1A, upper row), prevents adhesion outside the adhesive area, 
thereby confining cells seeded on the substrate to defined regions 

Fig. 1. EGF induces collective contractility of epithelial cell clusters. A, Glass surface micropatterning of A431 cell collectives arranged in circular clusters of 
300–200–100 µm diameter. Upper row, passivated areas coated with PLL-PEG conjugated with FITC imaged by fluorescence microscopy. Lower row, clusters of cells 
adhering to the non-passivated regions imaged by phase contrast microscopy. Scale bar 100 mm. B, Quantification of cell number, single cell area and cell density for 
cell clusters of different size. Data from 3 independent experiments, N = 15, 14 and 15 for 300, 200 and 100 µm. Plots display median values (black line) ± SEM; **** 
p < 0.0001, Mann Whitney test. C, Changes in epithelial cell cluster area (normalized to initial cluster size) over time following addition of EGF (100 ng/ml) to the 
culture media or in absence of the growth factor (control). (N = 14, 11 and 9 for 300, 200 and 100 µm –EGF; N = 12, 10 and 9 for 300, 200 and 100 µm + EGF). Plots 
display the mean values ± SD for each time point. D, Confocal images of representative 200 µm-sized cell clusters in absence (control, -EGF) or in presence of EGF 
stained after 24 h for actin (red), cell membrane (green) and nucleus (blue) and orthogonal projections. The white arrow heads point cells that are piling up. Scale 
bar 20 µm. 
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(Fig. 1A, lower row). The number of adherent cells significantly varies 
with the size of the patterned region, being respectively 45 ± 2 for 100 
µm, 170 ± 8 for 200 µm and 380 ± 12 for 300 µm (Fig. 1B, top). In 
contrast, single cell area (Fig. 1B, middle) and cell density (Fig. 1B, 
bottom) remain constant, where cells form a confluent monolayer 
within the patterned area. Cells were stimulated with 100 ng/ml EGF 
after having reached confluence. It should be noted that with this con-
centration of EGF, the number of proliferating cells was approximately 
10% higher than the one observed for the untreated group (Fig. S1). 
Cells confined in the patterns and treated with 100 ng/ml EGF were 
immediately monitored by time lapse video-microscopy over a period of 
24 h (Fig. 1C and Movie 1). Cluster area rapidly decreases only for EGF- 
treated cells in all cluster sizes within the first hour after addition of the 
growth factor to the media. For the first two hours of observation, cluster 
retraction is independent on the initial size of the adhesive islands. Af-
terwards, the size of the cell cluster on the 100 µm pattern remains 

unvaried over a period of 24 h, presenting a reduction of approximately 
25 % of its original size. For the 200 and 300 µm clusters, the decrease in 
size for an additional reduction of approximately 35 % continues for 4 h, 
suggesting an additional mechanism responsible for the generation of 
forces underlying cluster dynamics. The rearrangement in cell cluster 
organization leads to piling up of cells and as a consequence, parts of the 
micropatterned circles are available for cells to adhere again to the 
substrate leading to recovery of the circular shape. Over a period of 24 h, 
a steeper recovery phase is observed for the 300 µm, whereas the 200 
mm presented similar dynamics as for the 100 µm after 12 h observation, 
but with a faster recovery over time. These differences might be due to 
long-range multicellular dynamics present only in larger clusters and 
higher local cell density following cluster reorganization. Taken 
together, these results indicate that the response to EGF involves two 
phases, a first one independent on the monolayer size and a second one 
dependent on it. The retraction of EGF-treated clusters translates into a 

Fig. 2. Traction forces and internal stress rapidly increase in response to EGF. A, Traction forces maps overlay on cell clusters of 100–200–300 µm diameter. 
Low tractions are indicated with short arrows and cold colors, high tractions with long arrows and hot colors. Scale bar 100 µm. B, Maps of internal stress magnitude 
and distribution as function of cluster size. Color map shows in blue low internal stress and in dark red high internal stress. Scale bar 100 µm. C, Average traction 
values over time for clusters in absence or in presence of EGF. D, Average stress values over time for cell clusters in absence or in presence of EGF. For C and D, data 
from 4 independent experiments, N = 6, 18 and 8 for 300, 200 and 100 µm - EGF; N = 8, 21 and 14 for 300, 200 and 100 µm + EGF). Plots display mean ± SEM. E, 
Cartoon depicting the analysis workflow applied to resolve the radial distribution of traction forces (1), tractions recorded for each cluster were divided in radial 
zones with a step of 5 µm (2), average for each zone was calculated for each time point (3). F, Radial distribution of cell traction forces in clusters. Example ky-
mographs for 300, 200 and 100 µm clusters. G, Radial distribution of internal stress. Example kymographs for clusters of different size. For F and G, the initial time 
interval is 10 min for the first hour (dashed line), followed by a 30-min time interval for the subsequent hours. Tractions are displayed as heat map where cold pixels 
indicate outward tractions and hot pixel denote inward tractions. 
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reorganization of the collective into a dome-like structure within the 
first 24 h (Fig. 1D). At the outer edge of the cluster, flat and extended 
cells emerge and reinvade the available space; at the same time, an 
extensive piling up of cells is observed starting from the periphery and 
increasing towards the cluster center. The changes in cluster shape 
appear to be a result of rounding up of the cell body, since after EGF 
treatment the clusters are no longer flat, as evidenced by indirect 
immunofluorescence staining (Fig. 1D). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.ejcb.2022.151274. 

3.2. Cell collective reorganization in response to EGF-induced retraction is 
associated with a higher redistribution of traction forces and monolayer 
stress in larger clusters 

To further elucidate the functional contribution of cell-cell and cell- 
matrix adhesions to epithelial cell cluster reorganization and retraction, 
we next determined the impact of monolayer size on traction forces 
exerted on the substrate following EGF stimulation (Fig. 2 and Movie 2). 
Cells were seeded on 6 kPa PAA hydrogels containing 200 nm-sized red 
fluorescent beads and micropatterned with collagen-coated adhesive 
islands to perform traction force microscopy and monolayer stress mi-
croscopy during EGF-induced cluster retraction (Fig. 2A and B). Col-
lective dynamics in clusters of different sizes on PAA hydrogels were 
imaged by phase contrast video-microscopy and the cell area was 
quantified as described before (Fig. S2). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.ejcb.2022.151274. 

Tractions were recorded for a period of 11 h following the addition of 
EGF to the culture media. Traction maps for all the cluster sizes revealed 
an increase in the magnitude of traction forces mainly at the cluster 
periphery (Fig. 2A), as indicated by the long and hot colored arrows. No 
significant difference in average traction magnitude is observed for the 
three different cluster sizes; while the peak of tractions at the edge is 
higher for larger patters, at the center of the pattern forces are low 
(Fig. 2 A and C). The increase in traction occurs within the first hour 
after EGF stimulation, followed by a gradual decrease in cell-generated 
tractions over time. Without EGF addition, cell clusters do not show any 
changes in traction over time. 

We calculated the internal stress generated during collective 
retraction using monolayer stress microscopy (Tambe et al., 2013, 
2011). The generated monolayer stress maps for epithelial cell clusters 
of different sizes were color-coded to indicate high (hot color) and low 
(cold color) stresses (Fig. 2B). The average monolayer stresses show a 
rapid and strong increase within the first hour of stimulation with EGF 
(Fig. 2D). The analysis of the temporal changes of monolayer stresses 
indicates that the initial increase observed after EGF addition scales 
according to the cluster size, with the 300 µm showing the highest 
values. Interestingly, a relaxation of internal stresses is observed 4 h 
after addition of EGF to all cell cluster sizes (Fig. 2D), after reaching 
increased local cell density due to rearrangement of the clusters. 

To resolve the spatial distribution of traction forces generated by 
cells in clusters of different size, we performed traction force analysis 
divided in radial zones with steps of 5 µm in width. Tractions were then 
averaged and calculated for each time point (Fig. 2E). The radial dis-
tribution of cell traction forces over time indicates that, for all sizes, EGF 
induced an increase in tractions at the periphery (Fig. 2F). For the 200 
and 300 µm clusters, the initial peripheral tractions are higher than for 
the 100 µm, but they decrease to a level comparable to the 100 µm after 
the first hour. The radial distribution of monolayer stresses also confirms 
that the increase triggered by EGF addition scales according to the 
cluster size (Fig. 2G). Taken together, these results demonstrate that the 
initial regulation of cell-matrix and cell-cell adhesion forces upon EGF- 
induced contraction of epithelial cell clusters depends on the cluster 
size. 

3.3. Intact adherens junctions are required for force increase and cluster 
retraction due to EGF-induced contractility 

To determine the impact of cell-cell junctions on the transmission of 
contractile forces in clusters of different sizes, we investigated the 
response to EGF in α-catenin knockout cells, which cannot form AJs 
(Fig. 3). At AJs, α-catenin acts as a connecting protein between the E- 
cadherin/β-catenin complex and the actin cytoskeleton (Fig. S3). The 
absence of α-catenin results in cytoplasmic retention and nuclear 
localization of β-catenin and a rearrangement of actin fibers and vinculin 
clusters at the cell periphery (Fig. S3A). A rescue transfection with full 
length α-catenin restores the localization of β-catenin and actin fibers at 
the cell-cell junctions. In α-catenin knockout cells, the expression of AJ- 
associated proteins and EGFR is not altered (Fig. S3B). 

For patterned clusters of α-catenin knockout cells, addition of EGF to 
the culture media does not induce collective dynamics leading to rear-
rangement of the cluster as observed in A431 wildtype cells. Instead, 
individual cells extrude from the monolayer and adhere loosely on top of 
it. Cell traction forces for clusters of α-catenin knockout cells on 
micropatterned islands of different size were recorded over a period of 
24 h following the addition of EGF to the media (Fig. 3A and Movie 3). 
Cell tractions slightly increase and appear evenly distributed underneath 
the entire cluster for all sizes, while no changes are observed in absence 
of EGF. Thus, the presence of intact AJs is necessary for the regulation of 
collective traction forces exerted to the substrate. In contrast, in absence 
of AJs between cells, the monolayer stress is slightly increased and 
randomly distributed in patches (Fig. 3A and Movie 3). Calculation of 
the average monolayer stress over time also shows a modest increase 
upon addition of EGF, however there is no correlation of internal stress 
levels with the cluster size. No changes were monitored for micro-
patterned α-catenin knockout cell clusters in absence of EGF. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.ejcb.2022.151274. 

Rescue transfection with α-catenin restores the collective response to 
EGF in knockout cells and dome-like clusters are observed (Fig. 3B and 
Movie 3), suggesting that AJs are crucial for force transmission and in-
crease, as observed in Fig. 2. A ring-like distribution of traction forces 
and internal stresses is observed and the average value is higher in 
comparison to α-catenin knockout cells (Fig. 3B and Movie 3). In these 
cell clusters, not only does the average internal stress increase to a level 
comparable to the A431 wildtype cells (Fig. 2B), but also the correlation 
between size and stress is maintained. Taken together these results 
indicate that AJs are crucial for the collective response to EGF-induced 
contractility by regulating the distribution of forces at cell-cell and cell- 
matrix adhesions. 

3.4. A reinforcement in cell-matrix adhesions counteracts EGF-induced 
collective retraction of cell clusters 

We next monitored the temporal changes in actin organization in cell 
clusters at different time points during the first 90 min following addi-
tion of EGF to the culture media (Fig. 4A). Actin fibers visualized by SiR- 
actin labelling are visible at the border of the cluster in a belt-like 
structure prior to addition of EGF (indicated as 0 min). The change in 
actin network organization, characterized by the presence of retracting 
fibers in cells at the cluster periphery, is observed already within the first 
5 min after addition of the growth factor (Movie 4). After 60 min, the 
initial local retractions lead to a collective response, i.e. groups of cells at 
the periphery move towards the cluster center and actin fibers appear 
densely packed and disorganized (Fig. 4A zoom in boxes and Movie 4). 
For 300 µm and 200 µm clusters (Fig. 4A first and second row), localized 
contraction of cell groups are visible (white arrows) whereas for smaller 
clusters a global response is more evident, as shown by increased fluo-
rescence intensity of actin at the periphery of the cluster, leading to an 
overall decrease in cluster size (Fig. 4A third row). Since cell-generated 
contractile forces are important for the maintenance of cell-cell contacts 
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and organization of cell collectives, we probed the involvement of 
myosin II-dependent contractility in 100 µm cell cluster reorganization 
in response to EGF (Fig. 4B). Before addition of EGF, cells were treated 
for 1 h with blebbistatin, a specific inhibitor of myosin II head binding to 
actin. Over a 30-min period after inhibition of actomyosin contractility, 
cell cluster area remains unchanged. Addition of EGF leads to increase in 
contractility and decrease in cell cluster area only in absence of bleb-
bistatin, whereas for clusters pre-treated with the drug, the area does not 
decrease significantly during the 30-min observation period after addi-
tion of EGF to the culture media (Fig. 4B). The slight change in cluster 
area might be due to the direct perturbation of proteins which localize at 
focal adhesion in a myosin II dependent manner (Pasapera et al., 2010). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.ejcb.2022.151274. 

Since EGF induces the phosphorylation of myosin II heavy chains and 
the maintenance of cell-cell and cell-matrix adhesion is tightly coupled 
to actomyosin contractility (Schneider et al., 2009), we stained cell 
clusters for AJs, FAs and the actin cytoskeleton (Fig. 4C). After 30-min 
addition of EGF to the media, in absence of blebbistatin cells present 
distinct E-cadherin localization at cell-cell contacts and robust FAs, as 
evidenced by zyxin clusters at the periphery and within the group of 
cells. In presence of blebbistatin, cell-cell contacts are preserved but 
present a disorganized localization of E-cadherins at the junctions; 
cell-matrix adhesions and actin stress fibers are reduced and partly 
disrupted (Fig. 4C). These results indicate that actomyosin contractility 
is essential for the changes in cell cluster organization and dynamics in 
response to EGF and suggest that such changes impact cell-cell and 
cell-matrix adhesion sites. 

3.5. The reinforcement of cell-matrix adhesions is due to increased 
tension at the cluster periphery 

In response to EGF-induced contractility, actin stress fiber organi-
zation leads to enlarged matrix adhesions, which are disrupted by 
blebbistatin treatment for all cell clusters sizes (Fig. S5). To determine 
whether EGF-induced changes in FAs at the periphery of cell clusters are 
related to epithelial collective tension, we investigated the distribution 
of actin and phosphorylated myosin light chain (pMLC) in epithelial cell 
clusters treated with EGF (Fig. 5). At the molecular level, the mechanical 
coupling between integrin β1-mediated adhesions and the contractile 
cell actomyosin cortex is mediated by MLC phosphorylation (Chugh 
et al., 2017; Truong Quang et al., 2021), which could be EGF-dependent 
(Petrov et al., 2017). In absence of EGF, actin fibers are organized 
tangential to the border at the periphery of all epithelial cluster sizes. 
pMLC is mainly present at the border with the passivated area sur-
rounding the clusters and integrin β1 in the form of diffuse small ag-
gregates(Fig. 5A, upper row). Following addition of EGF, actin stress 
fibers become very evident and they are coupled to elongated integrin β1 
clusters (Fig. 5A inserts); pMLC is more pronounced at the border of all 
clusters and proximal to integrin β1 clusters (Fig. 5A second row). For all 
epithelial cell clusters, the rearrangement due to addition of EGF leads to 
a strong peripheral change and the FAs appear more radially distributed 
in comparison to the clusters which were not treated with EGF (Fig. 5A 
inserts). Analysis of integrin β1 cluster size and elongation indicates that 
FAs do not differ in size, but they are more elongated in cells at the 
periphery of the 300 µm cluster. Only after addition of EGF, a radial 
reorientation of integrin β1 clusters due to centripetal sliding of adhe-
sions is observed, without evident rupture of integrin-mediated adhe-
sions (Fig. 5B). 

Fig. 3. Adherens junctions are crucial for distribution of actomyosin contractility within cell clusters. Traction force maps and internal stress overlay on cell 
clusters of 200 µm diameter. A, Traction force microscopy and internal stresses of α-catenin KO cells adhering to micropatterned 6 kPa PAA hydrogels. Plot indicates 
the tractions over time of three cluster sizes. N = 9, 17, 6 for 300, 200, 100 µm clusters in control condition (− EGF) and n = 16, 20, 17 for 300, 200, 100 µm clusters 
in presence of EGF stimulation (+ EGF). Data from 2 independent experiments. B, Traction forces and internal stresses of Cherry-α-catenin rescue transfected 
α-catenin KO cells tractions plotted over time. N = 7, 10, 9 for 300, 200, 100 µm clusters − EGF, while N = 8, 13, 6 for 300, 200, 100 µm clusters + EGF. Scale 
bar 100 µm. 
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We next monitored focal adhesion dynamics in single cells express-
ing fluorescently tagged-paxillin (Fig. 6A and Movie 5). Within the first 
5 min after addition of EGF, cells in clusters show an increase in paxillin 
fluorescence signal, which is maintained over a period of 15 min and 
then drops to the initial levels at 30 and 60 min (Fig. 6B). Such increase 
in signal is accompanied by the translocation of paxillin-rich structures, 
as shown in the kymographs displaying fluorescence intensity values 
(Fig. 6C). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.ejcb.2022.151274. 

In absence of intact AJs in A431 α-catenin knockout cells, addition of 
EGF still leads to the assembly of larger FAs associated with robust stress 
fibers at the periphery of cell clusters (Fig. S6). In summary, the radial 
contraction and dome-like reorganization are due to transmission of 
forces at cell-matrix junctions, where tension is key for contractility. As 
such, EGF-induced changes in collectives involve dramatic structural 
changes at the periphery of epithelial clusters. 

4. Discussion 

The objective of this study was to investigate EGF-induced changes in 
collective dynamics of epithelial cells. To obtain defined cluster sizes, we 
confined cells in 100–200–300 µm-wide circular micropatterns. The 
addition of EGF to the culture medium led to a rapid contraction of all 
clusters. The EGF-induced contractile forces of the epithelial clusters 

were measured by using traction force microscopy. The analysis of their 
radial distribution showed that tractions were highest at the border of 
the cluster and progressed inwards. Through stress inference, we 
observed an overall increase in epithelial tissue compressive stress upon 
EGF addition only in presence of intact cell-cell junctions. Here, a 
cooperativity between cells in the clusters contributes to building up 
contractile stresses that induce a redistribution of traction force to the 
periphery of the clusters, which scales with cluster size. Since FAs at the 
edge are subjected to increased forces, they undergo reinforcement 
which could be explained by a molecular clutch mechanism (Elose-
gui-Artola et al., 2018). The following detachment due to high tension, 
would lead to cluster retraction and two-dimensional to 
three-dimensional transitions as a result of internal contractility of the 
tissue. 

How the regulation of EGF-induced contractility in epithelial cell 
collectives leads to arrangement of matrix adhesions, redistribution of 
forces and stresses might depend on two aspects. The first one is rep-
resented by the long-range interactions between epithelial cells orga-
nized in clusters of different sizes. In the present study, within the first 
two hours, the EGF-induced contractility of epithelial cell collectives is 
independent of the cluster size (Fig. 1). However, the subsequent dy-
namics of the cluster appear to be regulated by cluster size. It should be 
noted that our study does not address the direct contribution of cell 
number within the clusters to force generation, but it might be possible 
that more cells, and therefore increased cell-cell connections, could also 

Fig. 4. Inhibition of actomyosin contrac-
tility prevents changes in cluster area and 
perturbs adherens junction and focal adhe-
sion organization in EGF treated cells. A, 
Confocal images of representative clusters 
treated with EGF and labelled with SiR-actin for 
actin stress fibers; scale bar 50 µm; zoom in 
scale bar 15 µm. B, 100 µm cluster area quan-
tification over time following addition of bleb-
bistatin (30 min) and EGF (90 min) after initial 
observation. Samples treated with only DMSO 
(− blebbistatin) and EGF served as control. 
N = 28 and 23 for – and + blebbistatin 
respectively, from 3 different experiments. Plots 
display mean ± SD. C, 100 µm -sized clusters 
stained for adherens junctions (top) and focal 
adhesions (bottom) marker proteins 30 min 
after EGF treatment. The localization of E-cad-
herin (green), zyxin (cyan), actin stress fibers 
(red) in A431 cells is shown in maximum pro-
jections of z-stack confocal images. White boxes 
are 2x zoom in for selected regions of the 
cluster. Scale bar 20 µm.   
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cooperate to reach higher levels of internal stresses and tractions at the 
cluster edge. Nevertheless, our results are in line with previous obser-
vations on wetting transitions induced by increased collective contrac-
tility. The retraction of epithelial monolayers into three-dimensional 
aggregates has been studied in terms of a dewetting phenomenon 
(Beaune et al., 2018; Douezan et al., 2012, 2011; Nyga et al., 2021; 
Perez-Gonzalez et al., 2019; Wallmeyer et al., 2018). In this physical 
framework, the epithelium is interpreted in terms of a subset of 
coarse-grained variables. In the first models, the ability of a tissue to wet 
or dewet a surface is viewed in frame of competition between cell-cell 
and cell-substrate adhesion energies (Douezan et al., 2012, 2011). In 
later developments, additional variables were introduced to account for 
the active nature of the tissue (Nyga et al., 2021; Perez-Gonzalez et al., 
2019). These variables including traction, contractility, viscosity and 
friction. The link between these coarse grained variables and the mo-
lecular elements of the cells remains unknown. Our study contributes to 
bridge this gap by showing that the process of dewetting induced by EGF 
involves dramatic reorientations in stress bearing subcellular compo-
nents at the cluster periphery. 

An additional aspect to consider is the distinct EGF activity at cell- 
cell and cell-matrix adhesions at the molecular level. At AJs, E-cad-
herin lateral mobility and activity is controlled by cortical actomyosin 

forces (Chiasson-MacKenzie et al., 2015). Treatment with EGF dissoci-
ates actin and vinculin from the E-cadherin-catenin complex in 
MDA-MB468 cells, which do not express α-catenin, resulting in 
increased tyrosine phosphorylation of the β-catenin/p120 complex at 
AJs (Hazan and Norton, 1998). Therefore, the presence of α-catenin 
appears to be crucial for the maintenance of AJs following EGF-induced 
contractility in epithelial cell collectives. Our results with the α-catenin 
knockout A431 rescue transfected indicate that α-catenin is required for 
the peripheral increase in traction forces in all cluster sizes and, as ex-
pected, for the resulting generation of intercellular stresses (Fig. 3). 
Similarly, previous studies on the influence of intercellular adhesions on 
cell traction forces evidenced that colonies of keratinocytes in absence of 
AJs present disorganized forces throughout the colony; and restoring 
strong cadherin-mediated adhesions results in peripheral traction forces 
(Mertz et al., 2013). The modest increase in tractions observed in the 
α-catenin knockout cells does not follow the radial pattern we observed 
when intact AJs are formed (Figs. 2 and 3B), and it can be attributed to 
EGF-induced contractility and increase in cell-matrix adhesions in iso-
lated cells (Fig. S5). The force transduction pathways at E-cadher-
in-mediated junctions involve a strengthening of the α-catenin-actin 
linkage resulting in increased tractions. However, α-catenin is not the 
only regulator of contractility responses, since activation of EGFR is 

Fig. 5. EGF-induced contractility increases peripheral tension and focal adhesions. A, Representative confocal images of cell clusters adhering to micropatterns 
of different size treated or not with EGF. Cells were fixed 1 h after addition of 100 ng/ml EGF and immunostained for pMLC2 (green), F-actin (red) and integrin β1 
(cyan). Inserts of inverted grayscale images of integrin β1. Scale bar 20 µm for cluster overview; 5 µm for inserts. B, Quantification of integrin β1 cluster area, length 
and aspect ratio in cells at the periphery of micropatterns of different sizes after addition of EGF. Analysis of integrin β1 cluster orientation angle relative to the cell 
cluster border for all patterns of different size treated or not with EGF. 
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Fig. 6. EGF-induced actomyosin contractility leads to an initial transient reinforcement of focal adhesions. A, Representative image of a A431 cell at the 
periphery of a 200 µm cluster. Cells were transfected with paxillin-YFP and imaged 5 min before EGF stimulation and 1 h after. Left, overlay of polarized and 
fluorescence images at addition of EGF and 15 min after, scale bar 25 µm. The white box indicates the ROI, selected time points are displayed with a red hot color 
intensity. Scale bar 10 µm. B, Average kymograph and signal intensity analysis of paxillin clusters (line 8 pixel wide). Signal intensity measured along the ROI plotted 
for the different time points. Kymograph of the ROI was calculated for complete time lapse. Dashed line indicates the addition of EGF. N = 8 from 2 different 
cell clusters. 

Fig. 7. Working model for the regulation of cell-matrix 
and cell-cell adhesion forces following EGF-induced 
actomyosin contractility. A, A cluster of cells grown in 
micropatterns is maintained as a monolayer through a 
balance of forces at focal adhesions and adherens junctions. 
B, Following EGF-induced actomyosin contractility, a rapid 
rearrangement and increase of traction forces at focal ad-
hesions results in contraction of the cluster. C, Concomi-
tantly, because of increasing forces at adherens junctions, 
cell-matrix adhesions can no longer sustain the contacts 
at the periphery. Further cluster contraction leads to a 
transition from two-dimensional into a three-dimensional 
cluster.   
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needed for myosin II dependent increase of cell stiffness (Barry et al., 
2014; Muhamed et al., 2016). 

Several growth factors regulate cell-ECM adhesion by mechanisms 
that act on integrin expression, activation and focal adhesion turnover. 
Nevertheless, this alone cannot explain the reduction in cell-ECM 
binding in epithelial cancer cells and their invasive behavior. EGF 
stimulates an increase in actin assembly at the leading edge and 
lamellipodia extensions and regulates mDia1 activation in MDA-MB231 
cells (Isogai et al., 2015) and inhibition of EGFR increase the basal level 
of Rac activation in keratinocytes (Betson et al., 2002). EGF increases FA 
size and integrin tension in adherent cells, suggesting that its receptor 
might regulate integrin activation (Rao et al., 2020). We observed 
elongated integrin β1 clusters in cells at the micropattern periphery and 
an increase in pMLC after addition of EGF. Integrin engagement at the 
cell cluster peripheries is independent of micropattern size (Fig. 5A); 
however only for all cell clusters treated with EGF, integrin β1 clusters 
rapidly elongate towards the center of the cell cluster and reorient 
radially, suggesting their mechanical activation by cytoskeletal 
contractility. Integrin-mediated adhesions generate high forces to the 
substrate, and a size threshold of approximately 0.1 µm2 has been pre-
viously identified to be necessary for stability and efficient force trans-
mission (Coyer et al., 2012). However, for cell clusters not treated with 
EGF, we could not appreciate any evident reorganization of the small 
FAs, and we reasoned that this lack in reinforcement and force trans-
mission might be due to the stabilization of AJs. Overall, our results can 
be interpreted through the balance between actomyosin contractility 
and adhesion reinforcement, in the framework of the molecular clutch 
theory (Elosegui-Artola et al., 2018) (Fig. 7). Once EGF triggers myosin 
phosphorylation and thereby contractility, increased force transmission 
to the substrate through focal adhesions leads to adhesion reinforcement 
and their growth (Elosegui-Artola et al., 2016). This will tend to slow the 
contraction of the cluster. However, forces continue to increase, reach-
ing the point at which adhesions can no longer sustain them (Andreu 
et al., 2021), leading to adhesion disassembly. This further promotes 
cluster contraction, progressively converting the two-dimensional 
epithelial monolayer into a three-dimensional aggregate. As this oc-
curs, the component of myosin contractility that acts along the 2D 
substrate plane becomes progressively smaller, eventually halting 
contraction and stabilizing the cluster. After this point, re-spreading of 
cells along the substrate slowly increases cluster size. In clusters with 
intact AJs, contractility is transmitted through the entire cluster. For 
increasing cluster size, total contractility (which depends on the total 
number of cells, and therefore scales with pattern surface) dominates 
over adhesions, which occur mainly at the periphery of the cluster and 
therefore scale with pattern perimeter. This explains the increased 
reduction in area for larger patterns, since surface effects will dominate 
over perimeter effects as size increases. Consistently with this, cluster 
contraction and size dependencies are lost upon α-catenin depletion. 

5. Conclusions 

In this work, we show that in response to EGF actomyosin contrac-
tility is essential for epithelial cell cluster organization and dynamics 
and such changes impact cell-cell and cell-matrix adhesion sites. The 
size of the epithelial cell cluster and the presence of cell-cell junctions 
lead the coordination of forces at the periphery upon EGF-induced 
retraction, resulting in a global rearrangement of the collective. 
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