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Mechanicalinteractions between cells play afundamental rolein the
self-organization of organisms. How these interactions drive coordinated
cellmovementin three dimensions remains unclear. Here we report

that cell doublets embedded in a three-dimensional extracellular matrix
undergo spontaneous rotations. We investigate the rotation mechanism
and find thatitis driven by a polarized distribution of myosin within cell
cortices. The mismatched orientation of this polarized distribution breaks
the doublet mirror symmetry. In addition, cells adhere at their interface
through adherens junctions and with the extracellular matrix through focal
contacts near myosin clusters. We use a physical theory describing the
doublet as two interacting active surfaces to show that rotation is driven by
myosin-generated gradients of active tension whose profiles are dictated
by interacting cell polarity axes. We also show that three-dimensional shape
symmetries are related to broken symmetries of the myosin distributionin

cortices. To test for the rotation mechanism, we suppress myosin clusters
using laser ablation and generate new myosin clusters by optogenetics.
Our work clarifies how polarity-oriented active mechanical forces drive
collective cell motionin three dimensions.

Spontaneous cell rotational motions have beenreportedin a variety of
contextsinvivo. Forinstance, tissues undergo rotation during develop-
mentin Drosophilainthe egg chamber’, in the ommatidia of the retina?,
in the genitalia® and in zebrafish embryos, where rotation of cell pairs
occurs in the zebrafish’s lateral line*. In early Caenorhabditis elegans
embryo development, chiral counter-rotating flows break chiral sym-
metry and play arole in setting the organism’s left-right axis>®.
Seminal observationsin vitroin two dimensions have shown that
endothelial adhering cells migrating onasubstrate and confined within
atwo-dimensional pattern formastably rotating doublet’. The cell-cell

interface adopts a curved shape, such that the doublet acquires an
overall shape reminiscent of a‘yin-yang’ symbol. More recently, groups
of epithelial cells were reported to undergo rotation within rings®’. In
three dimensionsin vitro, during alveologenesis of human mammary
gland organoids, it has been shown that branches also undergo rota-
tion'. Inaddition, Madin-Darby canine kidney (MDCK) cells can assem-
bleinto hollow cystsin three dimensions, which undergo spontaneous
rotation in an assay within two layers of Matrigel". There, the two layers
of Matrigel impose a polarization axis to the cyst, which allows one to
probe for chiral broken symmetry, revealed inabiasin the direction of
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rotation. Altogether, rotational flow appears to be acommon feature
ofthe collective motion of interacting cells.

However, it is unclear how these rotational movements arise
fromthedistribution of force-generating elementsin the cell. Several
models have been proposed to explain the rotation of a cell doublet
on a two-dimensional substrate confined in a micropattern, using
phase-field, particle-based or cellular Potts models'>". These mod-
els exhibit simultaneous doublet rotation and/or interface defor-
mation, based on a representation of actin polymerization forces
and protrusion-forming forces'>", coupling to a biochemical system
exhibiting spontaneous polarization through feedback between an
activator and inhibitor” or to aninternal polarization field"*>. Despite
these advances, itis still unclear what biophysical mechanisms under-
lie collective cell rotation in three dimensions and, notably, how
force-generating elements in the cell self-organize to drive coherent
cell motion.

Dynamics of MDCK doublet rotation

Inthis Article, we describe the exploitation of anovel assay to study the
mechanism behind the spontaneous rotation in three dimensions of
MDCK cell doublets. We confined cells within a thin layer of Matrigel,
closetothe coverslip, to optimize imaging resolution (Fig.1aand Meth-
ods). Strikingly, allembedded MDCK cell clusters undergo spontaneous
rotation. We focus here on adhering cell doublets that emerge from
the division of asingle cell. There was no obvious common orientation
of the axis of rotation of cell doublets, and in most but not all cases, a
lumen at the cell-cell interface rotated with the doublet (Fig. 1b and
Supplementary Videos1and 2). Single cells, instead, did not rotate in
Matrigel (Extended Data Fig.1). Cells participating in the rotating dou-
blet, however, do not have to be sister cells, as two cells with different
fluorescent E-cadherin labels could adhere to each other and initiate
rotation (Fig. 1c and Supplementary Video 3). Doublet rotation was
preserved following E-cadherin knockout (KO) (Extended Data Fig. 2
and Supplementary Video 4), suggesting also that E-cadherin-mediated
adhesion wasaccompanied by other adherens junctions between cells
presenting this doublet rotation®.

Toinvestigate quantitatively doublet rotation (Supplementary
Sections1and2), weimaged rotating doublets expressing E-cadherin
and computationally segmented cell shapesin the doublet (Fig. 1d,
Supplementary Video 5 and Methods). We calculated the centre of
mass and velocity of each doublet cell, which allows the definition
of a doublet rotation vector w (Fig. 1e). The norm of the rotation
vector increased after cell division for ~-100 min, before reaching
aroughly constant rotational velocity of ~180° h™* for a duration
of -10 h, corresponding to about five continuous full turns along
the same direction (Fig. 1f,g). This is consistent with previously
reportedrotation velocities of MDCK cysts and breast epithelial cell
spheres'", Plotting the trajectory of the vector @ showed that the
axis of rotationis not fixed but appears to drift over time (Fig. lhand
Extended DataFig.3). Thisis expected to the extent that no external
cue sets a preferred axis of rotation. We note that this also implies
that the spinning motion of the doublet does not intrinsically break
chiral symmetry. Plotting the correlation function of the normalised

rotation vector further indicated a characteristic correlation time
of afew hours (Fig. 1i).

Dynamics of doublet elongation during rotation
We thenwondered whether doublet cells were rotating relative to each
other or were rotating together as a solid object (Fig. 2a). We reasoned
that, inthe latter case, the doublet elongation axis would rotate together
with the rotation vector w. We extracted from computationally seg-
mented doublet shapes (Fig. 1d) the three orthogonal principal axes
of elongation and evaluated the corresponding relative elongation
magnitudes (Fig. 2b and Supplementary Section 3). We noted that the
elongation of the doublet major axis was maximal at cell division and
thenrelaxed toanearly constant value, following the same trend asthe
magnitude of rotation, but in reverse (Figs. 1h and 2b). We then tested
whether therotationaxis was correlated with the axis of maximal doublet
elongation. This revealed a strong anti-correlation between the major
axis of elongation and the direction of rotation (Fig. 2c), indicating that
the elongation major axisis within the plane of rotation. The two minor
cell elongation axes had, instead, weak positive correlations to the axis
of rotation. The elongation major axis was also aligned with the vector
joining the centre of mass of the cells, indicating that it rotates together
withthe doublet (Fig. 2c). Overall, these results suggest that the doublet
rotates as a single physical object. Consistent with this idea, patterns
of E-cadherin (Extended Data Fig. 4a,b, Supplementary Section 7 and
Supplementary Video 5) and actin (Supplementary Video 6) at the cell-
cell contact remained similar during ~1h 30 min of observation.

Mode decomposition of interface deformation

We then quantified the shape of the interface between the two cells of
the doublet (Fig. 2d). We found that the area of the interface reached
asteady-state value and then remained constant for more than7 h
(Extended Data Fig. 4c). The average deviation of the interface from
a planar shape was increasing with the magnitude of the doublet
rotation (Fig. 2e,f). Cross-sections of the doublet showed that the
interface was curved in away that evoked ayin-yang shape, as noticed
previously for doublets rotating on asubstrate’ (Fig. 1b—d). However,
whenlookingat the fullinterface three-dimensional shape, we noticed
that the shape was more complex than suggested by this simple pic-
ture (Fig. 2e). To make sense of this complex shape, we decomposed
itinto basic modes of deformations, which we obtained from Zernike
polynomials and classified according to their symmetry properties
(Fig. 2d and Supplementary Section 4). We defined a ‘bowl’ mode
correspondingto arotationally symmetric deviation of the interface,
a‘saddle-node’ mode with the symmetry properties of a nematic, a
‘three-fold’mode with a three-fold rotation symmetry and a‘yin-yang’
shape with a positive and a negative peak of deformation and the
symmetry property of a vector (Extended Data Fig. 5a and Supple-
mentary Section 4.2). We then measured the average magnitude of
these four deformation modes (Fig. 2g). We found that all four modes
contributed to theinterface shape, while the saddle-node mode was
dominantinrelative magnitude (Fig. 2g). We then tested whether the
orientations of the shape deformation modes were correlated with the
axis of rotation (Fig. 2h). We calculated correlation values considering

Fig.1| Three-dimensional rotation of MDCK cell doublets. a, A schematic

of the experimental assay. For each schematic cell doublet, blue ellipses
correspond to nuclei, purple lines to cell-cell contacts and yellow lines to lumen.
b, Snapshots of rotating doublets. Red arrows indicate the direction of rotation.
E-cadherin-mNG s labelled in green and Podocalyxin-mScarletin red. Time is
relative to the beginning of Supplementary Video 1. ¢, Snapshots of a rotating
doublet with two cells expressing E-cadherin of different colours. E-cadherin-
GFPisshowningreenand E-cadherin-DsRed in magenta. Time is relative to

the beginning of Supplementary Video 3.d, Snapshots of arotating doublet
with labelled E-cadherin-mNG (green) (from top to bottom: cross-section,
maximum projection and three-dimensional segmentation). n = 14 doublets and

N=3biological repeats. Time is relative to cell division. e, Schematics for the
calculation of the rotation vector w as a function of the centre of mass velocities
v, V,and the vector r,, joining the cell centres (Supplementary Section 2). f, The
magnitude w of the rotational velocity as a function of time after cell division.

g, Average and individual trajectories of the magnitude of the rotational velocity
of cell doublets after cell division with n =14 and N = 3. h, The trajectory of the
rotation vector @ = (,,w,,w,) normalised with respect to its maximum amplitude
Wnax- The colour map indicates time, from dark blue to yellow. The grey sphere
has unit radius. i, The autocorrelation of @, = w/w as a function of lag time with
n=14and N =3.Scalebars: 5 um, except b: 20 um. Time in panels b-d is in hh:mm.
Error bars show the 95% confidence interval of the mean.
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the symmetry properties of each mode of deformation. Only the Cortical myosin distribution encodedincell
yin-yang mode, but neither the saddle-node nor three-fold mode, ~polarity

had anorientation correlated with the direction of rotation (Fig. 2h).  Having characterized the doublet rotation and the doublet interface
Altogether, the doublet interface has a complex three-dimensional  shape, we then asked whether key proteins of the cytoskeleton and
shape, and one mode of interface deformation correlated with the  adhesionmachinery had adistributioncorrelated with the doubletrota-

doublet rotation. tion. We stained cell doublets for phosphorylated myosin-regulatory
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Fig.2| Coordinated rotation of doublet shape and interface. a, Schematics of
possible scenarios of doublet rotation. Left: The interface is deforming (green
arrows), leading to apparent rotation without motion of the doublet outer
surface. Right: the doublet is rotating as a solid object and the doublet elongation
axis (grey dotted line) rotates with the doublet. b, Top: snapshots of rotating
doublets with labelled E-cadherin-mNG (green) and corresponding segmented
meshes. Grey double arrows indicate the approximate elongation axis. Bottom
left:aschematic for the definition of three doublet elongation axes a, b and
c.Bottomright: relative doublet elongation magnitudes as a function of time
after division (dots, individual data points; lines, connected binned averages).
Inset: the ratio of elongation magnitudes, where positive values indicate a prolate
shape. ¢, Left: the correlation of the axis of rotation with the axes of elongation
q=q, qy q. asindicated in the schematics and defined in Supplementary
Section 3. The direction of maximal elongation, q,, lies in the plane of rotation
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of the doublet. Right: the alignment of the elongation major axis g, with the
doublet axis r;,. d, Schematics for decomposition of interface shape, quantified
by height profile H(x;, y), into modes with different symmetries (colour code
indicates height profile for visualization). e, Representative interface shape
examples for different rotation magnitudes, corresponding to points indicated
inf. Top: snapshots of E-cadherin-labelled doublets with overlaid interface
segmentation, with the magnitude of the rotational velocity and average
interface deflection presented above. Bottom: interface height map. f, The
average interface deflection as a function of the magnitude of the rotational
velocity. g, The average relative magnitude of the interface deformation modes.
h, The correlation of the orientation of the deformation mode with the direction
of rotation (indicated on the left by green arrows). Statistical tests (sign of the

mean): **P <10"* Error bars show the 95% confidence interval of the mean with
n=14doublets, N=3biological repeats and 780 data pointsin total.
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light chain (p-MRLC) to label active myosin, F-actin to label the actin
cytoskeleton, E-cadherin to label cell-cell contacts and paxillin for focal
contacts (Fig.3a-d, Extended DataFig. 6 and Methods). Strikingly, we
found that, while E-cadherin and F-actin were largely concentrated at
the cell-cellinterface, p-MRLC was almost absent at the interface but
concentrated at two bright zones near the boundary of the cell-cell
junction. Immuno-fluorescence paxillin staining and live imaging of
vasodilator-stimulated phosphoprotein (VASP) further revealed that
focal contacts were also concentrated near the interface boundary
(Fig. 3b and Extended Data Fig. 6¢ (VASP)). Live imaging combining

interface

Cell-ECM  Cell-cell

interface

markers for actin and myosin cytoskeleton, cell-cell adhesion and
focal contacts showed that cadherins are recruited by both cells at the
cell-cellinterface, while myosin clusters and focal contacts appear dis-
tributed within the cortex on opposite sides near the doublet interface,
judging from their position relative to the interface shape (Fig. 3a-g,
Extended Data Fig. 4d, Supplementary Videos 6-10 and schematic
in Fig. 3e). In some cases, myosin clusters appear to pull to deform
locally the cell-cellinterface (Fig. 3f, Extended Data Fig. 6a and Supple-
mentary Video 10). Finally, the observed myosin dynamics (Extended
DataFig.4d-h, Supplementary Section 8 and Supplementary Video 8)

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-024-02460-w

Fig. 3| Distribution and dynamics of the force generators and adhesions
inacell doublet. a,b, Snapshots of representative examples of distribution of
myosin, E-cadherin, F-actin and merge (a) and paxillin, F-actin and merge (b)
with n>10doublets foraandb. ¢,d, Snapshots of a rotating doublet with two
cells expressing proteins with different colours: E-cadherin-GFP (yellow) and
E-cadherin-DsRed (magenta) showing that cadherinis recruited by interacting
cells (c) and E-cadherin-DsRed (yellow) and MRLC-GFP (magenta) showing the
relative localization of myosin and E-cadherin (d). Representative example of
n>3doublets. e, Schematics of typical distributions of force-generating and
adhesion proteins in the rotating doublet, also shown inazoom. Orange and
purple outlines represent individual cell outlines, small blue lines indicate

focal adhesions. ECM, extracellular matrix. f, Snapshots of a rotating doublet
labelled with myosin-KO1 (grey), SiR-Actin (red) and E-cadherin-mNG (green).
Representative example of n >3 doublets. The zoomed square region shows a
myosin cluster apparently pulling the cell-cellinterface (Supplementary Video 10).
g, Snapshots of arotating doublet labelled with E-cadherin-mNG (green) and
myosin-KO1 (grey). h, The scheme of the myosin polarity angles a;, a, and ., The
myosin polarity angles with respect to the doublet axis as a function of time for a

single doublet (dotted lines indicate 90° and 180°).j, A histogram of 8, the angle
between the polarity vectors of cells1and 2 projected on the plane orthogonal
tory,. Thered line indicates the average orientation of the distribution. NS, not
significant. k, The histogram of a, the polarity angle relative to the doublet axis.
1, A histogram for the correlation between the rotation vector @ and the cross-
product between the doublet axis and the difference of cell polarities. The red
line shows the average. m, A histogram for the correlation between the yin-yang
orientation vector and polarity difference. The red line shows the average. For
and m, see equations (43) and (44) in Supplementary Section 5.5 for a definition
of the function C.n, Amap of the average normalized myosin intensity (o) in
spherical coordinates, in a reference frame defined by the rotation vector w, the
axis of the doublet r,, and their cross-product (6 and ¢ are spherical coordinates
angles defined on schematics). The red line shows the averaged outer line of
the cell-cellinterface. 0, Asummary of the orientation of the myosin polarities
andyin-yang interface deformation mode. Scale bars: 5 um. Time in hh:mm.
Statistical tests (1and m, sign of the mean): ***P<10™.Inj, P= 0.73 + 0.008.
Inh-1, N=3biological repeats with n =12 doublets. 2D, two dimensional.

shows cluster movements, with typical cluster velocities around
0.1-1pmmin™.

To quantify the cortical myosin distribution, we defined a polarity
vector p associated with each cell, which was obtained from the myosin
signalintensity onthe cell surface, corrected for agradientin thezdirec-
tion away from the microscope objective and for the anisotropy of the
point spread function (Extended Data Fig. 5c-e and Supplementary
Section 5.2). In line with our observation of myosin clusters, the two
cell polarity vectors were consistently pointing away from the axis
joining the doublet at an angle of nearly 90°, in opposite directions in
each cell of the doublet (Fig. 3h-k). The cortical myosin polarity axis
was correlated with both the doublet rotation axis and the orientation
of the yin-yang interface deformation (Fig. 31,m). To better visualize
the distribution of cortical myosin, we averaged the myosin intensity
profilein areference frame defined by the rotation vector and the cell
doubletaxis. This again revealed strong myosin accumulation near the
cell-cellinterface, away from the direction of cell motion (Fig. 3n and
Extended Data Fig. 7). In contrast, we find that single cells that do not
undergo rotation exhibita polarized myosin distribution that s fixed in
time (Extended Data Fig.1b,c and Supplementary Section 6). Overall, we
conclude that the cortical myosin accumulates in clusters whose posi-
tions are correlated with rotation and interface deformation (Fig. 30).

An active surface model recapitulates doublet
rotation

We then wondered if we could understand how doublets were physically
rotating and the complex shape of their cell-cell interfaces (Fig. 4a

and Extended DataFig. 8). We considered a physical model where each
cellis described as an active viscous surface, subjected to active ten-
sion (Supplementary Section 9). Cell-cell adhesionis described by an
interaction potential acting between all pairs of cell surface points, with
short-range repulsion and intermediate-range attraction. Surface flows
are obtained from force balance equations at the cell surface, both on
the outerinterface and at the cell-cell contact, takingintoaccountan
externalfriction force proportional to the cell surface velocity. Polarity
vectorswere assigned to each cell, opposite to each other and oriented
with a constant angle away from the axis joining the cells. A profile of
active tension was imposed around the cell polarity axis (Supplemen-
tary Section 9.3). This profile was set using measurements of cortical
myosin intensity in a reference frame defined by the cell polarity vec-
tor and the axis joining the doublet cells (Fig. 4b,c and Extended Data
Figs. 7 and 8a,c). Simulations were performed using the Interacting
Active Surfaces (IAS) numerical framework® (Fig. 4d and Supplemen-
tary Sections 9.1and 9.2). Solving for the doublet dynamics, we found
thatacortical flow emerges, the cell doublet rotates, and the cell-cell
interface acquires a deformed shape (Fig. 4e, Extended Data Fig. 8f
and Supplementary Video 11). The simulated interface shape was a
pure yin-yang deformation correlated with the direction of rotation
(Fig.4e,f), the doublet was elongated, and the major axis of elongation
was rotating with the doublet (Fig. 4g), as observed experimentally
(Fig.2c,h). Other deformation modes were however absent, in contrast
toexperiments (Figs. 2g and 4f). Both the simulated rotational velocity
and the magnitude of the interface deformation increase with the mag-
nitude of the active tension modulation (Fig. 4h,iand Supplementary

Fig. 4 |Interacting active surface simulations of a rotating doublet.

a, Aschematic of doublet rotation. b, Amap of the average normalized
experimental myosin intensity, in spherical coordinates around a reference frame
defined in schematics (right). ¢, Profiles of myosin intensity as a function of the
angle 6 defined inb, showing the time-average profile of individual cells (grey),
the profile averaged over all cells (blue) and the fitted profile (red). d, A schematics
for the IAS simulation of arotating doublet. e, IAS simulation results (Where r is
the cortical viscosity and y, is the reference active tension). Time () is relative to
the beginning of Supplementary Video 11.f, The amplitude of the mode
deformation for the simulated cell-cell interfacein e.g, The correlation of the
yin-yang mode orientation and the doublet principal elongation axis with the
direction of rotation. h, Left: the rotation velocity of the simulated doublet asa
function of the relative active tension modulation ,"/&#x276C;y"&#x276D;
(n/y,=1min).Right: the experimental rotation velocity as a function of the relative
myosin variation 0/&#x276C;I&#x276D;, with the average rotational velocity
showninred. Definitions in Supplementary Section 9.4.1i, Left: the dimensionless
amplitude H;_y/R of theyin-yang deformation mode as a function of the
amplitude of the active tension modulation (Supplementary Section 9.4). Right:

the experimental amplitude of the yin-yang deformation mode as a function of
the myosin variation, including the binned averages (red).j, The IAS doublet
simulation for cortical myosin profiles consistent with doublets in different
symmetry groups (Schoenflies notation on the left). k, An example of arotating
doublet displaying abowl mode deformation of the doublet interface. Top: the
maximum projection of the E-cadherin-mNG (green) and myosin-KO1 (grey).
Bottom: three-dimensional segmentation of the doublet labelled with normalized
myosinintensity. I, Left: the correlation of the bowl mode amplitude with the
difference of the average rescaled active tensions y,", y,". Right: the experimental
correlation of the bowl mode amplitude with the difference of the average myosin
intensities &#x276C;/,&#x276D;, &#x276C;1,&#x276D;. The binned average is
showninred and individual data points in blue. m, The experimental histogram of
the correlation (right) of the saddle-node mode characterized by tensor Q*?with
the difference of the cortical myosin nematic tensors Q', Q* (see schematics on the
left). Red line, mean. Error bars show the 95% confidence interval of the mean.

See Supplementary Section 9. N = 3 biological repeats; n =12 doublets. Statistical
tests (h, i, I: sign of correlation; m: sign of the mean): *P= (1.21+ 0.07) x 10 and
***P< 1074.
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Fig. 5| Perturbing the rotation motor. a, Snapshots of arotating doublet
before and after Blebbistatin treatment, showing E-cadherin-mNG (green) and
MRLC-KO1 (grey) (see also Supplementary Video 12) for a representative example
of n=16 doublets. b, The magnitude of the rotation as a function of time, before
and after treatment with blebbistatin, with n = 4 doublets. ¢, The magnitude
ofthe interface height as a function of time, before and after treatment with
blebbistatin, withn=4 doublets. Panels b and ¢ show the doublet shownina,

red lines indicate addition of blebbistatin. d, Snapshots of a rotating doublet
labelled with MRLC-GFP (grey) (top, experiments; bottom, simulation), before
and after laser ablation of myosin spots at time 0. In the schematic shown on the
left, ablation spots are indicated by two scissors, cells are outlined with black
lines and cell-cell junctions are indicated by a green line. See also Supplementary
Videos 11and 12. Representative example of n =9 doublets. e, Left: the number

of turns as a function of time before and after laser ablation of myosin clusters
withn =9 doublets. Right: a similar plot for the simulation ind, bottom. The time
ofablationisindicated by adashed red line. f, Snapshots of a rotating doublet
labelled with MRLC-iRFP (grey), before and after optogenetic activation of RhoA
(dashed red rectangle) generating a local myosin cluster (top: experiments;
bottom: simulation; activation at time O) (see also Supplementary Video 15and

16).In the schematic shown on the left, local Rho activationis indicated by the
purple ‘lightning’ symbol, myosin clusters with a purple dot, cells are outlined

by black lines, cell-cell junctions are indicated by a green line and the motion of
the centre of mass of the doublet by a black arrow. Representative example of
n=9doublets. g, The trajectory of the doublet’s centre of mass (normalized by
its radius R) before and during optogenetic activation in experiments (left) and
insimulations (right) (Supplementary Section 10), computed in the rotating
frame and with respect to the activation region localization (experiment,n=9
doublets) and induction of aregion of increased active tension in one cell of the
doublet (simulation). h, The number of visible turns as a function of time, before,
during and after optogenetic generation of a myosin cluster (left: experiment, for
the doublet shown inf; right: simulations). Scale bars: 5 pm. Time inhh:mmina
andd or mm:ssinf. Grey linesinb, c, e, h: Individual trajectories. Error bars show
the 95% confidence interval of the mean. N = 3 biological repeats. Statistical tests:
Inb, the average w at t = 75 min is compared with the average w for t< O min; Inc,
the average height at t = 90 min is compared with the average height for t <0 min.
Pvaluesare (3.1+1.4) x107ine, (2.2+0.1) x10%ingand (5.38 + 0.14) x10%inh,
and **P <10* otherwise (see Supplementary Section 10 for details).
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Section 9.4). To test this prediction, we compared the magnitudes
of the rotation and the yin-yang interface deformation mode with
the variation in the cortical myosin polarity and found that they were
indeed correlated (Fig. 4h,i). The simulated rotation magnitude was
comparable to experiments for parameters giving rise to cortical flows
of 0.1 pm min™, comparable to the observed speed of myosin clusters
(Extended Data Figs. 4d-h and 8f).

Curie principle applied to doublet interface
shape

We then wondered how we could explain the emergence of modes of
interface deformation other than the yin-yang shape. We reasoned that
the Curie principle, stating that ‘the symmetries of the causes are to
be found in the effects’”*?, implies that molecular cues guiding inter-
face deformations should satisfy symmetry rules consistent with the
observedinterface shape (leaving aside the possibility of spontaneous
symmetry breaking). We classified a set of configurations of doublets
and polarity axis according to their symmetry properties (Fig. 4j). A
configuration where cell polarities are in the same plane but shifted
in opposite directions away from the doublet axis belongs to the C;,
pointgroupinSchoenflies notation*. As aresult, such adoubletshould
exhibityin-yang and three-fold interface deformation, as observedin
simulations (Fig. 4f and Extended Data Fig. 8d). In contrast, tension
asymmetry between the two cells of the doublets should giverise to the
bowl deformation mode. Meanwhile, anematic configuration of active
tensiondistribution, with differentintensities in each cell, should give
rise tothe bowl and saddle-node deformation mode (Fig. 4j). Simulating
doublets with varying profiles of active tension confirmed these predic-
tions (Fig. 4j). We then verified if this relationship between modes of
cortical myosin distribution and modes of interface deformation could
be observed in experiments. Indeed, we found that the magnitude of
the bowl deformation mode was correlated with the difference in the
average cortical myosin intensity of the two doublet cells (Fig. 4k,1). We
also noticed that the distribution of cortical myosin had a secondary,
less concentrated cluster opposite to the main myosin cluster (Fig.3n
and Extended Data Fig. 7). We reasoned that this secondary cluster was
givingrise toanematicdistribution of cortical myosin, quantified by a
nematic tensor*. Indeed, we measured a negative correlation between
the nematic tensor of the saddle-node interface deformation mode and
the difference of the cortical myosin nematic tensor between the two
doublet cells (Fig. 4m). We then verified that simulating adoublet with
an active tension profile summing a polar, nematic distribution and a
differencein average tension between the two doublets cells resulted
inacomplexinterface shape with asimilar mode decompositionasin
experiments (Fig. 4j, last row and Fig. 2g). We conclude that the complex
shape of the doublet interface can be understood on the basis of sym-
metry principles from the cortical myosin distributionin the doublet.

Perturbing myosin clusters affects doublet shape

and motion

We then reasoned that, if the myosin clusters are responsible for cell
rotation and interface deformation, perturbing their activity and
localization would affect the cell doublet shape and motion. Indeed,
treatment with the myosin inhibitor blebbistatin (Fig. 5a) resulted in
simultaneousrotation arrest, flattening of the interface and disappear-
ance of clusters of phosphorylated myosin (Fig. 5a-c and Extended
DataFig.9a,b) The effect of the blebbistatin-induced arrest of rotation
was reversible. When we washed out the inhibitor, doublets retrieved
rotational motion and abentinterface (Extended Data Fig. 9 and Sup-
plementary Video 12). By incubating cells with inhibitors of Racl and
Arp2/3 (CK666; Methods), which are key regulators of actin polymeriza-
tion during single cell motility***, we also tested whether actin polym-
erizationwas required for the rotation. Doublet rotations were arrested
upon treatment but resumed after washing (Extended Data Fig. 10
and Supplementary Videos 13 and 14). This arrest was accompanied

by a disassembly of myosin clusters (Extended Data Fig. 10 and Sup-
plementary Videos 13 and 14).

We then aimed at specifically altering the two opposite myosin
spots using laser ablation (Fig. 5d). This induced transient arrest of
the rotation and interface flattening. Following a lag time of ~10 min,
rotationrestarted withasimultaneousincreasein rotation velocity and
interface deformation (Fig. 5e and Supplementary Video 15). Suppress-
ingthe gradient of active tensionin the simulationalso suppressed the
rotation (Fig.5d,e and Supplementary Video 16). To generate additional
ectopiclocal myosin clusters, we then engineered a stable optogenetic
cell line that we used to locally activate Rho (Fig. 5f, Supplementary
Video 17 and Methods). Transient Rho activation resulted in ectopic
myosin activation at the cell cortex comparable in intensity and size
to spontaneous myosin clusters. This new cluster triggered the dis-
placement of the doublet away from the region of activation while
the doublet kept rotating (Fig. 5f-h). Introducing an ectopic region
of increased active tension in simulations resulted in a similar drift
of the doublet (Fig. 5f~h and Supplementary Video 18). Altogether,
these results support the central role of myosin clusters for driving
doubletrotation.

Discussion
Our analysis shows that doublet rotation arises from myosin clusters
positioned away from the axis joining the two doublet cells. Therefore,
the doublet cell rotation requires cell-cell interactions to trigger the
shift of the cell polarity axis. Consistent with this picture, in our experi-
mental setup, single cells do not rotate. It has been reported that,ina
bilayered Matrigel, which provides an external polarization axis, single
MDCK cells rotate". In this situation, the environment is providing a
preferred direction. It would beinteresting to track the cortical myosin
distribution in cells rotating in these conditions to test whether the
polarity-based mechanism we propose also applies in that context.
Which mechanisms result in myosin cluster formation? Clusters
could emerge by spontaneous symmetry breaking from aninitially sym-
metric configuration where the cell polarities are pointing towards each
other (Fig. 4j). The dynamics of the increase in the rotation magnitude
after cell division (Fig. 1f), which resembles an exponential increase fol-
lowed by saturation, is consistent with such ascenario. The position of
myosin clusters could be related to the small and transient protrusions
that are sent by each cell beyond the interface at the cortex (Fig. 3f),
consistent withamechanismreportedinrefs.27,28. Alternatively, they
forminresponseto cellinterface deformation andinducerotationand
further cell interface deformation, with the positive feedback loop at
the origin of the instability and spontaneous symmetry breaking nec-
essary for rotation. Among the deformation modes we have analysed,
the yin-yang mode has the right symmetry property to be coupled
to a shift of the two cell polarities away from the doublet axis, which
occursinoppositedirectionsin each cell of the doublet (Fig. 4j). Inter-
estingly, we also observed that, following cell division, amyosin-dense
cluster forms at the centre of the doublet interface and then appears
torelocatetowardsthe periphery of the contact (Extended Data Fig. 9¢
and Supplementary Video 19). We note that myosin clusters have also
been reported to generate stress in cytokinesis”. We also observe that
focal contacts are polarized within each cell of the doublet, such that
amyosin cluster inone cellis in close vicinity to aregion dense in focal
contacts within the opposite cell. This organization suggests either a
common origin for myosin and focal contact distribution or a polariza-
tionmechanismrelying on negative feedback between cortical myosin
and focal contacts. Possibly, forces resulting from theinhomogeneous
distribution of cortical myosin promote adhesion contacts through
areinforcement mechanism?7*%*%* Interestingly, we observed that,
although E-cadherin KO doublets were still rotating, inhibition of Arp2/3
or Raclstoppedtherotation, indicating that Arp2/3 and Racl activity are
required for force generation by myosinin the cortex or that additional
protrusive activity participates to propelling the doublet.
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Our study shows that epithelial cell doublets allow to bridge the
gap between microscopic players involved in cell motion and collec-
tive tissue dynamics. We propose that the spontaneous rotation we
observed here isamanifestation of the basic principles of cellinterac-
tions, involving cross-talks of cell polarity between neighbouring cells
and polarity-oriented mechanical interactions between the cells and
their environment. The ubiquity of collective rotations observed in vari-
ous cell types in vitro suggests that they indeed emerge from generic
principles. Analysis of the symmetries, here through the Curie princi-
ple, helps in making sense of these complex interactions. It would be
interesting to see how basic rules of cell polarity interactions combine
with mechanical forces to generate tissue self-organisation beyond
collective cell rotation.
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Methods

Cell culture and cell lines

Cellswere maintained at 37 °Cin a 5% CO, incubator. All following steps
are performed under asterile hood.

The maintenance of MDCK Il cell lines was done using high
Glutamax modified Eagle’s medium (ref. 41090-028; Gibco), 5% v/v
foetal bovine serum (ref. 10270106; South America Gibco), 1% v/v
non-essential amino acid (ref. 11140-050; Gibco), 1% v/v sodium pyru-
vate (ref.11360-039; Gibco) and 1% penicillin-streptomycin. MDCK cells
were replated every 3-4 days when they reached 70-95% confluency.
Trypsin-EDTA was used to detach the cells from the plate and with a
seeding density of 5 x 10* cm™. To generate doublets, single cells were
embeddedinaMatrigel closeto the surface. Coverslips were activated
by O, plasma, and 100% Matrigel (356231; Corning BV) was then used to
coat coverslips. Following al0 minincubationat37 °C,100% Matrigel
was polymerized and formed abasal layer. Single cells were deposited
atadensity 0f15,000 cells cm™. After 10 min ofincubation, unattached
cells and excess medium were removed. Next a drop of 10 pul 100%
Matrigel was deposited. After polymerization of Matrigel at 37 °Cin
the incubator, culture medium was further added. For doublets with
distinct cells, cells were centrifuged into micro-cavities, and their
diameters were adapted to contain two cells*. By default, sister cells
are used for representation unless indicated.

We prepared the following stable cell lines: MDCK Il E-cadherin-
GFP/Podocalyxin-mScarlett/Halo-CAAX was used to visualize the
cell-cell junction and the lumen. To generate new myosin clusters
by opto-genetics, we prepared a stable MDCK Il cell line expressing
iLID-LARG::mVenus*, engineered to be membrane-anchored by a
slowly diffusing Stargazin membrane anchor** combined with the
DH/PH domain of the Leukemia-associated RhoGEF (LARG)*. This
celllineallowed us to activate Rholocally and trigger the local recruit-
ment of myosin. We visualized Rho activity with an active Rho sensor
(2xrGBD-dTomato) and myosin localization with MRLC-iRFP703. We
alsoused the following cell lines: MDCK Il VASP-GFP for tracking focal
contacts®**, MDCK Il MRLC-KO1/E-cadherin-mNG to follow myosin and
cell-cell junctions®, MDCK Il MRLC-GFP**, MDCK Il E-cadherin-GFP,
MDCK Il E-cadherin-DsRed*’, MDCK Il Actin-GFP (Nelson laboratory)
and MDCK Il Lifeact-iRFP. These cell lines allowed us to track specific
correlations between rotation and adhesion or cytoskeleton protein
localizations. E-cadherin was also used for segmentation purposes.
MDCK Il E-cadherin-KO™ was used to study the role of adherens junc-
tioninrotating doublet. To visualize F-actin live, we also used SiR-Actin
(500 nM, Tebu-Bio, 251SC001). Each experimental condition (biologi-
calrepeat, denoted by N) was reproduced atleast three times on at least
ten doublets (denoted by nin captions).

Drug treatments and immuno-fluorescence staining
Toinvestigate the role of myosin, we used blebbistatin (Sigma, BO560)
toinhibit myosin with the following steps. Timelapses of samples were
acquired under the microscope, and the medium was then changed by
amedium containing 10 pM of blebbistatin. Following 1 hincubation,
samples were washed three times with fresh medium. Samples were
furtherimaged to visualize the eventual re-initiation of rotation.

Tostudy the role of actin, the Arp2/3inhibitor (CK-666, SMLO006;
Sigma) and Raclinhibitor (Z62954982; Merck Millipore) were used to
interfere with actin dynamics®. Drug assays were performed follow-
ing this protocol: for 30 min doublet dynamics were recorded before
drug treatment, then 50 pM CK-666 or 50 pM Racl inhibitors were
incubated during 30 min. The doublet dynamics were recorded for
2 h after washout.

For immunostaining’, samples were washed with PBS and then
fixed with 4% paraformaldehyde (PFA) diluted in PBS for 15 min. To
permeabilize cells, cells were incubated with 0.5% Triton-X-100 for
15 min and then a blocking solution made of 1% normal goat serumin
PBS 1x was added overnight. The primary antibody was added directly

to the blocking solution for 2 days at 4 °C. Following three washing
steps, samples were stained with the relevant secondary antibodies for
2 h at room temperature. We used the following primary antibodies:
Anti-E-cadherin (Ab11512; Abcam), Anti-Phospho-Myosin Light Chain
2 (#3674; Cell Signaling Technology), Anti-Paxillin (Ab32084; Abcam)
and Alexa FluorTM Phalloidin 488 (A12379; Thermo Fisher) to visual-
ize F-actin. Samples were washed three times in PBS and mounted on
ahome-made sample holder system for imaging and conservation.

Microscopy

High-throughputimaging was done using a spinning disk microscope
withaninverted Leicaspinning disk DMI8 equipped with an OrcaFlash
2.0 camera (2,048 x 2,018 pixels with a size of 6.5 um) using a 63x
glycerol objective (numerical aperture of 1.3). The microscope was
equipped with anincubation chamber to maintain the samplesat37 °C,
5% CO, and 85% humidity conditions.

Torecordtheinitiation of rotation, MDCK doublets wereimaged
for 5 hafter cell seeding. Three-dimensional stacks were acquired with
azstep of 1 pum and x-yresolution of 0.206 or 0.103 um, every 10 min
upto12h.

Confocalimaging of fixed samples was performed using the same
setup. Laser power and digital gain settings were unchanged within
a given session to ease quantitative comparison of expression levels
among doublets.

We locally activated Rho with the scanning head of a confocal
microscope (Leica SP8-UV) with a 458 nm laser each 10 s for 20 min,
taking an image every minute. We could follow RhoA activity with a
Rho binding domain sensor for active Rho (2xrGBD::dTomato)*° and
myosin with the MRLC::iRFP703 probe.

Image analysis
Three-dimensional segmentation of cells was performed using a
custom-written ImageJ macro involving the LimeSeg plugin*' (Sup-
plementary Section 1). The centre of mass and surfaces of cells were
computed from the segmented three-dimensional (3D) meshes using a
written Python code. For the velocity measurements, rotational veloc-
ity of cells was computed using the cell-to-cell centre of mass vector,
the velocity of cell1and the velocity of cell 2 (Supplementary Section 2).

Segmentation of the interface was performed using a custom-
ized Python code from the 3D meshes of each cellinadoublet. The 3D
point cloud of theinterface was thenfitted to a polynomial function of
degreethree. Characterization of theinterface deformationand shape
was then performed on the fitted surface (Supplementary Section 4).

The fluorescence intensity signal of myosin was extracted from
images and attributed to vertices of 3D meshes. The myosin distribu-
tionwas then characterized by a polarity vector and anematic tensor.
We correlated these descriptors to theinterface shape and the doublet
rotation (Supplementary Section 5).

Planar projections of the basal (E-cadherin) signal were created
using a custom Python code (Supplementary Section 7).

For the visualization and 3D rendering, we used Paraview*
software.

IAS simulation framework

Simulations of rotating doublets were performed using the IAS frame-
work. A polarityisintroduced for each cell, which modulates the active
tension profile along its surface. This leads to the emergence of a
cortical flow that propels the cells through friction with the external
medium. Theintegrity of the doubletis maintained using anadhesion
interaction potential. See Supplementary Section 9 for a complete
description of the simulations and parameters used.

Statistical tests and data visualization
We used abootstrapping approach for all statistical tests performed®.
Given N observed quantities (x;, x,, ..., Xy), Wwe compute an estimate
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F({x;}) of an underlying parameter of interest f. F can be the sample
mean (Figs. 2¢,h, 31, m, 4m, 5b,c,e,g,h and Extended Data Fig. 5e), a
correlation coefficient (Fig. 4h,i,I) or another estimate (Fig. 3j and
Supplementary Section 5.4). Using random sampling with replace-
ment, we generate n samples and construct a probability distribution
B, that approximates the distribution of the true value of fgiven the
observed data (x;,X,, ..., Xy). The Pvalues of all the tests are then gener-
ated using B,.. For instance, the Pvalue P, associated to the hypothesis
thatfis positiveis the probability P, (F < 0)(seeref. 43, chapter15.4).
Since P,is obtained by dividing the number of bootstrap samples {xj}
for which F ({x}) < 0 by the total number of samples n, lower Pvalues
require more samples to be accurately computed. In particular, given
an asymptotic P value P..> O, the probability to obtain P,= 0 with
n samples is (1-P.)", which is equal to 0.67% with P.=10"* and
n=>50,000 samples. We therefore performed the tests in Figs. 2c,h,
3l,m, 4h,i,m, 5b,c and Extended Data Fig. 5e (1,) with 50,000 samples,
and since we obtained P, = 0, we inferred that P <107, For Figs. 3j, 41,
5e,g,h and Extended Data Fig. 5e (1,, A,), we provide 95% confidence
intervals for the Pvalues, obtained from 10 replicates of 50,000 (1,000
in Fig. 3j and Extended Data Fig. 5e) bootstrap samples. For the cor-
relation tests in Fig. 4h,i,|, we generated independent samples of the
correlation defined as ((a — (a)) (b — (b)) ) /(6,0,) (for two signals a and
b with respective standard deviations of g, and o,). This correlation
takes valuesbetween-1and1.

Violin plots are used in Figs. 2c,h and 4g to visualize statistical
distributions. There, the central line corresponds to the mean while
the extremum lines correspond to the minimum and maximum of the
distribution.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Allexperimental data can be provided upon request to D.R.

Code availability

The custom C++ and python codes used in this study are avail-
able in the GitHub online repository at https://github.com/QVbb8/
doublet-rotation**.
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Extended DataFig. 1| Single cells are polarized but do not rotate.
a.Snapshot of single cell (two top rows) and cell doublet (two bottom rows).
Cells labelled with E-cadherin-mNG (grey) - see beginning of Supplementary
Video 2. For each case, top row: maximum projection of E-cadherin, bottom
row: cell segmentation. Time relative to cell division. b. Snapshots of single cells
labelled with MRLC-GFP (grey). Top row: cross-section, bottom row: maximum

projection. Representative example of n > 30 cells. c. Left: Myosin polarity angles
AB computed between polarities at t and ¢ + At. Right: Myosin polarity angles as
afunction of difference of time between frames At. Polarity of the single cell is
still compared to the polarity of cellsin doublets. n = 6 cells in doublets and n > 10
single cells. Scale bars: 5 gm. Time in hh:mm. Error bars: 95% confidence interval
ofthe mean.
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Extended DataFig. 2| E-cadherin KO doublet rotates. a. Snapshots of two projection. Representative example of n > 5 doublets. b. Snapshots of E-cadherin KO
examples of rotating E-cadherin KO doublets with labelled Sir-Actinin grey doublet labelled with F-actin (red) and phosphorylated p-MRLC (grey) and merge.
(see Supplementary Video 4). Top row: cross-section, bottom row: maximum Representative example of n >10 doublets. Scale bars: 5 um. Time in hh:mm.
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Extended Data Fig. 3| Trajectories of rotational velocities. Similar to Fig. 1h: trajectories of the rotation vector of cell doublets after cell division for all 14 doublets,
normalized with respect to their respective largest amplitudes (corresponding to Supplementary Video 2). Grey sphere has unit radius.
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Extended Data Fig. 4 | Patterns of E-cadherin at the cell-cell interface and exhibit amotion towards red arrows (see Supplementary Video 8). f. Reference
myosin dynamics at the cortex. a. E-cadherin-mNG (grey) labelled rotating frame used to generate the maps of e. g. Left: Kymograph of the average between
doublet. b. Patterns of E-cadherin distribution on the doublet cell-cell interface, the red lines of panel e. Right: Similar kymograph with white lines indicating
viewed en-face, for the cell shownin a. c. Interface area as a function of time after motion of myosin clusters with a velocity of about 0.3 um/min. h. Schematics
cell division. n =14 doublets. d-e. Mapping of the myosin dynamics at the cortex for myosin clusters motion (purple) and cadherin (blue) distribution. Scale bars:

(procedure described in Supplementary Information section 8). Myosin clusters Sum.Timein hh:mm.
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Extended DataFig. 5| Analysis of interface shape. a. Height profile of interface
deformation modes. The yin-yang orientation is characterized by a vector, the
saddle-node by anematic, and the three-fold by a three-fold orientational order.
b. Schematic for the orientation of the vectors (ey, ey, e,= N,,) associated to the
interface of the cell doublet. The vectors a, b, ¢, d are introduced to define
transformations in Supplementary Table 1. c. Schematics of method used to
obtain cortical intensities from cell segmentation (see Supplementary
Information section 5.1) d. Average profile of myosin fluorescence intensity in
thex,y, zdirections, for arepresentative doublet. e. Histogram of fitting

parameters characterizing the average myosin profiles, asin d, for all doublets.
Only A, is significantly different from 0. f,g. Procedure to create interfacial
E-cadherin maps shown in Extended Fig. 4b. f. A reference vector e;“)j isrotated
with the doublet (using the rotation R(¢) of the r;, vector) to define a consistent
viewpointand is projected at each time tin the plane of the interface defined by
Ny,.g.(Top) 2D coordinates (X;, ¥;) of the interface vertices i, surrounded by their
convex hull. (Bottom) A regular grid of new coordinates (Xf”d, Y‘f”d) is created
inside the convex hull (black points). Statistical test (sign of the mean):

panele:A,:p=0.41+0.01,A,:p=0.404 £0.009,A,:***, p<10™*.
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Extended Data Fig. 6 | Dynamics of protrusion, adherens junctions, focal Actin-GFP (yellow) and Actin-iRFP (magenta) (see Supplementary Video 9).
contacts during doublet rotation. a. Snapshots of a rotating doublet with Representative example of n >3 doublets. c¢. Dynamics of focal adhesion in the
triple label, myosin-KO1 (grey), SiR-Actin (red) and E-cadherin-mNG (green) (see rotating doublet, labelled with VASP-GFP (grey) (see Supplementary Video 7).
Supplementary Video 10). Representative example of n > 3 doublets. b. Snapshot Scalebars: 5um. Time in hh:mm.

ofarotating doublet with two cells expressing actin of different colours. Labels:
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Extended DataFig. 8 | Additional IAS simulationresults. a. Examples of tension
profiles around the polarity vector, for different values of the parameter b, which
controls the spread of the tension around the maximum value (see Supplementary
Information section 9.3). b. Histogram of fitted values of b and Al/{/) to temporally
average myosin profiles forindividual doublets, showing the distribution of myosin
intensity magnitude and spot sizes. The fitting procedure and parameters are
described in Supplementary Information section 9.6. c. Tension profiles displayed
onspheres with values of bidentical to panel a. Larger values of b correspond to
smaller spots. d. Relative amplitudes of the deformation modes as a function of a
varying active tension profile whose spread is determined by b. As the active tension
spotsize becomes smaller (larger values of b), the yin-yang mode is replaced by

thethree-fold mode. e. Interface deflection as a function of dimensionless time for
the simulationshowninFig. 4e. The interface deflection relaxes to a steady-state
showingaslightly oscillatory behaviour. f. Cortical flow profile at steady-state

for the simulation showninFig. 4e. For /y,=1minand R=5um, the typical flow
magnitudeis-0.lum.min™. g. Explanatory scheme of IAS simulation, with key
simulation parameters. h. Effect of varying the normalized friction coefficient
&R*/n and the normalised bending rigidity «/(y,R?) on the rotation velocity and the
interface deflection, around parameter values chosen in simulations of Figs. 4 and
5and other panels of Extended Data Fig. 8. See Supplementary Information section
9.5 for additional simulation parameters.
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Extended Data Fig. 9 | Blebbistatin treatment, myosin activity and
redistribution after cell division. a. Snapshots of experiment before and after
blebbistatin treatment followed by washout (see Supplementary Video 12) with
E-cadherinin green and myosinin grey. Representative example of n > 5 doublets.
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b. Snapshots of representative examples of distribution of E-cadherin (green),
MRLC (grey), phosphorylated p-MRLC (magenta) and merge. n >10 doublets.
c. Snapshot of asymmetric myosin distribution before and after cell division
(see Supplementary Video 19). Scale bars: 5 gm. Time in hh:mm.
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Extended Data Fig. 10 | Interfering with actin dynamics affects doublet
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inhibitor CK-666 before and after incubation followed by washout (see
Supplementary Video 13). E-cadherin (green), myosin (grey). Representative
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example of n >10 doublets. b. Snapshots of arotating doublet in the presence
of Raclinhibitor before and after incubation followed by washout (see
Supplementary Video 14). E-cadherin (green). Myosin (grey). Representative
example of n >10 doublets. Scale bars: 5 gm. Time in hh:mm.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All quantifications were performed for at least n=12 cell doublets, except for Fig. 5b,c (4 doublets), Fig.5e (9 doublets), Fig. 5g,h (9 doublets)
and Ext. Fig. 1c (red curve, 6 doublets).

Data exclusions  No points were excluded from the data analysis.

Replication All experiments were systematically performed at least 3 times and gave similar results.

Randomization  Cell doublets were chosen to be imaged randomly among a large population. The subset of doublets used for segmentation were chosen
randomly among those with a rotation axis approximatively aligned with the microscope Z-axis (with random clockwise or counterwise

rotation). This allowed better segmentation of cells.

Blinding n/a

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study
Antibodies

Eukaryotic cell lines

Clinical data

XXXXOO S
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n/a | Involved in the study

X[ ] chip-seq
X[ ] Flow cytometry

Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Antibodies
Antibodies used 1. Rat monoclonal Anti-E-cadherin, Abcam, Cat# Ab11512.
2. Rabbit Polyclonal Anti-Phospho-Myosin Light Chain2 (Cell signaling technology, #3674).
3. Rabbit monoclonal Anti-Paxillin (Abcam, Ab32084).
4. Alexa FluorTM 357 Phalloidin 488 (Thermo Fisher, A12379).
Validation Validated by the Companies.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

. MDCK Il VASP-GFP (see ref. 34).

. MDCK Il MRLC-KO1/E-cadherin-mNG and MDCK I MRLC-GFP (Riveline Lab.).

. MDCK Il E-cadherin-GFP and MDCK Il E-cadherin-DsRed (from Nelson, see ref. 37).

. MDCK Il E-cadherin-GFP/Podocalyxin-mScarlett/Halo-CAAX (engineered in Honigmann Lab)

. MDCK Il Actin-GFP (Nelson Lab)
. MDCK Il Lifeact-iRFP (Riveline Lab)
. MDCK Il E-cadherin-KO (from Ladoux lab, ref. 16)

1
2
3
4
5. MDCK 11 iLID-LARG::mVenus - 2xrGBD-dTomato - MRLC-iRFP703 (optogenetic cell line, Riveline Lab.).
6
7
8

From the sources.
All cell lines were checked for the absence of mycoplasma contamination.

No commonly misidentified cell lines were used in the study.
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