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SUMMARY
Metazoan development relies on the formation and remodeling of cell-cell contacts. Dynamic reorganization
of adhesion receptors and the actomyosin cell cortex in space and time plays a central role in cell-cell contact
formation and maturation. Nevertheless, how this process is mechanistically achieved when new contacts
are formed remains unclear. Here, by building a biomimetic assay composed of progenitor cells adhering
to supported lipid bilayers functionalized with E-cadherin ectodomains, we show that cortical F-actin flows,
driven by the depletion of myosin-2 at the cell contact center, mediate the dynamic reorganization of adhe-
sion receptors and cell cortex at the contact. E-cadherin-dependent downregulation of the small GTPase
RhoA at the forming contact leads to both a depletion of myosin-2 and a decrease of F-actin at the contact
center. At the contact rim, in contrast, myosin-2 becomes enriched by the retraction of bleb-like protrusions,
resulting in a cortical tension gradient from the contact rim to its center. This tension gradient, in turn, triggers
centrifugal F-actin flows, leading to further accumulation of F-actin at the contact rim and the progressive
redistribution of E-cadherin from the contact center to the rim. Eventually, this combination of actomyosin
downregulation and flows at the contact determines the characteristic molecular organization, with
E-cadherin and F-actin accumulating at the contact rim, where they are needed to mechanically link the con-
tractile cortices of the adhering cells.
INTRODUCTION

The spatiotemporal regulation of cell-cell adhesion plays a funda-

mental role in development and homeostasis.1,2 Cadherins are

central components regulating mechanical adhesion between

cells and triggering signaling over the cell-cell contact.3–6 Mal-

function of cadherin-mediated cell-cell adhesion leads to devel-

opmental defects and is a marker of cancerous transformations.7

Studies on epithelia have provided insight into the mecha-

nisms underlying adherens junction remodeling, showing that

E-cadherin (Ecad) junctions at the apical region of cell-cell con-

tacts not only act as biochemical hubs regulating contractility

but also asmechanical linkers to the actomyosin network, trans-

mitting forces required for junctional remodeling and integ-

rity.8–13 Moreover, using culture and embryonic cells to study

de novo contact formation has highlighted the importance of

cadherin-dependent downregulation of the actomyosin cortex

at the contact14–21 and associated accumulation of cadherins

at the contact rim, where they are needed to mechanically link

the contractile cortices of the adhering cells.4,17,19,20,22 This

rim accumulation of cadherins is mechanosensitive, with ten-

sion-induced unfolding of cadherin adhesion components,

such as a-catenin and vinculin, increasing mechanical coupling

of the adhesion complex to the actomyosin cortex.1,19,22–24 Yet,

how the interplay between cadherins and the actomyosin cortex

dynamically structures cell-cell contacts during de novo contact
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formation remains unclear, mainly due to technical limitations in

high-resolution live imaging of entire contacts.

Supported lipid bilayers (SLBs) have been used as assay sys-

tems for visualizing and analyzing the dynamic molecular rear-

rangements at specific cell contacts, such as the immunological

synapse.25 Although lacking the inherent complexity of the

cell membrane and underlying cortex, SLBs, as a bottom-up

approach, offer the advantage of studying fundamental molecu-

lar and cellular processes in a controllable environment. Employ-

ing such SLB systems for mimicking Ecad-mediated cell-cell

adhesion has shown that Ecad mobility is critical for Ecad

recruitment and actin architecture at the contact.26,27 Still, eluci-

dating how Ecad acquires its distinct distribution at the contact

requires supplementing these SLB systems with dynamic and

high-resolution imaging of contact formation and maintenance.

Here, we have combined SLBs with high-resolution live imag-

ing to analyze how the dynamic interplay between cadherins and

the actomyosin cortex structures cell contacts. Our results sug-

gest that Ecad-signaling-mediated downregulation of cortical

actomyosin contractility at the contact center, paired with

bleb-retraction-mediated increase in contractility at the contact

rim, generates a radial cortical tension gradient. This radial

gradient drives centrifugal cortical F-actin flows toward the con-

tact rim, taking along Ecad and thereby leading to the character-

istic molecular organization of the contact, with F-actin and Ecad

accumulating at the contact rim.
nuary 8, 2024 ª 2023 The Author(s). Published by Elsevier Inc. 171
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Figure 1. Downregulation of actomyosin and GTP-RhoA coincides with contact area expansion

(A) Schematic of the biomimetic cell adhesion assay. The contact interface between the cell and the EcadECD-functionalized SLB, constituting the imaging plane

(left). Close up of the region marked by the dashed rectangle showing the relevant molecular composition of the interface (right).

(B) TIRF (Ecad, GTP-RhoA) or Airyscan (myosin-2, F-actin) cell contact images of Ecad, myosin-2, F-actin, and GTP-RhoA in cells obtained from

Tg(cdh1:mlanYFP), Tg(actb2:Myl12.1-eGFP), Ftractin-mNeonGreen-expressing, and GFP-AHPH-expressing embryos at consecutive steps of contact forma-

tion. Inlets in myosin-2 and GTP-RhoA images at 0 min are exemplary masks used for mini-filament density (myosin-2) and average intensity (GTP-RhoA) cal-

culations shown in (C). White arrowhead at myosin-2 image at 4 min depicts a bleb. Scale bars, 5 mm.

(C) Plots of contact area (n = 8), myosin-2 mini-filament density (n = 8), Ecad (n = 10), F-actin (n = 6), and GTP-RhoA (n = 11) average intensities at cell contacts

during contact formation. Data are mean ± SEM.

See also Figures S1 and S2 and Video S1.
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RESULTS

Adhesion signaling regulates cortical actomyosin at the
contact by modulating RhoA activity
To visualize cell contact formation dynamics with high spatio-

temporal resolution, we established a biomimetic assay where

zebrafish ectoderm progenitor cells adhere to SLBs carrying

mobile and correctly oriented zebrafish Ecad ectodomains

(EcadECD) (Figures 1A and S1A). Given the importance of

Ecad mobility for the proper establishment of Ecad-dependent

cell-SLB adhesion,27 we modulated Ecad mobility in the mainly

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)-composed

fluid bilayers by adjusting the amounts of Ni2+-loaded 1,2-dio-

leoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic

acid)succinyl] (Ni-NTA-DOGS) and cholesterol to control Ecad

density28 and bilayer fluidity,29 respectively (Figure S1B). At

molar ratios of 4% Ni-NTA-DOGS and 40% cholesterol, we ob-

tained partially fluid bilayers where tethered EcadECD diffused

at 0.34 ± 0.04 mm2/s and on which seeded ectoderm progenitors

were able to form stable contacts (Figure S1C). By contrast, cells

adhered less stably when using SLBs lacking EcadECD or pro-

genitor cells with reduced endogenous Ecad expression (cdh1

morphant cells)20,30 (Figures S1C and S1D), suggesting that

these bilayers constitute a specific biomimetic assay system to

analyze Ecad-mediated cell contact formation.
172 Current Biology 34, 171–182, January 8, 2024
Using this assay system, we first investigated the initial contact

formation steps by recording time-lapse movies of newly forming

contacts between ectoderm progenitors and EcadECD-deco-

rated SLBs. We used Tg(cdh1-mlanYFP) progenitor cells to

monitor endogenous Ecad expression31 and imaged contact for-

mation using total internal reflection fluorescence (TIRF) micro-

scopy to obtain high temporal resolution with minimal photo-

bleaching (Figure S2I). Consistent with previous findings that

Ecad accumulates at forming intercellular contacts,27,32 we found

that the concentration of Ecad at the contact increased within the

first 2–3 min post contact initiation, which also coincides with the

main period of contact expansion (Figures 1B and 1C; Video S1).

This increase in Ecad concentrations was not observed in cells

seeded on SLBs lacking EcadECD (Figures S2A and S2D) and

not accompanied by an accumulation of plasma membrane at

the contact (Figures S2B and S2D), suggesting that Ecad trans-

binding over the contact leads to Ecad accumulation.33

Next, we asked how this Ecad accumulation at the contact

relates to potential changes in the organization of the actomy-

osin cortex at the contact to which Ecad couples.3 Myosin-2

has previously been shown to be reduced at various mature ho-

motypic contacts.15,16,18,20 For monitoring changes in myosin-2

at the forming contact, we performed Airyscan microscopy34 on

Tg(actb2:Myl12.1-eGFP) progenitor cells,20,35 obtaining a high

spatiotemporal resolution for the myosin-2 signal with minimal
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photobleaching (Figure S2I). We found that myosin-2, initially

decorating the entire contact as mini-filaments, quickly dimin-

ished from the contacts during contact area expansion

(Figures 1B and 1C; Video S1). This fast reduction in myosin-2

at the contact led to a nearly complete absence of myosin-2 at

the contact 3 min post contact initiation and was temporally

closely linked to contact expansion (Figure S2E), as previously

suggested.20 The reduction in myosin-2 depended on the pres-

ence of Ecad on both sides of the contact (Figures S2A and S2D)

and on Ecad signaling, as the expression of a dominant-negative

version of Ecad lacking its cytoplasmic domain (EcadDcyto) pre-

vented myosin-2 downregulation36 (Figures S2C and S2D).

Notably, the general downregulation of myosin-2 at the contact

was accompanied by the sporadic appearance of short-lived

myosin-2 accumulations at the contact rim, where cell protru-

sions such as blebs had retracted (Figure 1B; Video S1).

F-actin, similar to myosin-2, has previously been shown to be

partially depleted from the center of mature contacts in several

different cell types, including zebrafish ectoderm progeni-

tors.17,19,20,22 To determine how depletion of myosin-2 at the

contact center during contact expansion is accompanied by

dynamic alterations of the actin cytoskeleton, we analyzed

changes in cortical F-actin network organization at the contact

of Ftractin-mNeonGreen-expressing cells using Airyscan micro-

scopy to achieve the highest spatiotemporal resolution with min-

imal photobleaching (Figure S2I). This analysis showed that the

average F-actin intensity decreased at the contact and that

this decrease depended on Ecad trans-binding over the contact

and signaling (Figures 1B, 1C, S2A, S2C, and S2D; Video S1).

Notably, this decrease in F-actin intensity at the contact was

less pronounced than the observed depletion of myosin-2 during

contact expansion, with some recognizable F-actin cortex re-

maining still detectable at themature contact. Collectively, these

observations suggest that Ecad contact accumulation is tightly

associated with a concomitant reduction in both F-actin and

myosin-2, pointing to the possibility that these processes might

be functionally linked.

To determine whether such a functional link exists, we

analyzed changes in the activity of the small GTPase RhoA, a

critical regulator of both F-actin and myosin-2,37 previously

suggested to be modulated upon cadherin binding.17,18,38,39

To this end, we visualized dynamic changes in RhoA activity

during contact formation with an Anillin-based biosensor de-

tecting GTP-RhoA,40,41 using TIRF microscopy to minimize

photobleaching (Figure S2I). Similar to myosin-2 and F-actin,

RhoA activity levels decreased at the contact during the first

2–3 min of contact expansion (Figures 1B and 1C; Video S1).

By contrast, no such decrease was observed when SLBs

were left without EcadECD (Figures S2A and S2D) and when

the signaling-defective EcadDcyto (Figures S2C and S2D) or

negative control of the biosensor that does not bind to active

RhoA41 was expressed (Figures S2F and S2F0). This suggests

that Ecad trans-binding over the contact and signaling leads

to F-actin and myosin-2 downregulation at the forming contact

by repressing RhoA activity.

To further challenge this suggestion, we analyzed the colocal-

ization of Ecad and GTP-RhoA at mature contacts (>10 min post

contact initiation). This analysis revealed very little overlap and a

negative correlation between Ecad clusters and RhoA activity
(Figures S2G–S2G00), consistent with the notion that Ecad bind-

ing leads to local repression of RhoA activity. To further test

whether Ecad controls F-actin and myosin-2 at the contact by

downregulating RhoA activity, we asked whether this effect

can be suppressed by constitutively activating RhoA in the con-

tacting cell. To this end, we analyzed contact formation using

progenitor cells expressing a constitutively active version of

RhoA (CA-RhoA).42,43 We found that CA-RhoA-expressing pro-

genitors, in contrast to wild-type (WT) controls, showed high

RhoA activity at the contact and, consequently, failed to down-

regulate F-actin and myosin-2 during contact expansion

(Figures S2H and S2H0). This suggests that the downregulation

of RhoA activity represents a critical effector mechanism by

which Ecad reduces actomyosin at the contact.

Myosin-2 asymmetry leads to centrifugal flows of
F-actin and Ecad at the contact
Previous studies have shown that both F-actin and different com-

ponents of the cadherin adhesion complex, such as a-catenin,

b-catenin, and Ecad, accumulate at the cell contact rim and that

this is required for mechanically coupling the contractile actomy-

osin cortices of the adhering cells over the contact.17,19,20,22 To

determine whether such distinct spatial localization can also be

observed in our biomimetic assay, we first analyzed the average

radial distributions of myosin-2, F-actin, Ecad, and GTP-RhoA

at mature contacts when their total intensities had reached

steady state (Figure S2I). Myosin-2 and GTP-RhoA were nearly

completely depleted from the contact, except for some accumu-

lations at places on the contact rim where cellular protrusions,

mainly resembling cellular blebs, had retracted (Figure 2A). Aver-

aging this distribution gave rise to myosin-2 and GTP-RhoA

sharply peaking at the contact rim (Figure 2A). By contrast,

F-actin and Ecad displayed more graded distributions along the

contact radius, with increasing levels from the middle toward

the rim of the contact (Figure 2A).

To dissect the mechanisms by which the actomyosin cortex

and adhesion apparatus remodel at contacts, we first deter-

mined to what extent this remodeling depends on Ecad binding

over the contact. Analyzing contacts of cells placed on SLBs

lacking EcadECD showed that Ecad, myosin-2, F-actin, and

GTP-RhoA at the contact remained homogeneously distributed

(Figure S3A), suggesting that contact remodeling occurs down-

stream of Ecad trans-binding and signaling. Next, we asked how

the specific distributions of Ecad, myosin-2, F-actin, and GTP-

RhoA at mature contacts are established by monitoring changes

in their rim-to-center distributions during Ecad-mediated con-

tact formation. Although F-actin, myosin-2, and Ecad became

increasingly localized to the contact rim during the entire contact

expansion phase (�0–3 min post contact initiation), GTP-RhoA

levels were already sharply downregulated at the contact center

1min after contact initiation, with only some active RhoA remain-

ing at the contact rim (Figure S3B). This shows that the redistri-

bution and rim accumulation of F-actin, myosin-2, and Ecad is

preceded by a fast downregulation of RhoA activity at the con-

tact center upon contact initiation.

One possibility by which downregulation of RhoA activity at

the contact center might trigger the continuous relocalization

of F-actin and Ecad to the contact rim is by building up an acto-

myosin contractility gradient along the contact radius, peaking at
Current Biology 34, 171–182, January 8, 2024 173
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Figure 2. F-actin and Ecad flow toward the contact rim and accumulate there

(A and B) Airyscan images of myosin-2, GTP-RhoA, F-actin, and Ecad in cells obtained from Tg(actb2:Myl12.1-eGFP), GFP-AHPH-expressing, Ftractin-

mNeonGreen-expressing, and Tg(cdh1:mlanYFP) embryos, along with radial intensity plots of myosin-2 (DMSO: n = 26, pnBb: n = 20) and F-actin (DMSO:

n = 20, pnBb: n = 24) at mature contacts (>10 min after contact initiation) of DMSO or pnBb-treated cells, and GTP-RhoA (control: n = 20, CA-Mypt: n = 3) and

Ecad (control: n = 20, CA-Mypt: n = 25) at mature contacts of uninjected control and CA-Mypt-injected cells. Black arrowheads in myosin-2 and GTP-RhoA plots

depict intensity peaks at the contact rim, black lines in F-actin and Ecad plots depict gradual intensity increases. Data are mean ± SEM.

(C and D) Kymographs along mature contact radius of cells treated with DMSO (as control) or pnBb obtained from Ftractin-mNeonGreen-expressing embryos

labeling F-actin, and control or CA-Mypt-expressing cells obtained from Tg(cdh1:mlanYFP) labeling Ecad. Detected flow tracks (orange) are superimposed on the

raw data.

(C0 and D0 ) Histograms of F-actin (n = 7, 70 tracks; mean ± SD = 0.22 ± 0.09 mm/min) and Ecad (n = 10, 100 tracks; mean ± SD = 0.25 ± 0.17 mm/min) flow velocities

at mature contacts in control conditions, and pnBb-treated (F-actin: n = 11, 110 tracks; mean ± SD =�0.07 ± 0.15 mm/min) or CA-Mypt-expressing (Ecad: n = 10,

100 tracks; mean ± SD = �0.01 ± 0.13 mm/min) cells, color-coded with yellow for centrifugal/outward-directed, purple for centripetal/inward-directed, and gray

for immobile tracks (see schematic on the left).

(E) F-actin and Ecad at themature contact of a cell treatedwith LPA obtained from Ftractin-mKO2-expressing Tg(cdh1:mlanYFP) embryos. Zoomed-in image at a

region of the cell contact (marked by the orange rectangle), where ectopic F-actin foci had formed upon LPA treatment. Line plot shows F-actin and Ecad intensity

profiles along the dashed line.

(E0) Histograms of F-actin (n = 5, 7 foci, 50 tracks; mean ± SD = �0.66 ± 0.79 mm/min) and Ecad (n = 4, 4 foci, 40 tracks; mean ± SD = �0.5 ± 0.47 mm/min) flow

velocities, color-codedwith yellow for tracks directed away and purple for tracks directed toward the foci, and gray for immobile tracks (see schematic on the left),

at regions of LPA-treatedmature contacts showing ectopic F-actin foci, in cells obtained from Ftractin-mNeongreen-expressing wild-type (WT) or Ftractin-mKO-

expressing Tg(cdh1:mlanYFP) embryos.

Scale bars: 5 and 1 mm in (E, right). Vertical scale bars, 1 min.

See also Figures S3 and S4, Table S1, and Videos S2 and S3.
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the contact rim. This contractility gradientmight again give rise to

centrifugal F-actin network flows, which, by slowing down at the

contact rim, could lead to rim accumulation of F-actin and Ecad.

Consistent with this possibility, we noticed that although total

F-actin intensity at the contact remained unchanged after the

initial phase of contact expansion (Figure 1C), F-actin intensity

at the contact center continued decreasing for another �2 min

(up to �5 min post contact initiation) (Figures S3B, S3C, and

S3C0). This continuous decrease in intensity was accompanied

by a decrease in F-actin network density at the contact center

and the emergence of an F-actin network density gradient along

the contact radius (Figures S3C, S3C0, and S3D), an effect

compatible with the possibility of centrifugal F-actin network

flows changing F-actin network density along the flow direc-

tion.44,45 Tomore directly determine whether the F-actin network

indeed displays centrifugal flows at the contact, we performed

a kymograph analysis of actin filament movements at the con-

tact. Strikingly, this revealed a net centrifugal flow of F-actin

network at the contact (Figures 2C and 2C0; Video S2), slowing

down at the contact rim (Figure S3E). The outward direction of

flows became apparent only after the initial phase of contact

expansion and were also detectable in mature contacts (Figures

S3F–S3F00). Together, this suggests that F-actin network dilution

at the contact center and progressive accumulation at the con-

tact rim are achieved andmaintained by centrifugal F-actin flows

after contact expansion.

To understand how the downregulation of RhoA activity at the

contact center might lead to the buildup of an actomyosin

contractility gradient and flow along the contact radius, we turned

to myosin-2, a main determinant of cortical F-actin contrac-

tility.46–49 Specifically, we hypothesized that downregulation of

RhoA at the contact center might lead to the near complete

depletion of myosin-2 in the center, thereby generating a sharp

gradient of myosin-2 activity along the contact radius (Figure 2A).

To address this hypothesis, we reduced myosin-2 activity in the

contacting cells by exposing cells to the myosin-2 inhibitor

para-nitroblebbistatin (pnBb)50 or by expressing a constitutively

active form of myosin phosphatase (CA-Mypt)43,51 (Figure 2B;

note that for analyzing the effect of myosin-2 inhibition on GTP-

RhoA and Ecad distributions, we had to use CA-Mypt instead

of pnBb, as the autofluorescence of pnBb strongly decreased

their signal-to-noise ratios). Cells exposed to pnBb showed

strongly diminished centrifugal F-actin flows (Figures 2D, 2D0,
and S4A; Video S2) and, as a result of this, reduced F-actin

network dilution and contact rim accumulation (Figures 2B and

S4B). By contrast, pnBb treatment/CA-Mypt expression did not

affect the initial signaling-dependent reduction in average

F-actin intensity levels during contact formation and concomitant

restriction ofGTP-RhoAactivity to the contact rim (Figures 2Band

S4C). This suggests that centrifugal flows of F-actin are predom-

inantly needed for F-actin network density gradient formation and

maintenance.

To further explore whether and how the centrifugal flows of

F-actin are related to the graded distribution and accumulation

of Ecad at the contact rim, we analyzed dynamic changes in

Ecaddistributionat thecontact.Given thatEcadclustershavepre-

viously been shown tobe taken along byF-actin flows,52–54wehy-

pothesized that the observed centrifugal F-actin flows at the con-

tact center might trigger similar flows of Ecad, leading to Ecad
gradient formation and contact rim accumulation. Kymograph

analysis revealed Ecad clusters to flow centrifugally, with an

average net velocity similar to F-actin filaments (Figures 2C, 2C0,
and S4A; Video S3), pointing to the possibility that centrifugal

F-actin flows take along Ecad toward the contact rim. Consistent

with this, distinct Ecad clusters showed partial colocalization

withF-actin filamentsat thecontact (FiguresS3G–S3G00), suggest-
ing that some, but not all, Ecad clusters might be directly linked to

F-actin. To further challenge the functional link between F-actin

and Ecad flows, we tested whether myosin-2 inhibition affects

not only F-actin but also Ecad localization and flows. Blocking

myosin-2 activity with pnBb—while leaving the average intensity

of Ecad at the contact unchanged (Figure S4C)—eliminated

Ecad rim accumulation, leading to a homogeneous distribution

of Ecad across the contact (Figure S4D), similar to the observa-

tions made for F-actin in the presence of pnBb (Figures 2B and

S4C). To determine whether the lack of Ecad rim accumulation

upon inhibition of myosin-2 activity is due to reduced centrifugal

flows of Ecad, we performed a kymograph analysis of Ecad flows

in cells with reduced myosin-2 activity. CA-Mypt-expressing cell

contacts not only showed more homogeneous Ecad and F-actin

intensities and higher F-actin network densities (Figures 2B,

S4B, and S4E), similar to the observations made when blocking

myosin-2 activity with pnBb (Figures 2B and S4D), but also dis-

played strongly reduced centrifugal flows of Ecad clusters

(Figures2D,2D0, andS4A;VideoS3).Thissuggests thatEcadclus-
ters might be advected by the F-actin network flows toward the

contact rim in a myosin-2-dependent manner.

To further challenge this suggestion, we askedwhether upregu-

lating myosin-2-dependent actin network contractility is sufficient

for driving F-actin and Ecad centrifugal flows. To this end, we

treated cells with lysophosphatidic acid (LPA), which has been

shown to strongly enhance actomyosin contractility in progenitor

cells.22,45 Upon exposure to LPA, F-actin, and to a smaller extent

also Ecad, showed an enhanced accumulation at the contact rim,

giving rise to steeper gradients of F-actin and Ecad along the

radial axis of the contact (Figure S4F). Notably, the average inten-

sities of F-actin and Ecad at the contact did not change upon LPA

treatment (Figure S4C), suggesting that LPA treatment affects the

distribution but not the average amount of these proteins at the

contact. Unexpectedly, however, radial flow velocities of F-actin

and Ecad, and the network density of F-actin at the contact cen-

ter, remained unchanged in LPA-treated contacts (Figures S4A,

S4B, S4E0, and S4F0; Videos S2 and S3). Rather, we frequently

observed ectopic foci of actomyosin within the contact center

(Figures 2E and S4G), presumably as a result of high actomyosin

contractility leading to the emergence of local network instabilities

and thus the formation of ectopic actomyosin foci, driving local

flows of F-actin and Ecad directed toward them45,55 (Figures 2E0

and S4A). Collectively, these findings suggest that the polarized

distribution of myosin-2 triggers flows of both F-actin and Ecad,

thereby establishing their graded distribution along the contact

radius.

Cortical flows at the contact determine the contact
architecture
To determine whether and how the observed changes in F-actin

and Ecad rim accumulations in the different experimental condi-

tions can be explained by centrifugal F-actin flows at the contact,
Current Biology 34, 171–182, January 8, 2024 175
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Figure 3. Actomyosin contractility affects

contact size and F-actin/Ecad molecular

turnover

(A) Mature contact (>10 min after contact initiation)

diameters of control (DMSO-treated [0.1%] [n = 24]

or untreated [n = 35]), pnBb-treated (n = 28), CA-

Mypt-expressing (n = 36), and LPA-treated (n = 31)

cells.

(B) TIRF image of TRITC-actin at single-molecule

resolution at a mature contact.

(B0 ) Time trajectories of TRITC-actin molecules,

tracked over 6 min. Color map indicates the trajec-

tory durations.

(C) TRITC-actin average lifetimes atmature contacts

for control conditions (DMSO or untreated), and

cells treated with pnBb or LPA. Each open circle

represents 3 different time lapses obtained on the

same day.

(D) TIRF image of Ecad at themature contact of a cell

obtained from Tg(cdh1:mlanYFP) embryos, at the

first post-bleach frame during FRAPmeasurements.

(D0) Kymograph of Ecad recovery obtained from

intensity profiles along the dashed line shown in (D).

(E) Exemplary recovery curves of Ecad intensity

within bleached regions normalized to pre-bleach

intensity at the mature contacts of cells obtained from Tg(cdh1:mlanYFP) embryos for untreated control (n = 11), CA-Mypt-overexpression (n = 9), and LPA

treatment (n = 9).

(F) Ecad recovery times after photobleaching at mature contacts of untreated control (n = 35), CA-Mypt-expressing (n = 24), and LPA-treated (n = 28) cells

obtained from Tg(cdh1:mlanYFP) embryos.

(F0) Immobile fractions of Ecad at mature contacts, obtained for the data described in (F).

Scale bars, 5 mm. Vertical scale bars, 1 min.

Data are mean ± SEM. Student’s t test, DMSO control, and pnBb (A); Kruskal-Wallis test control, CA-Mypt, and LPA (A, F, and F0).
See also Figure S5 and Table S1.
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we sought to quantitatively link F-actin flows to F-actin and Ecad

rim accumulation, which seemed to dominate contact remodeling

after the contact expansion phase. From a theoretical perspec-

tive, the strength of this accumulation not only depends on centrif-

ugal flow velocity v but also contact size L and protein turnover/

lifetime t at the contact. A simple conservation equation taking

into account these features predicts that at first order, the magni-

tude of the rim-to-center accumulation A should scale as

A = 1+ v 2p2 t
L : To test this quantitatively, we measured contact

size and actin/Ecad lifetimes under different conditions. For con-

tact size, we found that LPA-treated contacts were smaller than

untreated controls, consistent with previous observations from

progenitor cell-cell doublets22 (Figure 3A). By contrast, the size

of pnBb-treated/CA-Mypt-expressing contacts, although ex-

pected to decrease,22 remained largely unchanged, likely due to

a global decrease in cortical tension leading to cell flattening on

the substrate. To measure actin turnover, we tracked tetrame-

thylrhodamine (TRITC)-actin protein injected at lowamounts using

single-molecule imaging at the contact (Figures 3B and 3B0). We

found a lifetimeof�25 s for actinmonomers, whichwas increased

on average by both increasing or decreasing contractility by LPA

and pnBb, respectively, in line with previous reports19,56 (Fig-

ure 3C). For Ecad lifetime at the contact, we turned to fluores-

cence recovery after photobleaching (FRAP) experiments

(Figures 3D, 3D0, and 3E). Similar to previous observations on

a-catenin turnover at Ecad-mediated ectoderm cell-cell con-

tacts,22 we found an Ecad recovery time of �12 s and a small

immobile fraction of�10%, which were both increased when up-

regulating actomyosin contractility upon LPA treatment
176 Current Biology 34, 171–182, January 8, 2024
(Figures 3F and 3F0). By contrast, decreasing contractility through

the expression of CA-Mypt had no recognizable effect on Ecad

dynamics (Figures 3F and 3F0).
Having measured contact size, Ecad/F-actin turnover, and

flow velocities (Table S1), we then tested whether the predicted

analytical relationship between Ecad/F-actin centrifugal flows

and rim accumulation would hold across different contractility

conditions and found that the two displayed a robust positive

scaling, as expected in the analytical expression (Figure 4A).

Explicitly integrating the conservation equation in space (1D

along the rim-center axis) and time, starting from a homoge-

neous distribution, showed that contacts reached a steady-

state distribution profile in a few minutes (Figure S5A), closely

matching the F-actin and Ecad distributions for most experi-

mental conditions (Figures 4B and S5B). Notably, predicted

F-actin distributions underestimated the accumulation seen

at LPA-treated contacts, suggesting that there might be other

factors, in addition to flow velocity, contact size, and protein

turnover, that also influence F-actin rim accumulations in the

presence of LPA. Collectively, this comparison between simu-

lations and experimental observations shows that the progres-

sive accumulation of F-actin and Ecad at the contact rim can

largely be explained by the centrifugal flows of these proteins

at the contact.
Blebs establish the radial cortical tension gradient at the
contact
To understand how the flows of F-actin and Ecad were gener-

ated and directed, we followed up on our initial observation of
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Figure 4. Contractility-dependent flow velocity andmolecular turnover determine spatial distribution of F-actin and E-cadherin at themature

contact

(A) Plots of rim-to-center intensity ratios for F-actin or Ecad as a function of parameters predicting rim enrichment—molecular lifetime (t) * flow velocity (v)/contact

diameter (L)—across different contractility conditions. Dots represent individual mature contacts for which rim-to-center intensity ratios (see schematic on the

left), flow velocities, and contact diameters were measured. Molecular lifetimes were taken from Table S1. Lines indicate the predicted values of rim enrichment

based on the equationA = 1+ v 2p2 t
L (see STARMethods). F-actin in DMSO control (n = 6), pnBb-treated (n = 8), untreated control (n = 12), or LPA-treated (n = 10)

cells, and Ecad in untreated control (n = 11), CA-Mypt-expressing (n = 11), or LPA-treated (n = 10) cells obtained from Ftractin-mNeonGreen-expressing and

Tg(cdh1:mlanYFP) embryos.

(B) Theoretically predicted steady-state F-actin and Ecad intensity profiles based on the equation given in (A) using experimentally measured parameters

(Table S1; STAR Methods). In the same plots, radial F-actin and Ecad intensity plots, normalized to rim-to-rim distance, taken from the experiments shown in

Figures 2A, 2B, S4E0, and S4F0 are shown.

See also Figure S5 and Table S1.
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myosin-2 accumulations at places of the contact rim, where

cellular protrusions, mainly blebs, had retracted (Figure 2A).

In line with previous reports showing the assembly of a

myosin-2-rich F-actin cortex during bleb retraction,57 we found

that the formation of typically observed cellular blebs at the

contact rim (Figure S4H) was temporally linked to an increase

in myosin-2 and that myosin-2 accumulation at the rim was

locally linked to bleb retraction (Figures S4I and S4J; Video

S1). To further explore whether these local accumulations

lead to direct F-actin flows, we performed a kymograph anal-

ysis comparing rim regions where blebs retracted to regions

where no such blebs formed. Strikingly, this analysis revealed

faster and more directed flows of F-actin toward retracting
blebs (Figure S4K), supporting the notion that local bleb-driven

myosin-2 accumulations at the contact rim drive and direct

these flows.

To more directly assess whether cell blebbing is the mecha-

nism maintaining rim contractility and centrifugal flows by accu-

mulating myosin-2 at the contact rim, we overexpressed a

constitutively active form of Ezrin2 (CA-Ezrin2), a membrane-

cortex linker previously used for reducing blebbing in progenitor

cells.58 We found that reduced blebbing and contact areas upon

CA-Ezrin2 expression were accompanied by decreased GTP-

RhoA, myosin-2, F-actin, and Ecad accumulations at the contact

rim (Figures 5A, S4L, and S4M). Although the overall levels of

F-actin and Ecad at the contact were unaffected by CA-Ezrin2
Current Biology 34, 171–182, January 8, 2024 177
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Figure 5. Bleb retractions at the contact rim direct cortical flows by establishing a cortical tension difference
(A) Airyscan images of myosin-2, GTP-RhoA, F-actin, and Ecad at mature contacts (>10 min post contact initiation) of cells obtained from control or CA-Ezrin2-

expressing Tg(actb2:Myl12.1-eGFP), GFP-AHPH-expressing, Ftractin-mNeonGreen-expressing, and Tg(cdh1:mlanYFP) embryos, along with radial intensity

plots of myosin-2 (control: n = 18, CA-Ezrin2: n = 43), GTP-RhoA (control: n = 32, CA-Ezrin2: n = 29), F-actin (control: n = 17, CA-Ezrin2: n = 36), and Ecad (control:

n = 26, CA-Ezrin2: n = 40).

(B) Kymographs of F-actin and Ecad flows along the mature contact radius in cells obtained from Ftractin-mNeonGreen-expressing and Tg(cdh1:mlanYFP)

embryos, expressing or not expressing (control) CA-Ezrin2. Detected flow tracks (orange) are superimposed on the raw data.

(B0) Flow velocity histograms of F-actin and Ecad at mature contacts for control (F-actin: n = 7, 70 tracks; mean ± SD = 0.16 ± 0.5 mm/min; Ecad: n = 7, 70 tracks;

mean ± SD = 0.21 ± 0.52 mm/min), and CA-Ezrin2-expressing (F-actin: n = 10, 100 tracks; mean ± SD = �0.03 ± 0.65 mm/min; Ecad: n = 13, 130 tracks; mean ±

SD = 0.03 ± 0.48 mm/min) cells; color-coded with yellow for centrifugal/outward-directed, purple for centripetal/inward-directed, and gray for immobile tracks

(see schematic on the left).

(C) Pre-cut frames and kymographs of F-actin recoil at mature contacts of control or CA-Ezrin2-expressing cells obtained from Ftractin-mNeonGreen-expressing

embryos, upon UV laser ablations along indicated lines at the middle or rim of the contacts (see schematic on the left).

(C0) Plot of initial recoil velocities after UV laser ablation for the conditions shown in (C). Control middle (n = 34), control rim (n = 33), CA-Ezrin2-expressing middle

(n = 44), and CA-Ezrin2-expressing rim (n = 45). Mann-Whitney U test.

Scale bars: 5 mm, 1 mm in kymograph (C). Vertical scale bars: 1 min in (B) and 1 s in (C).

Data are mean ± SEM.

See also Figure S4, Table S1, and Videos S2, S3, and S4.
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overexpression (Figure S4C), their net flows toward the rim van-

ished (Figure 5B) and, consistently, F-actin network density at

the contact center remained high (Figure S4B). This indicates

that cell blebbing is a critical mechanism for maintaining rim

contractility and centrifugal Ecad/F-actin flows.

To directly test whether the F-actin and Ecad flows were

directed via a bleb-mediated cortical tension gradient between

the contact middle and rim, we measured cortical tension

oriented along the contact radius using UV laser ablations.35 We

found that inWT contacts, cortical tensionwas significantly higher

at the contact rim as opposed to the middle, consistent with the

presence of a radial cortical tension gradient (Figures 5C and

5C0; Video S4). This tension gradient depended on normal bleb-

bing activity in the contacting cells, as the expression of CA-

Ezrin2 abolished the tension gradient by lowering the contact

rim tension to the level found at the contact middle (Figures 5C

and 5C0; Video S4). In contrast, when cells were plated on SLBs

lacking EcadECD, CA-Ezrin2 expression had no effect on cortical

tension at the cell-SLB interface (Figures S4N and S4N0), suggest-
ing that cell blebbing is specifically needed for building up the

radial tension gradient at functional cell contacts. Together, these

data indicate that blebbing is required for myosin-2 to accumulate

at the contact rim, resulting in a radial cortical tension gradient,

which again directs centrifugal flows of F-actin and Ecad, estab-

lishing their rim accumulation.

DISCUSSION

Our study identifies the mechanistic basis by which cell contacts

acquire their specific molecular organization during contact for-

mation andmaintenance.We show that centrifugal F-actin flows,

triggered by the depletion of myosin-2 at the contact center and

concomitant accumulation at the contact rim, take along Ecad

by advection, leading to F-actin and Ecad accumulation at the

contact rim, where they are needed for coupling the cortices of

the contacting cells. Notably, such centrifugal flows likely reflect

an emergent property of the actomyosin network at the contact,

a possibility we tested using an active gel model59 (Figure S5C).

Assuming a fixed contact size during flow establishment

(Figures 1C and S2F–S2F00) and higher actomyosin contractility

at the contact rim (Figure 5C) as a starting configuration, the

model predicted long-range F-actin network centrifugal flows,

similar to those observed experimentally (Figure S5B; see

STAR Methods), which were reinforced and maintained by the

resulting accumulation of F-actin at the contact rim. This sug-

gests that themolecular organization of the contact is an expres-

sion of the emergent properties of the actomyosin network.

On a molecular level, our data suggest that downregulation of

the actomyosin cortex at the contact center is mediated by

signaling from trans-bound Ecad downregulating GTP-RhoA

(Figures S2A, S2C, and S2D).38,39 Several Ecad downstream ef-

fectors previously implicated in RhoA activity modulation, such

as Rac kinase,17 p120-catenin,38 and various RhoGAPs,60,61

might be involved in this downregulation,while their specific roles

in mediating RhoA downregulation still need to be established.

Our data suggest that their effect is overridden by bleb-retrac-

tion-mediated transient accumulation of myosin-2 at the contact

rim. This spatially confined blebbing activity at the contact rim is

likely due to trans-boundcadherins strengtheningmembrane-to-
cortex adhesion62 at the contact center and/or Ecad accumu-

lating at the contact slightly away from the periphery where

RhoA/actin/myosin-2 accumulate (Figure S3H). Such spatial

segregation has previously been described17,19,63,64 and is also

apparent at the ectopic foci observed in LPA-treated contacts

(Figures 2E and S4G). Although the underlying mechanisms

driving such segregation are yet unclear, reduced binding affinity

of Ecad to the rim F-actin network due to changes in network ar-

chitecture and/or membrane height differences between the

contact rim and center, might be involved.64–68

Bleb-mediated rim accumulations of actomyosin could

also explain the observed increased accumulation of actomyosin

in LPA-treated cells, considering that these cells show increased

blebbing at the contact rim due to their higher contractility45,69

(Figures S4F and S4L). Why this increased actomyosin rim accu-

mulation did not lead to faster centrifugal flows (Figures S4A and

S4F0) is still unclear. LPA-induced increases in F-actin cortex vis-

cosity and/or friction (Figure S5C; see STAR Methods), and inter-

ference with the global centrifugal F-actin flow pattern by the

ectopic actomyosin foci forming at the contact centers (Fig-

ures 2E, 2E0, and S4G), might be responsible for this.

Our biomimetic cell contact assay using SLBs is reductionist in

nature, which can be an advantage when studying changes in

the behavior of specific molecules but also a disadvantage due

to the lack of a natural cell membrane and cortex on the SLB

side of the contact. Although our molecular turnover measure-

ments at cell-bilayer contacts do not markedly differ from re-

ported values from cell-cell contacts22 (Figure 3F), suggesting

that the SLB does not strongly interfere with the molecular dy-

namics at the contact, increasing the complexity of biomimetic

assays by adding transmembrane proteins and cytoskeleton

could lead to an even more faithful representation of cell-cell

contact formation and remodeling in vivo.

Ecad has previously been shown to be transported by F-actin

flows, a process implicated in junctional remodeling between

epithelial cells and contact initiation between migrating cells.52,70–

72 F-actin flows, again, are thought to be triggered by the asym-

metric distribution of F-actin and/or myosin-2. Our data suggest

that the characteristicmolecular architecture emerging at the form-

ing contact between cells depends on F-actin-driven Ecad flows.

Centrifugal movements of Ecad clusters during contactmaturation

have previously been noted,19,32 but their association with the

F-actin cortex remainedunclear.Our study, bymechanistically link-

ing thedynamicchanges in theF-actincortex to the redistributionof

the Ecad adhesion complex at the contact, provides a generic

mechanismbywhichthematuringcontactachieves itsspecificmo-

lecular organization required for contact expansion and mainte-

nance.Moregenerally, itmight alsoexplainhowcells acquirestable

polarity during contact formation by locally remodeling their acto-

myosin cortex, therebymechanistically linking cell-cell contact for-

mation to cell polarization in the developing organism.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

zebrafish E-cadherin antibody produced in rabbit Maı̂tre et al.20 N/A

peroxidase AffiniPure goat anti-rabbit IgG (H+L) Jackson ImmunoResearch Cat#111-035-003; RRID: AB_2313567

Chemicals, peptides, and recombinant proteins

zebrafish E-cadherin ectodomain with 12x His-tag This study N/A

FreeStyle 293 Expression Medium Gibco Cat#12338018

Polyethylenimine, Linear, MW 25000 Polysciences Cat#23966

Opti-MEM Reduced Serum Medium Gibco Cat#31985062

Sulfo-cyanine5-maleimide Lumiprobe Cat#13380

DMEM/F-12 Gibco Cat#11320033

GlutaMAX Supplement Gibco Cat#35050061

Penicillin-Streptomycin Gibco Cat#15070063

Actin protein (rhodamine) from rabbit skeletal muscle Cytoskeleton, Inc. Cat#AR05-B

para-nitro-Blebbistatin K�epiró et al.50; Cayman Chemical Cat#24171

1-Oleoyl lysophosphatidic acid sodium salt Tocris Bioscience Cat#3854

SYLGARD� 184 PDMS Merck Cat#761036

18:1 (D9-Cis) PC (DOPC) Avanti polar lipids Cat#850375C

18:1 DGS-NTA Avanti polar lipids Cat#790528

DSPE-PEG(2000) Amine Avanti polar lipids Cat#880128

Critical commercial assays

mMESSAGE mMACHINE SP6 Transcription Kit Invitrogen Cat#AM1340

Gibson Assembly Cloning Kit NEB Cat#E5510S

Gateway Cloning Kit Invitrogen Cat#11791020; Cat#11789020

Experimental models: Cell lines

FreeStyle 293-F Cells Gibco Cat#R79007; RRID: CVCL_D603

Experimental models: Organisms/strains

Zebrafish: wildtype ABxTL MPI-CBG ZDB-GENO-031202-1

Zebrafish: Tg(cdh1-tdTomato)xt18 Cronan and Tobin31 ZDB-FISH-201125-9

Zebrafish: Tg(cdh1-mlanYFP)xt17 Cronan and Tobin31 ZDB-FISH-201125-8

Zebrafish: Tg(actb2:HA-mCherry2) Xiong et al.73 ZDB-TGCONSTRCT-130625-1

Zebrafish: Tg(actb2:Myl12.1-eGFP;actb2:Utrophin-mCherry) This study N/A

Oligonucleotides

Morpholino: MO-cdh1 TAAATCGCAGCTCTTCCTTCCAACG Babb and Marrs.30; Gene Tools ZDB-MRPHLNO-050421-2

Primers: EcadDcyto-GFP Forward:

GATCTCGAGGTGTCCAAAGGCG

This study; Microsynth N/A

Primers: EcadDcyto-GFP Reverse:

CAGCAGAGGCTCTTTCTTGCTG

This study; Microsynth N/A

Primers: GFP-AHPH-WT Forward:

GCAGGATCCCATCGATTATGGTGAGCAAGGGCGA

This study; Microsynth N/A

Primers: GFP-AHPH-WT Reverse: CGTAATACG

ACTCACTATAGTTTCAAGGCTTTCCA

ATAGGTTTGTAGCAA

This study; Microsynth N/A

Primers: mCherry-AHPH-WT Forward:

GCTGTACAAGTCCGGACTCAGATCTCGAGC

This study; Microsynth N/A

Primers: mCherry-AHPH-WT Reverse:

TGAGTCCGGACTTGTACAGCTCGTCCATGCCG

This study; Microsynth N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers: GFP-AHPH-DM Forward: AATACAAGCTA

CTTGTTCTTTTTGCAGGATCCCATCGA

TTATGGTGAGCAAGGGCGAG

This study; Microsynth N/A

Primers: GFP-AHPH-DM Reverse: TCTGGATCTACG

TAATACGACTCACTATAGTTCTAGAGGCTCAAGGC

TTTCCAATAGGTTTGTAGC

This study; Microsynth N/A

gBlocks gene fragment: Ftractin ACAAGT

TTGTACAAAAAAGCAGGCTTCGGATCCATG

GCGCGTCCGAGAGGAGCTGGCCCGTGCT

CACCTGGTCTCGAAAGGGCTCCACGGCG

GAGCGTAGGTGAGTTGAGACTTTTGTTTGA

AGCACGATGCGCTGCGGTCGCTGCTGCTG

CTGCAGCTGGGGGGCTAGCGCTACCGCTC

GAGGACCCAGCTTTCTTGTACAAAGTGGa

IDT N/A

Recombinant DNA

pcDNA3.1(-)-EcadECD (zebrafish) This study N/A

pEGFP-RhoA Biosensor Piekny and Glotzer40 Addgene #68026

GFP-AHPH-DM Priya et al.41 Addgene #71368

PCS2-GFP-AHPH-WT This study N/A

PCS2-GFP-AHPH-DM This study N/A

PCS2-mCherry-AHPH-WT This study N/A

PCS2-Ftractin-GFP This study N/A

PCS2-Ftractin-mKO2 This study N/A

PCS2-E-cadherin-GFP(zebrafish) Kardash et al.74 N/A

PCS2-EcadDcyto-GFP This study N/A

PCS2-lefty1 Maı̂tre et al.20 N/A

PCS2-membrane-RFP Iioka et al.75 N/A

PCS2-CA-Mypt Jayashankar et al.51 N/A

PCS2-CA-RhoA Takesono et al.42 N/A

PCS2-CA-Ezrin2 Diz-Muñoz et al.58 N/A

Software and algorithms

Fiji Schindelin et al.76 https://fiji.sc/

MATLAB R2017b The MathWorks, Inc https://mathworks.com/products/

matlab.html

Python 3.6 Python Software Foundation https://www.python.org

ILASTIK Sommer et al.77 https://www.ilastik.org

KymoButler Jakobs et al.78 https://github.com/elifesciences-

publications/KymoButler

SOAX Xu et al.79 https://www.lehigh.edu/�div206/soax/

Prism 6 GraphPad https://www.graphpad.com/

scientific-software/prism/

Inkscape Inkscape Project (2000) https://inkscape.org

Other

HisTrap Fast Flow Crude column Cytiva Cat#GE29-0486-31

PD-10 desalting columns Cytiva Cat#17085101

Zeba Spin Desalting Columns 7K MWCO Thermo Scientific Cat#89882
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carl-

Philipp Heisenberg (heisenberg@ist.ac.at).

Materials availability
Plasmids generated in this study are available from the lead contact upon request.

Data and code availability

d All original microscopy data any additional information reported in this paper is available from the lead contact upon request.

d All original code is available from the lead contact upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL DETAILS

Zebrafish husbandry and strains
Zebrafish (Danio rerio) were housed in 28�C water (pH 7.5 and conductivity 400 mS) under a 14 h light/10 h dark cycle.80 Embryos

were raised at 28.5–31�C in E3 medium and staged as previously described.81 The following lines were used: WT ABxTL, Tg(cdh1-

tdTomato)xt18,31 Tg(cdh1-mlanYFP)xt17,31 Tg(actb2:HA-mCherry273 and Tg(actb2:Myl12.1-eGFP;actb2:Utrophin-mCherry) gener-

ated by crossing the preexisting lines Tg(actb2:Myl12.1-eGFP) and Tg(actb2:Utrophin-mCherry).20,35 Fish husbandry and breeding

were done in the aquatics facility of IST Austria according to local regulations, and all procedures were approved by the Ethics Com-

mittee of IST Austria regulating animal care and usage.

Zebrafish primary cell cultures
30 min before live imaging, embryos were transferred to pre-warmed (28.5–31�C) 0.9x DMEM/F12 medium22 supplemented with

GlutaMAX and Penicillin-Streptavidin. The blastoderm caps were dissected from the yolk cells at sphere stage with forceps and

transferred to 1.5 ml eppendorf tubes using glass pipettes. In the case of inhibitor use, media in the eppendorfs was exchanged

to inhibitor-containing media 10 min before cell seeding. All explants were dissociated by gentle tapping and seeded on bilayers

covered with control or inhibitor-supplemented media at 29�C.

METHOD DETAILS

Expression and purification of EcadECD
cDNA encoding the zebrafish E-cadherin ectodomain (Q90Z37_DANRE, EC1 to EC5, residues G141 to D672), with an N-terminal

human CD33 signaling peptide and C-terminal 12xHis purification tag was codon optimized and ordered as a gBlocks Gene Frag-

ment (IDT) with overhangs for Gibson assembly. The sequence was engineered to have a single Cys in the EC5 domain for site-spe-

cific labeling as previously described.27 The product was inserted between EcoRI and XbaI sites of pcDNA3.1(-) mammalian expres-

sion vector. EcadECDwas expressed in suspension FreeStyle 293-F cells in Freestyle 293 ExpressionMedium at 37�Cwith 8%CO2.

FreeStyle 293-F cells were transiently transfected using polyethyleneimine in Opti-MEM Reduced Serum Medium. Cultures were

supplemented with 5 mM CaCl2 2 days after transfection,82 and culture media containing secreted EcadECD was collected

5 days later. Filtered and conditioned media was loaded to HisTrap Fast Flow Crude Column for affinity chromatography on an

ÄKTA Pure Fast Protein Liquid Chromatography system (Cytiva) and eluted with an imidazole gradient at 4�C. Clean fractions, deter-

mined by SDS-PAGE stained with Coomassie Brilliant Blue (Figure S1A), were pooled together and dialyzed overnight in storage so-

lution (100 mMNaCl, 20 mM Tris-Cl pH 8, 3 mMCaCl2). Alternatively, the buffer was exchanged using PD-10 desalting columns. The

identity of the protein was verified with N-terminal sequencing. Clean protein was aliquoted at a final 50 mg/ml concentration and

snap-frozen for long-term storage at -80�C with 5% glycerol.

Fluorescent labeling of EcadECD
To perform FRAP experiments for determining the protein diffusion constant, EcadECD was labeled at the Cys residue using Sulfo-

C5-maleimide. First, the sample was incubated for 20 min with TCEP (100 molar fold excess of protein) at room temperature. Then,

maleimide dye (10molar fold excess of protein) was added to the sample and incubated at room temperature for 1 h. Excess dyewas

removed using a 7K MWCO Zeba� Spin Desalting Column.

Western blot
Eluted protein fraction was incubated at 70�C in NuPAGE LDS Sample Buffer (Invitrogen) and NuPAGE Sample Reducing Agent for

10 min before getting loaded to a 4-12% NuPAGE Bis-Tris protein gel. After SDS-PAGE, proteins were transferred to a membrane
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using the iBlot Western Blotting System (Thermo Fisher Scientific) according to the manufacturer’s protocol. For the immunodetec-

tion of EcadECD, membrane was blocked with blocking buffer (3% BSA, 0.2% Tween-20 in PBS) for 1 h at room temperature and

incubated overnight with rabbit anti-zebrafish Ecad antibody20 (1:5000) in blocking solution. After 3x10 min washes with PBT (PBS

with 0.2% Tween), membrane was incubated with Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) (1:20000) for 45 min at room

temperature and washed 4x5 min with PBT, then 2x5 min with PBS. The membrane was developed with Clarity Western ECL Sub-

strate (Biorad) before imaging.

Preparation of SLBs and functionalization with EcadECD
To make small unilamellar vesicles, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-

1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt, Ni-NTA-DOGS), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000] (DSPE-PEG2000), and freshly dissolved cholesterol lipid mixtures in chloroform with a molar ratio

of 55.9:4:0.1:40 (unless otherwise stated) were prepared in glass vials and evaporated under N2 stream to get a homogenous thin

film. Lipids were further vacuumed for 1 h to remove the remaining solvent and frozen at -20�C unless freshly used. Lipid films

were resuspended in vesicle buffer (75 mM NaCl, 20 mM Hepes) at 37�C by vortexing to a final concentration of 1.5mM and

freeze-thawed in liquid nitrogen 5x before aliquoting. Aliquots were kept at -20�C and used within 2 weeks. For experiments, solu-

tions were diluted to 0.2 mM with vesicle buffer and bath sonicated for 15 min.

To form the lipid bilayers on coverslips, 24350 mm high-precision coverslips were cleaned in Piranha solution (3:1, 98%

H2SO4:30% H2O2) for 1 h. The coverslips were further washed with deionized water and kept in water to be used within 2 weeks.

Before use, coverslips were dried, PCR tubes, with their conical ends removed, were attached to the coverslips as reaction

chambers, using ultraviolet curing glue (Norland 63) under UV light for 5 min. The coverslips were then treated in a Zepto B

plasma oven (Diener Electronic) for 12 min at 30 W under 1 L/h airflow. Immediately after, vesicle mixtures were added to re-

action chambers, and after letting the vesicles settle for 4 min, 3 mM CaCl2 was added to enhance vesicle fusion on the acti-

vated surface. Chambers were incubated for 1 h at 37�C, washed with PBS through serial washes by vigorous pipetting and

incubated with 0.1% fatty acid-free BSA in protein storage buffer for 30 min. EcadECD was added to a 2 mg/ml final concen-

tration to these chambers and incubated for 45 min at room temperature before changing to pre-warmed imaging medium with

serial washes.

Cloning of expression constructs
PCR products fromplasmidsGFP-AHPH-WT40 (a gift fromMichael Glotzer) andGFP-AHPH-DM41 (a gift fromAlpha Yap) were subcl-

oned to create PCS2-GFP-AHPH-WT and PCS2-GFP-AHPH-DM plasmids with Gateway cloning. cDNA sequence coding for Ftrac-

tin (IP3KA_RAT, residuesM10 to G52) was codon-optimized and ordered as a gBlocks Gene Fragment to create PCS2-Ftractin-GFP

and PCS2-Ftractin-mKO2 plasmids. All products were clonedwith attB arms and recombined with pDONR221 (P1-P2)(Lawson#208)

to create entry clones, and further recombined with p3E-mNeonGreen (Allelebiotech), p3E-mKO2,83 p3E-polyA (Chien#302), and

pCS-Dest2 (Lawson #444) to create expression plasmids. PCS2-mCherry-AHPH-WT was created by replacing PCS2-GFP-

AHPH-WT plasmid’s GFP sequence with mCherry using Gibson assembly. Ecad lacking its cytoplasmic domain (EcadDcyto-

GFP) was subcloned from full-length E-cadherin-GFP plasmid (a gift from Erez Raz).74

Embryo microinjections
All embryos were microinjected with 100 pg lefty1mRNA at 1-cell stage to induce ectoderm fate. To visualize cell membrane, F-actin

and RhoA activities, and to modulate contractility and cortex-to-membrane attachment, following mRNAs were additionally injected

into 1-cell stage embryos: 80 pgmembrane-RFP,75 60pg Ftractin-mNeonGreen, 60 pg of Ftractin-mKO2, 80 pg ofGFP-AHPH-WT,40

100 pg of mCherry-AHPH-WT, 80 pg of GFP-AHPH-DM,41 200 pg of EcadDcyto-GFP, 70 pg constitutively active Myosin Phospha-

tase (CA-Mypt),51 3 pg constitutively active RhoA (CA-RhoA)42 and 200 pg constitutively active Ezrin2 (CA-Ezrin2 T564D).58 To

decrease endogenous Ecad amounts, 2 ng cdh1 morpholino30 was injected at 1-cell stage. Additionally, to visualize F-actin,

0.125 ng Actin protein from rabbit skeletal muscle labeled with TRITC was injected to 1-cell stage embryos. Synthetic mRNAs

were produced using the SP6 mMessage mMachine kit and Actin protein was handled according to the manufacturer’s protocol.

Inhibitor treatments
The following inhibitor concentrations in DMEM/F12 media were used: 10 mM for para-nitroblebbistatin (10 mM stock dissolved in

DMSO) and 20 nM for 1-Oleoyl lysophosphatidic acid sodium salt (LPA) (5 mM stock dissolved in water). As controls, DMEM/F12

media with or without DMSO (0.1%) were used depending on the solvent of the pharmacological inhibitors.

Cell confinement by polydimethylsiloxane (PDMS) confiners
In the case of bilayers without EcadECD (except for adherence assay, see below), cells were put under slight PDMS confinement to

increase the imaged contact area. Cells were seeded onto bilayers formed on coverslips glued to the bottom of plastic dishes con-

taining a 17mm round hole, onwhich a chamber was created by glueing a ring cut from a 15ml falcon tube. 1:10 PDMSmixtureswere

prepared as previously described,84 degassed for 2 min at 2,000 rpm (mix) and for 2 min at 2,200 rpm (defoam) in a mixer/defoamer

(ARE-250, Thinky). PDMS was poured onto a wafer and 10 mm round coverslips that were activated by plasma cleaning were

pressed onto this mix. The wafer was baked at 95 �C for 15 min and the 16 mm high micropillar-coated coverslips were gently
e4 Current Biology 34, 171–182.e1–e8, January 8, 2024
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removed from the wafer to be used as confiners. Before use, a confiner was incubated for 5min with FBS, washed with PBS and kept

in culture medium. For imaging, the confiner was placed on a soft pillar attached to a magnetic glass lid, closed on the cells, and kept

in place using a magnetic ring underneath the dish during imaging.

Microscopy
Imaging was performed using microscopes with heating chambers at 29�C. For imaging contact formation, acquisition was started

as soon as cells were seeded. For imaging steady contacts, cells were imaged 10-30 min post-seeding. Cultures were kept for� 2 h

maximum, and dividing or apoptotic cells were excluded from the subsequent analysis. Most contacts were imaged using an

LSM800 equipped with an Airyscan detector and a Plan-APOCHROMAT 63x/1.4 oil objective and z-position was manually adjusted

during time-lapse acquisition. To quantify intensity changes during time-lapse imaging of Ecad and RhoA biosensors, which showed

weaker signal and/or higher photobleaching, Andor Dragonfly 505 equippedwith 1x Andor Zyla sCMOS detector and a CFI Apochro-

mat TIRF 60x/NA 1.49/WD 0.13 mm oil objective was used with Perfect Focus. For all markers, imaging parameters that minimized

photobleaching were used for time-lapse analysis (Figure S2I). For determining the number of cells on bilayers and imaging cell dou-

blets, Plan-Apochromat 10x/0.45 and Plan Apochromat 20x/0.8 objectives, respectively, were used on the LSM800. For imaging bi-

layers, single molecules and FRAP experiments, A TILL Photonics iMic TIRF System equipped with Andor TuCam detection and a

100x/1.49 oil objective was used. For UV laser ablations, A Nikon CSU-W1 spinning disk microscope equipped with a CFI Plan Apo

VC 60x WI/NA 1.2 /WD 0.28-0.31 mm water objective and 355 nm pulsed laser was used.

Data visualization and analysis
All micrographs for figures were adjusted for contrast using Fiji.76 Data for the rest of the analysis were processed raw. Data were

plotted using Graphpad Prism 6. For sketches and final formatting of figures, Inkscape was used.

In Videos S2 and S3, frame averages were made over 2 subsequent frames for better visualization. Temporal visualization in Video

S2 was performed with the Temporal-Color Code plugin in Fiji. Temporal trajectory construction in Video S3 was performed with the

TrackMate plugin85 in Fiji, based on aGaussian fit with an estimated diameter of 0.5 mm. Linking distance of amaximumof 0.3 mmand

gaps of a maximum of 3 frames were allowed to account for failures to detect Ecad clusters. Trajectories longer than 1 min were

shown in the movie.

FRAP experiments and analysis
To measure the diffusion constant of EcadECD-Cy5 on different bilayer compositions, photobleaching experiments were performed

with a frame rate of 2 s per frame. 5 pre-bleach frames were acquired, followed by photobleaching of an area of about 10 mm 3

10 mm. Recovery of the signal was analyzed using the frap_analysis program86 implemented in MATLAB.

FRAP experiments for cellular Ecad were performed using cells obtained from Tg(cdh1:mlanYFP) embryos, with a frame rate of

0.5 s per frame. 5 pre-bleach frames were acquired, followed by photobleaching of an area of about 5 mm 3 5 mm at the cell contact.

A photobleach correction due to the imaging process was performed using an unbleached area of the contact, and the photobleach

curve was normalized to the first pre-bleach data point. To obtain the recovery times and immobile fractions, monoexponential func-

tions were fitted to the recovery curves.87

Quantification of adherence
To check for the specificity of cell-bilayer adhesions, either bilayers were prepared without EcadECD or Ecad was knocked down in

cells using cdh1morpholino. Cells in bright-field images of the same ROI were counted before and after washing off the chambers by

exchanging media once. Remaining cells on the bilayers were considered adherent.

Analysis of Ecad, GTP-RhoA, cell membrane, and F-actin average intensities and Myosin-2 mini-filament density
Contact intensity was measured using a custom Python script, by taking ratios of background intensity-subtracted total intensity to

total area determined by local thresholding. Contact radii were estimated from the segmented contact areas, assuming that contacts

were generally circular. For rim-to-center ratios, a distance equal to 20% of the radius from the edge was defined as the contact rim

and the rest as the contact center. For measurements over time, intensity values measured in each time-lapse were first normalized

to the maximum intensity in that movie to remove injection-based variations between samples. Out-of-focus frames in Airsycan

movies were excluded from time-lapse intensity analysis (Video S1).

AHPH expression was detected both diffusely throughout the contact and as cortical foci. These foci were homogeneously

distributed at the adhesion-free interface (Figure S2A), and once the contact area stabilized, preferentially localized to the contact

rim (Figure 1B). Given that such foci were not found using other RhoA biosensors,88 they were excluded from the average intensity

analysis.

To detect Myosin-2 mini-filaments ILASTIK was used.77 Percentages of total area positive for Myosin-2 signal in the segmented

images were determined using a custom Python script.

Analysis of cross-correlation
Time-lapse movies of Myosin-2 were segmented in ILASTIK to calculate the area covered by Myosin-2 mini-filaments and the entire

contact area or the area covered by blebs as a function of time. To calculate the linear correlation between Myosin-2 density and
Current Biology 34, 171–182.e1–e8, January 8, 2024 e5
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contact area or Myosin-2 density and bleb area as a function of lag time, the Correlation function of Origin(Pro) was used on paired

data from single cells and the auto-covariance at zero lag was normalized to 1.

Analysis of colocalization and peaks of signal intensities at the contact rim
Dual-color Airyscan imageswere used for colocalization analysis. Imageswere analyzed usingColoc 2 plugin in Fiji with Cortes’ auto-

matic thresholding. Manders’ coefficients M1 andM2 (0 to 1), which give a fraction of overlap between positive pixels, and Pearson’s

correlation coefficient (-1 to 1), which gives a value based on the correlation of intensities at two channels, were calculated.89 In order

to visualize the colocalization, intensity profiles over a 0.3 mm-thick line perpendicular to the rim were plotted together for both chan-

nels. Distances to the peak of F-actin signal at the rim, from peaks of GTP-RhoA, Myosin-2 and Ecad signals were calculated from

such profiles.

Plotting radial intensity profiles
An Airsycan image of a roughly circular contact was rotated 1� at a time using the transform function in Fiji and the resulting 360

rotated images were averaged to create an average radial intensity image. Radial intensity was calculated along a line crossing

the contact diameter of this image. For plotting radial profiles from multiple cells, profiles were first normalized to contact length,

and then to average intensity.

Analysis of F-actin and Ecad flows
Time-lapse images of Ftractin-mNeonGreen- or Ecad-mlanYFP-expressing cells were used for flow analysis. Unless specified,

mature contacts (>10 min post contact initiation) were used for analysis to rule out contact expansion effects and retracting protru-

sions at the contact rim were excluded from analysis. The built-in Fiji function Multi Kymograph was used to get kymographs along

each cell’s diameter. The motion of fluorescent particles within those kymographs was detected using KymoButler, a deep learning

automated kymograph analysis software78 in Mathematica 12.1. BiKymoButler function was used to detect bidirectional tracks with

a particle size of 0.3 mm and a minimum duration of 10 s. From these tracks, location and net velocity of particle movements with

respect to the center of mass and track durations were calculated. For radial velocities along the contact, multiple kymographs

were made with 10� rotations around the center of mass, and net velocities were plotted against their distance from the center of

mass. For analysis of flows around LPA-induced ectopic foci, kymographs of �6 mm in length, were constructed around the foci.

The net velocity of particle movements was calculated with respect to foci position. For local analysis of flows towards blebs, kymo-

graphs were generated from the contact midpoint towards the rim location where a bleb retracts, encompassing a period of 30 s

before to 30 s after the bleb retraction was completed. Kymographs towards bleb-free regions within the same time-frames of

the movie were selected as the controls. The results were plotted as histograms to display the variance in flow direction and veloc-

ities, by pooling together 10 tracks from each analyzed cell.

Analysis of F-actin network density at the contact center
Ftractin-mNeonGreen-labeled F-actin networks, excluding the contact rim, were extracted using SOAX, a software for quantification

of biopolymers networks.79 For time-lapse images, parameters were adjusted for each movie based on inspection of some frames

and the corresponding extracted networks; the saved parameters were later on used to batch process the movies. Using a custom

Python script, total network lengths were measured with Skan library functions and divided by contact areas to get network density

values.90 Radial network density profile was calculated with the 1-pixel-thick network map as described above.

Single particle tracking and analysis of Actin lifetime
TRITC-Actin-injected cells were imaged on the Imic TIRF microscope with�100 nm pixel size, using a 561-nm laser line with 100 ms

exposure. Acquisition intervals of 1 s, 2 s and 3 s were used to capture time lapses of at least 200 frames. Particle detection and

tracking were performed using the TrackMate plugin in Fiji, based on a Gaussian fit with an estimated diameter of 0.3 mm. Linking

distance of amaximum of 0.2 mmand gaps of amaximum of 2 frames were allowed to account for failures to detect particles. Thresh-

olds were adjustedmanually for each experiment and tracks were verified by overlaying with the raw data. Average lifetime of Actin at

contacts was calculated using a previously described method.91,92 Briefly, effective lifetime was obtained by fitting a monoexponen-

tial decay function to the lifetime distribution of trajectories obtained from each cell (Figure S5D). This value was corrected for photo-

bleaching by using the varying acquisition intervals to obtain a photobleaching constant, on the basis of which a corrected dissoci-

ation rate could be calculated (Figures S5E and S5F).

Quantification of bleb frequency
Standard deviation projections of time-lapse movies of the contact were made using Fiji to define a stable contact zone. Blebs that

extended and retracted back to this stable zone were manually counted for different conditions.

UV laser ablations
Cuts were performed on the F-actin network at the contact, for adhering cells on bilayers decorated with EcadECD both at the con-

tact center or at the rim parallel to the contact edge, and for non-adhering cells on bilayers lacking EcadECD only at the center, by

cutting along an 8 mm line with 12 UV pulses at 5 kHz. Subsequent imaging was performed to record the linear recoil for 5 s with 90ms
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intervals. A line perpendicular to the cut was used to generate a kymograph from which the opening distance after ablation was

segmented, and a linear fit was performed on distance versus time measurements to extract recoil velocities. Cases where a wound

response after UV ablation was detected were excluded from the quantification.

Theoretical modeling of flow-mediated rim accumulation
For any specie with concentration profile cðx; tÞ at position x along the contact (in the center-rim axis) and time t, conservation law

dictates that vtc =� vxcv +RðcÞ where vðx; tÞ is the local velocity and RðcÞ local turnover/reaction rates. This simply indicates that

local density changes can occur only from velocity gradients or local reactions. The simplest expression forRðcÞ is first-order kinetics
RðcÞ = c0 � c

t , which simply assumes that the specie c turns over with a well-defined time scale t to a target density c0 (note that both

t and c0 could in principle depend on time and/or other species, which we neglect here to check whether the simplest model of flow

and constant turnover fits the data). The assumption of first-order kinetics was further tested by the fact that it predicts a simple expo-

nential recovery upon FRAP, which fitted well with the data (Figures 3D0 and 3E). The first of our modeling approaches is to take the

velocity field as a given and calculate the resulting profile of specie cðx;tÞ. Based on the data, the simplest expression for velocity is

vðx; tÞ = pv0
2 sinð2px =LÞ, which is zero both at x = 0 (middle) and x = L=2 (rim), and has average velocity of v0 (the experimentally

measured parameter, alongside the contact diameter L). This leads – to first order – to a sinusoidal density profile cðx; tÞ =
p2 v0
L cosð2px=LÞ, from which we can predict the normalized rim accumulation as A = cð0;tÞ

cðL=2;tÞ as discussed in the main text. Note

that we can also easily incorporate in thismodel the possibility of immobile fractions, for instance, in Ecad. This can be done bywriting

two different equations for mobile and immobile Ecad (resp. cm and ci ) vtci = � vxciv +RðciÞ: For truly immobile Ecad, wewould have

RðciÞ = 0, however, this is pathological for long-time scales as all Ecad would rapidly concentrate at the very rim. As we are looking

at contacts on the 1-10 min time scale, we simply assume a second fraction with much slower turnover than the mobile fraction

RðciÞ = ci0 � ci
ti

, with ti = 3 min. This only causes mild increases in rim accumulations of Ecad. Although we have mainly focused

on the steady-state rim-to-center accumulation and density profiles, it should be noted that the model can also predict the dynamics

of rim accumulation (Figure S5A), which can be directly compared to the experimental time course (Figure S5B). In principle, one

could also model explicitly actomyosin flows on an expanding spatial domain (to consider their interplay with contact growth). How-

ever, our data are consistent with a two-phase model - where the bulk of contact growth occurs in the first minutes of contact for-

mation (driven biochemically by Myosin-2 down-regulation at the contact, Figures 1B and 1C), while flow-driven rim accumulation

occurs mainly in a second phase of contact maturation (Figures S3B, S3F, and S3F0). This means that the two processes can be

largely modeled independently from each other: when investigating the growth of contact area AðtÞ, we can write it as force balance

between Myosin-2 contractility at the contact fc ðtÞ and at the poles fp (taken constant in time), which would predict a negative cor-

relation between averageMyosin-2 at the contact and contact area, with a small delay related to cell-substrate friction. Indeed, when

calculating the cross-correlation between the two, we find a robust negative correlation across samples (Figure S2E), with little time

lag, arguing that contact area growth in the first phase is directly related to Myosin-2 downregulation at the contact.

The second step of the modeling is then to ask how the velocity field vðx; tÞ is determined in the first place. For this, we use the

classical isotropic active gel theory, which has been shown to be a minimal description of actomyosin mechanics, and has as input

parameters the contractility of actomyosin c, the viscosity of the gel h and the friction to the substrate x. The force-balance equation

combined with constitutive active gel equation then reads: -x v = hvxxv � cvxr where r is the local actomyosin concentration, also

following the conservation equation described above, which has to be complemented with a small diffusion coefficient for stability

vtr = � vxrv +Dvxxr � r�r0
tr

. This minimal model has been shown to give rise to spontaneous instabilities, where local accumula-

tions of actomyosin create flows that sustain them despite turnover. Theoretically, this occurs when contractility is above a threshold

cc = ð ffiffiffiffiffiffi
Dx

p
+

ffiffiffiffiffiffiffiffi
h=t

p Þ2. Below the contractility threshold, although spontaneous accumulations are not formed, introducing spatial

heterogeneities in the model can lead to strongly self-reinforcing flows. For instance, if we assume that the rim is characterized

by slightly larger actomyosin contractility cð1 + dcÞ than the center of the contact, this will create flows towards the rim, creating den-

sity gradients in r which will self-reinforce flows. Interestingly, applied to our data, this suggests that the contacts of control cells

might not be above this threshold (as the patterning is not spontaneous, but instead always strongly guided from the start towards

the contact rim) (Figures S3B, S3F, and S3F0), while the contacts of LPA-treated cells, characterized by strongly increased contrac-

tility, show the hallmarks of such local and self-organized accumulations (Figures 2E and 2E0). Based on our findings that RhoA re-

mainsmore active at the rim of the contact compared to the center (Figure 2A), even in the first minutes of contact formation (i.e. prior

to flow establishment) (Figure S3B), we input in our simulation a higher contractility at the rim, which we take d=33% under the simple

assumption that contractility is proportional to local RhoA activity. As we discussed in Figure 5, we have also evidence that this local

increase of contractility at the ring is driven by blebs, although the model is agnostic as to the source of the increase. Note that in this

model, the observed flux of F-actin filaments comprises both diffusion and advection, so we plot in themodel the total velocity vtot =

v � D vxr
r
. We take the turnover time tr and contact diameter as previously measured. The viscosity h can be used to rescale force

balance so we set it to 1 without loss of generality, while the ratio of friction to viscosity x=h is taken as x=h = 1=100 mm-2 based on

measurements in other systems,47 and in order to have flows propagate on the length scale of the entire contact as observed exper-

imentally (Figure S3E). The diffusion coefficient - which does not play a key role apart from smoothing the velocity field - is taken to be

small D = 0:1mm2/s.55 Taking a rescaled contractility c=h = 2:25 could reproduce well the average velocity observed in contacts of

normal (wild type) cells, as well as the observed velocity and density profile of F-actin as a function of position (Figure S5C; see also

Figures 2A and S3F). Modeling contacts of LPA-treated cells asmoderately larger values for contractility of c=h = 2:75would result in

increased rim-to-center accumulation, but also in a doubled velocity due to the self-reinforcing loop operating via actomyosin flows,
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where initial biases in contractility create flows which reinforce the contractility differences between rim and center (Figure S5C).

Interestingly, in experiments, flows in contacts of LPA-treated cells are comparable in amplitude to the ones measured in untreated

cells despite the increased contractility, which can occur if either the friction or viscosity of the actomyosin gel is increased by LPA

treatment (e.g. due to stronger link to the substrate or higher cross-linking fromMyosin of the active gel, respectively - see Figure S5C

for exploration of the effects of friction or viscosity). Although this value is still below the threshold for purely self-generated instabil-

ities in the absence of any guiding cues, local and stochastic increases in contractility can still lead to local flows and actomyosin

accumulation,55 reminiscent of the local foci that we sometimes observe under LPA treatment (Figure 2E). Interestingly, localized

accumulations have been recently predicted in similar models of active cytoskeleton additionally considering the dynamics of acti-

vators,93 a possibility that needs to be further explored for cell contact formation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed in Graphpad Prism 6. Details for each experiment are described in figure legends. In brief, a D’Agos-

tino-Pearson normality test was first performed, and, based on the results, a two-tailed Student’s t-test for parametric distributions

and a Mann-Whitney U-test for non-parametric distributions were used to compare two groups. To compare more than two groups,

an ANOVA test for parametric distributions and a Kruskal-Wallis test for non-parametric distributions were used. The experiments

were repeated at least 3 independent times, where controls and experiments were performed within the same egg-lay. n denotes

the number of cells analyzed.
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