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ABSTRACT E-cadherins play a critical role in the formation of cell-cell adhesions for several physiological functions, including
tissue development, repair, and homeostasis. The formation of clusters of E-cadherins involves extracellular adhesive (trans-)
and lateral (cis-) associations between E-cadherin ectodomains and stabilization through intracellular binding to the actomyosin
cytoskeleton. This binding provides force to the adhesion and is required for mechanotransduction. However, the exact role of
cytoskeletal force on the clustering of E-cadherins is not well understood. To gain insights into this mechanism, we developed a
computational model based on Brownian dynamics. In the model, E-cadherins transit between structural and functional states;
they are able to bind and unbind other E-cadherins on the same and/or opposite cell(s) through trans- and cis-interactions while
also creating dynamic links with the actomyosin cytoskeleton. Our results show that actomyosin force governs the fraction of E-
cadherins in clusters and the size and number of clusters. For low forces (below 10 pN), a large number of small E-cadherin
clusters form with less than five E-cadherins each. At higher forces, the probability of forming fewer but larger clusters increases.
These findings support the idea that force reinforces cell-cell adhesions, which is consistent with differences in cluster size pre-
viously observed between apical and lateral junctions of epithelial tissues.
SIGNIFICANCE Tissue repair and maintenance are regulated by adhesions between cells. To establish their function,
cell-cell adhesion proteins sense and transmit mechanical force, but exactly how force affects their dynamics is largely
unknown. Here, we develop the first, to our knowledge, computational model of cell-cell adhesion assembly based on
force-dependent mechanisms. The model shows that force promotes the assembly of large clusters. By contrast, without
force, only small puncta of adhesion proteins emerge. Our results reconcile a number of previous observations reporting
differences in cell-cell adhesion size and density in various conditions.
INTRODUCTION

Physical connections between cells mediated by E-cadher-
ins support the development of all soft tissues, facilitate
cell sorting during morphogenesis, and govern wound heal-
ing and collective cell migrations (1–4). Misregulation of
the adhesive functions of E-cadherins can result in loss
of cell-cell adhesions, epithelial-mesenchymal transition,
reduced tissue permeability, and metastatic initiation, a hall-
mark of cancerous cells (5,6). Understanding how cells form
and maintain clusters of E-cadherins in cell-cell adhesion
can help elucidate the biophysical mechanisms underlying
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tissue development and repair and may lead to future treat-
ments for cancer cell invasion.

E-cadherins are single-pass transmembrane glycoproteins
that form both trans-associations between ectodomains of
opposed E-cadherins and lateral cis-interactions between
E-cadherins on the same cell surface (Fig. 1 A) (7–11).
The intracellular domain of E-cadherin is linked to the con-
tractile actomyosin cytoskeleton beneath the cell membrane
through the catenin complex, which becomes active after the
formation of E-cadherin lateral interactions (12–15).

The formation of cell-cell adhesions is amultistep process,
in which E-cadherins dynamically transit betweenmolecular
states from freemonomers to trans-dimers (Fig. 1A), clusters
of E-cadherins, and interactions with the actomyosin cyto-
skeleton. Trans-dimerization of E-cadherins is mediated by
the membrane-distal extracellular cadherin (EC) subunits
EC1 and EC2 and involves at least two distinct structural
states: first, a short-lived X-dimer forms from monomers,
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FIGURE 1 Computational model incorporates E-cadherin transitions across molecular state. (A) E-cadherin monomers from opposed cell membranes

(ribbon representation of two monomers in green and blue, respectively; Protein Data Bank (PDB): 1Q1P) associate via an ‘‘X-dimer’’ interface (PDB:

3LND) to form a mature strand-swapped dimer, ‘‘S-dimer’’ (only EC1–2 are shown for clarity; PDB: 3Q2V). Multiple S-dimers form a cis-cluster through

adhesive (trans-) and lateral (cis-) interactions (ribbon representation of the extracellular domains of E-cadherins in cis-cluster: EC1-5 lattice crystal struc-

ture; PDB: 3Q2V). (B) Schematic illustration of the 3D computational domain, with two inner surfaces representing the membranes of neighboring cells and

two outer surfaces representing the actomyosin cytoskeleton. E-cadherins within cell membranes are represented as beads, undergoing transitions in molec-

ular states: free monomers (in black), X-dimers (blue), S-dimers (green), and cis-clusters (red). The actin cytoskeleton binding sites are represented as par-

ticles on the external surface, exerting force Factinwith a probability P. (C) Graphical representation of the molecular elements involved in force-transmission

across E-cadherins. (D) The inner rectangle (I) indicates the kinetic map for E-cadherins transitions between molecular states in force-free conditions. Freely

diffusing monomers, M, form fast intermediate X-dimers (rate constant kx) to then stabilize into S-dimers (rate constant ksx) or form S-dimers directly (rate

constant ks). S-dimers can form cis-interactions (rate constant kcis). Corresponding backward rate constants are indicated as kx
0, kx, ks0, and kcis

0. The outer
rectangle (II) illustrates the implemented kinetic map in conditions of simulated cytoskeletal force. The bottom triangle shows that E-cadherins in the cluster

can transit between CisM, CisX, and CisS (counterparts of M, X, and S when in the cis-cluster) according to forward and backward rates or even return to M,

X, and S if no cis-interaction is formed. To see this figure in color, go online.

Model of cell-cell adhesion
which can then convert into a final and more stable strand-
swapped S-dimer (Fig. 1 A) (16–18). S-dimers can cluster
by establishing lateral cis-interactions mediated by EC1-
EC2 (Fig. 1A) (14,15,19,20) and connection to the actin cyto-
skeleton through activation of the catenin complex (13,14).
These transitions across molecular states also proceed back-
ward, with disassembly of cis-interactions and transitions
from S- to X-dimers and monomers (17,21).

Cell-cell adhesions show differences in the size of E-cad-
herin clusters and in their number per unit area of cell
membrane (20,22–24). These differences have been attrib-
uted to varying surface concentrations of E-cadherins (25),
their mobility and adhesive properties (26), their association
with the actomyosin cytoskeleton, and the local spatial
arrangement of actin filaments and bundles (24).

E-cadherins sense and transmit cellular force to support
tissue remodeling and homeostasis (13,27,28). Cytoskeletal
force is transferred to E-cadherin through a- and b-catenin;
if E-cadherin is bound to an opposite E-cadherin, then cyto-
skeletal force is transmitted across the X or S trans-dimer
(Fig. 1, B and C). Under force, the lifetime of the trans-
dimer varies: the X-dimer behaves as a catch-slip bond
and stabilizes up to �30 pN (Fig. S1 A); the S-dimer be-
haves as a slip bond, with decreasing bond lifetime under
increasing force (Fig. S1 A); and when the S-dimer converts
to an X-dimer, the lifetime of the trans-interaction is insen-
sitive to force (29,30). On the intracellular side, E-cadherins
are connected to the catenin complex, which forms a two-
state catch bond with the actin cytoskeleton with force-
dependent transitions between the weakly and strongly
bound states (Fig. S1, B and C) (13).

Although it has been established that actomyosin force
regulates interactions between E-cadherins and with the
actomyosin cytoskeleton, exactly how force mediates their
Biophysical Journal 120, 4944–4954, November 16, 2021 4945



TABLE 1 Parameters used in the model of E-cadherin clustering

Parameters Description Values References

kx forward rate constant of binding from M þ M to X 3.8 � 104 s�1 (31)

kx
0 backward rate constant of unbinding from X to M þ M 1.84 � 103 s�1 (31)

ks forward rate constant of binding from M þ M to S 0.31 s�1 (31)

ks
0 backward rate constant of unbinding from S to M þ M 1.27 � 10�4 s�1 (31)

kxs forward rate constant of binding from X to S 86 s�1 (31)

ksx backward rate constant of unbinding from S 0.86 s�1 (31)

kcis forward rate constant of cis binding from S to cis 100 s�1 (31)

kcis
0 backward rate constant of unbinding CisX and CisS to X and S 0.1 s�1 (31)

kcisM
0 backward rate constant of unbinding from CisM to M 100 s�1 estimated

D 2D diffusion coefficient of cadherin 28 � 10�3 mm2/s (23)

dx cutoff distance to form X from M þ M 3 nm estimated

ds cutoff distance to form S from M þ M or X 1 nm (31)

dcis cutoff distance to form cis from S 8 nm (24)

Dt time step 10�5 s estimated

N/A, not applicable.
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clustering remains elusive. A detailed and quantitative un-
derstanding of how force affects E-cadherin clustering has
been hindered by a lack of experimental approaches able
to simultaneously detect changes in the molecular state of
individual E-cadherins and differences in the dynamics of
clustering from multiple E-cadherins. Previous models
analyzed the formation of clusters of E-cadherins based
on transition rates, but they did not consider force-depen-
dent mechanisms (31,32). In this study, we developed the
first, to our knowledge, computational model of E-cadherin
clustering under force and tested the hypothesis that force-
dependent transitions across E-cadherin molecular states
affect cluster size and their density per unit area. Our
new, to our knowledge, findings provide a picture in which
force can tune the structural and dynamic properties of
E-cadherin clusters by delaying their assembly and
increasing their size.
MATERIALS AND METHODS

To understand the multistep process of E-cadherin clustering under force,

we developed a mesoscale model incorporating transitions between E-cad-

herin molecular states (Fig. 1 A). In the model, two parallel surfaces repre-

sent the two parallel membranes of neighboring cells, where individual

E-cadherins are exemplified as single-point particles (Fig. 1 B) that diffuse

in Brownian motion (diffusion coefficientD¼ 0.028 mm2/s, from (24)). The

two simulated cell membranes are separated by 20 nm, a dimension of the

same order as that observed in electron micrographs of adherens junctions

and desmosomes (33). Assembly and disassembly of E-cadherin dimers and

their lateral clustering and connections with the cytoskeleton are based on a

kinetic scheme (summarized in Fig. 1 D). The actin cytoskeleton is repre-

sented as two external surfaces, where ‘‘ghost’’ particles appear at a given

probability, P, to bind and pull E-cadherins by exerting force, Factin, parallel

to the cell membrane. This force is then transmitted across the trans-dimer

as Ftrans, through an elastic interaction (Fig. 1 B). Simulations start with a

random distribution of free E-cadherin monomers on the two internal sur-

faces. Then, E-cadherin monomers freely diffuse and transit across molec-

ular states, including formation of X- and S-dimers, lateral cis-interactions,

and connection with the actin cytoskeleton. Once clustered and connected

to the actomyosin cytoskeleton, Factin is exerted on them. In particular, Fac-

tin is first distributed on all E-cadherins that are bound to the actomyosin

cytoskeleton, then to all E-cadherins in the same cluster. This mimics the
4946 Biophysical Journal 120, 4944–4954, November 16, 2021
linkage between multiple catenin complexes in a cluster with the same actin

bundle through a multitude of anchors (34,35).

We run two sets of simulations in different force conditions: force free

(Fig. 1 D I) and with force (Fig. 1 D II). In force-free conditions, forward

and backward rate constants for trans-dimerization and formation of cis-as-

sociations between E-cadherins were based on experimentally determined

binding affinities (20,36), similar to (31). When force was used, the back-

ward rate constants were estimated based on lifetime versus force relations

(Fig. S1) from single-molecule traction force and optical tweezers experi-

ments (13,29,37). Because E-cadherin monomers can also exist in the

cis-cluster (38) but are less stable than X- or S-dimers in the cluster

(because of the lack of the trans-binding), a larger backward rate constant

was used for monomers in clusters with respect to X- or S-dimers (Table 1).
Brownian dynamics simulations

The Langevin equation was used to simulate the two-dimensional (2D) mo-

tion of each E-cadherin, i, in the limit of high friction:

Fi � εi

dri
dt

þFT
i ¼ 0 ; (1)

where ri is a position vector of the i-th E-cadherin, εi is a drag coefficient

corresponding to the 2D diffusion coefficient D ¼ 0.028 mm2/s (24), dt is

simulation time step of 10�5 s, and Fi and F
T
i are deterministic and stochas-

tic forces acting on the i-th E-cadherin, respectively.

The deterministic force acting on each i-th E-cadherin results from the

actomyosin force, Factin, and the force from the trans-interaction, Ftrans:

Fi ¼ Factin þ Ftrans (2)

The force from the actomyosin cytoskeleton has a direction parallel to the

simulated cell membranes and displaces E-cadherins laterally because their

vertical motion is restrained by the friction of the cell membrane. Upon

E-cadherin displacement, force is then transmitted to the trans-dimer and

thus to the opposite E-cadherin, which also moves laterally. Therefore, E-

cadherins on both cell membranes respond to cytoskeletal and trans-dimer

forces through lateral movement.

Cytoskeletal force was systematically varied in our simulations accord-

ing to a defined probability, P, which determines the probability by which

an actin bead appears (as a ‘‘ghost’’ bead) to bind E-cadherins in clusters.

Cytoskeletal force varied within the range 10–50 pN, corresponding to

physiological values of actomyosin force acting on E-cadherins in cells

and to the range estimated for E-cadherin binding strength from single-

molecule experiments (13,39,40).



Model of cell-cell adhesion
Forces from interactions with the actin cytoskeleton follows Hooke’s law,

as

Factin ¼ kactin l� lactin;0ð Þ ; (3)

with spring constants kact ¼ 2 pN/mm and equilibrium separations lactin,0 ¼
10 nm, of the order of cell membrane thickness (41).

Forces from trans-interactions between E-cadherins also follows

Hooke’s law as

Ftrans ¼ ktrans l� ltrans;0ð Þ ; (4)

with spring constants ktrans ¼ 2 pN/mm and equilibrium separations

ltrans,0 ¼ 20 nm, characteristic of adhesive separation between E-cadherins

(8,20).

The stochastic force represents the effect of thermal fluctuations gener-

ating Brownian motion and diffusive behavior of E-cadherins. This force

satisfies the fluctuation-dissipation theorem (42) as

FT
i tð ÞFT

j tð Þ ¼ 2kBTεidij
dt

d ; (5)

where kB is the Boltzmann constant, T is the temperature, dij is the Kro-

necker d, and d is a unit second-order tensor. Our model assumes that mono-

mers and X- and S-dimers diffuse, whereas clusters are stationary. Because

of the higher entropy of X-dimers relative to S-dimers, each E-cadherin

forming an X-dimer is subjected to a stochastic Brownian force that is in-

dependent from the force acting on the other. In this molecular state, the two

E-cadherins are subjected to thermal forces that differ for magnitude and

direction but maintain their harmonic connection. By contrast, E-cadherins

forming an S-dimer diffuse together, and the stochastic force is applied with

the same magnitude and direction on both monomers of the dimer.

The positions of E-cadherins are updated at every time step of the simu-

lations using explicit Euler integration scheme:

riðt þ dtÞ ¼ riðtÞ þ dri
dt

dt ¼ riðtÞ þ FT
i þ Fi

εi

dt (6)

Kinetic interactions between E-cadherins in
force-free conditions

The kinetic map proposed by (31) is first implemented to simulate trans-

dimerization and clustering of E-cadherins in the absence of actomyosin

force (Fig. 1 D I). Initially, an equal number of E-cadherins in the state

of monomers (M) is randomly distributed on each simulated cell mem-

brane. By implementing the overdamped Langevin equation (Eq. 1) to

simulate Brownian motion, free diffusion of E-cadherin monomers on

the opposite membranes occurs. When two monomers from opposite

membranes come in proximity, meaning that they reach a distance closer

than dx ¼ 3 nm, they can either form a fast intermediate X-dimer (X) at a

rate kx or, if closer than ds ¼ 1 nm, directly form an S-dimer at a rate ks. If

they form an X-dimer (X), this molecular state can further stabilize into a

strand-swapped S-dimer (S) at a rate ksx. Because the formation of trans-

dimers effectively reduces the entropy for lateral binding of E-cadherins

(24), the model assumes that trans-dimerization is followed by formation

of lateral cis-interactions (15,19), depending on distance (threshold sepa-

ration is dcis ¼ 8 nm) and forward rate kcis (Table 1). In the absence of

cytoskeletal force, each forward transition is associated with a fixed back-

ward transition and therefore a backward rate (Table 1). To evaluate the

likelihood of a forward or backward transition, the corresponding proba-

bility is evaluated as

pon
off

¼ kon
off

� dt (7)
Kinetic interactions between E-cadherins under
force

When force is used, the backward rate constants of the E-cadherin trans-in-

teractions depend on the magnitude of the force acting on the trans-dimer

(37). Force-dependent unbinding kinetics of X-dimers follows a catch-bond

model (Fig. S1 A), with the unbinding rate versus force relation as

koff ¼ 100 e
�0:34 Ftrans

4:114 þ 0:7 e
0:34 Ftrans

4:114 (8)

Force-dependent unbinding kinetics of S-dimers follows a slip-bond

model (Fig. S1 A), with unbinding rate versus force relation as

koff ¼ 1:27E� 4 e0:0819 Ftrans (9)

These lifetime versus force relations for catch and slip bonds are used

to determine unbinding rates and corresponding probabilities of state

transitions from dimers to monomers. Once a dimer dissociates into

two monomers, it can still exist as clustered E-cadherins if the lateral in-

teractions still exist. The fact that our model assumes that E-cadherin

monomers, X-dimers, and S-dimers can coexist within the same cluster

means that trans- and cis-interactions are independent from one another,

as previously detected experimentally (15,43). The kinetic map allowing

trans-dimerization of E-cadherins from monomers within the cluster is

shown in an inverted triangle in Fig. 1 D II. Monomers or dimers can

leave the cluster, depending on the backward rate constant for lateral in-

teractions (Table 1).
Interactions between E-cadherins and the actin
cytoskeleton

Because E-cadherins can interact with the actomyosin cytoskeleton under-

neath the plasma membrane, our model assumes that E-cadherins can bind

the actomyosin cytoskeleton on the external surfaces of the three-dimen-

sional (3D) domain (Fig. 1 B). In cells, this link is created through activated

a-catenins at a late stage of cell-cell adhesion nucleation and E-cadherin

clustering (14,15,44). Therefore, in the model, binding between actin and

E-cadherin occurs when E-cadherins are involved in cis-interactions. Addi-

tionally, this binding occurs based on a defined probability, P, that accounts

for the possibility of actin networks with different architectures and differ-

ences in motor activity (45–47). Binding between actin and E-cadherin oc-

curs by establishing a harmonic interaction with stiffness 2 pN/mm and

equilibrium separation 10 nm, a dimension comparable to membrane thick-

ness (48). Force is applied on the actin bead on the external surface of the

model after interaction with E-cadherin, in a direction parallel to the simu-

lated cell membrane. This force builds tension on the actin-E-cadherin

connection and modulates unbinding. Unbinding of E-cadherin from actin

follows a two-state catch-bond model with weakly and strongly bound

states and dynamic transitions between them (Fig. S1, B and C), as previ-

ously reported (13). The strongly bound state is expressed as a function

of the force on the bond, F:

koff ¼ e
�2 F
4:114 þ 3E� 4 e

2 F
4:114 (10)

The weakly bound state is expressed as a function of the force acting on

the bond, F:

koff ¼ 5e
�2 F
4:114 þ 3E� 3 e

2 F
4:114 (11)

Transitions from the weakly to strongly bound state have a rate of

kw∕s ¼ 3e
0:2 F
4:114 (12)
Biophysical Journal 120, 4944–4954, November 16, 2021 4947
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B FIGURE 2 Force reduces the fraction of E-cad-

herins in cis-interactions. (A) Average fraction of

the different molecular states of E-cadherins in

force-free conditions. The different lines indicate

free monomers M (black), free X- (green) and S-

(blue) dimers, and cis-interactions (red). Data are

computed from three independent simulations using

100 E-cadherins on each cell membrane. Error bars

indicate standard deviations from the mean. (B)

Snapshots of E-cadherin states and positions at the

beginning of the simulations (0 s), at the beginning

of clustering (1 s), and when steady state is reached

(10 s). E-cadherins are single-point particles repre-

sented in different colors, depending on their molec-

ular state: black, monomers; blue, free X-dimers;

green, free S-dimers; and red, E-cadherins in cis-in-

teractions. Connections between E-cadherins in

opposite cell membranes are shown in different

colors depending on their molecular state: blue,

X-dimers, and green, S-dimers. (C) Average fraction

of E-cadherins in different molecular states under

30 pN force. The different lines indicate free mono-

mers, M (black); free X- (green) and S- (blue) di-

mers; and cis-interactions (red). Data are computed

from three independent simulations using 100 E-cadherins per cell membrane. Error bars indicate standard deviations from themean. (D) Average time at which

a fraction of 0.8 E-cadherins becomes involved in cis-interactions for forces between 10 and 50 pN. Data are computed from six independent simulations. Error

bars indicate the standard deviation from the mean. To see this figure in color, go online.
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Transitions from the strongly to weakly bound state have a rate of

ks=w ¼ 20e
�4 F
4:114 (13)

RESULTS

Force delays the incorporation of E-cadherins
into clusters

During clustering, the fractions of free monomers (M) and
X-and S-dimers and the fraction of E-cadherins involved in
cis-interactions varied depending on force conditions. In
force-free conditions, within the first 5 s of simulations, the
fraction of free monomers decreased from 1 to less than 0.1
and the fraction of E-cadherins involved in cis-interactions
increased from 0 to more than 0.9 (Fig. 2 A). In particular,
within the first 1 s of simulations, formation of free S-dimers
frommonomers occurred, corresponding to an increase of the
fraction of free S-dimers from 0 to�0.2. Then, free S-dimers
were incorporated into clusters, and thus, their fraction
decreased below 0.1, whereas the fraction of E-cadherins
involved in cis-interactions reached steady state (Fig. 2 A).
Consistently, 3D snapshots of the simulations showed that
starting from freemonomers distributed on the two simulated
cell membranes, a few X-dimers were formed at 1 s that
become S-dimers and are incorporated into clusters at 10 s
(Fig. 2 B).

Using Factin ¼ 30 pN, similar trends were observed in the
fractions of each E-cadherin molecular state, with mono-
mers decreasing rapidly and free S-dimers increasing and
then decreasing as they were incorporated into clusters.
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The fraction of E-cadherins incorporated into cis-interac-
tions increased with time (Fig. 2 C). However, in contrast
to the force-free conditions, differences in the proportions
of each molecular state and the time taken to establish
steady state were observed. Whereas free monomers
decreased as observed in the force-free conditions (Fig. 1
A), the proportion of free monomers did not reach
near zero under force, instead reaching a steady state of
0.045 5 0.016 (Fig. 2 C). Free S-dimers initially increased
to a higher fraction, 0.41 5 0.07 (Fig. 2 C), than in force-
free conditions (Fig. 2 A) before declining as they were sta-
bly incorporated into clusters. Free S-dimers also presented
a steady state not near zero, as in force-free conditions, but
at 0.05 5 0.018 (Fig. 2 C). In both force-free and force-
dependent conditions, free X-dimers were below 0.05 at
steady state. More detailed analysis of the fractions of the
different molecular species of E-cadherins at higher time
resolution showed that a fraction of X-dimers larger than
0.1 formed from monomers within 0.1 s of simulations,
both without and with force (Fig. S2, A and B). This fraction
decreased to a steady state below 0.05 within 1 s. In partic-
ular, the time needed to plateau was around 0.2 s without
force and around 0.4 s with force (Fig. S2, C and D). This
result indicates that the X-dimer molecular state was
short-lived and transient, consistent with (15), and also
affected by force.

To understand why force changes the proportions of
E-cadherins in the different molecular states, we systemati-
cally varied its magnitude and evaluated the time it takes to
reach more than a fraction of 0.8 E-cadherins in cis-interac-
tions. Our results showed a direct proportion between force
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FIGURE 3 Properties of E-cadherin clusters at

the beginning of the simulations and at steady state.

(A) Bar graph showing the average actomyosin force

per cluster (black) and the transmitted average trans-

dimer force (gray) varying F between 10 and 50 pN,

at the beginning of simulations (1 s). (B) The frac-

tion of E-cadherins in the strongly and weakly

bound states relative to the total number of E-cad-

herins in cis-clusters, varying force from 10 to 50

pN, at the beginning of the simulations (1 s). (C)

Bar graph showing the average actomyosin force

per cluster (black) and the average number of E-cad-

herins per cluster, varying F between 10 and 50 pN,

at the beginning of simulations (1 s). (D–F) Same

measurements as (A)–(C) at steady state (29 s). All

data represent averages from six independent simu-

lations. Error bars are the standard deviation from

the mean. To see this figure in color, go online.

Model of cell-cell adhesion
magnitude and the time needed for the formation of E-cad-
herin cis-clusters (Fig. 2 D). In the first seconds of simula-
tions, the actomyosin force acting on individual clustered
dimers is proportional to the cytoskeletal force (Fig. 3 A).
In the presence of large cytoskeletal force, E-cadherins
involved in cis-interactions are mostly in the strongly bound
state (Fig. 3 B), which has long lifetimes (Fig. S1 B) and can
transmit a significant amount of tension across the dimer.
The high tension across the dimer decreases its lifetime
(Fig. S1 A) and drives it back to the monomer state. As
monomers, E-cadherins in a cis-cluster have an approxi-
mately fourfold higher probability to leave the cluster
with respect to other molecular states (Table 1). Therefore,
first a fast disassembly of the dimers into monomers occurs
within the cluster; then, disconnection of monomers from
the cluster occurs under force. These effects result in a
higher fraction of free monomers and dimers under force
in the first few seconds of simulation (Fig. 2 C). At steady
state, when nearly constant fractions of E-cadherin molecu-
lar states are reached, most dimers have been incorporated
into clusters, and the cytoskeletal force acting on individual
clustered dimers is small, around 2–4 pN (Fig. 3 D), which
maintains dimers within clusters. Additionally, dimers in the
cis-clusters are weakly bound to the actin cytoskeleton at all
cytoskeletal force values (Fig. 3 E). The weakly bound state
presents shorter lifetimes (Fig. S1 B) than the strongly
bound state and does not transmit a significant amount of
tension across the dimers (Fig. 3 D), maintaining E-cadher-
ins in the cluster. In sum, stable incorporation of E-cadher-
ins into clusters is slower under increasing cytoskeletal
force because an initial fast turnover of E-cadherins in and
out of the clusters occurs, followed by stabilization when
larger clusters are assembled.
Force increases the size of E-cadherin clusters

Because our model showed that force delays the formation
of stable E-cadherin clusters (Fig. 2), we next sought to un-
derstand whether force also affects the size of clusters. We
first compared the spatial distribution and corresponding
molecular states of E-cadherins at 1 s, the onset of clus-
tering, and at 10 s of simulations, when the system reached
steady state in terms of fractions of E-cadherin molecular
states (Fig. 2). Monomers initially freely diffused and then
formed X- and S-dimers and clustered (Fig. 4). In force-
free conditions, E-cadherins assembled small clusters that
coexisted with free X- and S-dimers at 1 s of simulations
(Fig. 4, left). Then, a multitude of small sparse spot-like
E-cadherin clusters were assembled at 10 s of simulations
(Fig. 4, left).

Using Factin¼ 30 pN, at 1 s of simulations, a smaller num-
ber of clusters formed in comparison to force-free
Biophysical Journal 120, 4944–4954, November 16, 2021 4949



FIGURE 4 Force promotes the formation of large clusters of E-cadher-

ins. Clustering of E-cadherins in force-free conditions (left) and under

30 pN cytoskeletal force (right). Left: Representative top view of E-cad-

herin states and positions at the beginning of the simulations (0 s), at the

beginning of clustering (1 s), and when the steady state in E-cadherin mo-

lecular states is reached (10 s). Right: Representative top view of E-cad-

herin states and positions at the beginning of the simulations (0 s), at the

beginning of clustering (1 s), and when the steady state in E-cadherin mo-

lecular states is reached (10 s) under 30 pN force condition. Simulated

E-cadherins are single-point particles represented in different colors, de-

pending on their molecular state: black, free monomers; blue, free

X-dimers; green, free S-dimers; and red, E-cadherins in cis-interactions.

To see this figure in color, go online.
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conditions (Fig. 4, right), and many S-dimers diffused
around the clusters (Fig. 4, right) because their stable incor-
poration into the clusters took longer (Fig. 2 C). When
steady state was reached at 10 s of simulations, large and
more concentrated clusters coexisted with a few small
ones (Fig. 4, right). Cytoskeletal force values of 10 and
50 pN showed similar trends, with a mix of monomers
and S-dimers diffusing around smaller cis-clusters at 1 s
and many free S-dimers around larger clusters at 10 s
(Fig. S3, A and B). Notably, clusters at steady state were
consistently larger under force than in force-free conditions.
Therefore, these data indicate that force increased the size of
E-cadherin clusters at steady state but also enhanced the
fraction of diffusive trans-dimers (Fig. 4), consistent with
trends observed in Fig. 2 C. The fraction of S-dimers incor-
porated in clusters was larger at steady state than at the onset
of clustering (Fig. S3, C and D). At the onset of the simula-
tions, cluster size did not depend on the magnitude of cyto-
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skeletal force (Fig. S2 C); however, a direct proportion
between cytoskeletal force and cluster size was observed
at steady state (Fig. 3 F). In our model, cytoskeletal forces
above 30 pN decreased the lifetime of both X and S trans-
dimers (Fig. S1 A). At all time points in the simulations,
force on clusters was distributed on all E-cadherins of the
cluster; therefore, when clusters initially formed and were
small (Fig. 3 C), E-cadherins were subjected to a large force
(Fig. 3 A). At steady state, E-cadherins were subjected to a
smaller trans-dimer force at all cytoskeletal force levels
(Fig. 3 D). Using high force, E-cadherins in the small clus-
ters that form at the onset of the simulations we subjected to
a larger force than E-cadherin in the large clusters emerging
at steady state (Fig. 3, A and D). Accordingly, at 1 s of sim-
ulations, individual trans-dimers in clusters transmitted up
to a few piconewtons of force (Fig. 3 A), whereas at steady
state, trans-dimers transmitted less than 0.2 pN force (Fig. 3
D). A high force on small clusters also determined the type
of bonds between E-cadherins and actin (Fig. S1 B). At a
high force, initially strongly bound E-cadherins became
weakly bound (Fig. 3, B and E). Strongly bound E-cadherins
often converted into monomers and left the cluster, whereas
weakly bound E-cadherins, which could more easily disso-
ciate from actin and therefore not be subjected to force
anymore, remained in the cluster, promoting large cluster
sizes. In sum, our results indicate that the interplay of
force-dependent intracellular and extracellular bond ki-
netics of E-cadherins result in force-dependent clustering.
In particular, they showed that although cytoskeletal force
delays clustering (Fig. 2), it promotes the assembly of large
clusters and increases the number of freely diffusive trans-
dimers when steady state is reached (Fig. 4).
Force reduces the density of E-cadherin clusters

Because the results from our simulations showed that acto-
myosin force promotes the assembly of large clusters
while increasing the number of freely diffusive trans-di-
mers (Fig. 4), we next sought to determine how force
magnitude affect the number of clusters. By systematically
increasing force magnitude, up to 50 pN, and introducing
a probability of applying this force to E-cadherins, the
fraction of E-cadherins in cis-interactions decreased pro-
portionally (Fig. 5 A), showing fewer molecules involved
in cis-interactions. The used probability term models the
likelihood that E-cadherins will bind to actin and be sub-
jected to force and can be interpreted as differences in
actin architecture and/or myosin activity (45–47). Notably,
the proportion of E-cadherins involved in cis-interactions
was independent of the value of the probability (Fig. 5
A), except that clustering became independent of force
if this probability was zero, which is expected because
E-cadherins were not connected to the cytoskeleton. These
results, again, indicate that force can reduce E-cadherin
clustering and are consistent with in vivo experiments
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FIGURE 5 Force reduces the numerosity of E-cadherins per unit area.

(A) Force reduces the fraction of E-cadherins in clusters but increases the

size of the clusters. (A) Heatmap showing the average proportion of E-cad-

herins in the cis state varying actomyosin force (up to Factin ¼ 50 pN) and

probability of binding to the actin cytoskeleton, P. (B) Heatmap of average

tension across trans-dimers when they are incorporated into cis-clusters,

varying cytoskeletal force (up to Factin ¼ 50 pN) and probability of binding

to the cytoskeleton, P. All data represent averages from six independent

simulations, between 1 and 30 s of simulations. (C) Histogram of the

average number of clusters versus cluster size under three force conditions:

force free (black), Factin ¼ 30 pN and p ¼ 0.01 (gray), and Factin ¼ 50 pN

and p¼ 0.01 (light gray). The data are computed from six independent runs,

between 10 and 30 s of simulations. Error bars represent the standard devi-

ation from the mean. To see this figure in color, go online.
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based on mechanical inference (44). Although the fraction
of E-cadherins involved in cis-interactions decreased from
0.98 to �0.8 relative to the total number of E-cadherins,
by increasing force magnitude up to 50 pN (Fig. 5 A),
the force transmitted across trans-dimers in the cluster
significantly increased, up to �1.5 pN per E-cadherin
(Fig. 5 B). In other words, although a smaller fraction of
E-cadherins was involved in clusters under increasing
force (Fig. 5 A), E-cadherins in the clusters transmitted a
large force (Fig. 5 B). By evaluating the number of clus-
ters with different sizes as a function of force magnitude,
our data showed that cluster size increased with force, but
cluster number decreased (Fig. 5 C). This result did not
depend on which cell membrane we analyzed (Fig. S4).
Collectively, the results from our model indicate that
whereas force destabilizes small clusters and stabilizes
large clusters (Fig. 4), it reduces the number of clusters
at steady state (Fig. 5 C). These differences in cluster
size and numerosity under force are consistent with exper-
imental data comparing the sizes of E-cadherin clusters
from different sections of lateral cell surfaces, correspond-
ing to differences in force levels (24).
DISCUSSION

The formation of cell-cell adhesions through clustering of
E-cadherins is an active process requiring cellular tension
(49–51), but how force regulates this mechanism remains
largely unknown. To gain insights into clustering of E-cad-
herins under force, here we developed a computational model
based on Brownian dynamics. The model allowed us to eval-
uate how force governs E-cadherin clustering and the trans-
mission of force across cell-cell adhesions by modulating
the molecular states of E-cadherins. Consistent with previous
models (31,32,52) and experimental observations (53,54),
our model showed that clustering emerges from the coopera-
tion between E-cadherins’ adhesive (trans-) and lateral (cis-)
interactions. Additionally, the model showed that cytoskel-
etal force from binding of E-cadherins to the actomyosin
cytoskeleton 1) delays clustering of E-cadherins (Fig. 2 D),
2) promotes the formation of large clusters (Fig. 4), and 3) de-
creases the number of clusters per unit area (Fig. 5 C).

Results from the model identify a delay in the assembly
of E-cadherin clusters under force (Fig. 2). Without force,
sparse puncta-like clusters form, each including few
E-cadherin molecules (Fig. 4). Using a small force, clus-
tering of E-cadherins is fast, but the cluster size is small.
Using a large force, small clusters are initially destabi-
lized, but once a larger cluster is formed, force promotes
its increase in size. This finding is supported by previous
in vivo experiments based on mechanical inference,
showing an inverse relationship between force and E-cad-
herin levels in clusters (44). Additionally, cell experi-
ments have demonstrated that different groups of
myosin-II exert force on cell surfaces (49) to destabilize
E-cadherin trans-dimers and thus reduce their ability to
form functional adhesion clusters (51). Experiments
have also previously detected clusters of different size be-
tween the apical part of the cell lateral surface and zonula
adherens (55,56). Clusters of larger size and with less
intercluster spacing were more likely to appear at the zon-
ula adherens (24), which experiences higher tension than
lateral adherens junctions (14,57). Accordingly, with
advanced super-resolution microscopy techniques, more
concentrated belt-like apical clusters, which are under ten-
sion, and spot-like lateral clusters, which are not under
tension, were observed in cells (57). The results that force
promotes formation of large clusters are also consistent
with previous reports showing that E-cadherins play a
significant role in the formation of cell-cell adhesions
to overcome the surface tangential tension through
increased adhesion tension from the expansion of cell-
cell contact (58,59).
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In the model, binding of E-cadherins to actin occurs
when E-cadherins are in clusters, which reproduces a-cat-
enin’s activation and binding of actin filaments after nucle-
ation of E-cadherin clusters (14,15,44). Additionally,
E-cadherins in the cluster sense and share the mechanical
load. Distribution of force across all E-cadherins in the
cluster reproduces the linkage of E-cadherins to the acto-
myosin cytoskeleton through numerous anchors between
multiple a-catenins with the same actin filament or bundle
(34,35). Binding between a-catenin and actin forms a weak
bond at low force, which tends to switch to a stable,
strongly bound state at higher force (13). Once initial cis-
interactions occur between few E-cadherins, the use of a
small force generates weak binding between E-cadherin
and actin (Fig. 3 B), which results in low force transmission
(Fig. 5) and distributed puncta-like clusters (Fig. 4). By
contrast, using a high force, initially E-cadherins are mostly
in the strongly bound state (Fig. 3 B), and disassembly of
trans-interactions can drive E-cadherins away from the
clusters. Therefore, initial small clusters tend to be destabi-
lized by force. When these initial clusters reach a dimen-
sion that allows for the high actomyosin force to be
distributed across many E-cadherins, each E-cadherin can
withstand less force and is less likely to leave the cluster.
The force-dependent unbinding kinetics of E-cadherin,
which underlies their state transitions, generates a ‘‘rein-
forcement’’ feedback between force and cluster size such
that larger clusters emerge under a high force but also
take longer to form.

By allowing the tracking of how transitions in molecu-
lar state of E-cadherins occur under force and their rela-
tion to the emergence of E-cadherin clusters, our model
significantly extends previous approaches to cases that
better reflect the physiological mechanisms underlying
the assembly of cell-cell adhesions. Different from earlier
models of cell-cell adhesion assembly (31,32,52), our
model explicitly incorporates both extra- and intracellular
interactions of E-cadherins, as well as the corresponding
force-dependent unbinding kinetics (Fig. S1). The
time needed for clustering of E-cadherins is in quantita-
tive agreement with data from micropipette-based
measurements of cadherin binding kinetics in live cells
(16,60,61). In our model, E-cadherins are represented as
explicit point particles that diffuse and transit across
structural and functional states to interact with one
another and, intracellularly, with the actin cytoskeleton
(Fig. 1 B). The interaction with the cytoskeleton builds
tension on E-cadherins and determines transitions across
molecular states, as well as transmission of force across
trans-dimers. Earlier computational models of E-cadherin
clustering used a diffusion-reaction algorithm to simulate
cadherin movements and clustering (31). However, in vivo
particle tracking experiments have observed different
movements of E-cadherins also requiring the actomyosin
cytoskeleton (62). Incorporation of actomyosin force, in
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addition to changing E-cadherin molecular states, reflects
E-cadherin motion in and out of clusters, which deter-
mines different proportions of clustered E-cadherins at
steady state (Fig. 2, C and D).

To conclude, our mechanistic model of E-cadherin clus-
tering indicates that force modulates the dynamic and steady
state properties of E-cadherin clusters by governing transi-
tions across molecular states of individual E-cadherins.
Because it incorporates both intracellular and extracellular
interactions of E-cadherins, as well as force-dependent
mechanisms, our model is a significant extension of previ-
ous modeling efforts in adhesion assembly. The results
collectively support the general view of a highly dynamic
mechanism for E-cadherin adhesion assembly that can be
finely tuned by force to ensure tissue homeostasis in physi-
ology and repair in disease.
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