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ABSTRACT Intercellular adhesion is the key to multicellularity, and its malfunction plays an important role in various develop-
mental and disease-related processes. Although it has been intensively studied by both biologists and physicists, a commonly
accepted definition of cell-cell adhesion is still being debated. Cell-cell adhesion has been described at the molecular scale as a
function of adhesion receptors controlling binding affinity, at the cellular scale as resistance to detachment forces or modulation
of surface tension, and at the tissue scale as a regulator of cellular rearrangements and morphogenesis. In this review, we aim to
summarize and discuss recent advances in the molecular, cellular, and theoretical description of cell-cell adhesion, ranging from
biomimetic models to the complexity of cells and tissues in an organismal context. In particular, we will focus on cadherin-medi-
ated cell-cell adhesion and the role of adhesion signaling and mechanosensation therein, two processes central for understand-
ing the biological and physical basis of cell-cell adhesion.
INTRODUCTION
The basic unit of living systems is the cell, which gives rise
to unicellular colonies and multicellular organisms. In
multicellular organisms, cells are assembled into tissues
(1), the formation of which depends on cell-cell adhesion
complexes that couple cells to each other. Cell-cell adhesion
plays essential roles in organismal development and homeo-
stasis, such as tissue compaction (2), cell sorting (3), and
cell migration (4), and misregulation of cell-cell adhesion
is a hallmark of many developmental disorders and diseases
(5–7).

Specific cell-cell adhesion receptors help two cells to
interact and recognize each other (8). Among them, the cad-
herin family of cell-cell adhesion receptors was most inten-
sively studied in the past and was shown to be essential for
the formation and maintenance of tissues in countless organ-
isms (9). Cadherins function by mechanically coupling cells
to each other and modulating a wide array of effector pro-
cesses that range from the regulation of the cytoskeleton
to gene expression. Cadherin adhesion complexes typically
consist of hundreds of proteins, some of which change their
conformation and stoichiometry under mechanical stress,
thereby linking the interacting surfaces of cells to their cyto-
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skeleton and giving cells the ability to sense and respond to
extracellular and intracellular signals (10).

Cell-cell adhesion is a complex and dynamic process. For
years, physicists have been trying to measure and model
cell-cell contacts, and biologists have identified new compo-
nents, functions, and regulators of the cell-cell adhesion ma-
chinery. This led to various descriptions and interpretations
of cell-cell adhesion as, for instance, the adhesion energy of
molecular interactions at adhesive interfaces (11,12) or the
resistance to cell-cell detachment forces (13,14). Moreover,
adhesion-mediated cell-cell contact formation was proposed
to be driven by the balance of interfacial/surface tensions,
which again depend on tension exerted by the actomyosin
cortex and its modulation via adhesion receptor signaling
and the binding of adhesion molecules over the contact
(15–18). In this review, we will summarize and discuss
recent progress in defining cell-cell adhesion at multiple
scales by both experiment and theory, predominantly
focusing on the role of classical cadherins (generally
referred to as cadherins) therein.
THE TOOLBOX OF ADHESION

Biological components of cell-cell adhesion

Cadherin adhesion complex

Cadherin adhesion complexes are protein assemblies con-
sisting of cadherin adhesion receptors and their cytoplasmic
interactors, such as catenins (19). Classical cadherins, such
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as E-cadherin (cdh1) and N-cadherin (cdh2), consist of an
ectodomain of five repetitive extracellular cadherin (EC)
subdomains with rigidity-providing Ca2þ-binding pockets
in between those domains, a single-pass transmembrane
domain, and a cytoplasmic tail. The ectodomains of cadher-
ins of opposing cells interact by binding in trans over the
contact, first by engaging in EC1-EC2 interactions, leading
to the formation of intermediate fast binding X-dimers, fol-
lowed by strand swapping to form the so-called S-dimers.
Cadherins also interact in cis with other cadherins on the
same cell surface, a process important for cadherin clus-
tering (20,21). Intracellularly, the cadherin cytoplasmic
tail interacts with adaptor proteins, such as p120- and b-cat-
enins. They directly bind to subdomains in the cadherin tail
and recruit other molecules, such as ɑ-catenins, which, by
binding to filamentous actin (F-actin), connect cadherins
to the actomyosin cytoskeleton (10). As new contacts
form, cadherins, catenins, and hundreds of other compo-
nents and interaction partners of the cadherin adhesion com-
plex get recruited to the contact (19), where they control the
establishment, strength, and stability of the contact by regu-
lating cadherin clustering, turnover, and cytoskeletal
anchoring. The cadherin adhesion complex also regulates
downstream signaling mediators, which again modulate
cytoskeletal organization and other cellular functions.
Actin cortex

The actin cortex is a thin, contractile F-actin network teth-
ered to the plasma membrane shaping animal cells. The
actin cortex can readily adapt to the microenvironment by
rapidly turning over. Besides actin, the cortex contains
various actin-binding proteins, such as actin nucleators
(e.g., Arp2/3 and formins), which assemble and disassemble
the F-actin network, actin cross-linkers, and motor proteins
(most prominently myosin II), which can both pull and
cross-link actin filaments. The coaction of these different
proteins regulates the actin network architecture and func-
tion, thereby defining the mechanical properties of the cor-
tex (22).
Cell membrane

The cell membrane (plasma membrane) is a phospholipid
bilayer surrounding the cell, and forms the border between
the interior and exterior of the cell. The cell membrane
has a dynamically changing heterogeneous composition
and structure. In particular, transient nanodomains of
distinct lipid compositions were proposed to function as
organizational hubs for recruiting proteins and thereby
spatially restricting and modulating their activity (23,24).
Glycocalyx

The glycocalyx (pericellular matrix) is a carbohydrate-rich
meshwork covering the cell membrane and consisting
primarily of glycopolymer chains decorated with bulky gly-
coproteins. Depending on the cell type, the glycocalyx can
extend up to several micrometers from the cell membrane
(25) and is thought to modulate cell-cell adhesion by phys-
ically keeping the cell membranes (and adhesion molecules
therein) of adjacent cells at a distance.
Extracellular matrix

The extracellular matrix (ECM) is a three-dimensional
network composed of proteoglycans (proteins with polysac-
charide chains), fibrous proteins, and water, which is locally
secreted by cells, connecting and surrounding them. The
ECM supports cells structurally and regulates their activ-
ities. Cell-ECM adhesion is mediated through ECM recep-
tors, mainly integrins (26).
Junctions

Junctions are cellular structures/multiprotein complexes
that connect neighboring cells or cells with the ECM and
are connected through adaptor proteins to the cytoskeleton
(8). Most common cell-cell junctions are adherens junctions
(containing cadherins), tight junctions, and gap junctions.
Junctions experience mechanical forces and can convert
those into biochemical signals in a process called mechano-
transduction, which leads to changes in cell signaling and
adhesion (Fig. 1; (14)).
Mechanical characterization of cell-cell adhesion

Mechanical stress

Mechanical stress (Pascal, Pa) is equivalent to the force per
surface area (Newton per square meter, N/m2) on an object
applied by a neighboring object. At intercellular contacts,
tensile stress and compressive stress act normally to the con-
tact area. Tensile stress occurs when cells are pulled away
from each other (Fig. 2 A), whereas compressive stress ex-
ists when cells are squeezed toward each other. In compar-
ison, shear stress arises when forces act parallel to the
contact area, as in the case of cells that move alongside
each other. Furthermore, mechanical stress is equal to
the mechanical energy per volume (Joule per cubic
meter, J/m3).
Cortical tension

Cortical tension (Joule per square meter, J/m2) is the tension
generated mainly by myosin motors contracting the thin
actin cortex coupled to the cell membrane (27). Cortical ten-
sion is modulated by the composition and architecture of the
actin cortex (22). Cortical tension must be in balance with
the internal cellular pressure, thereby together controlling
the cell shape. Cortical tension tends to decrease the surface
and the contact area of a cell (Fig. 2 B).
Biophysical Journal 120, 4182–4192, October 5, 2021 4183



FIGURE 1 Cells can undergo adhesions with other cells and the extracel-

lular matrix (ECM) via junctions. Cadherins mediate specific cell-cell

adhesions via trans interactions in the extracellular space, where glycocali-

ces act as a repulsive barrier. Cadherins indirectly bind to the underlying

actomyosin cortex via b- and ɑ-catenins. Mechanosensitive cadherin adhe-

sion complexes can change their binding strength to the actin cortex by cis

clustering and by recruiting adaptor proteins such as vinculin. These com-

plexes can also lead to local changes in actomyosin contractility by regu-

lating the architecture of the cortex.
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Surface tension

Analogous to water droplets, the surface tension (Joule
per square meter, J/m2), as energy per surface area,
acts to minimize the surface area of cells (28). Cortical
tension together with the typically lower tension of the
plasma membrane are the main regulators of cell
surface tension. The concept of surface tension can also
be applied to describe the mechanical properties of
tissues. An aggregate of cells develops tissue surface
tension, resulting from the difference in adhesion
between cells of the aggregate and their surroundings
(Fig. 3; (3)).

Cell-cell interfacial tension

Cell-cell interfacial tension (Joule per square meter, J/m2) is
the tension that is developed between two cells, described
by the energy per contact area. The cell-cell interfacial ten-
sion is increased by the cortical tension, which shrinks the
contact area, and decreased by adhesion tension because
of the binding of adhesion molecules, which increases the
contact area (Fig. 2 B; (18,29)).
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Adhesion tension

Adhesion tension (Joule per square meter, J/m2) is the total
energy per unit area released when two cells come into
contact (Fig. 2 B). The total adhesion energy (Joule, J) is
given by the integral of the adhesion tension on the interac-
tion area. Sometimes, the adhesion energy is translated as
the detachment force (Newton, N), which determines the to-
tal work (Newtonmeter, Nm) needed to separate two objects.

Cellular traction forces

Cellular traction forces (Newton, N) are in-plane pulling
forces applied by adherent cells on substrates. They are
generated by actomyosin contraction transmitted through
the cell-matrix adhesion complexes to the ECM.
CELL-CELL CONTACT FORMATION: FROM
MOLECULES TO CELLS AND TISSUES

In the following section, we summarize and discuss how
cell-cell adhesion is described by integrating biological
components with quantitative terms inspired by polymer
physics. We start with descriptions of cell-cell adhesion
based on molecular interactions at the contacting mem-
branes and then move on to descriptions on the cellular
and tissue/organismal scale.
The role of molecular interactions over the
contact

For describing cell-cell adhesion on the molecular scale,
biomimetic systems such as phospholipid membranes and
vesicles were initially used. Here, adhesion is described
based on the formation of specific molecular bonds and
the role that the plasma membrane and the glycocalyx
play therein. The theoretical basis for such description of
cell-cell adhesion was first established by Bell (30), arguing
that, aside from weak electrical forces between two cell
membranes, attractive forces, generated by the specific
binding of integral membrane proteins, must be considered
to explain cell-cell detachment forces. This was soon fol-
lowed by the identification of cadherin adhesion receptors
capable of mediating attractive forces between cells (31).
On the experimental side, various biomimetic systems
were established that allowed controlling the identity, den-
sity, and mobility of adhesion molecules on surfaces. Spe-
cifically, giant vesicles and planar membranes decorated
with adhesion molecules (attractive forces) and polymer
cushions (repellent forces—inspired by glycocalyx) were
employed to mimic interactions between two cells (32).
On the theoretical side, various frameworks were developed
to explain different aspects of adhesion in those biomimetic
settings. They showed that the distance of an adhering
vesicle to the contacting membrane is determined by the
minimum of the free adhesion energy (11,12). At high



FIGURE 2 (A) A schematic representation of dual pipette aspiration

(DPA) is shown. Applied detachment forces, F1 þ F2, on suspended cells

with a given viscoelasticity (viscosity, h, and Young’s modulus, E) forming

a contact, where E-cadherin and actin accumulate at the contact rim. (B)

Radius, R, and the cortex thickness, tC, define the cortical tensions, g1
and g2, of the connected cells. For g1¼ g2¼ g, cortical tensions at the con-

tact-free area are counteracted by the interfacial tension, gIT ¼ 2 � g �
cos(q), at the cell-cell adhesion area, ACC. The interfacial tension, gIT, is

determined by the difference in magnitude between the cortical tension

of both cells at the cell-cell interface, 2*gCC, and the adhesion tension,

gA, acting in antiparallel directions. The cortical tension is in balance

with the internal cellular pressure, P.
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receptor concentrations, contacts formed a homogenous
tight adhesion zone, whereas at low receptor concentrations,
contacts were composed of tight adhesion domains confer-
ring strong adhesion separated by weak adhesion domains
containing glycocalyx, corresponding to two minima of
the free energy (33). Using a thermodynamic framework
in which the adhesion energy depends on both the gain of
enthalpy by the formation of bonds and the cost of entropy
through the immobilization of receptors and suppression of
membrane fluctuations, adhesion domains were predicted to
preferentially localize to the rim of vesicle-bilayer contacts
(34). This configuration is a result of bond dynamics, recep-
tor crowding, and slowed-down diffusion upon adhesion
molecule binding. These predictions were subsequently
confirmed by experimental observations in a physiological
context showing that cadherin adhesion molecules preferen-
tially accumulate at the rim of cell-cell contacts (Fig. 2 A;
(35,36)).

Biomimetic studies were also crucial for unraveling the
role of cadherin clustering and mobility in cell-cell adhe-
sion. Cadherins are known to form nanoclusters, which in-
crease the cooperativity and stability of those molecules
(37). Cadherin clustering depends on cis interactions of cad-
herins within the same cell and does not necessarily require
cadherin trans binding given that cadherin ectodomains can
form those clusters without engaging in trans interactions
over the contact (21). Changing the ability of cadherins to
engage in cis clustering through membrane fluctuations
was further found to influence their ability to form trans
bonds, which are required for nucleation and growth of
adhesion domains in model membranes (38). In a cellular
context, intracellular interactions of cadherin nanoclusters
with the cortical actomyosin network were shown to be crit-
ical for cadherin-mediated contact formation by decreasing
the mobility of those clusters within the membrane (39).
Yet, biomimetic studies predicted that some mobility of
adhesion receptors is still required to form stronger contacts
by allowing diffusion of those receptors into the contact
zone and thus increasing their likelihood to participate in
bond formation (33).

Finally, through biomimetic, single-molecule, and cell
culture studies, the sensitivity of adhesion molecules to me-
chanical forces was shown to be a critical determinant of
cell-cell adhesion strength. In contacts between bilayers
and vesicles carrying mobile adhesion proteins, adhesion
sites were found to enlarge and become more immobile in
response to a pulling force at the contact as a result of the
acquisition of new bonds at edges of already-dense sites
or condensation of existing bonds (33). In addition to those
general effects on adhesion site assembly, mechanical forces
also affect the bonds between individual adhesion receptors.
Typically, molecular interactions between adhesion recep-
tors are studied by atomic force microscopy at the milli-
second timescale, which is well below the timescale of
molecular off-rates at which bond dissociation occurs even
if no external force is applied (30). Atomic force micro-
scopy measurements of cadherin bonds revealed that
detachment forces between cadherins typically range from
a few tens to hundreds of pN (40) and that the bond strength
of cadherins depends on the type of cadherin and its specific
off-rate. The analysis of detachment forces further showed
that cadherin molecules preferably form homotypic bonds,
with, for instance, homotypic E-cadherin bonds being stron-
ger than homotypic N-cadherin bonds (41). Moreover, cad-
herin bonds also become more resistant to detachment with
increased loading, a phenomenon explained by cadherin ec-
todomains forming X-dimers that function as catch bonds
(42), increasing bond lifetime as a function of pulling force
(43,44).

Collectively, biomimetic studies using model membranes
and vesicles, together with single-molecule studies probing
the characteristics of adhesion molecules, paved the way for
understanding the molecular and physical processes by
which cell-cell contacts are initiated and maintained. In
particular, they provided insight into the role of several
cell structures and processes, such as the glycocalyx and
membrane fluctuations, for cell-cell contact formation,
which is still difficult to rigorously address in a more phys-
iological cell setting. By stepwise increasing the complexity
of biomimetic assays—e.g., by encapsulating cytoskeletal
components within vesicles to study the interaction between
Biophysical Journal 120, 4182–4192, October 5, 2021 4185



FIGURE 3 The tissue surface tension, s, at the tissue edge results from

the difference between the interfacial tension, gIT, at the cell-cell contact

and the cortical tension, g, at the contact-free surface. It minimizes the con-

tact-free surface area by smoothing the tissue edge. Interfacial tension also

contributes to determining the cell shape index, an indicator of tissue

fluidity: cells within the cluster typically display more regular hexagonal

shapes, are densely packed by surrounding neighbors, and thus behave

more solid-like. Cells at the tissue edge, in contrast, are more elongated

and mobile, and thus show a fluid-like behavior.
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adhesion molecules and the cytoskeleton—those reconsti-
tuted systems might become even more powerful and pro-
vide a platform for systematically analyzing cell-cell
adhesion independently from the specific features of entire
cells, tissues, or organisms.
The role of intercellular forces arising at the
contact

In the following section, we discuss how experimental and
theoretical studies of cell-cell adhesion forces on the
cellular scale provided insight into the role of cell me-
chanics in cell-cell adhesion and contact formation. It is
well established that most biological tissues are viscoelastic,
behaving predominantly elastic at short timescales and
viscous at long timescales (45). Consequently, cells have
been modeled as solid elastic spheres or viscous liquid drop-
lets depending on the specific cellular process studied.
Assuming that the contacting cells behave as solid elastic
spheres able to establish short-interaction-range adhesion,
the Johnson-Kendall-Roberts (JKR) model used in polymer
adhesion was applied to describe cell-cell contact detach-
ment. The model permits the adhesion energy to be deter-
mined based on the pulling force needed to detach two
spherical objects and their harmonic mean radii. For
measuring detachment forces between contacting cells in
the nN range, the dual pipette aspiration (DPA) technique
is most commonly used (Fig. 2 A; (46)). Interestingly, the
detachment force measured by DPA for nonspecific adhe-
sion between culture cells displaying high elasticity could
be well explained using the JKR model (47). However, for
other cell types that display lower elasticity, only an
extended version of the JKR model, in which cells are rep-
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resented as thin shells with liquid cores that could be
deformed as pulling forces were applied, was able to reca-
pitulate experimental data (48,49).

The advantage of those coarse-grained theoretical models
of cell detachment forces over the molecular-interaction-
based theoretical models described in the previous chapter
is the inclusion of the mechanical properties of cells. How-
ever, a caveat of taking detachment forces as a proxy for
adhesion energy is the observation that cells can respond
to mechanical forces by modulating their adhesion appa-
ratus and thus adhesive properties. For instance, pulling
on the contact zone increases E-cadherin and actin recruit-
ment (Fig. 2 A; (50)), and applied forces can alter the me-
chanical properties of the cell cytoskeleton (51). Given
that the detachment forces are thought to depend on me-
chanical properties of the actomyosin cortex of the adhering
cells, such as its thickness, stiffness, and contractility (52);
the equilibrium adhesion energy would be expected to
change when detachment forces are applied.

The linkage of cadherins to the actomyosin cortex plays a
central role for mechanosensation at cell-cell contacts
(Fig. 1; (10)). Anchorage of cadherins to the actomyosin
cortex is mediated by various molecules, including b-cate-
nin, ɑ-catenin, and vinculin, and strengthens under force,
a behavior characteristic of catch bonds (53). Specifically,
whereas a single b-catenin/ɑ-catenin heterodimer forms a
slip bond with F-actin, cooperativity of several heterodimers
results in a catch-bond behavior (54). This is due to several
b-catenin/ɑ-catenin heterodimers mediating longer-lasting
contacts with F-actin, thereby allowing the tension-medi-
ated unfolding of ɑ-catenin (55), which in turn reveals
cryptic binding sites to vinculin, a molecule directly linking
the cadherin/catenin complex to the actin cytoskeleton (56).
This internal amplification mechanism, together with the
observation that vinculin itself forms a catch bond with F-
actin (57), provides an explanation for the mechanosensitiv-
ity of cadherin-mediated cell-cell contact sites.

Measured cell-cell detachment forces not only might
change because of mechanosensitive feedback but also are
dependent on the main direction of forces applied to the con-
tact (normal or shear forces). Recent work suggests the di-
rection of force to have different effects on cell-cell
contacts: during Drosophila embryonic axis elongation,
normal forces on cell-cell junctions, exerted by a medial
actomyosin network within the apex of epithelial cells, in-
crease E-cadherin levels and thus cell-cell adhesion,
whereas shear forces through a junctional actomyosin
network decrease E-cadherin levels (58). Such differential
effects of normal versus shear forces might explain why
detachment forces can vary depending on the specific mea-
surement methods used, such as centrifugation, shear flow,
or DPA.

In addition to cell-cell detachment force measurements,
intercellular forces were determined by measuring traction
forces of adhering cells through traction force microscopy
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(59) and micropillar arrays (60), both of which allow the
extraction of intercellular forces on the basis of the two-
dimensional force balance (61,62). Those intercellular
forces were found to positively correlate with cadherin
levels at cell-cell contacts (63). Likewise, for endothelial
cell doublets on a defined spreading area, intercellular
forces linearly increased with cell-cell contact size (62).
In contrast, epithelial cells grown on a free spreading area
showed no apparent scaling between intercellular forces
and cell-cell contact size (61), suggesting that the relation
of contact size and intercellular forces is highly context
dependent.

The analysis of traction forces might also give important
insights into the interplay between cell-cell and cell-matrix
adhesions. In migrating cell clusters, traction forces domi-
nate at the edge (64,65) and intercellular stresses increase
toward the center of the cluster as a result of traction forces
of the outwardly moving cells being transmitted as intercel-
lular forces to the trailing cells behind (66,67). Recently, the
interplay between cell-cell-adhesion-mediated intercellular
and cell-ECM-adhesion-mediated intracellular tension was
found to be responsible for cell monolayers displaying
either contractile or extensile behavior (68), suggesting
that the nature of active forces in tissues depends on the
cross talk between cell-cell and cell-ECM adhesion. In
line with this, knockout of E-cadherin in epithelial cells
caused a crossover from extensile to contractile tissue
behavior along with relocalization of vinculin from cell-
cell to cell-ECM contacts and an increase in cell-ECM adhe-
sion (68). Thus, the strength of cell-cell adhesion—and,
with that, the tissue behavior—strongly depends on the in-
teractions with the extracellular environment and the adap-
tation of intracellular contractility.

Collectively, the analysis of cell-cell detachment forces
was instrumental in identifying the adhesion energy and
thus cell-intrinsic adhesion of adherent cells when sepa-
rated. However, to understand the discrepancies in the adhe-
sive behavior of different cell types, more parametric tests
and models need to be developed to incorporate effects of
cell viscoelasticity, contractility, and adhesion receptor
mobility. In particular, changes in the distribution of adhe-
sion molecules at heterogeneous cell-cell contact sites and
the effect of cytoskeletal rearrangements that occur upon
force application need to be quantified and incorporated in
future computational models. Finally, the observation that
intracellular bonds, linking the adhesion complex to the
actomyosin cytoskeleton, break first when cell-cell contacts
are being separated suggests that deadhesion and adhesion
energies might be different (18,29). Current models of
cell-cell detachment, however, do not distinguish between
the two. In line with this, recent observations showed that
experimentally measured detachment forces are higher
than theoretically predicted on the basis of the adhesion en-
ergy, pointing at the possibility that cell-cell detachment
forces might depend more on dissipative processes associ-
ated with the detachment process rather than the adhesion
energy (69). Emerging tools for determining cell-cell adhe-
sion forces, such as Förster resonance energy transfer sen-
sors to measure endogenous molecular forces (70,71),
DNA-based fluorescent force probes (72), oil droplets deco-
rated with cadherin receptor ligands (73), and pressure
probes that deform with local stresses (74), might lead to
a deeper understanding of intercellular adhesion.
The role of interfacial tension in cell aggregates

In analogy to liquids minimizing their surface area through
surface tension as a result of the cohesion of their constitu-
ent molecules, the surface tension of cells and tissues is used
as a proxy for cell-cell adhesion strength. In the following
section, we discuss how cell-cell adhesion can be interpreted
by the extent of surface tension, how surface tension is
determined by tensions at different cellular interfaces, and
how those surface/interfacial tensions were used in various
models explaining cell/tissue shape changes and cell sort-
ing. Originally, tissue surface tension was assumed to be
determined by the adhesion energy, for instance, emerging
from cadherin binding over the contact, a view supported
with experiments in cell aggregates, which showed cadherin
expression levels to linearly correlate with tissue surface
tension (15,75). Subsequent work showed that, in addition
or as an alternative to adhesion energy, tissue surface ten-
sion critically depends on the function of cortical actomy-
osin tension (17,59) and its modulation at cell-cell
contacts (Fig. 3; (36,76)). Cortical tension is modulated
not only by the binding of cadherin adhesion molecules
over the contact (18) but also by unbound cadherins not
engaged in trans binding, suggesting that a dynamic inter-
play between cadherins and the cortical actomyosin network
determines the balance of interfacial tensions and thus sur-
face tension of tissues (69).

At the cell-cell contact interface, interfacial tension is
determined by both adhesion tension (a negative tension
as a result of adhesion molecules binding over the contact),
which expands the contact area, and cortical tension, which
reduces it (Fig. 2 B). At contact-free interfaces, in contrast,
surface tension is predominantly determined by cortical ten-
sion. Notably, cortical tension can differ at contact-free and
adhering interfaces. Studies on zebrafish germ layer progen-
itor cells suggest that tissue surface tension arises from the
difference between the two (77). This difference in tensions
between the cell-cell versus contact-free interfaces is due to
adhesion receptor signaling changing the actomyosin cor-
tex, and thus cortical tension, at the cell-cell interface rather
than adhesion tension lowering cell-cell interfacial tension
(36). In line with adhesion receptors lowering cortical ten-
sion at the cell-cell contact are observations showing that
E-cadherin-mutant mouse embryos fail in reducing myosin
II from cell-cell contacts (78). Likewise, downregulation of
C-cadherin in Xenopus embryonic aggregates prevents
Biophysical Journal 120, 4182–4192, October 5, 2021 4187
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proper reduction of actin from contacts (79). This suggests
that adhesion receptor signaling reduces cortical tension at
contacts by both diminishing myosin II activity and/or local-
ization and modifying cortical actin density and organiza-
tion. The molecular composition of the signaling cascade
downstream of cadherin adhesion receptors modulating
the actomyosin cortex is not yet entirely clear. The actin-
severing protein cofilin was found to colocalize with E-cad-
herin at punctate adherens junctions (80), whereas other
studies reported that interaction of the cadherin adhesion
complex through ɑ-E-catenin with actin inhibits cofilin
binding in vitro (81). Similarly, the branched actin nucleator
Arp2/3 was proposed to be not only suppressed at nascent
contacts through ɑ-E-catenin (81) but also recruited to
cortical actin underlying cell-cell contacts (80,82). More-
over, the linear actin nucleator formin was shown to be re-
cruited to adherens junctions by ɑ-E-catenin (83). These
data suggest that cadherin adhesion receptors affect the
cortical actin cytoskeleton by dynamically recruiting
different types of actin nucleators, which could potentially
control cortical tension by regulating actin filament length
(84), and network density (85). Changes in cortical actin
at cell-cell contacts might feed back on cortical myosin II
recruitment given that, for instance, in mouse oocytes,
cortical Arp2/3 enrichment leads not only to cortex thick-
ening but also to myosin II depletion and, consequently,
reduction in cortical tension (86).

The Rho family GTPases Rac, Cdc42, and RhoA play an
important role in remodeling the actomyosin cortex at cell-
cell adhesion sites. Rac, for instance, is transiently activated
by cadherins at the edges of an expanding contact, leading to
local activation of the Arp2/3 complex and thus branched
actin polymerization (87,88). Activation of both Rac and
Cdc42 were observed during the formation of cell aggre-
gates, which contributed to the strengthening of cell-cell
contacts (13). Cdc42 was also found to be involved in the
initiation of cell-cell adhesion (89), possibly by promoting
the formation of E-cadherin-containing filopodia, facili-
tating contact formation (90). RhoA is recruited to adherens
junctions, where it activates cortical actomyosin contrac-
tility and recruits formins, promoting linear actin polymeri-
zation (91). At nascent contacts, in contrast, RhoA activity
is inhibited by Rac, decreasing cortical actomyosin contrac-
tion and thus tension (88,92). Yet the exact spatiotemporal
regulation and function of Rho family GTPases as signaling
effectors of cadherin adhesion receptors in contact forma-
tion and maintenance remain to be fully explored.

To explain the effects of interfacial tension regulation by
different effector mechanisms, several microscopic mechan-
ical models based on energy minimization and interfacial
tension balance were employed describing cell-cell contact
dynamics both in vitro and in vivo. For instance, the cellular
Potts model, in which each cell is defined as connected
pixels, was developed to test the contribution of different
levels of adhesion receptor expression in cell-sorting exper-
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iments and the role of cell motility therein (93). Later,
cortical tension was added to this model to capture the
role of differential cell cortical tension in cell sorting
(94,95). To more realistically capture the dynamics of
confluent tissues on a cellular scale, vertex models, in which
cells are defined as polygons whose vertices can move with
mechanical forces, were developed. Vertex models were
successfully applied for describing various morphogenetic
processes, such as boundary formation, epithelial buckling,
and wound healing, because of their ability to capture spe-
cific cellular processes, such as cell shape changes, divi-
sions, extrusions, and rearrangements, as well as
viscoelastic cell properties (96). As a hybrid of vertex
models and self-propelled particle models, Voronoi models
were recently developed in which not vertices but cell cen-
ters are tracked (97). These models were able to incorporate
single-cell motility, missing from the vertex models, and
predict more diverse shape distributions (98) and cellular re-
arrangements (99). More recently, vertex and Voronoi
models were also used to describe abrupt and drastic
changes in tissue material properties that might resemble
transitions in states of matter, commonly referred to as
phase transitions (100–102). Interestingly, phase transitions
in confluent tissues appear to correlate to a ‘‘cell shape in-
dex,’’ a quantity that describes the cell geometry (Fig. 3;
(100)). The cell geometry is regulated by the competition
between cell-cell adhesion energy and cortical tension. An
increase in cell-cell adhesion and a decrease in cortical ten-
sion lead to a change in cell shape and in turn to a transition
of the whole tissue from solid-like to fluid-like behavior in a
process called ‘‘unjamming transition’’. The unjamming
transition is characterized by increased irregularity in cell
shapes and reduced number of contacts with neighboring
cells, allowing cellular rearrangements (100,102). Recent
studies also suggest the unjamming transition to be domi-
nated by cellular traction forces (103). At the level of cell-
cell contacts, force-mediated ɑ-catenin clustering was found
to trigger a fluid-to-solid phase transition, suggesting that
changes in the composition of cadherin adhesion complexes
can locally modulate rheological properties of the contact
(54). Tissue-scale phase transitions were observed not
only in cultures but also within the physiologically relevant
context of the developing embryo (104–107) and in disease-
related processes such as wound healing (108) and tumor
metastasis (109). Extension of existing vertex models
(110) and application of new theoretical frameworks, such
as rigidity percolation theory (111), were recently shown
to accurately describe tissue phase transitions in nonconflu-
ent embryonic tissues to understand these phenomena
mechanistically.

So far, research on interfacial tensions of cells and tissues
primarily focused on the role of adhesion tension and
cortical tension in regulating interfacial tension. However,
other factors might also be involved. Membrane tension,
for instance, also contributes to surface tension, although
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its specific contribution is difficult to determine because the
plasma membrane is mechanically coupled to the underly-
ing actomyosin cortex through proteins mediating mem-
brane-to-cortex attachment and thus is difficult to
disentangle from cortical tension. Although membrane ten-
sion was shown to be typically much smaller than cortical
tension, there is increasing evidence in different cell types,
such as keratocytes, that suggests membrane tension still
significantly contributes to the overall surface tension of
those cells (112). In addition to membrane tension, high
adhesion tension between dynamically cross-linking com-
ponents of interacting glycocalices was recently proposed
to contribute to tissue surface tension in systems such as
chick embryos and various mammalian cell lines, in which
surface tension clearly exceeds the theoretically expected
values based on cadherin-mediated adhesion and cortical
tension alone (113). Finally, external factors, such as the
presence of ECM and the osmolarity of the interstitial fluid,
were shown to affect interfacial tensions of cells and tissues.
ECM interactions can contribute to cell sorting by regu-
lating cell-ECM and cell-cell interfacial tensions in mono-
layers and surface tension in cell aggregates (68,114),
whereas osmolarity was recently demonstrated as an impor-
tant regulator of tissue surface tension by regulating mem-
brane tension and cortical tension via changes in the
internal cellular pressure and volume (115).

Beyond cadherins, comparably little is known about up-
stream regulators of cell/tissue interfacial tensions. Living
tissues have a remarkably diverse cell surface proteome,
suggesting that several other of those proteins might be
involved in controlling interfacial tensions. For instance,
the differential expression of proteins mediating cell repul-
sion, such as Eph-ephrin receptor-ligand pairs, or signaling
receptors, such as leucine-rich repeat family receptors
(including Toll-like receptors), were shown to mediate dif-
ferences in cortical tension, which is important for boundary
formation in developing vertebrate and invertebrate em-
bryos (116,117). The potential role of those and many other
cell surface proteins in regulating interfacial tensions in
different model systems remains to be investigated.
CONCLUSIONS AND PERSPECTIVES

Cell-cell adhesion has been studied for many decades by
both biologists and physicists. In those studies, different
views of adhesion emerged, which can be roughly catego-
rized as 1) the affinity of molecular bonds, 2) a cohesive
force supported by a force-sensing and force-transducing
machinery, and 3) the modulation of interfacial tensions
through adhesion receptor signaling. These different views
are nonexclusive because they simply emphasize different
functions of the adhesion apparatus that together define
adhesion. In evolution, these different functions seem to
have coevolved because, for instance, the core adhesion
complex, consisting of cadherins and catenins that bind to
F-actin, emerged together with the appearance of metazoans
(118). Moreover, cadherins predating this complex already
carry intracellular domains that can possibly interact with
actin-binding proteins (119), suggesting that cadherin extra-
cellular binding and intracellular signaling could have been
directly adapted with the appearance of multicellularity.

Initially, the degree of cell-cell adhesion was thought to
correspond to the adhesion strength of cell-cell contacts at
steady state. However, observations of cell-cell contacts in
their physiological context show that cell-cell adhesion is
a rather dynamic process, with the duration and size of
cell-cell contacts constantly changing. Contact size and
duration represent critical parameters modulating not only
the extent by which cells rearrange in cohesive tissues
(120) but also the activity of various signaling pathways
involved in cell fate specification in embryos (121,122).
Recently, cell-cell contact dynamics were shown to be
important parameters determining tissue material properties
and the transitions between different material phases (45).
How those dynamic cell-cell contact properties are regu-
lated on a molecular and cellular scale have only begun to
be understood. For example, the size of cell-cell contacts
was originally thought to increase with the ratio of cortical
tension at the contact-free to the cell-cell interfaces (36).
Surprisingly, most recently, this view was challenged by
showing that the relationship between cell-cell contact
size and cortical tension of the contact-free cortex is nonmo-
notonic, reversing at high levels of cortical tension because
of tension-mediated E-cadherin stabilization, which limits
contact expansion (123). Further work is needed to elucidate
the relationship between various features of cell-cell con-
tacts to determine their multifaceted functions in multicel-
lular settings.

Cell-cell adhesion is regulated through both intracellular
and extracellular cues, possibly involving various feedback
loops between them. For instance, myosin II activity was
shown not only to increase cytoskeletal anchoring of cadher-
ins (70) but also to slow down actin turnover, which affects
E-cadherin mobility at the cell-cell contacts and thus contact
expansion (35,123). In turn, the stability of cadherin clusters
was shown to regulate actin turnover, suggesting a bidirec-
tional coupling between actin and cadherin dynamics (80).
Many questions remain as to the regulation and function
of cell-cell adhesion. What distinguishes the adhesion appa-
ratus from the cell cytoskeleton? Does cell-cell adhesion
simply function as a molecular linker connecting the cyto-
skeleton of neighboring cells? That said, could the adhesion
complex be regarded as a specialized cytoskeletal compo-
nent needed for the assembly, dynamic regulation, and coor-
dination of supracellular cytoskeletal networks? Would such
supracellular cytoskeletal networks just represent a permu-
tation of intracellular cytoskeletal networks, or would the
addition of cell-cell adhesion sites provide emergent fea-
tures that cannot be found in unconnected cytoskeletal net-
works? To answser those questions, synthetic approaches
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for engineering cell-cell contacts might be helpful because
they would allow the systematic study of different properties
of cell-cell contacts in the presence and absence of cytoskel-
etal anchoring. Likewise, theoretical models need to be
developed to connect molecular-scale interactions and dy-
namics of adhesion and cytoskeletal molecules to tissue-
scale functions of cell-cell adhesion, such as tissue morpho-
genesis and material properties (124).

Cell-cell adhesion is integral to the evolution of multicel-
lularity. Studying cell-cell adhesion, therefore, provides the
basis for understanding how multicellularity has emerged.
Although in the past, cell-cell adhesion has been predomi-
nantly studied on the basis of the extracellular bindings of
adhesion receptors and their affinity and strength, it be-
comes increasingly clear that the coupling of those receptors
to the cytoskeleton is equally important. This highlights two
essential and tightly intertwined functions of adhesion:
providing selectivity in cellular interactions and regulating
the mechanical and biochemical cross talk between neigh-
boring cells. This naturally involves both biochemical and
mechanical signals; thus, understanding their interaction
through mechanosensation will be indispensable for eluci-
dating the basis of cell-cell adhesion.
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