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Increased intercellular tension is associated with enhanced cell
proliferation and tissue growth. Here, we present evidence for a
force-transduction mechanism that links mechanical perturbations
of epithelial (E)-cadherin (CDH1) receptors to the force-dependent
activation of epidermal growth factor receptor (EGFR, ERBB1)—
a key regulator of cell proliferation. Here, coimmunoprecipitation
studies first show that E-cadherin and EGFR form complexes at the
plasma membrane that are disrupted by either epidermal growth
factor (EGF) or increased tension on homophilic E-cadherin bonds.
Although force on E-cadherin bonds disrupts the complex in the
absence of EGF, soluble EGF is required to mechanically activate
EGFR at cadherin adhesions. Fully quantified spectral imaging fluo-
rescence resonance energy transfer further revealed that E-cadherin
and EGFR directly associate to form a heterotrimeric complex of
two cadherins and one EGFR protein. Together, these results sup-
port a model in which the tugging forces on homophilic E-cadherin
bonds trigger force-activated signaling by releasing EGFR mono-
mers to dimerize, bind EGF ligand, and signal. These findings reveal
the initial steps in E-cadherin–mediated force transduction that
directly link intercellular force fluctuations to the activation of
growth regulatory signaling cascades.

cadherin j epidermal growth factor receptor j mechanotransduction j
FRET j MAPK

Identifying force-transduction mechanisms is key to under-
standing the impact of mechanical cues on physiology. Force

fluctuations influence diverse biological processes that include
convergence extension movements (1), cell shape control (2), and
the regulation of vascular permeability and inflammation (3–5).
It is also well established that altered mechanical inputs affect
growth-regulatory signaling. In epithelia, changes in cytoskeletal
mechanics affect cell proliferation and tissue growth through the
tension-dependent regulation of the Hippo pathway (6, 7).
Increased intercellular tension in epithelia sensitizes cells to lower
epidermal growth factor (EGF) concentrations (8), and mechani-
cally stretching kidney epithelial monolayers triggered cell cycle
entry (9). In three-dimensional (3D) cultures, higher luminal pres-
sure in epithelial acini drives morphogenesis and increases prolifer-
ation (10, 11). In vivo, changes in tension in the imaginal disk affect
Drosophila wing disk size (12, 13). Although integrin force sensing
may contribute to these processes (14, 15), intercellular adhesion
proteins are also important force transduction hubs (5, 16, 17).

Classical cadherins are major adhesion and mechanotransduc-
tion loci at intercellular junctions (18–21). The extracellular
domains mediate intercellular adhesion, and the intracellular
domain is mechanically coupled to the actin cytoskeleton
through the cytosolic adaptor proteins α� and β�catenin (22).
One established, cadherin-mediated force transduction mecha-
nism involves α�catenin, which links cadherin complexes to
actin filaments (16). Under tension, α�catenin undergoes a

conformation change, which exposes a cryptic vinculin binding
site that scaffolds local cytoskeletal remodeling (16, 23). Activated
α�catenin also appears to recruit Ajuba family proteins, which
suppress Hippo signaling and promote proliferation (6, 7, 13).

An additional force transduction mechanism identified at
interepithelial junctions involves the epidermal growth factor
receptor (EGFR). Mechanically perturbed E-cadherin com-
plexes activate EGFR signaling through an EGF-dependent
mechanism (24, 25). The resulting kinase cascade in turn acti-
vates integrins, increases cell contractility and cell stiffness, and
regulates the recruitment of vinculin and actin to perturbed
cadherin adhesions (25). This pathway connects E-cadherin
tugging forces to EGFR activation, but how?

There is evidence that E-cadherin directly associates with and
alters EGFR signaling. Crosstalk between E-cadherin and
EGFR regulates density-dependent growth, in “contact-inhibited
proliferation” (26–29). Intercellular adhesion down-regulates
growth-regulatory signals through cross talk with EGFR
and colocalization at the basolateral plane (6, 26, 30, 31).
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Prior coimmunoprecipitation (Co-IP) results suggested that
E-cadherin and EGFR associate via their extracellular
domains (29, 32). Point mutations in the E-cadherin ectodo-
main are linked to hereditary diffuse gastric cancer and
increase EGFR phosphorylation at intercellular adhesions
(33). Although some findings suggest direct receptor interac-
tions, others suggest indirect protein coupling; the tumor sup-
pressor Merlin regulates contact-dependent proliferation and
couples EGFR to α�catenin (34). Determining how force and
EGF alter the complexes, whether E-cadherin and EGFR
directly associate, and the complex stoichiometry is central
to identifying the early initial steps in E-cadherin force
transduction signaling.

Results from this study provide molecular details of the com-
plex between E-cadherin and EGFR and its regulation by EGF
and force. Co-IP and use of mechanical perturbations revealed
that E-cadherin and EGFR form a heteroreceptor complex
that is disrupted by tension on homophilic E-cadherin bonds, in
the presence and absence of soluble EGF. However, force-
activated EGFR signaling requires EGF (24, 25). Results also
expose the distinct contributions of integrins and E-cadherin to
the mechanical activation of growth factor receptor signaling
and downstream Erk1/2 activation. To further investigate
details of the receptor interactions, we used fully quantified
spectral imaging fluorescence resonance energy transfer (FSI-
FRET) measurements (35). Results show that E-cadherin and
EGFR form a heterotrimeric complex at the plasma mem-
branes of live cells. This complex stoichiometry provides insight
into how E-cadherin can mechanically regulate EGFR signal-
ing. Together, findings reveal initial molecular events in
E-cadherin–mediated force-transduction signaling.

Results
EGF Treatment Reduces E-Cadherin/EGFR Complex Levels. Co-IP
measurements confirmed E-cadherin/EGFR heterocomplex
formation. Studies used A-431D epithelial cells that were engi-
neered to stably express human E-cadherin (A-431DE-cad).

The parental A-431D line does not express E-cadherin, but it
overexpresses EGFR (36). We also used MCF-10A cells—an
extensively used human breast epithelial line that expresses nor-
mal levels of EGFR and E-cadherin. Fig. 1 shows E-cadherin/
EGFR complex levels in the absence and presence of EGF. In A-
431DE-cad cells, the proteins coimmunoprecipitate in the absence
of EGF (Fig. 1 A and B), but treatment with 20 nM EGF (>Kd

∼2 nM) for 15 min decreased complex levels significantly (Fig. 1
A and B). These results were the same, whether determined by
EGFR (Fig. 1A) or by E-cadherin (Fig. 1B) pulldown. Fig. 1C
shows the quantified changes, normalized by the intensities for
untreated cells. Results obtained with MCF-10A cells were simi-
lar. The receptors coimmunoprecipitate (Fig. 1 D and E), and
20 nM EGF reduces the complex levels when assessed by EGFR
(Fig. 1 D and F) or by E-cadherin pull down (Fig. 1 E and F).

We further tested how EGF at concentrations near the Kd

(∼2 nM) affects complex disruption. Co-IP levels assessed at 5
and 15 min after treatment with 3 nM EGF (SI Appendix, Fig.
S1A) showed little disruption at 5 min but significant reduction
after 15 min (SI Appendix, Fig. S1B). The kinetics are slower
than in some reports, where much higher EGF concentrations
(15 to 280 nM) caused significant EGFR internalization and
signaling within ∼5 min (33, 34, 37, 38). However, consistent
with our observations, changes in phosphorylated YAP or Erk
were observed ∼30 min after treatment with 1 to 2 nM EGF
(28, 39). Based on kinetic arguments, rates of internalization
and signaling might be expected to decrease with ligand (EGF)
concentration. One reason for using low EGF concentrations
was to slow the rate of complex disruption to enable studies
of combined effects of stretch and EGF that require longer
measurement times.

Increased Junction Tension Disrupts E-Cadherin/EGFR Complexes,
Independent of EGF. Prior reports showed that tugging on
E-cadherin receptors triggers EGFR-dependent signaling and
adaptive cell stiffening in an EGF-dependent manner (24, 25).
Here, studies first tested how E-cadherin tension affects the het-
eroreceptor complex, by quantifying the effect of 10% substrate

Fig. 1. Soluble EGF disrupts E-cadherin/EGFR complexes. (A and B) Co-IP results of EGFR and E-cadherin obtained with A-431DE-cad monolayers. Cells
were seeded on PDMS membranes coated with fibronectin and cultured in reduced serum (0.5 vol%) for 24 h prior to treatment with 20 nM EGF for
15 min. Controls were not treated with EGF. Lysates were pulled down with (A) anti-EGFR antibody or (B) anti–E-cadherin and probed for respectively,
E-cadherin or EGFR. (C) Quantified, normalized band intensities obtained under conditions in panel A (n = 4) and panel B (n = 3). Results were normalized
by the band intensities in untreated samples. (D and E) Co-IP measurements of MCF-10A monolayers. Immunoprecipitation was done with either (D) anti-
EGFR or (E) anti–E-cadherin antibody. (F) Band intensities, normalized as in panel C, were determined for anti-EGFR (n = 3) and anti-E-cadherin (n = 4)
pulldowns. Error bars are SEM. *P < 0.05, **P < 0.005, ***P < 0.0005.
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strain on E-cadherin/EGFR Co-IP levels, in the absence of EGF.
Confluent A-431DE-cad monolayers (Fig. 2A) were serum starved
and treated with EGF-neutralizing antibody. After 30 min of

10% cyclic stretch on fibronectin, the complex levels decreased
significantly (Fig. 2 E and J). We also determined E-cadherin/
EGFR complex levels following 30 min of 10% static strain.

Fig. 2. Mechanically perturbing E-cadherin receptors disrupts E-cadherin/EGFR complexes, independent of EGF. (A–D) Experimental stretcher design and
configurations used to apply equibiaxial strain to cells. (A and B) Confluent monolayers are cultured on PDMS membranes coated with either fibronectin,
E-cad-Fc, or DECMA-1. Studies are done in the absence or presence of soluble EGF. (B) Membranes and overlying cell layers are stretched by pulling the
membrane over an indenter ring (74). Other configurations used include (C) subconfluent cells on protein-coated membranes or (D) confluent monolayers
on fibronectin, treated with E-cadherin blocking antibody, DECMA-1. Panels E–I, were obtained with serum-starved A-431DE-cad cells treated with neutral-
izing anti-EGF antibody prior to applying 10% strain for 30 min. 16G3 antibody was added to all samples not seeded on fibronectin. Co-IP results
obtained with (E) cyclically or (F) statically stretched confluent cell monolayers on fibronectin. (G) Co-IP results for cyclically stretched subconfluent culture
on fibronectin. (H) Co-IP results of cyclically stretched confluent cells on E-cad-Fc–coated PDMS membranes. (I) Co-IP measurements done with subconflu-
ent cells on DECMA-1–coated membranes (J) Normalized E-cadherin band intensities measured following cyclic (n = 4) or static (n = 3) monolayer stretch-
ing on fibronectin or E-cad-Fc (n = 3)–coated membranes. Cyclically stretched subconfluent A-431DE-cad cells seeded on fibronectin (n = 3) or DECMA-1
(n = 4) are also included. The band intensities are normalized by the EGFR band intensities of untreated cells (gray bars). The white bars indicate the
normalized Co-IP data from stretched cells. Error bars are SEM. *P = 0.05, **P = 0.005, ***P = 0.0005.
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When confluent A-431DE-cad monolayers were stretched and
held, complex levels also decreased significantly relative to unper-
turbed cells (Fig. 2 F and J). Results obtained with MCF-10A
monolayers subject to 10% cyclic strain were similar (SI
Appendix, Fig. S1 C and D).

To confirm that complex disruption was caused by increased
tension on cadherin adhesions and not by other stretch-related
signaling, subconfluent A-431DE-cad cells on fibronectin-coated
poly(dimethylsiloxane) (PDMS) (Fig. 2C) were also subjected
to 10% cyclic stretch for 30 min. Stretching subconfluent mono-
layers had no significant effect on E-cadherin/EGFR complex
levels (Fig. 2 G and J). To further test whether tension on cad-
herin adhesions disrupts the heterocomplex, we stretched con-
fluent A-431DE-cad cells on Fc-tagged E-cadherin extracellular
domains (E-cad-Fc) (Fig. 2 A and H). This also reduced com-
plex levels (Fig. 2 H and J), as did perturbing subconfluent cells
on E-Cad-Fc (SI Appendix, Fig. S1 E and F). Thus, increased
tension on homophilic cadherin bonds is sufficient to disrupt
the E-cadherin/EGFR complex, in the absence of EGF.

Results suggest that E-cadherin–based mechanotransduction
requires homophilic ligation (40, 41). To determine whether
simply tugging on E-cadherin receptors is sufficient to dissoci-
ate the heterocomplex, A-431DE-cad cells were seeded at sub-
confluent density (Fig. 2C) on membranes coated with the
anti–E-cadherin antibody, DECMA-1. Cells were allowed to
attach for 5 h in the presence of anti-fibronectin 16G3 and
EGF-neutralizing antibodies. During stretch, cells remained
attached to the substrates (SI Appendix, Fig. S2), and stretch
had no significant effect on complex levels (Fig. 2 I and J).
Thus, merely tugging on E-cadherin is not sufficient to mechani-
cally disrupt E-cadherin/EGFR complexes. Complex disruption
requires homophilic cadherin ligation.

EGF and Junctional Tension Cooperate to Disrupt E-Cadherin/EGFR
Complexes. Studies tested whether EGF and stretch cooperate
to disrupt cadherin/EGFR complexes, by stretching confluent
monolayers in the presence or absence of EGF. Studies used 3
nM EGF to prevent complete complex disruption by EGF
alone (SI Appendix, Fig. S1 A and B). Treatment with 3 nM
EGF reduced E-cadherin/EGFR complex levels, relative to
untreated confluent monolayers on either E-cad-Fc (Fig. 3 A
and B) or fibronectin (Fig. 3 C and D)-coated substrates. This
agreed with prior reports (42). In the presence of 3 nM EGF,
stretching confluent A-431DE-cad monolayers for 30 min further
decreased heterocomplex levels, relative to EGF treatment
alone (Fig. 3 B and D). These findings indicate that junctional
tension and soluble EGF additively disrupt E-cadherin/
EGFR complexes.

Mechanically Perturbed E-Cadherin Potentiates EGF-Dependent EGFR
Activation. Studies next tested the impact of increased E-cadherin
tension on EGFR phosphorylation. However, integrins also acti-
vate EGFR through an EGF-independent mechanism involving
Src kinase (43). Conversely, E-cadherin–mediated force transduc-
tion requires EGF (Fig. 3) (25). These differences enabled us to
distinguish between integrin and cadherin contributions in
stretched, confluent monolayers.

To eliminate integrin interference and isolate the E-cadherin
contribution, cells were seeded on membranes coated with
E-cad-Fc. Fibronectin blocking antibody 16G3 was included to
block integrin adhesion to secreted fibronectin. Controls used the
nonbinding isotype 13G12. Confluent epithelial monolayers
adhered to the E-cad-Fc–coated membranes and remained intact
during cyclic stretching (SI Appendix, Fig. S2). Cells were sub-
jected to four conditions: ±30 min of 10% stretch, ± 3 nM EGF

Fig. 3. EGF and cyclic stretch cooperate to disrupt E-cadherin/EGFR complexes. Co-IP results obtained with 24 h serum-starved confluent A-431DE-cad

monolayers subjected to four conditions: ±3 nM EGF and ±10% cyclic stretch for 30 min. EGF-neutralizing antibody was added to all samples not treated
with EGF. (A) Co-IP results for monolayers seeded on E-cad-Fc–coated PDMS membranes for 5 h in the presence of 16G3 antibody. (B) Normalized
E-cadherin band intensities obtained from Co-IP measurements in panel A (n = 3). (C) Co-IP results obtained with confluent A-431DE-cad cells on
fibronectin-coated PDMS. (D) Normalized E-cadherin band intensities for measurements shown in C (n = 3). Error bars are SEM. *P < 0.05, **P < 0.005,
***P < 0.0005.
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(Fig. 4A). EGFR phosphorylation was assessed at Y845 and
Y1173—two sites that are phosphorylated upon EGF ligation (30).

Stretching confluent A-431DE-cad monolayers on E-cad-Fc,
in the absence of EGF, did not detectably increase pY1173 or
pY845 (Fig. 4A). MCF-10A cells on E-cad-Fc behaved similarly
(SI Appendix, Fig. S3). The addition of 3 nM EGF increased
EGFR phosphorylation in both stretched and unstretched
monolayers (Fig. 4A). The largest increases were in stretched
cells exposed to EGF. The similar results obtained with
fibronectin-blocking 16G3 antibody or control nonblocking iso-
type 13G12 (SI Appendix, Fig. S4) ruled out integrin interfer-
ence. Thus, E-cadherin tension cooperates with EGF to
enhance EGFR activation. Results obtained with a human
EGFR phosphorylation array (SI Appendix, Fig. S5) confirmed
the EGFR phosphorylation patterns for EGF-treated cells,
with and without stretch.

Fig. 4B compares EGFR phosphorylation in serum-starved,
confluent A-431DE-cad monolayers on fibronectin, under four
conditions: with/without stretch and with/without 3 nM EGF. In
the absence of EGF, cyclic stretch increased EGFR phosphoryla-
tion at Y845 and Y1173 relative to unstretched controls. The dif-
ference between stretched monolayers on fibronectin (Fig. 4B)
versus on E-cad-Fc (Fig. 4A) is attributed to EGF-independent,
integrin-mediated EGFR activation (43). Treating unstretched
monolayers with 3 nM EGF further increased EGFR phosphory-
lation (Fig. 4B), as expected (43). However, cell stretching in the
presence of EGF enhanced EGFR phosphorylation relative to
EGF or stretch alone.

In stretched, confluent monolayers on fibronectin (Figs. 2A
and 4B), both E-cadherin and integrins contribute to EGFR
activation. The contribution of junctional E-cadherin to stretch-
dependent EGFR activation was highlighted in two scenarios
where E-cadherin adhesions were disrupted: subconfluent
monolayers (Fig. 2C) and confluent monolayers treated with
E-cadherin blocking antibody, DECMA-1 (Fig. 2D) (44). In
the absence of EGF, cyclically stretching either subconfluent
A-431DE-cad cells (Fig. 4C) or DECMA-1–treated, confluent
monolayers (Fig. 4D) increased EGFR phosphorylation.
EGFR activation in the absence cadherin adhesions is attrib-
uted to integrins. Treating unstretched, serum-starved cells with
3 nM EGF increased pY845 and pY1173 levels in both subcon-
fluent and DECMA-1–treated cells (Fig. 4C and D). The total
EGFR also decreased slightly, due to ligation-dependent inter-
nalization (45). However, EGF treatment of stretched, subcon-
fluent cells or DECMA-1–treated monolayers on fibronectin
did not further increase phosphorylated EGFR (pEGFR) levels
(Fig. 4C and D). This contrasted with monolayers with intact
junctions (Fig. 4A and B). SI Appendix, Fig. S6 summarizes the
quantified, normalized changes in pEGFR levels.

Comparisons of confluent monolayers on fibronectin without
(Fig. 4B) and with (Fig. 4D) DECMA-1 treatment highlight two
important differences. First, added EGF resulted in a much
greater increase in pEGFR in DECMA-1–treated cells (SI
Appendix, Fig. S6D). Second, in confluent monolayers with intact
cadherin junctions, cyclic stretch and EGF treatment nearly dou-
bled pEGFR levels (Fig. 4B and SI Appendix, Fig. S6B), in

Fig. 4. E-cadherin and integrins cooperate to activate EGFR and downstream Erk1/2 in mechanically perturbed epithelia. In panels A–D, cells were sub-
jected to four conditions: ±10% cyclic stretch and ±3 nM EGF for 30 min followed by Western blot analysis of pY845, pY1173, total EGFR, pErk1/2, and
total Erk1/2. Cells were serum starved overnight, and EGF-neutralizing antibody was applied to all non–EGF-treated samples. (A) A-431DE-cad cells were
plated at monolayer density on E-cad-Fc–coated PDMS membranes and allowed to attach for 5 h in the presence of 16G3 antibody. (B) A-431DE-cad cells
seeded on fibronectin-coated PDMS membranes at confluent density. (C) A-431DE-cad cells were plated on fibronectin-coated PDMS membranes for 5 h at
subconfluent cell density to prevent cell–cell contacts. (D) Confluent A-431DE-cad monolayers on fibronectin-coated PDMS membranes at monolayer
density were serum starved overnight. Cells were treated with DECMA-1 for 30 min to disrupt cell–cell junctions.
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contrast to the much smaller stretch-dependent change in either
subconfluent or DECMA-1–treated monolayers (Fig. 4 C and D
and SI Appendix, Fig. S6 C and D). We attribute the difference to
contributions from stressed E-cadherin adhesions.

Force-Dependent EGFR Phosphorylation Triggers Downstream Erk1/2
Activation. We next assessed whether EGFR activation triggered
the mitogen activated protein kinase (MAPK) pathway, which is
a downstream effector pathway of EGFR. Fig. 4A and B com-
pare normalized pErk1/2 levels in confluent monolayers on either
E-cad-Fc (Fig. 4A and SI Appendix, Fig. S6E) or fibronectin (Fig.
4B and SI Appendix, Fig. S6E). With cells on E-cad-Fc substrates,
cyclic stretch failed to increase pErk1/2 levels in the absence of
EGF. Soluble EGF increased pErk1/2, and cell stretching further
increased Erk1/2 activation. Different from cells on E-cad-Fc,
cyclically stretching EGF-depleted cells on fibronectin triggered
statistically significant increases in pErk1/2 relative to unstretched
monolayers. EGF addition alone increased pErk1/2 levels, but
stretch together with EGF triggered the largest increase. These
results correspond with changes in pEGFR levels, under identical
conditions. Treating confluent A-431DE-cad cells on E-cad-Fc sub-
strates with 15 μM Gefitinib abolished both EGFR levels (SI
Appendix, Fig. S7 A and B) and pErk1/2 (SI Appendix, Fig. S7 A
and C), confirming that Erk1/2 phosphorylation in these assays is
downstream from EGFR. Thus E-cadherin and integrins contrib-
ute to stretch-activated Erk1/2 phosphorylation in confluent
cells on fibronectin, but the E-cadherin–dependent contribution
requires EGF.

In subconfluent monolayers on fibronectin (Fig. 4C and SI
Appendix, Fig. S6F) or in DECMA-1 –treated (Fig. 4D and SI
Appendix, Fig. S6F) confluent monolayers on fibronectin, stretch
or EGF independently increase pErk1/2 levels. However, in con-
trast to cells with intact cadherin adhesions (Fig. 4 A and B and
SI Appendix, Fig. S6E), stretch and EGF do not additively
enhance signaling (SI Appendix, Fig. S6F). Thus, cyclic stretch,
together with EGF, activate the greatest pErk1/2 levels but only
in confluent monolayers on fibronectin with intact E-cadherin
adhesions (Fig. 4B and SI Appendix, Fig. S6 E and F).

E-Cadherin and EGFR Form an EGF-Sensitive Heterotrimer at the
Plasma Membrane. The Co-IP results indicate that E-cadherin
and EGFR are involved in complexes that are disrupted by
force and/or by soluble EGF, but molecular details of the com-
plex, such as the complex size and receptor stoichiometry, are
still unknown. To address this, we used FSI-FRET (35, 46) to
characterize E-cadherin interactions with EGFR at the surfaces
of HEK293T cells, which do not express endogenous
E-cadherin and express very little EGFR (47). The FSI-FRET
method measures the FRET efficiency, donor concentration
(EGFR-mTurquoise), and acceptor concentration (E-cadherin-
eYFP) in the plasma membranes of live cells. We measured the
FRET between EGFR and E-cadherin under four conditions:
1) absence of ligand and addition of 2) 1 nM EGF, 3) 10 nM
EGF , and 4) 100 nM EGF. The measured FRET efficiencies
are plotted as a function of E-cadherin-eYFP (acceptor)
expression (Fig. 5 A–D), while SI Appendix, Fig. S8 displays the
expression levels of E-cadherin and EGFR on individual cells
in the population. At least 100 cells were imaged and analyzed
for each condition: without EGF (516 cells), 1 nM EGF (393
cells), 10 nM EGF (176 cells), and 100 nM EGF (209 cells).

The FSI-FRET data demonstrate that E-cadherin directly
associates with EGFR in the absence of EGF. The black curve
(Fig. 5 A–D) is the monomer “proximity FRET,” which is the
FRET efficiency that would occur if the donor and acceptor by
chance approached within 10 nm (48). FRET efficiencies that
exceed the modeled monomer proximity curve indicate direct
receptor interactions (49). In the absence of EGF, the mea-
sured distribution of FRET efficiencies deviated significantly

from the proximity FRET (Fig. 5A and SI Appendix, Fig. S8A),
indicating complex formation. Fig. 5E plots the deviations of
the FRET efficiency from the proximity curve as a function of
EGF concentration. The statistical significance of the deviations
is summarized in SI Appendix, Table S1.

To determine the most probable oligomeric state (monomer,
dimer, trimer, etc.) of the heteroreceptor complex and the recep-
tor stoichiometry consistent with the data, all FRET data (Fig. 5
A–D) were globally fit to different oligomerization models (Materi-
als and Methods and SI Appendix, Methods). Both E-cadherin and
EGFR form homodimers at the plasma membrane (49–52), so we
considered the following models in the analyses: no heterointerac-
tions, heterodimer (n = 2; E-cad+EGFR) (Fig. 6A), heterotrimer
of one EGFR and two E-cadherins (n = 3; EGFR+2 E-cad) (Fig.
6B), heterotrimer of two EGFR and one E-cadherin (n = 3;
2 EGFR+Ecad) (Fig. 6C), and a heterotetramer of two EGFR
and two E-cadherins (n = 4; 2 EGFR + 2 Ecad) (Fig. 6D).

The model fit that gives the lowest mean square error
(MSE) indicates the most probable complex size (oligomer
order, n) and receptor stoichiometry. As shown in Fig. 5F, the
minimum MSE determined for the E-cadherin/EGFR complex
in the absence of EGF corresponds to an oligomer of order of
3 (heterotrimer) that consists of an EGFR monomer in com-
plex with two E-cadherin proteins (Fig. 6B).

Soluble EGF Disrupts the Heterotrimeric E-Cadherin/EGFR Complex.
The influence of soluble EGF on the complex was investigated
by conducting FSI-FRET measurements with cells treated with
EGF at concentrations below and above the 2 nM Kd for
EGFR; namely, 1 nM, 10 nM, and 100 nM. At 1 nM EGF (Fig.
5B and SI Appendix, Fig. S8B), the deviation of FRET efficien-
cies from the proximity FRET (baseline) is statistically similar
to that of untreated cells (Fig. 5 A and E and SI Appendix, Fig.
S8A). Thus 1 nM EGF, which is below the Kd for EGFR, does
not significantly affect the E-cadherin/EGFR complex.

Soluble EGF concentrations above the Kd for EGFR signifi-
cantly decrease heterocomplex levels. In the presence of 10 nM
EGF or 100 nM EGF, the FRET efficiencies “straddle” the
proximity curve (Fig. 5 C and D), and the deviation from the
proximity FRET shifts closer to zero (Fig. 5E and SI Appendix,
Fig. S8 C and D). The distribution of acceptors and donors are
similar under both conditions (SI Appendix, Fig. S8). The
change in FRET efficiencies in Fig. 5 C and D is thus due to a
decrease in E-cadherin/EGFR association. MSE analysis was
performed on the FSI-FRET data in the presence of EGF at
concentrations above the Kd by combining the data collected at
10 nM and 100 nM EGF and fitting to each of the hetero-inter-
action models (Fig. 6). We find that the MSE is minimized for
the “no hetero-interaction” model (n = 1) (Fig. 5F). The EGF-
dependent complex disruption is not due to EGFR internaliza-
tion because the disruption of caveolae and actin upon osmotic
swelling used in FSI-FRET measurements impedes endocytosis
(53, 54). Also, EGFR cannot disrupt the interaction by phos-
phorylating proteins in the complex (55, 56) because the EGFR
construct used for these FRET measurements lacks the kinase
domain. These results thus show that two E-cadherin proteins
bind an EGFR monomer, and soluble EGF at concentrations
above the Kd for EGFR significantly reduce heteroreceptor
complex levels.

Discussion
Increased tension in epithelia promotes proliferation and sensi-
tizes cells to lower EGF concentrations, and such responses have
been linked to increased force on intercellular adhesions. The
present results shed light on a E-cadherin force transduction
mechanism that directly links E-cadherin perturbations to EGFR
activation. Co-IP and FRET data show that E-cadherin and
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EGFR form complexes. Mechanically perturbing homophilic
E-cadherin adhesions or treatment with EGF at concentrations
above the Kd for EGFR are independently sufficient to disrupt
the complex, but their combined effects are additive. Importantly,
increased E-cadherin tension alone disrupts the heteroreceptor
complex, but different from integrins, EGF is required for
cadherin-dependent activation of EGFR and downstream Erk1/2.
These results support a model in which increased force on homo-
philic E-cadherin bonds disrupts the complex, thereby releasing
EGFR monomers to bind EGF and signal (Fig. 6E).

Findings also suggest that force transduction involves direct
interactions between the receptors. Despite prior evidence that
E-cadherin associates with EGFR, these FSI-FRET results now
reveal that E-cadherin and EGFR form a heterotrimeric complex,
in which two E-cadherin proteins bind an EGFR monomer (Figs.
5F and 6B). This heterotrimeric stoichiometry has potentially
important mechanistic implications. EGF-dependent signaling
requires EGFR homodimerization (57). The FSI-FRET results
suggest that E-cadherin may inhibit EGFR by sequestering
EGFR monomers, thus impairing homodimerization and signal-
ing. EGF could disrupt the complex by shifting the equilibrium
(Fig. 6C) to more stable EGFR homodimers or by allosterically
regulating the E-cadherin/EGFR interaction. The heterocomplex
stoichiometry might explain, in part, reports that E-cadherin

reduces the apparent affinity between EGF and EGFR (32).
These results further suggest how intercellular tension overrides
contact-inhibited cell proliferation to potentiate EGFR signaling
in epithelia. The mechanically activated release of EGFR suggests
how junctional tension sensitizes epithelia to lower concentrations
of EGF relative to unstressed tissues (8).

FSI-FRET and Co-IP results show that E-cadherin/EGFR
complex formation does not require cell–cell adhesion. The
dependence of EGFR inhibition on cell density could be
explained by the formation of dense cadherin clusters at intercel-
lular contacts (58, 59). Cadherin clusters are EGFR sinks with a
high local density of binding sites. Physical models show that
ligand (i.e., EGF) association with cadherin clusters reduces
mobility at the cell surface, as well as the rate of dissociation
from the clusters (60), similar to experimental observations of
EGFR at intercellular adhesions (34).

Importantly, given the complexity of cell membranes and dif-
ferences between cells, other factors may affect E-cadherin/
EGFR complexes. For example, Her2 (ERBB2) heterodimer-
izes with EGFR (61), and it also binds E-cadherin ectodomains
(62, 63); thus competitive Her2 association with either
E-cadherin or EGFR monomers could alter E-cadherin/EGFR
levels. Interactions with the cytoskeleton and Merlin could also
augment heterocomplex stability by impeding EGFR diffusion

Fig. 5. FSI-FRET measurements of E-cadherin interactions with EGFR, in the absence and presence of different concentrations of EGF. (A–D) Plot of the
E-cadherin/EGFR FRET efficiencies versus surface E-cadherin concentrations in the absence (A) or presence of (B) 1 nM, (C) 10 nM, (D) or 100 nM of EGF.
The black curve is the proximity FRET void of specific interactions (48). Data Above the line are indicative of direct receptor interactions. (E) The FRET effi-
ciencies were corrected for the contribution of the modeled proximity FRET and represented as the deviation from the proximity FRET. The deviations
from the proximity FRET were calculated and plotted as histograms (SI Appendix, Fig. S8). The mean values and SEs are plotted as a function of EGF con-
centration. Errors that are not visible are smaller than the size of the symbol. Significance was calculated by ANOVA. (****P < 0.0001 and n.s., P ≥ 0.05).
(F) MSEs calculated by comparing various hetero-oligomerization models with the FRET data. The model which minimizes the MSE is the most probable
complex size and stoichiometry, indicated as a star and by an arrow. The two different heterotrimer models are (i) one EGFR and two E-cadherin or (ii)
two EGFR and one E-cadherin.
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and internalization (34, 38). Factors such as lipids that affect
EGFR clustering and signaling (64) may also play a role. These
are important issues, but the results presented here open ave-
nues for pursuing such questions.

Here, results directly connect mechanical perturbations of
homophilic E-cadherin bonds to EGFR release as a first step in
force transduction signaling. The results do not reveal how
force disrupts the complex, but there are hints. Prior studies
similarly demonstrated that tugging alone did not activate cad-
herin force transduction, but tugging with homophilic ligands
did (24, 40, 41). Both cadherins and EGFR are allosteric pro-
teins (61, 65, 66); thus homophilic E-cadherin ligation may allo-
sterically regulate E-cadherin/EGFR binding.

This study did not focus on identifying the E-cadherin/
EGFR binding interface. However, prior results suggest that
the E-cadherin ectodomain is required for EGFR binding.
Swapping the E-cadherin ectodomain with N-cadherin or delet-
ing the ectomain both abolished E-cadherin/EGFR Co-IPs (29,
32). E-cadherin point mutants implicated in diffuse gastric can-
cer increase EGFR activation (67). The ectodomain require-
ment differs from evidence that the transmembrane domain of
vascular endothelial cadherin mediates binding to vascular
endothelial growth factor receptors 2/3 (68). Future FSI-FRET

measurements will identify regions of EGFR and E-cadherin
that mediate heterocomplex formation and establish whether
E-cadherin dimers (52, 69) are required.

Integrins and E-cadherin both mechanically activate EGFR
in cyclically stretched epithelia by distinctly different mech-
anisms. E-cadherin–mediated force transduction involves
EGF-dependent EGFR activation (24, 25). Force disrupts
E-cadherin/EGFR complexes, independent of EGF to potenti-
ate EGFR signaling. By contrast, integrins activate EGFR by
an EGF-independent mechanism involving Src (43, 70). Thus
both cadherins and integrins simultaneously contribute to
stretch-activated growth factor receptor signaling in epithelia,
with the greatest activation in EGF-treated monolayers with
intact cell–cell junctions.

These findings directly link E-cadherin mechanotransduction
to proproliferative signaling. E-cadherin force transduction acti-
vates phosphoinositide-30-kinase (PI3K) and Akt (24, 25)—two
factors in pathways that regulate proliferation and survival. Other
results showed that Yap1 and β�catenin activation in mechani-
cally strained epithelia promote cell cycle reentry (9). In the latter
study, upstream force transduction events were not identified,
but other findings suggest possible links to results in this
study. Junctional tension activates a conformational change in
α�catenin that recruits Ajuba proteins, which inhibit LATS1/2
and downstream Yap1 activation (6, 7, 13). Our results demon-
strate that stressed E-cadherin adhesions activate EGFR and
downstream Erk1/2, which is a well-known regulator of cell pro-
liferation through multiple mechanisms, including the phosphory-
lation of Ajuba proteins (31). Additionally, phosphorylation by
Akt downstream from EGFR increases β�catenin transcriptional
activity (9). Establishing connections between the mechano-
activation of EGFR at E-cadherin junctions and the regulation of
Hippo and β�catenin/Wnt signaling would provide further insight
into the mechanical regulation of epithelial cell proliferation and
organ growth.

Materials and Methods
Cells. For FSI-FRET experiments, we used HEK293T cells, which do not express
endogenous E-cadherin and very little EGFR (47). These cells were transiently
transfected with plasmids that encoded EGFR or E-cadherin, in which the
intracellular domains were substituted with fluorescent proteins, mTurquoise
(mTurq), or enhanced yellow fluorescent protein (eYFP) that were attached by
a flexible (GGS)5 linker.

Studies of E-cadherin/EGFR interactions in mechanically stretched epithelial
cells used A-431D epidermoid carcinoma cells that were engineered to stably
express the full-length human E-cadherin (A-431DEcad) with a C-terminal
green fluorescent protein (GFP) (deposited by Dr. Jennifer Stow, Addgene
plasmid, 28009) (71). The A-431D line (from Prof. Keith Johnson, University of
Nebraska) over expresses EGFR but does not express endogenous classical cad-
herins (36). Cell stretching studies were also done with MCF10A cells, which
express typical levels of E-cadherin and EGFR. HEK293T cells were not used in
stretching studies because they do not form intact monolayers. Conversely,
A-431D cells were not used for FSI-FRET measurements because they express
endogenous EGFR.

FSI-FRET Measurements. FSI-FRETmeasurements were carried out as described
(35, 50), by imaging single cells under reversible osmotic stress. Amode-locked
laser (MaiTai, Spectra-Physics) that generates femtosecond pulses between
wavelengths 690 to 1,040 nm was used to excite the fluorophores (72, 73).
Each cell was imaged twice, at the wavelengths of 840 and 960 nm, to excite
the donor and the acceptor, respectively (72, 73). Only regions of the cell
membrane not in contact with neighboring cells, far from intercellular junc-
tions, were imaged. The concentrations of membrane receptors in the plasma
membrane were quantified with a calibration curve that was generated with
solutions of purified fluorescent proteins (35). The fluorescent proteins,
mTurquoise and eYFP, were produced as described (74), and solutions of each
were made at known 3D concentrations and imaged at the wavelengths of
840 and 960 nm. Linear calibration curves of the pixel-level intensities versus
the known concentrations were generated in order to convert the effective
3D protein concentration into two-dimensional protein concentrations at the
plasma membrane (35, 75). Thus for each selected region of the cell
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Fig. 6. Cartoon representations of the hetero-interaction models consid-
ered for the E-cadherin/EGFR complex and proposed mechanism of force-
activated EGFR signaling. (A) Heterodimer model consisting of one
E-cadherin and one EGFR molecule. (B) Heterotrimer (i) model consisting of
two E-cadherins and one EGFR. (C) Heterotrimer (ii) model consisting of one
E-cadherin and two EGFR molecules. (D) Heterotetramer model consisting of
two E-cadherin and two EGFR molecules. (E) Proposed model of E-cadherin/
EGFR complex formation and EGFR activation by mechanically perturbing
E-cadherin receptors. E-cadherin homodimers sequester EGFR monomers at
the plasma membrane. Applied force on homophilic E-cadherin bonds trig-
gers EGFR dissociation and frees EGFR monomers to dimerize, bind EGF
ligand, and signal. Soluble EGF can also disrupt the complex by shifting the
equilibrium in favor of the more stable, ligand-bound EGFR state.
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membrane, we calculated the FRET efficiency, donor concentration, and
acceptor concentration (35). These data from>100 cells were thenfit to differ-
ent receptor oligomerization models to identify the oligomerization state
(monomer, dimer, trimer, etc.) and the stoichiometry of receptors in
the complex.

Hetero-interaction models were fit to the experimental FRET data using a
two-step process. The fits identified the optimal values for the two unknown
parameters: the association constant (K) and the Intrinsic FRET (~E). In the first
step, the value of the Intrinsic FRET was fixed, and a nonlinear least squares fit
determined the association constant. This process was repeated at discreet val-
ues of ~E in 0.01 increments. Then in the second step, the MSE was calculated
for each of the resulting pairs of ~E and K values. The values of ~E and K that
minimize the MSE value are considered the best-fit values for that particular
model. This entire process is repeated for each heterointeraction model (Fig. 6
A–D), and the resulting MSE values are compared in Fig. 5E. More details of
the measurements and analyses, as well as the models and data fitting are in
SI Appendix,Methods.

Cell Stretching. Cell monolayers were mechanically perturbed with a home-
built cell-stretcher, described previously (76). Cells were seeded on protein-
coated, elastomeric, PDMS membranes in the configurations shown in Fig. 2
A–D. The PDMS coatings and experimental conditions are described in detail
in SI Appendix,Methods.

Co-IP and Western Blots. Co-IP measurements of E-cadherin and EGFR were
conducted using standard procedures. Immunoprecipitated proteins were
identified by Western blot after separation by sodium dodecylsulfate poly-
acrylamide gel electrophoresis. Monoclonal, rat anti-EGFR antibody (Cell Sig-
naling Technology, 4267) was used for Western blots of EGFR and for immu-
noprecipitation. Polyclonal, anti-phospho-EGFR (Tyr845) antibody (Fisher
Scientific, 44-784G) and monoclonal phospho-EGFR (Tyr1173) antibody (Cell

Signaling Technology, 4407) was used to detect EGFR phosphorylation. EGFR
phosphorylation was also assessed with an EGFR phosphorylation array
(Ray Biotech). Immunoblots and immunoprecipitation measurements of
E-cadherin used monoclonal anti–E-cadherin (Fisher Scientific, BDB610181).
Phospho-Erk1/2 and total Erk1/2 were detected with polyclonal phospho-p44/
42 MAPK antibody (Cell Signaling Technology, 9101S) and monoclonal p44/42
MAPK antibody (Cell Signaling Technology, 4695). Additional details are in SI
Appendix,Materials andMethods.

Statistical Analysis. In FSI-FRET measurements, more than 100 cells were
analyzed per condition. The significance for FSI-FRETmeasurements was calcu-
lated by ANOVA and a Tukey test for multiple comparisons using the Graph-
Pad Prism 8 software. A P < 0.05 was set as the standard for significance (n.s.
indicates P ≥ 0.05, * indicates P = 0.01 to 0.05, ** indicates P = 0.001 to 0.01,
*** indicates P = 0.0001 to 0.001, and **** indicates P < 0.0001). Bartlett’s
test was used to confirm the homogeneity of the variances across the
data sets.

Band intensities in Western blots were analyzed with ImageJ software. The
relative band intensities for the Co-IP assays and for EGFR and Erk1/2 phos-
phorylation assays were calculated with Microsoft Excel. P values were calcu-
lated using the two-tailed Student’s t tests, with P < 0.05 as the standard for
significance. The SEM was calculated from the SD between sample sets and
was included in all the relative intensity graphs for the immunoblots. Results
acquired represent a minimum of three experimental replicates for statistical
analysis. Additional information is provided in the text and figure legends.

Data Availability. All data included in the article and/or SI Appendix.
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