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The survival and growth of squamous epithelial cells
require signals generated by integrin-matrix interac-
tions. After conversion to squamous cell carcinoma,
the cells remain sensitive to detachment-induced
anoikis, yet in tumor cell aggregates, which are ma-
trix-deficient, these cells are capable of suprabasal
survival and proliferation. Their survival is enhanced
through a process we call synoikis, whereby junc-
tional adhesions between neighboring cells generate
specific downstream survival signals. Here we show
that in squamous cell carcinoma cells, E-cadherin-
mediated cell-cell contacts specifically induce acti-
vation of epidermal growth factor receptor (EGFR).
EGFR activation in turn triggers the ERK/MAPK sig-
naling module , leading to elevation of anti-apop-
totic Bcl-2. After intercellular adhesion, formation
of adherens junctions triggers the formation of
E-cadherin-EGFR complexes , correlating with EGFR
transactivation. Analysis of the process with a
dominant-negative EGFR mutant indicated that ac-
tivation of EGFR is ligand-independent. Our data
implicate cell-cell adhesion-induced activation of
EGFR as a cooperative mechanism that generates
compensatory survival signaling, protecting malig-
nant cells from detachment-induced death. (Am J
Pathol 2004, 165:1315–1329)

Survival of normal epithelial cells depends on signals
generated by the interaction of these cells with a thin
extracellular matrix called the basement membrane. In
the absence of these signals, the cells die, exhibiting
molecular characteristics of apoptosis.1,2 This form of
apoptosis is also called anoikis, or “death of homeless-
ness,” because it is believed to preclude epithelial cells
from reattachment and growth outside their proper tissue
context.3,4 By contrast, many cancer cells of epithelial

origin are anoikis resistant: they can survive in the ab-
sence of contact with the basement membrane inside
three-dimensional tumor nests and in the absence of
matrix attachment during metastasis.5 Therefore, acqui-
sition of anoikis resistance plays an essential role in the
progression of certain cancers.

Some of the mechanisms that confer anoikis resistance
on epithelial cells during tumor progression have been
described.6–9 Our previous work implicated E-cadherin-
mediated cell-cell adhesion in protecting oral squamous
cell carcinoma (SCC) cells from anoikis.10 However, the
exact mechanism of E-cadherin-mediated anoikis resis-
tance is unclear. Because cadherins lack enzymatic ac-
tivity, their ability to induce cell survival signals may de-
pend on their association with other signaling systems.
E-cadherin can physically associate with a number of
signaling effectors, such as PI3K and PTP1B, in adherens
junctions.11,12 In this study we focused on the potential
role of the growth factor receptor tyrosine kinase, epider-
mal growth factor receptor (EGFR), because it is well
known that in most oral SCCs and in cell lines established
from these tumors EGFR is overexpressed13 and that
EGFR can complex with E-cadherin14 leading to acti-
vated EGFR.15 We hypothesized that E-cadherin-medi-
ated cell-cell adhesion transactivates EGFR and that ac-
tivation of EGFR and the downstream pathways promotes
survival and resistance to anoikis.

To test this hypothesis, we used a three-dimensional
multicellular model of SCC in which cells are cultured in the
absence of adhesive substrate yet form complex cell-cell
adhesive interactions.10 We first performed experiments to
confirm that EGFR is activated on E-cadherin-mediated
cell-cell contact formation in SCC cells and that this EGFR
activation is mediated by E-cadherin. Using specific phar-

Supported by the National Institutes of Health (grants DE11436 and
DE13904 to R.K.) and the Graduate Program in Oral and Craniofacial
Sciences (to X.S.).

Accepted for publication June 24, 2004.

Address reprint requests to Randall H. Kramer, Ph.D., Departments of
Stomatology and Anatomy, Schools of Medicine and Dentistry, University
of California at San Francisco, Box 0512, Room HSW-604, San Francisco,
CA 94143-0512. E-mail: rkramer@itsa.ucsf.edu.

American Journal of Pathology, Vol. 165, No. 4, October 2004

Copyright © American Society for Investigative Pathology

1315



macological inhibitors, we confirmed that activation of
EGFR and the downstream MAPK pathway is required for
E-cadherin-mediated anoikis resistance in SCC cells. In
search of an underlying mechanism(s) by which E-cadherin
transactivates EGFR, we found evidence that E-cadherin-
mediated EGFR activation is ligand-independent and is
related to E-cadherin/EGFR complex formation and cluster-
ing. Taken together, our results suggest that E-cadherin-
mediated cell-cell adhesion promotes cell survival through
ligand-independent activation of EGFR and the down-
stream MAPK pathway.

Experimental Procedures

Materials

Human recombinant epidermal growth factor (EGF) was
from Invitrogen, Carlsbad, CA. Pharmacological inhibi-
tors of EGFR (tyrphostin AG1478) were from Calbiochem
(La Jolla, CA), MEK1/2 inhibitor (U0126) from Promega
(Madison, WI), and PI3K inhibitor (LY294002) from Cell
Signaling Technology, Beverly, MA. A mouse anti-E-cad-
herin monoclonal antibody (mAb) (HECD-1; obtained
from M. Takeichi, Kyoto University, Japan) was used in
immunoprecipitation, immunofluorescence staining, and
antibody inhibition and clustering experiments. Anti-hu-
man E-cadherin (rat mAb, E9; obtained from C. Damsky,
University of California, San Francisco, CA) was used in
Western blotting. Anti-mouse E-cadherin (rat mAb
ECCD-2; Zymed, South San Francisco, CA) was used in
fluorescence-activated cell-sorting (FACS) analysis and
immunofluorescent staining. Anti-EGFR and tyrosine-
phosphorylated EGFR (activated EGFR) (mAb clones 13
and 74, respectively; Transduction Laboratories, Lexing-
ton, KY) were used in Western blotting and immunofluo-
rescence staining. Antibodies raised against the extra-
cellular domain of EGFR (Ab-11; NeoMarkers, Freemont,
CA) were used in Western blotting. Antibodies against
phospho-MAPK (phospho-p44/42-Thr202/Tyr204; Cell
Signaling Technology) and MAPK (anti-pan-ERK mAb;
Transduction Laboratories) were used in Western blot-
ting. A mouse anti–Bcl-2 mAb (ascites; DAKO, Carpinte-
ria, CA) was used in immunoprecipitation and Western
blotting. A polyclonal antibody to Bax (Ab-1; Oncogene
Research, Boston, MA) and to Bcl-xL (BD Biosciences)
was used in Western blotting. For loading control, a
mouse anti-tubulin mAb (Ab-4; NeoMarkers) was used in
Western blotting.

Cell Culture

The human oral SCC cell lines HSC-3 and HOC-313,
clones D1 and C8, have been described previously.16

Cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (Gem-
ini, Woodland, CA). HOC-313 cells were cloned by serial
dilution of a single-cell suspension plated in 96-well
plates. Single-cell clones were randomly selected for
further culture.

Cell monolayer cultures were prepared by seeding 6 �
105 cells in tissue culture dishes (10 cm; Falcon). For the
culture of HSC-3 and C8 cells in suspension, monolayers
were trypsinized the day before and then briefly treated
with 5 mmol/L ethylenediaminetetraacetic acid (EDTA) to
prepare single cells. To generate multicellular aggre-
gates (MCAs), cells were then plated on polyhydroxyl-
ethyl-methacrylate (poly-HEMA)-coated 10-cm dishes
(2 � 106 cells/dish) in the presence of Dulbecco’s mod-
ified Eagle’s medium supplemented with 0.5% fetal bo-
vine serum. To produce suspended single-cell cultures,
cells were suspended in semisolid medium consisting of
0.5% fetal bovine serum/Dulbecco’s modified Eagle’s
medium containing 1.5% methylcellulose (Sigma, St.
Louis, MO) at 6 � 105 cells per 10-cm poly-HEMA-coated
dish. For harvesting of single cells in methylcellulose,
cultures were diluted with two parts of phosphate-buff-
ered saline (PBS) and centrifuged at 900 � g.

Recombinant Adenovirus Infection

The infection of HSC-3 cells by recombinant adenoviral
vectors was performed as described previously.17

Briefly, the recombinant adenoviral vectors carrying
EGFR-CD533 or green fluorescent protein (GFP) (gifts
from K. Valerie, Virginia Commonwealth University, Rich-
mond, VA) were added to HSC-3 cells at a multiplicity of
infection of 100. Cells were then incubated for 24 hours
before further experiments to ensure adequate expres-
sion of the genes of interest.

Transfection

We generated the E-cadherin or Bcl-2 expression vectors
by taking the full-length mouse E-cadherin cDNA or hu-
man Bcl-2 cDNA and subcloning into the pcDNA3 vector
(Invitrogen). For constitutive expression of E-cadherin or
Bcl-2, 1 � 106 E-cadherin-negative C8 cells or HSC-3
cells were transfected with 4 �g of pcDNA3/E-cadherin
vector or pcDNA3/Bcl-2 vector, respectively, using the
Lipofectamine Plus kit (Life Technologies, Inc., Grand
Island, NY) according to the manufacturer’s protocol.
Stable transfected cells were selected in 800 �g/ml of
G418 (Life Technologies, Inc.) for 2 weeks. Because the
Bcl-2-transfected cells exhibit a slightly higher rate of
proliferation (data not shown), we were able to isolate a
cell population after several more passages that ex-
pressed elevated levels of ectopically expressed Bcl-2,
which was confirmed by immunoblot analysis. To enrich
for E-cadherin expressing C8 cells, the population of
transfected cells was processed for two cycles of FACS
after labeling with ECCD-2 anti-E-cadherin mAb.

Immunofluorescence Staining

HSC-3 cells were plated as MCA culture for the indicated
times and then transferred onto poly-L-lysine-coated
glass coverslips and incubated for 30 minutes at 37°C.
After washing with 0.1 mmol/L Na3VO4 in PBS, cells were
fixed and permeabilized for 15 minutes at room temper-
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ature with 4% paraformaldehyde and 0.1% Triton X-100.
Cells were stained with primary antibodies and counter-
stained by either fluorescein- or rhodamine-labeled sec-
ondary antibodies. Analysis was performed with a confo-
cal microscope (Bio-Rad, Richmond, CA).

Immunoprecipitation and Immunoblotting

Immunoprecipitation and immunoblotting were per-
formed as described previously.16 Cells were lysed in
RIPA buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl, pH
7.5, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 5
mmol/L EDTA, 2 mmol/L phenylmethyl sulfonyl fluoride, 1
mmol/L aprotinin, 1 mmol/L leupeptin, 10 mmol/L sodium
pyrophosphate, 10 mmol/L sodium fluoride, and 1
mmol/L sodium vanadate). Cell lysates were processed
for immunoprecipitation with specific antibody. The im-
munoprecipitates or total cell lysates were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to Immobilon membranes, and
probed with appropriate antibodies. Immunoreactive
bands were visualized using enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, NJ).

Antibody Clustering Assay

HSC-3 cells grown to near confluence were serum-
starved overnight. For antibody-mediated clustering,
cells were harvested from culture with 5 mmol/L EDTA,
washed with PBS, and plated on poly-HEMA-coated
dishes. The cells in suspension were incubated for 30
minutes at 4°C with a predetermined saturating concen-
tration of HECD-1 antibody (20 �g/ml) in serum-free me-
dium. The cells were then incubated with 5 �g/ml of goat
anti-mouse IgG for various times at 37°C to induce clus-
tering of E-cadherin. At the end of each time period, the
cells were washed with ice-cold PBS containing 10
mmol/L NaF, 10 mmol/L Na4P2O7, and 0.5 mmol/L
Na3VO4, and lysed with RIPA buffer, followed by immu-
noblotting.

Apoptosis and Viability Assays

To assay for intranucleosomal DNA cleavage, cells were
grown as monolayers, suspended single cells, or MCAs
for the indicated times. Cells were then collected from
poly-HEMA dishes by pipetting or from tissue culture
dishes by scraping into the medium in which they had
been incubated. In monolayer cultures, floating cells
were collected and combined with the attached cells
before DNA extraction. Harvested cells were then pro-
cessed for the DNA-laddering assay and a FACS-based
terminal dUTP nick-end labeling (TUNEL) assay. For in-
tranucleosomal DNA laddering, genomic DNA was ex-
tracted using a Suicide Track DNA Ladder isolation kit
(Oncogene Research). Samples were then analyzed in a
1.5% agarose gel. For the TUNEL assay, cells (2 � 106)
were fixed for 15 minutes in 1% paraformaldehyde in
PBS, followed by 30-minute fixation in 70% ethanol. The
fixed cells were then washed, stained with FITC-dUTP,

and treated with propidium iodide/RNase using an APO-
Direct kit (Pharmingen, La Jolla, CA), followed by flow
cytometric analysis using a FACScan Analyzer (Becton
Dickinson, Mountain View, CA).

To assess the proportion of cells that not only survived
but also regained proliferative ability after suspension,
cells from suspension cultures were replated at low cell
density on tissue culture plates in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum. The clonogenic and proliferative ability of cells
that reattached after plating was determined 3 days later
by crystal violet staining and counting of colonies.

Results

E-Cadherin-Mediated Cell-Cell Adhesion
Activates EGFR

We have previously shown that survival after loss of at-
tachment to the extracellular matrix requires E-cadherin-
mediated intercellular adhesion. In the current study, we
first examined the dynamics of E-cadherin and EGFR
distribution, because the two receptors have been re-
ported to be associated as a complex in SCC cells.14,15

Previously we had reported that when HSC-3 cells were
plated on poly-HEMA-coated dishes, the cells gradually
formed E-cadherin-mediated aggregates, beginning with
single cells that subsequently formed small aggregates
of a few cells by 3 hours that had begun to compact by 6
hours, collected into large, irregular clumps of cells by 12
hours, and condensed into spherical MCAs between 15
and 24 hours.10,16 Analysis of the distribution of E-cad-
herin and EGFR by confocal microscopy showed that in
freshly detached cells, both receptors were diffusely and
uniformly distributed, with no evidence of patching (Fig-
ure 1A, a). As intercellular adhesion proceeded, the re-
ceptors began to co-localize at the cell-cell boundaries
by as early as 3 hours (Figure 1A, b). However, there was
a fraction of cells that had just started to form adhesions
in which E-cadherin and EGFR remained evenly dis-
persed around the cell periphery (Figure 1A, c). In some
cases it appeared that E-cadherin was more enriched at
the junctional areas compared to EGFR (Figure 1A, b). By
6 hours much of E-cadherin and EGFR had co-distributed
at sites of cell-cell adhesion, and had disappeared from
cell surface areas that were devoid of cell-cell contact
(Figure 1A, d and e).

That EGFR was rapidly concentrated at cell-cell con-
tacts in MCAs prompted us to investigate whether E-
cadherin-mediated intercellular adhesion induces EGFR
phosphorylation and activation. After cells started to form
MCAs, phosphorylated EGFR (p-EGFR), visualized with
specific antibodies, was detectable at cell-cell adhesion
sites by 3 hours but was the intensity was weak and
variable (Figure 1A, c). However, by 6 hours a strong
signal for p-EGFR was detected in most cell aggregates
(Figure 1A, e).

To confirm that phosphorylated EGFR detected at cell-
cell junctions represented transactivation of the receptor,
we analyzed the level of activated EGFR during the for-
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Figure 1. E-cadherin-mediated cell-cell adhesion induces EGFR activation. A: HSC-3 cells were cultured as MCAs for 0.5 hours (a), 3 hours (b, c), or 6 hours (d, e)
and then transferred onto glass coverslips and immunolabeled for EGFR, E-cadherin, or activated EGFR (p-EGFR) as indicated. In C, which represents the early stage of
cell aggregation, the top frame stained for E-cadherin is of a different cell pair than the others. Specimens were analyzed by confocal microscopy, and representative
images are shown. B: Immunoblot analysis of activated EGFR during MCA formation. As controls, HSC-3 cells were cultured in suspension as single cells (SCs) for 24
hours or treated with 1 �mol/L tyrphostin AG1478 for 24 hours in MCA culture. Relative protein densities of phosphorylated EGFR were determined; EGFR kinase activity
is expressed as fold induction relative to the HSC-3 MCA at 0 hours. Data reported here are representative of four independent experiments. C: Effect of anti-E-cadherin
mAb on HSC-3 MCA formation. HSC-3 cells were plated as MCA culture in the absence or presence of 50 �g/ml anti-E-cadherin mAb HECD-1 for 24 hours. D: HSC-3
cells were plated as MCA culture in the presence of 50 �g/ml anti-E-cadherin mAb HECD-1 or mouse IgG for 24 hours. Equivalent protein was immunoblotted with mAbs
to phospho-EGFR and total EGFR.
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mation of aggregates by immunoblotting with antibodies
specific for tyrosine-phosphorylated EGFR (Figure 1B).
At the time of plating, activated EGFR was at basal levels.
After the gradual formation of cell aggregates, there was
a parallel induction of EGFR activation evident at 6 hours
and persisting at even higher levels at the 12- and 24-
hour time points. In contrast, phosphorylated EGFR in
suspended single cells remained at low levels throughout
this time period. To test whether cell-cell adhesion was
correlated with intrinsic receptor kinase activity, we used
tyrphostin AG1478, a specific inhibitor of EGFR kinase
activity.18 Incubation with 1 �mol/L AG1478 abolished
EGFR activation in aggregates at 24 hours (Figure 1B).
Together, these results suggest that cell-cell adhesion
leads to EGFR activation at sites of E-cadherin engage-
ment and that adhesion-mediated EGFR activation re-
quires receptor kinase activity.

To establish the role of E-cadherin in EGFR activation,
HSC-3 cells were treated with inhibiting anti-E-cadherin
antibody HECD-1 (50 �g/ml) before plating and during
MCA formation. In the presence of HECD-1, the formation
of the large, compact aggregates was severely inhibited
at 24 hours (Figure 1C). As shown in Figure 1D, hindering
E-cadherin engagement with blocking antibodies ablated
EGFR activation detected in immunoblots, whereas the
control IgG was without effect. Therefore, the activation of
EGFR after cell-cell adhesion formation is dependent on
functional E-cadherin.

E-Cadherin-Mediated EGFR Activation
Promotes Anoikis Resistance

MCAs of HSC-3 cells were resistant to apoptosis,
whereas suspended single cells rapidly underwent
anoikis, as detected by the extensive DNA laddering
typical of apoptotic intranucleosomal cleavage (Figure
2A, lanes 2 and 4). To test whether E-cadherin-depen-
dent EGFR activation provides the survival signal in ag-
gregates, we incubated cells with tyrphostin AG1478.
EGFR blockade with 1 �mol/L AG1478 induced apopto-
sis in HSC-3 cell aggregates cultured for 48 hours, indi-
cated by DNA laddering (Figure 2A, lane 3). The DNA
laddering induced by AG1478 was similar to that of
HSC-3 single cells cultured in suspension (Figure 2A,
lane 4). By contrast, AG1478-treated HSC-3 monolayer
cells showed no evidence of apoptosis (Figure 2A, lane
5). Next, we analyzed DNA fragmentation to identify ap-
optotic cells by TUNEL assay. Again, AG1478 treatment
dramatically increased the percentage of TUNEL-positive
cells in HSC-3 MCAs at 48 hours (Figure 2B). Control
monolayer HSC-3 cells showed low levels of TUNEL-
positive cells, whereas, after suspension as single cells
for the same time period, more than 40% of the cells were
apoptotic.

To further test the idea that E-cadherin engagement
can induce EGFR activation and rescue cells from apo-
ptosis, we exogenously expressed mouse E-cadherin in
E-cadherin-negative C8 cells, a SCC cell line that fails to
forms poor intercellular adhesions and undergoes apo-
ptosis in suspension.10 The E-cadherin-transfected C8

(C8/E-cad) cells expressed high levels of the receptor
(Figure 3A). To determine whether the exogenously trans-
fected E-cadherin co-localizes with EGFR at cell-cell
boundaries, aggregates of C8/E-cad cells were pro-
cessed for immunofluorescence analysis. Similar to what
was observed with HSC-3 MCAs (Figure 1A), we found
that in C8/E-cad MCAs the EGFR was also co-localized
with E-cadherin and that significant levels of phosphory-
lated EGFR was detected by immunolabeling at cell-cell
junctions (Figure 3B). In parental C8 cells that poorly
aggregate, the distribution of EGFR remained uniformly
distributed when cells are in suspension (data not
shown). Next, EGFR activation was assessed by immu-
noblotting for EGFR tyrosine phosphorylation in the C8/
E-cad cells after they were plated as MCAs for 24 hours.
No EGFR activation was detected in MCAs from E-cad-
herin–negative C8 cells, but strong phosphorylation of
EGFR was induced in MCAs from C8/E-cad cells (Figure
3C). The level of EGFR activation was nearly as intense
as that generated in high-E-cadherin-expressing D1
cells, a positive control. Subsequently we analyzed the
effect of ectopically expressed E-cadherin on survival in
suspension by TUNEL assay in which the C8/E-cad cells
showed enhanced resistance to anoikis (Figure 3D).
Whereas �33% of C8 cells cultured in suspension were
TUNEL-positive, only 9.6% of the C8/E-cad cells were
apoptotic. Again, this enhanced anoikis resistance of
C8/E-cad cells was reversed by EGFR kinase blockade
with tyrphostin AG1478 (22.7%). Therefore, ectopic ex-
pression of E-cadherin is able to induce EGFR activation
in C8 MCAs and partially rescue the C8 cells from
anoikis.

E-Cadherin-Mediated Adhesion Leads to
ERK/MAPK Activation

Among downstream pathways of EGFR, MEK/MAPK
(ERK1/2) and PI3K/Akt pathways are believed to be the
main pathways involved in cell survival.19 We tested
whether E-cadherin-dependent phosphorylation of EGFR
activates these two pathways. After induction of cell-cell
adhesion, there was a progressive and sustained eleva-
tion of phosphorylated ERK1/2 that was evident as early
as 6 hours and peaked at �24 hours (Figure 4A). This
time-course activation of ERK1/2 closely paralleled EGFR
activation after aggregate formation. Moreover, inhibition
of EGFR kinase activity with 1 �mol/L tyrphostin AG1478
abolished ERK1/2 phosphorylation, indicating that
ERK1/2 activation in MCAs was induced by EGFR trans-
activation (Figure 4B). To determine whether downstream
MAPK phosphorylation is required for the survival of
MCAs in suspension, we used U0126, a specific MEK
inhibitor, and measured DNA fragmentation by TUNEL
assay to quantify apoptotic cells. As shown in Figure 4B,
10 �mol/L U0126 blocked ERK1/2 phosphorylation in
HSC-3 cell aggregates. At this concentration, U0126 also
induced apoptosis in HSC-3 aggregates at 48 hours
(Figure 4C).

In contrast to the robust ERK1/2 activation after inter-
cellular adhesion, phosphorylated Akt was not detected
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at significant levels in MCAs (Figure 4D). However, Akt activation was readily observed in substrate-adherent
HSC-3 monolayer cells, and the level of activated Akt was
strongly elevated after EGF treatment. The apparent lack
of a role for Akt in cell-cell adhesion-induced survival is
also suggested by the effect of the specific PI3K inhibitor
LY294002, which had no detectable effect on MCA cell
survival measured by both TUNEL assay (Figure 4C) and
DNA laddering assay (Figure 4E). In contrast, treatment
of MCAs with AG1478 to block EGFR, or with U0126 to
inhibit MAPK, induced apoptosis as evidenced by exten-
sive DNA laddering. These findings imply that MCA cell
survival depends primarily on the E-cadherin/EGFR/
MAPK signaling pathway.

Adhesion-Dependent EGFR and MAPK
Activation Regulates Bcl-2 Expression

Previously we found that the level of anti-apoptotic Bcl-2
protein is elevated in response to E-cadherin-mediated
adhesion.10 These results indicated that the susceptibility
to apoptosis in suspended single cells is correlated with
the loss of Bcl-2 expression. To test whether E-cadherin-
mediated adhesion regulates Bcl-2 expression via the
EGFR/MAPK pathway, we treated HSC-3 aggregates
with either EGFR inhibitor AG1478, MAPK inhibitor
U0126, or PI3K inhibitor LY294002 (Figure 5A). As ex-
pected, both monolayers and MCAs exhibited high Bcl-2
levels. But after treatment with either AG1478 or U0126,
the level of Bcl-2 decreased drastically, whereas the level
of Bax remained relatively constant. The Bcl-2/Bax pro-
tein ratio decreased by more than threefold in MCAs after
blockade of EGFR or MAPK. Consistent with what we
observed above, treatment with LY294002 did not affect
the Bcl-2/Bax protein ratio in MCAs, further suggesting
that PI3K/Akt pathway was not essential for E-cadherin-
mediated cell survival. We also examined the levels of the
related Bcl-2 family member, Bcl-xL (Figure 5B). Bcl-xL
also showed high levels of expression after MCA forma-
tion but was down-regulated in suspended single cells
paralleling the response seen for Bcl-2.

To establish whether elevated Bcl-2 is linked to HSC-3
cell survival, we stably transfected HSC-3 cells with
Bcl-2. Overexpression of Bcl-2 in HSC-3 cells was then
confirmed by Western blotting (Figure 5C). Compared
with control cells, Bcl-2 protein levels were much higher
in both monolayer and single-cell suspension culture of
Bcl-2-transfected cells. Importantly, in viability assays,
when both cell lines were subjected to single-cell sus-
pension for 48 hours and then replated onto culture
dishes, no visible colonies of control cells survived (Fig-

Figure 2. Cell-cell adhesion-induced EGFR activation suppresses anoikis. A:
DNA fragmentation of HSC-3 cells. HSC-3 cells were plated as MCA culture in
the absence or presence of 1 �g/ml AG1478 for 48 hours (lanes 2 and 3).
Suspended single cells (SC) alone (lane 4) and monolayers (ML) cultured for
48 hours in the presence of 1 �mol/L AG1478 (lane 5) were used as controls.
The DNA laddering assay for intranucleosomal DNA cleavage was performed
as described in Experimental Procedures. Lane 1: Standard 100-bp DNA
ladder. B: TUNEL analysis of AG1478-treated HSC-3 cells. HSC-3 cells were
plated as ML, MCA, or SC culture for 48 hours before TUNEL analysis.
AG1478 (1 �mol/L) was added to the culture as indicated. Values represent
the apoptotic cell fractions (%) that stained positive with FITC-dUTP.
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ure 5D). However, in the Bcl-2-transfected cells, a signif-
icant number of cells were able to survive and proliferate
to form colonies after replating. Similarly, mock-trans-
fected HSC-3 cells were unable to survive (data not
shown). Next, we used a TUNEL assay to analyze the
effect of Bcl-2 overexpression on anoikis. As shown in
Figure 5E, in contrast to control cells, which progressed
to apoptosis as single cells, cells overexpressing Bcl-2
exhibited a marked reduction in anoikis. Taken together,
these results suggest that EGFR and MAPK activation is
required for an elevated Bcl-2/Bax protein ratio in cell

aggregates and that Bcl-2 seems to be sufficient to pro-
vide protection from anoikis.

Cross-Linking of E-Cadherin Activates EGFR

To test the role of E-cadherin in EGFR activation directly,
we induced E-cadherin cross-linking by antibody-medi-
ated clustering assay (Figure 6). In these experiments,
HSC-3 cells in single-cell suspension culture were first
treated with E-cadherin mAb, followed by incubation with

Figure 3. Ectopic expression of E-cadherin rescues E-cadherin-negative cells from anoikis. A: FACS analysis of E-cadherin-transfected C8 (C8/E-cad) cells.
E-cadherin-negative C8 cells are shown as a control. B: C8/E-cad cells were cultured as MCAs for 6 hours and then transferred onto glass coverslips and
immunostained for EGFR (green), and E-cadherin or activated EGFR (p-EGFR) (red). C: Immunoblot analysis of activated EGFR in E-cadherin-transfected C8 MCAs
at 24 hours. E-cadherin-positive D1 and E-cadherin-negative C8 MCAs are shown as controls. D: TUNEL analysis of E-cadherin-transfected C8 MCAs at 48 hours.
D1 and C8 MCAs are shown as controls.
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a secondary cross-linking antibody. Treatment of sus-
pended single cells with anti-E-cadherin antibodies in-
duced a rapid EGFR activation that was first evident by
15 minutes after cross-linking and plateaued by 45 min-
utes. After 45 minutes the level of active EGFR appeared
to decline, suggesting that antibody-induced EGFR acti-
vation is transient, perhaps because of rapid endocytosis
of the receptor, which is likely to occur after antibody-
induced crosslinking. In contrast, HECD-1 mAb or anti-
mouse IgG alone failed to trigger EGFR activation. These
findings clearly show that the activation of EGFR can
occur in the absence of cell-cell adhesion when E-cad-
herin is artificially ligated and crosslinked with specific
antibody. Obviously this approach does not mimic the
complexity that occurs at cell-cell junctional assemblies,
but does suggest a mechanism dependent on receptor
crosslinking and that this event is sufficient to induce
EGFR transactivation.

Adhesion-Induced Activation of EGFR Is
Ligand-Independent

The finding that artificial cross-linking of E-cadherin di-
rectly induces EGFR activation suggests that adhesion-
induced EGFR activation occurs through a process that
does not involve the interaction of EGFR with a ligand.
Since it has been shown that EGFR transactivation can
occur through cleavage of EGF-like precursors,20 it was

important to establish in the current system that EGFR
activation proceeds via a ligand-independent event. To
test whether such a mechanism was occurring in MCAs,
we transduced HSC-3 cells with a recombinant adenovi-
ral vector containing EGFR-CD533. This EGFR truncation
mutant, which lacks the cytoplasmic COOH-terminal 533
amino acids that include the kinase domain, functions as
a dominant-negative.17,21 At high levels of expression,
this mutant should not only compete for ligands but also
will abrogate EGFR activation. HSC-3 cells transduced
with EGFR-CD533 were shown to abundantly express the
mutant by Western blotting with an antibody specific to
the extracellular domain of EGFR (Figure 7A). Nontrans-
duced and control GFP-transduced monolayer cells were
fully responsive to EGF, but cells overexpressing the
EGFR mutant became unresponsive to ligand (Figure
7A). This demonstrated that EGFR-CD533 was acting as
an effective dominant-negative. In contrast, when simi-
larly transduced cells were cultured as MCAs, the ex-
pression of this dominant-negative EGFR had no effect
on the progressive increase of EGFR phosphorylation
after MCA formation (Figure 7B). These results strongly
suggest that EGFR activation after cell-cell adhesion is
ligand-independent and is functionally different from li-
gand-induced receptor activation.

EGFR Forms Complexes with E-Cadherin at
Cell-Cell Junctions

Previous studies have shown that EGFR can be linked via
�-catenin to the cytoplasmic tail of E-cadherin.14 To in-
vestigate whether E-cadherin and EGFR form stable
complexes in MCAs, MCA cell lysates were processed
for immunoprecipitation with anti-E-cadherin mAb, fol-
lowed by immunoblotting with anti-EGFR antibodies. That
EGFR was effectively recovered in the anti-E-cadherin
immunoprecipitates (Figure 8A) indicates that E-cadherin
and EGFR can physically associate. Importantly, al-
though the amount of EGFR co-immunoprecipitating with
E-cadherin was low in monolayer cells or when the sus-
pended cells were initially plated, the level of EGFR-
cadherin complex formation gradually increased as
MCAs were forming (6 to 12 hours) and became maximal
at 24 to 48 hours. The increase in EGFR co-immunopre-
cipitating with E-cadherin paralleled the increase in acti-
vated EGFR co-immunoprecipitating with E-cadherin,
suggesting that EGFR activation correlates with E-cad-
herin-EGFR complex formation at cell-cell contacts. The
phospho-EGFR/EGFR protein ratio confirmed that the
specific activity of the receptors remained fairly constant
throughout 48 hours. The reblotting with anti-E-cadherin
antibody after stripping of the membrane confirmed that
the differences in EGFR association were not caused by
the variation in the amount of E-cadherin recovered in the
immunoprecipitates. When the total cell lysates were an-
alyzed by immunoblotting, the relative level of E-cadherin
was found to increase during MCA formation whereas the
EGFR level remained relatively constant. To measure the
distribution of activated EGFR between cadherin-bound
and cadherin-free pools under different culture condi-

Figure 4. EGFR-dependent ERK/MAPK activation in HSC-3 cell aggregates.
A: ERK1/2-MAPK activation pattern in HSC-3 MCAs was determined as
described in Experimental Procedures. B: Effect of AG1478 on ERK1/2
phosphorylation. HSC-3 cells were plated as MCA culture in the absence or
presence of 1 �mol/L AG1478 for 24 hours before protein extraction. The
MEK inhibitor U0126 at 1 and 10 �mol/L was used as the control. C: TUNEL
analysis of 10 �mol/L U0126-treated or 50 �mol/L LY294002-treated HSC-3
MCAs at 48 hours as described in Experimental Procedures. D: Akt activation
pattern in HSC-3 MCAs using specific antibodies. E: DNA fragmentation of
HSC-3 cells. HSC-3 cells were plated as MCA culture in the presence of 50
�mol/L LY294002, 10 �mol/L U0126, or 1 �g/ml AG1478 for 48 hours.
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Figure 5. Analysis of Bcl-2 family proteins in HSC-3 cell aggregates. A: HSC-3 cells were plated as MCA culture in the presence of 1 �mol/L AG1478, 10 �mol/L
U0126, or 50 �mol/L LY294002 for 24 hours before cell lysates were processed for immunoprecipitation and immunoblotting with anti-Bcl-2 mAb. Equivalent
protein was also immunoblotted with anti-Bax antibody, and the relative density of the Bcl-2/Bax protein ratio was determined. Data reported here are
representative of three independent experiments. B: Immunoblot analysis of Bcl-xL in HSC-3 cells cultured as monolayers (ML), MCAs, or as suspended single
cells (SC) for the indicated times. C: Immunoblot analysis of Bcl-2 in Bcl-2-transfected HSC-3 cells cultured as monolayers (ML) or as suspended single cells (SC).
Controls were normal HSC-3 cells cultured as monolayers or as suspended single cells. D: Clonal growth of control HSC-3 cells or of Bcl-2-transfected HSC-3 cells
recovered after 48 hours of single-cell suspension culture. E: TUNEL analysis of Bcl-2-transfected HSC-3 cells cultured as suspended single cells for 48 hours.
Normal HSC-3 monolayers and suspended single cells were used as controls.
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tions, cell lysates were first exhaustively immunoprecipi-
tated with anti-E-cadherin mAb, followed by sequential
immunoprecipitation with anti-EGFR antibodies. The E-
cadherin and EGFR immunoprecipitates were then blot-
ted with EGFR-specific antibodies. For EGF-stimulated
monolayer cells, the majority of the activated EGFR
was not associated with E-cadherin but rather was
recovered in the E-cadherin-depleted cell lysate frac-
tion. Similarly, the low level of activated EGFR in the
control monolayer cells was partitioned in the E-cad-
herin-depleted fraction (Figure 8B). In contrast, for
MCAs, nearly all of the activated EGFR was complexed
with E-cadherin, with only a minor fraction recovered in
the E-cadherin-depleted fraction. Consistent with this
finding was an increase in total EGFR recovered in the
E-cadherin immunoprecipitates from MCAs. It was
found that the amount of EGFR/E-cadherin complex
represented only a small fraction of total cellular EGFR
(�13%) even when the cells had formed mature ag-
gregates (Figure 8B). In contrast, cultures of control
monolayers or EGF-treated monolayers, EGFR/E-cad-
herin complexes represented only �7% of total cellular
pool of EGFR. These results support the conclusion
that the cellular distribution of adhesion-induced and
ligand-independent EGFR activation is distinct from
that of EGF-induced activation and that as cell-cell
adhesion proceeds, the subset of EGFR complexed
with E-cadherin is transactivated.

As stated above, the dominant-negative EGFR mutant
EGFR-CD533 was unable to inhibit EGFR activation in
MCAs. To test whether EGFR-CD533 could complex with
E-cadherin as the wild-type receptor does, HSC-3 cells
were transduced with the cytoplasmic domain-truncated
mutant and permitted to form MCAs. EGFR is known to
associate with the cytoplasmic tail of E-cadherin via
�-catenin,14 presumably through a region in the EGFR
cytoplasmic domain. This seems to be the case because
only the wild-type EGFR, but not EGFR-CD533, could be
recovered in the anti-E-cadherin immunoprecipitates
(Figure 8C).

To further evaluate the potential role of EGFR acti-
vation in EGFR/E-cadherin complex formation and its
co-localization at cell-cell junctions, we used tyrphostin
AG1478 to specifically block EGFR kinase activity and
then analyze the receptor distribution by both immuno-

Figure 6. EGFR activation induced by E-cadherin cross-linking. HSC-3 cells
were detached with 5 mmol/L EDTA and kept in suspension in poly-HEMA-
coated dishes. After incubation for 1 hour at 4°C with a saturating concen-
tration of anti-E-cadherin HECD-1 mAb (50 �g/ml), surface clustering of
E-cadherin receptors was induced by further incubation with goat anti-
mouse IgG (5 �g/ml) for the indicated times at 37°C. Equivalent protein was
then immunoblotted with antibodies to activated EGFR (p-EGFR) and total
EGFR. Relative protein densities of activated EGFR were determined; EGFR
kinase activity is expressed as fold increase relative to the HSC-3 cells in
suspension. Data reported here are representative of three independent
experiments.

Figure 7. Intercellular adhesion induces ligand-independent activation of
EGFR. A: Dominant-negative EGFR-CD533 blocked EGF-induced EGFR ac-
tivation in HSC-3 monolayer. HSC-3 cells were infected with recombinant
adenoviruses to express either EGFR-CD533 or control GFP. Twenty-four
hours after initial infection, cells were serum-starved overnight and stimu-
lated with 15 ng/ml of EGF for 5 minutes. Data reported here are represen-
tative of three independent experiments. B: Dominant-negative EGFR-CD533
failed to inhibit EGFR activation in HSC-3 MCAs. HSC-3 cells were infected
with recombinant adenoviruses to express either EGFR-CD533 or control
GFP. Twenty-four hours after initial infection, cells were plated as MCA
culture for the indicated times. Data reported here are representative of three
independent experiments.
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labeling and immunoprecipitation. In the presence of
AG1478 we found that after 6 hours, HSC-3 cells were
able to form compacted cell aggregates to the same
extent as control cells. Importantly, the condensation of
EGFR and E-cadherin at MCA cell-cell boundaries in
the presence or absence of AG1478 was comparable
(Figure 9A, left). The extensive EGFR phosphorylation
at cell-cell junctions of MCAs that was readily detected
in control aggregates was effectively inhibited in the
presence of AG1478 (Figure 9A, right). Next, we found
that the amount of EGFR that was co-immunoprecipi-
tated with E-cadherin was similar in control and
AG1478-treated MCAs (Figure 9B). However, the level
of phosphorylated EGFR associated with E-cadherin
was severely reduced in AG1478-treated MCAs. These

results strongly suggest that EGFR kinase activity is not
required for its ability to complex with E-cadherin or to
localize at cell-cell junctions.

Discussion

We have shown that SCC cells cultured in suspension are
able to avoid apoptosis and terminal differentiation when
they form tissue-like MCAs. Thus, cell-cell contacts pro-
mote cell survival in the absence of interactions with the
extracellular matrix and create a permissive environment
for cell proliferation. This behavior is similar to how SCC
cells are organized in vivo, where they proliferate supra-
basally to form nests of three-dimensional aggregates
with extensive cell-cell junctions. We propose the use of
the Greek term “synoikis” to describe this process of
requiring neighboring associations of cells for survival
(Figure 10). The current data provide evidence that cell-
cell adhesion triggers cadherin-dependent activation of
EGFR and its associated downstream signaling path-
ways that promote cell survival.

It has long been accepted that a cell’s survival de-
pends on signals provided by its surroundings. As
pointed out by Frish and Francis,3 survival signals can be
produced by several activities including when ligands
activate surface receptors, when cells adhere to the ex-
tracellular matrix, or when cells form intercellular adhe-
sions. EGFR has emerged as an important modulator of
cell survival. EGFR mediates survival of colorectal carci-
noma cells22 and the receptor confers resistance to
anoikis in suspension to normal epidermal keratino-
cytes23 and mammary epithelial cells,24suggesting that
growth factor receptors can provide complementary sur-
vival signals to epithelial cells when cells are deprived of
cell-matrix interaction. Jost and collaborators8,25 showed
that in keratinocyte cell lines that EGFR activation and
downstream signaling by the MAPK pathway could pro-
mote survival of suspended cells. Consistent with these
findings is the observation that EGF stimulates anchor-
age-independent growth of oral SCC cell lines.26 Cad-
herins have also been implicated in regulating cell sur-
vival in granulosa cells,27 oral SCC cells,10 and prostate
carcinoma cells.9 In the current study, we were able to
link two different kinds of survival signal generators—the
intercellular adhesion and cell surface growth factor re-
ceptors—and we propose that different cell survival ma-
chineries can act synergistically to amplify survival sig-
nals in carcinoma cells.

There seem to be multiple mechanisms by which cad-
herins can modulate cell survival. In prostate and mam-
mary epithelial cells, E-cadherin-mediated aggregation
promotes cell survival through the Rb cell-cycle control
pathway.28 In prostate carcinoma cells, N-cadherin stim-
ulates the PI3K/Akt pathway thereby up-regulating Bcl-
2,9 which is supported by the fact that E-cadherin has
also been shown to activate the PI3K/Akt pathway.29 Our
results indicate that E-cadherin promotes SCC cell sur-
vival through activation of EGFR and the downstream
MAPK pathway, which is also supported by a previous
study demonstrating that E-cadherin-mediated cell-cell

Figure 8. E-cadherin-EGFR complex formation correlates with EGFR activa-
tion during cell-cell adhesion. A: The level of activated EGFR complexed
with E-cadherin increased during MCA formation. HSC-3 cells were plated as
ML for 24 hours or as MCA for the indicated times. E-cadherin was immu-
noprecipitated (IP) from total cell lysates with HECD-1 mAb. The association
of activated EGFR (p-EGFR) or EGFR with E-cadherin was detected with
specific anti-p-EGFR or anti-EGFR mAb. The amount of EGFR and E-cadherin
in total cell lysates by immunoblotting is also shown for comparison. B:
Activated EGFR in MCAs is preferentially complexed with E-cadherin. HSC-3
cells were plated as ML or MCA culture for 24 hours. Cell extracts from
EGF-treated HSC-3 monolayer cells and HSC-3 MCAs were exhaustively
immunoprecipitated with anti-E-cadherin mAb to recover E-cadherin. Then
the E-cadherin-depleted supernatants were immunoprecipitated with anti-
EGFR antibodies. The anti-E-cadherin (top) and anti-EGFR (bottom) immu-
noprecipitates were processed for immunoblotting with anti-p-EGFR mAb to
access levels of activated EGFR. Membranes were stripped and reblotted with
anti-EGFR mAb and anti-E-cadherin antibodies (top only). The E-cadherin
level in E-cadherin-depleted supernatants is also shown (bottom). C: EGFR
cytoplasmic domain is required for association with E-cadherin. HSC-3 cells
were infected with recombinant adenoviruses to express either EGFR-CD533
or control GFP. Twenty-four hours after initial infection, cells were plated as
ML or MCA culture. E-cadherin was immunoprecipitated from total cell
lysates with HECD-1 mAb. The association of EGFR or EGFR-CD533 with
E-cadherin was detected with specific anti-EGFR extracellular domain anti-
bodies. The expression of both EGFR and EGFR-CD533 in EGFR-CD533-
transduced cells is indicated for total cell lysates.
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contact formation activates the MAPK pathway using a
calcium switch approach in monolayer cultures.15 The
finding that E-cadherin-mediated cell-cell adhesion in-
duces activation of Gab-1, a docking protein that signals
through ras/MAPK and PI3K/Akt pathways, suggests that
both mechanisms may be operational.30 Although the
specific mechanism by which E-cadherin modulates cell
survival may be cell type-specific, the possible mecha-
nisms are not mutually exclusive and may function simul-
taneously.

In the current studies, the normally low level of Akt
activation observed in HSC-3 cell monolayers was
strongly enhanced after EGF stimulation. However, we
were unable to detect significant levels of Akt phosphor-
ylation in cells grown in suspended single cell culture,
which is similar to the recent findings of Chan and col-
leagues.31 Consistent with the apparent lack of Akt acti-
vation in cell aggregates, inhibition of the PI3K/Akt path-
way with LY294002 had little effect on cell survival in
MCA, in contrast to inhibitors of EGFR or the ERK/MAPK
pathway. We conclude that in the case of SCC HSC-3
cells, the primary signaling pathway essential to E-cad-
herin-mediated survival is through EGFR activation of the
MAPK pathway. Interestingly, inhibition of ERK/MAPK
pathway with specific inhibitors produced a modest in-
duction of anoikis compared to that induced by EGFR

Figure 9. Assembly and co-localization of the EGFR/E-cadherin complex is independent of EGFR kinase activity. A: HSC-3 cells were cultured as MCAs for 6 hours
in the absence or presence of AG1478 (1 �mol/L) and then transferred onto glass coverslips and immunolabeled for EGFR (green) and E-cadherin or activated
EGFR (p-EGFR) (red). Specimens were analyzed by confocal microscopy, and representative images are shown. B: HSC-3 cells were plated as MCA for 12 hours
in the absence or presence of AG1478 (1 �mol/L). E-cadherin was immunoprecipitated (IP) from total cell lysates with HECD-1 mAb. The presence of activated
EGFR (p-EGFR) or total EGFR in the immunoprecipitate was detected with specific anti-p-EGFR or anti-EGFR mAb.

Figure 10. Adhesion-mediated cell survival. SCC cells require either integrin
or cadherin receptor-based adhesion for survival but can switch from one to
the other. However, loss of both leads to rapid onset of cell death through
anoikis. We have termed the process of cells surviving together in a coop-
erative colony as synoikis.
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kinase inhibition. This suggests that additional signaling
pathways downstream of EGFR activation may also be
involved in survival (eg, STAT3, JNK, and PLC�).32–34 We
are currently investigating these possibilities.

Because commitment to apoptosis is usually defined
by the relative balance between pro- and anti-apoptotic
members of the Bcl-2 protein family, cadherin-mediated
cell survival signaling is likely to regulate members of this
family. In our study, Bcl-2 levels are reduced on detach-
ment and that EGFR activation blocks this down-regula-
tion, which is consistent with our previous report.10 In
contrast, the levels of proapoptotic Bax remained con-
stant; thus, the Bcl-2/Bax ratio increased after E-cad-
herin-mediated adhesion. It is well known that cell sur-
vival is favored by a high Bcl-2/Bax protein ratio35 and
overexpression of Bcl-2 can protect cells against
anoikis.3 Because Bcl-xL showed high levels of expres-
sion after MCA formation and was down-regulated in
suspended single cells, this effector may also play a role
in the survival of MCAs. A relevant finding is that in
keratinocyte-related cells, it has been shown that EGFR
activation promotes Bcl-xL expression and cell surviv-
al.8,25 In a breast epithelial cell line, it was found that
Bcl-xL up-regulation was induced after activation of
EGFR and this was associated with anchorage-indepen-
dent cell survival.36 Previously, it was found that N-cad-
herin’s up-regulation of Bcl-2 through the PI3K/Akt path-
way is performed by phosphorylation of the proapoptotic
protein Bad.9 In our study, the phosphorylation level of
Bad remained stable after cell-cell adhesion (data not
shown), although it has been shown that ERK/MAPK can
increase the level of Bcl-2 through the phosphorylation of
Bad.37 Presumably, the increase in Bcl-2 protein is be-
cause of up-regulation of the Bcl-2 gene by ERK/
MAPK.38 Recent studies have shown that in breast epi-
thelial cells, loss of cell-matrix adhesion and signaling by
EGFR regulates expression of Bim, a proapoptotic pro-
tein.39 This finding may be relevant to the current results
in which cadherin and EGFR are involved in survival.

EGFR transactivation has been reported to take place
in various systems by both ligand-dependent and ligand-
independent mechanisms. For example, G-protein-cou-
pled receptors activate EGFR through a ligand-depen-
dent mechanism by promoting the cleavage of EGF-like
precursors and the production of soluble ligand.40,41 In
contrast, integrin adhesion receptors have been pro-
posed to regulate EGFR through a ligand-independent
activation pathway.42,43 Our results indicate that EGFR
transactivation after E-cadherin-mediated adhesion is li-
gand-independent.

It will be interesting to compare the result of ligand-
dependent and ligand-independent activation of EGFR.
In our study, as in others,42 the level of EGFR phosphor-
ylation was less intense than that produced by acute
activation with EGF, suggesting that the number or extent
of phosphorylation sites in the EGFR autophosphorylation
domain differs from that induced after ligand-triggered
activation. However, we showed that cell-cell adhesion-
mediated EGFR activation, as well as downstream MAPK
signaling, are long lived. These attenuated but sustained
signals generated via adhesion receptors presumably

yield a unique set of signals that are distinct from the
acute ligand-induced transient activation. As summa-
rized by Marshall,44 transient or sustained MAPK activa-
tion leads to different cellular responses (eg, proliferation,
differentiation), including changes in gene expression.
Thus, the attenuated but sustained MAPK signaling ap-
pears to activate anti-apoptosis pathways, resulting in
enhanced cell survival.

It remains unclear exactly how E-cadherin-mediated
cell-cell adhesion transactivates EGFR. It is likely that
activation of EGFR in cell aggregates proceeds via a
two-step process that includes the initial linkage of EGFR
with E-cadherin followed by E-cadherin homodimeriza-
tion. The formation of the EGFR/E-cadherin complex does
not appear to be dependent on extensive cell-cell adhe-
sion because it is present in monolayer cells at lower
levels where cell junction formation is limited. It seems
that the EGFR/E-cadherin complexes are pre-existing,
possibly formed after receptor synthesis. When cells be-
gin to assemble new junctional adhesions, E-cadherin
alone and EGFR/E-cadherin complexes are somehow
recruited to these nascent zonula adherens junctions
presumably by interactions with the cytoskeleton. More
studies are needed to define the mechanism of this pro-
cess. Apparently it is the juxtaposition and oligomeriza-
tion of neighboring EGF receptors through the catenin
linkage to the cytoskeleton that triggers the transactiva-
tion after recruitment of the EGFR/E-cadherin complex to
junctional contacts Because EGFR kinase activity does
not appear to be required for the formation of an EGFR/
E-cadherin complex, it is likely that an important event in
the EGFR activation occurs after recruitment of the com-
plex at the cell-cell junction. Interestingly, Moro and col-
leagues 42 showed that EGFR kinase activity is required
for the assembly of integrin-EGFR complex, which sug-
gests that integrin and E-cadherin may use a different
mechanism to transactivate EGFR.

The HSC-3 cells used in the present study are poorly
differentiated with a scattered morphology and tend to
form limited cell-cell adhesions in monolayer culture.16

This type of phenotype is consistent with the low-level
EGFR activation seen in monolayer culture (Figure 8B)
and the infrequent co-localization of E-cadherin and p-
EGFR under these conditions (data not shown). The mi-
nor level of phosphorylated EGFR detected in monolayer
culture is consistent with these findings and may reflect
activation via integrin signaling.42

There is substantial evidence that E-cadherin is impor-
tant during the induction and progression of epithelial
cancers.45 The loss of E-cadherin or its dysfunction leads
to increased invasiveness and frequently increased pro-
liferation of carcinoma cells.46 It is interesting that in
some tumors, cadherins attenuate cell growth but in oth-
ers appear to promote not only growth but also survival.
Recently, it was shown that intercellular adhesion is not
required for inhibiting invasion but that the suppression
instead reflects a mechanism in which an unidentified
�-catenin binding protein is involved.47 Importantly, in
some cancers expression of E-cadherin may be main-
tained, as is the case of invasive ovarian carcinoma
which frequently displays strong expression of cad-
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herins.48 Furthermore, in well- and moderately differenti-
ated head and neck SCCs, studies have found that, in
general, modest but variable expression of E-cadherin is
preserved as lesions advance through premalignant to
invasive and metastatic stages.49–51 For example, Islam
and colleagues52 found that in 47 head and neck SCCs,
all lesions uniformly showed positive staining for E-cad-
herin and a fraction also showed co-staining for N-cad-
herin. In some studies, there is extensive cytoplasmic
E-cadherin localization along with lower expression lev-
els. It is possible that for head and neck SCC, the orga-
nization of tumor cells as aggregates in tumor nests may
provide a survival benefit as this carcinoma is known to
be anchorage-dependent.53 This is in contrast with other
tumors (eg, breast, colon, and prostate) that tend to be
anchorage-independent.

Previous studies have shown that human cancers such
as SCCs grow as multicellular masses in vitro or in vivo,
and that cell-cell adhesion promotes resistance to treat-
ment strategies, including traditional chemotherapy and
radiotherapy.54–56 Of note, some studies have shown
that resistance to chemotherapy and radiotherapy can be
pharmacologically reversed by using treatment that dis-
rupts either cell-cell adhesion58 or EGFR function.59,60

Our results may provide a clue to the mechanism by
which cell-cell adhesion renders tumor cells resistant to
therapy because the major target is to induce apoptosis.
As mentioned above, in oral SCCs modest E-cadherin
expression is preserved in lesions advancing from pre-
malignant to invasive and even metastatic stag-
es.49,50,52,57 We speculate that at least during the early
stages of tumor progression, SCC may depend on cell-cell
adhesion for suprabasal survival and proliferation and that
E-cadherin-mediated cell survival via overexpressed EGFR
may render cancer cells resistant to treatment.

In summary, our results suggest a novel mechanism
for adhesion-mediated cell survival that we call syn-
oikis (Figure 10). E-cadherin-mediated cell-cell adhe-
sion induces ligand-independent EGFR activation,
which triggers the ERK/MAPK signaling module, block-
ing the down-regulation of anti-apoptotic Bcl-2. The
exact mechanism of E-cadherin-mediated EGFR trans-
activation is unclear, but it is likely correlated with
EGFR-E-cadherin complex formation at cell-cell junc-
tions and receptor oligomerization. The activation of
EGFR appears to effectively compensate for the loss of
integrin signals, thereby suppressing anoikis. It is pos-
sible that the intercellular signaling via cadherins and
activation of EGFR may have important consequences
for tumor cell growth in head and neck cancers. The
current results suggest that additional studies should
be done to explore the potential linkage between cad-
herin-mediated EGFR phosphorylation and patient sur-
vival.
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