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Abstract

In epithelial cells, E-cadherin plays a key role in cell-cell
adhesion, and loss of E-cadherin is a hallmark of tumor
progression fostering cancer cell invasion and metastasis. To
examine E-cadherin loss in squamous cell cancers, we used
primary human esophageal epithelial cells (keratinocytes) as a
platform and retrovirally transduced wild-type and dominant-
negative forms of E-cadherin into these cells. We found
decreased cell adhesion in the cells expressing dominant-
negative E-cadherin, thereby resulting in enhanced migration
and invasion. To analyze which molecular pathway(s) may
modulate these changes, we conducted microarray analysis
and found up-regulation of transforming growth factor B

receptor II (TBRII) in the wild-type E-cadherin-overexpressing
cells, which was confirmed by real-time PCR and Western blot
analyses. To investigate the in vivo relevance of this finding,
we analyzed tissue microarrays of paired esophageal squa-
mous cell carcinomas and adjacent normal esophagus, and
we could show a coordinated loss of E-cadherin and TBRII in
f80% of tumors. To determine if there may be an E-cadherin-
dependent regulation of TBRII, we show the physical
interaction of E-cadherin with TBRII and that this is mediated
through the extracellular domains of E-cadherin and TBRII,
respectively. In addition, TBRI is recruited to this complex.
When placed in the context of three-dimensional cell culture,
which reflects the physiologic microenvironment, TBRII-
mediated cell signaling is dependent upon intact E-cadherin
function. Our results, which suggest that E-cadherin regulates
TBRII function, have important implications for epithelial
carcinogenesis characterized through the frequent occurrence
of E-cadherin and TBRII loss. (Cancer Res 2006; 66(20): 9878-85)

Introduction

E-cadherin belongs to a family of cell surface glycoproteins,
called the cadherins, which mediate calcium-dependent intercel-
lular adhesion (1). The pivotal role for E-cadherin in epithelial
morphogenesis and maintenance is illustrated by E-cadherin null
mice that display embryonic lethality (2). The adhesive function of
E-cadherin depends on interaction with regulatory proteins of the
catenin family (i.e., h-catenin, plakoglobin, and a-catenin), which

establish linkage to the cytoskeleton (1). Deletions of the
extracellular domain and the cytoplasmic tail of E-cadherin have
been used in Xenopus models and in human cancer cell lines with
successful disruption of cell adhesion (3, 4). In particular, muta-
tions and deletions in the cytoplasmic tail of E-cadherin, which
contains the catenin-binding sites, result in disruption of the
cadherin/catenin complex and loss of cellular adhesion (5).
Furthermore, mutations in the region of E-cadherin that binds
p120-catenin lead to the uncoupling of the E-cadherin-p120
complex and result in disruption of strong adhesion, although
interaction with the other catenins remains intact (6).

The designation of E-cadherin as a ‘‘caretaker’’ of the epithelial
phenotype is supported by its role in epithelial-mesenchymal
transition (EMT; ref. 7). Disturbances in epithelial cell adhesion
that lead to a more invasive and metastatic phenotype are a
hallmark of tumor progression. A direct role for E-cadherin in
suppression of tumor invasion has been shown by the reversion of
undifferentiated, invasive tumors to a differentiated phenotype
after transfection of E-cadherin cDNA in cell culture (8, 9).
Although somatic mutations have been observed in a variety of
human epithelial tumors (10), down-regulation of E-cadherin may
be due also to transcriptional repression. The transcriptional sup-
pression of E-cadherin through the zinc finger proteins Snail, Slug,
and SIP-1 is observed in vitro and in vivo (11, 12). Transforming
growth factor h1 (TGFh1) has been shown to stimulate expression
of Snail and SIP-1, thereby resulting in E-cadherin loss (7).
Although E-cadherin is down-regulated frequently in response to
TGFh1, how the two molecules and the pathways they regulate are
linked remains to be elucidated.

TGFh signaling is known to activate cellular responses during
growth, differentiation, and specification of developmental fate
(13–15). TGFh proteins signal through binding TGFh receptor type
II (ThRII), which in turn phosphorylates TGFh receptor type I
(ThRI). The latter then binds and phosphorylates cytoplasmic
mediators of the Smad family. On phosphorylation, they form
heteromeric complexes that are translocated to the nucleus and
play a regulatory role in transcription (16–18). The transcriptional
activation by Smads, through their physical interaction and
functional cooperativity with other transcription factors, permits
cross-talk with other signaling pathways (13, 19–21).

Although it is clear that TGFh1 is a potent growth inhibitor in
most cell types (18, 22), TGFh1 has been shown to induce a
transformed phenotype in normal rat kidney fibroblasts (23).
Nevertheless, several components of the TGFh pathway have been
shown to act as tumor suppressors (24). Mutations in the Smad2
and Smad4 genes have been detected in several carcinomas (25, 26)
but overall represent infrequent genetic alterations in all cancers.
Despite its role as a tumor suppressor, tumor cells often show
increased production of TGFh1, which influences tumor cell
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motility and invasion with changes in the tumor microenviron-
ment, leading to EMT (7, 27–29). This morphologic transition is
characterized by extensive changes in the expression of cell
adhesion molecules and cytokeratins to the expression of vimentin
and S-100 (28, 30, 31). The ability of epithelial cells to undergo EMT
in cell culture correlates with cell changes that facilitate invasion
and metastasis in vivo (30, 31).

We describe herein that loss of E-cadherin function mediates
enhanced esophageal cell migration and invasion. Intact E-
cadherin induces an up-regulation of ThRII, and we show that
the two molecules physically interact. In the context of three-
dimensional culture systems, cells with intact E-cadherin are
sensitive to the effects of TGFh, whereas abrogation of E-cadherin
function renders the cells resistant to TGFh stimulation. This newly
described interplay between E-cadherin and ThRII sheds new
insights into the frequent occurrence of E-cadherin and ThRII loss
in esophageal squamous cancers and, perhaps, other epithelially
derived cancers.

Materials and Methods

Cell lines. Primary esophageal epithelial cells (keratinocytes), designated

as EPC, from normal human esophagus were established and infected with

filtered (0.45-Am pore size) retroviral supernatant from an overnight culture
of Phoenix-Ampho cells (32), producing the pFB-neo retroviruses encoding

full-length E-cadherin (designated as Ecad) and a dominant-negative

mutant of E-cadherin lacking the cytoplasmic tail (designated as Ecyto).

In addition, Ecad and Ecyto were expressed in EPC cells that were
previously transduced with retrovirus encoding hTERT and shown to be

immortalized (designated as EPC-hTERT; ref. 33). Additionally, a dominant-

negative mutant of ThRII (a gift of Dr. H. Moses, Vanderbilt University,
Nashville, TN) was subcloned in a retroviral vector, and Ecad and Ecyto cells

were infected (designated as Ecad-dnThRII and Ecyto-dnThRII). hTERT cell

lines overexpressing full-length ThRII were generated through subcloning of

ThRII and designated Ecad-ThRII and Ecyto-ThRII. EPC2 and EPC-hTERT
cells were grown at 37jC and 5% CO2 in keratinocyte serum-free medium

(KSFM) supplemented with 40 Ag/mL bovine pituitary extract, 1.0 ng/mL

epidermal growth factor, 100 units/mL penicillin, and 100 Ag/mL

streptomycin. For TGFh1 stimulation, 5 Amol/L TGFh1 (R&D Systems,
Minneapolis, MN) was added to the cell culture medium overnight at 37jC.

E-cadherin neutralizing antibody (Sigma, St. Louis, MO) was added to the

cell culture medium overnight at 1:2,000 concentration at 37jC.
Cell proliferation assays were done by plating the same number of cells

from different cell lines in triplicate and harvested at different time points

as indicated and counted using a Beckman Coulter particle counter

(Beckman, Miami, FL).
Three-dimensional culture and immunofluorescence. Cells were

resuspended in 2% Matrigel and then cultured on a Matrigel layer in

chamber slides (Nalge Nunc, Naperville, IL) for 7 to 21 days (34). Cells were

fixed in 4% paraformaldehyde (Fisher Scientific, Hampton, NJ) overnight at
4jC. After fixation, cells were treated with 0.1% Triton X-100 in PBS without

calcium and magnesium for 20 minutes. Cells were washed in PBS and

blocked with 1% bovine serum albumin (BSA; Sigma) for 1 hour. Incubation
with tetramethylrhodamine isothiocyanate (TRITC)–conjugated phalloidin

was overnight at 4jC. Stained spheroids were examined with a Zeiss

(Thornwood, NY) confocal microscope at the Bioimaging Core Facility of

the University of Pennsylvania (Philadelphia, PA).
RNA microarrays and tissue microarrays. RNA microarray analysis

was done comparing the E-cadherin-overexpressing cells versus dominant-

negative E-cadherin cells. RNA was extracted using the RNeasy kit (Qiagen,

Valencia, CA) and converted to first-strand cDNA using SuperScript II
reverse transcriptase primed by a poly(T) oligomer that incorporated the

T7 promoter (Invitrogen, Carlsbad, CA). Hybridization to the Affymetrix

(Santa Clara, CA) GeneChip U133A was done by the University of

Pennsylvania Microarray facility.

A tissue microarray with 20 matched esophageal normal and tumor
tissues was produced in the Morphology Core facility of the University of

Pennsylvania. An additional tissue microarray with 84 spotted esophageal

tissues, AccuMax Tissue Microarray, was purchased from ISU Abxis

(distributed by Accurate Chem, Westbury, NY).
Immunohistochemistry. Immunohistochemistry for E-cadherin, h-

catenin, ThRII, and pSmad2 in the tissue microarrays was done using the

Vectastain Elite kit (Vector Laboratories, Burlingame, CA) following the

manufacturer’s protocol. In brief, paraffin sections were pretreated with
xylene and then placed in a microwave oven in 10 mmol/L citric acid buffer.

Endogenous peroxidases were quenched using hydrogen peroxide before

sections were incubated in avidin D blocking reagent and biotin blocking

reagent. Sections were incubated with primary and secondary antibodies,
and the signal was developed using the 3,3¶-diaminobenzidine substrate kit

for peroxidases.

Cell migration and invasion assays. Migration assays were done using
Boyden chambers (8-Am pore size membranes), and invasion assays were

done using Biocoat Matrigel invasion chambers (BD Biosciences, Franklin

Lakes, NJ). Inserts were placed in a 24-well plate containing KSFM medium,

including all supplements, which stimulates cell migration. Primary
esophageal epithelial cells (5 � 104 per chamber) were resuspended in

starvation medium, keratinocyte basal medium, and added into each insert.

For TGFh1 treatment, 5 Amol/L TGFh1 was added to the lower chamber

during the time of incubation to serve as a chemoattractant. For E-cadherin
neutralizing antibody studies, DECMA was added at a concentration of

1:2,000 to the upper chamber and incubated at 37jC for 24 hours. Then,

cells attached to the upper side of the membrane were removed gently with
a cotton swab and rinsed. Cells that migrated through the membrane and

attached to the bottom of the membrane were fixed and stained with

reagents from the Diff-Quik staining kit (Dade Behring, Newark, DE).

Membranes were cut out and photographed such that migrated cells could
be counted. There was no evidence of cell death. All experiments were done

at least thrice in triplicate. The Student’s t test was done, and P < 0.05 was

considered statistically significant.

Antibodies. The FLAG tag antibody (M2), actin, and E-cadherin

neutralizing antibody (DECMA) were purchased from Sigma. Antibodies

against pSmad2, pSmad3, and total Smad2 were obtained from Cell

Signaling (Beverly, MA). The ThRII and ThRI antibodies were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA), and a second anti-ThRII

antibody (2411) was from R&D Systems. h-Catenin, p120, and E-cadherin

antibodies were obtained from Transduction Laboratories (Lexington, KY).

Anti-mouse and anti-rabbit horseradish peroxidase (HRP)–conjugated anti-

bodies were purchased from Amersham Pharmacia Biotech (Piscataway, NJ).

Immunoprecipitation. Preconfluent cells were washed with PBS and

incubated with 700 AL lysis buffer [1% Triton X-100, 1% NP40, 50 mmol/L

Tris (pH 8), proteinase inhibitors 2 Ag/mL aprotinin, 1 mmol/L phenyl-

methylsulfonyl fluoride, 10 mmol/L NaF, 2 mmol/L Na3VO4, 5 mmol/L

sodium pyrophosphate] for 30 minutes on ice. BSA (4%, 70 AL) and 140 AL

of 1.5 mol/L NaCl were added to the extracts, which were then preabsorbed

with 10 AL recombinant protein G (rProtein G) agarose (Life Technologies,

Gaithersburg, MD) for 1 hour at 4jC. Preabsorbed extracts were incubated

with antibodies against pSmad2, ThRII, E-cadherin, and h-catenin. After

1-hour incubation at 4jC, the antigen-antibody complex was incubated with

10 AL rProtein G agarose for 1 hour at 4jC. The precipitates were washed

thrice with 1 mL wash buffer [50 mmol/L Tris (pH 7.5), 150 mmol/L NaCl,

1% Triton X-100, 0.5% deoxycholate, 0.1% SDS] and boiled with 100 AL

lithium dodecyl sulfate (LDS) buffer (Invitrogen) containing reducing agent

for 10 minutes. Supernatants were used for Western blotting as described

below. Experiments were done in triplicate.
Western blotting. Subconfluent cells were harvested in lysis buffer

[10 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% NP40, 0.1% sodium

deoxycholate, 0.1% SDS, 1 mmol/L EDTA, 2 mmol/L sodium orthovanadate,

protease inhibitor mixture tablet (Roche Molecular Biochemicals, Indian-
apolis, IN)]. All stimulants and the neutralizing antibody were added to the

culture 12 hours before harvesting to maintain the conditions used for the

migration assays. Protein concentration was determined by the Bio-Rad

protein assay (Bio-Rad, Hercules, CA). The solution was subsequently
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solubilized in NuPAGE LDS sample buffer (Invitrogen) containing reducing
agent. Total protein samples (10 Ag) were separated on a 4% to 12% SDS-
PAGE and transferred to a polyvinylidene difluoride membrane (Immobi-
lon-P, Millipore, Bedford, MA). The membrane was blocked in 5% nonfat
milk (Bio-Rad, Melville, NY) in TBS [10 mmol/L Tris, 150 mmol/L NaCl
(pH 8.0), 0.1% Tween 20] for 1 hour at room temperature. Membranes were
probed with the primary antibody diluted in 5% milk in TBS overnight at
4jC, washed thrice in TBS-Tween 20, incubated with anti-mouse or anti-
rabbit HRP-conjugated antibody diluted 1:3,000 in TBS for 1 hour at room
temperature, and then washed thrice in TBS. The signal was visualized by
an enhanced chemiluminescence solution (ECL Plus, Amersham Pharmacia
Biotech) and exposed to Kodak X-Omat LS film (Kodak, New York, NY).
Experiments were repeated at least thrice.
ELISA. To determine the concentration of secreted human TGFh1, the

DuoSet ELISA kit from R&D Systems was used. In brief, conditioned media
were activated using 0.1 mL 1 N HCl and then neutralized before addition to
96-well plates prepared with the capture antibody, washed, and blocked
with 5% Tween in PBS. The samples and standard were loaded in duplicate.
After overnight incubation, the plate was washed and the detection
antibody was added followed by incubation with the streptavidin-HRP
complex. The developing reaction with substrate was stopped, and the
plates were analyzed subsequently.

Results

Dominant-negative E-cadherin alters cell adhesion and
migration. To model E-cadherin loss in esophageal epithelial cells
or keratinocytes, we generated retroviral vectors encoding full-
length E-cadherin (Ecad) and a dominant-negative mutant of
E-cadherin lacking the cytoplasmic tail (Ecyto), both containing a
COOH-terminal FLAG epitope tag. Overexpression of E-cadherin in
primary esophageal keratinocytes results in cell clustering (Fig. 1A)
and strong cell adhesion as measured by aggregation assays,
whereas Ecyto inhibits cell adhesion (Fig. 1B). Coimmunoprecipi-
tation with an antibody against FLAG shows that Ecyto cannot
associate with h-catenin and therefore no longer mediates
attachment to the actin cytoskeleton (Fig. 1C).

The disruption of E-cadherin-mediated adhesion in Ecyto cells
did result in increased cell migration and invasion (Fig. 1D).
E-cadherin up-regulates members of the TGFB signaling

family. To determine the role of E-cadherin-mediated signaling
through its cytoplasmic domain and thus provide potential insight
into how E-cadherin modulates cell migration and invasion, we did
RNA microarray analysis comparing Ecad versus Ecyto cells.
Among the genes differentially expressed under these conditions,
notably, multiple members of the TGFh signaling family were
up-regulated in response to E-cadherin overexpression (Fig. 2A).
Of particular interest was the overexpression of ThRII, which was
confirmed by real-time PCR (data not shown) as well as by Western
blotting (Fig. 2B). Additionally, there was evidence of increased
TGFh1 secretion in Ecad cells compared with Ecyto cells as
measured by ELISA (Fig. 2C).

Given that parental esophageal epithelial cells are maintained in
low calcium conditions or otherwise terminal differentiation would
be triggered under high calcium conditions, we find that there is
low endogenous E-cadherin in these cells (Fig. 2B) without
induction of ThRII. Regardless of the particular genotype of the
cells, nevertheless, both endogenous E-cadherin and ThRII localize
to the cell membrane (Fig. 2D).

Overall, these unexpected results highlighting the induction of
ThRII with enhanced E-cadherin expression prompted us to
explore the potential relationship between E-cadherin and ThRII.
E-cadherin and TBRII interact through the extracellular

domain of E-cadherin. Coimmunoprecipitation with FLAG-

tagged E-cadherin and ThRII was done to analyze if there might
be physical interaction between E-cadherin and ThRII. E-cadherin
and ThRII could be coprecipitated even in the absence of the cyto-
plasmic tail of E-cadherin, suggesting that the interaction is not
mediated through cytoplasmic linker molecules (Fig. 3A). Further-
more, this interaction is present in parental cells as shown with
antibodies against endogenous E-cadherin, apart from cells in
which there is E-cadherin or mutant E-cadherin overexpression
(Fig. 3B). Interestingly, this complex involves the recruitment of
ThRI (Fig. 3B), suggesting the existence of a trimeric complex of
E-cadherin, ThRII, and ThRI (Fig. 3B). The expression of ThRI
remains unchanged in the presence of high levels of E-cadherin
(Fig. 3B). To delineate further the domain(s) of ThRII required for

Figure 1. Loss of E-cadherin-mediated cell adhesion results in increased cell
migration and invasion. A, phase-contrast microscopic images of primary
esophageal epithelial cells (keratinocytes) after retroviral transduction with
full-length (wild-type) E-cadherin (Ecad ) and cytoplasmic-deleted (dominant-
negative) E-cadherin (Ecyto ) reveal strong clustering in Ecad cells. B, there is
strong adhesion in Ecad cells compared with parental and Ecyto cells based
on cell aggregation assays. C, coimmunoprecipitation and Western blot assays
with a FLAG antibody show disrupted interaction between E-cadherin and
h-catenin/p120-catenin in Ecyto cells. D, cell migration (Boyden chamber) and
invasion assays (Matrigel-coated Boyden chambers) reveal increased cell
migration/invasion in Ecyto cells compared with Ecad cells. Gray column,
Ecad cells; black column, Ecyto cells. *, P < 0.05 is statistically significant.
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interaction with E-cadherin, hTERT-Ecad and hTERT-Ecyto esoph-
ageal cells were transduced stably with a retroviral vector
harboring ThRII with deletion of the cytoplasmic tail. Indeed,
immunoprecipitations/immunoblots reveal that the extracellular
domains of E-cadherin and ThRII mediate binding to each other
(Fig. 3C).

TGFB1 function is dependent on E-cadherin. To evaluate the
effects of increased TGFh1 secretion in Ecad cells, we tested the
consequences of TGFh1 stimulation of Ecad and Ecyto cells.
TGFh1 is known to induce the transcription of E-cadherin
repressors, such as Snail and SIP-1, thereby resulting in E-cadherin
loss and EMT. In addition, TGFh1 has been suggested to disrupt
adherens junctions, thus inducing a shift of h-catenin to an
association with the Smads rather than E-cadherin (35). We
therefore did migration and invasion assays in the presence of
TGFh1 stimulation.

Although the ability to migrate and invade was increased in both
Ecad and Ecyto cells in the presence of TGFh1, the increase was
more pronounced in Ecad when compared with Ecyto cells
(Fig. 4A), suggesting that full-length E-cadherin may be required
to mediate the full repertoire of effects of TGFh1 on cell migration
and invasion. Ecyto cells proliferate faster than Ecad cells, and this
is preserved in the presence of TGFh1 stimulation (Fig. 4B),
whereas TGFh1 exerts growth-inhibitory effects on cells with
functional E-cadherin. However, TGFh1 stimulation does not lead
to any changes in the physical interaction of full-length E-cadherin

Figure 3. The extracellular domains of E-cadherin and ThRII mediate their
physical interaction. A, coimmunoprecipitation and Western blot assays reveal
physical interaction between FLAG epitope-tagged E-cadherin and ThRII in
Ecad and Ecyto cells. B, coimmunoprecipitation of endogenous E-cadherin in
parental, Ecad, and Ecyto cells showed that this interaction not only occurs after
overexpression of E-cadherin but is also present in parental and Ecyto cells.
Furthermore, ThRI is recruited to this complex. C, transduction of a dominant-
negative ThRII mutant lacking the cytoplasmic tail identifies the extracellular
domain of ThRII to be sufficient to mediate interaction with endogenous
E-cadherin and ThRII.

Figure 2. TGFh gene family members are up-regulated in response to
E-cadherin overexpression. A, selective representation of gene microarray
results in Ecad versus Ecyto cells. B, Western blotting shows that ThRII is
up-regulated as is endogenous E-cadherin in Ecad versus Ecyto and parental
cells. An antibody against the FLAG epitope shows the expression of dominant-
negative mutant and wild-type E-cadherin. Actin serves as a loading control.
C, TGFh1 secretion is increased in Ecad cells compared with Ecyto cells as
measured by ELISA.White column, control cells; gray column, Ecad cells; black
column, Ecyto cells. *, P < 0.05 is statistically significant. D, white arrows,
E-cadherin and ThRII localize to the cell membrane in Ecad cells as determined
by immunofluorescence staining. Parental and Ecyto cells show reduced
expression of E-cadherin and ThRII. Magnification, �40.
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with h-catenin or with ThRII as shown by coimmunoprecipitation
and Western blotting (data not shown).
TGFB1 induces disruption of E-cadherin-dependent spheroid

cysts in three-dimensional culture. Three-dimensional cell culture
systems permit the investigation of how cells communicate with
each other and how fundamental processes (i.e., proliferation,
differentiation, and apoptosis) are modulated by the microenviron-
ment (36). These culture models also reveal how tissue architecture
can dramatically influence the response of a cell to exogenous
stimuli. To test the effects of TGFh1 in the three-dimensional model,
we cultured Ecad and Ecyto cells embedded in 2% Matrigel and then
placed the cells on a Matrigel layer (34). Immunofluorescence stain-
ing of these spheroids with TRITC-conjugated phalloidin, a marker
for the actin cytoskeleton, revealed differences in size of the spher-
oids with Ecyto spheroids being larger than Ecad spheroids (Fig. 4C)
In addition, there was a difference in response to TGFh1 by Ecad
cells compared with Ecyto cells. Stimulation with TGFh1 disrupts
Ecad spheroids, and the cells form monolayers and display stress
fibers (Fig. 4C). These data suggest that the effects of TGFh1 on
migration and invasion may be dependent on intact E-cadherin
structure and function in the physiologic microenvironment as
revealed in three-dimensional cultures. To investigate further the
role of ThRII, full-length ThRII was overexpressed through retroviral
transduction in Ecad and Ecyto cells to determine if ThRII expres-
sion could restore a response to TGFh1 in Ecyto cells. Ecad-ThRII
cells show strong disruption of the spheroids that leads to monolayer
formation that is enhanced by TGFh1 treatment (Fig. 4C). Ecyto-
ThRII cells, in contrast to Ecyto cells, respond to TGFh1 stimulation
with spheroid disruption, but this is delayed in the absence of TGFh1
stimulation. To determine consequences apart from EMT, there is
evidence of robust Ki-67 staining in both Ecad and Ecyto spheroids
(Fig. 4D), although more so in Ecyto spheroid cysts because they
have more cells. Endogenous E-cadherin staining is mislocalized
in Ecyto spheroid cysts (Fig. 4D), which may reflect internalization
and possible degradation of endogenous E-cadherin in the face of
ectopically stable expression of mutant E-cadherin (Fig. 4D). In spite
of the differences in E-cadherin in Ecad versus Ecyto spheroid cysts,
pSmad2 is nuclear in both settings, suggesting that pSmad2 is
influenced not only by the interplay between E-cadherin and ThRII
but more so in a manner autonomous from that interaction.
Down-regulation of E-cadherin alters availability of TBRII.

To confirm if the extracellular domain of E-cadherin is sufficient for
the interaction with ThRII, we did coimmunoprecipitation and
Western blotting in the presence of an E-cadherin neutralizing
antibody (DECMA). After addition of the neutralizing antibody, the
complex formation of E-cadherin and ThRII is essentially disrupted
(Fig. 5A). Interestingly, in the face of E-cadherin loss with the
neutralizing antibody, the expression of ThRII was also decreased
(data not shown).

E-cadherin is a calcium-dependent glycoprotein with four
calcium-binding domains in its extracellular domain. A switch to

a low or calcium-free environment renders E-cadherin nonfunc-
tional. We therefore cultivated Ecad and Ecyto cells in tissue
culture medium without calcium supplementation in contrast to
standard culture conditions (0.09 mmol/L calcium) and under a
high calcium concentration (1.2 mmol/L), the latter of which
induces terminal differentiation. The lack of calcium leads to low
E-cadherin and ThRII levels as detected by Western blot (Fig. 5B),
and this may be due to rapid turnover of E-cadherin on endocytosis
(37, 38). Time course kinetic analysis of E-cadherin and ThRII
shows coordinated decreased expression 3 hours after treatment
with neutralizing antibody against E-cadherin (Fig. 5C) and desta-
bilization of E-cadherin under low calcium conditions (data not
shown) possibly due to increased degradation after endocytosis.
Loss of E-cadherin and TBRII is correlated in an esophageal

squamous cancer tissue microarray. The finding that ThRII is
up-regulated in E-cadherin-overexpressing cells led us to investi-
gate whether this association could play a role in carcinogenesis,
especially in light of frequent E-cadherin loss in later stages of
epithelial-derived tumors. This provided a platform for a more
rigorous basis to investigate a potential correlation between
E-cadherin and ThRII expression. To that end, we generated tissue
microarrays of 20 matched normal esophageal and squamous cell
carcinoma samples and included a commercially available tissue
microarrays spotted with 80 cores of esophageal tumors. We found
a statistically significant correlation between loss of E-cadherin
and ThRII; additionally, in tumors with retained expression of
E-cadherin, there was also retained ThRII (Supplementary Fig. S1).
Furthermore, we found a statistically significant correlation
between the loss of E-cadherin and either loss of h-catenin or
cytoplasmic localization of h-catenin (Supplementary Fig. S1).
Importantly, we found statistically significant correlations of lost or
retained expression of E-cadherin and ThRII as well as h-catenin
and ThRII in f80% of the tumors (Supplementary Fig. S1).

Discussion

E-cadherin is a critical calcium-dependent transmembrane mole-
cule that mediates cell-cell adhesion through homophilic interac-
tions. In turn, E-cadherin interacts with h-catenin and p120-catenin,
which link to the actin cytoskeleton to foster cell adhesion. We show
that cell adhesion is disrupted through deletion of the cytoplasmic
tail of E-cadherin, and such cells are conferred an advantage in cell
migration and invasion, which are critical events in the ability of
malignant cells to navigate in their tumor microenvironment.
Microarray analysis reveals that members of the TGFh1 family,
especially ThRII, are up-regulated in cells with intact E-cadherin
compared with cells with a deletion of the cytoplasmic tail of
E-cadherin. Moreover, cells with intact E-cadherin produce more
TGFh1 as well, suggesting an autocrine loop for ligand secretion.

What is the consequence of increased TGFh1 and ThRII? It
would seem that the physical interaction between E-cadherin and
ThRII, one that is mediated by their respective extracellular

Figure 4. Three-dimensional cultures of Ecad and Ecyto cells (spheroids) display differences in overall architecture and response to TGFh1. A, TGFh1 stimulation
results in increased migration and invasion in both Ecad and Ecyto cells. Gray column, without TGFh1 stimulation; black column, with TGFh1 stimulation.
B, proliferation assays show growth-inhibitory effects of TGFh1 in Ecad cells but no changes in proliferation of Ecyto cells. C, Ecad spheroids are smaller compared
with Ecyto spheroids, reflecting differences in cell-cell adhesion. TGFh1 stimulation results in disruption of the integrity of the Ecad spheroids (arrows, cells in
monolayer after TGFh1 stimulation), which is not evident in Ecyto spheroids. Inset, cells in monolayer after TGFh1 stimulation as well as stress fiber formation.
White arrows, Ecad-ThRII spheroids disperse even in the absence of TGFh1 and form monolayers to a greater extent in the presence of TGFh1. This response is
partially restored but delayed in Ecyto-ThRII spheroids in contrast to Ecyto spheroids that are resistant to the effects of TGFh1. Spheroids are stained with
TRITC-conjugated phalloidin. D, immunofluorescence of Ecad and Ecyto spheroids with antibody against Ki-67 (white arrows ) shows fewer positive cells in the smaller
Ecad spheroids. E-cadherin antibody shows localization of endogenous E-cadherin to the cell membrane in Ecad spheroids but only punctates cytoplasmic staining
in Ecyto spheroids. White arrows, pSmad2 is localized to the nuclei of both Ecad and Ecyto spheroids. Bar, 50 Am.
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domains, may contribute to the cellular effects of TGFh1. This
complex also involves the recruitment of ThRI and is not
dependent on levels of ThRI. TGFh1-mediated effects on cell
migration and invasion are more pronounced in cells with intact E-
cadherin compared with cells with a deletion of the cytoplasmic
tail of E-cadherin. Because complete repertoire of TGFh1 on
modulating migration and invasion seemed to depend on intact E-
cadherin, we used innovative three-dimensional culture systems to
model the in vivo microenvironment and to study the response to
TGFh1. The disruption of the spheroids after stimulation with
TGFh1 is reminiscent of other three-dimensional culture systems
that model EMT (39), and we show that there is a dependency of
TGFh1 signaling on intact E-cadherin. This dependency is
emphasized by the fact that overexpression of ThRII in E-
cadherin-overexpressing cells has a much stronger effect on
spheroid disruption even in the absence of TGFh1 than in Ecyto
cells. The delayed response of Ecyto spheroids in dispersing and
growing as monolayers seems to indicate that the full spectrum of
ThRII function is supported by the presence of E-cadherin.

Disturbances in epithelial cell adhesion that lead to a more
invasive and metastatic phenotype are a hallmark of tumor prog-
ression. Although somatic mutations in E-cadherin have been
observed in a variety of human epithelial tumors (10), down-
regulation of E-cadherin is mostly due to transcriptional repression.
As we show here, E-cadherin is lost in the majority of esophageal
squamous cell carcinomas, and this correlates with loss of ThRII.

Loss of ThRII has been associated with the induction of tumor
formation. Patients with hereditary nonpolyposis colorectal cancer
may have somatic mutations in the TbRII gene (40). Loss of ThRII
has been modeled in mice through a dominant-negative approach
in skin (41) and mammary gland and with the conditional
knockout of ThRII (42, 43). In both models, mice develop tumors
and have high potential for metastasis, thereby supporting the
tumor-suppressive function of ThRII and intact TGFh1 signaling.
Furthermore, loss of other members of the TGFh1 signaling
pathway is involved in carcinogenesis.

The influence exerted by molecules involved in cell migration
and invasion, such as E-cadherin, on ThRII and the accompanying
signaling cascade remains unknown. The opportunity for the
coordinated regulation of ThRII by E-cadherin is suggested by the
following lines of evidence from our studies. First, there is up-
regulation of ThRII in esophageal epithelial cells that harbor
E-cadherin overexpression. Second, there is a statistically signifi-
cant loss of both E-cadherin and ThRII in esophageal tumor
tissues. Third, there is loss of ThRII under conditions, such as
low calcium or with a neutralizing antibody, which destabilize
E-cadherin as revealed in time course kinetics.

In addition, it is conceivable that the E-cadherin/ThRII complex
may be internalized into the cytoplasm from the cell surface after
ligand stimulation. It is known that nonfunctional E-cadherin is
rapidly internalized into the cytoplasm, which could result in the
coordinated endocytosis of E-cadherin and ThRII as indicated by
our data and described for other adhesion molecule/signaling
receptor complexes (44, 45). The complex formation of adhesion
molecules and receptor tyrosine kinases is now believed to
influence the regulation of signal transduction (46–49). ThRII has
been shown to have signaling functions autonomous from its
localization to the cell surface. Recently, the promyelocytic
leukemia (PML) tumor suppressor of acute PML, which was only
known to accumulate in nuclear PML bodies, was shown to have a
cytoplasmic pool regulating TGFh signaling through interaction

with Smad2/3 and SARA (50). Additionally, it has been shown that
ThRI and ThRII are internalized into the early endosome through
the clathrin-dependent pathway (51, 52). However, instead of
targeting ThRII for degradation, the clathrin/early endosome
pathway is critical for TGFh signaling transduction. As we show
the presence of pSmad2 and pSmad3 in the E-cadherin/ThRII
complex by coimmunoprecipitation, it is possible that the endo-
somal pathway plays a role in regulating the signaling cascade
observed in our experimental system.

Taken together, our data suggest a new role of E-cadherin in
tumor suppression by enhancing TGFh signaling, in addition
to its classic role in suppressing cell migration and invasion.
We speculate that, in normal cells, E-cadherin supports cell
adhesion and promotes TGFh1 signaling potentially to suppress
uncontrolled cell proliferation. Thus, there could be an exquisite
equilibrium between TGFh1-inhibited cell proliferation, as regu-
lated in part by E-cadherin, and TGFh1-mediated repression of
E-cadherin presumably to foster EMT. Under normal conditions,
this could be conducive to maintaining the normal epithelial
phenotype and constraining hyperproliferation. However, with
disruption of the E-cadherin and ThRII interaction and loss of
these molecules, the balance is tilted in favor of proliferation and
tumor invasion.

Figure 5. Functional E-cadherin is necessary for the detection of ThRII.
A, addition of an E-cadherin neutralizing antibody (DECMA) disrupts the
interaction between E-cadherin and ThRII in both Ecad and Ecyto cells as
shown by coimmunoprecipitation with antibody against FLAG. B, cells cultured
without calcium show lower levels of E-cadherin, which is associated with
lower ThRII expression levels. C, cells cultured in the presence of neutralizing
antibody show a coordinated decrease of E-cadherin and ThRII levels after
3 hours of treatment. Actin serves as a loading control.
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