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Anoikis, i.e. apoptosis induced by detachment from
the extracellular matrix, is thought to be involved in the
shedding of enterocytes at the tip of intestinal villi.
Mechanisms controlling enterocyte survival are poorly
understood. We investigated the role of E-cadherin, a
key protein of cell-cell adhesion, in the control of
anoikis of normal intestinal epithelial cells, by detach-
ing murine villus epithelial cells from the underlying
basement membrane while preserving cell-cell interac-
tions. We show that upon the loss of anchorage, normal
enterocytes execute a program of apoptosis within min-
utes, via a Bcl-2-regulated and caspase-9-dependent
pathway. E-cadherin is lost early from cell-cell contacts.
This process precedes the execution phase of detach-
ment-induced apoptosis as it is only weakly modulated
by Bcl-2 overexpression or caspase inhibition. E-cad-
herin loss, however, is efficiently prevented by lysosome
and proteasome inhibitors. We also found that a block-
ing anti-E-cadherin antibody increases the rate of
anoikis, whereas the activation of E-cadherin using E-
cadherin-Fc chimera proteins reduces anoikis. In con-
clusion, our results stress the striking sensitivity of nor-
mal enterocytes to the loss of anchorage and the
contribution of E-cadherin to the control of their surviv-
al/apoptosis balance. They open new perspectives on the
key role of this protein, which is dysregulated in the
intestinal epithelium in both inflammatory bowel dis-
ease and cancer.

The intestinal epithelium displays one of the most rapid
turnover rates of any mammalian tissue. Enterocytes differen-
tiate from proliferative cells, during their migration along the
crypt-to-villus axis (1). After 2–6 days, these cells reach the
villus tip and are shed into the intestinal lumen, with identical
morphological features in human and mouse (2).

Apoptosis is thought to play a dual role in the maintenance
of homeostasis in this epithelium: 1) at the base of the crypt (3)
to control the number of stem cells and 2) in the shedding
process of enterocytes at the villus tip by anoikis (1, 2, 4).
Anoikis refers to apoptosis induced by a loss of cell-matrix

interactions and was initially described for epithelial and en-
dothelial cells (5, 6). Integrins, which act as adhesion receptors,
control cell survival in response to extracellular matrix binding
and also affect the cellular response to other survival and death
signals, thereby controlling the fate of cells as a function of
their immediate environment (7, 8).

It has been suggested that cell-cell interactions also control
cell survival, particularly via the classical cadherins, a family
of transmembrane proteins promoting calcium-dependent cell-
cell adhesion. Cadherin homophilic ligation initiates the as-
sembly of large adhesion multimolecular complexes, which are
connected to the actin cytoskeleton via proteins of the catenin
family (9). This connection is essential for the stabilization and
the strength of cell-cell junctions (10). Cadherin engagement
also leads to the transduction of intracellular signals (11, 12)
and has been shown to protect squamous carcinoma cells and
normal proximal tubular cells from anoikis (13, 14).

The mechanisms controlling normal enterocyte survival
are poorly understood. Electron microscopy studies suggest
that cell-matrix and cell-cell interactions are disrupted se-
quentially in enterocytes reaching the villus tip (15). Fur-
thermore, loss of E-cadherin function in intestinal epithelium
via the targeted expression of a dominant negative N-cad-
herin mutant increases the frequency of apoptotic cells while
perturbing migration and differentiation (16). We hypothe-
sized that the remodeling of E-cadherin-cytoskeleton com-
plexes upon the loss of anchorage might be involved in the
apoptosis signaling cascade. Indeed, we recently showed that
the targeting of E-cadherin to the upper lateral membrane
and its co-localization with subcortical actin in Caco-2 entero-
cytic cells are controlled by cell-matrix interactions involving
integrins (17). We tested our hypothesis with an original
model of anoikis in normal villus epithelium, in which inter-
actions between epithelial cells and the underlying basement
membrane were disrupted while cell-cell interactions were
maintained. We found that, upon the loss of anchorage, nor-
mal enterocytes executed a strikingly rapid apoptosis pro-
gram. We provide evidence that the loss of E-cadherin from
cell-cell contacts, which occurred via a lysosome/proteasome-
dependent degradation pathway, preceded the execution
phase of detachment-induced apoptosis. Moreover, modula-
tion of E-cadherin engagement affected the rate of apoptosis,
demonstrating that E-cadherin participates in the control of
anoikis in villus enterocytes.

EXPERIMENTAL PROCEDURES

Cell Isolation and Culture—Intestinal villus epithelium was isolated
as entire epithelial linings by a method modified from Perreault and
Beaulieu (18). Adult B6CBA mice were killed by cervical dislocation.
The small intestine (jejunum and ileum) was everted; washed in ice-
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U505, 15 rue de l’Ecole de Médecine, 75006 Paris, France. Tel.: 33-1-
42-34-69-34; Fax: 33-1-43-25-16-15; E-mail: Sophie.Thenet-u505@
bhdc.jussieu.fr.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 279, No. 41, Issue of October 8, pp. 43061–43069, 2004
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 43061



cold phosphate-buffered saline (PBS)1 containing Ca2�, Mg2�, and 1
g/liter D-glucose (Invitrogen); and cut into 5-mm pieces. The fragments
were incubated in MatrisperseTM (Becton Dickinson) at 4 °C for 2 h.
Detachment of the epithelium from the mesenchyme was then induced
by vigorous shaking and filtration through large-pored nylon mesh.
After washing in ice-cold PBS, the detached epithelia were retained on
a 70-�m nylon strainer, resuspended in ice-cold Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 4.5 g/liter glucose and supple-
mented with 20 mM Hepes, 50 units/ml penicillin, 50 �g/ml streptomy-
cin, 5 ng/ml recombinant human epidermal growth factor (Invitrogen),
0.2 IU/ml insulin (Novo Nordisk), and 5% fetal bovine serum (AbCys),
plated on 24-well culture plates (8 wells/intestine) and incubated at
37 °C in an atmosphere containing 5% CO2. The purity of the epithelial
fraction was confirmed by the staining of 100% of the cells with an
anti-keratin antibody (not shown) and by the absence of �-smooth
muscle actin detected in Western blot (see Fig. 4A). The villus origin of
this fraction was assessed by sucrase isomaltase activity; sucrase iso-
maltase-negative crypt fractions were only obtained after further incu-
bations in chelating solutions (not shown). Epithelial linings were iso-
lated in the same way from L-PK-bcl-2 transgenic mice expressing the
human bcl-2 gene under control of the L-pyruvate kinase promoter (19),
and nontransgenic littermates were used as a control. When indicated,
the following proteases inhibitors were added to MatrisperseTM and
culture medium: the broad spectrum caspase inhibitor Z-VAD-fmk (50
�M; Bachem), the proteasome inhibitor MG-132 (20 or 50 �M; Calbio-
chem), or the lysosome inhibitor chloroquine (100 �M; Sigma-Aldrich).

Antibodies—The following antibodies were used: anti-E-cadherin
(ECCD-2; Zymed Laboratories Inc.), anti-�-catenin (clone 14; Transduc-
tion Laboratories), anti-mouse �1-integrin (clone MB1.2; Chemicon), anti-
mouse �4-integrin (clone 346-11A; Pharmingen), anti-human Bcl2 (clone
124; DAKO), anti-actin (clone C4; Chemicon), anti-�-smooth muscle actin
(clone 1A4; Sigma), anti-caspase-8 (AAP-118; StressGen), anti-caspase-6
(AAP-106; StressGen), anti-human caspase-3 (H-277; Santa Cruz), anti-
human caspase-9 (clone 5B4; Immunotech), and an anti-active caspase-3
antibody (Pharmingen). We used the following secondary antibodies:
horseradish peroxidase-conjugated anti-mouse IgG (Amersham Bio-
sciences), horseradish peroxidase-conjugated anti-rat and anti-rabbit IgG
(Production d’Anticorps, Réactifs Immunologiques et Services), Cy3-con-
jugated anti-mouse, Cy2-conjugated anti-rabbit, and Cy2-conjugated anti-
rat IgG (Jackson Immunoresearch).

Electron Microscopy—Immediately after MatrisperseTM treatment,
the epithelial linings were fixed by incubation for 1 h at 4 °C in 2.5%
glutaraldehyde and 0.5% tannic acid in 0.1 M cacodylate buffer, pH 7.4.
The cells were incubated overnight at 4 °C in 0.6% glutaraldehyde and
0.5% tannic acid in 0.1 M cacodylate buffer, pH 7.4. The cells were
postfixed by incubation for 2 h at 4 °C in 2% osmic acid in phosphate
buffer, dehydrated, and embedded in Epon resin (Poly/Bed 812; Poly-
sciences). Ultrathin sections (70 nm) were counterstained with uranyl-
acetate and lead citrate and examined with a Jeol 100CX II microscope.

Determination of Apoptosis—Internucleosomal cleavage was visual-
ized by the extraction of small detergent-soluble fragments of DNA in
0.5% Triton X-100 (20), followed by electrophoresis in a 1.5% agarose
gel, using a 100-bp ladder (Invitrogen) as the standard. Apoptosis was
quantified by flow cytometry analysis of subdiploid DNA content. The
cells were dissociated by vigorous pipetting in ice-cold 2 mM EDTA in
PBS and fixed in ice-cold 70% ethanol. Each pellet was resuspended
sequentially in 100 �l of 1% Nonidet P-40, 50 �l of ribonuclease A (1
mg/ml), and 500 �l of propidium iodide (50 �g/ml) and incubated for 15
min at 4 °C. Analysis was performed on an ALTRA cell sorter (Beck-
mann Coulter) equipped with a UV/argon laser and Expo32 software.
Cell doublets and clumps were gated out of the analysis, and a total of
10,000 single cells were analyzed for each sample. For some experi-
ments, apoptosis was quantified by counting apoptotic nuclei on cryo-
sections after staining with DAPI (100 ng/ml; Research Organics Inc). A
minimum of 500 nuclei/section was counted for each determination.

Immunofluorescence—Freshly removed small intestines or epithelial
linings maintained in suspension for the indicated times were washed
in ice-cold PBS, fixed in 4% paraformaldehyde, and embedded in Tissue
Tek OCT (Shandon), and 10-�m cryosections were cut. The sections
were sequentially incubated in blocking buffer (1% w/v bovine serum
albumin, 0.2% w/v low fat milk powder, 0.3% v/v Triton X-100 in PBS)
and then with primary and secondary antibodies diluted in blocking
buffer (anti-E-cadherin 1/250, anti-�1-integrin 1/1000, anti-�4-integrin

1/50, anti-Bcl-2 1/10, and anti-active caspase-3 1/50). Polymerized actin
was stained with 0.5 �g/ml TRITC-labeled phalloidin (Sigma), and the
nuclei were stained with 100 ng/ml DAPI in PBS or with 2 �M TOTO-3
(Molecular Probes) in PBS-bovine serum albumin (1% w/v) after a 1
mg/ml RNase A treatment. The images were acquired on a DMR Leica
epifluorescence microscope or on a Zeiss LSM510 confocal laser-scan-
ning microscope, with contrast and brightness settings kept constant
throughout image acquisition.

Western Blot Analysis—Total protein extracts were prepared from
epithelial linings washed in PBS and solubilized in SDS buffer (1%
SDS, 10 mM Tris-HCl, pH 7.5, 2 mM EDTA). The protein concentrations
were determined with the DC protein-assay (Bio-Rad). 80-�g protein
aliquots were subjected to SDS-PAGE in a 15% polyacrylamide gel and
transferred onto polyvinylidene difluoride membranes (Roche Applied
Science). The following antibody dilutions were used: anti-caspase 3
(1/200), anti-caspase 6 (1/1000), anti-caspase 9 (1/1000), and anti-
caspase 8 (1/1000).

For the separation of Triton X-100-soluble and insoluble fractions,
the cells were incubated for 15 min at 4 °C in CSK buffer (0.5% Triton
X-100, 10 mM Tris-HCl, pH 6.8, 50 mM NaCl, 300 mM sucrose, 3 mM

MgCl2) containing a protease inhibitor mixture (20 �l/ml; Sigma). In-
soluble material was removed by centrifugation at 12,000 � g for 30
min. The supernatant was defined as the Triton X-100-soluble fraction.
The pellet was extracted with the same volume of SDS buffer boiled for
10 min; insoluble material was removed by centrifugation, and the
supernatant was defined as the Triton X-100-insoluble fraction. For
each sample, a 100-�g protein aliquot of soluble fraction and an equal
volume of insoluble fraction was separated by SDS-PAGE in 7.5%
polyacrylamide gel and transferred. The blots were incubated sequen-
tially with primary and secondary antibodies diluted in Tris-buffered
saline containing 0.05% Tween 20 (v/v), 1% low fat milk powder (w/v),
anti-E-cadherin (1/2500), anti-�-catenin (1/2000), anti-actin (1/2000),
and anti-�-smooth muscle actin (1/1000)) and analyzed with an ECL kit
(Amersham Biosciences). Red Ponceau staining was used to ensure
equal loading of proteins. The quantitative analyses were performed
with a high performance calibrated imaging densitometer (Bio-Rad
GS-800) using PD Quest and Image Quant 5.2 softwares.

E-cadherin Perturbation Experiments—Detached epithelial linings
were resuspended in culture medium containing either a function-
blocking anti-E-cadherin antibody (DECMA-1 (11, 21), 200 �g/ml (Sig-
ma); or rat IgG as a control, 200 �g/ml (Chemicon)), or a functional
E-cadherin ligand (12) (dimeric E-cadherin-Fc chimera protein, i.e.
mouse E-cadherin ectodomain fused to the Fc fragment of human IgG1,
10 �g/ml; R & D Systems). In the latter case, E-cad-Fc was preincu-
bated with epithelial linings for 15 min at 4 °C. Anti-human IgG specific
for the Fc fragment (6 �g/ml; Jackson ImmunoResearch) was added to
trigger E-cad-Fc clustering at the cell membrane, as described for the
clustering of activating antibodies (22), and the cells were immediately
transferred to 37 °C. Controls were treated with anti-Fc IgG only. In
both experiments, the cells were fixed with paraformaldehyde after 30
min, and apoptosis was assessed by counting apoptotic nuclei.

RESULTS

Characterization of Apoptosis Triggered by Loss of Cell-Ma-
trix Anchorage in Villus Epithelial Linings—We studied the
response of normal enterocytes to the loss of anchorage without
disruption of cell-cell interactions by detaching mouse intesti-
nal villus cells from mesenchyme as entire epithelial linings,
using a nonenzymatic dissociating solution (MatrisperseTM).
The resulting sheets of epithelial cells with conserved cell-cell
contacts are shown in Fig. 1A. Ultrastructure analysis showed
that the epithelial linings were still polarized, as shown by the
basal position of the nuclei and the presence of a well organized
brush border, and maintained cell-cell interactions (Fig. 1B).
No basement membrane was present beneath the basal mem-
brane (Fig. 1B, inset). We compared the distribution of the �1-
and �4-integrins, the main integrin � chains present in the
intestine (23), in the intact tissue and in the freshly detached
epithelial linings. Detachment had no marked effect on �1-
integrin distribution along the basolateral membrane of epi-
thelial cells. In contrast, �4-integrin was strictly restricted to
the basal membrane of enterocytes within the tissue, as previ-
ously observed in human intestine (23). Immediately after de-
tachment, �4-integrin labeling was still restricted to the basal

1 The abbreviations used are: PBS, phosphate-buffered saline; Z, ben-
zyloxycarbonyl; fmk, fluoromethyl ketone; DAPI, 4�,6-diamidino-2-phe-
nylindole-dihydrochloride; TRITC, tetramethylrhodamine isothiocyanate.
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pole of the epithelial cells but was more diffusely distributed.
Although expressing integrins at their cell surface, albeit with
changes in the �4 chain distribution, epithelial linings were
unable to adhere when plated on collagen, laminin, or a native
matrix deposited by mesenchymal cells (not shown).

We then studied the fate of epithelial linings maintained in
suspension at 37 °C. Immediately after detachment, all of the
nuclei were normal in morphology, but as early as 30 min later,
20–30% of the nuclei were condensed or fragmented, indicating
that apoptosis was underway (Fig. 2A). We checked that apo-
ptosis was triggered by detachment from the mesenchyme, and
not simply by ex vivo incubation, by incubating fragments of
whole intestinal mucosa (explants) at 37 °C; no apoptotic nuclei
were detected in epithelial cells still attached to the villus
mesenchyme within explants (Fig. 2A).

Study of internucleosomal DNA fragmentation (Fig. 2B) and
flow cytometry quantification of subdiploid cells as a function of
time (Fig. 2C) indicated that apoptosis was negligible immedi-
ately after detachment (0 min), becoming detectable within 15
min and rapidly increasing thereafter; 35% of sub-G1 events
were detected after 30 min and 75% after 3 h. These data
demonstrate the apoptotic nature of the cell death program
triggered by loss of anchorage and its striking rapidity in
normal enterocytes.

Expression of the anti-apoptotic gene bcl-2, which protects
against anoikis in epithelial cell lines (6), is weak in the small
intestine. To ask whether sensitivity to anoikis could be alle-

viated by bcl-2 overexpression in enterocytes, we used trans-
genic mice expressing the human bcl-2 gene under control of
the L-pyruvate kinase promoter (19). Bcl-2 levels were higher in
villus-associated enterocytes from L-PK-bcl-2 transgenic mice
than in those from wild-type littermates, as shown by immu-
nostaining (Fig. 2D) and Western blotting (not shown). Bcl-2
overproduction clearly delayed detachment-induced apoptosis
(Fig. 2E). The rate of apoptosis was also markedly reduced in
the presence of 50 �M Z-VAD (Fig. 2E), indicating the involve-
ment of caspase activation in the execution of anoikis. We used
Western blots to assess activation of the initiator caspases-8
and -9 and of the executioner caspases-3 and -6 (Fig. 2F).
Caspase-9 was activated within 30 min, as shown by a 40%
decrease in the amount of the 45-kDa proform, concomitant
with an obvious appearance of the 35-kDa activated form. In
contrast, the amount of caspase-8 proforms did not markedly
vary, and we did not observe any processing of this caspase.
The activation of executioner caspase-6 and caspase-3 was
detected within 30 min by a 60% decrease in the amount of the
proforms of these enzymes and the obvious appearance of the
11-kDa activated form of caspase-3. The activation of
caspases-9, -3, and -6 was reduced by Z-VAD and bcl-2 overex-
pression, with bcl-2-overexpressing enterocytes treated with
Z-VAD presenting the most effective blockage. Quantitation of
the cleaved forms indicated that caspase-3 activation was de-
creased by 90% upon Z-VAD treatment and was almost com-
pletely blocked by bcl-2 overexpression. Z-VAD treatment and

FIG. 1. Characterization of intesti-
nal villus epithelial linings detached
from the mesenchyme with preserva-
tion of cell-cell interactions. A, phase
contrast photograph of murine villus epi-
thelial cells dissociated from mesenchyme
as an entire epithelial lining by incuba-
tion in MatrisperseTM. Bar, 40 �m. B,
transmission electron micrograph of vil-
lus epithelial lining immediately after de-
tachment. Bar, 5 �m. Enterocytes main-
tain close cell-cell interactions and
remain polarized (note in particular the
well preserved brush border microvilli).
Note also the presence of a goblet cell (g).
Inset, detail of the basal pole showing that
no basement membrane is present be-
neath the plasmic membrane. Bar, 0.2
�m. C, confocal microscopy analysis of �1-
and �4-integrins (green) in native intesti-
nal villi (left panel) or in villus epithelial
linings immediately after detachment
(right panel). �1-Integrin is detected pri-
marily along the basolateral membrane of
all villus epithelial cells and is also pres-
ent in large amounts in the lamina pro-
pria (LP), whereas �4 labeling is re-
stricted to the basal membrane of
epithelial cells and is not detected in LP.
The nuclei are stained with TOTO-3
(blue) and polymerized actin with TRITC-
labeled phalloidin (red). Bar, 10 �m.
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FIG. 2. Characterization of apoptosis triggered by enterocyte detachment. A, DAPI staining of nuclei from villus epithelial linings
detached from the mesenchyme or maintaining interactions with the mesenchyme (“explants”) and incubated at 37 °C for the times indicated. The
apoptotic nuclei were detected after 30 min in detached cells (examples indicated by arrowheads) but not in epithelial cells maintaining
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bcl-2 overexpression decreased caspase-9 activation by 40 and
80%, respectively.

The activation of caspase-3 was also evidenced by immuno-
fluorescence, using an antibody that binds to a conforma-
tional epitope exposed by activation-induced cleavage of the
inactive pro-caspase-3. Consistently with Western blot anal-
ysis, this antibody did not label epithelial cells in intact
intestine or immediately after detachment (not shown). By
contrast, intense cytoplasmic staining was detected after 30
min in all cells showing a condensed, apoptotic nucleus (Fig.
2G). The proportion of active caspase-3-labeled cells in-
creased with time together with the proportion of condensed
or fragmented nuclei (not shown). Overall, villus enterocytes
are equipped to activate programmed cell death within min-
utes after loss of anchorage, and apoptosis is executed in most
cells within 3 h via a Bcl-2-regulated and caspase-9-dependent
pathway.

Early Loss of E-cadherin from Cell-Cell Junctions Occurs
during Anoikis and Is Insensitive to Apoptosis Inhibitors—In
the course of our studies, we also observed progressive dissoci-
ation of the epithelial linings (not shown). We therefore ana-
lyzed E-cadherin by immunofluorescence staining during
anoikis. E-cadherin staining was intense and restricted to cell-
cell contacts immediately after detachment (0 min) and de-
creased and became diffuse in �50% of cells after 30 min (Fig.
3A). Furthermore, the combined analysis of E-cadherin local-
ization and of nuclear morphology showed that after 30 min,
E-cadherin was either lost or preserved at cell-cell contacts in
cell clusters that still presented intact nuclei, whereas E-cad-
herin labeling was very faint and diffuse in all cells showing
apoptotic nuclear morphology (Fig. 3B, upper left panel). After
90 min, E-cadherin staining was almost undetectable in �90%
of cells, whereas only 60% of cells were apoptotic (Fig. 3B, lower
left panel). Among the thousands cells observed, no cell dis-

interactions with the mesenchyme. The dotted line delineates the epithelium (E). LP, lamina propria. Bar, 10 �m. B, analysis of internucleosomal
DNA fragmentation. Villus epithelial linings were incubated in suspension for the indicated times, and Triton X-100-soluble DNA was extracted
and processed for electrophoresis. Note that no small detergent-soluble fragment of DNA was detected immediately after detachment (0 min). C,
quantification of apoptosis by flow cytometry analysis of DNA content. Percentages of cells in the sub-G1 region (labeled A) are indicated (means �
S.D. of one representative experiment performed in triplicate). D, immunostaining of the Bcl-2 protein (red) in jejunum sections of wild-type mice
(wt) or L-PK-bcl2 transgenic mice. The nuclei are stained with DAPI (blue). Bar, 40 �m. E, quantification of apoptosis by flow cytometry in villus
epithelial linings taken from L-PK-bcl-2 transgenic mice (gray bars) or from wild-type littermates incubated for the indicated times in the absence
(white bars) or presence of 50 �M Z-VAD (black bars). The results are means � S.D. from at least four independent experiments. At each time point,
the percentage of apoptosis in bcl-2-overexpressing or Z-VAD-treated enterocytes differed significantly from that in control enterocytes (p � 0.001
as determined by Student’s t test.). F, Western blot analysis of the activation of caspases-8, -9, -6, and -3. Villus epithelial linings from L-PK-bcl-2
transgenic mice (�) or from wild-type littermates (�) were incubated in suspension for the times indicated in the absence (�) or presence (�) of
50 �M Z-VAD. The estimated molecular masses (kDa) of the various pro-caspases and cleaved caspases are indicated on the right. G, immunoflu-
orescent staining of activated caspase-3. The nuclei stained with DAPI are shown for the same field. Note that only cells exhibiting a condensed
nucleus (surrounded by a dotted line, left panel) are labeled with the anti-activated caspase-3 antibody (right panel). Bar, 10 �m.

FIG. 3. The kinetics of E-cadherin
loss at cell-cell junctions is not af-
fected by inhibitors of apoptosis. A,
villus epithelial linings were fixed imme-
diately after detachment (0 min) or after
30 min in suspension and immunostained
for E-cadherin. The arrow indicates a
group of cells that have lost E-cadherin
staining. Bar, 10 �m. B, villus epithelial
linings from L-PK-bcl-2 transgenic mice or
from wild-type littermates (wt) were incu-
bated in suspension for the times indi-
cated in the absence (�) or presence of 50
�M Z-VAD (�), fixed, and immunostained
for E-cadherin. The nuclei stained with
DAPI are shown for the same fields. Bar,
10 �m. The arrows indicate examples of
cell clusters at 30 min that have lost E-
cadherin at the membrane but that still
present a nonapoptotic nucleus. The ar-
rowheads indicate nuclei with advanced
apoptotic morphology (condensation or
fragmentation). Note that cells with a
normal nucleus presented either normal
membranous or diffuse/weak E-cadherin
staining but that cells with apoptotic nu-
clei systematically had diffuse or no E-
cadherin staining.
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played both an apoptotic nucleus and membranes stained for
E-cadherin. These results suggest that E-cadherin is lost from
cell-cell contacts before the execution of apoptosis in our
system.

We investigated the effect of apoptosis inhibition on the fate
of E-cadherin. Bcl-2 overproduction or Z-VAD treatment de-
creased the proportion of apoptotic nuclei at both 30 and 90 min
(Fig. 3B, three right panels, consistent with Fig. 2). However,
these treatments had no major effect on the loss of E-cadherin
throughout anoikis. A delay in the disappearance of E-cadherin
was nevertheless observed in enterocytes overexpressing bcl-2
and treated by Z-VAD, suggesting that the loss of E-cadherin
is, at most, secondarily amplified upon apoptosis. These data
support the hypothesis that E-cadherin loss at the cell mem-
brane precedes both caspase activation and appearance of the
morphological hallmarks of apoptosis.

Apoptosis Inhibitors Efficiently Inhibit �-Catenin Cleavage
but Have Little Effect on the Decrease in E-cadherin Levels—To
clarify the fate of E-cadherin in epithelial linings upon loss of
anchorage, immunofluorescence studies were supplemented by
Western blot analyses of Triton-soluble and insoluble fractions at
various time points. Just after detachment of epithelial linings,

E-cadherin was primarily located in the detergent-insoluble frac-
tion, which comprises polymerized actin (10), as in native whole
intestine mucosa (Fig. 4A). This result and our morphological
observations indicate that most of the E-cadherin was retained in
the junctional complexes after MatrisperseTM-induced detach-
ment. The majority of �-catenin was also detected in the deter-
gent-insoluble fraction, and its pattern of migration was identical
in native intestine and in detached epithelium.

Upon incubation in suspension, we observed a dramatic time-
dependent decrease in the amount of E-cadherin associated with
both the insoluble and soluble fractions (Fig. 4B). When related
to total actin, only 1% of the initial amount of total E-cadherin
was detected after 90 min. Consistent with immunofluorescence
studies (Fig. 3B), the kinetics of this decrease in E-cadherin
levels was not markedly affected by Z-VAD treatment or by Bcl-2
overproduction; only 4 and 13% of the initial amounts, respec-
tively, were still detected after 90 min (Fig. 4B). The protective
effects by apoptosis modulators visualized at 30 min were no
more observed at 90 min, except when the two modulators were
combined. It has been shown that during apoptosis, E-cadherin is
cleaved on its intracytoplasmic domain in a caspase-dependent
manner and on its extracellular domain by a metalloproteinase

FIG. 4. Western blot analysis of E-cadherin and �-catenin levels during anoikis. A, extracts from whole intestinal mucosa (intestine) and
from villus epithelial linings immediately after detachment by MatrisperseTM (epithelium) were compared. Aliquots of proteins of the Triton
X-100-soluble fractions (s) and equivalent volumes of the insoluble fractions (i) were separated by SDS-PAGE, and the immunoblots were probed
with anti-E-cadherin, anti-�-catenin, and anti-�-smooth muscle actin antibodies (�-SM actin). �-Smooth muscle actin, a marker of mesenchyme,
was detected in native intestine but not in the detached epithelium, confirming the purity of this preparation. Positions of the molecular weight
markers are indicated on the right. B, effect of Z-VAD treatment and of bcl-2 overexpression on decreases in E-cadherin levels and on �-catenin
cleavage. Villus epithelial linings from L-PK-bcl-2 transgenic mice or from wild-type littermates (wt) were incubated in suspension for the times
indicated in the absence (�) or presence (�) of 50 �M Z-VAD and processed as in A. The immunoblots were probed with anti-E-cadherin,
anti-�-catenin, and anti-actin. Note that actin levels in the Triton-soluble fractions (s) are constant throughout the kinetics, because of equivalent
protein loading of these fractions, but that the proportion found in the insoluble fractions varies. Densitometric analysis of total E-cadherin levels
related to total actin (E-cad/actin) is reported below the blot, and the figure represents a normalized value where the time 0 min for each series
represent the value 1.0. Similarly, densitometric analysis of cleaved �-catenin levels related to total actin (cleaved �-cat/actin) is reported below
the blot and is normalized to the maximal amount observed in the wild-type untreated condition at 90 min.
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(24, 25). In the present model of enterocyte anoikis, no accumu-
lation of cleaved fragments was detected, when using antibodies
directed against the ectodomain or the cytodomain of E-cadherin
(not shown). Because �-catenin, one of the cytoplasmic partner of
E-cadherin, has also been shown to be cleaved by caspases in
several models of apoptosis (26), we analyzed �-catenin degrada-
tion upon enterocyte anoikis. In contrast to E-cadherin, �-catenin
was clearly progressively cleaved into several fragments that
were detected mainly in the Triton-soluble fraction (Fig. 4B).
This cleavage process was inhibited by 75% upon Z-VAD treat-
ment and by 90% upon Bcl-2 overproduction (Fig. 4B). Interest-
ingly, despite protecting against �-catenin cleavage, Z-VAD
treatment or Bcl-2 overproduction were able to delay, but not to
fully prevent, the redistribution of �-catenin from the insoluble to
the soluble fraction. These observations are consistent with a
remodeling of the multimolecular E-cadherin-�-catenin-actin
complexes that still occurs when apoptosis is inhibited and when
�-catenin is not cleaved.

E-cadherin Degradation during Anoikis Occurs via a Protea-
some- and Lysosome-dependent Pathways—Our results indi-
cate that E-cadherin loss precedes apoptosis induction and does
not involve degradation by caspases. The proteasome and the
lysosome have been involved in the degradation of E-cadherin
and of other classical cadherin when junctional complexes are
destabilized (27, 28). We asked whether E-cadherin degrada-
tion upon enterocyte anoikis could occur via these pathways.
Anoikis was induced in the presence of the lysosomal inhibitor
chloroquine or in the presence of the proteasome inhibitor
MG-132, and E-cadherin levels were studied 90 min after de-
tachment, a time at which the caspase inhibitor Z-VAD dis-
played no protective effect (Fig. 4B). Both chloroquine and
MG-132 markedly inhibited the reduction of the E-cadherin
level, with MG-132 presenting the most potent effect (Fig. 5A).
Immunofluorescent analysis showed that more cells main-
tained E-cadherin at cell-cell contacts and remained cohesive
in presence of MG-132 than in untreated epithelial linings (Fig.
5B). This observation is consistent with previous studies show-
ing that the proteasome activity is required for internalization
of some transmembrane receptors, including VE-cadherin (28,
29). Interestingly, the amount of apoptotic nuclei fell to 55% of
untreated controls upon MG-132 treatment (not shown). The
simultaneous inhibition of apoptosis and E-cadherin degrada-
tion we observed points out the involvement of E-cadherin
degradation in the onset of apoptosis.

Effects of the Modulation of E-cadherin Function on
Anoikis—We thus investigated whether anoikis could be modu-
lated by affecting E-cadherin adhesion and/or signaling function.
We performed the anoikis assay in the presence of an anti-E-
cadherin antibody (DECMA-1), which recognizes the ectodomain
and has been reported to block cell-cell adhesion (11). At 30 min,
23% of the nuclei were apoptotic and a 2-fold increase of this
proportion was observed in the presence of the DECMA-1 anti-
body (Fig. 6A). To mimic E-cadherin engagement and intracellu-
lar signaling, we then used a dimeric E-cadherin-Fc chimera
protein containing the E-cadherin ectodomain fused to the IgG Fc
fragment (Ecad-Fc). This molecule has been shown to act as
functional cadherin ligand, inducing the recruitment of cadherin
as a functional complex anchored to the actin cytoskeleton (12).
In presence of E-cad-Fc, the rate of apoptosis was decreased by
2-fold (Fig. 6B). Thus, ligands known to modulate functional
E-cadherin complexes also modulate anoikis, indicating that E-
cadherin controls anoikis, at least partly, following the disruption
of cell-matrix interactions.

DISCUSSION

In this study, we characterized an original model of anoikis
in normal villus epithelium in which cell-matrix and cell-cell

interactions are sequentially disrupted. We report, for the first
time, the early loss of E-cadherin from cell-cell contacts after
detachment, in a process that does not depend on the caspase-
dependent execution phase of apoptosis but rather contributes
to its onset.

We showed that the activation and execution of enterocyte

FIG. 5. E-cadherin loss during anoikis occurs through a lyso-
some and proteasome dependent degradation pathway. A, villus
epithelial linings were incubated in suspension for the times indicated
in presence of the lysosomal inhibitor chloroquine (100 �M) or the
proteasome inhibitor MG-132 (20 or 50 �M). Aliquots of proteins of the
Triton X-100-soluble fractions (s) and equivalent volumes of the insol-
uble fractions (i) were separated by SDS-PAGE, and the immunoblots
were probed with an anti-E-cadherin antibody. B, villus epithelial lin-
ings were incubated in suspension for 90 min in presence of Me2SO
(untreated) or 50 �M MG-132, then fixed, and immunostained for E-
cadherin. The nuclei stained with DAPI are shown for the same fields.
Bar, 10 �m.

FIG. 6. Modulation of anoikis by a blocking anti-E-cadherin
antibody or by an agonist E-cad-Fc chimera protein. A, villus
epithelial linings were incubated in suspension for 30 min with anti-E-
cadherin antibody (DECMA-1) or with IgG (control), fixed, and stained
with DAPI. The apoptotic nuclei were counted in three independent
sections (at least 500 nuclei/section). The results are expressed as
percentages of control and are the means � S.D. from two independent
experiments. **, p � 0.01 as determined by Student’s t test. B, the same
experiment was performed as in A, except that cells were incubated
with E-cad-Fc chimera protein together with anti-Fc IgG to induce
aggregation or with anti-Fc IgG alone (control). The results are ex-
pressed as percentages of control and are the means � S.D. from three
independent experiments. ***, p � 0.001 as determined by Student’s t
test.
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anoikis was extremely rapid in our model. This seems consist-
ent with the rapid renewal of the intestinal epithelium in vivo.
The activation of caspases and other hallmarks of apoptosis
were detected within 30 min of detachment, and most cells died
within 3 h. This process is very different from that observed in
other cell systems. Indeed, sensitivity to anoikis depends on
cell type, oncogene status, and extracellular cues. Sensitivity to
anoikis is lost or decreased upon epithelial-mesenchymal tran-
sition (7) and upon transformation by oncogenes, e.g. ras, src,
and bcl-2 (6, 30), and resistance to anoikis contributes to cell
malignancy (31, 32). In current intestinal cell models, apoptosis
is not detected until several hours after detachment from the
culture support in nondifferentiated/non transformed cell lines
such as IEC18 (30), whereas carcinoma cell lines, e.g. Caco-2 or
HT29, display no triggering of apoptosis upon loss of anchor-
age,2 unless this loss is associated with serum deprivation (33).
Only normal colonic crypt cells have been reported to execute
anoikis with a time course similar to that reported here for
normal enterocytes (4, 34). These kinetics, together with the
demonstration that the execution of anoikis in normal colono-
cytes is not dependent on protein synthesis (35), suggest that
the apoptotic machinery is readily recruitable in both entero-
cytes and colonocytes.

Cell survival depends on the efficient inactivation of pro-
apoptotic molecules and/or on strong survival signals that
counteract apoptotic signals. Anoikis may therefore result from
the abolition of survival pathways and/or the induction of spe-
cific death signals (7). The initiator caspases activated depend
on the death signal. They, in turn, activate executioner
caspases, which are responsible for the cleavage of intracellular
components. Caspase-9 is activated by the mitochondrial path-
way, on which most apoptotic signals converge, whereas
caspase-8 is essentially activated by the oligomerization of
death receptors upon ligand binding. We found that caspase-8
was not activated during the anoikis of normal enterocytes, or
at most late and weakly, contrary to what was reported in
Madin-Darby canine kidney cells (36, 37). Consistently,
caspase-8 was shown to be cleaved only after the activation of
caspase-2 and caspase-9 during colonocyte anoikis (4). Thus, in
normal intestinal epithelial cells, caspase-8 is clearly not in-
volved in the initiation of anoikis, as shown recently in mam-
mary epithelial cells (38).

We show here that the disruption of cell-matrix interactions
triggers a rapid loss of E-cadherin from cell-cell contacts in
normal enterocytes. Consistent with this, we previously
showed that the extracellular matrix controls cell-cell adhesion
by strengthening functional E-cadherin-actin adhesion com-
plexes in Caco-2 enterocytic cells (17). E-cadherin cleavage
upon apoptosis has been described in other models and is
thought to result from the activation of caspases (24, 25) and/or
other proteases (25, 39, 40). We found that the disappearance of
E-cadherin from the membrane in enterocyte anoikis was only
modestly prevented by Z-VAD or by bcl-2 overexpression. We
also detected no cleavage fragments of E-cadherin, whereas we
did observe progressive Z-VAD-sensitive and Bcl-2-sensitive
cleavage of �-catenin, as reported in other studies (26, 41). In
contrast, our data strongly suggest that E-cadherin degrada-
tion upon anoikis occurs via a mechanism that involves the
lysosome and the proteasome. Such mechanisms have been
involved in junction disorganization and cadherin degradation
in endothelial cells and in epithelial cell lines, upon hepatocyte
growth factor or Src-induced cell scattering (42), p120ctn inac-
tivation (27), or expression of a dominant negative cadherin
mutant (28), but, to our knowledge, never in a context of apo-

ptosis. Although data reported until now in the literature sug-
gest that E-cadherin and �-catenin are processed by the same
degradation pathway, which involves the lysosome and the
proteasome upon junction disorganization (43) and caspases
upon apoptosis (25, 26), our data suggest that during entero-
cyte anoikis, E-cadherin is degraded through the proteasome
and the lysosome, and �-catenin is processed by caspases. Our
model would assume a remodeling of the junctional complex in
the course of which E-cadherin/�-catenin dissociation would be
an early step. Such an early dissociation between E-cadherin
and �-catenin has already been described upon disruption of
cell-cell adhesion induced by epidermal growth factor in tumor
cells (44) and could explain the transient retention of �-catenin
in the Triton-insoluble fraction observed upon Z-VAD treat-
ment (Fig. 4B) at a time (30 min) at which E-cadherin level has
already dramatically decreased. The individual fate of each
protein of the junctional complex may also depend on the in-
ternalization pathway of E-cadherin, which has been suggested
to vary according to the junction disrupting signal and the
cellular model. They include clathrin-mediated endocytosis (43,
45, 46), caveolar-mediated internalization (44, 47), and mac-
ropinocytosis (48).

Although the precise mechanisms of E-cadherin complexes
remodeling and degradation remain to be determined, we pres-
ent strong evidence that the loss of E-cadherin-mediated adhe-
sion is involved in the onset of apoptosis after detachment and
that, conversely, the engagement of E-cadherin helps to main-
tain enterocyte survival. The DECMA-1 antibody, which inhib-
its E-cadherin mediated cell-cell adhesion (21) and blocks acti-
vation of the PI3K/Akt pathway (11) and Rac1 (49), induced a
doubling of the rate of apoptosis. Conversely, we observed a
halving of the rate of apoptosis upon E-cad-Fc ligation and
clustering, which is known to recruit and activate PI3K and
Rac (12). Rac recruitment by E-cadherin has been involved in
the stabilization of anchoring of the E-cadherin-catenin com-
plex to actin (50). Activation of PI3K/Akt signaling has been
shown to mediate survival signals triggered by the engagement
of E-cadherin (14) and other classical cadherins (51, 52). Rac1
has also been involved in the control of anoikis (53, 54). We
propose that loss of anchorage triggers immediate modification
of the E-cadherin complex resulting in 1) modification of cell
survival signaling and 2) destabilization and degradation of
E-cadherin. The resulting loss of ligand for E-cadherin in ad-
jacent cells would amplify the phenomenon in our model in
which all enterocytes are simultaneously detached from the
basement membrane, but not in the intestine, in which only
one cell at a time is assumed to lose its attachment.

Our results demonstrate the contribution of E-cadherin in
the control of the death/survival balance in cells highly suscep-
tible to apoptosis. The disruption of E-cadherin-mediated ad-
hesion is likely a critical checkpoint in the modification of
adhesion at the villus tip, leading to enterocyte anoikis. E-
cadherin has been shown to be involved in the control of cell
survival in other physiological models of apoptosis, prostate
and mammary involution upon hormone withdrawal, but via a
different mechanism, involving truncation of the �-catenin-
binding domain (55). Strikingly, the original paper describing
anoikis reported that cells have to be engaged in cell-cell inter-
actions to be sensitive to this process (6). Moreover, cells that
lose the ability to produce epithelial proteins, following epithe-
lial-mesenchymal transition for example, become less sensitive
to apoptosis (7). E-cadherin production is down-regulated dur-
ing the epithelial-mesenchymal transition, during the progres-
sion of carcinoma toward more malignant states (56) but also in
inflammatory bowel disease (57). Our data, combined with
these observations, suggest that E-cadherin plays a complex2 S. Fouquet and S. Thenet, unpublished observations.
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role both in sensitizing cells to apoptotic signals, in particular
to loss of anchorage, and in maintaining survival signals. These
findings open perspectives on the key role of this protein, which
is dysregulated in the intestinal epithelium in both inflamma-
tory bowel disease and in cancer.
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Danièle Citadelle for their contributions; Axel Kahn for generously
providing us with L-PK-bcl-2 transgenic mice; Mireille Lambert,
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