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ABSTRACT Intestinal trefoil factor 3 (TFF3) is a member
of the trefoil family of peptides, small molecules constitutively
expressed in epithelial tissues, including the gastrointestinal
tract. TFF3 has been shown to promote migration of intestinal
epithelial cells in vitro and to enhance mucosal healing and
epithelial restitution in vivo. In this study, we evaluated the
effect of recombinant TFF3 (rTFF3) stimulation on the ex-
pression and cellular localization of the epithelial (E)-
cadherin–catenin complex, a prime mediator of Ca21 depen-
dent cell–cell adhesion, and the adenomatous polyposis coli
(APC)–catenin complex in HT29, HCT116, and SW480 colo-
rectal carcinoma cell lines. Stimulation by rTFF3 (1029 M and
1028 M) for 20–24 hr led to cell detachment and to a reduction
in intercellular adhesion in HT29 and HCT116 cells. In both
cell lines, E-cadherin expression was down-regulated. The
expression of APC, a-catenin and b-catenin also was de-
creased in HT29 cells, with a translocation of APC into the
nucleus. No change in either cell adhesion or in the expression
of E-cadherin, the catenins, and APC was detected in SW480
cells. In addition, TFF3 induced DNA fragmentation and
morphological changes characteristic of apoptosis in HT29.
Tyrphostin, a competitive inhibitor of protein tyrosine ki-
nases, inhibited the effects of TFF3. Our results indicate that
by perturbing the complexes between E-cadherin, b-catenin,
and associated proteins, TFF3 may modulate epithelial cell
adhesion, migration, and survival.

Interference with cellular attachment and increased migration
has been implicated during the neoplastic process (1) and is
fundamental during the early reparative response of epithelial
restitution in mucosal healing (2). Spatial and temporal
changes in cell–cell and cell–matrix interactions occur during
migration and several families of adhesion molecules that
mediate these interactions have been shown to regulate cell
motility (3).

In epithelial cells, cell–cell adhesion is mediated primarily by
epithelial (E)-cadherin, a 120-kDa transmembrane glycopro-
tein localized at the adherens junctions (4). In the presence of
Ca21, E-cadherin’s extracellular domain interacts homotypi-
cally with the E-cadherin molecules of neighboring cells to
maintain intercellular adhesion, and its cytoplasmic carboxy
tail associates with a group of closely related but distinct
membrane undercoat proteins, termed the catenins (a, b, and
g) (5). Both b-catenin (92 kDa) and g-catenin (83 kDa) bind

directly to the cytoplasmic domain of E-cadherin, and a-cate-
nin (102 kDa) links the bound b- or g-catenin to the actin
microfilament network of the cellular cytoskeleton (6). Such
binding is essential for the adhesive function of E-cadherin and
for the establishment of tight physical cell–cell adhesion (7).

A number of studies have confirmed that structural and
functional integrity of the components of the E-cadherin–
catenin complex are necessary for cell adhesion (8). We have
shown that perturbation of E-cadherin–catenin-mediated cell
adhesion is associated with cell migration and epithelial res-
titution in an in vitro model of epithelial injury (9). In vivo, the
regenerating epithelium over ulcerated mucosa shows loss of
membranous localization and decreased levels of E-cadherin
and a-catenin (10). Using chimeric-transgenic mice, Her-
miston and Gordon showed that disruption of cadherin me-
diated cell–cell adhesion in the crypt epithelial cells resulted
in altered cell cycle, perturbed mucosal barrier function, and
progressive inflammatory changes with features consistent
with inflammatory bowel disease (11).

Loss of function or expression of any of the E-cadherin–
catenin complex components also has been implicated in
leading to loss of epithelial differentiation and normal archi-
tecture and the acquisition of a motile and invasive phenotype
(8). In vitro studies using human carcinoma cell lines have
confirmed this for E-cadherin, a-catenin, and b-catenin (7,
12). In vivo studies of a variety of human malignancies,
including oesophageal, gastric, and colonic adenocarcinomas,
have shown that reduced E-cadherin–catenin expression is
associated with tumor dedifferentiation, infiltrative growth,
and lymph node involvement (13, 14).

The cadherins and catenins, however, are more than just
intercellular glue. b-catenin seems to participate in signal
transduction pathways independently from its role in cell–cell
adhesion and thus links the cell surface to downstream cyto-
plasmic and nuclear events. For instance, b-catenin and its
Drosophila homolog, Armadillo, are involved in a Wnt–
Wingless signaling pathway critical for developmental pattern-
ing at least in Drosophila and Xenopus (15). It also has been
discovered that b-catenin can bind not only to E-cadherin but
also to other molecules such as the epidermal growth factor
receptor (EGFR) (16) and the adenomatous polyposis coli
(APC) gene product (17).
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The APC gene encodes a 310-kDa cytoplasmic protein (18,
19) and the C-terminal portion of the APC protein is deleted
in most of the mutations that are found commonly in inherited
familial adenomatous polyposis (FAP) patients and in spo-
radic colorectal cancers (20, 21). Such mutations appear to be
an early event during colorectal tumorigenesis (18, 19, 22, 23).
The APC protein competes directly with E-cadherin for
binding to b-catenin and can form distinct complexes contain-
ing combinations of a-catenin, b-catenin, and g-catenin that
are independent from the cadherin–catenin complexes and
through them bind to the cytoskeleton (24, 25). Mutant APC
protein may bind more avidly to b-catenin than wild-type
APC, and it appears that APC and b-catenin regulate their
mutual expressions (26). Phosphorylation of APC by glycogen
synthase kinase-3b regulates the interaction of APC with
b-catenin and may lead to b-catenin degradation (27). Free
b-catenin seems to accumulate in the nucleus (28) and there
associate with the DNA binding proteins Tcf-Lef, triggering
gene expression leading to proliferation or inhibition of apo-
ptosis (29). It recently has been suggested that APC may act
as part of the Wnt–b-catenin signaling cascade in Xenopus (30)
and that APC may alter transformation properties, decrease
growth rate, or induce apoptosis in colon carcinoma cells (31,
32). It also has been shown that APC can localize in vivo to the
end of cell processes and at the tips of microtubule bundles,
suggesting a role in the regulation and coordination of directed
cell migration (33, 34). Furthermore, Wong et al. (35) have
shown that the forced expression of APC protein in transgenic
mice leads to a markedly disordered nonadhesive, migratory
phenotype. Because molecules such as APC, E-cadherin, and
the catenins appear to play an important role in cell adhesion
and survival, disruption of their interactions and modulation of
their expression andyor function may be a mechanism by which
soluble factors promote migration.

The intestinal trefoil factor (TFF3) is a member of the trefoil
family of peptides, which are small secreted molecules and in
which the disulfide bonds between cysteine residues exhibit a
common trefoil structure (36). TFF3 is expressed constitu-
tively in the gastrointestinal tract, primarily in the duodenum
and colon (36), as well as in other tissues such as brain (37),
uterus (38), and breast (39). Trefoil peptides have been shown
to be overexpressed within gastrointestinal mucosa affected by
chronic ulcerative and inflammatory lesions, suggesting a
possible role in mucosal healing (40, 41). Mice lacking TFF3
have impaired mucosal healing and an expanded proliferative
compartment in their intestinal epithelium (42). Indeed, re-
combinant TFF3 as well as TFF2 (human spasmolytic polypep-
tide) have been shown to stimulate the migration of intestinal
epithelial cells, to promote wound healing in vitro (43, 44), and
to be irreversibly cross-linked to specific binding sites that are
present within gastric, colonic, and jejunal mucosal glands (45,
46).

The exact mechanism of TFF3’s mode of action, however, is
not understood. Recently, we have shown that recombinant rat
TFF3 induces a rapid tyrosine phosphorylation of b-catenin,
the EGFR, and an unknown protein of '85 kDa (now thought
to be g-catenin) (47). These changes are associated with
decreased calcium-dependent cell–cell-homotypic adhesion
and enhanced cell migration on wounded monolayers. In this
study, we evaluated the effect of rTFF3 stimulation on the
expression and cellular localization of the E-cadherin–catenin
and APC–catenin complexes in human-colonic carcinoma cell
lines.

MATERIALS AND METHODS

Production and Characterization of a mAb (ALI-12–28)
Recognizing the N-Terminal APC Gene product. The antibody
was raised by immunizing BALByc mice with a N-terminal
APC–maltose binding protein (MBP) fusion protein using

standard techniques (48). The fusion protein was composed of
the first 1.3 kb of APC which includes the first 433 amino acids
and the first nine exons of the gene. The hybridoma was
selected by differential b-galactosidaseyanti-b-galactosidase
ELISA (GAG-ELISA) (49) screening using the APC–MBP
fusion protein and the MBP alone. The antibody is an IgG1 and
is called ALI-12–28.

mAbs Against E-Cadherin, Catenins, and Phosphotyrosine
Residues. A mouse mAb against human E-cadherin (HECD-1)
was kindly provided by M. Takeichi (Kyoto University, Kyoto,
Japan). Commercially available purified mouse mAbs (1 mgy
ml) against human a-, b- and g-catenins (Transduction Lab-
oratories, Lexington, KY) were used. Mouse anti-phosphoty-
rosine mAb, 4G10 (1 mgyml), was purchased from Upstate
Biotechnology (Lake Placid, NY).

rTFF3 and Tyrphostin. Recombinant rat intestinal trefoil
factor (rTFF3) was purified as described (47). Immunoblot and
laser desorption time of flight mass-spectrometric analyses
confirmed the identity of the purified material which was
assessed to be '99% pure as judged by SDSyPAGE and
Coomassie Brilliant blue staining (50). Tyrphostin A25 was
obtained from Calbiochem-Novabiochem.

Tissue Culture and Cell Treatment. Three human colonic
carcinoma-derived cell lines, HT29, HCT116, and SW480,
which have been confirmed to show mutant (truncated protein
product of 110y200 kDa), wild-type (normal protein of 310
kDa) and mutant APC (truncated protein product of '170
kDa) respectively, were obtained from the American Type
Culture Collection. These cell lines were maintained in 25-cm2

sterile Falcon tissue culture flasks (Beckton Dickinson) in
DMEM supplemented with 10% fetal calf serum (FCS) at
37°C in 10% CO2. To investigate the effects of TFF3 stimu-
lation, cells were grown for 24 hr in DMEMy2% FCS and then
in either the presence or absence of rTFF3 (1028 M and 1029

M) for an additional 12, 20, or 24 hr (unless otherwise
indicated). To inhibit tyrosine phosphorylation, tyrphostin
(200 mM) was added to the cell culture medium 30 min before
cells were stimulated with rTFF3.

Western Blotting. Cells were lysed in sample buffer (50 mM
TriszHCl, pH 6.8y2% SDSy5% b-mercaptoethanoly10% glyc-
eroly1 mM EDTA) containing aprotinin (2 mgyml), phenyl-
methylsulfonyl f luoride (100 mgyml), and trypsin-chymotryp-
sin inhibitor (10 mgyml) for 10 min at 100°C. Insoluble proteins
were removed by centrifugation. Extracts of total soluble
proteins were assayed with the Bio-Rad Protein Assay kit, and
equal 30-mg amounts were subjected to SDSyPAGE using 5%
or 8% polyacrylamide gels. Gels were transferred to nitrocel-
lulose membranes electrophoretically in a buffer containing 50
mM Tris, 380 mM glycine, 0.01% SDS, and 20% methanol.
Blots were stained briefly in Ponceau S (Sigma) to further
verify loading equality. Nitrocellulose membranes were
blocked for 2 hr in buffer containing Tris-buffered saline
(TBS), 0.05% Tween-20 (TBST), 10% powdered milk, and 1%
rabbit serum. Primary antibodies were incubated with the blots
for 1 hr at room temperature in TBST. Antibodies were used
at the following concentrations: ALI-12–28, 4 mgyml; a-cate-
nin, 4 mgyml; b- and g-catenin, 1 mgyml; and HECD-1,
undiluted cultured supernatant. After washing the mem-
branes, rabbit anti-mouse Igs coupled to horseradish peroxi-
dase (Dako) was added at a dilution of 1:2000 for 1 hr. The
membranes were washed and antibody reactivity was visual-
ized with the enhanced chemiluminescence (ECL) reagent
(Amersham International, Buckinghamshire, UK) against Hy-
perfilm-MP (Amersham).

Immunof luorescence. Cells were grown on collagen-
covered coverslips in DMEM supplemented with 2% fetal calf
serum. After washing with TBS, cells were fixed in 100%
acetone at room temperature for 10 min. Alternatively, cells
were fixed with pH 7.4 paraformaldehyde lysine periodate (2%
p-formaldehydey0.01 M m-sodium periodatey0.075 M lysiney
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0.037 M sodium phosphate) for 20 min at room temperature.
The cells were washed with TBS before incubation in blocking
buffer containing TBS, 1% BSA, 5% rabbit serum, and 50 mM
NH4Cl for 1h at room temperature. Cells were then incubated
with primary antibodies (at the following concentrations:
ALI-12–28, 20 mgyml; b-catenin, 10 mgyml; and HECD-1,
undiluted cultured supernatant) in TBS, 5% rabbit serum, and
0.2% BSA overnight at 4°C. After washing, the binding of
primary antibodies was detected with fluorescein-conjugated
rabbit anti-mouse Igs (Dako) diluted 1:40 in TBS and incu-
bated for 30–60 min at room temperature. Cells were then
washed and slides were mounted in Vectashield (Vector
Laboratories) and viewed by three independent observers
(J.A.E., M.N., and M.P.) through a fluorescence microscope
(Olympus).

Immunoprecipitation. After stimulation with rTFF3 in ei-
ther the presence or absence of tyrphostin for 7 min, cells were
lysed in vanadate immunoprecipitation buffer (50 mM
TriszHCl, pH 7.5y100 mM NaCly0.5% Nonidet P-40y0.2 mM
sodium orthovanadatey50 mM NaFy2 mg/ml aprotininy2
mg/ml leupeptin) on ice for 30 min and centrifuged at 13,000
rpm for 30 min. After preclearing with protein G-Sepharose
beads coated with mouse IgG, the lysates were precipitated
with protein G-Sepharose complexed to either anti-b- or
-g-catenin mAb. The protein concentrations of the cell lysates
were determined by the Bio-Rad Protein Assay kit. Aliquots
of 300 mg of total-cell proteins were incubated with 6 mg of the
relevant antibody for 2 hr at 4°C. The beads were collected by
centrifugation, washed with detergent buffer, dissolved in the
sample buffer by boiling, and the immunoprecipitates were
subjected to SDSyPAGE (8% acrylamide). Tyrosine phos-
phorylation in the immunoprecipitated complex was analyzed
by Western blotting using the 4G10 antibody at 1 mgyml.

Detection of DNA Fragmentation. Cells were harvested at
24, 36, 42, 48, 60, and 72 hr after stimulation with TFF3 and
incubated with lysis buffer (10 mM TriszHCl, pH 8.0y10 mM
NaCly10 mM EDTAy100 mg/ml proteinase Ky1% SDS) at
37°C. The DNA was extracted with an equal volume of
phenolychloroform, precipitated in ethanol containing 0.3 M
final concentration of sodium acetate (pH 5.2), and centri-
fuged for 30 min at 4°C. The pellet was resuspended in TE
buffer (10 mM TriszHCly1 mM EDTA, pH 8.0). RNase (100
mgyml) was added to each sample and incubated for 1 hr at
room temperature. The DNA samples were mixed with loading
buffer and run on a 1.8% agarose gel. A HindIII digest of
L-DNA was applied to each gel to provide molecular size
markers of 23.5, 9.6, 6.6, 4.3, 2.2, 2.1, and 0.5 kbp. Electro-
phoresis was carried out in TBE buffer (2 mM EDTA, 89 mM
Tris-HCl, 89 mM boric acid), and the DNA was visualized by
ethidium bromide and photographed on Polaroid type 667
(3,000 ASA) film.

DNA Labeling with Propidium Iodide (PI). Cells were
grown on sterile glass coverslips in 24-well plates either in the
presence or absence of TFF3 for 24 hr. Some coverslips were
stained with hematoxylinyeosin to check the morphologic
appearance of the cells. The PI staining was carried out as
described (51).

RESULTS

Specificity of ALI-12–28. ALI-12–28 was epitope mapped by
differential in vitro expression of the N-terminal region of the
APC gene by using the protein truncation test and was found
to bind to APC in the region between nucleotides 135 and 422
(exons 2–3). As shown in Fig. 1, ALI-12–28 reacts with normal
and mutant-truncated forms of the APC protein in a series of
FAP lymphoblastoid cell lines by Western blotting. Mutations
that occur at the 59 end of the APC gene seem to produce an
unstable RNA or protein product. As yet, we have been unable
to detect small molecular weight truncated products (,65

kDa) by Western blotting techniques. This result may explain
why we did not observe a truncated product in all of the FAP
cell lines examined (Fig. 1). ALI-12–28 has been used as the
initial mutation screen for patients with FAP (data not shown).
By calculating the molecular weight of the protein, a rough
estimate of the genomic localization of the mutation can be
made. The antibody also has specific application in immuno-
precipitation and immunocytochemistry. The immunoprecipi-
tating properties of this antibody have been utilized to improve
the quality of PTT results covering APC exons 1–14 (A.R. and
W.F.B., personal communication).

TFF3 Modulates Cellular Adhesion of Colonic Carcinoma
Cell Lines. Stimulation by rTFF3 (1029 M and 1028 M) led to
decreased cell substratum and cell–cell adhesion in HT29 (Fig.

FIG. 1. Western blot (7.5% PAGE) using ALI-12–28 showing
specificity of the antibody for both wild-type and mutant-truncated
forms of the APC product in a series of FAP lymphoblastoid cell lines
derived from FAP patients. These cell lines were established by
introducing Epstein–Barr virus into isolated patient B cells. Arrow-
head indicates the wild-type product of '310 kDa.

FIG. 2. Phase-contrast photograph of HT29 cells unstimulated (A)
and stimulated (B) with rTFF3 (1028 M) for 24 hr. Stimulation by
rTFF3 led to the detachment of cells, reduction in cell adhesion, and
an increase in the number of floating cells.
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2) and HCT116 (data not shown) with an increase in the
number of floating cells. There was no change in the mor-
phology nor the adhesion of SW480 cells. A time course
experiment revealed that this cellular detachment and reduc-
tion in adhesion was seen when rTFF3 had been administered
continuously for at least 20 hr. Interestingly, stimulation of
HT29 for only 1 hr at 1028 M or 1029 M showed similar but
delayed (3–10 days) cell detachment.

TFF3 Affects the Expression and Cellular Localization of
E-Cadherin, APC, and Catenins. HT29, HCT116, and SW480
cells were examined for APC, E-cadherin, and catenin expres-
sion by Western blotting. In rTTF3 stimulated HT29 cells,
E-cadherin and a-catenin expression virtually disappeared
whereas APC and b-catenin decreased markedly. However,
g-catenin expression was preserved largely (Fig. 3). In HCT116
cells, only E-cadherin expression was down-regulated, and in
SW480 cells, none of the proteins we examined were affected
by the administration of rTFF3 (data not shown). Down-
regulation of E-cadherin expression in HT29 was the earliest
event, detectable after 12 hr, whereas the effect on APC and
catenin expression was seen after stimulation for 20–24 hr.

The cellular localization of E-cadherin, APC, and catenins
was examined by indirect immunofluorescence in HT29 cells
in the presence or absence of rTFF3. In unstimulated condi-
tions, APC showed intense and diffuse cytoplasmic localiza-
tion (Fig. 4A). b-catenin expression was also cytoplasmic with
a clear submembranous localization at intercellular junctions,
as shown (47). Following rTFF3 stimulation for 20–24 hr, APC
immunostaining was heterogeneous, reduced, and showed a
granular pattern. This was accompanied by translocation of the
protein from the cytoplasm to the nucleus with nucleolar
accentuation (Fig. 4B). The change in APC cellular localiza-
tion appeared to commence gradually after 12 hr. b-catenin
expression virtually was undetectable by immunofluorescence
(data not shown) in HT29 cells stimulated with rTFF3 for
20–24h.

rTFF3 Induces Apoptosis in HT29 Cells. To explore whether
the cell detachment induced by rTTF3 triggered apoptotic
changes, we analyzed cellular morphology using PI and the
appearance of DNA fragmentation with agarose gel analysis.
The PI-stained HT29 cell nuclei showed a much higher number
of apoptotic nuclei with marked chromatin condensation and
nuclear fragmentation compared with unstimulated cells (data
not shown). The agarose gel analysis showed that DNA
fragmentation was present in the DNA samples extracted from
HT29 (floater and attached cell populations) when the cells
had been stimulated with rTFF3 for 36 hr (Fig. 5).

Inhibition of rTFF3-Induced Changes by Tyrphostin 25. To
examine whether tyrosine phosphorylation is a possible mech-
anism by which rTFF3 mediates its effects on cell adhesion and
apoptosis, HT29 cells were stimulated with rTFF3 in the
presence or absence of tyrphostin, a competitive inhibitor of

substrate binding on protein tyrosine kinases (52). Expression
and cellular localization of E-cadherin, APC, a-catenin, and
b-catenin was preserved in HT29 cells treated with rTFF3 and
tyrphostin (Fig. 6). Tyrphostin inhibited cell detachment and
reversed DNA fragmentation induced by rTFF3 (Fig. 5, lane
8).

To assess whether tyrphostin inhibited tyrosine phosphor-
ylation of b- and g-catenin, which we have shown (47) to be
induced by rTFF3 (1026 M for 7 min), we examined the change
of phosphorylated tyrosine residues by immunoprecipitation.
In HT29 cells stimulated either with 1028 or 1029 M rTFF3,

FIG. 3. Western blot analysis of APC, E-cadherin, and a-, b-, and
g-catenins. Twenty-four hours after HT29 cells were stimulated with
1029 M (lanes 2, 5, and 8) or 1028 M (lanes 3, 6, and 9) or without
rTFF3 (lanes 1, 4, and 7), total cell lysates were subjected to Western
blotting with ALI-12–28 (A), HECD-1 (B), anti-a- (C), b- (D), or
g-catenin (E). The expression of APC, E-cadherin, a-catenin, and
b-catenin significantly decreased in HT29 cells at both concentrations
of rTFF3. The expression of g-catenin was preserved largely.

FIG. 4. Immunofluorescence staining of APC in HT29 cells un-
stimulated (A) and stimulated (B) with rTFF3 (1028 M) for 24 hr.
After treatment with rTFF3, APC showed heterogeneous and granular
staining with nuclearynucleolar localization.

FIG. 5. Time-dependent effects of rTFF3 on DNA fragmentation.
Agarose gel electrophoresis of DNA extracted from HT29 cells 24 hr
(lane 2), 36 hr (lane 3), 42 hr (lane 4), 48 hr (lane 5), 60 hr (lane 6),
and 72 hr (lane 7) after cells were stimulated with 1028 M rTFF3.
Control experiment was carried out under the same conditions for 24
hr (lane 1). Tyrphostin was added into the cell culture medium (200
mM) 30 min before cells were stimulated with rTFF3 and thereafter
coincubated with cells for 48 hr (lane 8). Lane 9 is a HindIII digest of
l DNA providing a molecular size marker. HT29 cells showed DNA
fragmentations ,2-kbp in size after 36 hr and ,500 bp in size after 48
hr. Administration of tyrphostin largely inhibited these changes. After
60 hr (lanes 6 and 7), no DNA laddering was detected probably due
to cells undergoing necrosis.
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tyrphostin did not appear to have a significant effect on the
levels of tyrosine phosphorylation of b-catenin or g-catenin
(data not shown).

DISCUSSION

In this study, we evaluated the effects of rTFF3 on the
expression and function of the E-cadherin–catenin and APC–
catenin complexes in human colorectal carcinoma cell lines.
Such a study requires careful consideration of the mutational
background on which these observations are made. Our results
demonstrate that in HT29 cells, which harbor an APC mutation
but have a normal E-cadherin–catenin complex (47), rTFF3
leads to down-regulated expression of E-cadherin (after 12 hr),
decreased cell–cell and cell–substratum adhesion, down-
regulated expression of APC and a- and b-catenin, translo-
cation of APC from the cytoplasm to the nucleus (after '20
hr), and the induction of apoptotic changes (after 36 hr). It is
interesting to note that loss of adhesion was triggered irre-
versibly within 1 hr after rTFF3 administration and is thus an
early event, though it did not materialize morphologically until
at least 20 hr after stimulation. Therefore, the APC mutation
present in HT29 cells does not appear to affect their ability to
respond to TFF3 and to translocate the APC protein into the
nucleus and nucleoli. While this study was in progress, Neufeld
and White (53) demonstrated that full length APC also can
localize in the nucleus of unstimulated colon carcinoma-
derived cell lines.

With regard to the other cell lines examined, HCT116, which
has wild-type E-cadherin, responded to TFF3 with a down-
regulation in E-cadherin and loss of cell–cell adhesion.
HCT116, however, is known to harbor a mutation in b-catenin
(54), which may explain its limited responsiveness to TFF3 as
compared with HT29. In addition, SW480, which has low levels
of E-cadherin and a-catenin, has been shown to be unrespon-
sive not only to TFF3 but also to TFF2 (44). Interestingly, we
recently have shown that transfection of E-cadherin into
LS174T colon carcinoma cells (which are E-cadherin negative
yet have wild-type APC and b-catenin) restores their lost
sensitivity to TFF2 (M.P., unpublished data). It is thus likely
that the action of trefoil peptides, such as TFF2 and TFF3,
requires the presence of an intact E-cadherin–catenin complex
as seen in HT29 cells (47).

TFF3 has been shown to be overexpressed in mammary (39),
gastric (M.N., personal communication), and colonic carcino-
mas (55) where loss of the E-cadherin–catenin complex com-
monly is seen (13, 14). Therefore, resistance to TFF3 may
confer a selective advantage to carcinoma cells that already
possess a disrupted E-cadherin–catenin complex by allowing
them to escape from the apoptotic pathway.

Although TFF3 appears to be overexpressed in neoplastic
tissue and appears to play an important role during the early
stages of epithelial restitution when viable epithelial cells

rapidly migrate from the ulcer margins over the denuded area
(8), its function in the normal gastrointestinal tract largely is
unknown. In normal colonic mucosa, TFF3 has been shown to
localize to the superficial columnar epithelial cells (55) where
APC (56) and the classical E-cadherin–catenin complex (14)
also are expressed at high levels. Because our results suggest
that rTFF3 reduces E-cadherin-mediated cell–cell adhesion
and induces apoptosis (probably as a secondary response), it is
conceivable that it may play a role during normal intestinal
epithelial cell kinetics, which involves migration-associated
differentiation, programmed cell death, and cell shedding at
the top of the crypt (57, 58). This hypothesis is consistent with
the observed expansion of the proliferative compartment seen
in the TFF3 knock-out mice (42) and with the increased
epithelial cell apoptosis seen in the dominant-negative N-
cadherin mutant transgene mice (59).

Other studies support the notion that cell–cell junctional
proteins can be common targets for motogenic factors when
initiating cell migration. For example, hepatocyte growth
factoryscatter factor and EGF have been shown to induce
tyrosine phosphorylation of b-catenin, g-catenin, and p120 in
HT29 cells. This induction was associated with cellular redis-
tribution of E-cadherin, resulting in increased motility (60).
Similarly, as we have described, rTFF3 induces tyrosine phos-
phorylation of catenins as well as EGFR leading to loss of
E-cadherin-mediated adhesion and promotion of cell migra-
tion (47). In this study, tyrphostin successfully inhibited most
of the effects induced by rTFF3 and re-established normal cell
interactions confirming that tyrosine phosphorylation is an
important mechanism by which rTFF3-mediated changes are
regulated.

Components of the E-cadherin–catenin and the APC–
catenin complex have been shown to associate with molecules
which either express tyrosine kinase activity or act as substrates
for various receptor tyrosine kinases, such as EGFR and p120
(16, 61). Furthermore, in cells transfected with the v-src
oncogene, increased tyrosine phosphorylation of b-catenin
and E-cadherin was observed resulting in functional changes
such as decreased adhesion, increased migration, and in-
creased invasiveness, although the overall expression of nei-
ther the catenins nor the cadherins changed (62). Because in
this study we detected no significant inhibition of catenin
tyrosine phosphorylation by tyrphostin, it is likely that tyrosine
phosphorylation of other molecules, such as EGFR or the
putative TFF3 receptor, plays an important role in mediating
the effects of TFF3. It is interesting to note that EGF has been
shown to potentiate the effects of rTFF3 (63). The synergism
between TFF3 and EGF suggests potential complementary
roles and linked receptor signaling pathways, possibly through
b-catenin. Elucidation of the respective pathways and the
mechanisms and the molecules involved may lead to a greater
understanding of normal intestinal epithelial cell kinetics,
mucosal repair, and colorectal tumorigenesis.
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