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Loss of E-cadherin has been long con-
sidered to be a major hallmark of epi-

thelial-mesenchymal transition (EMT)
and has been reported in various cancers.
P120 catenin regulates E-cadherin stabil-
ity on the cell surface and also plays a
role in intracellular signaling by modu-
lating nuclear transcription. We recently
characterized the nature of interactions
between p120 catenin and Mucin 1
(MUC1) in pancreatic cancer. Expression
of different p120 catenin isoforms with
and without MUC1 induced distinct
morphologies, cell adhesion, and
dynamic properties of motility along with
different metastatic properties in vivo.
Re-expression of p120 catenin isoform 3A
in the context of MUC1 expression in a
p120 catenin-deficient cell line stabilized
expression of E-cadherin. However,
orthotopic implantation of tumors using
this stable cell line produced large meta-
static lesions to the liver, which exceeded
the volume of the primary tumor, sug-
gesting down regulation of E-cadherin is
not required for tumor metastasis. Here
we extend those studies by showing that
ectopic expression of E-cadherin does not
block in vitro invasion of the pancreatic
cancer cells, and instead accelerated the
rate of tumor invasion. Furthermore,
results from 23 cases of human pancreatic
primary tumor specimens revealed that
most tumors exhibiting metastatic activ-
ity retained epithelial morphology and
E-cadherin gene expression. Our results
indicate that loss of E-cadherin and
EMT are not required for metastasis and
that an epithelial morphology can be
maintained during the process of tumor
cell movement.

Introduction
How cell movements occur within a

cohesive tissue while maintaining cell-cell
contact and barrier functions, a question
that is of central importance in develop-
mental, cellular and cancer biology,
remains poorly understood.1,2 The recent
dogma of epithelial to mesenchymal tran-
sition (EMT) posits that tumor cells
undertaking movement within tissues
transiently down-regulate the adhesion
molecule E-cadherin, perhaps substituting
expression of another cadherin such as
N-cadherin, which allows the cell to disso-
ciate from neighbors and migrate through
tissue, perhaps to lymphatic or blood ves-
sels and on to a new location.

The process of EMT has been proposed
to allow immotile epithelial cells with
established cellular polarity to dissociate
from each other and undergo a morpho-
logical transformation into cells with a
fibroblast-like mesenchymal shape in order
to engage in a program of cell motility that
impacts cell migration. EMT controls
morphogenetic events during embryonic
development and contributes to gastrula-
tion and tissue repair.3 Recently, it was
proposed that EMT occurs during tissue
injury and is likely to promote cancer inva-
sion and metastasis.4 Thus, loss of E-cad-
herin is considered by some a sine qua non
for EMT that precedes metastasis in
human cancers, resulting in loss of epithe-
lial morphology and gain of metastatic
potential of the cells. Numerous studies on
EMT have presented in vitro results and
experiments in mouse models supporting
this concept; however, strong evidence
from studies of human tumor specimens to
support this concept is currently lacking.5,6
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We recently reported7 that epithelial
appearance, cell adhesion and motility of
pancreatic cancer cells are not strictly lim-
ited by E-cadherin status at the cell sur-
face. Instead, we showed that cells
expressing high levels of stabilized E-cad-
herin at the surface exhibited a range of
patterns of motility within monolayer cul-
tures while maintaining E-cadherin-based
adhesions to other cells. Stabilization of
E-cadherin was observed upon expression
of 2 structural-signaling molecules, p120
catenin (ctn) and MUC1, in a pancreatic
tumor cell line (S2013) that was deficient
in p120 catenin and low in expression of
MUC1.7 P120 catenin is known to stabi-
lize E-cadherin at the surface of epithelial
cells.8 Given that the S2103 cells appear
generally mesenchymal in culture, it was
not surprising that we observed an
increase in steady state E-cadherin local-
ized to the cell surface, and a higher degree
of epithelial cell morphology in this cell
line upon expression of all 4 major iso-
forms of P120 ctn (whether or not
MUC1 was co-expressed). Moreover,
expression of combinations of different
isoforms of p120 catenin and MUC1 sta-
bilized E-cadherin and created cells that
exhibited distinct and active patterns of
motility in culture (motility independent
of cell adhesion, motility within a mono-
layer while exchanging contacts with other
cells, and unified motility while maintain-
ing static epithelial contacts). Our pub-
lished7 time-lapse video microscopy
revealed that the epithelial-appearing cells
re-expressing p120 catenin 1A, 3A and 4A
exhibited increased local motility of cells
within monolayer cultures. These cells
migrated within the monolayer and simul-
taneously exchanged membrane contacts
with some cells while maintaining cell-cell
adhesion. Expression of MUC1 (but not
p120 catenin) increased local cell motility
and the rate at which cells dissociated
from the monolayer; however, expression
of MUC1 in the context of all p120 cate-
nin isoforms enforced an epithelial
appearance on the cells commensurate
with stabilizing high levels of E-cadherin.
Simultaneous expression of p120 catenin
isoform 4A and MUC1 enforced a
remarkable highly epithelial morphology
that showed little exchange of cellular con-
tacts, but at the same time showed growth

and motility in a unified, unidirectional
manner that resembled collective cell
migration.

Interestingly, although expression of
p120 catenin and consequent stabilization
of E-cadherin was predicted to decrease
tumor growth and metastasis, instead we
observed enhanced tumor growth proper-
ties and alterations in the pattern of meta-
static spread. We attributed this to the
possibility that different complexes
formed by p120 ctn isoforms and MUC1
produce both structural effects at the cell
surface and concomitant signaling events
that contribute to localized motility, cell
survival and other cell activities, given that
we also observed stabilization of cyto-
plasmic and nuclear b catenin in these
cells.

In a separate report,9 we went on to
explore the influence of MUC1 and
p120 catenin on Wnt signaling through
b catenin. Our results showed that in
addition to stabilizing E-cadherin and b
catenin, MUC1 and p120 catenin
together caused significant effects on the
transcription of Wnt target genes, includ-
ing cyclin D1, which were distinct in the
absence of either p120 catenin or
MUC1. For cyclin D1, MUC1 and p120
catenin bound to and stabilized b catenin
in the cell and at the cyclin D1 promoter;
they also bound and caused de-repression
of Kaiso, a transcriptional repressor
known to be targeted by p120 catenin,10

which together led to high levels of tran-
scription of cyclin D1. High activity of
the cyclin D1 promoter and elevated
cyclin D1 protein also significantly
increased cell proliferation.9 These results
demonstrate that the net effects of mor-
phogenetic signaling in epithelial cells are
determined by complexes of signaling
proteins, which together integrate signals
from different aspects of the cellular envi-
ronment, differentiation status, and other
cellular characteristics. The integration of
these signals are important in directing
the cell to undertake programs of sur-
vival, proliferation, motility, or metasta-
sis. Thus, evaluation of expression of
single markers such as E-cadherin, or
even selected markers that are related to
programs of EMT, are unlikely to fully
reflect the invasive status of any given
cell.

Results

Most pancreatic tumors express
E-cadherin and exhibit widespread
metastatic behavior

Given our observation that stabiliza-
tion of E-cadherin did not adversely affect
cell motility within monolayers of cell
lines, and the importance of complexes of
Kaiso/p120 ctn/MUC1 in modulating
activity of the WNT signaling pathway
and downstream effects on transcription,
we elected to perform a comprehensive
analysis of expression of p120 ctn, Kaiso,
MUC1 and E-cadherin expression and
localization in 23 cases of primary pancre-
atic cancer for which we had information
on the metastatic spread of the primary
tumor at time of death (from performing
rapid autopsies on these cases). A principal
purpose of this analysis was to evaluate the
incidence of loss of E-cadherin and/or
p120 ctn in human pancreatic tumors and
to correlate expression of these to forma-
tion of metastatic tumors (Fig. 1A). A sec-
ondary goal was to determine if there were
correlations between metastatic activity
and expression of p120 ctn, Kaiso, and
MUC1. Based on the result (Fig. 1A and
1B), there was no correlation between
expression of E-cadherin and either epi-
thelial morphology (tumor differentiation
status as assessed by tumor grade) or
degree of metastatic spread. Only 17.4%
(4 out of 23) of cases showed low to no
expression of E-cadherin in primary pan-
creatic tumors, and only 2 cases (16 and
20) that lost E-cadherin expression
showed evidence of metastasis to multiple
sites. Only one instance (Case 21) was
found to have lost both E-cadherin and
p120 ctn, and this case did not show
extensive metastasis (one extrapancreatic
site). Case 31, which did not show expres-
sion of E-cadherin, p120 catenin or
MUC1, showed evidence of metastasis to
4 sites and exhibited an extremely short
survival time for 21 d post-diagnosis
(Fig. 1B). However, most cases showed
abundant expression of adhesion molecule
E-cadherin and p120 ctn, and these
patients exhibit evidence of abundant
metastasis (2–14 extrapancreatic sites).
Thus, we conclude that there is no causal
relationship between loss of expression of
E-cadherin, p120 ctn or Kaiso and
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formation of metastatic pancreatic
tumors. There was also no correlation
between nuclear Kaiso staining and histo-
logical grading of tumor differentiation

status in this invasive cancer cohort. Inter-
estingly, patient 17 had a moderately dif-
ferentiated tumor, median levels
expression of p120 catenin, E-cadherin,

MUC1 and Kaiso showed evidence of
metastasis to 6 sites, but was along a term
survivor 2159 d (Fig. 1B). Overall and
consistent with previous reports, we found
that virtually all (22 out 23) of the meta-
static pancreatic cancer cases expressed
MUC1.

Ectopic expression of E-cadherin
enhances in vitro invasion of tumor cells

To further study the effect of overex-
pression of adhesion molecule E-cadherin
on cell invasive properties, we examined
potential of ectopically expressed E-cad-
herin to influence the invasive properties
of the cell line Miapaca-2 (Fig. 2A). We
performed in vitro matrigel Boyden cham-
ber assay and counted the invaded cells on
the bottom of the Boyden chamber mem-
brane after 36 hours. As compared to
Miapaca-2 parental cells, which do not
express detectable E-cadherin, Miapaca-2
cells with overexpression of E-cadherin
showed a significantly higher degree of
invasion through matrigel (Fig. 2B). This
result indicates that overexpression of
E-cadherin failed to impede tumor cell
invasion in the progression to metastasis.
Instead, overexpression of E-cadherin in
Miapaca-2 cells increased the invasive
potential of the cells.

Discussion

Two of our recent publications and
data presented here provide evidence that
epithelial appearance, cell adhesion and
E-cadherin status at the cell surface of
pancreatic cancer cells do not predict dis-
ease progression to metastasis. In a few

Figure 1. Immunohistochemistry analysis of
E-cadherin, p120 catenin, Kaiso and MUC1 in
patient samples with metastatic pancreatic
cancer. (A) Representative immunohistochem-
ical images of primary pancreatic tumor tissue
from patients with metastatic pancreatic can-
cer, stained for E-cadherin, p120 catenin,
Kaiso, and MUC1. Scale bar, 5 mm. (B) Heat
map shows the relative expression levels of
each antigen analyzed in samples from 23
rapid autopsies of individual patients as
detected by immunohistochemistry, with rela-
tive expression levels indicated as described
previously.25 Patient samples are annotated
for tumor grade, stage and survival post-
diagnosis.
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cases, immunohistochemical staining in
patient samples show permanent or sus-
tained loss of E-cadherin. The complete
loss of expression of adhesion proteins
such as E-cadherin within a tumor tissue
may be caused by genetic or epigenetic
alterations. Such loss of expression of
adhesion and/or morphogenetic signaling
molecules in tumors is distinct from the
posited transient loss of E-cadherin during
EMT, a concept generated from in vitro
experiments where loss of E-cadherin is
transient, followed by a reversal of the
process, called mesynchemal to epithelial
transition (MET), wherein cells re-express
E-cadherin. Epithelial to mesenchymal
transition is postulated to be initiated by
loss of E-cadherin expression; however,
whether or not loss of E-cadherin is a
cause or consequence of EMT is contro-
versial.11 Taken together, our data suggest
that expression of E-cadherin, which is
predicted to be associated with EMT,
does not predict either invasive behavior
or metastatic phenotype.

Numerous studies have attempted to
evaluate the expression levels of EMT
markers including E-cadherin, vimentin,
and regulatory transcription factors that
are known to repress E-cadherin expres-
sion including snail, slug, and twist as a
way to translate observations from in vitro
experiments to human cancers.12 Expres-
sion of these factors are predicted to be a
harbinger the onset of EMT. However,
these markers of EMT are also markers
for the differentiation status of the cell, or
they may represent maintenance of a stem
cell state rather than a reflection of epithe-
lial to mesenchymal transition and as such
are likely reflective of biological processes
other than EMT.13,14

Histologic grading of most tumors
incorporates grade (degree of differentia-
tion), reflected by cell morphology and
tissue architecture.5 Given the high degree
of heterogeneity of cell types within
tumors and the overall configuration of
the tumor microenvironment, cells that
are deep within the tumor as opposed to
those at the invasive edge may have differ-
ent gene expression signatures and invasive
or metastatic potential; however, it is also
possible that single cells or small groups of
cells from anywhere in a tumor may

Figure 2. Ectopic expression of E-cadherin increases the Epithelial look of the cell but does not pre-
vent in vitro invasion of tumor cells. (A) Western blot showing the expression level of E-cadherin in
Miapaca-2 parental cells VS Miapaca-2 with E-cadherin overexpression. (B) Phase contrast photo-
graphs of control MIAPACA-2 cells and E-cadherin overexpressing MIAPACA-2 cells. (C) In vitro inva-
sion assay of Miapaca-2 cells with/without E-cadherin. Experiment results are from 3 triplicates of 3
independent experiments. ** indicates the statistical analysis of the result shows significant differ-
ence. P < 0.01.
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independently undertake invasive and
metastatic behavior. The latter of these
processes in which groups of cells move
through tissues, termed collective epithe-
lial migration, plays a key role in develop-
mental processes; and is believed to
contribute to tumor progression.15 To
undertake metastasis cancer cells must
have high motility and the capacity to sur-
vive a journey that may include migration
through different tissues, vascular or lym-
phatic invasion, and recolonization. There
is longstanding evidence that the success
rate of single circulating tumor cells to
metastasize is very low.16,17 There is evi-
dence that carcinomas invade and metas-
tasize through lymphatic vessels and blood
vessels by collective/cohesive epithelial
migration, in which grouped cells retain
their cell-cell junctions and cell-matrix
connections and move together.18,19 Anal-
ysis of circulating tumor cells from blood
samples and surgically removed samples
often reveal circulating tumor cell clusters
in addition to single migratory cells.20

Circulating or migrating tumor cells need
to undertake survival programs during
and after migration through blood, lym-
phatic vessels or other conduits, followed
by the need to proliferate and often recon-
figure the microenvironment in a new
location.21 By what molecular mechanism
does stabilization of E-cadherin influence
migration? Collective migration that
includes stabilized E-cadherin at cellular
junctions, may provide increased survival
signals or it may offer the capacity to
maintain important signaling pathways
that affect the viability and metastatic
capacity of circulating tumor cell clusters
as compared to single dissociated cells.2,22

In addition, there is recent published evi-
dence that E-cadherin contributes to
mechanical sensing by groups of cells in a
manner that assists in guidance mecha-
nisms during collective migration or
chemotaxis.23

In summary, metastasis causes most
cancer-related deaths. Loss of E-cadherin
and EMT are not required for cell motil-
ity, invasion or metastasis in pancreatic
cancer. The accumulation of genetic and
epigenetic alterations, interactions with
the microenvironment and activation of
cellular programs that support motility,
survival and replication are required for

tumor cell metastasis. Collective epithelial
migration of grouped cells that retain E-
cadherin expression and cell-cell junctions
is likely to be the major form of cancer
cell migration that is understudied. Future
studies of tumor cell invasive and meta-
static properties should investigate aspects
of cytoskeleton rearrangement, cell motil-
ity and maintenance of survival and prolif-
erative cellular programs by groups of
cells.

Material and Methods

Materials. Anti-MUC1 cytoplasmic
tail antibody CT-2 was provided by Dr.
Sandra Gendler (Mayo Clinic, Scottsdale,
AZ). Rabbit polyclonal anti-p120 H-90
and anti-Kaiso were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).
Anti-E-cadherin antibody was provided
by Dr. Keith Johnson (University of
Nebraska Medical Center, Omaha,
Nebraska). Pancreatic tumor specimens
were obtained with consent and Institu-
tional Review Board (IRB) approval from
surgically resected samples or from dece-
dents through the Rapid Autopsy Pro-
gram at the University of Nebraska
Medical Center. All immunohistochemis-
try experiments were conducted using
Dako EnVision kits (Carpinteria, CA).

Cell culture. Miapaca-2 cells were
maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies,
Inc.., Rockville, MD) supplemented with
10% heat-inactivated fetal bovine serum
(FBS, Valley Biomedical, Winchester,
VA), 1% penicillin/streptomycin (P/S),
(Biowhittaker, Walkersville, MD) and
250 mg/ml G418.

In vitro invasion assay
Tumor cell invasion assays were per-

formed according to previously described
methods.24 Briefly, 2£105 of Miapaca-2
cells (both parental and E-cadherin over-
expression) were seeded with serum free
medium on Matrigel-coated chamber and
incubated for 36 hrs at 37�C. The cham-
ber was immersed in 10% serum contain-
ing medum in a 24 well plate. After
36 hrs, noninvading cells on the upper
surface of the matrigel-coated membrane
were removed with cotton swabs. Cells

that invaded through the membrane onto
the other side of the membrane were fixed
and stained with Diff-Quick cell stain kit
(Siemens Healthcare Diagnostic). Cells
that transversed the membrane were
counted.

Immunohistochemistry
We obtained specimen slides of 4-mm

sections with formalin-fixed tissues from
rapid autopsies. These specimens are all
pancreatic primary tumor from 23 differ-
ent deceased patients. We stained the tis-
sue by using the methods as described
previously.25 Briefly, tissue were deparaffi-
nized with xylene and rehydrated with a
decreased gradient of alcohol. Antigen
retrieval was performed with boiled
10 mM citrate buffer (pH6) for 10 mins.
Add 3% H2O2 to tissue samples for no
more than 5 min. Then wash with PBS.
Slides were blocked with 1–5% bovine
serum albumin. Incubate the slides with
primary antibodies and secondary anti-
bodies. Add DAB substrate to tissue sam-
ples. Immerse slides into counter stain
solution (Hematoxylin Dye) and dehydra-
tion with an increasing alcohol gradient
ending with xylene. Seal the slides with
mounting media.

Tissue analysis and scoring of
Immunohistochemistry

Histologic sections were annotated by
2 independent pathologists. Tumor differ-
entiation grade at autopsy were scored
0–4. 0 D undetermined. 1 D well-differ-
entiated, 1.5 D moderately to well differ-
entiated. 2 D moderately differentiated.
2.5 Dpoorly to moderately differentiated.
3 D poorly differentiated. 3.5 D undiffer-
entiated to poorly differentiated. 4 D
undifferentiated. Relative antigen expres-
sion levels were semiquantified on the
basis of the percentage of cells of the same
cell type staining positive for each
antigen.25 A scale of 0 to 3 was used to
indicate the relative percentage of cells
positive, with 0 being no detectable
expression and 3 indicating that 67% or
more of the total cell population expressed
the antigen. Scores were converted into
heat maps for better visualization. Pictures
were taken using a Nikon Eclipse 90i
Microscope.
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