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Abstract. 

 

Cell adhesion molecules (CAMs) are impor-
tant mediators of cell–cell interactions and regulate cell 
fate determination by influencing growth, differentia-
tion, and organization within tissues. The human pan-
carcinoma antigen KSA is a glycoprotein of 40 kD orig-
inally identified as a marker of rapidly proliferating 
tumors of epithelial origin. Interestingly, most normal 
epithelia also express this antigen, although at lower 
levels, suggesting that a dynamic regulation of KSA 
may occur during cell growth and differentiation. Re-
cently, evidence has been provided that this glycopro-
tein may function as an epithelial cell adhesion mole-
cule (Ep-CAM). Here, we report that Ep-CAM 
exhibits the features of a morphoregulatory molecule 
involved in the development of human pancreatic islets. 
We demonstrate that Ep-CAM expression is targeted 
to the lateral domain of epithelial cells of the human fe-
tal pancreas, and that it mediates calcium-independent 
cell–cell adhesion. Quantitative confocal immunofluo-

rescence in fetal pancreata identified the highest levels 
of Ep-CAM expression in developing islet-like cell 
clusters budding from the ductal epithelium, a cell com-
partment thought to comprise endocrine progenitors. A 
surprisingly reversed pattern was observed in the hu-
man adult pancreas, displaying low levels of Ep-CAM 
in islet cells and high levels in ducts. We further demon-
strate that culture conditions promoting epithelial cell 
growth induce upregulation of Ep-CAM, whereas en-
docrine differentiation of fetal pancreatic epithelial 
cells, transplanted in nude mice, is associated with a 
downregulation of Ep-CAM expression. In addition, a 
blockade of Ep-CAM function by KS1/4 mAb induced 
insulin and glucagon gene transcription and translation 
in fetal pancreatic cell clusters. These results indicate 
that developmentally regulated expression and func-
tion of Ep-CAM play a morphoregulatory role in pan-
creatic islet ontogeny.

 

I

 

nduction 

 

and maintenance of tissue differentiation
during development depends on the coordinated spa-
tiotemporal expression of specialized molecules that

regulate cell-to-cell and cell-to-matrix interactions (Ek-
blom et al., 1986; Edelman, 1991, 1992; Takeichi, 1991,
1995; Trelstad, 1984). Since the pioneering work of Holt-
freter (1939) and Moscona (1952), who first recognized the
existence of cell type–specific adhesive properties in multi-
cellular organisms, the functional portrait of cell adhesion

molecules (CAMs)

 

1

 

 has evolved from that of simple
“binding molecules” to the modern concept of “morpho-
regulatory molecules.” In fact, their coordinated action
appears to be involved in the regulation of cell growth, dif-
ferentiation, adhesion, migration, and three-dimensional
organization within tissues during morphogenesis (Crossin
et al., 1985; Ekblom et al., 1986; Edelman et al., 1991; Edel-
man, 1992; Takeichi, 1991, 1995).

An exquisite example of timely regulated morphogene-
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: CAM, cell adhesion molecule; DS,
donkey serum; Ep-CAM, epithelial cell adhesion molecule; HFP, human
fetal pancreas; ICC, islet-like cell cluster; N-CAM, neuronal cell adhesion
molecule; rhGHF/SF, recombinant human hepatocyte growth factor/scat-
ter factor.
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sis is provided by the cell growth, differentiation, and or-
ganization of pancreatic islets of Langerhans, representing
the endocrine compartment of mammalian pancreas (Lan-
gerhans, 1869; Orci and Unger, 1975; Orci, 1982). It is cur-
rently thought that islet cells originate from undifferenti-
ated progenitors resident within the ductal epithelium of
the fetal pancreas (Pictet and Rutter, 1972; Teitelman and
Lee, 1987; Alpert et al., 1988; Herrera et al., 1991; Gu and
Sarvetnick, 1993). This process involves cell budding,
growth, migration into the surrounding mesenchyme, and
differentiation into the highly organized islet clusters (Pic-
tet et al., 1972; for review see Slack, 1995). Evidence has
been provided for a role of adhesion molecules of the cad-
herin family in the morphogenesis of the pancreas (Thiery
et al., 1982, 1984; Edelman et al., 1983; Hatta and Takei-
chi, 1986; Nose and Takeichi, 1986; Levi et al., 1991; Sjödin
et al., 1995), and in the development of islet clusters (Dahl
et al., 1996). Similarly, adhesion molecules of the immuno-
globulin superfamily such as neuronal (N)-CAM have
been found dynamically expressed in the pancreas and in
other organs of endodermal origin during development
(Edelman et al., 1983; Rutishauser, 1984; Crossin et al.,
1985). In addition, we and others have demonstrated the
involvement of cadherins and N-CAM in islet cell–cell ad-
hesion (Langley et al., 1989; Begemann et al., 1990; Rouil-
ler et al., 1990, 1991; Bauer et al., 1992; Moller et al., 1992),
and the regulation of islet cell types’ organization by cal-
cium-independent adhesion molecules such as N-CAM
(Rouiller et al., 1991; Cirulli et al., 1994).

Among the molecules possibly involved in tissue mor-
phogenesis, the pancarcinoma antigen KSA (alias EGP40,
17-1A, ESA, etc.) is particularly interesting (Varki et al.,
1984; Edwards et al., 1986; Spurr et al., 1986; Bumol et al.,
1988). This antigen, originally identified as an abundantly
expressed glycoprotein in tumors of epithelial origin, is
found at lower levels in most simple, pseudostratified and
transitional normal epithelia (Moldenhauer et al., 1987;
Momburg et al., 1987). Fetal epithelia exhibit stronger im-
munoreactivity for KSA antigen than the adult mature tis-
sues (Varki et al., 1984), suggesting a dynamic regulation
of its expression during epithelial ontogeny. Recently,
Litvinov and colleagues provided evidence that EGP40
(alias KSA) exhibits the features of a typical cell–cell ad-
hesion molecule when transfected in murine and human
tumor cell lines (Litvinov et al., 1994

 

a

 

,

 

b

 

). The name of Ep-
CAM (epithelial cell adhesion molecule) for this antigen
was therefore proposed.

To identify novel morphoregulatory molecules possibly
involved in pancreatic islet development, we have investi-
gated the expression and function of Ep-CAM in the de-
veloping human pancreas. We demonstrate that Ep-CAM
expression is targeted to the lateral domain of epithelial
cells of the human fetal pancreas, and that it mediates cal-
cium-independent adhesion. In addition, we show that Ep-
CAM expression is developmentally regulated during cell
growth and endocrine determination of islet cells. Based
on properties and roles ascribed to classical cell–cell adhe-
sion molecules in histogenesis and organogenesis (Edel-
man and Crossin, 1991; Takeichi, 1995), we propose that
Ep-CAM represents a novel morphoregulatory molecule
delivering specific developmental signals at key stages of
pancreatic islet morphogenesis.

 

Materials and Methods

 

Tissues

 

Midgestation human fetal pancreata (HFP) ranging from 18 to 20 wk of
gestational age were obtained through nonprofit organ procurement pro-
grams (Advanced Bioscience Resources, Oakland, CA; Anatomic Gift
Foundation, Laurel, MD), which also obtained consent for tissue dona-
tion. Samples of human adult pancreas and pancreatic islets were pre-
pared at The Diabetes Research Institute (University of Florida, Miami,
FL) as previously described (Ricordi et al., 1988). Use of human tissues
was approved by appropriate Institutional Review Boards.

 

Immunofluorescence, Confocal Microscopy, and 
Morphometric Analysis

 

Triple immunofluorescent labeling for Ep-CAM, insulin, and glucagon, or
Ep-CAM, Ki-67, and insulin were performed on 8-

 

m

 

m-thick cryostat sec-
tions prepared from snap frozen fetal (18–20 wk of gestation) and adult
pancreases. Sections were mounted on glass slides, dried at room temper-
ature for 1 h, fixed in freshly made 4% formaldehyde (from paraformalde-
hyde) for 20 min at 4

 

8

 

C, permeabilized in 0.1% saponin for 5 min at room
temperature, and then incubated in 50 mM glycine in PBS to saturate re-
active groups generated by formaldehyde fixation. Nonspecific binding
was blocked by incubation of sections in PBS containing 2% donkey se-
rum (DS) (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) and 1% BSA fraction V (Sigma Chemical Co., St. Louis, MO) for 1 h
at room temperature. After extensive washes in PBS-DS (0.2% DS, 0.1%
BSA, 5 mM glycine), sections were incubated for 1 h at room temperature
with a mixture of primary antibodies: anti–Ep-CAM KS1/4 mAb (5 

 

m

 

g/ml)
(Varki et al., 1984), IgG fraction of a sheep antiinsulin polyclonal antise-
rum (5 

 

m

 

g/ml; The Binding Site, Birmingham, United Kingdom), rabbit
antiglucagon polyclonal antiserum (1:200 dilution; Chemicon Interna-
tional, Inc., Temecula, CA) or rabbit anti–Ki-67 affinity-purified IgGs (2.5

 

m

 

g/ml; Dako Corp., Carpinteria, CA) In separate sections, a mixture of
normal sheep, rabbit, and mouse IgGs was used as control reference for
specificity of primary antibodies. After several washes in PBS-DS, sec-
tions were incubated for 1 h at room temperature with a cocktail of
F(ab

 

9

 

)

 

2

 

 fractions from secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc.): lissamine rhodamine–conjugated affinity-purified
donkey anti–sheep IgGs (5 

 

m

 

g/ml) (preadsorbed on chicken, guinea pig,
hamster, horse, human, mouse, rabbit, and rat serum proteins); FITC-con-
jugated affinity-purified donkey anti–rabbit IgGs (5 

 

m

 

g/ml) (preadsorbed
on bovine, chicken, goat, guinea pig, hamster, horse, human, mouse, rat,
and sheep serum proteins); indodicarbocyanine (Cy5)-conjugated affinity-
purified donkey anti–mouse IgGs (5 

 

m

 

g/ml) (preadsorbed on bovine,
chicken, goat, guinea pig, hamster, horse, human, rabbit, rat, and sheep se-
rum proteins). After six washes at 5 min each with PBS-DS, sections were
mounted in slow fade medium (Molecular Probes, Inc., Eugene, OR), and
then viewed on a microscope (model Axiovert 35M; Carl Zeiss, Inc.,
Thornwood, NY) equipped with a laser scanning confocal attachment
(model MRC-1024; Bio-Rad Laboratories, Hercules, CA), using a 40

 

3

 

 1.3
NA objective lens. Fluorescent images relative to each marker were col-
lected by using the 488-, 568-, and 647-nm excitation lines from an argon/
krypton mixed gas laser. Color composite images were generated using
Adobe Photoshop 4.0 (Adobe Systems Inc., Mountain View, CA) running
on a computer (model SuperMac S910/250; UMAX Computer Corp., Fre-
mont, CA), and then printed with a Fujix Pictrography 3000 color printer
(Fuji Photo Film U.S.A., Inc., Elmsford, NY).

Microscopic fields acquired from fetal (

 

n

 

 

 

5

 

 50) and adult (

 

n

 

 

 

5

 

 72) pan-
creatic sections immunostained for Ep-CAM, insulin, and glucagon were
analyzed for pixel intensity of Ep-CAM–specific immunoreactivity using
National Institutes of Health (NIH) Image software (Bethesda, MD).
Pixel’s intensity units (0–255) were recorded from a total of 250 domains
of cell–cell contact for each cell type (ductal, endocrine, epithelial undif-
ferentiated, and exocrine) in both fetal and adult pancreatic specimens.

 

Immunoelectron Microscopy

 

HFP cells cultured as monolayers (Beattie et al., 1996) were fixed with 4%
formaldehyde in PBS for 30 min, washed in PBS, and then permeabilized
with a solution containing 0.1% Triton X-100 and 2% normal goat serum
in PBS for 20 min. Cells were incubated with primary antibodies (KS1/4
mAb or anti-EcadEC5 polyclonal antibody [Fannon et al., 1995]) for 1 h,
washed in buffer, and then incubated with biotinylated goat anti–mouse
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or anti–rabbit IgG for 1 h at 4

 

8

 

C. After washes in PBS, the cells were incu-
bated in an avidin–biotin complex for 1 h, washed again in PBS, and then
reacted for 4–6 min in 0.05 mg/ml diaminobenzidine tetrahydrochloride
(Sigma Chemical Co.) and 0.01% H

 

2

 

O

 

2

 

 in PBS. The cells were then post-
fixed with 1% OsO

 

4

 

 in PBS for 1 h, rinsed in distilled water, dehydrated in
an ethanol series, and then embedded in Durcupan resin (Electron Mi-
croscopy Sciences, Fort Washington, PA). Ultrathin (80-nm) sections and
semithin (1-

 

m

 

m) sections were cut using a diamond knife and an ultrami-
crotome (model Ultracut E; Leica USA, Deerfield, IL) and then mounted
on uncoated copper grids. Thin sections were imaged at 80 keV using an
electron microscope (model 100CX or 2000FX; JEOL Ltd., Akashima, Ja-
pan) and then semithick sections were imaged at 300–400 keV using an in-
termediate voltage electron microscope (model 4000EX; JEOL, Ltd). Ste-
reo pair electron micrographs were obtained by tilting the specimen 

 

1

 

5

 

8

 

.

 

Generation of Islet-like Cell Clusters and
Cell Monolayers

 

HFP at 18–24 wk of gestation were minced in small pieces and then di-
gested in a collagenase solution (6 mg/ml per HBSS; collagenase-P; Boeh-
ringher Mannheim Biochemicals, Indianapolis, IN) for 15 min at 37

 

8

 

C in a
shaking water bath (150 cycles/min) as described previously (Otonkoski et
al., 1993). Cell clusters resulting from this procedure were washed in cold
HBSS and then placed in culture in RPMI-1640 (Sigma Chemical Co.)
containing 11 mM glucose and supplemented with 10% normal human se-
rum. This culture condition, applied for 3–5 d in nonadherent culture
dishes, allows the formation of smooth islet-like cell clusters (ICCs). ICCs
contain mostly undifferentiated epithelial cells (Beattie et al., 1994; Oton-
koski et al., 1994, 1996) and between 5 and 10% endocrine cells (mainly
insulin- and glucagon-producing cells). Cells within ICCs can be induced
to proliferate in vitro to threefold when cultured in the presence of 10 ng/
ml of recombinant human hepatocyte growth factor/scatter factor
(rhHGF/SF) (Otonkoski et al., 1994; Beattie et al., 1996). Cultures of
ICCs in Petri dishes coated with the extracellular matrix 804G, as recently
described by Langhofer and co-workers (Langhofer et al., 1993), were
supplemented with 10 ng/ml rhHGF/SF, and then used to generate cell
monolayers. Under these culture conditions, cells forming the ICCs ad-
here, migrate, and proliferate to produce large monolayers that result
from a 30-fold increase in cell number (Beattie et al., 1996). Cell monolay-
ers prepared in this manner were therefore used as an in vitro model of
pancreatic epithelial cell growth.

 

Transplantation Experiments and Glucose
Tolerance Test

 

Four athymic nude (nu/nu) BALB/c mice were transplanted under the
kidney capsule with 500 ICCs/mouse, as previously described (Sandler et al.,
1985; Beattie et al., 1994). At the time of transplant, ICCs contain 

 

z

 

5–
10% endocrine cells, 

 

,

 

10% mesenchymal cells, and 

 

z

 

80% undifferenti-
ated epithelial cells (Beattie et al., 1994), whereas after 12 wk in vivo,

 

z

 

80% of the grafted cells have differentiated into endocrine tissue (Beat-
tie et al., 1997). Therefore, we used this in vivo model to study the expres-
sion pattern of Ep-CAM during islet cell development from immature
pancreatic epithelial cells. After 12 wk, the mice were fasted for 4 h, anes-
thetized, and then blood samples were collected from the external jugular
vein before and 30 min after an intraperitoneal injection of glucose (3 g/Kg
of body weight). Blood samples were then tested for the presence of hu-
man C peptide using a human-specific radioimmunoassay, as previously
described (Beattie et al., 1994).

 

Flow Cytomery

 

HFP were minced and digested in collagenase (3 mg/ml per HBSS; colla-
genase-P, Boehringher Mannheim Biochemicals) for 15 min at 37

 

8

 

C in a
shaking water bath (150 cycles/min). Cell clusters resulting from this pro-
cedure were washed in cold PBS containing 0.2 mM EDTA, resuspended
in a nonenzymatic cell dissociation medium (Sigma Chemical Co.) and
then incubated at 37

 

8

 

C for 10 min applying gentle pipetting every minute.
The single cell suspension resulting from this protocol was washed in
HBSS containing 1% BSA (HBSS-BSA), and then incubated for 45 min
at 4

 

8

 

C with either anti–Ep-CAM KS1/4 mAb (1 

 

m

 

g/ml) or isotype-
matched control IgGs. After washing in HBSS-BSA, cells were incubated
with FITC-conjugated donkey anti–mouse IgGs (H 

 

1

 

 L chains) for 45 min
at 4

 

8

 

C. After washing in HBSS-BSA, samples were then analyzed on a
FACScan

 

TM

 

 flow cytometer (Becton Dickinson, Sparks, MD).

 

Production of Fab

 

9

 

 Fragments

 

Control or anti-KSA (Ep-CAM) Fab

 

9

 

 fragments were generated by using
an immobilized papain digestion protocol (Pierce Chemical Co., Rock-
ford, IL) with either 50 mg of control mouse IgGs or 50 mg of KS1/4
mouse mAb. After separation of Fab

 

9

 

 fragments according to the manu-
facturer’s directions, Fab

 

9

 

s were concentrated by ultrafiltration using Cen-
tricon-10 units (Amicon Corp., Beverly, MA) and then resuspended in
sterile PBS at a concentration of 1 mg/ml. Purity of Fab

 

9

 

 fraction was
checked by analyzing a sample of Fab

 

9

 

 in a 10% agarose gel and followed
by Coomassie blue staining. Reactivity of KS1/4 Fab

 

9

 

 to Ep-CAM was
confirmed by flow cytometry.

 

Cell Aggregation and Antibody Perturbation Assay

 

A single cell suspension was prepared from HFP, as detailed above, and
used to test cell–cell aggregation mediated by “calcium-dependent” and
“calcium-independent” adhesion systems. These pancreatic cells were di-
vided into two pools and then washed in Krebs-Ringer bicarbonate buffer
containing 1% BSA, 10 mM glucose, 10 mM Hepes, 50 

 

m

 

g/ml of DNase I,
and either 1 mM CaCl

 

2

 

 or 0.2 mM EDTA. Each of the two cell pools was
resuspended at a concentration of 10

 

6

 

 cells/ml and then further divided
into two aliquots to test the ability of pancreatic cells to reaggregate either
in the presence of a control Fab

 

9

 

 fragment or in the presence of an anti–
Ep-CAM Fab

 

9

 

 fragment (100 

 

m

 

g/ml). Cell aggregation for each sample
was performed in triplicate for 45 min at 37

 

8

 

C in a shaking water bath (100
cycles/min). Cell aggregation was monitored by counting the number of
events in a particle counter (ZM-Coulter counter; Coulter Corp., Miami,
FL) at the beginning and at the end of the aggregation period, as previ-
ously described (Rouiller et al., 1990, 1991; Cirulli et al., 1993).

 

Effect of Anti–Ep-CAM Fab

 

9

 

 on Fetal Pancreatic
Cell Differentiation

 

Single cell suspensions prepared from HFP, as detailed above, were plated
in medium containing either anti–Ep-CAM KS1/4 mAb or control Fab

 

9

 

fragments (100 

 

m

 

g/ml). Fab

 

9

 

s (50 

 

m

 

g/ml) were added to the cultures daily
to ensure constant saturation of Fab

 

9

 

s blocking activity. After 5 d in these
culture conditions cells were harvested, and then total RNA was prepared
to test insulin and glucagon transcript levels in an RNase protection assay
as described (Otonkoski et al., 1993; Mally et al., 1994). In some experi-
ments, samples of both control and anti–Ep-CAM–treated cells were used
for DNA and insulin protein determinations (Otonkoski et al., 1993).

 

Immunoblotting

 

Samples of cultured ICCs, pancreatic cell monolayers, fetal and adult hu-
man islets, and human insulinomas were extracted in 20 mM Tris, 1% Tri-
ton X-100, pH 7.2, for 30 min at 4

 

8

 

C. Insoluble material was pelletted by
spinning at 10,000 

 

g

 

 for 20 min and then supernatants were recovered. To-
tal proteins, 5 

 

m

 

g from each sample, were diluted in electrophoresis sam-
ple buffer, boiled for 5 min, and then subjected to 10% SDS–acrylamide
gel electrophoresis. Proteins were then electrotransferred onto polyvi-
nylene difluoride (PVDF) membranes (Millipore Corp., Waters Chroma-
tography, Bedford, MA). After blocking in Blotto solution (Tropix, Inc.,
Bedford, MA), membranes were incubated for 2 h at room temperature
with either KS1/4 mAb (1 

 

m

 

g/ml), or an isotype-matched mouse IgG. Af-
ter extensive washings, PVDF membranes were incubated for 1 h at room
temperature with a peroxidase-conjugated goat anti–mouse antibody (1:
5,000 dilution). Antibody binding was revealed by a chemiluminescence
detection system (KLM, Gaithersburg, FL) following the manufacturer’s
instructions.

 

RNA Isolation and Hormone Transcriptional Analysis

 

Total cellular RNA was isolated by the acid guanidinium thiocyanate
method (Chomczynski and Sacchi, 1987) and then quantitated spectro-
photometrically. Transcriptional analyses were performed using a multi-
probe RNase protection assay (Otonkoski et al., 1993). All probes used
were of human origin and previously described (Otonkoski et al., 1993;
Mally et al., 1994). Yeast tRNA (10 

 

m

 

g) was included as a negative con-
trol. Quantitation of band intensities was performed by scanning densito-
metry (model LKB UltroScan XL Laser; Pharmacia Biotech., Inc., Piscat-
away, NJ) and integrated using GelScan XL software (Pharmacia Biotech,
Inc.). Different exposure times were used to ensure that all signals fell
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within the linear range of the densitometer. The probe-specific mRNA
signals were normalized to the cyclophilin signal in each sample to ac-
count for differences in sample loading between lanes.

 

Statistics

 

Where applicable, data were analyzed using Stat View 4.01 software
(Abacus Concepts, Inc., Berkeley, CA) for determination of mean, stan-
dard deviation, and parametric statistics (

 

t

 

 test).

 

Results

 

Ep-CAM Expression Highlights the Epithelial 
Compartment of the Developing Human Pancreas

 

In humans, the development of the endocrine compart-
ment of the pancreas, the islets of Langerhans, occurs dur-
ing fetal life, whereas differentiation, growth, and expan-
sion of the exocrine acinar tissue is a perinatal event
(Fukayama et al., 1986; Jaffe, 1991; Carrere et al., 1992). In
all mammals studied, these two functionally distinct com-
partments are believed to derive from common precursors
present in the ductal epithelium engaging separate differ-
entiation programs at distinct developmental stages (Like
and Orci, 1972; Pictet and Rutter, 1972; Pictet et al., 1972;
Clark and Grant, 1983; Stefan et al., 1983; Teitelman and
Lee, 1987; Alpert et al., 1988; Von Dorsche et al., 1989; Gu
et al., 1994). At a midgestational age (16–20 wk), the epi-
thelial compartment of the human pancreas consists of a
branching ductal tree giving rise to numerous clusters of
cells that appear to protrude and invade into the surround-
ing mesenchyme. To identify the expression pattern of Ep-
CAM within the developing human pancreas, 8-

 

m

 

m cryo-
stat sections from a human fetal pancreas of 18 wk were
used for the simultaneous identification of Ep-CAM–, in-
sulin- and glucagon-positive cells by triple immunofluores-

cence. As shown in Fig. 1, Ep-CAM–specific immunoreac-
tivity (

 

A

 

, 

 

green

 

) highlights the epithelial compartment of
the fetal pancreas, allowing the identification of ducts and
clusters of cells budding from the ductal epithelium (

 

aster-
isks

 

). Many of these budding cell clusters contain insulin-
(Fig. 1 

 

C

 

, 

 

red

 

) and glucagon-positive cells (Fig. 1 

 

B

 

, 

 

blue

 

),
a feature consistent with the current notion that endocrine
cells arise from precursors present within the ductal epi-
thelium (Pictet et al., 1972; Teitelman and Lee, 1987; Alpert
et al., 1988; Gu and Sarvetnick, 1993). Notably, Ep-CAM
expression appears to be restricted to sites of cell–cell con-
tacts in a pattern similar to that observed for classical ad-
hesion molecules, suggesting its involvement in the regula-
tion of pancreatic epithelial cell–cell adhesion.

 

Ep-CAM Expression Is Targeted to the Lateral Domain 
of HFP Epithelial Cells

 

To gain insight on the distribution of Ep-CAM to specific
cellular domains, cell monolayers prepared from HFPs
were immunolabeled for Ep-CAM by an indirect peroxi-
dase method. Sections were cut either through a horizon-
tal plane parallel to the cell monolayer, or through a verti-
cal plane perpendicular to the monolayer, and then
imaged at 300–400 keV using an intermediate voltage elec-
tron microscope (JEOL 4000EX). A recently described
anti–E-cadherin antiserum (EcadEC5) (Fannon et al.,
1995) was used as a positive reference for the identifica-
tion of cell–cell adhesion complexes. To obtain a three-
dimensional view of the regions of cell–cell contacts, ste-
reo pair images were obtained by tilting the specimens

 

1

 

5

 

8

 

. Fig. 2 shows a set of stereo pairs of Ep-CAM–stained
cells cut through either the horizontal plane (

 

A

 

) or through
a vertical plane (

 

B

 

). As seen in Fig. 2, panels 

 

A

 

, electron-

Figure 1. Ep-CAM expres-
sion identifies the epithelial
compartment of the human
fetal pancreas. Triple immu-
nofluorescence, followed by
confocal microscopic analy-
sis, was performed on 8-mm
cryostat sections from a hu-
man fetal pancreas of 18 wk
to simultaneously identify
Ep-CAM–, insulin-, and glu-
cagon-positive cells. (A) Ep-
CAM–specific immunoreac-
tivity that highlights the cell–
cell boundaries of epithelial
cells. The strongest immu-
noreactivity for Ep-CAM is
detected in cell clusters bud-
ding from the ducts (aster-
isks). Notably, many cell
clusters emerging from the
ductal epithelium contain
large numbers of glucagon-
(B) and insulin-positive cells
(C). (D) Combined fluoro-
phore spectra. Yellow color

results from the colocalization of green and red fluorescences, specific for Ep-CAM and insulin, respectively. Representative of nine in-
dependent experiments using five independent donors (18–20 wk of gestation). Bar, 50 mm.
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dense stain is specifically localized to regions of cell–cell
contacts, delineating the rim of three cells in contact with
one another. Stereoviewing of these semithick prepara-
tions reveals that staining is discontinuous and concen-
trated in discrete regions of tight cell–cell association.

Fig. 2, panels 

 

B

 

 represent a stereo pair image collected
from an Ep-CAM–stained sample sectioned perpendicu-
larly to the monolayer plan. Viewing from this perspective
facilitates the identification of basal, lateral, and apical do-
mains of cells in contact. Notably, most of the electron-
dense staining appears targeted to the lateral domain of
two cells in contact (

 

arrow

 

) and localizes to interdigitated
filopodia-like structures contributed to this junction by
both cells. Occasionally, some staining localizes to small
plasma membrane ruffles at the apical pole of the cells. In
contrast, no detectable staining was found on the basal
pole of HFP cells, excluding the contribution of Ep-CAM
to cell interactions with basal membranes.

The high concentration of electron-dense staining ob-
served for Ep-CAM is reminiscent of more typical cell ad-
hesion complexes such as those observed in samples im-
munostained for E-cadherin (Fig. 3 

 

A

 

), a classical epithelial
cell adhesion molecule. Fig. 3, panels 

 

B

 

 is a stereo pair of a
sample incubated with mouse IgG2a used as negative con-
trol for KS1/4 mAb. These data strongly support the in-
volvement of Ep-CAM in the establishment and/or main-
tenance of epithelial cell–cell interactions.

 

Ep-CAM Mediates Cell–Cell Adhesion of HFP 
Epithelial Cells

 

To investigate the involvement of Ep-CAM in pancreatic
epithelial cell–cell adhesion, we performed reaggregation
experiments following classical protocols previously used
for the functional characterization of other cell adhesion
molecules, either in transfected or embryonic cells (Takei-

Figure 2. Electron micro-
scopic identification of Ep-
CAM at sites of cell–cell
contact. Cell monolayers pre-
pared from HFPs were im-
munolabeled for Ep-CAM
by indirect peroxidase method,
sectioned either through the
horizontal plane (A) or a ver-
tical plane perpendicular to
the cell monolayer (B), and
then imaged at 300–400 keV
using an intermediate voltage
electron microscope (JEOL
4000EX). Stereo pair images
were obtained by tilting the
specimens 158. As seen in
panels A, electron-dense stain-
ing specifically localizes to
regions of cell–cell contacts,
depicting the rim of three
cells contacting each other.
Panels B reproduce a stereo
pair image collected from an
Ep-CAM-stained sample sec-
tioned through the z axis.
This view identifies basal
(left end side), lateral, and
apical domains (right end
side) of cells in contact. Most
of the electron-dense stain-
ing appears targeted to the
lateral domain of two cells in
contact (arrow), and then
localizes to interdigitated
philopodia-like structures
contributed by both cells.
Bars, 1 mm.
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chi, 1977; Hoffman, 1992), or in primary pancreatic islet
cells (Rouiller et al., 1990, 1991; Cirulli et al., 1993). After
collagenase digestion of HFPs, small clusters of cells were
further dissociated using a nonenzymatic dissociation me-
dium (Sigma Chemical Co.) to obtain a free cell suspen-
sion. Immunostaining for Ep-CAM followed by flow cyto-
metric analysis demonstrated that .95% of the cells
obtained with this procedure are epithelial. This cell sus-
pension was then used to perform short-term (45 min)
reaggregation experiments at 378C in the presence or
absence of calcium, to discriminate between calcium-depen-
dent and calcium-independent adhesion mechanisms
(Sperry, 1963). Each of these experimental conditions was
also carried out in the presence or absence of anti–Ep-CAM

antibodies used either as whole immunoglobulins (mAb
323A3 [Edwards et al., 1986]) or as Fab9 fractions (mAb
KS1/4). Fig. 4 shows a representative example of an aggre-
gation assay using HFP cells. As seen in Fig. 4 A, incuba-
tion of HFP cells for 45 min at 378C in the presence of cal-
cium and control Fab9 fragments yielded large aggregates
that accounted for 74.6% of total aggregation (Fig. 4 C,
gray bar), whereas aggregation performed in the absence
of calcium (0.5 mM EDTA) allowed the formation of
much smaller cell clusters (Fig. 4 D), accounting for only
47% of total aggregation (Fig. 4 F, gray bar). The qualita-
tive and quantitative difference observed in ion depen-
dence of HFP cell aggregation properties suggest that these
cells use both classical calcium-dependent and calcium-inde-

Figure 3. Identification of
E-cadherin in junctional com-
plexes of fetal pancreatic epi-
thelial cells. Samples sectioned
through a vertical plane and
prepared as in Fig. 2 were im-
munolabeled for E-cadherin
with an anti–E-cadherin anti-
serum (EcadEC5) (Fannon
et al., 1995) to identify func-
tional adhesion complexes in
HFP cell monolayers. Panels
A represent a stereo pair im-
age of two cells in contact with
each other, displaying strong
E-cadherin–specific electron-
dense staining at the site of
contact (arrow). The apical
pole of these cells is on the
left. Panels B reproduce a
stereo pair view of a sample
incubated with an isotype-
matched antibody used as
negative control for KS1/4
mAb. The arrow shows a site
of cell–cell contact between
two cells. Bars, 1 mm.
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pendent mechanisms of adhesion to associate to each other.
When HFP cells were reaggregated under the same condi-
tions but in the presence of anti–Ep-CAM Fab9 fragments
(from KS1/4 mAb), reaggregation dynamics were affected
both in the presence and absence of calcium. Fig. 4 B shows
the qualitative appearance of cell clusters obtained in the
presence of calcium and anti–Ep-CAM Fab9 fragments.
Under these conditions, cell aggregation was partially in-
hibited, yielding much smaller clusters and accounting for
only z44% of total aggregation (Fig. 4 C, open bar). This
residual aggregation is likely to be mediated by cell adhe-
sion molecules of the cadherin superfamily. In contrast,
aggregation of HFP cells in the absence of calcium ap-
peared to be dramatically affected by the blockade of Ep-
CAM (Fig. 4 E). In this condition, very small cell clusters
were observed, accounting for only 18.9% of total aggre-
gation (Fig. 4 F, open bar). Similar inhibitory effects were
observed in separate experiments by using mAb 323A3,
previously characterized by Litvinov and colleagues as
function blocking for Ep-CAM (Litvinov et al., 1984a).
Our results demonstrate that KS1/4 mAb is also a func-
tion-blocking antibody for Ep-CAM, and that Ep-CAM is
a major adhesion molecule mediating epithelial cell–cell
association in the developing human pancreas.

Expression of Ep-CAM Is Upregulated in Developing 
Islet Cells Budding from the Ductal Epithelium

Our immunofluorescence studies on HFP at 18 wk of ges-
tation demonstrated a unique expression pattern of Ep-
CAM. Fig. 5 shows a representative field collected from a
section of HFP stained by two-color immunofluorescence
for Ep-CAM (A, green) and insulin (B, red). The two fluo-
rophore spectra are merged in Fig. 5 C. Although Ep-
CAM–specific fluorescence weakly marked ductal epithe-
lial cells (Fig. 5 C, arrow), it strongly highlighted regions of
cell–cell contact within large clusters of epithelial cells
budding from the ducts (Fig. 5, A and C). Some of these
cell clusters comprise insulin-producing cells in their core,
suggesting that they may represent developing islets of

Langerhans. Other epithelial cell clusters, also showing
high levels of Ep-CAM, lacked detectable expression of is-
let hormones. The possibility that these clusters of undif-
ferentiated epithelial cells comprise exocrine precursors
remains speculative because no exocrine markers are ex-
pressed in the human pancreas at this developmental stage
(Fukayama et al., 1986; Jaffe, 1991; Carrere et al., 1992;
Mally, 1994, and data not shown). Thus, a unique expres-
sion pattern of Ep-CAM characterizes morphologically
distinct cell populations in situ, i.e., ductal cells displaying
low levels of the antigen, and ICCs and clusters of undif-
ferentiated epithelial cells showing high levels of Ep-CAM.
The existence of at least two distinct cell populations iden-
tified by Ep-CAM was further confirmed by flow cytomet-
ric analysis of cell suspensions. As shown in Fig. 5 D, two
cell populations are identified by immunostaining with the
KS1/4 mAb. One population exhibits low levels of Ep-CAM
and accounts for z30% of total cells (Fig. 5 D, arrow),
whereas the other displays high levels of Ep-CAM expres-
sion and accounts for z65% of total cells (Fig. 5 D, arrow-
head). We suggest that Ep-CAMlow cells identified by flow
cytometry are likely to correspond in situ to ductal cells
(Fig. 5 C, arrow), whereas the Ep-CAMhigh cell population
(Fig. 5 D, arrowhead) comprises developing ICCs (Fig. 5
C, arrowheads) and undifferentiated epithelial cells. Over-
all, the data show that modulation of Ep-CAM expression
accompanies the budding of islet cells from the ductal epi-
thelium.

Expression Pattern of Ep-CAM in the Human
Adult Pancreas

To investigate whether the Ep-CAM expression pattern
observed in fetal pancreata is retained in the adult pan-
creas, we performed triple immunofluorescence experi-
ments for the simultaneous identification of Ep-CAM, in-
sulin, and glucagon in cryostat sections from adult human
pancreas. In contrast to fetal pancreas, the highest levels
of expression of Ep-CAM were not identified in endocrine
cells, but rather in small intercalar ducts, interlobular, and

Figure 4. Ep-CAM mediates calcium-
independent aggregation of fetal pancre-
atic epithelial cells. Freshly dissociated
pancreatic epithelial cells were reaggre-
gated in the presence (A–C) or absence
(D–F) of calcium, to discriminate between
calcium-dependent and -independent ad-
hesion mechanisms. A shows the qualita-
tive appearance of cell aggregates obtained
in the presence of control Fab9 fragments,
whereas B depicts clusters formed in the
presence of anti–Ep-CAM Fab9 fragments
(from KS1/4 mAb). This mAb reduced the
size of cell aggregates, causing an inhibi-
tion of cell aggregation from 74.6 to 44%
(C) (P , 0.001). In the absence of calcium,
the aggregation observed in the presence
of a control Fab9 (D and F) is decreased
from 47 to 18.9% (E and F) (P , 0.001).
Values in C and F are expressed as mean
6 SEM of four independent experiments,
using four independent donors (18–20 wk
of gestation).
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main ducts. Indeed, as shown in Fig. 5, E and I, adult islets,
identified by the insulin (Fig. 5 H) and glucagon staining
(Fig. 5 F), displayed low to intermediate levels of Ep-
CAM as compared to the bright fluorescent signal re-

corded at the cell–cell boundaries of intercalar ductal cells
(Fig. 5, E and I, arrowheads), and in interlobular and main
ducts (Fig. 5, G and J). Often localized intracellularly, exo-
crine tissue demonstrated weak staining for Ep-CAM.

Figure 5. Developmentally
regulated expression of Ep-
CAM in the human pancreas.
Confocal analysis performed
on cryostat sections of a
HFP, double immunostained
for Ep-CAM (A) and insulin
(B), reveals the upregulation
of Ep-CAM expression in
cell clusters budding from
the ductal epithelium (A).
The two fluorophore spectra
are merged in C, where insu-
lin-positive cells (red) are
identified within clusters dis-
playing the brightest immu-
noreactivity for Ep-CAM
(green). D represents a typi-
cal histogram obtained by
flow cytometric analysis after
immunolabeling for Ep-CAM
of freshly isolated HFP cells.
It shows that two distinct
populations of Ep-CAM–
positive cells are present in
the HFP, an Ep-CAMlow (ar-
row) and an Ep-CAMhigh (ar-
rowhead) population. This
pattern, when compared to
the in situ detection of Ep-
CAM (A and C), suggests
that Ep-CAMlow cells com-
prise ductal cells (C and D,
arrows), whereas Ep-CAMhigh

cells (C and D, arrowheads)
correspond to developing is-
let cells, and clusters of un-
differentiated epithelial cells.
The white tracing in D repre-
sents the autofluorescence of
cells incubated with a mouse
IgG2a used as a control ref-
erence. The data are repre-
sentative of nine independent
immunostainings using five
independent donors (18–20
wk of gestation). Triple im-
munofluorescent localization
was also performed on sec-
tions of human adult pancreas
to simultaneously identify
Ep-CAM, insulin, and gluca-
gon. In this set of experi-
ments, the brightest Ep-CAM–
specific immunofluorescence
was recorded at the cell–cell
boundaries of intercalar duc-

tal cells (E, arrowheads), in interlobular ducts (J), and in main ducts (G). Islets of Langerhans, identified by the insulin- (H) and gluca-
gon-specific fluorescence (F), exhibit a significantly less intense Ep-CAM–specific fluorescence (E). Combined fluorophore spectra (I).
The data are representative of four independent experiments, using three independent adult donors (20–56 yr old). Bars: (B) 30 mm; (H
and G) 50 mm; (J) 40 mm.
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Quantitative Analysis of Ep-CAM Expression in Fetal 
and Adult Human Pancreas

To quantitatively evaluate the levels of Ep-CAM expres-
sion in specific cell types, confocal images from human fe-
tal and adult pancreata were studied by computer-aided
morphometric analysis. Table I shows the pixel intensities
of Ep-CAM–specific fluorescence recorded in ductal, en-
docrine, and epithelial undifferentiated cells of the fetal
pancreas, as well as in ductal, islet, and acinar cells of the
adult pancreas. Whereas fetal ductal cells displayed a
mean pixel intensity of 73.2 6 12.6, islet cells within the
same sections showed a mean pixel intensity of 180.3 6
21.5 (P , 0.001). Similarly, high levels of Ep-CAM expres-
sion (i.e., 197.9 6 22.5) were measured in clusters of epi-
thelial undifferentiated cells that lack expression of all is-
let hormones (insulin, glucagon, pancreatic polypeptide,
and somatostatin), or exocrine markers such as amylase
(data not shown). Conversely, this analysis performed on
adult pancreas revealed mean pixel intensities of 179.4 6
18.3 in ductal cells and 110.8 6 11.2 in islet cells (P ,
0.05). Cells of the exocrine compartment showed signifi-
cantly lower pixel intensity (56.8 6 7.1). Thus, ductal and
islet cells demonstrate a reverse pattern of Ep-CAM ex-
pression in the adult pancreas compared to the fetal pan-
creas. These results suggest that mechanisms regulating
high levels of Ep-CAM expression in fetal islets and undif-
ferentiated cell clusters may remain constitutively opera-
tive in adult ductal cells, perhaps marking the ability of
this cell compartment to act as a reservoir of islet cell pro-
genitors in adult life (Dudek et al., 1991; Gu et al., 1993).

High Levels of Ep-CAM Expression Characterize 
Proliferating Epithelial Cells In Situ

The high levels of Ep-CAM expressed by developing islet
cell clusters in the fetal pancreas suggest that upregulation
of Ep-CAM may be associated with cell proliferation. To
test this hypothesis, fetal and adult human pancreata were
stained for Ep-CAM, insulin, and the Ki-67 antigen, a nu-
clear marker of cycling cells (Gerdes et al., 1983). The
presence of proliferating events among ductal, endocrine,
and exocrine cells was evaluated both qualitatively (Fig. 6)
and quantitatively by morphometric analysis of serial tis-
sue sections (Table II). Fig. 6 A represents a reconstruc-
tion of four adjacent fields from a fetal pancreas showing a
large duct (asterisks) and several adjacent cell clusters. In
no instances were Ki-67-positive nuclei (Fig. 6 A, blue)
identified among ductal cells weakly stained for Ep-CAM.
Conversely, proliferating ductal cells consistently exhib-

ited strong staining for Ep-CAM (Fig. 6 A, arrowheads).
Among cells adjacent to the ducts, numerous Ki-67–posi-
tive Ep-CAMhigh cells could also be observed. Neverthe-
less, many Ep-CAMhigh cells appeared to be not cycling.
Within cell clusters budding from the ductal epithelium,
several insulin-producing cells (Fig. 6, arrows) also posi-
tive for the Ki-67 antigen were observed. This latter obser-
vation suggests that newly differentiated b cells may con-
tribute to the expansion of the islet cell mass. The fact that
developing islet cells exhibited high levels of Ep-CAM is
consistent with an immature phenotype, as supported by
their inability to secrete hormones in response to secreta-
gogues.

Similar analysis performed on cryostat sections from hu-
man adult pancreata revealed fewer cycling events (Fig. 6,
B–D). Fig. 6 B shows an islet of Langerhans identified by
the insulin-specific staining (red). Relatively higher levels
of Ep-CAM expression (Fig. 6, green) were detected in is-
let cells as compared to the surrounding acinar tissue. In
this field, a cycling insulin-positive cell can be identified by
the expression of Ki-67 (Fig. 6, blue) in its nucleus (Fig. 6,
arrow). Fig. 6 C shows Ki-67–positive nuclei within the
ductal epithelium (arrows), a cell compartment that ex-
presses the highest levels of Ep-CAM in the adult pan-
creas. Interestingly, even within the exocrine compart-
ment, which overall expresses low levels of Ep-CAM,
cycling cells identified by the Ki-67 staining always showed
brighter Ep-CAM–specific fluorescence, as compared to
the surrounding noncycling acinar cells (Fig. 6 D, arrows).
Table II summarizes the frequency of Ki-67–positive nu-
clei in the different cell types of both the fetal and adult
human pancreas. To take into account the different repre-
sentation of the various pancreatic cell types, the percent-
age of Ki-67–positive cells was corrected for the relative
cell mass of the ductal, endocrine, and exocrine pancreatic
compartments. This allowed the calculation of a “prolifer-
ation index” that reflected the actual frequency of prolif-
erating cells in each compartment. This analysis demon-
strates that the cells bearing high levels of Ep-CAM
expression (i.e., undifferentiated epithelium in the fetal
pancreas and ductal cells in the adult pancreas) exhibit a
higher proliferation index (Table II), consistent with the
hypothesis that upregulation of Ep-CAM is linked to the
high proliferative potential of those cell compartments.

Induction of Epithelial Cell Growth Is Associated with 
the Upregulation of Ep-CAM Expression

To determine whether upregulation of Ep-CAM is associ-

Table I. Pixel Intensity of Ep-CAM–specific Immunofluorescence at Regions of Cell–Cell Contact

Cell types Fetal pancreas Adult pancreas ICCs Grafts

Ductal 73.2 6 12.6* 179.4 6 18.3‡ 71.1 6 11.7§ 177.9 6 21.3¶

Endocrine 180.3 6 21.5 110.8 6 11.2 185.4 6 13.5 104.8 6 17.6
Epithelial undifferentiated 197.9 6 22.5 – 194.1 6 17.2 –
Exocrine – 56.8 6 7.1 – –

The pixel intensity of Ep-CAM–specific fluorescence was recorded in 250 domains of cell–cell contact for each cell type. Numbers of fields scored in fetal pancreata 5 50, adult
pancreata 5 72, ICCs 5 54, grafts 5 69. Number of donors 5 3 (fetal pancreata at gestational age 18–20 wk). Number of donors of adult pancreata 5 3 (age: 20, 32, and 56 yr).
*The pixel intensity recorded in ductal cells is significantly different from values detected in endocrine cells and epithelial undifferentiated cells (P , 0.001).
‡Significantly different from values detected in endocrine cells (P , 0.05) and in exocrine cells (P , 0.001).
§Significantly different from values detected in endocrine and epithelial undifferentiated cells (P , 0.001).
¶Values recorded in grafts’ ductal cells differ significantly from those recorded in endocrine cells (P , 0.05).
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ated with the growth of pancreatic epithelial cells in vitro,
we next assessed the expression levels of this antigen by
protein immunoblotting. We compared free-floating ICCs,
comprising only a limited number of cycling cells (Oton-
koski et al., 1993), to cell monolayers generated by cultur-
ing fetal pancreatic cells on the 804G extracellular matrix
supplemented with rhHGF/SF. This culture condition
greatly enhances the proliferation of both fetal (Beattie
et al., 1996) and adult human islet cells (Hayek et al.,
1995). As shown in Fig. 7, lane 1, a major band with an ap-
parent molecular mass of 40 kD could be identified by the
KS1/4 mAb in cell extracts from fetal ICCs cultured as
floating clusters. Notably, when cells were plated on the
804G extracellular matrix to promote epithelial cell
growth, a remarkable upregulation of Ep-CAM expres-
sion was observed (Fig. 7, lane 2). In this latter condition,
an additional 42-kD band was also detected. The 40- and
42-kD proteins recognized by the KS1/4 mAb were previ-
ously characterized in UCLA-P3 cells as differently glyco-
sylated isoforms of the same antigen (Perez and Walker,
1989). Induction of cell growth in adult islets cultured as
monolayers was also associated with a significant upregu-
lation of Ep-CAM (Fig. 7, lane 5) as compared to the lev-

els detected in floating islet cultures (Fig. 7, lane 4). Inter-
estingly, lysates from a human islet b cell tumor (insulinoma)
exhibited higher levels of Ep-CAM expression than nor-
mal islets (Fig. 7, lanes 8 and 7, respectively). These results
indicate that islet cell growth induced by mitogenic stimula
in vitro or tumoral transformation in vivo is accompanied
by increased expression of Ep-CAM.

Developmentally Regulated Expression of Ep-CAM 
during Pancreatic Islet Maturation

To follow the expression of Ep-CAM during development
of islet clusters, we took advantage of an established in
vivo model of endocrine differentiation of HFP cells. In
this model, undifferentiated fetal pancreatic ICCs trans-
planted under the kidney capsule of immune-deficient
nude mice develop a significant endocrine cell mass after a
12-wk period (Beattie et al., 1995, 1996; Hayek et al.,
1996). Therefore, in the next series of experiments we
transplanted four nude mice with 500 human ICCs each.
After 12 wk, the mice were tested for the presence of human
insulin in the peripheral blood using a human C peptide–
specific radioimmunoassay. We detected 81 6 26 pmol/li-

Figure 6. High levels of Ep-
CAM expression mark pro-
liferating pancreatic epithelial
cells in situ. A shows a recon-
struction of four adjacent mi-
croscopic fields from a fetal
pancreas (18 wk), immuno-
stained for Ep-CAM (green),
insulin (red), and Ki-67 (blue).
Numerous proliferating cells
identified by the nuclear
staining for Ki-67 can be ob-
served in cell clusters budding
from pancreatic ducts (aster-
isks), and within the ductal
epithelium (arrowheads). No-
tably, all Ki-67–positive cells
exhibited high levels of Ep-
CAM–specific immunoreac-
tivity, including those identi-
fied within the monolayered
ductal epithelium that nor-
mally exhibit low levels of
Ep-CAM. Many cycling insu-
lin-positive cells were also
observed (arrows). Similar
analysis performed on sec-
tions of human adult pan-
creas (B–D) also revealed
that expression of Ki-67 is al-
ways associated with high
levels of Ep-CAM. Although
rare cycling b cells were ob-
served (B, arrow; refer to Ta-
ble II), most Ki-67–positive
cells were identified in ducts
(C, arrows) and in the acinar

tissue (D, arrows). Note that even within the exocrine compartment, which overall expresses low levels of Ep-CAM, cycling cells identi-
fied by the Ki-67 staining always showed brighter Ep-CAM–specific fluorescence compared to the surrounding noncycling acinar cells.
The data are representative of five independent experiments, using three independent donors of both fetal (18–20 wk of gestation) and
adult pancreata (20–56 yr old). Bars: (A) 50 mm; (B and C) 80 mm; (D) 40 mm.
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ter of human C peptide in basal conditions and 424.5 6 27.8
pmol/liter after intraperitoneal injection of glucose, indicat-
ing that the transplanted mice harbored functionally ma-
ture human islet b cells. Hematoxylin/eosin staining of the
grafts showed numerous large islet-like epithelial clusters
(Fig. 8 B, arrowheads) and ductal structures (Fig. 8 B, as-
terisks and inset). Consistent with our previous reports, such
islet cell clusters were immersed in a well-vascularized stro-
mal tissue of mouse origin (Beattie et al., 1994, 1997). None
of the grafts developed exocrine tissue, as detected by
morphological analysis and immunostaining for amylase
(data not shown). This last observation is in agreement
with a recent report by Gittes and colleagues, showing that
transplantation of enriched epithelial cell preparations
from the mouse fetal pancreas develops into islet cells and
ductal elements without exocrine tissue (Gittes et al., 1997).

We next compared the expression of Ep-CAM in the
grafts and in samples of ICCs preserved for histological
analysis from the very same pool used to transplant the
nude mice (Fig. 8 A). For this purpose, sections from the
ICC preparations and grafts were stained by three-color
immunofluorescence for Ep-CAM (green), insulin (red),
and glucagon (blue). The ICC preparations (Fig. 8, C and
D) consisted mostly of epithelial cells strongly stained for
Ep-CAM (pixel intensities were 194.1 6 17.2 in epithelial
undifferentiated cells and 185.4 6 13.5 in endocrine cells,
respectively; refer to Table I). Few ductal structures (Fig. 8
C, arrows) exhibiting low levels of Ep-CAM–specific
staining (pixel intensity of 71.1 6 11.7; refer to Table I),
and discrete regions occupied by mesenchymal cells lack-
ing Ep-CAM expression (Fig. 8 C, arrowhead) were also
observed. Merging of the three fluorophore spectra in Fig.
8 D showed that only a minor fraction of the epithelial
cells express insulin and/or glucagon, consistent with the
fact that ICCs comprise mostly undifferentiated epithelial
cells (Beattie et al., 1997). In contrast, the analysis of the
grafts revealed the presence of large clusters of endocrine
cells resembling adult islets of Langerhans (Fig. 8, E–H),
with insulin-producing cells located in the center and most
glucagon cells arranged at the periphery. In addition, well-

formed ducts containing numerous glucagon-producing
cells were observed (Fig. 8 H, arrows), suggesting an ongo-
ing and/or residual emergence of endocrine cells from the
ductal epithelium. Pancreatic polypeptide- and somatosta-
tin-positive cells were also found in the grafts (data not
shown). Interestingly, the expression pattern of Ep-CAM
in these grafts is reminiscent of that observed in the intact
adult human pancreas, with high levels in the ductal epi-
thelium and relatively lower levels in islet cells (Fig. 8 E;
pixel intensity of 104.8 6 17.6 in islet cells versus 177.9 6
21.3 in ductal cells, respectively; refer to Table I). These
results indicate that differentiation of fetal cells into func-
tional mature endocrine cells is associated with downregu-
lation of Ep-CAM.

Inhibition of Ep-CAM–mediated Cell–Cell Interactions 
Causes Endocrine Differentiation of HFP Cells

The expression pattern of Ep-CAM in the developing hu-
man pancreas suggests that a dynamic modulation of this
CAM may be involved in the cell’s decision to either grow
or differentiate. To assess whether the blockade of Ep-
CAM–mediated cell–cell interactions may mimic a state of
functional downregulation of Ep-CAM usage/expression
and promote endocrine differentiation, HFP cells were
cultured as floating ICCs for 5 d in the presence of either
Fab9 fragments of KS1/4 mAb or control Fab9 generated
from isotype-matched mouse IgGs. At the end of the cul-
ture period, control and KS1/4-treated cells were harvested
for total RNA isolation and DNA and insulin content de-
termination. Because human HFP express a number of
other adhesion molecules, including N-CAM and E-cad-
herin (Cirulli et al., 1995), we predicted that treatment
with KS1/4 Fab9, although exerting a potent inhibitory ef-
fect on short-term reaggregation experiments (refer to Fig.
4), should have not affected their ability to reaggregate in

Figure 7. Ep-CAM expression is upregulated by growth stimuli.
Western blot analysis of cell extracts from fetal ICCs (lane 1) re-
vealed a band with an apparent molecular mass of 40 kD using
the KS1/4 mAb. When cells were plated on the 804G extracellu-
lar matrix to promote epithelial cell growth, a remarkable upreg-
ulation of Ep-CAM expression was observed (lane 2). In this con-
dition, an additional band of 42 kD was detected. When purified
adult islets were cultured either in the absence of growth stimuli
(lane 4), or as monolayers on the 804G matrix supplemented with
rhHGF/SF (lane 5), a significant upregulation of Ep-CAM ex-
pression was observed. Lysates from human insulinomas also
showed higher levels of Ep-CAM (lane 8) compared to normal is-
lets (lane 7). Lanes 3, 6, and 9 were loaded with cell lysates from
fetal cell monolayers, adult islet monolayers, and human insuli-
noma, respectively, and then probed with a control mouse IgG2a.
The data are representative of seven independent experiments
using fetal and adult cells (seven and five independent donors, re-
spectively), and of three independent experiments using human
insulinomas (from two independent donors).

Table II. Distribution of Ki-67–positive Cells in the
Human Pancreas

Cell types Ki-67–positive cells Proliferation index

Fetal pancreas
Ductal 11.70 [122]* 0.48‡

Endocrine 14.87 [155] 0.69
Epithelial undifferentiated 52.01 [542] 1.50

Adult pancreas
Ductal 39.12 [367]§ 2.79¶

Endocrine 0.95 [9] 0.47
Acinar 44.80 [421] 0.60

*Expressed as percentage of total number of cells counted. [number of cells counted].
‡Calculated by correcting the percentage of Ki-67–positive cells for the relative pro-
portion of pancreatic cell types (i.e., ductal cells 5 24%, endocrine cells 5 21.5%, ep-
ithelial undifferentiated 5 34.5%, stroma 5 20%) (Cirulli, V., unpublished data).
Number of fields scored 5 96. Total number of cells counted 5 819. Number of do-
nors 5 3 (fetal pancreata at gestational age 18–20 wk).
§Expressed as percentage of total number of cells counted. [Number of cells counted].
¶Calculated by correcting the percentage of Ki-67–positive cells for the relative pro-
portion of the different pancreatic cell types (i.e., ductal cells 5 14%, endocrine cells 5
2%, epithelial undifferentiated 5 74%, stroma 5 10%) (for review see Githens, 1988).
Number of fields scored 5 202. Total number of cells counted 5 797. Number of do-
nors 5 3 (age: 20, 32, and 56 yr).
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Figure 8. Developmentally
regulated expression of Ep-
CAM during pancreatic islet
maturation. Fetal pancreatic
cells cultured as floating ICCs
(A) were transplanted under
the kidney capsule of nude
mice, and grafts were analyzed
after 12 wk for the presence of
islet tissue (B). Hematossilin/
eosin staining of graft sections
revealed the presence of nu-
merous ICCs (arrowheads)
and some ductal elements (as-
terisks) immersed in a well-
vascularized stroma (arrows
indicate blood vessels). K,
mouse kidney; KC, kidney cap-
sule. Three-color immunofluo-
rescence for the simultaneous
identification of Ep-CAM
(green), insulin (red), and glu-
cagon (blue), was performed in
sections from ICCs. C shows
the Ep-CAM–specific immun-
ofluorescence that highlights
cell–cell boundaries of epithe-
lial cells. Few ductal structures
can be identified within these
cell clusters (arrows), display-
ing a dimmer Ep-CAM–spe-
cific signal, as in fetal pancreas
in situ. A small fraction of mes-
enchymal cells (,10%) lacking
Ep-CAM expression can be
identified in some ICCs (ar-
rowheads). Merging of the
three fluorophore spectra (D),
specific for Ep-CAM (green),
insulin (red), and glucagon
(blue), shows that only a small
fraction of the cells forming
ICCs express islet hormones
(5–10%), whereas most of the
other epithelial cells are undif-
ferentiated. Immunostaining of
sections from the grafts after
12 wk in vivo shows that high
levels of Ep-CAM (E) are
found in ductal elements (as-
terisks), whereas endocrine cells
(glucagon, F; insulin, G) ex-
hibit lower levels, as in the
adult pancreas in situ. H shows
the merging of the three fluo-
rophore spectra specific for
Ep-CAM (green), insulin (red),
and glucagon (blue). Bars: (A)
100 mm; (B, C, and G) 50 mm.
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long-term cultures into ICCs. In fact, after 5 d of culture
both control and KS1/4-treated samples yielded macro-
scopically similar ICCs (data not shown). As shown in Fig.
9 A, analysis of insulin and glucagon transcripts revealed
that treatment with anti–Ep-CAM KS1/4 Fab9 causes a
significant increase of both insulin and glucagon gene tran-
scription. Nicotinamide-treated ICCs (Fig. 9, lane NIC)
were used in this assay as an internal positive control for
induction of endocrine differentiation. In fact, we have
previously shown that nicotinamide increases glucagon
and insulin gene transcription, as well as the overall num-
ber of glucagon- and glucose-responsive insulin-producing
cells (Otonkoski et al., 1993). Quantitation of band inten-
sities performed by scanning densitometry showed that
the blockade of Ep-CAM (Fig. 9, lane KS1/4 Fab9) pro-
duced a 1.9- and 1.4-fold increase, respectively, of insulin
and glucagon mRNAs above the levels measured in con-
trol ICCs (Fig. 9 B). These findings were further validated
by the demonstration of increased insulin protein content
in ICCs treated with anti–Ep-CAM KS1/4 Fab9 (Fig. 9 C).

These results strongly suggest that disengagement of
Ep-CAM–mediated cell–cell interactions, by either down-
regulation of the receptor from the cell surface and/or
functional inactivation, may be a signaling event involved
in the differentiation of pancreatic islet cells.

Discussion
Adhesion molecules mediating cell–cell interactions play
crucial morphoregulatory roles in specifying cell fate dur-
ing development (Trelstad, 1984; Ekblom et al., 1986;
Edelman and Crossin, 1991; Edelman, 1992; Takeichi,
1991, 1995). Here we demonstrate that the pancarcinoma
antigen KSA (Varki et al., 1984; Edwards et al., 1986;
Spurr et al., 1986; Bumol et al., 1988), alias Ep-CAM
(Litvinov et al., 1994a), is expressed in the human fetal
pancreas at sites of epithelial cell–cell contacts and that
the antigen mediates a calcium-independent mechanism of
cell aggregation. The data also show that expression of Ep-
CAM is developmentally regulated during pancreatic islet
ontogeny. Thus, high levels of Ep-CAM expression were
detected in fetal pancreatic islet cells in situ and after in-
duction of cell growth in vitro. In contrast, endocrine dif-
ferentiation of immature fetal pancreatic epithelial cells in
an in vivo transplantation model was associated with a sig-
nificant downregulation of Ep-CAM expression. More-
over, blockade of Ep-CAM function in vitro caused endo-
crine differentiation of fetal pancreatic cells. Taken together,
these observations suggest that Ep-CAM exhibits the fea-
tures of a morphoregulatory molecule.

Our data provide evidence that Ep-CAM upregulation
and function is associated with the outgrowth of early en-
docrine cells from the pancreatic ductal epithelium. We
show that Ep-CAM expression is restricted to the epithe-
lial compartment of the fetal pancreas in a pattern remi-
niscent of the distribution of classical cell–cell adhesion
molecules. Furthermore, immunoelectron microscopic anal-
ysis of Ep-CAM showed that the predominant subcellular
localization of this glycoprotein is targeted to domains of
cell–cell contact, suggesting its involvement in cell aggre-
gation. Indeed, our short-term reaggregation experiments
clearly demonstrate that Ep-CAM is involved in pancre-

atic epithelial cell–cell aggregation. Hence, using two dif-
ferent Ep-CAM–specific mAbs, KS1/4 and 323A3, both
recognizing extracellular sequences of the molecule, a sig-
nificant inhibitory effect of pancreatic epithelial cell re-
aggregation was observed. These functional data provide
the first evidence that Ep-CAM mediates cell–cell aggre-
gation of primary (nontumoral) epithelial cells. Based on
some sequence homology that Ep-CAM shares with the
extracellular matrix protein nidogen, it was previously sug-
gested that this epithelial marker could participate in ei-
ther intercellular or cell–matrix adhesion of epithelial cells
(Thampoe et al., 1988; Mann et al., 1989; Simon et al.,
1990). Although a direct involvement of Ep-CAM in cell–
cell interactions is supported by our morphological studies
and demonstrated by our antibody perturbation experi-
ments, the possibility of Ep-CAM involvement in cell–
matrix interactions is unlikely for the following reasons.
First, Ep-CAM–specific immunoreactivity was never detected
at the basal pole of pancreatic epithelial cells, as shown by

Figure 9. Blockade of Ep-CAM–mediated cell–cell interactions
causes endocrine differentiation of HFP cells. HFP cells cultured
as floating ICCs for 5 d in the presence of either Fab9 fragments
of KS1/4 mAb or control Fab9 were used for determination of in-
sulin and glucagon transcript levels in a multiprobe RNase pro-
tection assay. A shows that treatment with anti–Ep-CAM KS1/4
Fab9 causes a significant increase of both insulin and glucagon
gene transcription. Nicotinamide-treated ICCs (lane NIC) were
used in the assay as an internal positive control for induction of
endocrine differentiation. Yeast tRNA (lane tRNA) was included
as a negative control. Lane UP, undigested probes; M, RNA siz-
ing ladder. Quantitation of band intensities performed by scan-
ning densitometry (B) shows that blockade of Ep-CAM produces
a 1.9- and 1.4-fold increase, respectively, of insulin and glucagon
mRNAs above the levels measured in control ICCs. Note that the
insulin protein content is also increased in ICCs treated with
anti–Ep-CAM KS1/4 Fab9 (C). A is representative of four inde-
pendent assays. Data in B and C are expressed as mean 6 SEM
of four independent experiments. P values for significant differ-
ences were: P , 0.002 for both insulin and glucagon transcript
levels compared to control in B; P , 0.005 for samples treated
with KS1/4 Fab9 compared to control in C.
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our electron microscopic analysis, and secondly, we found
that both KS1/4 and 323A3 mAbs are unable to inhibit
pancreatic cell adhesion to the 804G matrix (data not shown).

We provide evidence that upregulation of Ep-CAM is
linked to cell proliferative events. Thus, cycling cells, iden-
tified in situ by the expression of the Ki-67 antigen, consis-
tently displayed the highest levels of Ep-CAM expression.
In the fetal pancreas, the highest frequency of proliferating
cells was found among Ep-CAMhigh ICCs budding from
the ducts. Conversely, in the adult pancreas, the ductal com-
partment strongly stained for Ep-CAM exhibited the high-
est proliferation index. Interestingly, in no instances were
Ep-CAMlow cells found to proliferate. In fact, we observed
that cell compartments such as the fetal ductal epithelium
and the adult acinar tissue that overall exhibited low levels
of Ep-CAM comprised scattered proliferating cells that
expressed increased levels of Ep-CAM. Thus, our studies
establish a direct correlation between frequency of prolifer-
ating cells and high expression of Ep-CAM in each cell
compartment. However, we found that not all Ep-CAMhigh

cells within fetal islet cell clusters and adult ducts are actu-
ally cycling. This latter observation suggests that upregula-
tion of Ep-CAM may not necessarily coincide with cell di-
vision, but rather marks the capability of epithelial cells to
respond to an array of mitogenic/developmental signals.

In line with this hypothesis is the observation that re-
markable upregulation of Ep-CAM occurs not only in fe-
tal epithelia but also in rapidly growing carcinomas (Varki
et al., 1984). Thus, it is possible that cell interactions medi-
ated by this glycoprotein, although ensuring cell–cell asso-
ciation, may be required for the transduction of specific
signals necessary for the development of various epithelial
organs and for the growth of epithelial tumors. Hence, the
association of Ep-CAM upregulation with cell growth in
tumors of epithelial origin (Edwards et al., 1986; Molden-
hauer et al., 1987; Litvinov et al., 1994a,b; Velders et al.,
1994), and its de novo expression during tumoral transfor-
mation in tissues that usually lack this molecule have been
extensively documented (Quak et al., 1990; Tsubura et al.,
1992; Tellechea et al., 1993). Tumoral transformation of
epithelial tissues has been also associated with a decreased
expression/function of E-cadherin, a CAM required for
the development and maintenance of cellular differentia-
tion (Marrs and Nelson, 1996), and regarded as a tumor
suppressor gene (Takeichi, 1993). Interestingly, a recent
report by Litvinov and colleagues shows that Ep-CAM can
decrease cadherin-mediated cell–cell association, thereby
providing a possible mechanism by which Ep-CAM may
promote the development of a proliferative phenotype in
epithelial cells (Litvinov et al., 1997).

Based on the evidence that pancreatic endocrine cells
derive from progenitors resident in the ductal epithelium
(Pictet and Rutter, 1972; Pictet et al., 1972; Teitelman and
Lee, 1987; Alpert et al., 1988; Gu and Sarvetnick, 1993),
our data suggests that upregulation of Ep-CAM occurs at
an early developmental stage of islet cell ontogeny. In sup-
port of this hypothesis we show that Ep-CAM is upregu-
lated in pancreatic epithelial and islet cells induced to pro-
liferate in vitro, and in spontaneous pancreatic b cell
tumors in vivo. We propose that the biological significance
of Ep-CAM upregulation in vivo is to transduce specific
morphogenetic signals during the emigration and expan-

sion of early endocrine precursors and newly differenti-
ated endocrine cells into the surrounding mesenchyme.

The expression pattern of Ep-CAM that we describe in
the fetal and adult pancreas, as well as in our in vivo model
of islet cell development from undifferentiated fetal epi-
thelial cells, provides an interesting example of the devel-
opmentally regulated expression of this antigen. Thus,
whereas in the fetal pancreas the highest levels of Ep-CAM
are detected in islet cell clusters growing out of the ductal
tree and in clusters of undifferentiated epithelial cells, in
adult life the ductal epithelium, rather than islet cells, displays
the strongest Ep-CAM–specific immunoreactivity. These
observations suggest that human adult pancreatic ducts may
retain a higher responsiveness to growth stimuli, a charac-
teristic supported by our data on the relatively higher fre-
quency of proliferative events in this cell compartment. This
possibility is also consistent with the current belief that
most human adult pancreatic tumors are of ductal origin.

The in vivo and in vitro experimental models of endo-
crine differentiation described here provide additional evi-
dence for Ep-CAM playing important morphoregulatory
roles in pancreatic islet development. Thus, a significant
downregulation of Ep-CAM was observed when undiffer-
entiated fetal pancreatic epithelial cells were transplanted
and allowed to differentiate in vivo. Hence, upon endo-
crine differentiation, islet cell clusters developed within
the grafts and expressed levels of Ep-CAM similar to
those detected in situ in the adult islets. Likewise, when
the adhesive function of Ep-CAM was inhibited by spe-
cific KS1/4 Fab9 fragments, fetal pancreatic cells under-
went endocrine differentiation, demonstrated by the up-
regulation of insulin and glucagon transcripts, as well as by
the increased insulin protein content. These data strongly
suggest that manipulations designed to inhibit or reduce
Ep-CAM–mediated interactions favor endocrine differen-
tiation. Conversely, upregulation of Ep-CAM negatively
regulates endocrine differentiation. In line with this view,
the low levels of Ep-CAM expressed in human adult islets
may be ineffective in inhibiting hormone gene expression,
and only a substantial upregulation of this CAM above
threshold levels can endow epithelial cells with a higher
responsiveness to growth stimuli or directly regulate cell
multiplication. This interpretation is consistent with the
most recent view of CAM’s function, which encompasses
not only cell–cell aggregation within tissues, but also regu-
lation of cell multiplication (Edelman and Crossin, 1991;
Sporn et al., 1995), cell differentiation (Kemler et al., 1977;
Edelman and Crossin, 1991; Takeichi, 1995), migration
and three-dimensional organization within tissues during
morphogenesis (Crossin et al., 1985; Friedlander et al., 1989;
Edelman and Crossin, 1991; Takeichi, 1991, 1995; Larue et
al., 1996), as well as tissue remodeling during wound healing
(Watt and Jones, 1993; Krushel et al., 1995), and tumoral
transformation in adult organisms (Parish et al., 1987; Hynes,
1989). Thus, CAMs should be regarded as transducers of di-
verse morphoregulatory messages within cell collectives.

Interestingly, despite its functional involvement in cell
adhesion, Ep-CAM does not share significant homology
with any of the well-characterized families of adhesion
molecules such as CAMs of the immunoglobulin super-
family, cadherins, integrins, and selectins. However, the
presence of two EGF-like domains comprised between a
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cysteine-rich and cysteine-poor domain in the extracellu-
lar sequence of Ep-CAM confers some structural homol-
ogy with members of the Drosophila Notch and the Cae-
norhabditis elegans Lin family of proteins. Notably, both
Notch and Lin gene products are involved in cell–cell sig-
naling pathways controlling cell fate decisions during de-
velopment (Artavanis-Tsakonas et al., 1995; Katz et al.,
1995). With respect to the common structural folding of
EGF-like domains shared by many proteins involved in
pleiotropic and developmental effects, Ep-CAM also
shares some homology with tissue plasminogen activator,
regulating proteolysis of extracellular matrix during cell
growth and migration (Blasi et al., 1987; Appella et al.,
1987). Thus we propose that Ep-CAM belongs to a novel
family of epithelial-specific cell surface receptors mediat-
ing adhesion and delivering growth/developmental signals.
Our findings provide strong evidence for a morphoregula-
tory role of Ep-CAM in pancreatic islet development.
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