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Protein tyrosine phosphatase k and SHP-1 are
involved in the regulation of cell-cell contacts at
adherens junctions in the exocrine pancreas
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Background: We have previously shown that cell contacts between pancreatic acinar cells dissociate early
in pancreatitis and that this is a prerequisite for the development of pancreatic oedema. Here we studied
the underlying mechanism.
Methods: Employing experimental caerulein induced pancreatitis in vivo and isolated pancreatic acini ex
vivo, in conjunction with protein chemistry, morphology, and electron microscopy, we determined whether
cell contact regulation in the pancreas requires or involves: (1) changes in cadherin-catenin protein
expression, (2) tyrosine phosphorylation of adhesion proteins, or (3) alterations in the actin cytoskeleton.
Results: During initial cell-cell contact dissociation at adherens junctions, expression of adhesion proteins
remained stable. At time points of dissociated adherens junctions, the cadherin-catenin complex was
found to be tyrosine phosphorylated and internalised. The receptor type protein tyrosine phosphatase
(PTP)k was constitutively associated with the cadherin-catenin complex at intact cell contacts whereas
following the dissociation of adherens junctions, the internalised components of the cadherin-catenin
complex were tyrosine phosphorylated and associated with the cytosolic PTP SHP-1. In isolated acini,
inhibition of endogenous protein tyrosine phosphatases alone was sufficient to induce dissociation of
adherens junctions analogous to that found with supramaximal caerulein stimulation. Dissociation of actin
microfilaments had no effect on adherens junction integrity.
Conclusions: These data identify tyrosine phosphorylation as the key regulator for cell contacts at adherens
junctions and suggest a definitive role for the protein tyrosine phosphatases PTPk and SHP-1 in the
regulation, maintenance, and restitution of cell adhesions in a complex epithelial organ such as the
pancreas.

E
ntry of fluid into the intercellular space of a given tissue
is a characteristic event in the development of inflam-
matory oedema such as that seen in pancreatitis. While

the discharge of fluid from the vasculature has been found to
be a bradykinin dependent event involving the endothelium,1

subsequent fluid entry into the tissue clearly requires the
dissociation of cell-cell contacts between individual cells of
that tissue in order to occur. Cell contacts between epithelial
cells are predominantly formed by proteins of the cadherin-
catenin family of cell adhesion proteins. The transmembrane
glycoprotein E-cadherin represents the critical component of
the cadherin-catenin complex forming homophilic Ca++

dependent interactions between adjacent epithelial cells via
its extracellular domain. The intracellular part of E-cadherin
associates with b-catenin which, in turn, binds to a-catenin
and anchors the adhesion complex to the actin cytoskeleton.2–5

An additional member of the cadherin family, p120-catenin
(p120ctn), is thought to strengthen the adhesion complex.6

The formation of cell-cell contacts at adherens junctions must
be regarded as a dynamic event, rather than a fixed structure,
and undergoes extensive regulation during embryonic devel-
opment and tissue repair.7

It is well established that tissue invasion of epithelial
tumours of the stomach is associated with impairment
of tumour cell-cell contacts caused by dysregulation of
E-cadherin or changes in catenin expression.8–10 While
tumorigenesis is a comparatively slow process, which permits
cell contact regulation by altering protein expression levels,
the disassembly and reassembly of cell contacts during more

rapid biological events such as inflammation may require
different regulatory mechanisms. How the maintenance and
restitution of adherens junctions in a complex epithelial
organ such as the pancreas is achieved remains largely
unknown but several possible mechanisms can be deduced
from in vitro studies.
Cell culture experiments have shown that the functional

integrity of the cadherin/catenin complex may be impaired by
several principle mechanisms: firstly, if the connection
between the actin cytoskeleton and the cell adhesion complex
is disturbed. Such a dissociation of the actin cytoskeleton
from the cadherin/catenin complex can be mediated via small
GTPases which are known to indirectly regulate the
polymerisation of actin microfilaments and to directly affect
b-catenin binding to a-catenin.11 12 Furthermore, changes in
the expression pattern of the components of the cadherin/
catenin complex or their level of tyrosine phosphorylation
have been found to affect the function of adherens
junctions.13 In v-src transfected cells the tyrosine phosphor-
ylation of b-catenin correlates with a decrease in cell
adhesion,14 15 and inhibition of protein tyrosine phosphatases
(PTP) has been shown to result in the tyrosine phosphoryla-
tion of b-catenin and consecutively the disassembly of cell
contacts at adherens junctions.16 Protein tyrosine kinases
(PTK) are known to possess constitutive basal activity that is

Abbreviations: PTP, protein tyrosine phosphatase; PTK, protein tyrosine
kinase; DMEM, Dulbecco’s modified Eagle’s medium; SDS, sodium
dodecyl sulphate; BSA, bovine serum albumin; EM, electron microscopy
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independent of ligand stimulation and it has therefore been
suggested that the activity of a PTP, which would antagonise
the action of PTK by dephosphorylating adhesion proteins,
may be a prerequisite for the maintenance of an intact cell
adhesion complex.17 18 In cell culture and overexpression
systems, a number of receptor-type PTP have been reported to
be either expressed at cell-cell contacts or to use cell adhesion
proteins as substrates.19–24 Both of the latter in vitro properties
make PTPs likely candidates for the regulation of cell-cell
contacts and prompted us to search for potential PTP binding
partners of the cadherin/catenin complex in the exocrine
pancreas.
To study cell contact regulation in the exocrine pancreas, a

complex epithelial organ predominantly composed of
polarised acinar cells, we have employed an animal model
of mild experimental pancreatitis which is induced by
supramaximal secretagogue stimulation and involves a
reversible in vivo dissociation of adherens junctions.25 In
addition, we have developed a technique to study the
maintenance, and quantitate the disassembly, of cell contacts
in isolated pancreatic acini, functional secretory units of
between 5 and 80 cells that are prepared by collagenase
digestion.26 These two approaches allowed us to study the role
of cellular mechanisms in regulating the cadherin/catenin
complex. Our results suggest that the dissociation of
adherens junctions is paralleled by a disassembly of the
cadherin/catenin complex and a redistribution of its compo-
nents to the acinar cell cytosol. To distinguish between events
that depend on protein tyrosine phosphorylation and those
that involve impairment of the acinar cell cytoskeleton,27 28

we studied the effect of compounds that either interfere with
PTP activity or with the integrity of microfilaments. Our
results indicate that a disassembly of the microfilament
network does not result in dissociation of cell-cell contacts
whereas inhibition of PTP activity is entirely sufficient to
induce the opening of adherens junctions. Moreover, two
specific PTP could be identified which, during different
phases of adherens junction assembly and disassembly, can
associate with the cadherin/catenin complex. These data
represent the first direct evidence of a specific in vivo
regulatory role of PTP in a complex epithelial organ like the
exocrine pancreas.

MATERIALS AND METHODS
Supramaximal secretagogue stimulation in vivo
Male Wistar rats (140–250 g) were anaesthetised with
pentobarbital 30 mg/kg. A cannula was placed into the
jugular vein and animals were infused with supramaximal
concentrations of caerulein (10 mg/kg/h) for up to 48 hours.
Saline infused animals served as controls. After exsanguina-
tion under ether anaesthesia, the pancreas was rapidly
removed, trimmed of fat, and tissue blocks were embedded
in Tissue-Tek (Sakura Finetek, Zoeterwoude, the
Netherlands) for cryosectioning. The main part of the
pancreas was frozen in liquid nitrogen and stored at 280 C̊
for later protein analysis. The dry/wet weight ratio was
determined as previously reported.1 All animal experiments
were conducted according to the guidelines of the local
Animal Use and Care Committee, performed at least in
triplicate and using a minimum of five animals unless stated
otherwise in the legends.

Immunoprecipitation and western blotting
Pancreatic tissue was homogenised with a Dounce S glass
homogeniser (Braun, Melsungen, Germany) in iced Triton X
100 lysis buffer (0.1 %) containing protease inhibitors (1 ml/
mg tissue, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 0.01 M
sodium pyrophosphate, 0.1 M sodium fluoride, 1 mM dihy-
drogen peroxide, 1 mM L-phenyl-methyl-sulfonyl-fluoride

and 0.02% soybean trypsin inhibitor). Protein concentration
was determined by a modified Bradford assay (Bio Rad
Laboratories, München, Germany) and equal amounts of
protein were used in subsequent experiments. DNA content
of homogenates was determined with propidium iodide as an
indicator (fluorescence reader, Ex 350 nm/Em 630 nm), was
used as standard for loading equal amounts of pancreatic
protein, and was used to correct for interstitial plasma
protein which can be substantial when acinar cell junctions
are dissociated. For immunoprecipitation, a 1:1 mixture of
protein A and G Sepharose (Amersham-Pharmacia, Freiburg,
Germany) was preincubated with antibody in 20 mM HEPES
pH 7.5. Lysates were preabsorbed with rat non-immun
serum, added to the precoupled antibody, and incubated for
two hours at 4 C̊ on a rotor wheel. Precipitates were washed
with HNTG-buffer (50 mM HEPES pH 7.5, 150 mM Na Cl,
0.1% Triton X 100, 10% glycerol) and boiled for five minutes
in 2 6 sodium dodecyl sulphate (SDS) sample buffer. SDS
polyacrylamide gel electrophoresis was performed in a
discontinuous buffer system and gels were blotted on
nitrocellulose membranes (Hybond C; Amersham
Pharmacia). After overnight blocking in NET-gelatine
(10 mM Tris/HCl pH 8.0, 0.15 mM NaCl, 0.05% Tween 20,
0.2% gelatine), immunoblot analysis was performed followed
by enhanced chemiluminescence detection (Amersham
Pharmacia) using horseradish peroxidase coupled sheep
antimouse IgG or goat antirabbit IgG (Amersham
Pharmacia).
Goat antibody against PTPk and rabbit antibody against

SHP-1 were obtained from Santa Cruz (Santa Cruz,
California, USA). For immunostaining, a polyclonal rabbit
antibody was generated against the juxtamembrane domain
of PTPk (corresponding to amino acids 783–904). Monoclonal
E-cadherin antibody (clone 36), directed against the carboxy
terminus, was purchased from Transduction Laboratories
(San Diego, California, USA) as well as antibodies against a-,
b-, and c-catenin, and p120ctn. Antiphosphotyrosine antibody
(monoclonal, 4G10) was from Upstate Biotechnology (Lake
Placid, New York, USA) and polyclonal G3PDH antibody
from Biozol (Eching, Germany).
For biotinylation experiments, nitrocellulose membranes

were washed in 40 mM sodium bicarbonate buffer pH 8.6
and incubated with 5 ml of biotinamidocaproate N-hydroxy-
succinimidyl ester diluted in 40 mM sodium bicarbonate
buffer pH 8.6 per membrane for 15 minutes at room
temperature (ECL protein biotinylation module; Amersham
Pharmacia). After blocking for one hour (5% skim milk
powder), membranes were incubated with horseradish
peroxidase coupled streptavidin and the signal was detected
by enhanced chemiluminescence reaction (ECL; Amersham
Pharmacia). For buffers and concentrations, see Fuchs and
colleagues.20

Immunohistochemistry
For immunocytochemical analysis, either cryosections or
paraffin sections of formaldehyde fixed rat pancreata were
used. They were mounted on Polysine microslides (Menzel
Gläser, Braunschweig, Germany). For antigen retrieval,
deparaffinised and rehydrated sections were immersed in
10 mmol/l citric acid, pH 6.0, and boiled under pressure
(103 kPa/15 psi) for two minutes. Then, cooling slides were
removed, quickly washed in distilled water, and transferred
to and rinsed with phosphate buffered saline. After blocking
non-specific binding sites (Fc receptors) with BSA-c basic
blocking solution (1:10 in phosphate buffered saline; Aurion,
Wageningen, the Netherlands), sections were immuno-
labelled overnight at 4 C̊ with antibody against PTPk (diluted
1:1000), SHP-1 (5 mg/ml), or E-cadherin (5 mg/ml). G-actin
was detected using Alexa Fluor 594 DNase 1 conjugate
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(0.3 mm) and F-actin using Alexa Fluor 488 phalloidin
(0.16 mm), both from Molecular Probes (Eugene, Oregon,
USA). Antibody labelling was subsequently detected with
corresponding species specific secondary antibodies conju-
gated with Cy3 (Dianova, Hamburg). After counterstaining of
nuclei with DAPI (5 mg/ml; Sigma, St Louis, Missouri, USA)
for 15 seconds, samples were mounted with Vectashield
(Vector Laboratories, USA). For fluorescence microscopy, a
high resolution Nikon-Improvision confocal imaging system
(Watford, UK) was used. Controls were incubated without
primary antibody, with mouse or rabbit IgG (5 mg/ml;
Dianova), or with pre-immune serum (1:1000) instead of
primary antibody at identical concentrations. In controls, no
specific immunolabelling was detected.

Assessment of acinar cell contact dissociation
Pancreatic acini from male Wistar rats (Charles River
Breeding Laboratories, Sulzbach, Germany) were prepared
by collagenase digestion (collagenase D; Roche, Mannheim,
Germany), as previously described.28 29 Acini were washed
and centrifuged at 50 g for one minute in Dulbecco’s
modified Eagle’s medium (DMEM) containing 0.2% bovine
serum albumin (BSA). Living acini were incubated for up to
70 minutes with buffer alone (DMEM with 0.2% BSA and
0.02% soybean trypsin inhibitor) or with buffer containing
cytochalasin B (10 mM; Sigma, Deisenhofen, Germany),
caerulein (10 nM; Amersham Pharmacia), or orthovanadate
(1 mM). At different intervals acini were fixed in 2%
formaldehyde/2% glutaraldehyde, embedded in Epon, and
contrasted with osmium, uranyl, and lead. Ultrathin sections
were used for electron microscopy.30

Alternatively, the biovolume of living acini was determined
to quantitate cell contact dissociation. The concept of
biovolume measurements is based on the observation that
single acinar cells are smaller and accordingly displace less
fluid volume than intact acini composed of multiple cells that
are tightly connected by cell contacts. We established this
assay using a CASY I cell analysing system (Schärfe Systems,
Reutlingen, Germany). This system measures the volume of
particles as resistance changes caused by electrolyte displace-
ment during passage through an aperture of 150 mm in
diameter. Not unlike the principle of a FACS sorter, the
diameters calculated from the obtained volumes using a
standard ball formula are blotted as size frequency distribu-
tions. Phase contrast imaging of acinar cells and intact acini
using fractions of defined volumes indicated that a reduction
in diameter of a multi-cell acinus strictly paralleled a
resolution of cell contacts and a dissociation of individual
cells from the acinus. A decrease in high volume (high
diameter) particles and an increase in low volume (low
diameter) particles can therefore be taken as a direct
indicator for the dissociation of cell contacts within an intact
acinus. The system was calibrated with standard latex
calibration beads (Duke Scientific Corp., Palo Alto,
California, USA) of defined diameter and volume, and the
composition of acini was confirmed by electron microscopy
(see results). The maximum volume of acini that could
readily pass the instrument’s capillary was 268 083 mm3

(diameter of 80 mm) and corresponded to a mean acinus
composed of the volume of 104 single cells.
For biovolume experiments, suspensions of freshly pre-

pared acini were diluted (1:200) in filtered (particle free)
physiological NaCl buffer. Measurements under different
experimental conditions are shown for single cells (11–
23 mm) and intact acini (24-80 mm), and the results
expressed as per cent of control incubations with buffer
alone. The biovolume percentages shown in fig 9 are
representative of six or more experiments in each group.
Data show means (SD) for triplicate measurements.

Treatment and control values at different times were tested
for statistically significant differences using the Student’s t
test. A p value of ,0.5 was considered to be statistically
significant. A raw data example of the shift in distribution
from intact acini (high volume and diameter) to individual
acinar cells (low volume and diameter) induced by supra-
maximal secretagogue stimulation is shown in fig 8B.

PTP activity measurements in pancreatic homogenates
Untreated pancreatic homogenates (50 mg) were used or
alternatively protein enrichment of PTP was achieved by
immunoprecipitation of pancreatic homogenates (10 mg
protein immunoprecipitation). The precipitated PTP, coupled
to protein A and G Sepharose beads, were incubated in PTP
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Figure 1 Expression of proteins of the cadherin/catenin complex
during in vivo supramaximal secretagogue stimulation. Immunoblotting
of E-cadherin, a-catenin, b-catenin, and p120ctn with specific antibodies
in the same sodium dodecyl sulphate-polyacrylamide gel separated
Triton X 100 lysates of rat pancreatic tissue. Animals were infused with
either saline or caerulein (10 mg/kg/h) for the indicated time intervals.
Lysates were standardised to 100 mg protein from control pancreas.
Reblotting with specific GPDH antibody demonstrated loading of equal
protein amounts.
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Figure 2 Interstitial pancreatic fluid collection and dissociation of cell-
cell contacts. As the formation of pancreatic oedema requires, and is
ultrastructurally preceded by, the dissociation of cell contacts for fluid to
enter the interstitial space, we determined the time course of oedema
formation as an indicator of cell contact dissociation. The wet/dry weight
ratio of pancreatic tissue was determined after desiccation and the
results were expressed as pancreatic water content as a percentage of
pancreatic weight. After 60 minutes of supramaximal caerulein infusion,
entry of fluid into the pancreas was already complete and was only
reabsorbed after 48 hours.
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assay reaction buffer (50 mM HEPES, 0.5 mM EDTA, 5 mM
para-nitro-phenyl-phosphate at pH 7.0) in the presence or
absence of the PTP inhibitor orthovanadate (1 mM).
Enzymatic activity was determined at baseline and after
30 minutes as an increase in para-nitro-phenylate using a
Dynatech MR 5000 ELISA reader (405 nm).

PTK activity measurements in pancreatic homogenates
To detect overall PTK activity, we used a photometric enzyme
immunoassay (tyrosine kinase assay kit, non reactive, cat No
1534505; Roche Mannheim) for quantitative in vitro deter-
mination. For this a streptavidin coated microtitre plate
was loaded with biotin labelled substrate (biotin-
KVEKIGEGTYGVVYK-amide) corresponding to amino acids
6–20 of the cell division kinase p34cdc2. This substrate
displays the highest substrate specificity for the receptor
associated tyrosine kinases of the src family (that is, src,
yes, lck, lyn, and fyn). The assay specifically detects the
activity of PTK by monitoring the transfer of the c-phosphate
group from ATP to a tyrosine residue of the biotin labelled
substrate peptide. The activity can be detected via labelling
with a phosphotyrosine specific peroxidase coupled anti-
body followed by a colour reaction (malachite green).
Pancreatic homogenate (50 mg) was subjected to further
analysis and all experiments were performed at least in
triplicates. Enzymatic activity was determined at baseline and
after 60 minutes using a Dynatech MR 5000 ELISA reader
(405 nm).

RESULTS
During the course of caerulein induced pancreatitis, a
reversible in vivo dissociation of adherens junctions takes
place, as indicated by a widening interstitial space on
morphology (see below). To exclude reduced expression of
members of the cadherin/catenin complex as being solely
responsible for the dissociation of cell–cell contacts at
adherens junctions, we studied protein expression of the
cadherin/catenin complex during secretagogue induced dis-
assembly of adherens junctions in vivo. In rat pancreatic
homogenates obtained at different time intervals during
supramaximal secretagogue stimulation (caerulein 10 mg/kg/
h) from 0 to 48 hours, E-cadherin expression was not signi-
ficantly altered over the whole time course (fig 1). Protein
levels of the other components of the cadherin/catenin
complex (p120ctn, a-catenin, and b-catenin) were signifi-
cantly affected only at time intervals at which cell contacts
had already dissociated (for example, 4 and 12 hours). This
reduction in catenin levels in the later phase of the
experiment is most likely due to proteolytic degradation by
activated serine proteases, a characteristic event in acute
pancreatitis, and was completely reversed after 48 hours.
Loading of equal amounts of pancreatic homogenates was
verified by blotting of G3PDH as an internal control.
On electron micrographs from rat pancreas after supra-

maximal caerulein infusion, dissociated adherens junctions
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Figure 3 Enzymatic protein tyrosine phosphatase (PTP) (A) and protein
tyrosine kinase (PTK) (B) activity in caerulein induced pancreatitis. To test
whether PTK and PTP possess constitutive basal activity, we used
pancreatic homogenates obtained at different time points during
supramaximal caerulein stimulation to measure overall enzymatic
activity, as indicated in materials and methods. PTP activity was already
decreased one hours after the start of caerulein infusion (A) which was
paralleled by an increase in PTK activity, mainly involving src kinases (B).
Interestingly, after the decrease in PTP and PTK activity during the
greatest disease severity (2 and 4 hours), the increase in PTP activity
was faster than that of PTK activity. *Significantly different from
controls at 0 h.
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Figure 4 Time course of cadherin/catenin tyrosine phosphorylation in
vivo. E-cadherin, a-catenin, b-catenin, and p120ctn were immunoprecip-
itated from pancreatic homogenates after supramaximal caerulein
stimulation for the indicated time intervals. Precipitates were blotted with
phosphotyrosine specific antibodies and with antibodies against
E-cadherin, a-catenin, b-catenin, and p120ctn. Proteins were
immunoprecipitated from 3 mg pancreatic protein.
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could readily be detected after 30 minutes. The characteristic
formation of interstitial pancreatic oedema in this animal
model invariably requires, and is ultrastructurally associated
with, dissociation of cell contacts. We therefore determined
the time course of interstitial fluid accumulation as a
surrogate marker for cell contact dissociation.1 The formation
of pancreatic oedema had risen by up to one hour of
supramaximal secretagogue stimulation, remained largely
stable until 12 hours, and was completely resorbed by
48 hours (fig 2).
To test whether PTK and PTP possess constitutive basal

activity, we studied pancreatic homogenates obtained at
different time points during supramaximal caerulein stimu-
lation. We found a marked decrease in PTP activity one hour
after the start of caerulein infusion, which was paralleled by
an increase in PTK activity involving mainly the family of src
kinases (fig 3). Specificity for src kinases was confirmed
using the biotin labelled substrate biotin-
KVEKIGEGTYGVVYK-amide, corresponding to amino acids
6–20 of the cell division kinase p34cdc2 which displays the
highest substrate specificity for the receptor associated
tyrosine kinases of the src family (that is, src, yes, lck, lyn
and fyn). These data suggested an overall increase in tyrosine
phosphorylated proteins during the early phase of acute
pancreatitis when cell-cell contacts dissociate (fig 3).
Interestingly, after a marked decrease in PTP and PTK
activity between two and four hours, recovery was somewhat
faster for PTP activity than for PTK activity which could
suggest that PTP activity is more critical for the reassembly of
cell-cell contacts.
We subsequently studied tyrosine phosphorylation of

proteins of the cadherin/catenin complex over the critical
first three hours during which cell contact dissociation
occurred. E-cadherin and the catenins were immunoprecipi-
tated from pancreatic homogenates and blotted with anti-
phosphotyrosine specific antibodies (fig 4). While tyrosine
phosphorylation of p120ctn and b-catenin was clearly
detectable as early as one hour after starting secretagogue
stimulation, that of E-cadherin was observed after two hours.
a-Catenin, on the other hand, did not appear to be tyrosine
phosphorylated at any of the intervals investigated. An exact
correlation between the time course of cell contact dissocia-
tion and tyrosine phosphorylation of cell adhesion proteins

was thus found for p120ctn and b-catenin. These experiments
suggested that tyrosine phosphorylation in general and that
of p120ctn and b-catenin in particular are involved in the
regulation of pancreatic cell contacts in vivo.
Tyrosine phosphorylation of cadherin/catenin proteins at

intervals when cell contacts are dissociating suggests that
PTP are involved in the maintenance of an intact cell
adhesion complex at adherens junctions and we therefore
sought to identify possible interacting PTP. When we studied
PTPk, a member of the MAM family of transmembrane PTP
whose human homologue was recently cloned,20 we found it
to be constitutively associated with E-cadherin, a-catenin,
and b-catenin in the pancreas of untreated animals. As
early as one hour after the onset of secretagogue stimulation,
a-catenin was found dissociated from the complex with PTPk
and the association with E-cadherin and b-catenin was
reduced (fig 5). Between four and 12 hours, on the other
hand, no association between any of the adhesion proteins
and PTPk could be detected. After 48 hours the complex
between the adhesion proteins and PTP had entirely
reassembled. None of the proteins of the cadherin/catenin
complex that coprecipitated with PTPk was tyrosine phos-
phorylated (not shown) and expression of PTPk did not
change during the course of the experiment. These experi-
ments demonstrate a constitutive association of PTPk with
the unphosphorylated cadherin/catenin complex at time
intervals when adherens junctions are intact, and a dissocia-
tion of PTPk from the complex when adherens junctions are
dissociated. This, in turn, strongly suggests a role for PTPk in
the regulation of the activity of the complex.
If proteins of the cadherin/catenin complex have to remain

dephosphorylated on tyrosine residues in order to maintain
the functional integrity of adherens junctions—a mechanism
that is apparently regulated by PTPk—the question arises
whether they also need to be dephosphorylated to restore
dissociated adherens junctions, an event in which PTPk is
clearly not involved because it has already dissociated from
the complex. We therefore searched for cytosolic PTP that
could represent binding partners for the cadherin/catenin
complex at time intervals and at subcellular sites where PTPk
obviously played no role. In previous studies we and others
established that the cytosolic PTP 1B and PTP SHP-1 can
associate with cell adhesion proteins in vitro31–33 under a
variety of experimental conditions. When we studied three
cytosolic PTP, we found that all of them (PTP 1B, PTP SHP-1,
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Figure 5 In vivo association of protein tyrosine phosphatase (PTP)k with
proteins of the cadherin/catenin complex. Immunoprecipitation (IP) of
PTPk from pancreatic homogenates after supramaximal caerulein
stimulation for the indicated time intervals. E-cadherin, a-catenin, and
b-catenin were blotted with specific antibodies. PTPk was detected by
biotinylation of membrane bound proteins and staining with horseradish
peroxidase conjugated streptavidin. Biotinylation was performed as
PTPk could not be reblotted when immunoprecipitated with the same
antibody. Proteins were immunoprecipitated from 3 mg pancreatic
protein.
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Figure 6 In vivo association of protein tyrosine phosphatase (PTP)
SHP-1 with proteins of the cadherin/catenin complex.
Immunoprecipitation (IP) of PTP SHP-1 from pancreas homogenates after
supramaximal caerulein stimulation for the indicated time intervals.
Precipitates were blotted with antibodies against PTP SHP-1, E-cadherin,
a-catenin, b-catenin, and antiphosphotyrosine. Proteins were
immunoprecipitated from 3 mg pancreatic protein.

Pancreatic cell-cell contact regulation 1449

www.gutjnl.com



PTP SHP-2) were expressed in the rat exocrine pancreas but
neither PTP 1B nor SHP-2 were associated with proteins of
the cadherin/catenin complex under either control conditions
or after supramaximal caerulein stimulation (not shown).
PTP SHP-1 was not only consistently expressed at high levels
during the entire course of supramaximal caerulein stimula-
tion (fig 6) but also associated with adhesion proteins. This
association between PTP SHP-1 and E-cadherin, a-catenin,
and b-catenin, however, was only found at two and four
hours after the start of secretagogue infusion when cell-cell
contacts were dissociated. Blotting with antiphosphotyrosine
antibody revealed that the adhesion proteins being associated
with PTP SHP-1 were all tyrosine phosphorylated.
Interestingly, at the time intervals when cell contacts were
morphologically intact (for example, 0 and 48 hours), no
association between PTP SHP-1 and any of the cell adhesion
proteins could be detected. Cytosolic PTP SHP-1, which binds
tyrosine phosphorylated substrates via its SH-2 domains, was
shown to dephosphorylate the components of the cadherin/
catenin complex.32 34 This mechanism, however, appears to be
operative only when adherens junctions are dissociated and
when the components or the cadherin/catenin complex are
not associated with, or dephosphorylated by, PTPk. The
highly complementary pattern of adhesion protein associa-
tion with either PTPk or PTP SHP-1 suggests that these two
phosphatases may also have complementary roles in the
maintenance and restitution of cell contacts.

The association of a transmembrane PTP (PTPk) and a
cytosolic PTP (PTP SHP-1) with components of the cadherin/
catenin complex at different time intervals of cell contact
dissociation and reassembly is not only highly suggestive of a
complementary role of these phosphatases but also of a mode
of action at different subcellular sites. We therefore used
immunocytochemistry and confocal fluorescence microscopy
to study the subcellular distribution of adhesion proteins,
PTPk and PTP SHP-1. In pancreatic tissue from control rats,
E-cadherin labelling was found along the area of cell-cell
contacts as well as at the apical plasma membrane (fig 7A).
From these sites, E-cadherin disappeared as early as one hour
after the start of caerulein infusion and became evenly
dispersed in a punctate pattern over the entire cytosol
(fig 7B). After 48 hours, the distribution of E-cadherin at
cell-cell contacts and at the acinar cell apex was completely
restored (fig 7C). Localisation of PTPk under control
conditions was also confined to the apical pole of the acinus
and lateral cell contacts (fig 7D). During supramaximal
stimulation PTPk disappeared from its original site and was
redistributed to the cytoplasm, albeit at a slower rate and
more concentrated at the apical part of the acinar cell than
the E-cadherin label (fig 7E). Again, after 48 hours the
original distribution of PTPk at adherens junctions was
restored but prominent expression at the cell apex remained
(fig 7F). SHP-1 was predominantly found in the basolateral
cytoplasm of acinar cells with only a weak reticular label in

Figure 7 Localisation of protein tyrosine phosphatase (PTP)k, PTP SHP-1, and E-cadherin during supramaximal caerulein stimulation in vivo. Sections
from pancreatic tissue after in vivo treatment with supramaximal caerulein were labelled with monospecific antibodies directed against E-cadherin
(A=0 hours, B = one hour, C= 48 hours), PTPk (D =0 hours, E = four hours, F = 48 hours), or PTP SHP-1 (G=0 hours, H = four hours, I = 48 hours) and
fluorescent labelled secondary antibody for confocal microscopy, as described in materials and methods. Representative acini were digitally
photographed at the same contrast and brightness setting and, with the exception of the SHP-1 label, the position of nuclei as determined by the DAPI
stain was marked on the respective micrographs. Bar indicates 50 mm.
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the apical cell portion (fig 7G). This distribution remained
unchanged during caerulein stimulation. In contrast with the
E-cadherin and PTPk labels, no SHP-1 was detected at the
apical pole or plasma membrane of acinar cells (fig 7H, 7I).
p120ctn and b-catenin paralleled the initial localisation and
subsequent redistribution of E-cadherin (not shown).
Substrate recruitment of those PTP, which are associated
with members of the cadherin/catenin complex, therefore
appears to be not only defined by tyrosine phosphorylation
but also by subcellular localisation of adhesion proteins.
The fact that the association of PTPk and PTP SHP-1

counteracted the course of acute pancreatitis strongly
suggested tyrosine phosphatase activity as the critical event

in the regulation of cell-cell contacts at adherens junctions.
In order to study different mechanisms that could be
involved in the regulation of adherens junctions, we
established an assay to study cell contact dissociation of
freshly isolated acini from rat pancreas as a reductionist in
vivo model. This model allowed us to investigate the effect of
a single stimulus with regard to signalling events. Our assay
is based on the observation that disintegration of cell-cell
contacts on supramaximal secretagogue stimulation permits
individual cells to dissociate from their original acinus. The
biovolume of the intact acinus (between 5 and 100 cells or
equivalent to a sphere with a diameter of 24–80 mm)
decreases when cell contacts dissociate while, simulta-
neously, the biovolume proportion of individual single cells
(mean diameter 17 mm, range 11–23 mm) increases. When
we calibrated this system with standard latex calibration
beads of defined diameter and volume (inset in fig 8A) and
confirmed the composition of acini by electron microscopy,
we found that single acinar cells have a mean cellular
biovolume of 2572 mm3 (fig 8A), corresponding to a
calculated diameter of 17 mm. In order to discriminate the
biovolume of acinar cells from microscopically identified
cellular debris, a cut off volume of 697 mm3 was set which
corresponds to a diameter of 11 mm and thus 25% of an
average acinar cell. Multi-cell acini, as opposed to single
acinar cells, consistently had a volume of 6370 mm3 (diameter
of over 23 mm, 2.5-fold the mean single cell volume) and all
particles of greater volume were subsequently defined as
acini. The maximum volume of acini that could readily pass
the instrument’s capillary was 268 083 mm3 (diameter of
80 mm) and corresponded to a mean acinus composed of 104
single cells. A raw data example of the shift in distribution
from intact acini (high volume and diameter) to individual
acinar cells (low volume and diameter) induced by supra-
maximal secretagogue stimulation is shown in fig 8B.
In parallel, we studied cell contacts of incubated acini by

electron microscopy (EM). During control incubation of acini
over 70 minutes in buffer alone, neither the proportion of
single cells (fig 9A, left panel) nor the number of intact acini
(fig 9A, centre panel) changed. Morphologically, isolated
acini contained abundant zymogen granules at the apical
pole and cell contacts between adjacent cells remained intact
(fig 9A, right panel). Inhibition of PTP activity by 1 mM
orthovanadate dissociated adherens junctions, increased the
numbers of single cells (fig 9C, left panel), and decreased the
proportion of intact acini (fig 9C, centre panel). Interestingly,
remaining cell contacts in these acini were mostly found at
the site of tight junctions close to the acinar lumen, as
evaluated by electron microscopy (arrow in fig 9C, right
panel). Tight junctions may therefore be regarded as more
resistant to PTP inhibition than other types of cell contacts.
The orthovanadate concentration used here has been
previously shown to have no toxic effect on cultured cells.35

We also found it to inhibit approximately 70% of PTPk
activity and approximately 75% of PTP SHP-1 activity in an
assay using immunoprecipitates for PTPk and PTP-SHP-1
from untreated rat pancreatic homogenates by pNPP assay.
Incubation with supramaximal caerulein concentrations
induced the dissociation of adherens junctions between
pancreatic acinar cells slightly faster than PTP inhibition
alone (fig 9B, right panel), as reflected by a more rapid
increase in single cell biovolume (fig 9B, left panel) and a
more rapid decline in intact acini (fig 9B, centre panel). The
observed dissociation of cell contacts in isolated acini is
comparable with previous results obtained with supramax-
imal secretagogue infusion in rodents.25 Surprisingly, incuba-
tion with the microfilament depolymerising agent
cytochalasin B (10 mM), which has been shown to completely
disrupt the actin cytoskeleton in pancreatic acinar cells,36 had
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no effect on the proportion of single cells versus intact acini
(fig 9A, left and centre panel).
To confirm that the effect of cytochalasin is due to its

microfilament disrupting action we first labelled intact
acini for G-actin and F-actin (fig 10A), which localised
F-actin firmly to cell-cell contacts and the acinar lumen
(fig 10A, 10B). Cytochalasin not only induced a rapid
distribution of F-actin from the cell contacts to the cytosol
(fig 10C) but also greatly reduced stimulated pancreatic
secretion (fig 10D).
Our study therefore shows that maintenance of acinar cell

adherens junctions is independent of an intact actin
microfilament network, is a regulated process for which
tyrosine phosphorylation of members of the cadherin/catenin
family is critical, and in which the activity of PTPk and PTP
SHP-1—at distinct intervals and at specific subcellular sites—
plays an important role.

DISCUSSION
While most of our knowledge about the components of cell
adhesions has been obtained from cell culture experiments
and overexpression systems, information about regulation of
cell-cell contacts in complex epithelial organs is sparse. To
study the regulation of cell adhesions under controlled
experimental conditions and in vivo, we employed an animal
model of experimental pancreatitis. Three likely mechanisms
of cadherin/catenin complex regulation were analysed. We

first studied protein expression of the cadherin/catenin
complex during the secretagogue induced disassembly of
adherens junctions. Secretagogue stimulation in vivo had
only minor effects on protein expression of E-cadherin over
the entire 48 hour course of dissociation and reassembly of
cell adhesions. All four catenins, on the other hand, were
found at lower protein levels than in controls, between two
and 12 hours of caerulein infusion, and we believe this effect
to be due to intracellular proteolytic degradation by activated
digestive enzymes.37 The caerulein mediated dissociation of
cell-cell contacts and formation of pancreatic oedema was
almost complete within one hour, as indicated by a rapid
increase in the wet/dry weight ratio and only a slight increase
could be monitored from one to 12 hours. The rapid increase
suggests not only involvement of cell-cell contacts at
epithelial adherens junctions but also involvement of
endothelial junctions. E-cadherin forms the extracellular
part of the paracellular barrier and it has been previously
suggested that cell-cell contacts at endothelial adherens
junctions could also be regulated by tyrosine phosphoryla-
tion.38 39 However, in our experimental setting during this
initial period of cell contact dissociation, all proteins of the
cadherin/catenin complex remained stably expressed at
control levels. Alterations in cadherin/catenin protein
levels could therefore be excluded as a triggering event
for cell dissociation following supramaximal secretagogue
stimulation.
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Secondly, in our in vivo studies, we investigated tyrosine
phosphorylation as a regulator of cell contact regulation. In
these experiments involving immunoprecipitation adhesion
proteins of the cadherin/catenin complex were found to be
phosphorylated on tyrosine residues in vivo and in addition
we detected an imbalance of PTP and PTK activity in the early
phase of pancreatitis, indicating involvement of protein
tyrosine phosphorylation in the regulation of cell-cell con-
tacts. Shortly after the start of supramaximal caerulein
infusion, b-catenin and p120ctn were tyrosine phosphorylated
in a manner that paralleled the time course of cell contact
dissociation whereas tyrosine phosphorylation of E-cadherin
could only be detected after cell contacts had already
dissolved. Although the physiological function of E-cadherin
phosphorylation has not been completely elucidated, an
E-cadherin-a-catenin fusion chimera which connects the
complex to the actin cytoskeleton, without the presence or
involvement of b-catenin, has been reported to undergo
regulation by the tyrosine kinase v-src.40 41 Whether or not
a-catenin can be physiologically tyrosine phosphorylated
is still a matter of debate and the evidence in the literature
is conflicting. Our data would suggest that a small portion
of the a-catenin pool is indeed tyrosine phosphorylated
and that this portion can be coimmunoprecipitated with
and is associated with PTP SHP-1 (PTP SHP-1 only
recognising phosphorylated proteins). On the other hand,
this portion is too small to be detected by PY blotting if
a-catenin is immunoprecipitated. Nevertheless, in our phy-
siological and endogenous system, the main pool of a-catenin
was not found to be tyrosine phosphorylated. We therefore
conclude that the functional regulation of the cadherin/
catenin complex by tyrosine phosphorylation predominantly
involves p120ctn and b-catenin, as has previously been

suggested for in vitro systems.20 32 42 Tyrosine phosphorylation
of b-catenin can thus be regarded as a major switch in the
link between membrane bound E-cadherin and the actin
cytoskeleton.14 15

After we had identified tyrosine phosphorylation as a
possible driving force for the control of pancreatic acinar cell-
cell contacts, we searched for proteins that would be involved
in the regulation of this process. We predicted that specific
PTP would keep the cell adhesion complex in its dephos-
phorylated and thus in its active state while cell contacts
remain intact. Since we and others had identified transmem-
brane PTP of the MAM family—including PTPk—at the cell
adhesions of cultured epithelial cells and in association with
members of the cadherin/catenin complex in vitro,19 20 24 43 we
considered them the most promising candidates. Under
resting conditions, PTPk was found to associate constitutively
with the cadherin/catenin complex when the latter was not
tyrosine phosphorylated. PTPk rapidly dissociated from the
adhesion complex at intervals when cell contacts were
disassembled following supramaximal secretagogue stimula-
tion. Interestingly, a-catenin, which is the direct link of the
adhesion complex to the actin cytoskeleton, was the first
adhesion protein to lose its association with PTPk. This
finding is in accordance with the recent observation that the
tyrosine phosphorylation of b-catenin can induce rapid
dissociation of a-catenin from the cadherin/catenin com-
plex.16 PTPk thus appears to represent an integral and
functional component of the cell adhesion complex in
epithelial cells. Its role appears to involve the stabilisation
of adherens junctions by continuous dephosphorylation of
the cadherin/catenin complex. This function could be
supported by the formation of homophilic PTPk interactions
via its extracellular MAM domain.44 45

Figure 10 Effect of cytochalasin on the cytoskeleton of pancreatic acini. To evaluate the effect of cytochalasin on microfilament disruption, untreated
intact acini were labelled for G-actin (red) and F-actin (green) (A), which localised F-actin firmly to cell-cell contacts and the acinar lumen and G-actin
to the cytosol (A, B). Incubation of acini with cytochalasin (10 mM, 40 minutes) caused not only rapid distribution of F-actin from cell contacts to the
cytosol (C) but also greatly reduced stimulated pancreatic secretion (D).
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Surprisingly, the time course of association and dissocia-
tion between cell adhesion proteins and PTP SHP-1 is almost
the opposite of that with PTPk. PTP SHP-1, which was
recently found to regulate p120ctn in vitro,32 is expressed in
various epithelial cells and its substrate recruitment involves
phosphotyrosine binding SH-2 domains.46 47 We found that
SHP-1 associates with tyrosine phosphorylated cell adhesion
proteins only after their internalisation away from the cell
surface. PTP SHP-1 could therefore play a physiological role
in the restitution of pancreatic acinar cell adherens junctions.
The highly complementary manner in which PTPk and

SHP-1 recruit their binding partners among adhesion
proteins during the dynamic cell contact dissociation and
restitution in vivo cannot be solely explained by the tyrosine
phosphorylation status of their respective substrates alone.
Another requirement for the interaction between PTP and
substrate adhesion proteins should involve their localisation
at the same time interval at the same intracellular site. Our
immunolocalisation experiments indicated a strictly cyto-
plasmic expression of PTP SHP-1 during all intervals of the
experiment. It was interesting to note that a more prominent
cytosolic PTP SHP-1 localisation was found in the basolateral
portion of acinar cells and the labelling spared the apical pole.
In contrast, E-cadherin and the catenins were found at the
acinar cell membrane and rapidly and evenly redistributed to
the cytosol only after supramaximal caerulein stimulation.
Labelling for PTPk was even more restricted to adherens
junctions and its redistribution to the cytosol was slower (4 v
1 hour) and more concentrated to the apical portion of the
cells than that of E-cadherin after secretagogue stimulation.
These data indicate that the subcellular localisation of either
the adhesion protein substrates or their PTP binding partners
is essential for PTP substrate recruitment. After 48 hours, not
only had junctional integrity but also the original localisation
of PTP and adhesion proteins been largely restored. This
suggests that the subcellular relocalisation and redistribution
of cadherin/catenin complex proteins during supramaximal
stimulation is not only a dynamic but also a highly regulated
process.
Recent studies supported a concept of increased tyrosine

phosphorylation of members of the cadherin/catenin complex
as an inducer of the internalisation into the cytoplasm
combined with loss of a b-catenin-cytoskeletal association.48

Regulated internalisation of E-cadherin in epithelial cells was
shown to occur by clathrin independent endocytosis.49

The data obtained from our experiments support direct
involvement of protein tyrosine phosphorylation as the
mechanism that regulates cell-cell contacts at adherens
junctions in vivo.
To reduce the parameters that can affect our in vivo model,

we developed a less complex ex vivo assay to study the effect
of a defined signal for the dissociation of cell contacts in
pancreatic acini. Isolated pancreatic acini resemble an in vivo
model, and represent functional secretory units of living
primary exocrine cells, in which cells maintain their polarised
phenotype, respond to hormone stimulation, retain their
stimulus secretion coupling, and possess intact cell-cell
adhesions, including tight, GAP, and adherens junctions.50 51

We freshly prepared these acini by collagenase digestion from
rodent pancreas29 52 and studied the disassembly of their cell
contacts under controlled conditions. As we previously
reported in vivo,25 administration of supramaximal cholecys-
tokinin (or its analogue caerulein) induced rapid dissociation
of cell contacts and led to continuous disintegration of the
intact acinus into individual single cells. Interestingly,
incubation of acini with the specific PTP inhibitor orthova-
nadate had the same effect on the integrity of cell junctions
and dissociated intact acini into individual cells. This
establishes that inhibition of PTP activity alone is entirely

sufficient to dissociate acinar cell-cell contacts and strongly
confirms involvement of tyrosine phosphorylation in their
regulation. As supramaximal secretagogue stimulation is also
known to disassemble the acinar cell cytoskeleton,27 we
tested whether depolymerisation of the actin microfilament
network by cytochalasin B would also be sufficient to
dissociate cell adhesion. It was not; at concentrations that
block actin dependent exocytosis and lead to actin redis-
tribution,53 cytochalasin B had no effect on the integrity of
cell-cell contacts or the integrity of acini. These experiments
clearly establish that pancreatic adherens junctions are
regulated by mechanisms that involve protein tyrosine
phosphorylation and dephosphorylation but are indepen-
dent of the assembly or depolymerisation of the actin
cytoskeleton.
While it is known that proteins of the cadherin/catenin

complex participate in embryonic development, tissue mor-
phogenesis, and malignant tumour invasion, their role in the
rapid assembly and disassembly of epithelial cell-cell contacts
is less clear. Our present data suggest that tyrosine
phosphorylation of cell adhesion proteins plays a critical role
in regulating the formation, maintenance, and reassembly of
the cadherin/catenin complex and of cell-cell contacts in vivo.
They further establish that depolymerisation of the actin
cytoskeleton will not directly interfere with the preservation
of intact cell adhesion, and that the activity of PTP—and
specifically an association of adhesion proteins with PTPk
and PTP SHP-1—are critical elements in the control of cell
contact regulation. Particularly the latter process appears to
be closely regulated and depends not only on substrate
specificity but also on the dynamic subcellular localisation of
the proteins involved. Moreover, our data represent the first
experimental evidence of direct involvement of tyrosine
phosphorylation and dephosphorylation of cell adhesion
proteins in the regulation of cell-cell contacts of a complex
epithelial organ such as the exocrine pancreas.
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