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The presence of gastrin and cholecystokinin-2 (CCK2)
receptors in human preneoplastic and neoplastic gas-
trointestinal lesions suggests a role in cancer devel-
opment. In addition to the growth-promoting action
of gastrin, recently a role of the cholecystokinin-2/
gastrin receptor (CCK2-R) modulating cellular mor-
phology in cultured epithelial cells has been shown.
Here, we have investigated in transgenic (ElasCCK2)
mice whether ectopic expression of human CCK2-R
in the exocrine pancreas affected epithelial differen-
tiation. Cellular localization of cell adhesion mole-
cules, differentiation markers, and transcription fac-
tors was determined using immunofluorescence
techniques. Before tumor formation, expression and
subcellular localization of proteins of the adherens
junction complex, differentiation markers, and tran-
scription factors were altered in ElasCCK2 exocrine
pancreas, indicating an evolution from an acinar to a
ductal phenotype. Loss of cell polarity, defective se-
cretion, and loss of intercellular adhesion in acini of
ElasCCK2 mice was confirmed by ultrastructural analy-
sis. Finally, expression of the transgene in mice treated
with the carcinogen azaserine resulted in enhanced size
of preneoplastic lesions as well as an increased degree
of acinar-ductal transdifferentiation. Thus, these data
represent the first evidence for the CCK2-R modulating
intercellular adhesion and cell fate in vivo and show
that these alterations may contribute to enhanced sen-
sitivity of ElasCCK2 pancreas to chemical carcinogens.
(Am J Patbol 2004, 165:2135-2145)

The gastrointestinal peptide hormone gastrin is a potent
stimulant of gastric acid secretion from the parietal cells
of the stomach and an important growth/differentiation

factor for the gastric mucosa. The role of gastrin as a key
regulator in the gastric mucosa has been confirmed in
mice knockouts for its gene'™ or for the gene of its
receptor, the gastrin/cholecystokinin-2 receptor (CCK2-
R).*~® Indeed, mice knockouts for the CCK2-R display an
important decrease in gastric acid secretion, atrophy of
the oxyntic mucosa, and an altered gastric differentiation.
In correlation with these data, gastrin-deficient mice
present a reduced proliferation of parietal and entero-
chromaffin-like (ECL) cells reversed with the perfusion of
amidated gastrin. Besides gastric secretion and prolifer-
ation, gastrin has been implicated in a number of effects
in several cellular systems, such as stress fiber assem-
bly, anti-apoptosis, branching morphogenesis, and mi-
gration.” ' The CCK2-R mediating the effects of ami-
dated gastrin is a G protein-coupled receptor that is
coupled to a variety of transduction pathways including
phospholipase C, c-src-like tyrosine kinases, p125FAK,
phosphatidylinositol 3-kinase (Pl 3-kinase), and the
MAPKs, as well as epidermal growth factor (EGF) recep-
tor transactivation.® 1578

Several lines of evidence support the role of both
CCK2-R and amidated gastrin in pancreatic cancer for-
mation: 1) up-regulation of gastrin and its receptor in
human pancreatic adenocarcinoma suggests autocrine
or paracrine stimulation.'®2" 2) A novel splice variant of
the CCK2-R has recently been identified, which has con-
stitutive activity and is exclusively expressed in certain
human colon and pancreatic cancers, although contro-
versy exists about its role in cancer formation.??24 3)
Importantly, long-term studies with ElasCCK2 transgenic
mice expressing functional human CCK2-R under the
control of the elastase promoter in pancreatic exocrine
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cells have described the appearance of hyperplasia and
tumors in the exocrine pancreas of transgenic mice.?®

So far, the action of gastrin/CCK2-R has been essen-
tially evaluated with respect to proliferation, but direct
effects on cell differentiation and cell adhesion in the
living organism (in vivo) have been elusive. However,
coinciding with cell growth deregulation, malignant trans-
formation results in the loss of epithelial differentiation, a
crucial event in the development of cancer and a putative
target of cancer therapy.?® Importantly, dedifferentiation
and invasiveness appear after loss of intercellular adhe-
sion, as observed after loss or modulation of adhesion
molecules.?” 28

In the exocrine pancreas, the functional units, acini,
are composed of highly differentiated, polarized acinar
cells, tightly bound together by characteristic adhesive
cell junctions at many points of cell-cell and cell-matrix
contact. Besides their role in tissue architecture and sta-
bility, adhesive cell junctions are further important for
other cellular functions including epithelial differentiation,
cell polarity, control of cell motility, apoptosis, and an-
chorage dependence of cell proliferation.?® Because in-
tercellular adhesion can be regulated by extrinsic signals
arising from the classical growth factor receptors, it is
believed, that during malignant development, activation
of signaling pathways, possibly those activating prolifer-
ation, might result in the modifications of cell-cell and
cell-substrate adhesion.®°

We and others have recently demonstrated, that pro-
longed activation of the CCK2-R by amidated gastrin results
in modifications of epithelial differentiation including altered
morphology, loss of cell-cell adhesion, as well as enhanced
motility in nontransformed epithelial cells.'#'*

We therefore, hypothesized that overexpression of
CCK2-R may lead to modification of cellular differentia-
tion and result in morphological alterations and develop-
ment of preneoplastic lesions. Thereby, the CCK2-R may
play a role in initiating events leading to cancer. To further
investigate whether this contributed to sensitize the pan-
creas to a carcinogen, we have examined the effects of
CCK2-R overexpression on cellular morphology, adhe-
sion, and differentiation in the exocrine pancreas of trans-
genic ElasCCK2 mice, alone and in conjunction with the
chemical carcinogen, azaserine.

Materials and Methods

Animals

ElasCCK2 transgenic mice have previously been de-
scribed.®! Control mice were littermates of the same ge-
netic background as that of ElasCCK2 mice. Homozy-
gous ElasCCK2 and control mice of 6 months age were
used for the chemical carcinogenesis protocol. The animal
care committee of the IFR31 approved all procedures.

Chemical Carcinogenesis

Twenty-five ElasCCK2 mice and 25 control mice received
intraperitoneally 30 mg of azaserine (Sigma)/kg body

weight, once a week during 5 consecutive weeks, after
preliminary verification that this dose did not suppress
growth of the animals or induce lethality during the injec-
tion period.?? Untreated and treated mice were similarly
housed, their body weight and health examined weekly,
and after 2 months were killed.

Genotypic and Histological Analysis of
Transgenic Pancreas

Mice were genotyped by polymerase chain reaction anal-
ysis as previously described.?® For histology, homozy-
gous ElasCCK2 and control mice of 4 months of age were
killed, the pancreas isolated and fixed in Bouin’s solution
or in 4% paraformaldehyde (Sigma) in phosphate-buff-
ered saline (PBS) at 4°C overnight, washed 1 hour in PBS
at room temperature, dehydrated in graded alcohols,
embedded in paraffin (Histowachs, Reichert-Jung), sec-
tioned at 7 um, and stained with hematoxylin and eosin
(H&E) or toluidine blue and analyzed on a light micro-
scope (Nikon E400, Melville, NY).?®> Three pancreas per
genotype and experiment were evaluated. Acinar lesions
were quantified by morphometric analysis of H&E-stained
sections. Sections were selected at various levels of the
paraffin block to be representative of the entire embed-
ded pancreas. Measurements of the areas of pancreatic
sections and lesions (pseudoductular complexes and
adenomas) were performed on a minimum of 10 sections
using Biocom VisioLab 2000 system. Statistical analysis
was performed using Student’s t-test or Mann-Whitney
test.

Immunohistochemistry

For cryosectioning, organs were washed twice in PBS,
embedded in Tissue-Tek OCT (Histolab, Géteborg, Swe-
den), frozen on dry ice, and transferred in liquid nitrogen.
Cryostat sections of 15-um thickness were prepared as
previously described and heated in a microwave oven
(only for N-cadherin antibody).®® After blocking in Tris-
buffered saline-Ca®* (10 mmol/L Tris, pH 7.6, 150 mmol/L
NaCl, and 1 mmol/L CaCl,) supplemented with 5% skim
milk for 30 minutes at room temperature, incubation with first
antibody in Tris-buffered saline-Ca®* supplemented with
5% skim milk was performed overnight at 4°C. Secondary
antibodies, fluorescein isothiocyanate- or Cy3-coupled,
were added for 60 minutes each. After washing twice, nu-
clei were stained for 5 minutes with 4’,6-diamino-2-
phenylindole (Sigma) (1:2000) in PBS. Slides were mounted
in PBS/glycerol or Mowiol (Calbiochem) and analyzed on a
Nikon E400 fluorescence microscope with a Sony DXC 950
camera and Visiolab 2000 software. Images were further
assembled using Adobe Photoshop software. For semi-
quantitative comparisons, identical volumes of antibody mix
were used for all samples and identical exposure times
taken. Three pancreata per genotype and experiment were
evaluated.



Immunoreagents

The following primary antibodies were used: anti-amylase
(1:5000, Calbiochem), anti-glucagon (1:500, DAKO), an-
ti-keratin 8 (TROMA-1), anti-K18 (TROMA-2), anti-K19
(TROMA-3) (1:20; gift from Dr. R. Kemler, Department of
Molecular Embryology, Max-Planck Institute of Immuno-
biology, Freiburg, Germany), anti-E-cadherin, DECMA-1
(1:1600, Sigma), anti-B-catenin (1:125, C19220; Signal
Transduction Laboratories), anti-a-catenin  (1:1000,
C2081; Sigma) or (1:125, Signal Transduction Laborato-
ries), anti-N-cadherin (1:100, Santa Cruz, Santa Cruz,
CA) or (1:125, Signal Transduction Laboratories, anti
Z0-1 (1:20, Ozyme/Chemicon), anti-PTF1-p48 (1:30, gift
from Dr. F.X. Real, Unitat de Biologia Cellular i Molecular,
Institute Municipal d’Investigacio Medica, Barcelona,
Spain), and anti-Mist1 (1:250, gift from Dr. S.F. Konieczny,
Department of Biological Sciences, Purdue University,
West Lafayette, IN). Alexa Fluor 488 phalloidin (A-12379,
Molecular Probes, Eugene, OR) was used to stain F-actin
according to the manufacturer’s instructions. Secondary
antibodies coupled to CY-3, fluorescein isothiocyanate, or
Alexa Fluor 488 were purchased from Sigma, Jackson Im-
munoresearch Laboratories, and Molecular Probes and
used at 1 pg/ml.

Transmission Electron Microscopic Analysis

Specimens were fixed overnight in 2.5% glutaraldehyde
and 2% paraformaldehyde in 0.5 mol/L sodium cacody-
late buffer, pH 7.2, at 4°C, rinsed in sodium cacodylate
buffer, and postfixed in 0.5% OsO, and 1% potassium
ferrocyanide in 0.5 mol/L sodium cacodylate buffer at 4°C
for 1 hour. After rinsing in water, specimens were treated
en bloc with 0.5% uranyl acetate. Specimens were further
dehydrated in graded alcohol/propylenoxid solutions, fol-
lowed by propylenoxid/epoxy resin infiltration and em-
bedded in epoxy resin. Ultrathin sections were cut on a
LKB ultratome. The sections were placed on gold grids,
stained with uranyl acetate and lead citrate, and exam-
ined in a Jeol 100 CX electron microscope. Three pan-
creata per genotype and experiment were evaluated.

Western Blot Analysis

For study of B-catenin expression, acini were prepared
using collagenase as previously described.®' Cytoplas-
mic proteins were prepared after Nonidet P-40 lysis and
total proteins after lysis in Laemmli buffer of acini. Sixty
ng of soluble cytoplasmic proteins or 50 ng of total
protein extracts were separated by sodium dodecy! sul-
fate-polyacrylamide gel electrophoresis and blotted on
polyvinylidene difluoride membrane (Perkin-Elmer).
Western blot analysis was performed using a mouse
anti-B-catenin antibody (1:500, Transduction Laborato-
ries). Proteins were visualized using '#°l-protein A as
previously described.' To demonstrate equivalent protein
loading, membranes were reprobed with a mouse anti-
GAPDH antibody (1:500, Chemicon International Inc.).
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Results

Disrupted Acinar Cell Compartment in the
Pancreas of ElasCCK2 Mice

In the ElasCCK2 mouse model, cell-type-specific expres-
sion of the human CCK2-R in acinar cells is achieved
through the regulatory region of the elastase1 promoter,
and has been shown to induce pancreatic hyperplasia,
pancreatic lesions, and cancer after 18 months age
(15%).253" On the other hand, we have recently demon-
strated in vitro that prolonged activation of the CCK2-R
results in the modification of crucial processes of epithe-
lial differentiation such as cellular morphology, adhesion,
and motility of epithelial cells.’ To investigate the type of
cellular processes affected by CCK2-R expression in vivo
that might be part of a multistage process of carcinogen-
esis, pancreata of transgenic mice and control mice of 4
months age were examined microscopically. At this
stage neither control nor ElasCCK2 pancreata contained
tumors. H&E- and toluidine blue-stained sections through
exocrine pancreata of control mice revealed the typical
high inter- and intracellular organization of polarized aci-
nar cells into acini (Figure 1A). However, pancreatic sec-
tions of ElasCCK2 mice showed that exocrine compart-
ments displayed significant structural defects. In
ElasCCK2 mice, whole acini of ElasCCK2 pancreata
were significantly bigger in size, and consisted of disor-
ganized, enlarged, sometimes binuclear cells (Figure
1E). The nucleus was no longer restricted to the basal
position when compared to that of controls (Figure 1A),
but found throughout the cell bodies (Figure 1E) and the
secretory granules (zymogen granules) no longer re-
stricted to apical cell compartment as in the controls
(Figure 1A) but found throughout the cells (Figure 1E),
suggesting, that these cells had lost cell polarity. Thus,
acinar cell disorganization in ElasCCK2 mice was ac-
companied by cellular and nuclear dysplasia. To exam-
ine whether acinar final differentiation was altered in
ElasCCK2 mice, the pancreas was processed for cryo-
sections and immunofluorescence tests with antibodies
against the acinar digestive enzyme, amylase, and pan-
creatic cytokeratins K8, K18, and K19. The exocrine pan-
creas of ElasCCK2 mice displayed greatly reduced ex-
pression of amylase (Figure 1F) as compared to the
strong expression in the exocrine pancreas of control
mice (Figure 1B). Decrease of amylase expression in
transgenic exocrine pancreas was accompanied by en-
hanced expression of cytokeratin K19, specific for duct
and centroacinar cells. Notably, staining of the latter re-
vealed enlarged structures, namely distended acinis, Iu-
mens, and ducts in the ElasCCK2 pancreas (Figure 1, H
and D). No differences between control and ElasCCK2
pancreases were observed in the staining patterns of
acinar-specific cytokeratins K8 and K18 (Figure 1, C and
G; and data not shown). Taken together, this set of data
presents evidence for morphological and structural alter-
ations of the acinar phenotype in the exocrine pancreas
resulting from expression of the CCK2-R.
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Figure 1. Histological analysis of exocrine pancreas from adult wild-type and ElasCCK2 mice. A and E: Toluidine blue stainings of semithin epoxy resin sections
of control (A) and ElasCCK2 (E) mice showing individual exocrine acini. Acinar cells in ElasCCK2 mice are disorganized, enlarged, often contain more than one
nucleus, which, in addition, is not restricted basally (arrowheads) and zymogen granules are not localized apically but distributed throughout the cell (arrows).
B-H: Cryostat sections from pancreas of wild-type (B, C, D) and ElasCCK2 mice (F, G, H) are stained with antibodies against acinar differentiation markers as
indicated. Amylase and K18, keratin 18, for acinar cells, K19, keratin 19, for ductal cells. Strongly reduced expression of amylase as well as enhanced expression
of keratin 19 is detected in ElasCCK2 exocrine pancreas (compare F to B and H to D). Note enlarged K19-positive duct-like structures (arrows) in ElasCCK2
exocrine pancreas (H). Scale bars: 20 um (A, E); 120 um (B-D, F-H).
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Figure 2. Immunohistochemistry for adhesion proteins on cryostat sections of wild-type and ElasCCK2 pancreas using antibodies against adherens junction
proteins. A and B: a-Catenin, C and D: B-catenin, and E and F: N-cadherin. In ElasCCK2 exocrine pancreas expression of a-catenin and B-catenin at cell-cell
contacts is strongly reduced (arrows in B and D) and some residual B-catenin diffusively localized (arrows in D), whereas N-cadherin staining at acinar cell-cell
contacts is increased in ElasCCK2 exocrine pancreas (arrows in F). The arrowhead in E points to cell borders between pancreatic islet cells, which normally
are strongly positive for N-cadherin in wild-type as well as in ElasCCK2 mice. G: Western blot analysis from soluble (lanes 1 and 2) and total (lanes 3 and 4)
proteins of control (lanes 1 and 3) and of ElasCCK2 acini (lanes 2 and 4) and corresponding densitometric analysis of data. Western blot studies were performed
using an anti-B-catenin antibody and, to normalize to equivalent protein amount, the blot was reprobed with an anti-GAPDH antibody. One Western blot experiment
representative of four is shown. Results of quantification represent means * SEM of four independent experiments and are expressed as fold control with control
expression set to one. White bars, control; black bars, FlasCCK2. ***, Significance at P < 0.001 determined using the Student’s #test. Scale bar, 60 pm.

Figure 3. Immunohistochemistry of cell junctional components and acinar transcription factors on cryostat sections of wild-type and ElasCCK2 pancreas. A—H:
Sections are stained with Alexa 488-phalloidin to detect F-actin (A, E), and with antibodies against ZO-1 (B, F), Mistl (C, G), and PTF1-p48 (D, H). In ElasCCK2
exocrine pancreas, enhanced F-actin staining (compare E with A) as well as enlarged F-actin- and ZO-1-positive duct-like structures (arrows in E and F) are
observed. Although Mistl expression and localization is unaffected in ElasCCK2 mice (arrows in G), a striking amount of PTF1-p48 is seen in the cytoplasm,
besides its normal nuclear localization, in ElasCCK2 exocrine pancreas (arrows in H). Note nuclear dysplasia in ElasCCK2 pancreas (G). Scale bars: 60 um (A—C,
E-G); 30 um (D, H).

gets of the CCK2-R signal transduction pathway in cul-
tured epithelial cells.” Thus, to examine the underlying
cause of acinar cell disorganization and cellular hyper-

Alterations in Cellular Adhesion and Cellular
Organization in ElasCCK2 Mice

The adherens junction complex has been implicated as
an important mediator of cellular polarity through main-
taining cell-cell interactions and stabilizing the cytoskel-
eton.®* Recently, molecules involved in cell adhesion and
junction formation have been identified as putative tar-

trophy in ElasCCK2 mice, proteins involved in adherens
and tight junction formation were analyzed on pancreas
cryosections using antibodies against adherens junction
proteins a-catenin, B-catenin, E-cadherin, and N-cadherin,
the tight junction protein, ZO-1, and the actin cytoskeleton.



a-Catenin and B-catenin were no longer localized to
the apical cell border of acini (Figure 2, A and C), and
their staining was greatly diminished or diffusely localized
around the basal membrane domain (Figure 2, B and D).
Moreover, although expression of B-catenin was not
modified in the acini of ElasCCK2 mice compared to
controls, it was detected at significantly higher levels
(approximately fourfold increase) in the soluble cytoplas-
mic proteins as compared with acini of control mice
(Figure 2@G). This shows that the subcellular localization of
adherens junction proteins was clearly affected in the
exocrine pancreas of ElasCCK2 mice. Notably, although
E-cadherin staining was only slightly reduced in acini of
transgenics (data not shown), staining of its homolog,
N-cadherin, which is typically expressed during pancre-
atic embryogenesis and at cell contacts of Langerhans
islets cells (Figure 2E), was augmented at cell-cell bor-
ders in the acinar compartment of ElasCCK2 mice (Fig-
ure 2F). Additionally, enhanced phalloidin staining in the
ElasCCK2 exocrine pancreas cytoskeleton revealed an
increased filamental (F-) actin network (Figure 3, A and
E). Because F-actin normally localizes to the apico-lateral
membrane of acinar, but especially of centroacinar and
duct cells, delineating the cortical side of the lumens in
the center of acinar cell clusters in the controls, this
staining pattern is indicative of actin cytoskeleton reorga-
nization and an enlargement of F-actin-positive struc-
tures, such as distended acini, lumens, and ducts. Anal-
ysis of the tight junction protein ZO-1 showed that its
localization to presumptive apical borders of acinar cells
is maintained in ElasCCK2 pancreas. Similarly to F-actin
staining, ZO-1 staining was also enhanced in ElasCCK2
pancreas and revealed expanded structures (ducts),
decorating distended lumens in the center of acinar cell
clusters (Figure 3, B and D). In summary, these data
show modifications in the localization of adherens junc-
tion and cytoskeleton proteins in cells expressing the
CCK2 receptor. Thus, although tight junctions continue to
form, the altered catenin expression pattern may account
for the eventual loss of the acinar cell phenotype in Elas-
CCK2 mice.

Acinar Cells in ElasCCK2 Mice Display
Ultrastructural Defects Reflecting Abnormal
Intracellular Organization

The disorganization of the exocrine pancreas in Elas-
CCK2 mice as well as modulation of cytoskeleton and
adherens junction proteins suggested that intracellular
organization and physiological functions of acinar cells
might be altered. To investigate this possibility we ana-
lyzed acini of control and ElasCCK2 mice by transmission
electron microscopy. Electron micrographs confirmed al-
terations of the acinar phenotype of ElasCCK2 mice re-
vealing numerous ultrastructural defects in the intracellu-
lar organization. 1) Adherens junctions, easily identified
as characteristic electron-dense plaques along the api-
cal cell-cell border in controls (Figure 4B), were absent at
acinar cell contacts of transgenics (Figure 4D) and lu-
mens and intercellular spaces were dramatically en-
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Figure 4. Ultrastructure of wild-type and ElasCCK2 exocrine pancreas. A—F:
Electron photomicrographs of ultrathin epoxy resin sections through exo-
crine pancreas of wild-type (A, B) and ElasCCK2 mice (C-F). A: A typical
acinar cell with basally located nucleus, endoplasmic reticulum (arrow-
heads), mitochondria (arrows), and zymogen granules is shown. B: Nu-
merous adherens junctions and desmosomes (arrows and arrowheads) are
found between neighbor acinar cells in the wild-type animals. Both types of
junctions are missing at the cell-cell contacts between neighbor acinar cells
in ElasCCK2 exocrine pancreas (arrows in D) and increased gaps between
the cells observed (asterisks). C: Note dilatations of the endoplasmic retic-
ulum (asterisks) and organelles fusing with mitochondria (arrows) in
ElasCCK2 exocrine pancreas. E: In acinar cells of ElasCCK2 pancreas com-
monly autophagocytic bodies (arrows) and big gap (asterisks) are ob-
served. F: Note enhanced fibrosis (arrowheads) and detachment of basal
membrane (arrow) from acini in ElasCCK2 mice. Scale bars: 1.2 um (A, C);
0.6 pm (B, E); 0.3 um (D, F).

larged (Figure 4D). 2) Additionally, the basal lamina was
detached from acini (Figure 4F) in ElasCCK2 exocrine
pancreas, altogether indicating that cell-cell adhesion
between acinar cells and cell-substrate adhesion were
greatly reduced. 3) A further important feature of acinar
cells concerned the secretion phenotype. In ElasCCK2
exocrine pancreas zymogen granules appeared hetero-
geneous and were not properly targeted to the apical
cell membrane, instead found throughout the cell (Fig-
ure 4, C and D) suggesting defects in secretion. 4)
Notably, in ElasCCK2 acinar cells, organelles were
often fusing to one another, mitochondria degraded
(Figure 4D) and cells contained large autophagocytic
vesicles (Figure 4E), suggesting that cells were under-
going intracellular degradation. 5) Finally, acinar cells
of ElasCCK2 mice displayed nuclei polymorphism
(anisokaryosis), with nuclei not being located basally
(nuclear dysplasia), dilated endoplasmic reticulum



2140 Bierkamp et al
AJP December 2004, Vol. 165, No. 6

Tubular Adenomas
complexes

Figure 5. Acinar lesions in the pancreas of azaserine-treated mice. A: Adenoma (delineated by a dashed line) in ElasCCK2 pancreas 2 months after the end of
azaserine treatment exhibits disorganized acinar structure with larger (arrowheads) and more numerous (arrows) nuclei compared to adjacent acinar tissue
(H&E). B: Ductal structures also called tubular or pseudoductular complexes (arrows) develop 2 months after the end of carcinogen treatment (H&E). C:
Quantification of areas of tubular complexes and adenoma formation using morphometric analysis of azaserine-treated ElasCCK2 (black bars) and control (white
bars) pancreas at 2 months after the end of carcinogen treatment. Results represent means = SD and are expressed as percentage of the pancreatic section areas.
*, Significance at P from 0.01 to 0.05, comparing ElasCCK2 values versus control values. Original magnifications: X20 (A); X40 (B).
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Figure 6. Immunohistochemistry for acinar differentiation markers of wild-type and ElasCCK2 exocrine pancreas after azaserine treatment. A-H: Cryostat sections
through exocrine pancreas from control (A-D) and ElasCCK2 (E-H) animals using antibodies recognizing the amylase (A, E), adherens junction protein B-catenin
(B, F), and the acinar transcription factors PTF1-p48 (C, G) and Mistl (D, H). In azaserine-treated exocrine pancreas amylase staining is weak and irregular (E),
B-catenin staining is absent from the cell-cell contacts between acinar cells but localized basally (F), and PTF1-p48 localization exclusively cytoplasmic, nuclei
being devoid of PTF1-p48 (G). H: Mistl expression (green) appears normal in acinar nuclei in ElasCCK2 acini as visualized by double staining with
4',6-diamino-2-phenylindole (blue). Note enlarged acinar cells (cellular dysplasia) and swollen nuclei (anisokaryosis) in ElasCCK2 pancreas (F, G, H). J-M:
Cryostat sections through pancreatic periphery, where tubular complex formation (metaplasia) is found, stained with antibodies against N-cadherin (red), amylase
(green) (J), K19 (K), B-catenin (red), PTF1-p48 (green) (L), and Mistl (M). Cells in and around tubular complexes express N-cadherin, ductal K19 as well as
B-catenin, but are devoid of amylase, PTF1-p48 and Mistl. Arrowheads in J point to cells expressing N-cadherin, asterisks in (K, L, M) denote tubular
complexes. Note the small size of cells from tubular complexes in comparison to acinar cells (K, L). Scale bars: 120 um (A, E, J); 60 mm (B-D, F-H, K-M).




(Figure 4C, asterisks), as well as fibrosis and matrix
accumulation (Figure 4F), altogether indicating that
both, acinar cell phenotype as well as acinar cell func-
tion (activity and turnover of organelles) were severely
impaired in acini of ElasCCK2 mice.

Defects in the Acinar Differentiation Pathway
Are Associated with the ElasCCK2 Phenotype

To investigate whether expression of the CCK2-R in aci-
nar cells affected the acinar differentiation program, exo-
crine pancreas cryosections were examined for the ex-
pression and localization of the pancreatic transcription
factors Mist1 and PTF1-p48. PTF1-p48 is the earliest
crucial transcription factor known to be required for exo-
crine pancreas development and function, Mist1, on the
other hand, appears later during pancreas development
and in other tissues displaying exocytosis and secretion.
It is required for acinar function, stability, and identity
because Mist1 knockout mice exhibit extensive disorga-
nization of exocrine tissue and intracellular enzyme acti-
vation.®® Immunostaining for Mist1 in transgenic and con-
trol exocrine pancreas revealed, that for this protein,
expression and localization were not affected by the ex-
pression of CCK2-R because expression was confined to
the nuclei of all acinar cells of control (Figure 3C) and
ElasCCK2 exocrine pancreases (Figure 3G). Note that
nuclei in ElasCCK2 acinar cells, were no longer restricted
to the basal cell body and therefore did not all appear in
plane, confirming alterations in cell polarity previously
described (Figure 3G, Figure 1E). Very much in contrast,
immunostaining for PTF1-p48 showed that expression of
CCK2-R clearly affects expression and localization of this
transcription factor. Indeed, PTF1-p48 in ElasCCK2 pan-
creas was no longer exclusively localized to the nuclei of
acinar cells as in the controls (Figure 3D), but detected to
a high extent in the cytoplasm of acinar cells of ElasCCK2
mice (Figure 3H). Ductal cells, as well as Langerhans
islet cells, were negative for Mist1 and for PTF1-p48
expression in control and ElasCCK2 pancreases (data
not shown).

ElasCCK2 Mice Are More Susceptible to
Develop Preneoplastic Lesions in the Exocrine
Pancreas on Azaserine Treatment

Our results, so far, demonstrate that expression of the
CCK2-R induces alterations in the molecular acinar dif-
ferentiation pathway as well as morphological and struc-
tural modifications in the acinar cell phenotype. Because
ElasCCK2 mice, further on, generate preneoplastic le-
sions and tumors, these data support the idea that
CCK2-R expression, by inducing alterations in acinar
differentiation pathway, lead to morphologically and
structurally modified acinar cells, which will give rise to
preneoplastic lesions and tumors. On the other hand,
azaserine is an established procarcinogenic cellular
stress, which specifically targets the acinar compartment
inducing hyperplasia and acinar tumors.®=28 Thus, we
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further asked, whether the conjunction of both stresses,
CCK2-R expression and azaserine treatment, may result
in additive effects, such as increased frequency of (pre-)
neoplastic lesions and/or cell dedifferentiation and finally,
whether this may result from the activation of separate or
overlapping pathways. Control and ElasCCK2 mice were
both treated with azaserine and surveys serially per-
formed after the treatment. A detailed histological de-
scription of pathologies appearing at consecutive time
points (kinetics) after azaserine treatment will be pub-
lished elsewhere (Mathieu A, Clerc P, Portolan G,
Bierkamp C, Lulka H, Pradayrol L, Seva C, Fourmy D,
Dufresne M, manuscript in preparation). Pancreas was
subjected to microscopical histological analysis and
cryosections immunostained with antibodies recognizing
the acinar-specific markers amylase, cytokeratins, adhe-
rens junction proteins, cytoskeleton proteins, and tran-
scription factors 2 months after the end of treatment. No
tumors were detected in any of the pancreata of the
azaserine-treated ElasCCK2 or control animals and en-
docrine compartments were unaffected in azaserine-
treated transgenics and in controls at this stage. How-
ever, H&E staining of histological sections through
pancreas revealed important acinar lesions in the pan-
creas of both azaserine-treated nontransgenic as well as
ElasCCK2 mice (Figure 5). One type of lesion, adenoma,
consists of enlarged acinis composed of enlarged, swol-
len often plurinuclear cells (acinar hyperplasia), that ex-
hibit cellular dysplasia and nuclear polymorphism (Figure
5A). The other type of lesion, metaplasia, consists of cells
forming duct-like structures, with an enlarged centro-
acinar lumen and is described as tubular or
pseudoductular complexes (Figure 5B). Areas of both
types of lesions were quantified and found significantly
larger in pancreas of ElasCCK2 mice than in pancreas of
controls (Figure 5C).

Examination and comparison of the distribution of the
acinar digestive enzyme, amylase, in pancreas of aza-
serine-treated control (Figure 6A) and ElasCCK2 mice
(Figure 6E) showed that in the latter, acini displayed less
regular and occasional loss of staining of this protein.
Notably, striking differences in accumulation and local-
ization of B-catenin, and PTF1-p48 were observed in acini
dependent on whether the treated mice were transgenic
or control mice. In azaserine-treated controls, a large
amount of PTF1-p48 was found in the cytoplasm, beside
its nuclear localization, in most acinar cells (Figure 6C),
whereas no modification was observed in the expression
and localization of both, B-catenin to acinar cell-cell bor-
ders and Mist1 in most acinar nuclei (Figure 6, B and D).
In contrast, in the pancreas of azaserine-treated Elas-
CCK2 mice, B-catenin staining along the acinar cell-cell
borders had totally disappeared (Figure 6F), and PTF1-
p48 was exclusively localized in the cytoplasm, acinar
nuclei being devoid of PTF1-p48 (Figure 6G). No major
change was observed in the expression of Mist1 in acinar
nuclei (Figure 6H). So, taken together, these data present
evidence that expression of CCK2-R together with a car-
cinogen treatment results in stronger morphological
changes accompanied by an enhancement of molecular
changes in the differentiation program. Cells in the tubu-



2142  Bierkamp et al
AJP December 2004, Vol. 165, No. 6

lar complexes, independent of CCK2-R expression, did
not express amylase, PTF1-p48, or Mist1 (Figure 6; J, L,
and M), but extensively expressed N-cadherin, K19, and
B-catenin (Figure 6; J, K, and L). This is indicating that
these cells expressed an altered cell fate in agreement
with their ductal phenotype.

Discussion

Transgenic ElasCCK2 mice expressing CCK2-R in acini
display enhanced pancreatic growth and appearance of
tumors.?® On the other hand, prolonged CCK2-R activa-
tion in stably transfected Madin-Darby canine kidney
cells induces changes typical of an epithelial-mesenchy-
mal transition, reflecting a state of dedifferentiation and
malignancy induced in epithelial cells.'* Based on these
previous results, we hypothesized that expression of the
CCK2-R in vivo may, besides stimulating proliferation,
lead to modifications of differentiation, alterations in mor-
phology, and may further sensitize the organism to chem-
ical carcinogenesis. In the present work we have inves-
tigated the effects of CCK2-R expression alone and in
conjunction with a chemical carcinogen on cellular mor-
phology, adhesion, and differentiation in the animal
model ElasCCK2.

First, our results show that expression of CCK2-R leads
to alterations in acinar cell morphology, cell adhesion,
and cell differentiation affecting the entire exocrine pan-
creas of all animals analyzed. Importantly, these alter-
ations are found before the development of metaplasia
and preneoplastic lesions in ElasCCK2 mice. It is note-
worthy to mention, that loss of acinar cell phenotype,
indicative of acinar cell dedifferentiation, occurs in sev-
eral different pancreatic diseases.>® Moreover, mice
overexpressing transforming growth factor-a and mice
deficient for Mist1 progressively develop lesions in the
exocrine pancreas that also lead to a reversion from
acinar to a ductal cell phenotype.®>“° Because in Elas-
CCK2 pancreas Mist1 expression in acinar nuclei was not
altered, it rather seems, that CCK2-R expression and
Mist1 expression are not directly linked. There are also
striking similarities in the global cellular response ob-
served in the ElasCCK2 model that had previously been
described for the Madin-Darby canine kidney cellular
model in culture stably expressing the CCK2-R and stim-
ulated with gastrin:'* 1) altered cell morphology that also
includes in ElasCCK2 mice nuclear dysplasia and loss of
cell polarity; 2) reorganization of the cytoskeleton that
leads to enlargement of centro-acinar lumens in Elas-
CCK2 pancreas, as well as altered cell substrate adhe-
sion; 3) modulation of adherens junction molecules
B-catenin and «-catenin together with an important re-
duction of adherens junctions between acinar cells. Be-
cause functional cell-cell adhesion requires the correct
assembly of the entire adherens junction complexes
(cadherin-catenin) with F-actin, such modulation is indic-
ative of impaired cell adhesion. This has been confirmed
at the ultrastructural level by the reduction of adherens
junctions found between acinar cells. In ElasCCK2 mice
these modifications may result in disruption of cellular

architecture accounting for the loss of acinar cell pheno-
type and defective secretion. However, future studies will
be required to determine the factors initiating and pro-
moting the alterations of the acinar cell phenotype and
defective secretion. Because adherens junction mole-
cules play important roles in epithelial differentiation and as
tumor suppressor proteins, modulation of these proteins, as
seen here in ElasCCK2 mice, may be suggestive of epithe-
lial dedifferentiation or development of malignancy.?®

Several different possibilities might explain the modu-
lation of cell adhesion through ectopic CCK2-receptor
expression: 1) signal transduction pathway activation re-
sulting in kinase activation that induces posttranslational
modifications of the adherens junction complex;'* 184142
2) signal transduction pathway activation resulting in met-
alloproteinase-mediated EGF receptor transactivation
through cleavage of HB-EGF or production of multiple
paracrine mediators including EGF and fibroblast growth
factor;® 134344 3) alteration of signal transduction path-
way resulting from expression of the CCK2-receptor on
cells that normally express CCK1-receptor.®’ Indeed,
heterodimerization of the two CCK receptors subtypes
when co-expressed in the same cell has been reported
with consequences on calcium responses, receptor traf-
ficking, and cellular growth. Although they were not
tested one can speculate that heterodimerization modu-
lates other signaling pathways.*® Additionally, we re-
cently reported overexpression and activation of the
PLCv1 in response to gastrin in ElasCCK2 acini, giving
further support to a modification of signal transduction in
these cells.*® Interestingly, besides its known role as an
early effector in signal transduction phospholipase Cy1
signaling is also postulated to be linked to cytoskeletal
alterations, cellular morphological changes, and migra-
tion and therefore may contribute to the observed
changes in cellular adhesion and differentiation;*”~4° 4)
finally, our recent demonstration of an association of
phospholipase Cy1 with the C-terminal sequence of the
CCK2-receptor raises the possibility of proteins com-
plexes interacting with the CCK2 receptor, including
scaffolding molecules and proteins of the cytoskeleton,
for modification of cell adhesion.*¢:%°

Second, in the exocrine pancreas of ElasCCK2 mice
we find cellular and nuclear dysplasia accompanied by
reduced expression of acinar-specific markers (amy-
lase), ultrastructural defects in the secretion pathway,
and the up-regulation of ductal markers (K19). These
results show that, although still expressing some compo-
nents of acinar cell fate, yet at reduced levels, these cells,
concomitantly co-express components of ductal cells.
Because during pancreatic ontogeny cells originating
from ductal precursor cells develop cell polarity and fur-
ther differentiate into acinar cells, loss of cell polarity and
an evolution from acinar to ductal phenotype are signs of
dedifferentiation.®” Thus our data suggest that on
CCK2-R expression acinar cells may be reverting to a
duct cell phenotype, and this process could participate in
the development of premalignant lesions such as meta-
plasia. In good correlation with our data is the fact that,
re-expression of the ductal cytokeratin K19 in acini has
been observed in human cancers and cancer cell



lines.®25% In addition, delocalization of PTF1-p48 from the
acinar nucleus to the cytoplasm in ElasCCK2 mice sug-
gests that PTF1-p48, which is absolutely required for the
maintenance of acinar cell phenotype, is no longer func-
tional as in wild-type acinar cells in agreement with an
altered cell fate.®* Interestingly, cytoplasmic distribution
of PTF1-p48 has also been reported for a human acinar
tumor as well as for several cancer cell lines, again
providing support for the idea that expression of CCK2-R
could be participating to the development of premalig-
nant lesions.®® Future studies will be required to unravel
the mechanisms on CCK2-R expression resulting in cy-
toplasmic retention of PTF1-p48 and the consequences
for the acinar cell fate. One further interesting aspect
concerns the enhanced accumulation of N-cadherin in
exocrine pancreas of ElasCCK2 mice. Normally, N-cad-
herin is especially expressed during embryonic develop-
ment of the pancreas, where it is required as a survival
and differentiation factor, as well as on islet cells.>® More-
over, enhanced N-cadherin expression has been ob-
served in breast cancer cells in correlation with acquire-
ment of malignancy and been related to changes of cell
adhesion and invasiveness, and has also been found
here in tubular complexes of azaserine-treated mice.>’
Therefore, enhanced N-cadherin expression in Elas-
CCK2 exocrine pancreas may also be related to an al-
teration of acinar cell differentiation.

Third, our results on acinar morphology, adhesion mol-
ecules, and differentiation markers highlight a striking
synergistic action of CCK2-R expression and azaserine,
which results in increased frequency, increased size of
preneoplastic lesions, as well as in higher degree of
cellular dedifferentiation. Notably, treatment of control
mice with azaserine clearly does not alter B-catenin ex-
pression or localization showing that this carcinogen af-
fects processes other than B-catenin regulation, such as
PTF1-p48 localization. Because the latter is also affected
by CCK2-R expression, this may explain the resulting
direct additive effect between CCK2-R expression and
carcinogen treatment in enhanced dedifferentiation.
Moreover, because adherens junction molecules have
established tumor suppressor roles, their absence pro-
motes malignant development. In good correlation it has
been found that loss of E-cadherin together with adeno-
matous polyposis coli mutations, results in synergistic
enhanced intestinal tumor initiation.5® Therefore, it is
tempting to speculate that in ElasCCK2 mice, modulation
of adherens junction molecules induced by CCK2-R ex-
pression, may act in concert with alterations in the differ-
entiation program induced by chemical carcinogens to
also promote synergy.

Even though acinar ductal transition is not complete in
the untreated ElasCCK2 model, tubular complexes are
readily found after azaserine treatment. It is well estab-
lished that the latter constitute transdifferentiation foci of
acinar cells. Because these structures contain the pre-
cursor cells, which after transformation can generate
ductal adenocarcinoma, tubular complexes are consid-
ered precursor lesions of ductal adenocarcinoma.*?:%°
Because the frequency and surface of these structures is
also increased in azaserine-treated ElasCCK2 mice, this
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shows that ElasCCK2 mice are more susceptible to car-
cinogenic influences, possibly resulting in an increased
rate of pancreatic cancer later on. Since here, we have
focused on very early, initial cellular events, additional
studies, focusing on long-term effects, will be required to
see whether in ElasCCK2 mice overexpression of
CCK2-R in conjunction with chemical carcinogenesis will
definitely result in increased rate of pancreatic cancer.
Our results, indicate that expression of CCK2-R in acini
is of pathophysiological importance with regard to differ-
entiation of pancreatic acinar cells. They give strong
support to the hypothesis that CCK2-R expression is
incompatible with the maintenance of a fully differentiated
acinar phenotype and shifts the phenotype to ductal
differentiation. This goes in line with a recent report show-
ing CCK2-R up-regulation in human chronic pancreatitis
and the correlation of chronic pancreatitis with increased
risk to develop pancreatic cancer.?°~%2 Indeed, the fact
that acinar-ductal transition, or transdifferentiation, is a
typical lesion of chronic pancreatitis, together with exper-
imental evidence for the presence of the CCK2 receptor
and gastrin in transdifferentiated acinar cells leads to
take a role for this receptor in initiation steps of carcino-
genesis into account (Mathieu et al, in preparation).®®
In conclusion, we demonstrate here a novel biological
role for the CCK2-R in vivo in modulation of cellular pro-
cesses such as morphology, adhesion, and differentia-
tion and propose an implication in initial steps of cancer
formation in conjunction with chemical carcinogens.
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