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When pancreatic tissue is injured after duct obstruc-
tion, acinoductal metaplasia is observed. Similar
metaplastic changes occur when exocrine pancreatic
cells are isolated and cultured. We demonstrate that
under these experimental conditions the exocrine
acinar cells lose their differentiated characteristics:
expression of the acinar transcription factors p48/
Ptf1� and Mist1 is decreased or lost, whereas expres-
sion of the embryonic transcription factor Pdx1 is
increased. The receptors Notch1 and Notch2, mem-
bers of the DSL family of Notch ligands, and the target
genes in the Notch-signaling pathway Hes1 , Hey1 ,
and Hey2 become strongly up-regulated. We noted
also reduced expression of Sel1L, a Notch repressor
that is normally highly expressed in exocrine pan-
creas. Stimulation of Notch by its ligand Jagged1 di-
minished the proliferation of cultured metaplastic
exocrine cells. Chemical inhibition of Notch signaling
resulted in increased proliferation and induction of
the cell-cycle regulator p21Cip1. This effect seems to be
Hes1-independent and mainly coincides with de-
creased Hey1 and Hey2 mRNA expression. In conclu-
sion, we demonstrate that during acinoductal meta-
plasia the Notch-signaling pathway is activated
concomitantly with changes in transcription factor
expression of pancreatic acinar cells. In addition, we
show that Notch signaling is implicated in the suppres-
sion of proliferation of these metaplastic exocrine cells.
The latter may be important in protection from neoplas-
tic transformation. (Am J Pathol 2006, 169:1206–1214;
DOI: 10.2353/ajpath.2006.050926)

Damage to the pancreas typically causes exocrine cell
metaplasia that can lead to different phenotypic conver-

sions.1–3 It has been proposed that these metaplastic
cells may represent precursor cells in tissue repair or
regeneration, and that they can be exploited as targets
for cell-based regenerative therapy of chronic disorders
like diabetes.2 On the other hand, the metaplastic exo-
crine cells can also become a target for genetic damage,
leading to pancreas cancer.4 It is therefore important to
study what changes occur in gene expression during
exocrine pancreas metaplasia, and to get insight into
how these cells can become metaplastic without evolving
into pancreatic neoplasia. One can take advantage of
this knowledge to manipulate the exocrine cell population
for regenerative medicine and to find ways for preventing
cancer development.

We searched for the mechanisms that regulate the
plasticity in proliferation and differentiation of pancreatic
exocrine cells. We studied pancreatic duct ligation, an
established model of tissue damage in which acini be-
come metaplastic and transform into tubular duct-like
structures.5 From these duct-like complexes new endo-
crine islet cells and eventually the normal exocrine acini
are regenerated. We previously showed that the endo-
crine regeneration process could be considerably stim-
ulated by exogenous gastrin administration.6,7 Gastrin
however is also a strong mitogen for the metaplastic
cells,6 and its role in development of pancreatic cancer
has been shown.8 Nevertheless, in the duct ligation
model in which this hormone also becomes overex-
pressed,9 the cells do not become neoplastic.

To complement the in vivo experimental model, we
studied an in vitro model of exocrine cell metaplasia.10 In
this primary culture model, we previously showed con-
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version of acinar cells to duct-like cells, similar to the duct
ligation model. Depending on the culture conditions,
hepatocyte-like cells and islet �-cells can also be
obtained.11,12

In the present study, we further define the cellular
changes at the level of transcription factor expression
during acinoductal metaplasia in these experimental
models. We focused on Notch signaling because it is
known to represent a crucial regulator of cell fate deci-
sions during embryonic development and in many differ-
ent systems including the pancreas.13 In the embryonic
pancreas, Notch1 and Notch2 receptors, as well as Hes1
are expressed in early Pdx1-positive precursor cells be-
tween E11 and E12.14 These precursor cells co-express
p48. Cells expressing Notch1, Hes1, and p48 develop
into exocrine cells with maintenance of p48 expression
and loss of Notch1 and Hes1 expression. Developing
endocrine cells show lower Hes1 expression, are p48-
negative, and display Ngn3 expression. Notch3 and
Notch4 are expressed by the mesenchyme and endothe-
lial cells. The Notch ligand Dll1 is found scattered in the
duct epithelium and the ligands Jagged1 and Jagged2
were demonstrated in the endothelial cells of the devel-
oping pancreas.13,14 Loss of function of Dll1 or its down-
stream targets RBPJ� or Hes1 leads to premature endo-
crine cell differentiation at the expense of precursor
cells.13,15 Forced expression of Notch under the Pdx1
promotor causes cystic lesions, and suppresses acinar
and endocrine cell differentiation.16,17 For each of the
Notch pathway components, little or no expression is
observed in the adult pancreas, with some Hes1 protein
expressed by centro-acinar cells.18 In the adult pan-
creas, reactivation of Notch expression has been re-
ported. The Notch receptors and ligands become fre-
quently expressed in metaplastic duct lesions and PanIN
epithelium.18 Notch1, Notch2, Hes1, Jagged2, and low
levels of Dll1 become also expressed in the pancreatic
exocrine epithelium during experimental pancreatitis.19

However, little is known about the role of the Notch sig-
naling pathway when reactivated in adult pancreas and
this has not been related with regenerative processes.
We report that Notch re-expression is associated with
modulation of the adult rat exocrine cell phenotype, and
we show that Notch signaling is involved in the control of
cell proliferation of metaplastic exocrine cells and possi-
bly has a role in pancreas regeneration.

Materials and Methods

Chemicals and Antibodies

The �-secretase inhibitors L685,458 and DFK-167 were
purchased from, respectively, Calbiochem (La Jolla, CA)
and MD Biosciences (St. Paul, MN). Recombinant
Jagged1 was from R&D systems (Minneapolis, MN). Re-
combinant human epidermal growth factor (EGF) and
BrdU were purchased from Sigma (St. Louis, MO). Prim-
ers, Taq polymerase, SuperScriptII Rtase, and reverse
transcriptase-polymerase chain reaction (RT-PCR) buff-
ers were purchased from Invitrogen (Paisley, UK). We

used antibody Val 1744 from Cell Signaling Technology
(Beverly, MA) to detect the Notch intracellular domain
(NICD). Monoclonal anti-p21 was from Santa Cruz Bio-
technology (Santa Cruz, CA), monoclonal anti-BrdU from
MP Biomedicals (Aurora, OH), monoclonal anti-vimentin
from Chemicon (distribution firm; Biognost, Heule, Bel-
gium), and monoclonal anti-cytokeratin 20 from Novocas-
tra (Newcastle, UK). Antibodies against Pdx1, Hes1,
Mist1, and p48/Ptf1 were gifts from, respectively, Dr. O.
Madsen, Dr. Tetsuo Sudo, Dr. S.F. Konieczny, and Dr.
F.X. Real. Sheep anti-mouse and donkey anti-rabbit bio-
tinylated were from Amersham (Buckinghamshire, UK),
goat anti-guinea pig biotinylated from Vector Laborato-
ries (Burlingame, CA). For Western blot we used mouse
anti-p21 and goat anti-�-actin from Santa Cruz Biotech-
nology. Secondary horseradish peroxidase-labeled anti-
goat (Jackson Laboratory, Bar Harbor, ME) and anti-
mouse (Amersham) were used. For immunofluorescence
fluorescein isothiocyanate-coupled anti-rabbit antibody
(Jackson ImmunoResearch, West Grove, PA) was used.

Animal Experiments

Duct-ligation was performed in adult male Wistar rats
from Janvier (Le Genest-St-Isle, France), as described.5

In brief, exocrine ducts draining the splenic part of the rat
pancreas are ligated with a silk thread obstructing
the exocrine fluid in the splenic part. Seven days after the
duct ligation has been applied, the ligated part of the
pancreas has undergone metaplastic transformation and
comparisons are made with the unligated part of the
same pancreas, which serves as a control.5 In addition,
we collected main ducts from normal adult rat pancreata
by manual microdissection, eliminating the acinar and
endocrine tissue as much as possible. Experiments were
approved by the ethics committee of the Free University
of Brussels. The principles of laboratory animal care (NIH
publication no. 85-23, revised 1985) were followed and
specific national laws on this issue were complied with.
This study was performed in accordance with the Decla-
ration of Helsinki as revised in 2000.

Exocrine Cell Culture Model

Exocrine acinar cells from adult rat pancreas were col-
lected and cultured as previously described.10,12 Briefly,
acinar cells, obtained by centrifugal elutriation from col-
lagenase-digested rat pancreas, were cultured in sus-
pension at an average density of 85.104 cells per ml.
Culture medium consists of RPMI 1640 glutamax medium
(Gibco BRL, Paisley, UK) with 10% fetal bovine serum
(Gibco BRL), penicillin (75 �g/ml) (Continental Pharma,
Brussels, Belgium), streptomycin (100 �g/ml), and gene-
ticin sulfate (50 �g/ml) (both from Sigma). The cells were
precultured (in suspension) for a total of 5 days, the
period in which the acinoductal conversion takes place.
Medium was replaced daily. Cells did not proliferate un-
less they were allowed to attach to plastic. For this pur-
pose, cells were transferred on day 4 of culture into tissue
culture treated wells (Falcon; BD Biosciences, Erembo-
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degem, Belgium). After 1 day, nonadherent cells were
washed off and serum concentration was reduced to 1%.
Unless differently indicated, monolayers were studied
after 3 days of monolayer culture, with or without EGF,
Jagged1, or the �-secretase inhibitors added at the indi-
cated concentrations. In control cultures the solvent (di-
methyl sulfoxide) was added at the same concentration.
To test the effect of Jagged1 on cell growth, culture
plates were precoated with Jagged1 (20 �g/ml) for 2
hours in the CO2 incubator.20 In all monolayer conditions,
10 �mol/L BrdU was added to the cultures 24 hours
before harvesting to measure cell proliferation. BrdU-
labeling was scored as the percentage of BrdU-labeled
epithelial cells in monolayers, and in each experiment at
least 1000 cells were counted independently by two
persons.

RT-PCR

Total RNA (0.5 �g) was used after extraction from pan-
creas tissue or 1 �g from dissected exocrine ducts with
TRIzol (Invitrogen) and from cultured exocrine cells with
the Gene Elute Total RNA kit (Sigma). RNA quality was
controlled with Agilent-technology (2100 Bioanalyzer;
Agilent, Palo Alto, CA), an automated process that esti-
mates the RNA integrity by the entire electrophoretic
trace of the RNA sample, including the absence or pres-
ence of RNA degradation (www.agilent.com/chem/
labonachip). Semiquantative RT-PCR was performed ac-
cording to the manufacturer’s protocol. The primer pairs
and number of cycles used were the following: �-actin
(27 cycles) forward 5�-ACTATCGGCAATGAGCGGTT-
C-3� and reverse 5�-AGAGCCACCAATCCACACAGA-3�;
Mist1 (33 cycles) forward 5�-CCAGCCGCTTTGAACTCC-
TAA-3� and reverse 5� TTCCCGTAGCCGCACAATATG-
3�; p48/Ptf1 (30 cycles) forward GCTCCTGGAGCATTT-
TCCCG-3� and reverse 5� CTGAGGAACTCTACCTCCG-
C-3�; Pdx1 (35 cycles) forward 5�-CTCGCTGGGAACG-
CTGGAACA-3� and reverse 5�-GCTTTGGTGGATTTTCA-
TCCACGG-3�; Notch1 (30 cycles) forward 5�-CTTGTGA-
AAATGACGCCCG-3� and reverse 5�-CCTTATTGCCTG-
CATCCTCCT-3�; Notch2 (33 cycles) forward 5�-GCTCC-
ACACCAACTTACGCAT-3� and reverse 5�-GATAATGAC-
CACAGCAACCGC-3�; Hes1 (28 cycles) forward 5�-GT-
CCCCGGTGGCTGCTAC-3� and reverse 5�-AACACGCT-
CGGGTCTGTGCT-3�; Hey1 (35 cycles) forward 5�-AAA-
GACGGAGAGGCATCATCG-3� and reverse 5�-GCAGT-
GTGCAGCATTTTCAGG-3�; Hey2 (35 cycles) forward 5�-
ATTTGAAGATGCTCCAGGCAAC-3� and reverse 5�-GG-
CCTTCCACAGAGCTTAGGTA-3�; Jagged1 (30 cy-
cles) forward 5�-ATGGCCTCCAACGATACTCCT-3� and
reverse 5�-ACATGTACCCCCATAGTGGCA-3�; Jagged2
(30 cycles) forward 5�-GCGTTCTTTCACCCTCATCGT-3�
and reverse 5�-ACGGCTTCTTTGCACTCCTTG-3�; Dll1
(30 cycles) forward 5�-CGGCTTCTATGGCAAGGTCT-3�
and reverse 5�-TCCACATTGTCCTCGCAGTA-3�; p21Cip1

(28 cycles) forward 5�-TCTTGCACTCTGGTGTCTCAC-
G-3� and reverse 5�-TGAAGGCTAAGGCAGAAGATGG-
3�; Sel1L (26 cycles) forward 5�-GATGAAGATCCTGAA-
CGGCAG-3� and reverse 5�-TATCAGGTTGCCTCCAAG-

AGC-3�. For each gene, PCR product accumulation was
assessed at various cycle numbers to determine linear
detection of the PCR product. Quantification of ethidium
bromide-stained PCR products was done with the NIH
Image 1.63 computer software: density is measured in a
fixed area (able to incorporate each separate band),
background density is substracted, and all measu-
rements are divided by the value of the �-actin band of
the corresponding sample. The value for control panc-
reas is set at 1(�100%). Negative controls consist of
water instead of RNA but with all buffers and enzymes
added.

Western Blot

Total cellular protein fraction was extracted in radioimmu-
noprecipitation buffer (RIPA: 150 mmol/L NaCl, 1% Nonidet
P-40, 1% deoxycholate, 0.1% sodium dodecyl sulfate, 50
mmol/L Tris base, pH 7.5, 2 mmol/L ethylenediaminetet-
raacetic acid) with protease inhibitors (10 mmol/L Na3VO4,
50 mmol/L NaF, 1 mmol/L Na4P2O7.10 H2O, 10 mmol/L
�-glycerophosphate, and 10 mmol/L p-nitrophenylphos-
phate) and complete protease inhibitor cocktail tablets
(Roche, Brussels, Belgium). Concentrations were deter-
mined by the BCA method (Pierce, Rockford, IL). Proteins
were separated on sodium dodecyl sulphate-polyacrylam-
ide gels and electroblotted to nitrocellulose membranes.
Loading of equal amount of proteins (50 �g per sample)
was evaluated by Ponceau staining and by detection of
�-actin in the same blot after stripping. Comparison for the
same protein between two different samples is always
shown on the same gel. Antibodies were used as follows:
mouse anti-p21:1/100; goat anti-�-actin, 1/1500; donkey
anti-goat-horseradish peroxidase, 1/8000; sheep anti-
mouse horseradish peroxidase, 1/10000. Immunoreactivity
was revealed with ECL detection (Amersham).

Immunohistochemistry

Cell pellets were fixed for 1 hour in buffered 4% parafor-
maldehyde, entrapped in 2% agarose gel (40°C)
(Sigma), and processed for paraffin embedding. Tissues
were fixed with the same fixative for 4 hours and pro-
cessed for paraffin embedding. Paraffin sections were
used for immunostaining as described.21 Antigen re-
trieval on paraffin sections was performed by microwave
heating in antigen retrieval solution-citrate buffered (Pro-
san, Merelbeke, Belgium) for detection of p48/Ptf1, Pdx1,
Hes1, and Mist1. To assess cell proliferation, to detect
NICD, and to demonstrate p21CIP1 expression, mono-
layer-cultured cells were stained directly in the culture
wells. Permeabilization of the cells in the monolayers was
achieved by incubation in methanol at �20°C. For BrdU
staining, additional incubation in 2 N HCl and borate
buffer was done.

For NICD detection in suspension-cultured cells, cell
aggregates were fixed using 4% formaldehyde in PBS,
subsequently permeabilized with cold methanol (20 min-
utes at �20°C) and nonspecific background signals were
eliminated using Image-IT FX signal enhancer (Invitro-
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gen). Samples were incubated overnight at 4°C with rab-
bit anti-NICD. Secondary detection was performed with
TRITC-conjugated donkey anti-rabbit IgG. DNA was visual-
ized with SytoxGreen reagent (Invitrogen) and samples
were mounted using Vectashield anti-fade (Vector Labora-
tories, Inc.). These samples were visualized using a Leica
TCS SP confocal microscope and image processing was
done with Volocity LE software (Improvision, Coventry, UK).

For all other immunohistochemistry and immunocyto-
chemistry, the avidin-biotin complex method was ap-
plied. The primary antibodies were used at the following
dilutions: anti-p48/Ptf1,22 10 ng/�l; anti-Mist1,23 1/10; an-
ti-Pdx1,24 1/1000; anti-Hes1,25 1/60; anti-BrdU, 1/10; anti-
vimentin, 1/200; anti-cytokeratin 20, 1/10; anti-p21Cip1,
1/30; and anti-NICD, 1/20. The secondary antibodies
were the following: sheep anti-mouse biotinylated:1/300;
goat anti-guinea pig biotinylated, 1/1000; and donkey
anti-rabbit biotinylated, 1/300.

Statistics

Results are presented as means � SEM. Data are ana-
lyzed by Student’s t-test. Statistical significance is con-
sidered when P values are �0.05.

Results

In Vivo Model of Acinoductal Metaplasia
Induced by Duct Ligation

As reported previously, in the ligated part of the pan-
creas the acini lose amylase immunoreactivity and
completely transform into tubular ductal complexes
expressing cytokeratin 20 within 1 week.5,6 With RT-
PCR we find that Pdx1 expression is 29.3 � 9-fold
increased over control pancreas (P � 0.02, n � 5), with
p48/Ptf1 expression being decreased to 27 � 19% of
control pancreas (P � 0.01, n � 5) and Mist1 expres-
sion to 38 � 17% of control pancreas (P � 0.02, n � 7)
(Figure 1A). It should be noted that the increase of
Pdx1 may be overestimated as the islet-mass (which is
known to highly express Pdx1) is increased in ligated
pancreas.5,7 These changes are confirmed at the pro-
tein level, in which the ductal complexes stain positive

for Pdx1 protein and display diminished immunoreac-
tivity for p48/Ptf1 and Mist1, whereas the nuclei of the
original acini show high p48/Ptf1 and Mist1 expression
and have no Pdx1 expression (Figure 2).

Acinoductal Metaplasia in a Primary Culture
Model

We showed before that rat acinar cells cultured in sus-
pension in the presence of serum factors lose their acinar
phenotypic characteristics and gain duct-like character-
istics.10 Within 4 days of suspension culture, the amy-
lase-expressing acini convert into amylase-negative cy-
tokeratin-20-positive duct-like cells. We now show that at
the RNA level, Mist1 expression is decreased very rapidly
and p48/Ptf1 expression declines also but to a lesser
extent. Pdx1 expression strongly increases (Figure 1B).10

Immunostainings show highly reduced p48/Ptf1 and
Mist1 protein expression in the nucleus whereas Pdx1
expression is up-regulated (Figure 2). Western blot anal-
ysis still detects some p48/Ptf1 and Mist1 protein (not
shown).

The Notch Pathway Is Induced during
Acinoductal Metaplasia

The expression of Notch receptors, Notch ligands, and
downstream target genes Hes1, Hey1, and Hey2 was
evaluated. Notch1 and Notch2 expression at the RNA
level are strongly up-regulated together with Hes1 in
duct-ligated pancreas (3.3 � 0.4-fold increase for
Notch1, P � 0.01, n � 5; 2.6 � 0.6-fold increase

Figure 1. A: RNA expression profile of pancreas transcription factors in
normal rat pancreas (NRP) versus duct-ligated rat pancreas (PDL). In ligated
pancreas Mist1 and p48/Ptf1� are down-regulated, whereas Pdx1 is strongly
induced. B: RNA expression profile of rat exocrine cells during the 5-day
culture period. Mist1 expression is already lost at the second day of culture,
p48/Ptf1 expression is reduced and Pdx1 induced during the 5-day culture
period. �, without template.

Figure 2. Protein expression of the pancreas transcription factors p48/Ptf1,
Mist1, and Pdx1 in sections of normal pancreas (NRP), duct-ligated pancreas
(PDL), freshly isolated acini (culture day 1), and cultured metaplastic acinar
cells (culture day 5): p48/Ptf1� and Mist1 expression are confined to the
acinar tissue in normal pancreas and are lost in the ductal complexes that
form after ligation of the pancreatic ducts. Pdx1 is highly expressed in islets
of normal pancreas and to a lower extent in ducts and becomes up-regulated
in ductal complexes after ligation. Freshly isolated acinar cells express p48/
Ptf1 and Mist1 but not Pdx1. After 5 days of culture, the cells are negative for
p48/Ptf1 and Mist1, but have gained Pdx1 expression. The nuclear staining
for the transcription factors is revealed with diaminobenzidine resulting in a
brown precipitate, and counterstained with hematoxylin except for Pdx1 and
Mist1 staining in NRP, PDL, and culture day 5. ac, Acinus; du, duct; is, islet;
dc, ductal complex; arrowhead, centro-acinar cell. Scale bar � 10 �m.
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for Notch2, P � 0.005, n � 5; 1.7 � 0.2-fold increase for
Hes1, P � 0.03, n � 5) (Figure 3A). These genes were not
or very weakly expressed in samples of normal rat pan-
creas (Figure 3A). To exclude the possibility that these
genes are expressed by the minority of ducts present in
the tissue samples, we also analyzed samples of micro-
dissected pancreatic duct. These samples lacked
Notch1, Hes1, Hey1, and Hey2 expression and showed
very weak Notch2 expression (Figure 3A) while the duct-
specific cytokeratin 20 expression could be readily dem-
onstrated (not shown). This indicates that Notch signaling
is not active in normal ducts, unlike the metaplastic duct-
like cells. With immunohistochemistry we demonstrate
that Hes1 expression is highly induced in metaplastic
duct tissue whereas analysis of normal rat pancreas
shows no or a very low number of Hes1-expressing cells
(Figure 4). Expression of Hey1 mRNA was 6.1 � 1.5-fold
(P � 0.01, n � 5) and of Hey2 4.7 � 1.0-fold (P � 0.01,
n � 5) up-regulated in duct-ligated pancreas (Figure 3A).
In cultured exocrine cells, Notch1, Notch2, Hes1, Hey1,
and Hey2 were also significantly induced at the RNA level
(Figure 3B). Using the Val1744 antibody we could dem-
onstrate NICD immunoreactivity in cells that were cul-
tured, whereas the original acinar cells were negative
(Figure 4). Also Hes1 immunoreactivity follows the same
pattern (Figure 4).

We also studied the mRNA expression of ligands for
the Notch receptor. The Notch ligand Dll1 is 3.8 � 0.2-
fold increased after duct ligation versus unligated rat
pancreas (P � 0.001, n � 5) (Figure 3A). Jagged1 and
Jagged2 expression are, respectively, 4.0 � 0.8-fold
(P � 0.01, n � 5) and 3.8 � 0.4-fold increased in ligated
rat pancreas (P � 0.001, n � 5) (Figure 3A). In vitro
induction of Jagged1 expression seems to be more
prominent than Jagged2 expression (Figure 3A).

We find that the increase in Notch-expression is par-
alleled by down-regulation of Sel1L, a known negative
regulator of Notch. Sel1L expression in ligated pancreas
is 22 � 9% of unligated pancreas (P � 0.02, n � 5)

(Figure 3A). During exocrine cell culture Sel1L expres-
sion levels are decreased at day 3 (26 � 4% of expres-
sion at day 1, P � 0.001, n � 4) with some recovery of
expression at day 5 but still lower compared to freshly
isolated exocrine cells (54 � 7%, P � 0.013, n � 4)
(Figure 3B).

Notch Signaling Regulates Proliferation of
Metaplastic Exocrine Cells and Leads to
Increased Expression of p21Cip1

L685,458 (�-secretase inhibitor X) is an established po-
tent and selective pharmacological inhibitor that blocks
intramembranous �-secretase activity, by which produc-
tion of the Notch intracellular domain (NICD) on ligand
binding is inhibited. This results in decreased Notch sig-
naling.26,27 Metaplastic exocrine cells were obtained af-
ter 4 days of suspension culture, and were further cul-
tured as a monolayer (known to allow proliferation of
these cells, unpublished observations), with or without
L685,458 at 0.1 �mol/L. On 24 hours of treatment with
L685,458, the expression of Hes1 at RNA and protein

Figure 3. A: RNA expression profile of Notch and related genes in normal rat
pancreas (NRP) versus ligated rat pancreas (PDL) and in normal rat pancre-
atic ducts (DUCT), Notch receptor, the target genes, and ligands are induced
in ligated pancreas (PDL), concomitant with down-regulated Sel1L expres-
sion. Notch signaling is not active in pieces of normal pancreas tissue rich of
ducts (DUCT). B: RNA expression profile of rat exocrine cells during a 5-day
culture period. Notch receptor, the target genes, and ligands are induced
during culture, concomitant with a more transient down-regulated Sel1L
expression. �, without template.

Figure 4. Protein expression of Hes1 and NICD in normal pancreas (NRP),
duct-ligated pancreas (PDL), freshly isolated acini (culture day 1) and cul-
tured metaplastic acinar cells [culture day 5 in suspension and culture day 8
as monolayer (*inset)]. The nuclear staining for Hes1 is revealed with
diaminobenzidine resulting in a brown precipitate, and counterstained with
hematoxylin. NICD was detected with TRITC and nuclei were visualized in
the same samples with SytoxGreen reagent. Hes1 and NICD expression are
highly induced in ductal complexes and cultured cells but nearly undetect-
able in normal pancreas and freshly isolated acini. ac, acinus; dc, ductal
complex. Scale bar � 10 �m.
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levels was unaffected (not shown) but the expression of
Hey1 mRNA was 2.8-fold decreased by the treatment
(P � 0.03, n � 4) and Hey2 mRNA was 5.2-fold de-
creased (P � 0.03, n � 4). The treatment did not affect
the low p48 expression (P � 0.37, n � 4) and Mist1
expression was absent in both conditions. During this
period, the BrdU-labeling index was increased 2.3-fold
over control conditions with L685,458 (P � 0.005, n � 3).
Without any other growth factors supplemented, the
BrdU-labeling index remained 2.4-fold increased during
3 days in the presence of L685,458 (P � 0.01, n � 4)
(Figure 5A). EGF (50 ng/ml) is a known mitogenic factor
and gives 2.8-fold increase in proliferation (P � 0.001, n
� 16). When EGF is combined with the �-secretase in-
hibitor, an approximate sixfold increase is obtained (P �
0.02 versus EGF-alone, n � 4) (Figure 5A). Effects were
confirmed using another chemical �-secretase inhibitor
(DFK-167) (data not shown). These data demonstrate
that inhibition of Notch signaling stimulates cell prolifera-
tion. Metaplastic exocrine cells cultured on plates coated
with Jagged-1 (20 �g/ml), which is a known stimulatory
ligand of the Notch receptor, showed �1.6-fold reduction
in cell proliferation, both in the absence and presence of
the mitogen EGF in the medium (respectively, P � 0.01
and P � 0.03, n � 10) (Figure 5A).

The expression of the cell cycle regulator p21Cip1 was
up-regulated in L685,458-exposed monolayers of meta-
plastic exocrine cells. This effect was seen at RNA level
(1.2-fold, P � 0.04, n � 3) (Figure 5B). Also protein levels
of p21Cip1 were 1.5-fold higher in total protein extracts
from L685,458-treated monolayers compared to controls
(P � 0.005, n � 5) (Figure 5C). p21Cip1 expression was
detected in the nucleus of monolayer cultured cells, with
some nuclei having a more intense staining in the
L685,458 condition than in the condition without
L685,458 (Figure 5D).

Discussion

We previously reported that acinar exocrine cells of the
adult rodent pancreas retain differentiation plasticity and
can undergo various phenotypic switches including
transdifferentiation to duct-like,10 hepatocyte-like,11 and

endocrine islet12 cells. These transdifferentiations are
preceded by a dedifferentiation event wherein the cells
lose amylase expression and gain CK20 expression.10 It
remains to be discovered which are the key transcription
factors and signaling pathway(s) involved in the initial
dedifferentiation that leads to plasticity. Others have also
reported that acinar cells can transdifferentiate into en-
docrine insulin cells,28 without evaluating in detail the
preceding steps. CK19, the only duct cell-specific
marker that was evaluated was found to increase during
their culture procedure. In the present study, we demon-
strate that after experimental injury to the pancreas or
after cell isolation (another type of injury), there is a highly
reduced expression of the exocrine acinar cell transcrip-
tion factors Mist1 and p48/Ptf1�. A correlation between
acinoductal phenotypic conversion and suppression of
Mist1 expression has been reported before in transgenic
mice.29 Also p48/Ptf1 was nearly completely suppressed
in acinar-derived ductal complexes in chronic pancreati-
tis and in transforming growth factor-�-overexpressing
cells in the pancreas.30 In a previous study,10 we noticed
that p48/Ptf1 remained expressed to some extent during
acinar cell culture but differences in expression level
during the culture period were at that time not studied in
depth. In addition, we report induced Pdx1 expression
and reactivation of the Notch-signaling pathway, which
are both features of protodifferentiated embryonic pan-
creas epithelium. Up-regulation of Pdx1 in exocrine cells
was also reported in other pancreas regeneration mod-
els.31,32 Concomitant with the observed changes in pan-
creas-specific transcription factors, Notch1 and Notch2
expression, and ligands for this receptor were highly
induced both in vivo and in vitro. Notch regulates precur-
sor cell maintenance, proliferation, and differentiation in
many cell types during embryonic development. Besides
the role of pancreatic Notch in the lateral inhibition pro-
cess to suppress endocrine differentiation,13,15 Notch
has been found to maintain cells in the precursor state. It
was reported that Notch1 and Notch2 expression starts
to decline in embryonic mouse pancreas from E14.5
on.14 Others have reported that at E18.5 duct cells still
express Notch1 and Hes1.33 We detected no or very low
expression of Notch1 and Notch2 and its downstream

Figure 5. A: BrdU-labeling index (%) in exocrine cell monolayer culture treated for 72 hours with or without L685,458, EGF, and Jagged-protein. L685,458
enhanced proliferation, whereas Jagged1 reduced proliferation of cells that were treated or not with the mitogen EGF. B: RT-PCR for p21CIP1 expression in
exocrine cell monolayer culture 24 hours with L685,458 or with the solvent alone (dimethyl sulfoxide). �, Without template. C: Western blot analysis of p21CIP1

in these culture conditions after 72 hours of exposure to L685,458 versus control. The relative density of the protein bands (p21Cip1/�-actin) is represented in the
graph. p21CIP1 is up-regulated in L685,458 conditions at RNA and protein level. D: Nuclear p21Cip1 expression detected in monolayer cultured cells (with and
without L685,458) by immunohistochemistry. The nuclear staining is revealed with diaminobenzidine resulting in a brown precipitate. In the L685,458-exposed
cells, some nuclei stain more intensely compared to the control condition.
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targets in adult pancreas or in duct cells. Our observa-
tions indicate that re-expression of Notch occurs in meta-
plastic or dedifferentiated acinar cells. These cells are
involved in vivo in the regeneration of pancreas tissue.2,3

Likewise, we previously demonstrated that these meta-
plastic exocrine cells also express gastrin/CCK-B recep-
tors, whereas normal acinar or duct cells do not.6,7 In
embryonic pancreas it has been shown before that Notch
expression blocks terminal acinar cell differentiation, de-
spite ongoing p48 expression.34 Our data also support
the observations of a recent study, in which it was shown
that Notch receptors are induced in the exocrine cells
during pancreas regeneration in the course of caerulein-
induced pancreatitis.19 In that experimental approach,
similar dedifferentiation of the exocrine acinar cells was
found. The extent of tissue damage and consequent
cellular alterations after caerulein exposure seem to be
more transient, probably explaining why the definitive
turning-on of the ductal phenotype was not achieved.
Moreover duct cell identification solely relied on DBA-
lectin staining whereas in our experiments we have ana-
lyzed more duct cell markers.2,6,10–12 It should also be
stressed that double-positive cells expressing acinar and
ductal cell markers at the same time are rare in general,
and that only in conditions in which the process can be
slowed down, such transitional types of cells can be
identified.35

After binding of ligands from the DSL family, Notch
receptors undergo proteolytic steps and the NICD trans-
locates to the nucleus where target genes are activated,
among them Hes1.36 Hes1 is present in undifferentiated
pancreatic precursor cells, repressing endocrine and
exocrine differentiation.15,16 Besides Hes1, Hes-related
proteins Hey1 and Hey2 are targets in the Notch path-
way.36 We show that Notch1, Hes1, Hey1, and Hey2 are
highly induced in our experimental models. Because of
the availability of a reliable anti-Hes1 antibody,25 we fur-
ther analyzed the expression of this target gene at the
protein level in our experimental models, confirming that
Hes1 protein is highly expressed in metaplastic duct cells
and is not abundantly present in acini. Our analysis also
reveals that different ligands (Dll1, Jagged1, or Jagged2)
are induced that can trans-activate the Notch receptors.
It should be noted that each of these Notch ligands could
have different effects.37 Because of the lack of reliable
antibodies, we did not perform a detailed study of which
cells express these ligands. Different cell types besides
the exocrine cells may be involved, eg, mesenchymal
cells, inflammatory cells, or endothelial cells. Jagged1
and Jegged2 expression has been documented in some
intralobular duct cells of human pancreas,18 and in mes-
enchymal cells of embryonic pancreas.33

An accumulation of Notch receptor can result from
down-regulation of negative regulators or induction of
stimulators. Sel1L is a gene that is highly expressed in
normal exocrine pancreas and it is known in other spe-
cies to function as a negative regulator of Notch signal-
ing.38 We are the first to show that expression of Sel1L is
significantly reduced with concomitant increase of
Notch1 and Notch2 in the rat pancreas. Potential up-
stream signaling molecules that may switch on the Notch

pathway include ligands for the EGF receptor (EGFR)
and/or gp130.18,39 EGFR was reported before to act up-
stream of Notch in mouse exocrine cell culture.18,40 Both
EGFR and gp130 are expressed in pancreatic exocrine
cells.28,41

To uncover the function of Notch we used �-secretase
inhibitors that are known to suppress Notch signal-
ing.26,27 In none of our conditions the addition of inhibitor
influenced the Hes1 expression at RNA or protein levels.
On the other hand, expression of the other known target
genes Hey1 and Hey2 mRNA were significantly reduced
by the use of this compound. Although it has been re-
peatedly reported that signaling via Notch can result in
Hes1-independent effects,36 we see an increased Hes1
expression during culture of acinar cells and after ligation
of exocrine ducts in vivo. We cannot exclude that during
acinoductal metaplasia a parallel Notch/RBP-Jk-inde-
pendent pathway is operating that results in the in-
creased Hes1 expression.40 This might also explain why
L685,458 addition does not prevent acinoductal conver-
sion in our culture conditions (unpublished observations).
We found that �-secretase-inhibitors stimulated the pro-
liferation of metaplastic exocrine cells and that this effect
is coinciding with decreased Hey1 and Hey2 levels. We
found this stimulatory effect on proliferation also in meta-
plastic exocrine cells derived from human pancreas (not
shown). Addition of the Notch ligand Jagged1 to the
cultures diminished cell growth. Notch has been reported
to stimulate as well as to inhibit cell growth, depending on
the cell type studied. Activated Notch causes growth
suppression in several other cell types,42–46 but the re-
lation of Notch expression and its role in controlling the
growth of metaplastic exocrine cells from pancreas has
not previously been described. After duct ligation, Notch
expression is high, although proliferation of the metaplas-
tic cells is highly increased when compared to the basal
growth rate of exocrine acinar and duct cells.6 It is likely
that the growth stimulus coming from local production of
factors such as transforming growth factor-� and gastrin9

stimulates the proliferation in the ductal complexes but
that Notch is a limiting factor preventing aberrant cell
growth. Notch may thus represent an important factor in
preventing neoplasia. When duct-ligated rat pancreas
was examined 1 month after ligation, the exocrine com-
partment was regenerated and no cancerous develop-
ment could be detected (unpublished data). In contrast,
Elas/CCK2 mice which undergo continuous mitogenic
stimulation by gastrin do develop tumors in cells that
underwent acinoductal conversion.8 In the caerulein-
treated mouse model, a similar transient increase in pro-
liferation was noted as early as after duct ligation but the
expression of Notch declined together with a decline in
proliferation and together with restoration of the differen-
tiated exocrine state within 1 week. In the duct ligation
model it takes more than 14 days to restore normal tissue
structure. So in the caerulein model Notch expression
does not need to be sustained as long to control cell
growth.

We also noted that �-secretase exposure in mono-
layers of acinar-derived cells resulted in up-regulated
p21Cip1 expression. Nuclear p21Cip1 expression was
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demonstrated with immunocytochemistry and the differ-
ences in expression between the culture conditions with
and without L685,458 were quantified by RT-PCR and
Western blotting. Increasing p21CIP1 higher than a certain
threshold may be needed for cell-cycle entry of the meta-
plastic exocrine cells. P21CIP1 is a known target that can
be repressed by activated Notch.47 P21CIP1 is sometimes
described as a growth inhibitory protein but it also acts
as an assembly factor for cyclinD1/cdk4 complexes, of
which the enzymatic activity is necessary for phosphor-
ylation of retinoblastoma protein and cell-cycle progres-
sion. This may depend on the stoichiometry of p21CIP1

relative to the cyclin.47 P21CIP1 overexpression is also a
very early event in pancreatic neoplastic PanIN le-
sions, even before the aberrant expression of p53,
cyclin D1, and DPC/Smad4 starts.48 In pancreatic aci-
nar cells it has been shown that p48/Ptf1 is directly
responsible for growth suppression via transcriptional
activation of p21CIP1 30. In that situation, p21CIP1 thus
functions as a cell-cycle inhibitory protein.

Notch receptors have been described before in meta-
plastic pancreas tissue in vivo.18,19 We here provide ev-
idence that Notch is associated with the phenotypic con-
version and is implicated in limiting the growth of the
metaplastic cells as shown in our in vitro experiments.
Restraining the proliferation of metaplastic cells can pre-
vent them from developing pancreatic neoplasia and
ultimately invasive cancer.18 Notch reactivation in the
adult pancreas may also serve as a key in regeneration,
as it does in liver49 and muscle50 regeneration. Our pre-
vious observations of cellular transdifferentiation10–12

suggest that the abundant population of acinar cells can
serve as a source for replenishing lost or incapacitated
cells after pancreatic injury. It remains to be studied
whether Notch activation by different ligands can play a
major role in phenotypic (re)-specification of the dediffer-
entiated acinar cells. This information might be exploited
for regenerative medicine of, for example, diabetes or
pancreatitis.
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