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Abstract
Background & Aims—Acinar cells constitute 90% of the pancreas epithelium, are polarized, and
secrete digestive enzymes. These cells play a crucial role in pancreatitis and pancreatic cancer.
However, there are no models to study normal acinar cell differentiation in vitro. The aim of this
work was to generate and characterize purified populations of pancreatic acinar cells from embryonic
stem cells (ES).

Methods—Reporter ES cells (Ela-pur) were generated that stably expressed both beta-galactosidase
and puromycin resistance genes under the control of the elastase I promoter. Directed differentiation
was achieved by incubation with conditioned media (CM) of cultured foetal pancreatic rudiments



and adenoviral-mediated co-expression of p48/Ptf1a and Mist1, two bHLH transcription factors
crucial for normal pancreatic acinar development and differentiation.

Results—Selected cells expressed multiple markers of acinar cells, including digestive enzymes
and proteins of the secretory pathway, indicating activation of a coordinated differentiation program.
The genes coding for digestive enzymes were not regulated as a single module, thus recapitulating
what occurs during in vivo pancreatic development. The generated cells displayed transient agonist-
induced Ca2+ mobilization and exhibited a typical response to physiologic concentrations of
secretagogues, including enzyme synthesis and secretion. Importantly, these effects did not imply
the acquisition of a mixed acinar-ductal phenotype.

Conclusions—These studies allow for the first time to generate almost pure acinar-like cells from
ES cells. This is the first normal cell-based model allowing the study of the acinar differentiation
program in vitro.

Introduction
Pancreatic acinar cells play a key role in digestion in vertebrates. The synthesis and secretion
of digestive enzymes is finely regulated: many enzymes are synthesized as propeptides and
stored in zymogen granules (ZG), the exocytosis of which is tightly controlled. Binding of
secretagogues to the muscarinic 3 (M3) and cholecystokinin (CCK) receptors leads to Ca2+

release from the endoplasmic reticulum and triggers ZG secretion (1).

Acinar cells also play an important role in exocrine pancreatic diseases, including acute and
chronic pancreatitis and, possibly, ductal adenocarcinoma. Upon stress, acinar cells readily
undergo a phenotypic switch resulting in loss of differentiation and acquisition of duct-like
features both in vivo and in vitro (2–6). Together with their minimal proliferative potential,
these effects hamper the study of acinar differentiation. Furthermore, there are very few acinar
tumor cell lines and they lack differentiated features (i.e. ZG). Because of their tumor origin,
their study is also of questionable physiological relevance. Therefore, the establishment of
normal-cell derived acinar cultures remains a high priority to better understand and manipulate
acinar differentiation. In particular, it is important to better characterize and dissect substages
of acinar differentiation during pancreatic development and regeneration in order to better
interfere with their loss of differentiation properties. For instance, it is generally considered
that genes coding for digestive enzymes are activated simultaneously and that their expression
is under identical regulatory control mechanisms, yet conventional RT-PCR data support the
notion that these genes are sequentially regulated (7). Because non-quantitative RT-PCR has
technical limitations, the relative levels of expression of the genes coding for acinar enzymes
at different developmental stages remains to be analysed. This is important as in vivo tracing
experiments evaluating the contribution of acinar cells to other pancreatic cell types are
currently carried out using digestive enzyme gene promoters.

Acinar cells originate from multipotent precursors located in the foregut giving rise to all
pancreatic cell types. In mice, exocrine pancreas specification occurs at E10. Cells with acinar
features are distinguished at E14, ZG accumulate from E16 to birth, and full maturation occurs
postnatally (8–10). However, little is known about the precise molecular events heralding
acinar differentiation. To date, few transcription factors regulating exocrine differentiation
have been identified: the basic helix-loop-helix (bHLH) proteins p48/Ptf1a and Mist1, and
RBPL. Ptf1a mRNA is first detected around E9.5 in pancreatic primordia and, in the adult,
becomes restricted to acinar cells. Ptf1a was originally described as part of the heterotrimeric
transcription complex PTF1 involved in digestive enzyme gene expression (11;12). Ptf1a is
also essential for pancreas formation and for the development of all pancreatic cell lineages
(13–15). In its absence, foregut endoderm precursors assume an intestinal fate (14). Ptf1a also
promotes ectopic pancreas fates from endoderm tissue (16–18). Mist1 is expressed in a wide
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array of secretory tissues and, in the adult pancreas, is only detected in acinar cells (19;20).
Mist1 inactivation or inhibition of Mist1 function results in a severe impairment of acinar
organization, including loss of gap junctions, structural alterations of secretory granules and
acinar-ductal metaplasia (20;21). Therefore, Mist1 is necessary for proper cell polarization and
maintenance of acinar identity. RBPL is essential for the high transcriptional activity of the
PTF1 complex independently of Notch signaling (22). Interestingly, RBPL is expressed in the
developing pancreas tips at E14.5 (23), when exocrine precursors expand and differentiate,
confirming a role in acinar differentiation during the secondary transition (24).

Embryonic stem cells, derived from the inner mass of pre-implantation embryos, can
differentiate into cells of the three germ layers, making them an excellent tool for differentiation
studies in vitro. Via embryoid body (EB) formation, endodermal precursors can be specified
into endocrine and exocrine lineages in a process that partially recapitulates early pancreatic
development (25;26). Despite promising advances (27), this process is very inefficient. Here,
we aimed at generating ES cells having activated a pancreatic acinar differentiation program
in order to apply this knowledge to study exocrine pancreatic diseases. Our strategy relies on
the ability of ES cells to respond to soluble factors involved in pancreatic embryogenesis in
conjunction with expression of multiple exocrine transcription factors and genetic selection.
This system allowed to isolate for the first time normal cell populations displaying immature
acinar phenotypes. These cells reproduce specific substages of acinar cell differentiation and
should be valuable for studying the exocrine differentiation program.

Materials and Methods
ES cell culture and transfection

CGR8 ES cells were maintained as published (25). A reporter gene construct containing the
−500/+8EI rat elastase I (Ela1) enhancer/promoter (28) was generated by subcloning the −500
fragment-driven puromycin resistance cDNA into pKS. An IresLacZ-mouse
phosphoglyceratekinase (pgk) promoter-driven hygromicin resistance cassette (a gift from E.
Maandag, The Netherlands Cancer Institute, Amsterdam, The Netherlands) was inserted
downstream. Cells were electroporated (260V, 500 μF) using a Bio-Rad gene pulser and
selected using 200 μg/ml hygromycin to establish Ela-pur-IresLacZ clones (Ela-pur). 266-6
and AR42J pancreatic acinar tumor cells, as well as NIH3T3 cells, were transfected as controls.

Adenoviral generation and gene transduction
Adenoviral vectors were obtained as described (29). Briefly, full-length cDNAs encoding rat
Ptf1a (30) or mouse Mist1 (31) were inserted into the pAd-shuttle-CMV vector (32);
recombinant adenoviruses were produced by the Laboratory of Gene Therapy (Gene Vector
Production Network, Nantes, France) using the Ad-Easy system (32). Infections were
performed as described in SI.

In vitro differentiation and selection procedure
To direct differentiation, Ela-pur ES clones were allowed to aggregate in bacterial Petri dishes
(3.3 ×104 cells/ml) in medium supplemented with 3% FBS without LIF. After 7 days, 30–50
EB were plated in gelatin-coated 6-well culture dishes for 7 additional days in 10% FBS
supplemented medium (Differentiation step). In some conditions, CM from E16.5 fetal
pancreas cultures was added during this 14-day period (1:1 dilution with normal medium)
(25). Medium was changed every two days. In addition, cells were infected 36 hours after EB
plating with adenoviruses as described in SI. For ES-Ela-pur selection, differentiated cultures
were maintained in differentiation medium plus puromycin (0.8 μg/ml) (Calbiochem,
Darmstadt, Germany). After two weeks of selection, cells were re-infected with adenoviruses
and cultured for an additional week (Selection step, 35 days).
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Molecular, ultrastructural and functional characterization of selected Ela-pur cells
Cells were processed by immunocytochemistry, X-Gal staining and electron microscopy as
described in SI. Expression analyses were carried out by RT-PCR. Functional assays included
bromodeoxyuridine incorporation, cytosolic Ca2+ measurements and Amyl secretion (see SI).

Statistics
Statistical differences were analyzed by the student’s t test.

Results
Digestive enzyme gene expression is not activated as a single regulatory module during
pancreatic development

Ninety per cent of acinar mRNA encodes a small number of enzymes, widely used as
cytodifferentiation markers. However, little is known about the quantitative regulation of
expression during mouse pancreatic development after initiation of acinar differentiation. We
assessed the relative levels of selected mRNAs using quantitative RT-PCR and RNA from
E12.5 pancreas until the postnatal period. We find that acinar gene expression does not follow
a single pattern (Fig. 1A). After an increase in levels of all digestive enzyme mRNAs at E14.5,
distinct patterns were identified (Fig. 1A). This diversity is better reflected by comparing
changes in mRNA levels of chymotrypsinogen B (ChymoB), αamylase (Amyl), and Ela1 with
those of carboxypeptidase A1 (CPA). We chose CPA as reference because it is the earliest
enzyme transcript detected during development (23). The CPA/ChymoB ratio remained
essentially unchanged from E15.5 to adulthood (Fig. 1B), indicating similar regulation. By
contrast, the CPA/Amyl and CPA/Ela1 ratios (Fig. 1B) decreased markedly over time,
indicating that Ela1 and Amyl mRNAs undergo major up-regulation at later developmental
stages. Moreover, the increase in Ela1 expression occurs mainly in the adult compared to post-
natal day 2 (Fig. 1A–B).These regulatory patterns can be used to better characterize acinar
differentiation in vitro.

Genetic selection of ES cells engaging the acinar differentiation program
Differentiating ES cells recapitulate many aspects of embryonic development in vivo;
therefore, reporter ES clones were generated to study acinar differentiation. Undifferentiated
ES cells were transfected with a construct conferring puromycin-resistance and β-galactosidase
expression under the control of the rat Ela1 −500 enhancer (28); the construct also contains an
PGK-Hygro unit for selection of transfectants (Fig. 2A). Four hygromycin-resistant clones
(Ela-pur) of undifferentiated ES cells screened by PCR to verify transgene integration [see
supporting information (SI) (Fig. 8)] showed similar growth properties as parental cells and
displayed similar expression profiles upon differentiation (not shown). Because Ela1 is already
expressed at E12 of development (Fig. 1), this system will be useful to trace activation of acinar
gene expression.

Differential regulation of digestive enzyme gene expression by Ptf1a and Mist1 in
differentiating Ela-pur ES cell clones

Soluble signals present in conditioned medium (CM) from E16.5 pancreas cultures,
superimposed to adenoviral-mediated expression of Ptf1a, result in a synergistic induction of
exocrine genes in differentiating ES cells (29). We therefore investigated the effect of the
combined transduction of Ptf1a and Mist1 on acinar gene expression, as both transcription
factors are co-expressed in pancreatic cells starting at E10.5. EB from the Ela-pur clones were
generated in the presence of CM and after one week allowed to adhere for 7 days
(Differentiation step) (Fig. 2B). EB were additionally infected with adenovirus expressing
either GFP cDNA (AdGFP), or rat Ptf1a (Adp48) and mouse Mist1 (AdMist1) (29), resulting
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in 60–70% of cells expressing transgenes (SI Fig. 9A–C). Control cells were generated by
inducing spontaneous differentiation without additional experimental manipulation (Fig. 2B).
Importantly, qRT-PCR showed a differential regulation of acinar genes by Ptf1a and Mist1 at
this stage: Ptf1a induced a marked increase in CPA but not in Ela1 mRNA whereas Mist1 did
not have any effect on gene expression on its own. By contrast, the combination of both led to
a significantly higher increase of CPA mRNA levels (p=0.003 vs. control) and, importantly,
to a 2.5-fold increase in Ela1 mRNA levels (Fig. 3). Therefore, Ptf1a and Mist1 activated a
gene expression pattern similar to that of early exocrine cells (Fig. 1). Because Ela1 mRNA
was exclusively enhanced in this condition, it was chosen for further studies.

To select for cells having activated an acinar differentiation program, puromycin was added
and cells were re-infected with both Adp48 and AdMist1 (Fig. 2B). Transient sequential gene
expression obtained with adenoviruses, rather than sustained expression, was used to avoid the
strong antiproliferative effect of Ptf1a (30); multiplicity of infection was optimized to favor
cell survival leading to 40% of the cells infected at this stage (SI Fig. 9 E–G). Cells were
analyzed after 3 weeks of selection, when isolated colonies had expanded (n=8) (Selection
step, Fig. 2B). Undifferentiated Ela-pur ES cells did not survive puromycin selection (n= 3).
After inducing differentiation with CM and Ptf1a and Mist1 adenoviruses (referred as Ela-
purp48-Mist1 after selection), >95% cells were stronglyβgalactosidase-positive (n=6) (Fig. 4A).
In conclusion, cell–trapping results in an efficient selection of elastase-expressing cells.

Cells having activated the acinar gene expression program display a reduced proliferative
ability

To characterize the features of the acinar differentiation program in genetically selected cells,
qRT-PCR was used (Fig. 4B–C). Highest digestive enzyme mRNA levels were achieved in
Ela-purp48-Mist1. Interestingly, only CPA and ChymoB increased up to 300-fold in comparison
with spontaneously differentiated and selected cells (Ela-purC) (Fig. 4B). The ratio of CPA/
ChymoB mRNA levels was 0.43, a value similar to that in early (E12.5–E14.5) pancreatic
development (Fig. 1B). Importantly, these effects were associated with an increase in
endogenous Ptf1a and RBPL mRNAs but not of endogenous Mist1 (Fig. 4C). As expected,
high levels of ectopic Mist1 mRNA were detected (SI Fig. 10). Pdx1, a transcription factor
involved in both exocrine and endocrine differentiation was expressed - but not significantly
modulated - in these conditions (Fig. 4C), possibly reflecting the low Pdx1 levels characteristic
of acinar cells (33; 34). In addition, expression of selected genes whose products are involved
in acinar secretion was analyzed (Fig. 4C). Ela-purp48-Mist1 cells expressed mRNAs coding for
CCKA and M3 receptors as well as IP3R3, an important signaling mediator. Transcripts coding
for connexin 32, a gap junctional protein required for exocrine secretion (35), were also
detected. By contrast, endocrine marker levels were very low (Ngn3, Nkx6.1) (SI Fig. 11) or
undetectable (insulin). CK19 and CFTR (ductal) mRNA levels were not modulated (Fig. 4C).

To asses whether physiological cytodifferentiation was engaged, expression of selected
corresponding proteins was studied using immunofluorescence. Ninety-eight percent of Ela-
purp48-Mist1 cells expressed E-cadherin and β-catenin at cell-cell contact sites (results from 3
independent experiments), demonstrating their epithelial nature (Fig. 5A–B). Cytoplasmatic
Amyl and CPA were detected in most cells (67 ± 3.8%; 80 ± 1.54%, respectively) (Fig. 5C–
D), as in AR42J cells (SI Fig. 12A–B). In agreement with the RT-PCR results, nuclear Pdx1
(Fig. 5E) and RBPL (Fig. 5F) were expressed. These proteins were undetectable in
undifferentiated Ela-pur cells (Fig. 5C′-F′). Regarding the secretory signaling pathway and
machinery, CCKAR (Fig. 5I), VAMP8 - a SNARE protein associated with ZG whose function
is crucial for secretion (36) (Fig. 5G), and syntaxin 4 - a membrane protein of pancreatic acinar
cells (36) - (Fig. 5H) displayed membrane (Fig. 5H, I) or cytoplasmic patterns (Fig. 5G). By
contrast, Dolichos biflorus agglutinin (DBA) - which selectively recognizes ductal cells (37)
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- was restricted to very few cells (1.8 ± 1.82%) that were β-galactosidase- negative (Fig. 5J).
Moreover, BrdU uptake assays demonstrated that Ela-purp48-Mist1 cells exhibited reduced
proliferative ability as compared with other experimental conditions (Fig. 4D). In addition,
cyclin D1 mRNA levels were reduced in these cells (Fig. 4E). Collectively, these data
demonstrate the coordinated activation of an acinar differentiation program in Ela-
purp48-Mist1 cells.

Ela-purp48-Mist1 cells contain zymogen granules and respond to acinar secretagogues
A hallmark of acinar cells is enzyme storage in electron-dense ZG (Fig. 6A). Ela-
purp48-Mist1 cells displayed 250–600 nm ZG-like vesicles (Fig. 6B) which were very scarce in
spontaneously differentiated cells (Fig. 6C) but present in selected CM-treated cells transduced
with GFP (Ela-purGFP), suggesting that CM favors ZG formation and contributes to improved
secretion to secretagogues (see above). Gold immunoelectron microscopy demonstrated that
these vesicles contain Amyl (Fig. 6E) and (SI Fig. 13).

To further investigate their functional properties, cells were loaded with the calcium-sensitive
dye fura-2 and the intracellular Ca2+ response to 5 μM carbachol was monitored. Fig. 7A
summarizes results from 4 experiments. Ela-purp48-Mist1 cells (Fig. 7A, right) displayed a rapid
and transient increase in Ca2+ concentration, similar to that described for primary isolated
mouse acinar cells (38). In contrast, Ela-purC cells (left) showed a smaller increase in Ca2+

concentration lacking the typical transientness of the normal response. Peak increases were
statistically different for the two conditions (P<0.05) while the plateau values at the end of the
carbachol pulse were not different (P>0.05). The percentage of carbachol-responsive cells was
higher in Ela-purp48-Mist1 (35%; 97/280) than in Ela-purC (14%; 33/328). Ela-purGFP displayed
an intermediate response (not shown).

In acinar cells, intracellular free Ca2+ is considered the primary trigger for enzyme secretion.
Therefore, we analyzed the ability of cells to secrete Amyl in response to secretagogues in
vitro (Fig. 7B). Carbachol and CCK induced a significant increase in total Amyl activity (left);
this effect was more pronounced in Ela-purp48-Mist1 cells (P< 0.05 compared to Ela-purC cells),
suggesting de novo synthesis of digestive enzymes mediated by the secretagogues, a known
effect of these molecules. Both secretagogues also induced a significant increase in the
extracellular Amyl activity (middle), being more pronounced in Ela-purp48-Mist1 cells (P<
0.05). Altogether, these findings support the notion that both increased synthesis and secretion
occur in response to secretagogues.

Discussion
Previous attempts to generate acinar cells in vitro, based on the improvement of primary culture
conditions, have been unsuccessful. In all cases, acinar-ductal metaplasia/transdifferentiation
occurs in association with a rapid loss of functional properties (39–42). Here, we describe for
the first time, the development of immature acinar cells using the ES-EB model which
recapitulates many cues and signals required for the exocrine development in vivo. Our strategy
takes advantage of the genetic selection of acinar lineage committed cells using an acinar-
specific elastase promoter. The high efficiency of our strategy was confirmed by X-Gal staining
showing that nearly all cells expressed the reporter construct. Contamination by other cell types
(i.e., endocrine or ductal) was minimal (data not shown).

The ability to generate essentially pure acinar-like cells provides a powerful model to study
acinar differentiation. For instance, this system has major potential to directly assess the
functional role of candidate genes involved in exocrine development or function: cells selected
upon spontaneous differentiation indeed express Ptf1a and Mist1 though at levels that are much
lower than found in cells transduced with Ptf1a and Mist1, providing evidences that regulation
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of transcription factors levels is a key step during acinar differentiation. In this regard, we found
that endogenous Ptf1a was also up-regulated by co-expression of Ptf1a and Mist-1, suggesting
the existence of an auto-regulatory loop favouring exocrine differentiation. Indeed, such auto-
regulatory circuits have been recently described during exocrine pancreatic development.
Thus, RBPL is able to auto-regulate its expression as acinar differentiation progresses,
providing a possible mechanism to ensure the maintenance of the acinar phenotype (24).
Interestingly, such positive regulation was not observed for Mist1 as endogenous mRNA levels
were not modulated (Fig 4C), probably due to the high levels achieved after gene transduction
which were found quite similar to those observed at E16.5 and in adult pancreas (SI Fig. 14).
Further, we demonstrated that the combination of Ptf1a and Mist1 activates acinar cell gene
expression in short term experiments. In this sense, it has been described that Mist1 knock-out
mice show a reduced amount of Amyl during early stages of pancreatic development (19).

The differentiated cells produced using this strategy showed a significant up-regulation of
acinar gene expression as shown by qRT-PCR and immunocytochemistry. In particular, several
digestive enzymes were up-regulated, reflecting not only an increase in the Ptf1a/p48-mediated
PTF1 activity but also the true activation of the acinar differentiation program. This notion is
supported by the accompanying increase in RBPL, a key component of the PTF1 complex
conferring its high activation potential. Importantly, the genes coding for digestive enzymes
are not regulated as a single module, but instead display distinct regulatory patterns at different
stages of acinar cell differentiation as suggested by earlier experiments (7). In this sense, it has
been very recently reported that the ability of RBPL to regulate the expression of the zymogen
genes is not universal (24). Interestingly, it has been proposed that a cell population expressing
high levels of CPA corresponds to the main multipotent progenitor population during
pancreatic development (23). These cells, lacking expression of Amyl, are incompletely
characterized. On the basis of our results showing a strong up-regulation of CPA and ChymoB
expression, but not of Elas1 and Amyl, we suggest that ChymoB could also be used to trace
early exocrine precursors.

In addition to generating a highly enriched population of cells expressing digestive enzymes
and proteins involved in the secretory pathway, nearly 40% of the cells display functional
properties of native acinar cells. It is intriguing that this figure is similar to the proportion of
cells that could be efficiently transduced by adenoviral transgene delivery during selection.
Because Ela-purC cells which spontaneously differentiated exhibited an aberrant pattern of
Ca2+ response, similar to that described in acinar cells of Mist-1 deficient mice (38), it is
tempting to speculate that efficient expression of Mist1 renders the Ca2+ signalling machinery
more mature in elastase-producing cells, as has been proposed in vivo. Also, the percentage of
cells exhibiting zymogen granule-like vesicules was higher in Ela-purp48-Mist1 cells than in any
other experimental condition, in agreement with the fact that the number of zymogen granules
is reduced in Mist1 knock-out mice (19). Overall, we show that the directed-differentiated
cellular response to Ptf1a and Mist1 is similar of early stages of pancreatic exocrine
development, supporting the validity of our approach to develop functional genomic assays.

A major contribution of this work is that the cell population generated largely consists of cells
lacking a mixed acinar-ductal phenotype, in contrast to reports based on the culture of purified
pancreatic acinar cells in which a de-differentiation process takes place. Because we have taken
advantage of the fact that ES cells recapitulate embryonic developmental processes, we may
have been able to avoid the signals that are triggered upon mature acinar cell isolation and in
vitro culture. The signalling pathways proposed to be activated under these conditions are
mediated by Notch and EGF transduction which lead to the transdifferentiation of acinar cells
to a ductal lineage (2;3;40). We have not detected clear changes in the activation of the Notch
signalling pathway in the culture conditions tested here (not shown) and the expression of Pdx1,
which is induced during the acinar-ductal switch, was also not regulated (40). Because acinar
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cells express much higher levels of digestive enzymes in the adult than during development,
it is possible that only when committed cells terminally achieve a mature differentiation
program are the protective mechanisms to bypass the lytic potential of their products activated.
This fully differentiated state may include a higher potential of cell plasticity in vitro. An
alternate explanation is that in vivo metaplasia occurs because of expansion of duct like cells
without de/transdifferentiation of acinar cells (37).

The importance of the molecular characterization of acinar cell populations undergoing
embryonic maturation has been emphasized by several recent experimental models showing
that pancreatic ductal neoplasia can be induced by activation of oncogenes (i.e., K-ras) in all
cells of the pancreas (43;44) as well as in acinar cells (6;45;46). Immature acinar cells are more
susceptible to the transforming effects of K-ras activation than mature acinar cells in vivo
(45). Providing new insights into the identity of the immature acinar cells targeted during cancer
development (45) is an important issue to understand the nature of pancreatic cancer precursors.
Consequently, the identification of new markers distinguishing acinar cell populations during
development and in disease conditions remains an important aim. Global transcriptome
analyses of ES-derived exocrine cells should be informative and are currently underway in our
laboratories.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgements
We thank P. Navarro and Y. Tor for technical support; M. Garrido for the processing of samples for electron
microscopy; the Laboratory of Gene Therapy, Nantes for producing adenoviral vectors; X. Molero and S. Leach for
valuable discussions as well as R. Wagener and M. von Harrach, and E. Maandag for the gift of the anti-RBPL and
the pEA6 plasmid, respectively.

Grant Support: This study was supported by Spanish Ministry of Education and Science Grants (SAF2001-0432 and
GEN2001-4748-C05 to A.S.; GEN2001-4748-C01 to F.X. Real and SAF2006-4973 to M.A.V.), Instituto de Salud
Carlos III (02/3053 and PI05/2738 to A.S.; and Red HERACLES to M.A.V.), Catalan Government (SGR2005 to
M.A.V.) and by NIH Grant DK55489 to S.F.K. A.S. was supported by Instituto de Salud Carlos III, M.R., F.D. and
M. M. were recipient of a Graduate Fellowship from Ministry of Education and Science, Instituto de Salud Carlos III
and the Catalan Government, respectively.

Abbreviations
Ad
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Amyl
α-amylase

CPA
carboxypeptidase A
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cholecystokinin

ChymoB
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conditioned medium
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embryoid bodies

Ela1
elastase 1

ES
embryonic stem

M3
muscarinic 3

ZG
zymogen granules
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Figure 1.
Expression of transcripts coding for digestive enzymes during pancreatic development and in
adult pancreas assessed by qRT-PCR. (A) mRNAs from embryonic pancreatic rudiments and
adult pancreas were quantified and transcript levels are expressed relative to those in the E12.5
pancreas. (B) Ratios of mRNAs levels of ChymoB, Amyl and Ela1 relative to CPA mRNA
levels (A) during pancreatic development.
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Figure 2.
Generation of the reporter Ela-pur ES cell clones and the differentiation and selection protocol.
(A) Structure of the ela promoter- puror-IresLacZ-pgk-Hygror construct. (B) Scheme of the
protocol and experimental conditions used. Ela-pur cells were differentiated in suspension as
EB for 7 days, plated in cell culture dishes and grown for 7 days. During this period, adenoviral
infections were performed in adhered EB and cultures were supplemented with CM from the
culture of E16.5 fetal pancreatic rudiments, as indicated. For the save of simplicity, this step
is designated as “differentiation”. Cells having activated an acinar differentiation program were
selected by incubation with puromycin. Two weeks later, cells were re-infected with the same
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adenoviruses and cultured for an additional week. This second step is designated as “selection”,
although differentiation related events can take place during this phase.
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Figure 3.
Expression of digestive enzyme transcripts after the differentiation step by qRT-PCR. mRNA
transcripts were analyzed just after the first step of differentiation as described in Fig. 2B. After
EB adhesion, cells were infected - or not - with AdGFP, Adp48, AdMist1 or with a combination
of both Adp48 and AdMist1. Error bars indicate the standard deviations of two independent
experiments.
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Figure 4.
Selection of elastase producing cells. (A) Analysis of the reporter β-galactosidase activity. X
Gal staining was performed after selection of differentiated cells. For each condition,
representative staining of the selected colonies is shown. Scale bar, 100 μm. (B) Digestive
enzyme and (C) exocrine gene expression by q-PCR. Histograms show the relative expression
levels normalized to the loading control Hprt. Error bars indicate the standard deviations of
four experiments in (B) and of two-three experiments in (C); *P< 0.05; **P< 0.01, compared
to Ela-purC cells. (D) BrdU incorporation in the differentiation conditions analysed by FACS
(n= 3). *P< 0.05; **P< 0.01, compared to Ela-purC cells. (E) Cyclin D1 expression by q-PCR
analyzed as in (C).

Rovira et al. Page 16



Figure 5.
Immunofluorescence analysis of Ela-purp48-Mist1 cells. Confocal images of cells
immunostained for E-cadherin (A), β-catenin (B), Amyl (C), CPA (D), Pdx1 (E), RBPL (F),
VAMP8 (G), syntaxin 4 (H) and CCKAR (I). As negative controls, we show the staining
without primary antibodies and with anti-mouse (A′) and anti-rabbit (B′) secondary antibodies
on Ela-pur p48-Mist1 cells, whereas C′, D′, E′ and F′, show the staining with the corresponding
primaries antibodies on undifferentiated Ela-pur ES cells. Nuclei were labeled with ToPro-3
iodide (blue). The box in (J) shows a brown cell stained for DBA in a double staining with X-
Gal. Scale bars: A-I, 50 μm; J, 100 μm. Figure 12 in SI shows immunostaining of AR42J acinar
cells with the same antibodies, for comparison.
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Figure 6.
Immuno-electron analysis of Ela-pur p48-Mist1 cells. Electron micrographs illustrating electron-
dense vesicles in (A) murine pancreas (inset) and (B) Ela-purp48-Mist1 cells (arrows). (C)
Histograms of data from two experiments showing the percentage of cells displaying these
vesicles in the indicated culture conditions. Immunogold labeling with anti-Amyl antibody in
(D) murine pancreas and (E) Elas-puro p48-Mist1. Scale bars: B, 1 μm; D, 0.6 μm; E, 1.7 μm.
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Figure 7.
Carbachol-evoked Ca2+ signalling and exocytosis in Ela-pur selected cells. (A) Cytosolic
Ca2+ signals in Fura-2-loaded cells stimulated with 5 μM carbachol for 2.5 minutes. At the
indicated times, the secretagogue was superfused and removed. Ela-purC, n =33; Ela-
purp48-Mist1, n= 97. (B) Selected cells were stimulated for 30 min with the indicated
concentrations of carbachol and CCK. Amyl activity was measured in both the supernatant and
cell lysates. Total activity corresponds to the sum of secreted and intracellular Amyl activities.
Error bars indicate the standard deviation of two experiments performed in triplicate.
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