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Abstract Despite recent technical advances for studying
lineage tracing and gene functions, our knowledge of pan-
creatic duct progenitor cells and mechanisms involved in
their differentiation remains a huge void in our understand-
ing of pancreatic development. A deeper insight into ductal
differentiation is needed because ductal cells may harbor
pancreatic stem/progenitor cells that could give rise to new
islets. Also, since the most common pancreatic tumors form
structures expressing ductal cell-specific markers, studies
of ductal development may provide better markers for
pancreatic tumor classification. One major longstanding
problem in the study of pancreatic ductal differentiation
has been the lack of an effective in vitro model. We

thus wished to develop an in vitro system for the study
of pancreatic duct development. In doing so, we have
developed a specific culture condition to promote ductal
differentiation of E11.5 pancreatic rudiments. Normally,
pancreatic explants cultured in vitro develop to form
endocrine, acinar, as well as ductal cells. Here, we
report that addition of a combination of EGF, fibroblast
growth factor-10, and platelet-derived growth factor-AA
to the explant cultures promotes ductal differentiation,
while preventing endocrine and acinar differentiation.
This culture system for differentiation and enrichment
of pancreatic ductal cells may allow identification of
gene(s) involved in ductal development.
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Introduction

The pancreas is an organ of endodermal origin with two major
cell populations, endocrine and exocrine cells. The endocrine
portion consists of clusters of hormone-producing cells, the
islets of Langerhans, which are scattered within the exocrine
tissue. The highly branched exocrine compartment, which
makes up the majority of the pancreas, is composed of the
acinar exocrine secretory cells, mainly producing digestive
enzymes, and the excretory ducts, continuous with the diges-
tive tract. Lineage tracing studies have shown that all pancre-
atic epithelial cells originate from a pool of PDX1+ and
PTF1a-p48+ progenitors (Gu et al. 2002; Kawaguchi et al.
2002). These early multipotent progenitor cells also express
lineage-selective transcription factors such as SOX9 and
HNF1β (Lynn et al. 2007; Solar et al. 2009).

It has been known since the 1960s that soluble factors
originating from the mesenchyme play a functional role in
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pancreatic development (Golosow and Grobstein 1962;
Wessells and Cohen 1968). These mesenchymal signals are
especially essential for differentiation of the acinar cells
(Gittes et al. 1996). Several growth factors have been demon-
strated to be critical for growth and expansion of the develop-
ing pancreas. Fibroblast growth factor-10 (FGF10) is
expressed in the pancreatic mesenchyme as early as E9.5
and is essential for maintaining the proliferative capacity of
epithelial progenitor cells during early pancreatic organogen-
esis. In Fgf10−/− embryos, after initial evagination of the
dorsal and ventral buds, the subsequent growth, differentia-
tion, and branching morphogenesis of the pancreatic epitheli-
um are arrested, possibly due to a dramatic reduction of PDX1
production (Bhushan et al. 2001). FGFR2IIIB, a receptor for
FGF10 is expressed in undifferentiated pancreatic epithelial
cells until E13.5, while subsequently its expression becomes
restricted to the β-cells (Hart et al. 2003). Pancreas in mice
lacking FGFR2IIIB is noticeably smaller than the wild-type
littermates during embryogenesis, and pancreatic ductal
branching as well as duct cell proliferation is significantly
reduced. However, both exocrine and endocrine pancreatic
differentiation seems to occur normally (Pulkkinen et al.
2003). Furthermore, ectopic expression of FGF10 in pancre-
atic progenitor cells stimulates proliferation and blocks differ-
entiation as a result of persistent Notch signaling (Hart et al.
2003; Norgaard et al. 2003). Epidermal growth factor receptor
(EGFR) and several members of the EGFR family are
expressed in the developing pancreas (Kritzik et al. 2000;
Huotari et al. 2002). Egfr−/− mice show disturbed migration
and delayed differentiation of β-cells in the developing pan-
creas (Miettinen et al. 2000; Cras-Meneur et al. 2001). In a
previous study, we demonstrated that transforming growth
factor-alpha, a ligand for EGFR, prevented acinar develop-
ment in E10.5 pancreatic explant cultures indicating that
differentiation of acinar cells may be controlled by EGFR
signaling (Esni et al. 2004b). Platelet-derived growth factors
(PDGFs) appear to act on specific populations of progenitor
cells that generate distinct cell types in a number of develop-
mental processes (Betsholtz et al. 2001). In rats, the expres-
sion of PDGF receptors was reported in the E13 pancreas
(LeBras et al. 1998).Moreover, it has been shown that in freshly
isolated cells from the adult pancreatic ductal network, FGF10,
PDGF-AA, and epidermal growth factor (EGF) stimulate phos-
phorylation of p38 mitogen-activated protein kinase (Kayali et
al. 2005). Several studies have demonstrated that although
FGF10, FGFR2IIIB, and EGFR control branching of the exo-
crine pancreas, the effect is mainly on the proliferation of cells
rather than on differentiation (Miettinen et al. 2000; Bhushan et
al. 2001; Cras-Meneur et al. 2001; Pulkkinen et al. 2003).

A better understanding of ductal differentiation is badly
needed because ductal cells may harbor pancreatic stem/progen-
itor cells that could give rise to new islets. It is widely accepted
that under physiological conditions, β-cell regeneration in the

adult mouse pancreas typically originates from β-cell self-
duplication (Dor et al. 2004; Teta et al. 2007). However, depend-
ing on the type of injury model, it appears that new β-cells can
arise from cells residing within the ducts (Bonner-Weir et al.
2008; Inada et al. 2008; Criscimanna et al. 2011), in proximity
to the ductal network (Xu et al. 2008), or even from α-cells
(Chung et al. 2010; Thorel et al. 2010; Yang et al. 2011).

The mature pancreatic ductal compartment consists of the
main duct, interlobular ducts, intralobular ducts, and finally
the intercalated ducts, which drain the acinar cells. Little
information is available regarding the developmental timing
and programs controlling pancreatic ductal differentiation
and growth. Lineage tracing studies indicate that ductal
progenitor cells specifically express PDX1 between E9.5
and 11.5 (Gu et al. 2003). Cells expressing PDX1 before
or after these stages will differentiate either to endocrine or
acinar cells, which would suggest that selection of progen-
itor cells between endocrine/acinar and ductal lineages has
occurred by E12.5. Analysis of Hnf-6−/− pancreas has indi-
cated requirement of HNF-6 for normal development of the
inter- and intralobular segments of the pancreatic duct
(Pierreux et al. 2006). The lack of specific markers has
probably been the major obstacle to studying ductal devel-
opment in the pancreas. Cytokeratins (CK-7, 8, 9, 18, 19,
and 20) are often used as duct markers and are found as
early as E12.5 in mice (Pulkkinen et al. 2003). However,
cytokeratins along with the other available duct markers
such as mucins (Muc1 and 5), carbonic anhydrase II, cystic
fibrosis transmembrane conductance regulator, and osteo-
pontin are often co-expressed at lower level in endocrine or
acinar cells (Grapin-Botton 2005; Kilic et al. 2006; Inada et
al. 2008). Lectins such as Dolichos biflorus agglutinin
(DBA) have also been used to detect the pancreatic duct
cells (Kobayashi et al. 2002). Although, DBA binds to
differentiated duct cells in the embryonic and adult
pancreas, it also binds to undifferentiated “duct-like
structures” during pancreatic development. These duct-
like structures also harbor progenitors for pancreatic cell
types other than duct cells (Gu et al. 2002; Solar et al.
2009). Similarly, transcription factors such as Hes1,
Sox9, and Hnf1β which are expressed in duct cells
(and/or in the centroacinar cells) in the adult pancreas
are also found in the duct-like structures during pancre-
atic development (Seymour et al. 2007; Solar et al.
2009; Kopinke et al. 2011; Kopp et al. 2011; Shih et
al. 2012).

To confront the issue of the lack of an effective in vitro
model to study pancreatic ductal differentiation, we have
developed a specific culture condition to promote the dif-
ferentiation of this cell type within E11.5 pancreatic rudi-
ments. This culture system may be used in future studies to
better understand the mechanism behind pancreatic ductal
differentiation.
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Material and Methods

Mice. Mice used in these studies were maintained according
to protocols approved by the University of Pittsburgh IACUC.

In vitro explant culture. Explants obtained from E11.5
dorsal pancreatic rudiments were cultured as described pre-
viously (Esni et al. 2005). Explants were cultured in pan-
creatic culture medium (medium-199, complemented with
50 U/ml G-streptomycin, and 1.25 μg/ml Fungizone®, in
addition to different serum concentrations).

Whole-mount immunostaining. For whole-mount immunos-
tainings, tissues were fixed and stained as previously de-
scribed (Esni et al. 2001).

Immunostaining. The following antibodies were used at the
indicated dilutions for immunofluorescence analysis: goat anti-
amylase 1:500 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA); rat anti-E-cadherin 1:200 (Zymed, Carlsbad, CA); rabbit
anti-cytokeratin 1:100 (DAKO, Carpinteria, CA); Armenian
hamster anti-MUC-1 1:100 (Neomarkers, Fremont, CA); and
DBA fluorescein isothiocyanate (FITC)- or rhodamine-
conjugated 1:100 (Vector Laboratories, Burlingame, CA). The
following reagents were purchased from Jackson ImmunoRe-
search Laboratories (West Grove, PA): Cy2- and Cy3-
conjugated donkey anti-rabbit 1:300; donkey anti-rat 1:300;
and FITC anti-Armenian hamster 1:100. Images were collected
on a Zeiss Imager Z1 microscope with a Zeiss AxioCam driven
by Zeiss AxioVision Rel. 4.7 software.

Quantitative RT-PCR. Messenger RNA isolation and subse-
quent complementary DNA synthesis were performed using
μMACS® One-step cDNA Kit (Miltenyi Biotec, Auburn, CA)
according to themanufacturer’s instructions. PCR primers were
purchased from Qiagen (QuantiTect® Primer Assays, Qiagen,
Valencia, CA) and are listed in Supplementary Table 1. Reac-
tions were performed with PerfeCTa SYBR Green SuperMix
for IQ (Quanta BioSciences, Gaithersburg, MD, cat. 95053)
using an IQ5 instrument (Bio-Rad, Berkeley, CA). Reactions
were performed in triplicates. Specificity of the amplified prod-
ucts was determined by melting peak analysis. Quantification
for each gene of interest was performed with the 2–[delta][delta]Ct

method. Quantified values were normalized against the house-
keeping gene GAPDH, which proved to be stable across the
samples.

Results

Ductal culture system development. In a previous study,
Kayali et al. reported a proliferative responsiveness by adult

pancreatic ductal epithelial cells to the addition of 10 ng/ml
EGF, 50 ng/ml FGF10, and 10 ng/ml PDGF-AA (Kayali et
al. 2005). To determine whether the embryonic pancreatic
cells could show similar responsiveness, we studied the
effect of these growth factors on pancreatic ductal differen-
tiation in embryonic pancreatic organ culture. To do so,
E11.5 dorsal pancreatic buds were dissected and cultured
for 6 d with or without added exogenous EGF (10 ng/ml),
FGF10 (50 ng/ml), and/or PDGF-AA (10 ng/ml). In an effort
to find the optimal conditions for ductal differentiation, we
altered one at a time the serum concentrations in the media
(0, 1, and 10%), the specific combination of added growth
factors, the substrates on which explants were cultured
(membrane, soft agar, and plastic), and also the embryonic
tissues used (intact bud or naked epithelium) were altered
one at a time. First, we cultured the explants in pancreatic
culture medium (PCM) (see “Material and Methods” for
details) containing 1% serum supplemented with one of eight
possible different combinations of the growth factors. These
growth factor combinations were used to grow the explants
in soft agar, directly on the bottom of 24-well plates, or on
top of Millicell-CM inserts, for a total of 24 different con-
ditions. Subsequently, we cultured either intact (epithelium
with mesenchyme) or naked (epithelium without mesen-
chyme) E11.5 dorsal pancreatic buds in medium containing
1% serum, resulting in a total of 48 different conditions.
Following these experiments, we then cultured the explants
in medium supplemented with 0 or 10% serum. All together,
we thus tested 144 different conditions, and in order to check
for reproducibility, each culture condition was repeated five
times. Explants were cultured for 6 d while being mon-
itored daily and assessed for the presence of duct-like
structures (Fig. 1). After analyzing multiple conditions, it
appeared that the ideal conditions for our unique ductal
differentiation model were when intact E11.5 dorsal buds
were cultured in the presence of 10 ng/ml EGF, 50 ng/ml
FGF10, and 10 ng/ml PDGF-AA in PCM containing 1%
heat-inactivated fetal calf serum. Differentiation into duct
cells was independent of the substrate; however, for
practical reasons, it was easier to monitor and compare
the growing explants on a daily basis when explants
were cultured on plastic. The data shown here represent
the intact E11.5 dorsal bud explants cultured in medium
containing 1% serum on plastic with (EFP) or without
(control) added exogenous growth factors.

Expansion of duct-like structures at the expense of acinar
cell differentiation. Normally, pancreatic explants that are
cultured in vitro form endocrine, acinar, and ductal compo-
nents (Esni et al. 2004a, b, 2005). While it is difficult to
detect endocrine cells by light microscopy, the zymogen
granules in the acinar cells and the morphology of the ducts
and duct-like structures make these cell types fairly easy to
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discern. Interestingly, morphological differences between
explants cultured with growth factors and those cultured with-
out growth factors were apparent as early as day1 of culture
(Fig. 1). In control explants, epithelial branching proceeded
normally, and between days4 and 5, acinar cells were filled
with opaque zymogen granules (Fig. 1A). However, zymogen
granules were seldom detected in explants cultured with the
growth factors, and instead, these explants developed a mas-
sive network of tubular structures and, in some cases, cysts
(Fig. 1B). To evaluate the epithelial nature of these tubular
structures, whole-mount immunofluorescent analyses using
antibodies against the epithelial marker E-cadherin were per-
formed on day6 explants. As demonstrated in Supplementary
Fig. 1, E-cadherin expression in these tubular and cystic
structures verified their epithelial character (Fig. S1). Further-
more, these tubular structures uniformly expressed cytokeratin
(Fig. 1B). To study acinar differentiation, the explants were
stained for amylase, a marker for terminally differentiated
acinar cells. As demonstrated in Fig. 2, in the absence of
exogenous growth factors, both E-cadherin+/amylase− trunks
(arrows in Fig. 2C) and E-cadherin+/amylase+ branching tips
(arrowheads in Fig. 2C) had formed. On the other hand,
explants supplemented with growth factors consisted mainly
of E-cadherin+/amylase− epithelium, and the number of E-

cadherin+/amylase+ branching tips was greatly reduced
(Fig. 2B, D). The absence of amylase-producing cells was
accompanied with a significant reduction in Ptf1a, Mist1,
Cpa, and amylase gene expression in day6 EFP-treated
explants (Fig. 2E). Muc1 is a membrane protein expressed
in the ductal network both during development and in the
adult pancreas (Cano et al. 2004; Kopinke and Murtaugh
2010). Notably, concomitant with the absence of mature aci-
nar cells, we observed an increase in the relative number of
MUC1-positive structures compared to the overall number of
epithelial cells in EFP-treated explants (Fig. S2). These data
suggest that under culture conditions described above, the
putative pancreatic ductal differentiation is promoted at the
expense of acinar cell differentiation.

Onset of ductal differentiation. Embryonic pancreas when
cultured in vitro forms both endocrine and exocrine cells;
however, due to the stress that they are subjected to during
dissection, the explants tend to stay behind in development for
1 d when compared to developing pancreas in utero. Thus, day
2, day4, and day6 explants (dissected on E11.5 and set as day0)
should be comparable to E12.5, E14.5, and E16.5 pancreas,
respectively. MUC1 and DBA staining further confirmed the
similarities in ductal development between the control explants

Figure 1. Culture monitoring of mouse pancreatic explants. Day by
day growth of intact E11.5 dorsal pancreatic bud explants in the
absence (A) or presence (B) of EFG, FGF10, and PDGF-AA.

Morphological differences between the explants cultured with or with-
out supplemented growth factors are evident as early as on day1. The
cells within ductal network on day6 are cytokeratin-positive.
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and the corresponding embryonic stage in the developing pan-
creas (compare Figs. 3 and S2 with Fig. S3A, C).

Following optimization of the conditions for ductal differ-
entiation, the next step was to determine the time point at
which ductal differentiation was induced. To do so, the
explants were harvested at 24-h intervals during the culture
period and stained with DBA. As shown in Fig. 3, the number
of DBA-positive structures on day2 was similar in explants
cultured with (Fig. 3B) or without (Fig. 3A) the growth factors.
However, starting on day4, explants treated with EFP
(Fig. 3D) showed a significant increase in the number of
DBA-positive cells when compared to the control explants
(Fig. 3C). The difference in the number of DBA-positive
structures became even more evident on day6 (Fig. 3E, F),
when the vast majority of epithelial cells in EFP-treated
explants were also DBA-positive. These results indicate that
ductal differentiation as the result of supplemented exogenous
growth factor in this culture system is initiated around day4.

Inhibition of endocrine cell differentiation. DBA and Muc1
are both detected in mature ductal cells; however, during
pancreatic development and prior to ductal differentiation,

these markers are also detected in undifferentiated duct-like
structures (Kobayashi et al. 2002; Kopinke and Murtaugh
2010). In order to determine whether the increased number of
cells positive for DBA and MUC1 in EFP-treated explants
(Figs. 3 and S2) represented undifferentiated duct-like cells or
true differentiated duct cells, we compared the amount of
mRNA for markers known to be expressed different pancreatic
cell types in EFP-treated and control explants on days0 (E11.5
intact dorsal bud), 2, and 6 of culturing period (Figs. 2E and 4).
Explants cultured under both conditions harvested on day2
showed similar expression profile for Hes1, Pdx1, Ptf1a, and
also for genes which are expressed in acinar (Mist1, Cpa, and
amylase) or the endocrine (Ngn3, Pax6, MafA, MafB, insulin,
and glucagon) lineages. Surprisingly, on day2, the expression
of Sox9, Hnf1β, CA-II, and Ck19, which are known to be duct
cell markers, was lower in the EFP-treated explants. On
day6, both acinar- and endocrine-specific markers (except
for MafB) were expressed significantly higher in the con-
trol explants. Among duct markers, cytokeratin-19 dis-
played higher expression levels in the EFP-treated explants,
whereas Sox9, Hnf1β, and CA-II were expressed at similar
levels in both groups.

Figure 2. Inhibition of acinar
cell differentiation in growth
factor-treated explants. Phase-
contrast images of control (A)
and EFP-treated (B) explants
after 6 d in culture. Whole-
mount double immunofluores-
cent detection of E-cadherin
and amylase in control explants
(C) and explants treated with
growth factors (D) shows im-
paired acinar differentiation as
the result of added growth fac-
tors. The arrows in (C) mark an
epithelial trunk, whereas the
arrowheads highlight branch-
ing tips. qRT-PCR analyses for
acinar markers on RNA
extracted from E11.5 intact
dorsal pancreas (white bars) or
explants cultured in the pres-
ence (black bars) or without
(gray bars) growth factors and
harvested on day2 or day6.
Scale bar 20 μm.
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These data suggest that under culture conditions de-
scribed above, pancreatic ductal differentiation is promoted,
whereas endocrine cell differentiation is inhibited.

Discussion

Although many genes and pathways have been demonstrated
to play functional roles in the developing pancreas, our un-
derstanding of pancreatic ductal differentiation is still very
limited. In particular, the identification of transcriptional reg-
ulators expressed specifically in the developing or differenti-
ated pancreatic duct cells remains unclear. One major problem
in the study of pancreatic ductal differentiation has been the
lack of a good in vitro model system. In an attempt to enrich
for ductal cells, we have developed a unique in vitro system to
specifically promote ductal differentiation of E11.5 pancreatic

rudiments. To do so, numerous conditions such as combina-
tion of exogenous growth factors, serum concentrations, the
substrates on which explants were cultured, and also the
embryonic tissues used were tested. Our analyses showed that
the ideal conditions for our unique ductal differentiation mod-
el were when the intact E11.5 dorsal buds were cultured in the
presence of 10 ng/ml EGF, 50 ng/ml FGF10, and 10 ng/ml
PDGF-AA in pancreatic culture medium containing 1% heat-
inactivated fetal calf serum. The growth and morphological
changes could be then easily monitored on daily basis by
culturing the explants directly on plastic.

In our duct culture system, ductal development seems to be
mainly at the expense of acinar development, consistent with
the proposedmodel byGu et al., in which ducts and acini have
a common progenitor, but then diverge around E12.5 (Gu et
al. 2002). As mentioned earlier, day2 and day4 explants
(dissected on E11.5 and set as day0) are comparable to

Figure 3. Induced ductal
differentiation in growth factor-
treated explants. Whole-mount
double immunofluorescent
analyses of day2 (A, B), day4
(C, D), and day6 (E, F)
explants cultured in the absence
(A, C, E) or presence (B, D, F)
of added growth factors using
FITC-conjugated DBA and
antibodies against E-cadherin.
Starting on day4, explants trea-
ted with EFP (D) showed a
significant increase in the num-
ber of DBA-positive cells when
compared to the control
explants (C). Scale bar 20 μm.

RHODES ET AL.



E12.5 and E14.5 pancreas, respectively. Notably, E14 coin-
cides with the start of the secondary transition in pancreatic
organogenesis, which is the stage when insulin and amylase
begin to be detected (Pictet et al. 1972). Interestingly, although
the morphological differences between control and EFP-
treated explants could be detected as early as day1, significant
differences could not be observed in the number of cells
positive for DBA until day 4 of culture.? Recent findings
suggest that separation between the ductal and acinar lineages
occurs around E13.5 (corresponding to day3 in our culture
system) (Solar et al. 2009), and that the following expansion
of acinar cells depends on their proliferation rather than con-
tinues influx of progenitors from duct cells (Zhou et al. 2007).
Thus, one explanation for the observed delay could be that the
early morphological differences seen on day1 were due to
expansion of the pool of committed but not yet differentiated
duct cells, whereas the differences seen from day 4 onward
were due to expansion of the ductal cells. In other words, in
this culture system and prior to day4, as a result of added
growth factors, progenitor cells normally allocated to acinar
and endocrine lineages could become committed duct cell
progenitors, while around day4, the newly differentiated duct
cells would start to expand. However, this hypothesis is not
consistent with our expression analyses data, where the EFP-

treated explants harvested on day2 displayed the same expres-
sion profile for endocrine markers as the control explants. In
fact, our results indicate that in the presence of growth factors,
the early endocrine commitment occurs, but the subsequent
lineage specification is inhibited. The nearly lack of amylase-
producing cells along with significant reduction in Ptf1a,
Mist1, and Cpa expression on day6 would imply that acinar
differentiation is repressed. In the developing pancreas, these
markers are first expressed in undifferentiated epithelial cells,
but concomitant with acinar differentiation, their expression
becomes gradually restricted to the acinar cells (Kawaguchi et
al. 2002; Zhou et al. 2007). Since ductal progenitors are likely
to express Ptf1a and Cpa, our data suggest that although prior
to day4 the total number of undifferentiated cells is the same
in both conditions (based on equal Ptf1a, Mist1, and Cpa
expression), in EFP-treated explants, the balance between
committed ductal and acinar progenitors might have been
shifted towards the ductal lineage. In contrast to acinar and
endocrine markers, duct markers were either equally
expressed in both groups or was upregulated (Ck-19) in
growth factor-treated explants. As described previously, the
undifferentiated pancreatic duct-like cells express duct
markers such as Sox9, Hnf1β, CA-II, and Ck-19, but they
also express Hes1, Pdx1, and Ptf1a. The presence of the duct

Figure 4. Inhibition of endocrine cell differentiation in growth factor-
treated explants. qRT-PCR analysis on RNA extracted from E11.5
intact dorsal pancreas (white bars) or explants cultured with (black

bars) or without (gray bars) growth factors and harvested on day2 or
day6 shows that endocrine markers are dowregulated in EFP-treated
explants, while ductal markers are upregulated.
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markers along with the reduced Hes1, Pdx1, and Ptf1a ex-
pression would imply that the combined growth factor treat-
ment promotes ductal differentiation.

All together, this culture system for differentiation and
enrichment of pancreatic ductal cells may guide us towards
a better understanding of the possible mechanisms involved
in duct formation and lay the groundwork for a more rigor-
ous analysis in the future. For example, how long could
these duct cells be maintained in culture? Additionally, to
what degree do explants cultured under described conditions
mimic endogenous duct formation?

Conclusion

In summary, we have shown that the addition of EGF,
FGF10, and PDGF-AA to explant cultures of E11.5 intact
dorsal buds appears to promote ductal differentiation and
prevents endocrine as well as acinar differentiation. This
culture system for differentiation and enrichment of pancre-
atic ductal cells may allow identification of gene(s) involved
in ductal development.

Acknowledgments This work was supported by the Concern Foun-
dation (FE), The Cochrane-Weber Endowed Fund in Diabetes Re-
search (FE and AC), and the Children’s Hospital of Pittsburgh of
UPMC (FE). The authors would like to thank Dr. George Gittes and
all Gittes’ lab members for their feedbacks.

References

Betsholtz C.; Karlsson L.; Lindahl P. Developmental roles of platelet-
derived growth factors. Bioessays 23: 494–507; 2001.

Bhushan A.; Itoh N.; Kato S.; Thiery J. P.; Czernichow P.; Bellusci S.;
Scharfmann R. Fgf10 is essential for maintaining the proliferative
capacity of epithelial progenitor cells during early pancreatic
organogenesis. Development 128: 5109–5117; 2001.

Bonner-Weir S.; Inada A.; Yatoh S.; Li W. C.; Aye T.; Toschi E.;
Sharma A. Transdifferentiation of pancreatic ductal cells to endo-
crine beta-cells. Biochem. Soc. Trans. 36: 353–356; 2008.

Cano D. A.;Murcia N. S.; Pazour G. J.; HebrokM. Orpkmouse model of
polycystic kidney disease reveals essential role of primary cilia in
pancreatic tissue organization.Development 131: 3457–3467; 2004.

Chung C. H.; Hao E.; Piran R.; Keinan E.; Levine F. Pancreatic beta-
cell neogenesis by direct conversion from mature alpha-cells.
Stem. Cells. 28: 1630–1638; 2010.

Cras-Meneur C.; Elghazi L.; Czernichow P.; Scharfmann R. Epidermal
growth factor increases undifferentiated pancreatic embryonic
cells in vitro: a balance between proliferation and differentiation.
Diabetes 50: 1571–1579; 2001.

Criscimanna A.; Speicher J. A.; Houshmand G.; Shiota C.; Prasadan
K.; Ji B.; Logsdon C. D.; Gittes G. K.; Esni F. Duct cells con-
tribute to regeneration of endocrine and acinar cells following
pancreatic damage in adult mice. Gastroenterology 141: 1451–
1462; 2011. 1462 e1451-1456.

Dor Y.; Brown J.; Martinez O. I.; Melton D. A. Adult pancreatic beta-
cells are formed by self-duplication rather than stem-cell differ-
entiation. Nature 429: 41–46; 2004.

Esni F.; Ghosh B.; Biankin A. V.; Lin J. W.; Albert M. A.; Yu X.;
MacDonald R. J.; Civin C. I.; Real F. X.; Pack M. A.; Ball D. W.;
Leach S. D. Notch inhibits Ptf1 function and acinar cell differen-
tiation in developing mouse and zebrafish pancreas. Development
131: 4213–4224; 2004a.

Esni F.; Johansson B. R.; Radice G. L.; Semb H. Dorsal pancreas
agenesis in N-cadherin-deficient mice. Dev. Biol. 238: 202–212;
2001.

Esni F.; Miyamoto Y.; Leach S. D.; Ghosh B. Primary explant cultures
of adult and embryonic pancreas. Methods Mol. Med. 103: 259–
271; 2005.

Esni F.; Stoffers D. A.; Takeuchi T.; Leach S. D. Origin of exocrine
pancreatic cells from nestin-positive precursors in developing
mouse pancreas. Mech. Dev. 121: 15–25; 2004b.

Gittes G. K.; Galante P. E.; Hanahan D.; Rutter W. J.; Debase H. T.
Lineage-specific morphogenesis in the developing pancreas: role
of mesenchymal factors. Development 122: 439–447; 1996.

Golosow N.; Grobstein C. Epitheliomesenchymal interaction in pan-
creatic morphogenesis. Dev. Biol. 4: 242–255; 1962.

Grapin-Botton A. Ductal cells of the pancreas. Int. J. Biochem. Cell
Biol. 37: 504–510; 2005.

Gu G.; Brown J. R.; Melton D. A. Direct lineage tracing reveals the
ontogeny of pancreatic cell fates during mouse embryogenesis.
Mech. Dev. 120: 35–43; 2003.

Gu G.; Dubauskaite J.; Melton D. A. Direct evidence for the pancreatic
lineage: NGN3+ cells are islet progenitors and are distinct from
duct progenitors. Development 129: 2447–2457; 2002.

Hart A.; Papadopoulou S.; Edlund H. Fgf10 maintains notch activa-
tion, stimulates proliferation, and blocks differentiation of pan-
creatic epithelial cells. Dev. Dyn. 228: 185–193; 2003.

Huotari M. A.; Miettinen P. J.; Palgi J.; Koivisto T.; Ustinov J.; Harari
D.; Yarden Y.; Otonkoski T. ErbB signaling regulates lineage
determination of developing pancreatic islet cells in embryonic
organ culture. Endocrinology 143: 4437–4446; 2002.

Inada A.; Nienaber C.; Katsuta H.; Fujitani Y.; Levine J.; Morita R.;
Sharma A.; Bonner-Weir S. Carbonic anhydrase II-positive pan-
creatic cells are progenitors for both endocrine and exocrine
pancreas after birth. Proc. Natl. Acad. Sci. U. S. A. 105: 19915–
19919; 2008.

Kawaguchi Y.; Cooper B.; Gannon M.; Ray M.; MacDonald R. J.;
Wright C. V. The role of the transcriptional regulator Ptf1a in
converting intestinal to pancreatic progenitors. Nat. Genet. 32:
128–134; 2002.

Kayali A. G.; Stotland A.; Gunst K. V.; Kritzik M.; Liu G.; Dabernat S.;
ZhangY. Q.;WuW.; SarvetnickN.Growth factor-induced signaling
of the pancreatic epithelium. J. Endocrinol. 185: 45–56; 2005.

Kilic G.; Wang J.; Sosa-Pineda B. Osteopontin is a novel marker of
pancreatic ductal tissues and of undifferentiated pancreatic pre-
cursors in mice. Dev. Dyn. 235: 1659–1667; 2006.

Kobayashi H.; Spilde T. L.; Li Z.; Marosky J. K.; Bhatia A. M.;
Hembree M. J.; Prasadan K.; Preuett B. L.; Gittes G. K. Lectin
as a marker for staining and purification of embryonic pancreatic
epithelium. Biochem. Biophys. Res. Commun. 293: 691–697;
2002.

Kopinke D.; Murtaugh L. C. Exocrine-to-endocrine differentiation is
detectable only prior to birth in the uninjured mouse pancreas.
BMC Dev. Biol. 10: 38; 2010.

Kopinke D.; Brailsford M.; Shea J. E.; Leavitt R.; Scaife C. L.;
Murtaugh L. C. Lineage tracing reveals the dynamic contribution
of Hes1+ cells to the developing and adult pancreas. Development
138: 431–441; 2011.

Kopp J. L.; Dubois C. L.; Schaffer A. E.; Hao E.; Shih H. P.; Seymour
P. A.; Ma J.; Sander M. Sox9+ ductal cells are multipotent
progenitors throughout development but do not produce new
endocrine cells in the normal or injured adult pancreas. Develop-
ment 138: 653–665; 2011.

RHODES ET AL.



Kritzik M. R.; Krahl T.; Good A.; Gu D.; Lai C.; Fox H.; Sarvetnick N.
Expression of ErbB receptors during pancreatic islet development
and regrowth. J. Endocrinol. 165: 67–77; 2000.

LeBras S.; Czernichow P.; Scharfmann R. A search for tyrosine kinase
receptors expressed in the rat embryonic pancreas. Diabetologia
41: 1474–1481; 1998.

Lynn F. C.; Smith S. B.; Wilson M. E.; Yang K. Y.; Nekrep N.; GermanM.
S. Sox9 coordinates a transcriptional network in pancreatic progenitor
cells. Proc. Natl. Acad. Sci. U. S. A. 104: 10500–10505; 2007.

Miettinen P. J.; Huotari M.; Koivisto T.; Ustinov J.; Palgi J.; Rasilainen
S.; Lehtonen E.; Keski-Oja J.; Otonkoski T. Impaired migration
and delayed differentiation of pancreatic islet cells in mice lacking
EGF-receptors. Development 127: 2617–2627; 2000.

Norgaard G. A.; Jensen J. N.; Jensen J. FGF10 signaling maintains the
pancreatic progenitor cell state revealing a novel role of Notch in
organ development. Dev. Biol. 264: 323–338; 2003.

Pictet R. L.; Clark W. R.; Williams R. H.; Rutter W. J. An ultrastruc-
tural analysis of the developing embryonic pancreas. Dev. Biol.
29: 436–467; 1972.

Pierreux C. E.; Poll A. V.; Kemp C. R.; Clotman F.; Maestro M. A.;
Cordi S.; Ferrer J.; Leyns L.; Rousseau G. G.; Lemaigre F. P. The
transcription factor hepatocyte nuclear factor-6 controls the de-
velopment of pancreatic ducts in the mouse. Gastroenterology
130: 532–541; 2006.

Pulkkinen M. A.; Spencer-Dene B.; Dickson C.; Otonkoski T. The IIIb
isoform of fibroblast growth factor receptor 2 is required for
proper growth and branching of pancreatic ductal epithelium but
not for differentiation of exocrine or endocrine cells. Mech. Dev.
120: 167–175; 2003.

Seymour P. A.; Freude K. K.; Tran M. N.; Mayes E. E.; Jensen J.; Kist
R.; Scherer G.; Sander M. SOX9 is required for maintenance of

the pancreatic progenitor cell pool. Proc. Natl. Acad. Sci. U. S. A.
104: 1865–1870; 2007.

Shih H. P.; Kopp J. L.; Sandhu M.; Dubois C. L.; Seymour P. A.;
Grapin-Botton A.; Sander M. A Notch-dependent molecular cir-
cuitry initiates pancreatic endocrine and ductal cell differentiation.
Development 139: 2488–2499; 2012.

Solar M.; Cardalda C.; Houbracken I.; Martin M.; Maestro M. A.; De
Medts N.; Xu X.; Grau V.; Heimberg H.; Bouwens L.; Ferrer J.
Pancreatic exocrine duct cells give rise to insulin-producing beta
cells during embryogenesis but not after birth. Dev. Cell 17: 849–
860; 2009.

Teta M.; Rankin M. M.; Long S. Y.; Stein G. M.; Kushner J. A. Growth
and regeneration of adult beta cells does not involve specialized
progenitors. Dev. Cell 12: 817–826; 2007.

Thorel F.; Nepote V.; Avril I.; Kohno K.; Desgraz R.; Chera S.; Herrera
P. L. Conversion of adult pancreatic alpha-cells to beta-cells after
extreme beta-cell loss. Nature 464: 1149–1154; 2010.

Wessells N. K.; Cohen J. H. Effects of collagenase on developing
epithelia in vitro: lung, ureteric bud, and pancreas. Dev. Biol.
18: 294–309; 1968.

Xu X.; D’Hoker J.; Stange G.; Bonne S.; De Leu N.; Xiao X.; Van de
Casteele M.; Mellitzer G.; Ling Z.; Pipeleers D.; Bouwens L.;
Scharfmann R.; Gradwohl G.; Heimberg H. Beta cells can be
generated from endogenous progenitors in injured adult mouse
pancreas. Cell 132: 197–207; 2008.

Yang Y. P.; Thorel F.; Boyer D. F.; Herrera P. L.; Wright C. V. Context-
specific {alpha}-to-{beta}-cell reprogramming by forced Pdx1
expression. Genes Dev. 25: 1680–1685; 2011.

Zhou Q.; Law A. C.; Rajagopal J.; Anderson W. J.; Gray P. A.; Melton
D. A. A multipotent progenitor domain guides pancreatic organ-
ogenesis. Dev. Cell 13: 103–114; 2007.

INDUCTION OF MOUSE PANCREATIC DUCTAL DIFFERENTIATION


	Induction of mouse pancreatic ductal differentiation, an in vitro assay
	Abstract
	Introduction
	Material and Methods
	Results
	Discussion
	Conclusion
	References


