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The mechanisms by which the epithelium of the digestive tract and its associated glands are specified are
largely unknown. One clue is that several transcription factors are expressed in specific regions of the
endoderm prior to and during organogenesis. Pdx-1, for example, is expressed in the duodenum and pancreas
and Pdx-1 inactivation results in an arrest of pancreatic development after buds formation. Similarly, ngn3 is
transiently expressed in the developing pancreas and a knockout results in the absence of endocrine cells. This
paper focuses on the question of whether these and other transcription factors, known to be necessary for
pancreatic development, are also sufficient to drive a program of pancreatic organogenesis. Using in ovo
electroporation of chick embryos, we show that ectopic expression of Pdx-1 or ngn3 causes cells to bud out of
the epithelium like pancreatic progenitors. The Pdx-1-expressing cells extinguish markers for other
nonpancreatic regions of the endoderm and initiate, but do not complete, pancreatic cytodifferentiation.
Ectopic expression of ngn3 is sufficient to turn endodermal cells of any region into endocrine cells that form
islets expressing glucagon and somatostatin in the mesenchyme. The results suggest that simple gene
combinations could be used in stem cells to achieve specific endodermal tissue differentiation.
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Derivatives of the ectoderm, mesoderm, and endoderm
give rise to different organs along the antero-posterior
axis. It is well established that for the first two germ
layers Hox genes play a key role in specifying differen-
tiation and morphogenesis along this body axis (McGin-
nis and Krumlauf 1992; Lumsden and Krumlauf 1996). A
few upstream regulators of Hox genes and numerous
downstream targets have been identified. Comparable
information is largely absent for the endoderm layer that
forms the gut epithelium and contributes to many diges-
tive and nondigestive glands. Some transcription factors
are expressed in specific regions of the endoderm prior to
organogenesis when it is a cuboidal epithelium that pro-
gressively forms a tube. We have previously mapped on
serial sections the relative expression domains of several
transcription factors in presumptive endodermal territo-
ries of different organs (Grapin-Botton and Melton 2000).
Two questions emerge from this map: (1) How is the
expression of different genes restricted to specific endo-
dermal regions? (2) How are they involved in organogen-
esis? Here, we investigate the second question, focusing
on the region that forms the pancreas.

The pancreas forms in the region of the duodenum
immediately posterior to the stomach. After the forma-
tion of the gut tube, dorsal and ventral pancreatic buds
that will later fuse grow from the endodermal epithe-
lium that is surrounded by mesenchyme. Some cells in
the bud differentiate into exocrine cells that retain epi-
thelial characteristics and form branched ducts and
acini. Endocrine cells emigrate from the epithelium and
aggregate into islets within the mesenchyme. Several
studies point to the importance of mesenchymal signals
in pancreas ontogeny, but more is known about the tran-
scriptional regulation within endodermal cells (Edlund
1998; Fig. 1).

Many pancreatic transcription factors have been inac-
tivated by homologous recombination in the mouse, but
two genes are of particular interest because of their early
effects. The homeodomain protein b9 (Hlxb-9) is re-
quired for dorsal, but not ventral, bud initiation (Harri-
son et al.et al. 1999; Li et al. 1999). Pancreas-duodenum-
homeodomain protein (Pdx-1) is required for bud expan-
sion but the initiation of bud formation appears normal
in homozygous mutant mice for this gene (Jonsson et al.
1994; Offield et al. 1996). The molecular determinants
that define the position of buds and the localized expres-
sion of Hlxb-9 and Pdx-1 in the endoderm are currently
unknown.
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After bud formation, several transcription factors have
been shown to be required for the differentiation of spe-
cific cell types (Fig. 1). Paired homeodomain proteins
Pax4 (Sosa-Pineda et al. 1997) and Pax6 (Sander et al.
1997; St-Onge et al. 1997), LIM homeodomain protein
islet-1 (isl1) (Ahlgren et al. 1997), Nkx6.1 and Nkx2.2
(Sussel et al. 1998), Hlxb-9 (Harrison et al. 1999; Li et al.
1999) as well as the basic helix-loop-helix (bHLH) pro-
teins NeuroD (Naya et al. 1997) and neurogenin 3 (ngn3;
Gradwohl et al. 2000) are necessary for the differentia-
tion of all or a subset of the four endocrine cell types (Fig.
1). The bHLH protein PTF1-p48 is required for the dif-
ferentiation of exocrine cells (Krapp et al. 1998). Al-
though these transcription factors are required for pan-
creatic organogenesis, it is not understood how they are
turned on, whether they function in a common pathway
or whether they are sufficient for a particular aspect of
pancreatic organogenesis.

As one approach to these issues, we have ectopically
expressed pancreatic genes in other regions of the endo-
derm. We put some emphasis on Pdx-1, a gene that is
thought to be a major player of pancreas formation, be-

cause it is one of the first genes expressed in the pre-
sumptive territory of the pancreas and because of the
early effect of its inactivation. Our results show that
although Pdx-1 is able to initiate features of pancreatic
development, including patterning and morphogenetic
events in endodermal cells outside the pancreas field, it
is not sufficient to trigger complete exocrine or endo-
crine cell differentiation. Pdx-1 induces cell budding
from the epithelium, down-regulates the expression of
genes (CdxA, cdxC, Sox2, Hex, and Shh) that are char-
acteristic of adjacent regions of the endoderm and acti-
vates the �-cell marker Hlxb-9. Other pathways of gene
activation or inactivation are evidently required to drive
complete pancreatic cell differentiation.

Two recent studies have identified ngn3 as a potential
initiator of endocrine differentiation. ngn3 is transiently
expressed in a subset of pancreatic cells, and its inacti-
vation prevents differentiation of all endocrine cells in
the pancreas (Gradwohl et al. 2000). In addition, consti-
tutive activation throughout the pancreas anlage results
in an increase and precocious differentiation of glucagon-
producing � cells (Apelqvist et al. 1999; Schwitzgebel et
al. 2000). The activation of upstream activators of ngn3
results in the same effect (Apelqvist et al. 1999) as well
as the inactivation of negative regulators (Jensen et al.
2000). Therefore, we ectopically expressed ngn3 and
found that it is sufficient to turn epithelial cells from all
levels along the antero-posterior axis of the gut into glu-
cagon- and somatostatin-producing cells. Moreover,
ngn3-expressing cells leave the epithelial layer and form
islets within the mesenchyme.

Results

Pdx-1 elicits cell budding from the gut epithelium

To test whether Pdx-1 is sufficient for the initiation of
pancreatic development, we misexpressed this gene in a
domain that is wider than its normal expression domain
by use of in ovo electroporation (Fig. 2). Embryos were
electroporated at stage 13–15 of Hamburger and Hamil-
ton (HH; Hamburger and Hamilton 1951), which is
shortly after the onset of Pdx-1 endogenous expression.
Embryos were analyzed 48 h later, when the dorsal and
ventral pancreatic buds are first visible, or 72 h later
when the pancreas has begun to show a branched epithe-
lium. The in ovo electroporation procedure we used tar-
gets only the endoderm; mesodermal cells never express
transgenes in these conditions (Fig. 3A,B).

Cells overexpressing Pdx-1 lose the elongated shape
characteristic of columnar epithelia within 48 h after
electroporation. After 72 h, about 70% of the cells ex-
pressing high levels of Pdx-1 migrate out of the gut epi-
thelium into the mesenchyme, and occasionally into the
lumen (Fig. 3D,E). Electroporated cells that express
lower levels of Pdx-1, as assessed by in situ hybridiza-
tion, remain in the epithelium. The budding is observed
everywhere in the targeted region, from the esophagus to
the yolk stalk. Clumps of electroporated cells resemble
pancreatic buds, remaining associated together and,

Figure 1. Genes involved in pancreas organogenesis. Expres-
sion domains of Hlxb-9, Pdx-1, Shh and MNR2 in the duodeno-
pancreatic region of the E4 chick embryo are color encoded (Kim
et al. 1997b; A. Grapin-Botton, unpubl.). Expression domains of
the three first genes are similar in the mouse at E10.5 (Echelard
et al. 1993; Jonsson et al. 1994; Offield et al. 1996; Apelqvist et
al. 1997; Harrison et al. 1999; Li et al. 1999). An MNR2 homolog
has not yet been identified in the mouse. A flow chart shows
transcription factor involvement in the differentiation of pan-
creatic cell types as interpreted from expression and inactiva-
tion data in the mouse (Ahlgren et al., 1997; Naya et al. 1997;
Sander et al. 1997; Sosa-Pineda et al. 1997; St-Onge et al. 1997;
Sussel et al. 1998; Gradwohl et al. 2000; Krapp et al. 1998).
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most of the time, connected to the epithelium (Fig. 3E).
Individual cells also migrate and are sometimes found as
far as 20 mesenchymal-cell-diameters away from the epi-
thelium. The ability to change shape and emigrate from
the epithelium is not observed when a plasmid encoding
a mutated form of Pdx-1, unable to bind DNA, is elec-
troporated instead (Fig. 3C) or when a plasmid expressing

a closely related homeobox gene (CdxA) is electropor-
ated (Fig. 3F).

A pancreas does not bud when Hlxb-9 is inactivated,
so we tested whether this gene is capable of eliciting bud
formation. Unlike Pdx-1-positive cells, Hlxb-9 overex-
pressing cells do not delaminate and migrate into the
mesenchyme (Fig. 3G). Occasionally, some Hlxb-9-ex-

Figure 3. Pdx-1 induces bud formation. Endoderm cells electroporated with a LacZ-expressing construct always reside in the endo-
dermally derived epithelial layer of the gut as shown in a transverse section at the level of the esophagus in (A). LacZ-positive cells
are never observed in the mesodermally derived mesenchyme. (B) Electroporated cells are spread out from the level of the stomach
down to at least the yolk stalk in the small intestine. When cells are electroporated with the LacZ-expressing construct together with
a Pdx-1-expressing vector, cells bud out of the epithelial layer 72 h after electroporation as shown in E and D. Endoderm cells
electroporated with a mutated form of Pdx-1 that cannot bind DNA (Pdx-1*) remain in the epithelium and keep a columnar shape, as
shown in C after in situ hybridization for Pdx-1. When cells are electroporated with the LacZ-expressing construct together with a
plasmid expressing CdxA (F) or a Hlxb-9 (G), they stay in the epithelial layer 72 h after electroporation. Bars, 50 µm.

Figure 2. In ovo electroporation of the chick endo-
derm. Electroporation is carried out in two steps
schematized here in sagittal sections of the egg (left)
and transverse sections of the embryo (right). The
position of the transverse section is shown with a
red doubleheaded arrow on the egg. The DNA solu-
tion is shown in blue. Electroporated genes are
boxed.
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pressing cells are observed in clumps in the lumen of the
gut.

Ectopic Pdx-1 expression turns off markers of
the posterior small intestine, stomach, and liver

In addition to the morphological changes induced by ec-
topic Pdx-1 expression, we tested for effects on molecu-
lar markers of regional patterning within the endoderm.
As shown in Figure 4, several transcription factors are
expressed in specific regions of the endoderm prior to
organogenesis, from the beginning of somitogenesis.
These expression domains, existing endoderm fate maps,
and the later organ-specific expression lead to the sug-
gestion that these genes mark prospective organ territo-
ries. The antral stomach and regions more anterior all
express Sox2. The duodenum, posterior stomach, and
pancreatic region express Pdx-1; the small and large in-
testine posterior to the duodenum express CdxA; the
duodenum, pancreas, and small intestine express CdxC;
and the liver, bile duct, and thyroid gland express Hex.

The boundaries between expression domains are graded
rather than sharp. The Pdx-1 expression domain is lim-
ited anteriorly by Sox2 and posteriorly by CdxA expres-
sion domains and stops at the beginning of the bile duct
where Hex begins expression. CdxC is expressed at low
levels in the same domain as Pdx-1 and at higher levels
more posteriorly. MNR2 is specifically and ubiquitously
expressed in the pancreatic buds within the endoderm.

The expression of these markers was analyzed 48 h
after electroporation of Pdx-1, before the cells migrate
from the epithelium. Pdx-1 ectopic expression in the
esophagus and anterior stomach leads to Sox2 down-
regulation (Fig. 4). Pdx-1 expression in the small intes-
tine between the duodenum and yolk stalk turns CdxA
off (Fig. 4), down-regulates CdxC, and turns off Hex in
the bile duct (Fig. 4). Ectopic Pdx-1-expressing cells thus
lose their original molecular identity. This finding is
consistent with the fact that Pdx-1 is never colocalized
in normal embryos with these other regional markers
(except for low levels of CdxC). However, the effect is
not reciprocal: neither CdxA nor CdxC down-regulates

Figure 4. Pdx-1 turns off the expression of markers of regions adjacent to the duodenum. Double in situ hybridization with Pdx-1 in
orange (A,B,D,E) and Sox2 in the stomach (A), Hex in the bile duct (B), CdxC (D) and CdxA in the jejunum (E) in blue shows that
expression of the latter is either turned off (A,B,E) or down-regulated (D) by ectopically expressed Pdx-1. (C) Sites of normal genes
expression. In B, Pdx-1 expression was monitored on adjacent sections (not shown) and occurred where indicated (arrow) in a group
of cells leaving the bile duct epithelium. The locations of sections A, B, D, and E are shown in C. Bars, 50 µm (B), 100 µm (A), 200 µm
(D,E).
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Pdx-1 when ectopically expressed in the duodenum (data
not shown).

In addition to these transcription factors, the signaling
molecule Sonic Hedgehog (Shh) is expressed in most of
the gut epithelium posterior to the esophagus with the
exception of the pancreas, liver, and bile duct. Corre-
spondingly, ectopic Pdx-1 expression leads to Shh down-
regulation (Fig. 5). Ectopic expression of MNR2, a pan-
creas bud marker, or Hlxb-9, a dorsal gut tube and pan-
creatic bud marker, also turns off Shh (Fig. 5). MNR-2
and, to a lesser extent, Hlxb-9 up-regulate each other,
but neither is able to induce Pdx-1 (data not shown).
None of the transcriptional effects (down-regulations)
described above is mimicked by a mutated form of Pdx-1,
engineered to be incapable of binding DNA (data not
shown). Additional evidence for specificity is provided
by use of the homeobox gene CdxA, which is closely
related to Pdx-1. Unlike Pdx-1, CdxA does not down-
regulate CdxC or Sox2 (data not shown). Taken together,

the loss of marker expression following Pdx-1 electro-
poration suggests that these cells acquire a pancreatic
bud identity. Therefore, we tested whether Pdx-1-ex-
pressing cells acquire the ability to complete a pancre-
atic program of cytodifferentiation.

Pdx-1 is sufficient for initiating, but not completing,
endocrine cell differentiation

Cells of the pancreatic buds differentiate into four endo-
crine cell types, ductal cells, and exocrine cells. RNA
transcripts for the two major endocrine hormones, glu-
cagon and insulin, are first detected at stage HH15 and
HH16 respectively (Kim et al. 1997). Glucagon protein is
first detected at stage HH16–HH17 (Beaupain and Diet-
erlen-Lièvre 1974; Sumiya and Mizuno 1987) and insulin
protein at stage HH19. The exocrine marker carboxypep-
tidase A is detected later, at stage HH19 (E3.5) by PCR
and immunocytochemistry. Pdx-1-overexpressing cells
never fully differentiate into endocrine or exocrine cells
as evidenced by their inability to express insulin, gluca-
gon, or carboxypeptidase A at 48, 72 or 96 h after elec-
troporation. These time points represent days after the
normal expression of the markers. Moreover, the Pdx-1-
expressing cells do not turn on other earlier markers of
endocrine differentiation such as Pax6, isl1, or Nkx2.2
(Fig. 1; data not shown).

However, these cells do progress to the point of turn-
ing on Hlxb-9. Hlxb-9 is a marker expressed in the dorsal
gut tube, a subset of cells of the early pancreatic bud and
is later restricted to the �-cell lineage. About half of the
cells expressing Pdx-1 also express Hlxb-9 at 24 and 48 h
post electroporation (Fig. 6). The absence of Hlxb-9, 72 h
after electroporation (data not shown) suggests that ei-
ther the differentiation program aborts or that the cells
expressing Hlxb-9 die. Interestingly, MNR2, a homeobox
gene that is very similar to Hlxb-9 (Tanabe et al. 1998)
and that is homogeneously expressed in pancreatic buds
(data not shown), is not induced by Pdx-1 (Fig. 6). As a
control, Hlxb-9 is not induced in cells expressing the
mutated form of Pdx-1, whose product is unable to bind
DNA (data not shown). Taken together these data sug-
gest that the Pdx-1-expressing cells initiate a program of
pancreatic development but do not proceed to a final
stage of cytodifferentiation.

We hypothesized that additional transcription factors,
perhaps those activated by signaling molecules only pre-
sent in the pancreas region, are missing and, therefore,
the electroporated cells cannot fully differentiate. Thus,
we expressed three other transcription factors, each re-
quired for differentiation of endocrine lineages, along
with Pdx-1: Pax6, Isl1, and ngn3 (Fig. 1). Neither Pax6
plus Pdx-1 nor Isl1 plus Pdx-1 elicited insulin or gluca-
gon expression (data not shown). Co-expression of Pdx-1
and ngn3 did produce further differentiation.

ngn3 induces glucagon/somatostin islet formation

Electroporation of plasmids encoding both Pdx-1 and
ngn3 or ngn3 alone drives cells to all differentiate into

Figure 5. Pdx-1, Hlxb-9, and MNR2 turn off Shh expression.
(A) Shh is normally expressed in the gut tube epithelium but not
in the pancreas, liver, and bile duct. (B) Double in situ hybrid-
ization for misexpressed Pdx-1 (orange) and Shh (blue) shows
that Pdx-1-expressing cells in the intestine cease expressing
Shh. (C) Double in situ hybridization for misexpressed Hlxb-9
(orange) and Shh (blue) shows that Hlxb-9-expressing cells in
the intestine cease expressing Shh. (D) Double in situ hybrid-
ization for misexpressed MNR2 (orange) and Shh (blue) shows
that MNR2-expressing cells in the intestine cease expressing
Shh. Bars, 100 µm.
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endocrine cells, 48 h after electroporation. This occurs in
all targeted regions, from the esophagus to the yolk stalk,
including the pancreas. Glucagon is found in a majority
of cases whereas somatostatin expression is less preva-
lent (in about 10% of the cells; Fig. 7). Neither insulin
nor pancreatic peptide production is observed, 48 or 72 h
after electroporation (Fig. 7) a time when insulin is nor-
mally expressed in the pancreas (Kim et al. 1997). Forty-
eight hours after electroporation, 90% of ngn3-misex-
pressing cells are found in the mesenchyme, outside the
epithelium in groups of 10 to 100 cells. In these aggre-
gates, glucagon and somatostatin are expressed in differ-
ent cells with a reproducible arrangement: glucagon cells
in the middle and somatostatin cells at the periphery
(Fig. 7G–J). Groups of cells are sometimes observed in
the lumen of the gut tube. The fact that cells receiving
ngn3 bud out one day earlier than Pdx-1 misexpressing
cells suggests that the two genes have different effects.

Additional endocrine cell markers, Pax6, isl1, Neu-
roD, and Nkx2.2 (Fig. 1), are ectopically induced by ngn3
(data not shown) providing further evidence for a differ-
ence between Pdx-1 and ngn3 ectopic expression. Pdx-1
is not induced by ngn3 (data not shown). Hlxb-9, a
marker for � cells of the pancreas and a few dorsal cells
of the gut tube, is found in a subset of ngn3-overexpress-
ing cells outside its normal expression domain (data not
shown).

ngn3 is required for differentiation of all pancreatic
endocrine lineages in mice (Gradwohl et al. 2000) but
when expressed alone, before the formation of the bud,
under the control of the Pdx-1 promoter, it does not in-
duce insulin-cell differentiation (Apelqvist et al. 1999;
Schwitzgebel et al. 2000 ). During normal development,
glucagon cells appear before insulin cells and ngn3 is
expressed throughout this period of pancreatic develop-
ment. To test whether ngn3 produces glucagon cells, and
not insulin cells, because of the time at which the gene
is expressed, the electroporations were also performed at

a stage (HH18) after insulin producing cells have begun
to appear. However, as with electroporations at stages
HH13 and HH15, this later time point produces gluca-
gon, but not insulin, cells in the small intestine.

All endocrine cell types are thought to derive from
common precursors that subsequently commit to spe-
cific lineages (Alpert et al. 1988). On the basis of targeted
mutations in mice, Pax4 has been proposed to control
the commitment from � cells (glucagon) to � cells (insu-
lin; Sosa-Pineda et al. 1997). When tested by electropora-
tion, Pax4 and ngn3 trigger only glucagon and not insulin
expression (data not shown).

Discussion

In the emerging era of large-scale analysis of gene func-
tion, three questions relevant to organogenesis are essen-
tial: (1) What is the panel of genes expressed in the or-
gan?; (2) For what steps of organ formation are they re-
quired?; (3) How are they connected one another? As far
as the pancreas is concerned, the expression of a wealth
of transcription factors has already been demonstrated.
In addition, many of them have been knocked out by
homologous recombination which allows for a classifi-
cation into genes that are important for either the bud-
ding of the gland or differentiation of endocrine or exo-
crine cells. We have adapted a quick method to deter-
mine whether these genes are sufficient for certain
aspects of organogenesis.

Pdx-1 is sufficient to induce bud formation

The Pdx-1 gene is expressed in the duodenum and pan-
creas bud and in their prospective endodermal regions
(Jonsson et al. 1994; Offield et al. 1996). Pdx-1 is re-
stricted to � cells that produce insulin. When Pdx-1 is
inactivated, the pancreas bud is initiated and a few glu-

Figure 6. Pdx-1 initiates pancreatic differentiation in
gut epithelium. (A) The expression of the transcrip-
tion factor Hlxb-9, normally restricted to the most
dorsal part of the gut epithelium, underneath the
notochord, is induced by Pdx-1, as evidenced by in
situ hybridization on a transverse section of the in-
testine at the level of the yolk stalk. Its endogenous
expression domains in the notochord and motoneu-
rons are shown in the upper part of the photograph.
(B) The related transcription factor MNR2 is not evi-
denced in the gut on an adjacent section. (Top)
MNR2 expression in motoneurons. Bar, 100 µm.
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cagon cells differentiate, but the expansion of the bud is
limited and it does not branch properly. In addition, the
ability of Pdx-1 to bind the insulin and Glut2 promoters
and transactivate these genes suggests that it is required
for the function of � cells. Accordingly, a conditional
knockout that allows pancreas formation, but affects
late Pdx-1 expression in � cells (Ahlgren et al. 1998) re-
sults in defective insulin secretion and a diabetic condi-
tion. All together, these data are consistent with the idea
that Pdx-1 is a selector gene for the pancreatic domain.

The results reported here suggest that Pdx-1 plays an

important role in pancreatic bud formation by allowing
cells to invade the mesenchyme. We show that Pdx-1
induces cell budding from the epithelium, a result which
appears contradictory to the observation that pancreatic
buds form when Pdx-1 is inactivated. Pancreas bud for-
mation is likely to involve numerous steps, including
asymmetric cell divisions, invasion of the mesenchyme,
digestion of the extracellular matrix and reinforcement
of cell–cell adhesions to form an epithelium and islet.
The process of cell migration that we observe does not
completely mimic what happens during bud formation.
Indeed, individual cells ectopically expressing Pdx-1 can
migrate out of the epithelium whereas during pancreas
organogenesis, cells of the bud remain connected to one
another and to the gut tube. This difference may be due
to the mosaic expression of Pdx-1 by electroporation
where single isolated cells can express Pdx-1 without
having similar neighbors with which to interact.

In vivo, although Pdx-1 is normally expressed in the
duodenum, duodenal cells never form buds. Pdx-1 ex-
pression levels are always higher in the pancreatic bud,
and we have observed that only cells that express high
levels of Pdx-1 emigrate from the epithelium in our mis-
expression experiments.

Pdx-1 maintains the boundaries of the duodeno-
pancreatic domain

The ability of Pdx-1 to turn off the expression of tran-
scription factors of adjacent regions may reveal a role in
maintaining boundaries between the duodenum and
neighboring regions of the jejunum, stomach and bile
duct. The expression of markers of these regions, Sox2,
CdxA, CdxC, and Hex may be prevented in the cells of
the duodenum and pancreas by Pdx-1 expression. CdxA
and CdxC do not reciprocally turn off Pdx-1 expression.

Pdx-1, MNR2, and Hlxb-9 cooperate to prevent Shh
expression in the pancreas

In normal development, it is important to ensure that
Shh is not expressed in the pancreas as Shh converts
pancreatic mesenchyme into intestinal mesenchyme
and impairs islet formation and branching (Apelqvist et
al. 1997). Here, we show that Pdx-1 is sufficient to turn
off Shh expression. Shh and Pdx-1 may down-regulate
each other’s expression, forming a regulatory loop. In-
deed the ability of activin-�B to induce Pdx-1 in isolated
pancreatic endoderm is prevented by addition of bioac-
tive Shh peptide (Hebrok et al. 1998).

In our misexpression studies, Pdx-1, MNR2, and
Hlxb-9 share the ability to turn off Shh expression. We
propose that, in vivo, these three genes, and possibly
others, have additive actions on the Shh promoter and
act to turn off its transcription. Indeed, Pdx-1, MNR2,
and Hlxb-9 do not belong to the same pathway leading to
Shh down-regulation. Although MNR2 up-regulates
Hlxb-9, neither of them induces Pdx-1. Pdx-1 induces
Hlxb-9 in a subset of cells, has no effect on MNR2, but

Figure 7. ngn3 induces glucagon- and somatostatin-islet for-
mation from the esophagus to the yolk stalk. (A) Glucagon
(brown) and insulin (yellow) are synthesized in cells of the E4
pancreatic buds but not in other cells of the gut epithelium at
that stage. (B) Cells overexpressing ngn3 from the stomach to
the yolk stalk start expressing glucagon, as shown in brown by
immunohistochemistry in the stomach (C) and yolk stalk (F).
(D) A section adjacent to C shows that insulin is not present in
these cells. (E) A section adjacent to F shows the location of
ngn3-positive cells, labeled in blue after in situ hybridization.
Most glucagon-positive cells emigrate from the epithelium after
48 h and aggregate into islets (B,C,F) of about 10–100 cells.
Glucagon immunostaining alone (green; G,I) or overlayed with
somatostatin immunostaining (red; H,J) of typical islets close to
the epithelium in the region of the jejunum. Somatostatin-posi-
tive cells are distinct from glucagon-positive cells and are lo-
cated at the periphery of the islet. Bars, 50 µm.
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does turn off Shh expression in all cells misexpressing
Pdx-1.

In normal development, neither Hlxb-9 nor Pdx-1 is
sufficient to repress Shh. Indeed, Shh and Pdx-1 are co-
expressed in the duodenum. Similarly, Shh and Hlxb-9
are expressed together in the dorsal part of the gut tube.
In addition, when Hlxb-9 is inactivated alone, Pdx-1 ex-
pression is absent from the dorsal bud but Shh is still
repressed in the presumptive territory of the pancreas
(Apelqvist et al. 1997). The pancreas is the only domain
were these three genes are expressed together. In our
experiments, genes are expressed at a very high level
compared with their endogenous level of expression, and
this high level of expression may short-cut the require-
ment for additive negative regulators.

Pdx-1 is not sufficient to elicit endocrine or exocrine
cell formation in the gut epithelium

Our study shows that Pdx-1 does not trigger complete
cell differentiation from embryonic endoderm cells. This
observation contrasts with the recent observations of
Ferber et al. (2000). These authors show that misexpres-
sion of Pdx-1 in the liver, by the means of an adenoviral
vector, can lead to insulin-producing cell differentiation
from liver tissue. Hence, even in the adult, endoderm
can be transformed by the sole action of Pdx-1 into in-
sulin cells. Although these authors observe that 30%–
60% of hepatocytes express Pdx-1, only 0.1%–1% ex-
hibit insulin expression. This observation suggests that
either a secondary event, not necessarily a consequence
of Pdx-1 expression, is required or that only a subpopu-
lation of liver cells is responsive, possibly stem cells. In
our experiments, we could have missed insulin staining
as the frequency of the event is as low as 1 cell out of 600
in the studies by Ferber et al. (2000). Alternatively, liver
cells, but not gut lining cells, could fully differentiate
into � cells under the influence of Pdx-1. In our chick
experiments, the liver does not have many electropor-
ated cells (<50).

Understanding the regulatory networks of transcrip-
tion factors that lead to differentiation of specific cell
types in the pancreas is a tall order. At a minimum, our
results argue against Pdx-1 as a master gene for pancreas
organogenesis. Similarly, Pax6 and Isl1, alone or in com-
bination with Pdx-1, are unable to drive complete differ-
entiation of endocrine cells.

ngn3 is sufficient to elicit endocrine cell formation in
the gut epithelium

The fact that ngn3 induces glucagon is not surprising.
Indeed, Apelqvist et al. (1999) and Schwitzgebel et al.
(2000) show that overexpression of ngn3 (or a dominant
negative form of Notch3) in the pancreas causes both
increased and precocious differentiation of pancreatic
glucagon-expressing cells. Similarly, pancreatic cells in
which Hes-1, a hairy gene activated by the Notch path-
way, is inactivated, precociously differentiate into glu-

cagon-cells (Jensen et al. 2000). The novelty of our re-
sults is that glucagon cells are induced outside of the
pancreas region by ngn3 and not only where Pdx-1 is
coexpressed as suggested by Schwitzgebel et al. (2000).
ngn3 does not induce Pdx-1 outside of the pancreatic
field. This result points to the idea that ngn3 does not
require the cooperation of all other pancreas-specific pat-
terning genes to elicit glucagon-producing cell differen-
tiation in the endoderm. Our results also show that ngn3
is also able to induce the differentiation of another en-
docrine cell type, � cells expressing somatostatin. Nei-
ther � cells expressing insulin nor PP cells expressing
pancreatic polypeptide were induced by ngn3.

The composition of chicken islets is different from
that of mice or humans. Instead of 90% � cells, chick
islets have a majority of � cells. This situation is un-
likely to account for the lack of insulin differentiation in
our experiment as somatostatin-producing cells that are
less numerous than insulin-producing cells in islets are
observed. Moreover, the absence of insulin induction by
ngn3 is also observed in the mouse (Apelqvist et al. 1999;
Schwitzgebel et al. 2000).

ngn3 misexpression in the gut tube may trigger ectopic
differentiation of pancreatic endocrine cells or preco-
cious differentiation of gut endocrine cell types. ngn3 is
expressed at later stages in endoderm regions other than
the pancreas, and its inactivation leads to the absence of
both pancreatic and enteroendocrine cell differentiation
(Gradwohl et al. 2000; G. Gradwohl, pers. comm.). Other
genes in the pathway (e.g., hes, NeuroD) are required for
endocrine cell differentiation in both the pancreas and
gut (Naya et al. 1997; Jensen et al. 2000). However, our
experiments demonstrate the ability of ngn3 to trigger
cell migration from the gut epithelium, a unique prop-
erty of endocrine cells of the pancreas. The involvement
of bHLH genes in cell delamination from epithelia is not
without precedent. ngn2 inactivation prevents the cells
of epithelial placodes of the head from delaminating and
later on aggregate into sensory ganglia (Fode et al. 1998).
In Drosophila, sense organs precursors delaminate
shortly after Achaete/Scute gene expression. The Notch/
delta pathway acting upstream of ngns also plays a role
in cell migration. Hartenstein et al. (1992) showed that,
in the fly, Notch activity is involved in the maintenance
of epithelial structures.

ngn3 not only has a general proendocrine function but
also plays a role in the specification of pancreatic endo-
crine cells. This observation is consistent with observa-
tions made in the fly that proneural genes can act as
neuronal selector genes. Indeed, achaete/scute genes,
proneural genes homologous to the vertebrate MASH
family, induce external sense organs in the ectoderm
whereas atonal, a proneural gene homologous to verte-
brate neurogenins, preferentially induces chordotonal or-
gans (Jarman et al. 1993). atonal can repress external
sense organ differentiation by repressing the activation
of cut (Jarman and Ahmed 1998). In the mouse, specific
bHLH genes direct cells to specific neuronal differentia-
tion pathways (Fode et al. 2000). On the other hand, the
same gene induces different cell types depending on
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where it is expressed. For instance, atonal can elicit pho-
toreceptor, chordotonal neuron, or olfactory neuron dif-
ferentiation depending on the imaginal disc it is ex-
pressed in (Goulding et al. 2000). In vertebrates, Mash1
elicits GABA-neuron differentiation in the telencepha-
lon (Fode et al. 2000) and noradrenergic differentiation in
the hindbrain (Hirsch et al. 1998). Similarly, in our case,
two questions concerning endocrine subtype selection
arise: (1) Why do certain cells become somatostatin posi-
tive and others glucagon positive? (2) Why are � cells
never induced by ngn3 even though this gene is required
for their differentiation?

ngn3 is normally expressed transiently in individual
cells of the pancreas and gut epithelium, but its overall
expression is maintained over a long time frame. The
gene is turned off when cells complete their differentia-
tion. However, our experiments show that differentia-
tion into � cells can proceed in the presence of ngn3.
ngn3 may induce glucagon- and somatostatin-producing
cell differentiation by default and additional modifiers of
endocrine identity may be activated independently to
generate other endocrine cell types. It is unlikely that we
are missing a factor that is specific to the pancreas region
as, even in the pancreas, electroporated ngn3-positive
cells do not differentiate into � cells. We show that the
most likely candidate, Pax4 (Sosa-Pineda et al. 1997), is
not sufficient to elicit the transformation into � cells.

The pancreas is an important organ because it is the
target of two diseases, diabetes and pancreatic cancer.
Although the function of the pancreas in controlling glu-
cose homeostasis is compensated by insulin injection in
diabetic patients, the physiological effects are inexact
and too variable. Among approaches that are currently
being explored to find a cure for diabetes are the isolation
and propagation of embryonic or adult stem cells that
can be engineered to produce endocrine hormones and
then transplanted to patients. Our approach shows that
simple gene combinations may be sufficient to generate
pancreatic cell types from embryonic endoderm cells.
One can envisage introducing these genes in stem cells.

Material and methods

In ovo electroporation

Electroporation constructs: pMiwZ (Muramatsu et al. 1996; a
gift from T. Muramatsu) contains an RSV promoter driving
LacZ expression (Suemori et al. 1990). All other genes are ex-
pressed under the control of the CMV LTR and �-actin promoter
of the pCAGGS vector (Niwa et al. 1991; gifts from H. Ogino
and J.Miyazaki) or of a modified pCAGGS vector (pCIG, a gift
from Sean Megason) in which an internal ribosome entry site
(IRES), a nuclear localization signal, and eGFP are expressed
downstream of the gene of interest. Full-length chicken Pdx-1
(Kim et al. 1997b) was expressed either in pCAGGS or pCIG
with similar results. Recombinant PCR was used to engineer a
construct coding for a mutated Pdx-1 protein unable to bind
DNA by changing the leucine between helices 2 and 3 of the
homeodomain into a proline. In parallel first rounds, primer 1
(TTGATATCGAATTCGCGG) plus primer 2 (CTCTCGGTC
GGGTTTAACATG) and primer 3 (CATGTTAAACCCGACC
GAGAG) plus primer 4 (GGAGGCCGCGGTCACGGC) were

used, followed by the amplification of mixed purified products
by primers 1 and 4. A cDNA containing the mutated coding
sequence was cloned into pCAGGS. Mouse Pax6 and Pax4 cod-
ing sequences (Genbank accession no. NM013627) were PCR
amplified and cloned into pCAGGS (gifts from Cheng Lai).
Mouse isl1 coding sequence (Genbank accession no. AJ132765)
was PCR amplified and cloned into pCAGGS. IRES and Pdx-1
coding sequence in frame were cloned downstream of isl1 in
coexpression studies. CdxA and CdxC (Frumkin et al. 1993;
Marom et al. 1997; gifts from Abraham Fainsod) were cloned
into pCAGGS. Chicken Hlxb-9 and MNR2 (Tanabe et al. 1998;
a gift from Tom Jessel) were cloned into pCIG. Mouse ngn3
coding sequence (Genbank accession no. U76208) was PCR am-
plified and cloned into pCAGGS. Protein synthesis was checked
by immunostaining for Pdx-1, Hlxb-9, MNR2 and isl-1. For
other constructs, we checked for RNA transcripts.

Fertilized White Leghorn chicken eggs (SPAFAS, Preston, CT)
were incubated at 38°C in a humidified atmosphere. Electro-
poration was performed on embryos between the 18- and 25-
somite stage (18–25 ss; i.e., stage 13–15 HH), corresponding to
about 54 h of incubation at 38°C. The technique was adapted
from neural tube electroporations described by Muramatsu et
al. (1996). A hole was made in the shell on the side of the air
chamber and a window was then cut on top of the egg. A solu-
tion of 2µg/µL DNA in 1x× BS, 1 mM MgCl2, 3 mg/mL carboxy-
methylcellulose, and 50µg/mL Nile Blue Sulfate, was injected
in the blastocoel (Fig. 2). A few drops of 1× PBS were added to
the top of the embryo to establish an even electrical current. A
negative electrode was inserted below the embryo parallel to its
anterior–posterior axis, and a positive electrode was held by a
micromanipulator parallel to and above the embryo but touch-
ing the PBS (Fig. 2). Three square pulses of 17 volts and 50 ms
each were applied to the embryo (BTX T-820 square wave elec-
troporator). After electroporation, eggs were resealed with tape
and placed at 38°C for 24 to 96 h. Fixation was done in 4%
paraformaldehyde/PBS for LacZ stainings and frozen sections or
in a solution of 6 parts 100% EtOH, 3 parts 37% formaldehyde,
and 1 part glacial acetic acid for in situ hybridization and im-
munocytochemistry on paraffin sections.

All observations were corroborated on at least three, but usu-
ally five, embryos. None of the embryos sampled led to opposite
conclusions.

In situ hybridization

Paraffin sections (6 µm) were collected on glass slides (Super-
frost Plus) and hybridized with digoxygenin and/or fluorescein-
labeled probes as described previously (Wilting et al. 1997).
Briefly, sections were dewaxed, treated with 1 µg/mL Proteinase
K for 7 min, and postfixed in 4% paraformaldehyde. Hybridiza-
tion mix contained 1 µm/mL of probe, and hybridization was
done overnight at 70°C. When two probes were used, fluores-
cein and digoxygenin-labeled probes were added at the same
time. Sections were washed in maleic acid buffer and blocked
with 20% lamb serum/2%Blocking Reagent (Boehringer Man-
nheim). Slides were washed again and developed with NBT and
BCIP. The fluorescein-labeled probe, always corresponding to
the gene that was overexpressed, was amplified in a second step
after inactivating anti-digoxygenin antibodies with glycine
buffer (pH 2.2) and subsequently incubating overnight with
anti-fluorescein-alkaline phosphatase antibody (Boehringer
Mannheim), 1:5000. Slides were washed again and developed
with INT and BCIP (Boehringer Mannheim).

In situ hybridization probes were the following: for cPdx-1
(Kim et al. 1997b), CdxA, CdxC (Frumkin et al. 1993) (Marom et
al. 1997; a gift from Dr. Fainsod), cHex (Crompton et al. 1992) (a
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gift from Dr. Goodwin), cShh (Roberts et al. 1995; a gift from
Cliff Tabin), NeuroD-L (Perez et al., 1997; a gift from David
Anderson) MNR-2 (Tanabe et al. 1998), and nkx2.2, Pax6 and
isl1 (gifts from Tom Jessel) the probes corresponded to the full-
length cDNA. For cHlxb-9 (Tanabe et al. 1998; a gift from Tom
Jessel), the sequence 5� of the homeobox was used to guarantee
the absence of cross-hybridization with MNR2 in the homeobox
region. For Sox2, the sequence encompassing nucleotides 273–
926 (Genbank accession no. U12532) was cloned by PCR.

Immunohistochemistry

Guinea pig-anti-insulin (1:200, Dako), Guinea pig-anti-glucagon
(1:200, Linco), Rabbit-anti-somatostatin (1:200, Dako), Rabbit-
anti-pancreatic polypeptide (1:200, Dako) and anti-carboxypep-
tidaseA (1:200; Chemicon) polyclonal antibodies were incu-
bated overnight on dewaxed paraffin sections, after blocking
endogenous peroxidases when diaminobenzidine was used. Bio-
tin-, Peroxidase-, fluorescein- or Cy3-conjugated secondary an-
tibodies (Jackson Laboratories) were diluted 1:100.

Anti-PDX-1 (a gift from Chris Wright), and anti-MNR2/
Hlxb-9 and anti-ISL1 (Developmental Studies Hybridoma Bank)
antibodies were diluted 1:1000 for the first one and 1:100 for
others and used on 10-µm frozen sections.

LacZ was developed on whole embryos using the Histomark
kit (Kirkegaard & Perry).
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