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Introduction
Hedgehog signaling regulates various aspects of
morphogenesis, including cell proliferation and differentiation
in embryonic tissues (McMahon et al., 2003). The mammalian
hedgehog (Hh) genes, sonic (Shh), Indian (Ihh) and desert
hedgehog (Dhh), encode secreted proteins that elicit
concentration-dependent responses from target cells (Ingham
and McMahon, 2001). In contrast to its inductive activities
during the development of other organs, Shh inhibits pancreas
morphogenesis and cell differentiation (Hebrok, 2003). Shhis
excluded from developing pancreatic tissue (Apelqvist et al.,
1997; Hebrok et al., 2000) and ectopic expression of Shh
in embryonic pancreatic epithelium disrupts expression of
pancreatic marker genes and pancreas morphogenesis
(Apelqvist et al., 1997; Hebrok et al., 1998). Inhibition of Hh
signaling with cyclopamine, a plant-derived steroidal alkaloid
that specifically blocks smoothened (Smo) function (Chen et
al., 2002), leads to ectopic budding of pancreatic structures and
expression of pancreatic markers in stomach and duodenum
(Kim and Melton, 1998). These results indicate that Shh
functions to inhibit ectopic pancreas formation in the fore-
midgut area that includes stomach, duodenum and liver,
thereby negatively regulating the growth and size of the
developing pancreas. While Shhis excluded from developing
and mature pancreas, the other two family members, Dhh and
Ihh as well as the receptor patched 1 (Ptch), are detected within

pancreatic tissue (Hebrok et al., 2000; Thomas et al., 2000).
Evidence for a functional requirement of Hh signaling within
pancreatic cells comes from studies of cultured β-cell lines in
which Hh ligands induce expression of insulin and pancreatic
and duodenal homeobox gene 1 (Pdx1; Ipf1 – Mouse Genome
Informatics), a homeobox transcription factor required for
proper β-cell differentiation and function in mice and humans
(Jonsson et al., 1994; Offield et al., 1996; Stoffers et al., 1997;
Thomas et al., 2001; Thomas et al., 2000). In addition,
pancreas size is reduced in Ihh mutant embryos, suggesting
that Hh signaling is required for proper organ development
(Hebrok et al., 2000). These studies indicate that tight
regulation of the activity of pancreatic hedgehog signaling is
essential for proper organogenesis as elevated or reduced Hh
levels result in developmental defects.

Regulation of Hh signaling activity is essential for
embryogenesis as different levels of hedgehog signaling have
been shown to specify different cell types. In the neural tube,
specification of ventral cell types is regulated via graded levels
of Hh signaling (Chiang et al., 1996; Ericson et al., 1997; Marti
et al., 1995; Roelink et al., 1995). Extensive feedback
mechanisms have evolved to ensure that hedgehog gradients are
established within responding tissues, in part through the
expression of cell surface proteins that bind and thus limit the
diffusion of Hh ligands. All three Hh proteins bind to Ptch
(Marigo et al., 1996; Stone et al., 1996), a transmembrane

Hedgehog signaling is known to regulate tissue
morphogenesis and cell differentiation in a dose-dependent
manner. Loss of Indian hedgehog (Ihh ) results in reduction
in pancreas size, indicating a requirement for hedgehog
signaling during pancreas development. By contrast,
ectopic expression of sonic hedgehog (Shh) inhibits
pancreatic marker expression and results in
transformation of pancreatic mesenchyme into duodenal
mesoderm. These observations suggest that hedgehog
signaling activity has to be regulated tightly to ensure
proper pancreas development. We have analyzed the
function of two hedgehog inhibitors, Hhip and patched 1
(Ptch), during pancreas formation. Our results indicated
that loss of Hhip results in increased hedgehog signaling

within the pancreas anlage. Pancreas morphogenesis, islet
formation and endocrine cell proliferation is impaired in
Hhip mutant embryos. Additional loss of one Ptch allele in
Hhip–/–Ptch+/– embryos further impairs pancreatic growth
and endodermal cell differentiation. These results
demonstrate combined requirements for Hhip and Ptch
during pancreas development and point to a dose-
dependent response to hedgehog signaling within
pancreatic tissue. Reduction of Fgf10 expression in Hhip
homozygous mutants suggests that at least some of the
observed phenotypes result from hedgehog-mediated
inhibition of Fgf signaling at early stages.

Key words: Pancreas, Islets, Hedgehog signaling, Hhip, Patched

Summary

Combined activities of hedgehog signaling inhibitors regulate
pancreas development
Hiroshi Kawahira 1, Nancy H. Ma 1, Emmanouhl S. Tzanakakis 1, Andrew P. McMahon 2, Pao-Tien Chuang 3 and
Matthias Hebrok 1,* 

1Diabetes Center, Department of Medicine, University of California, San Francisco, CA 94143, USA
2Department of Molecular and Cellular Biology, Harvard University, Cambridge, MA 02138, USA
3Cardiovascular Research Institute, University of California, San Francisco, CA 94143, USA
*Author for correspondence (e-mail: mhebrok@diabetes.ucsf.edu)

Accepted 6 June 2003

Development 130, 4871-4879
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00653

Research article



4872

receptor expressed in hedgehog target cells (Goodrich et al.,
1996). Ptch is a transcriptional target of hedgehog signaling
(Ingham and McMahon, 2001) and by increasing the level of
Ptch protein in responding cells, Hh signaling attenuates its
own activity in a negative feedback loop. Similarly, another
hedgehog binding protein, Hhip (previously known as
Hip1), has been identified (Chuang and McMahon, 1999).
Biochemical studies have shown that Hhip binds to all three Hh
ligands with affinities similar to Ptch (Chuang and McMahon,
1999). Ectopic expression of Hhip in transgenic animals inhibits
hedgehog function (Chuang and McMahon, 1999; Treier et al.,
2001), while loss of Hhip function results in increased Hh
signaling (Chuang et al., 2003). Combined activities of Hhip
and Ptch have been reported during lung development (Chuang
et al., 2003), demonstrating that the function of these regulatory
proteins during normal embryogenesis is to restrict overt Hh
signaling by sequestering of Hh ligands.

We have tested the requirement of Hhip and Ptch during
pancreas formation. We show that Hhip is co-expressed with
Ptchat high levels in stomach and duodenum, while only low
levels of Hhip expression are detectable in pancreatic tissue.
Targeted deletion of Hhip results in increased hedgehog
signaling activity in pancreatic tissue, reduction of pancreas
mass, endocrine cell numbers and smaller islets of Langerhans.
The additional loss of one Ptch allele in Hhip–/– embryos
further compromises pancreas morphogenesis and endocrine
cell differentiation, demonstrating that Hhip and Ptch function
jointly to restrict hedgehog signaling activity during pancreas
organogenesis. Thus, as it has been shown for other tissues,
pancreatic tissue responds to hedgehog signaling in a dose-
dependent manner.

Materials and methods
Mice
Mice used in these studies were maintained in the barrier facility
according to protocols approved by the Committee on Animal
Research at the University of California, San Francisco. Ptchmutant
mice were kindly provided by Dr Matthew Scott (Stanford
University).

Tissue preparation, immunohistochemistry and
microscopy
The lower trunk of E12.5 (embryonic day 12.5) embryos or isolated
pancreas at E18.5 were fixed in 4% (w/v) paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 1 or 4 hours at 4°C, respectively.
Histological analysis, quantification of the tissue area and counting
of cells were performed as previously described (Hebrok et al.,
2000). Hematoxylin/Eosin staining, immunohistochemical and
immunofluorescence analyses were performed on paraffin wax-
embedded sections as described previously (Kim et al., 1997). The
following primary antibodies were used: guinea pig anti-insulin
diluted 1:500 (Linco); rabbit anti-glucagon diluted 1:500 (Linco);
rabbit Pdx1 diluted 1:3000 (gift from Dr Michael German); rabbit
anti-Glut2 diluted 1:1000 (Chemicon); rabbit anti-amylase diluted
1:750 (Sigma); mouse Cy3-conjugated anti-α-smooth muscle actin
diluted 1:200 (Sigma); rabbit anti-Ki-67 diluted 1:200 (Novocastra
Laboratories) and mouse anti-Isl-1 diluted 1:100 (Developmental
Studies Hybridoma Bank).

For immunohistochemistry, the biotinylated anti-mouse IgG
(Vector) was used as secondary antibodies at a 1:200 dilution. Staining
for diaminobenzidine (DAB) was performed with the ABC Elite
immunoperoxidase system (Vector). The following secondary

antibodies were used for immunofluorescence: FITC-conjugated anti-
guinea pig 1:750 (Molecular Probes), Cy3-conjugated anti-rabbit
diluted 1:750 (Molecular Probes). Fluorescence was visualized and
photographed with a Zeiss Axiphoto2 plus microscope. 

Staining for β-galactosidase activity and whole mount in
situ hybridization
Upper abdominal organs isolated from heterozygous Hhip mutant
mice, in which the lacZ gene was inserted into the Hhip locus, were
fixed for 15 minutes at 4°C in 4% PFA and then incubated overnight
in phosphate-buffered saline (PBS) supplemented with 5-bromo-4-
chloro-3-indolyl-D-galactopyranoside (X-gal; 400 µg/ml) at 4°C. For
whole-mount in situ hybridyzation, gastrointestinal tract including
lung, stomach, pancreas and duodenum were dissected and fixed in
4% PFA overnight at 4°C. Whole-mount in situ hybridization with
digoxigenin-labeled Fgf10 riboprobe was performed as previously
described (Chuang et al., 2003). Stained tissues were photographed
on a Leica MZ FL3 equipped with a Leica IM500 system. 

RNA preparation and RT-PCR analysis
Dissected embryonic pancreas rudiments were dissolved in Trizol
(Gibco-BRL) and total RNA was prepared according to the
manufacturer’s methods. RT-PCR was performed as described
elsewhere (Wilson and Melton, 1994). Hhip PCR was performed
under the following conditions: 1 cycle of 94°C for 2 minutes; 60°C
for 1 minute; 72°C for 1.5 minutes followed by 35 cycles of 94°C for
1 minute; 60°C for 1 minute; 72°C for 1.5 minutes. Mouse ribosomal
protein L19 was used as the internal control. Forward and reverse
primer sequences used are listed 5′ to 3′. 

Hhip: AATTGCCAAGTGTGAGCCAG and TGCCCACTGGAA-
AGATAGAC

L19: CTGAAGGTCAAAGGGAATGTG and GGACAGAGTCT-
TGATGATCTC

SYBR Green real-time quantitative PCR
PCR amplifications were performed using an ABI Prism 7700
sequence detection system (Applied Biosystems, Foster City, CA).
Reactions were performed in a reaction mixture consisting of a 50 µl
volume solution containing 1×SYBR Green PCR master mix (Applied
Biosystems) and 300 nM of each primer. Amplification was
performed by initial polymerase activation for 10 minutes at 95°C,
and 40 cycles of denaturation at 94°C for 30 seconds, annealing at
58°C for 40 seconds and elongation for 1 minute at 72°C. To exclude
contamination with nonspecific PCR products such as primer dimers,
melting curve analysis was applied to all final PCR products after the
cycling protocol. Forward and reverse primer sequences used are
listed 5′ to 3′.

Actin: ATGACGATATCGCTGCGCTGGT and ATAGGAGTCC-
TTCTGACCCATTCC

Gli: TTGTCCAGCTTGGATGAAGG and CCCAGACGGCGA-
GACAC

Morphometric quantification of pancreatic tissues and cell
counting
To obtain representative results, the whole pancreas was used for
quantification. The first three or five consecutive sections of E12.5 or
E18.5 pancreatic tissue, respectively, were mounted on the first of a
series of three or five microscope slides, followed by the next three
or five sections placed on the second slide. A total of three individual
slides (1a-3a) were filled with consecutive sections for E12.5
embryos, and a total of five individual slides (1a-5a) for E18.5
specimen. When necessary, additional series of three (1b-3b, etc) or
five (1b-5b, etc) slides were prepared until all pancreatic sections were
mounted.

After Hematoxylin/Eosin staining or immunohistochemistry,
pancreatic epithelial areas were outlined and measured with the
OpenLab software. Insulin- and glucagons-positive areas of the E18.5
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pancreas were measured on every 25th section (every 150 µm) from
one set of slides (1a-1e). Ki-67-, Isl1-, insulin- and glucagons-positive
cells were counted using one series of the slides at E12.5 or E18.5
(e.g. 1a-c). The widest region of the posterior stomach at E12.5 was
used to measure thickness of epithelium or mesenchyme. Data
analysis was performed with Minitab (version 13, State College, PA).
Statistical significance was assessed by employing Mann-Whitney
test, except the result of Isl1-expressing cell numbers in Fig. 6L,
which was analyzed using Student’s t-test because of similar standard
deviations.

Results
Low-level Hhip expression in developing and mature
pancreas
Two hedgehog ligands, Ihh and Dhh, as well as the ligand
binding protein Ptch, are expressed at low levels in developing
and mature pancreatic tissue (Hebrok et al., 2000; Thomas
et al., 2000). Previous studies have shown that Hhip is a
transcriptional target of hedgehog signaling and that its
expression colocalizes with Ptch in tissues immediately
adjacent to areas of hedgehog ligand expression (Chuang and
McMahon, 1999). However, careful examination of the
expression of Hhip in the pancreas anlage had not been
performed. We have used heterozygous Hhip-lacZ knock-in
animals that express lacZ under control of the endogenous
Hhip promoter to determine the expression of Hhip in the fore-
midgut area by staining for β-galactosidase activity. Similar to
Ptch, Hhip expression was found in tissues adjacent to the
pancreas, including stomach and duodenum; however,
macroscopic analysis did not reveal any β-galactosidase
activity in embryonic or adult pancreatic tissue (Fig. 1A-E).
Analysis of sectioned adult tissue showed low level β-
galactosidase activity within pancreatic islets (Fig. 1F). A more
sensitive RT-PCR analysis revealed low levels of Hhip
expression throughout pancreas development and in mature
tissue (Fig. 1G), a result similar to that of other components in
the hedgehog signaling pathway reported previously (Hebrok
et al., 2000).

Defects in pancreas and spleen formation in Hhip –/–

embryos
Previous studies have demonstrated that elevated levels of
hedgehog signaling block pancreas formation (Apelqvist et al.,
1997; Hebrok et al., 1998). Ectopic expression of Hhip has
been shown to inhibit hedgehog signaling in bone and pituitary
(Chuang and McMahon, 1999; Treier et al., 2001), suggesting
that Hhip normally functions to limit the level of hedgehog
signaling. To determine if Hhip blocks Hh signaling in the fore-
midgut region, we performed two sets of experiments. First,
we analyzed β-galactosidase activity in heterozygous and
homozygous Hhip mutants (Fig. 2A,B). In Hhip–/– embryos
β-galactosidase activity was significantly increased when
compared with Hip1+/– mutants, suggesting that loss of Hhip
resulted in elevated Hh levels. Second, to obtain quantitative
information about the increase in hedgehog signaling, we used
‘real time’ PCR to measure the increase in expression of Gli,
a transcription factor and target gene of Hh signaling (Hynes
et al., 1997; Lee et al., 1997; Marigo et al., 1996). Comparison
of Gli mRNA levels in wild type, heterozygous and
homozygous Hhip mutant pancreatic tissue revealed that loss
of Hhip alleles leads to gradual increase of Hh signaling (Fig.

2C). Thus, Hhip regulates the level of Hh signaling during
pancreas organogenesis.

Analysis of organ formation in the fore-midgut area
demonstrates that loss of Hhip function disrupts pancreas
morphogenesis. In the most severe cases (Fig. 2F,G), the dorsal
and ventral parts of the pancreas fuse to form a compact mass
of tissue that is reduced in size (Fig. 2F, Fig. 4C). Ventral
pancreas tissue, normally attached to the dorsal region of the
duodenum, extends ventrally towards the mediolateral area of
the duodenum. Formation of ectopic pancreas is observed in
some mutants in which patches of pancreatic tissue become
incorporated into the duodenum (Fig. 2H-K). In addition,
the spleen, an organ derived from the posterior stomach
mesenchyme, is deformed and reduced in mass (Fig. 2D,F).
These results show that Hhip function is required for proper
spleen and pancreas morphogenesis; however, potential defects
in adult tissue could not be analyzed as homozygous Hhip
mutants die shortly after birth (Chuang et al., 2003).

Mesenchymal and acinar cell differentiation is
unperturbed in Hhip –/– mutant embryos
The vast majority of pancreatic tissue consists of enzyme
producing acinar cells. The loss of pancreatic mass (Fig. 2F,
Fig. 4C) prompted us to determine if exocrine differentiation
was affected in Hhip mutant embryos. Histological analysis

Fig. 1.Hhip (Hip1 in figure) is expressed at low levels in developing
and mature pancreas. Staining for β-galactosidase activity in
heterozygous Hhip mice that carry the lacZgene under control of the
endogenous Hhip promoter reveals that high level expression within
the fore-midgut region is confined to stomach and duodenum, but is
excluded from pancreatic tissue (A,C,E). Staining for β-galactosidase
activity in Ptch-lacZknock-in embryos (B,D; Ptch1in figure). Low
level of β-galactosidase activity is observed in adult islets of Hhip-
lacZknock-in mice (F). RT-PCR analysis of Hhip gene expression of
pancreatic tissue at different stages reveals low-level expression (G).
Top lane, Hhip expression; bottom lane, mouse ribosomal protein
L19 expression as an internal control. d, duodenum; dp, dorsal
pancreas; s, stomach; sp, spleen; vp, ventral pancreas.
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of pancreatic sections revealed normal architecture of acinar
cells (Fig. 3A,B), a finding that was confirmed by
immunofluorescent staining with antibodies directed against
amylase, a digestive enzyme produced by acinar cells (Fig.
3C,D). By contrast, the islets of Langerhans, marked by
insulin- and glucagon-expressing cells, appeared disorganized
and reduced in size (Fig. 3A-D). Forced expression of Shh
under control of the Pdxpromoter results in transdifferentiation
of pancreatic mesoderm into duodenal mesenchyme, a process
that is marked by the expression of smooth muscle actin(sma)
(Apelqvist et al., 1997). To determine if loss of Hhip activity
was sufficient to change the differentiation path of pancreatic

mesenchymal cell, we performed immunohistochemistry
against sma(Fig. 3E,F). Although smais readily detectable in
smooth muscle cells surrounding blood vessels (Skalli et al.,
1986), no expression was detected within other regions of the
wild-type or Hhip mutant pancreas. Thus, loss of Hhip activity
does not affect acinar cell differentiation or result in
transformation of pancreatic mesoderm.

Hhip function is required for proper islet
morphogenesis
The expression of Hh signaling components in pancreatic
endocrine cells suggests that their activity is required for some
aspects of cell differentiation and organ function (Hebrok
et al., 2000; Thomas et al., 2000). Cell culture studies have
shown that hedgehog signaling activates Pdx1 expression, a
transcription factor essential for β-cell differentiation and
function (Ahlgren et al., 1998; Jonsson et al., 1994; Offield et
al., 1996; Thomas et al., 2001). Islets start to form at the end
of gestation when the four different endocrine cell types
aggregate as cell clusters (Kim and Hebrok, 2001). Wild-type
islets form discrete clusters of cells characterized by a central
core of insulin-producing β-cells surrounded by glucagon-
positive α-cells (Fig. 4A). In Hhip mutants, endocrine cells still
clustered into islet like structures; however, the size of the
aggregates was significantly reduced (Fig. 4B). Morphometric
analysis revealed that the overall islet area was diminished by
45% after adjustment for changes in body mass (Fig. 4C). The
reduction in endocrine cells was due to the loss of larger islets
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Fig. 2.Hhip (Hip1 in figure) function is required for inhibition of Hh
signaling and proper pancreas morphogenesis. Staining for Hhip
promoter regulated β-galactosidase activity in heterozygous and
homozygous embryos (A,B; E12.5). β-galactosidase activity in
stomach (arrowhead) and duodenum (arrows) is significantly
increased in Hhip–/– embryos. ‘Real time’ PCR analysis of Gli
expression in E17.5 pancreas (C). Gli expression levels are shown
relative to the level of actin mRNA. To facilitate comparison,
expression in wild-type pancreas (white bar) has been adjusted to ‘1’.
Hhip+/– (2.7±1.4; light-gray bar) and Hhip–/– mutant pancreas
(7.8±0.6; dark-gray bar). Error bars shown are ±s.d. Pancreas and
spleen (arrows) are deformed in Hhip–/– embryo at E18.5 (F,G)
compared with wild type (D,E). Higher magnification reveals that the
connection between ventral pancreas and duodenum is confined to
the dorsal region of the duodenum (E, broken line) in wild-type
embryos but extends laterally in Hhip–/– embryos (G, broken red
line). (H-K) In some cases, ectopic pieces of pancreas are integrated
within the duodenum (red arrows), as shown by Feulgen staining (I)
and staining for amylase (K), a marker of pancreatic exocrine cells.
d, duodenum; dp, dorsal pancreas; li, liver; s, stomach; sp, spleen; vp,
ventral pancreas. 

Fig. 3.Histological analysis of pancreatic tissue at E18.5.
Hematoxylin/Eosin (A,B) and amylase (red; C,D) staining of E18.5
pancreatic tissue shows normal exocrine architecture in Hhip–/–

(Hip1 in figure; B,D). By contrast, clustering (A,B; broken yellow
lines) and size of islets as shown by insulin staining (green; C,D) is
impaired in Hhip–/– embryos (B,D). Expression of smooth muscle
actin is confined to blood vessels in mutants and wild type (E,F),
indicating that loss of Hhip function does not lead to transformation
of pancreatic mesenchyme into duodenal mesoderm.
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(>4000 µm2), while the number of small islets (<4000 µm2)
was maintained (Fig. 4D). Ki-67 staining was performed to
determine if the loss of β-cells was due to a decrease
in proliferation. Insulin/Ki-67 double-positive cells were
observed in both wild-type and Hhip mutants and quantitative
analysis revealed a slight, but significant decrease in the
proliferation activity of β-cells (Fig. 4E). 

To understand if increased hedgehog signaling influences
β-cell differentiation, we examined the expression of mature
β-cell markers, including Pdx1 and glucose transporter 2
(Glut2; Slc2a2 – Mouse Genome Informatics), a low-affinity
transporter present in the plasma membrane of pancreatic β-
cells, in Hhip mutant embryos (Fig. 4F-I). Expression of these
markers is unchanged in Hhip mutant β-cells, indicating that
elevated hedgehog signaling impairs β-cell proliferation but
not differentiation.

Fgf10 expressions in pancreatic mesenchyme are
affected in Hhip mutants 
The relative loss of pancreatic mass and endocrine cell
numbers is reminiscent of defects reported in mice lacking
Fgf10(Bhushan et al., 2001). Transient expression of Fgf10 in
pancreatic mesenchyme between E9.5 to E11.5 is essential for
proliferation of Pdx1-positive epithelial progenitor cells. We
performed in situ hybridization to test if pancreatic Fgf10
expression is affected by increased hedgehog signaling in
Hhip homozygous mutants. Although Fgf10 expression is
rapidly detectable in control pancreatic and lung buds at E10.5,
Fgf10 transcripts are significantly reduced in Hhip–/– tissue
(Fig. 5A,B). However, Fgf10 expression is not completely
abolished, as similar levels of expression are detected in
control and Hhip mutant pancreas at E11.5 (Fig. 5C,D). The
partial reduction of Fgf10 expression is likely to account for
some of the pancreatic defects observed in Hhip mutant mice.

Combined activities of Hhip and Ptch govern early
pancreas formation
Previous studies have suggested that Hhip and Ptch both
function as negative regulators of the hedgehog signaling
pathway and that they share redundant roles during mammalian
embryogenesis. This is supported by the recent finding that loss
of one Ptchallele in Hhip–/– mice leads to accelerated lethality
before E13 and that internal organs in Hhip–/–;Ptch+/– mice

Fig. 4. Islet mass and β-cell proliferation is decreased in Hhip–/–

embryos (Hip1 in figure). Islets were stained with antibodies directed
against centrally located insulin (green) and marginally located
glucagon producing cells (red). Hhip function is required for normal
islet morphogenesis (A,B). Clusters of insulin- and glucagon-positive
cells form but are significantly smaller than the ones in control
embryos (wild-type or heterozygotes, compare B with A). To adjust
for differences in body mass, pancreas weight and islet area were
divided by body weight. (C, blue, control, n=6; red, Hhip–/–, n=5;
*P<0.05, **P<0.01). Quantification of islet areas revealed a 45%
reduction that is more pronounced than the general loss of pancreatic
tissue (C, blue, control; red, Hhip–/–). The reduction in islet mass is
due to the loss of larger islets (>4000 µm2) while the number of
smaller islets (>4000 µm2) is maintained in Hhip mutants (D, blue,
control, n=5; red, Hhip–/–, n=5; #no significant difference,
** P<0.01). Staining for the nuclear marker Ki-67 showed that
proliferation of β-cells at E18.5 is reduced by 39% (E, blue, control,
n=3; red, Hhip–/–, n=5; *P<0.05). Changes in islet morphogenesis
and β-cell proliferation are not due to incomplete cell differentiation
(F-I). β-cells express mature markers, including Pdx1 (F,G; insulin,
green; Pdx1, red) and glucose transporter 2 (H,I; insulin, green;
Glut2, red). Error bars shown are ±s.d.

Fig. 5.Reduction of Fgf10expression in Hhip (Hip1 in figure)
mutant pancreas. Whole-mount in situ hybridization of Fgf10
expression in E10.5 (A,B) and E11.5 (C,D) pancreatic tissue in
control (A,C) and Hhip–/– embryos (B,D). Fgf10expression (blue)
was attenuated in Hhip–/– mutant pancreas bud at E10.5 (B);
however, Fgf10 levels were recovered at E11.5 (D). Staining of
control and mutant tissues was performed in parallel to detect
quantitative differences in Fgf10expression. d, duodenum; db, dorsal
pancreas bud; lb, lung bud; st, stomach; vb, ventral pancreas bud.
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exhibit more severe defects than those found in Hhip–/–

mutant mice (Chuang et al., 2003). To test if Hhip and
Ptchact jointly during pancreas formation, we analyzed
Hhip–/–;Ptch+/– embryos at E12.5. Histological analysis
revealed that pancreatic buds develop in Hhip–/–;Ptch+/–

mutants; however, more severe defects in pancreas
morphogenesis and cell differentiation were observed in
these embryos because of the additional loss of one Ptch
allele (Fig. 6A-D,K). At E12.5, pancreatic epithelium
has started to branch into the surrounding mesenchyme,
a process that was apparent in wild type (Fig. 6A),
Hhip+/+;Ptch+/– (Fig. 6B) and Hhip–/–;Ptch+/+ (Fig. 6C)
mice. However, epithelial branching was visibly
impaired in Hhip–/–;Ptch+/– embryos (Fig. 6D),
indicating that functional interactions between both
proteins are required for proper pancreas formation.
Quantitative measurements of the pancreatic epithelial
area revealed a slight, albeit statistical insignificant,
reduction in Hhip mutant embryos (Fig. 6K). By
contrast, loss of an additional Ptch allele significantly
reduced the pancreatic epithelium (Fig. 6K), further
suggesting a requirement to tightly control the levels of
hedgehog signaling during pancreas formation. Similar
results were obtained when mutant epithelium was
analyzed for the expression of endocrine cell markers
glucagon and islet 1 (Isl1), a homeobox transcription
factor expressed in pancreatic endocrine cells (Fig. 6E-
J,L) (Ahlgren et al., 1997). The number of cells
expressing either of these markers in epithelial cells
decreases in a stepwise manner, in correlation with the
progressive loss of Hhip and Ptchalleles. In the case of
islet 1-positive cells, loss of Hhip is sufficient to cause
a statistically significant reduction, while additional loss
of one Ptchallele does not further decreases the number
of Isl1-positive cells.

Defects in organ formation at the fore-midgut
area in Hhip –/–Ptch +/– mutants
In addition to defects in pancreas development, Hhip–/–

mutants also showed structural abnormalities in stomach
and spleen (Figs 2, 7) (Apelqvist et al., 1997). In control
embryos, wild-type and Hhip+/–, the proximal third of
the stomach (fore-stomach) is lined by a squamous
epithelium, while the distal two-thirds are covered by a
glandular epithelium. In Hhip mutants, there was a
tendency that the thickness of the posterior epithelium
was reduced. Further reduction was observed in
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Fig. 6.Combined activities of Hhip and Ptch during pancreas development
and endocrine cell development. Hematoxylin/Eosin staining (A-D) shows a
stepwise decline in pancreatic epithelial size and branching associated with
the loss of Hhip (Hip1 in figure) and Ptch(Ptch1in figure) alleles
(throughout the figure dorsal is towards the top and anterior towards the left).
Morphometric analysis was used to outline and quantify pancreatic
epithelium (A-D,K, blue Hhip+/+;Ptch+/+, n=5; green, Hhip+/+;Ptch+/–, n=3;
red, Hhip–/–;Ptch+/+, n=3; yellow, Hhip–/–;Ptch+/–; n=4; #no significant
difference, *P<0.05, **P<0.01). Staining for glucagon- (red; E-G) and Isl1-
(brown; H-J) expressing cells within the pancreatic epithelium and
quantification of both cell types (L, green, Hhip+/+;Ptch+/– n=3; red,
Hhip–/–;Ptch+/+ n=3; yellow, Hhip–/–;Ptch+/– n=3; #no significant difference,
*P<0.05; Glucagon, Mann-Whitney test; Isl1, Student’s t-test) reveals
additive requirements of Hhip and Ptch for endocrine cell differentiation.
Arrowheads indicate Isl1-positive cells within pancreatic epithelium. Yellow
cell in E correspond to autofluorescing erythrocytes.

Fig. 7.Hhip and Ptch (Hip1 and Ptch1 in figure) regulate
mesenchymal-epithelial interaction in posterior stomach.
Stomach morphology and gene expression in mutant embryos
were analyzed at E12.5. Strong expression of Isl1 is observed
in posterior stomach of Hhip+/+;Ptch+/– mice (A).
Homozygous Hhip mutants display reduced Isl1 expression
(B) that is further diminished in Hhip–/–Ptch+/– embryos (C).

Morphometric analysis of posterior stomach mesenchyme and epithelium reveals no
change in epithelial or mesenchymal area in Hhip+/+;Ptch+/– mice compared with wild
type controls (D, blue columns; Hhip+/+;Ptch+/+, n=7; green columns; Hhip+/+;Ptch+/–,
n=4). By contrast, gradual epithelial thinning and mesenchymal thickening is in
observed in Hhip–/– and Hhip–/–;Ptch+/– embryos (red columns; Hhip–/–;Ptch+/+, n=4;
yellow column; Hhip–/–;Ptch+/–, n=4; #no significant difference, *P<0.05, **P<0.01).
Error bars shown are ±s.d.
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Hhip–/–Ptch+/– embryos, indicating that combined activities of
Hhip and Ptch are required for proper stomach development.
In contrast to the epithelial reduction, a stepwise increase in
posterior stomach mesenchyme was noted with decreasing
levels of Hhip and Ptch (Fig. 7). These morphological changes
are accompanied by molecular changes in marker gene
expression, as demonstrated by changes in Isl1 expression in
stomach mesenchyme. Isl1 is normally found in pancreatic and
posterior stomach mesenchyme but is excluded from anterior
stomach mesenchyme (Kim et al., 2000). In Hhip–/– embryos,
and even more pronounced in Hhip–/–Ptch+/– embryos, the
expression in posterior stomach is reduced (Fig. 7A-C),
suggesting that stepwise increase of Hh signaling leads to a
gradual change in cell differentiation.

Discussion
Hhip is required for proper pancreas morphogenesis
The activity of the hedgehog proteins is partially controlled by
ligand binding proteins that limit their diffusion (Ingham and
McMahon, 2001). These binding proteins, including Hhip and
Ptch, are transcriptional targets of hedgehog signaling and their
expression is activated in cells that receive hedgehog signals.
We have studied the requirement of Hhip and Ptch during
pancreas formation. Our results indicate that Hhip is expressed
during pancreas development and in mature pancreatic tissue,
however the level of expression is too low for detection by
staining for β-galactosidase activity in heterozygous Hhip-lacZ
knock-in mice (Fig. 1). These results are consistent with
previous studies demonstrating that hedgehog signaling is
active at a low level within embryonic and mature pancreatic
tissue (Hebrok et al., 2000; Thomas et al., 2001; Thomas et al.,
2000). 

Embryos carrying homozygous deletions of the Hhip gene
develop without any obvious changes in gross morphology but
newborn mice die shortly after birth because of deficiencies in
lung development that result in respiratory failure (Chuang et
al., 2003). Closer inspection of the developing lungs revealed
elevated Hh levels as demonstrated by increased expression of
the Hh target genes, Ptch and Hhip (elevated levels of Hhip
were measured by comparing the intensities of β-galactosidase
staining in Hhip+/– and Hhip–/– mutants). Similarly, Hhip also
regulates hedgehog signaling in the pancreas anlage as the
expression levels of the lacZgene knocked into the Hhip locus
was substantially higher in stomach and duodenum of E12.5
Hhip–/– embryos compared with that in Hhip+/– mutant
embryos. The increase in β-galactosidase activity was
significant, even when the differences in gene dosage of the
lacZgene in heterozygous and homozygous mutants was taken
into account (Fig. 2A,B). Quantitative measurement of the
hedgehog signaling activity with ‘Real time’ PCR detection of
Gli transcripts revealed an approximately eightfold increase in
homozygous Hhip mutants (Fig. 2C). The approximately
threefold increase observed in heterozygous mutants indicates
that loss of one Hhip allele is sufficient to substantially increase
Hh signaling activity. Thus, these data demonstrate that Hhip
functions as an inhibitor of Hh signaling within the developing
organs of the fore-midgut region, including the pancreas
proper.

Loss of Hhip function results in obvious changes in organ
morphology in the pancreas anlage. These defects are

reminiscent of, but more moderate than, changes found in
transgenic mice ectopically expressing sonic hedgehog under
control of the Pdx1 promoter (Pdx-Shh) (Apelqvist et al.,
1997). Although the spleen, an organ derived from posterior
stomach mesenchyme, is missing in Pdx-Shh mice, it is
misshapen and reduced in size in Hhip–/– embryos. In Pdx-Shh
transgenics pancreatic mesenchyme transforms into duodenal
mesoderm and clusters of pancreatic cells are dispersed in
duodenal tissue. In Hhip mutants, ventral pancreatic tissue
extends laterally towards the duodenum and in some cases
small patches of ectopic pancreas are found within the gut (Fig.
2D-K). The border between the dorsal and ventral pancreas is
diminished, leading to a contiguous mass of pancreatic tissue
in severe cases (Fig. 3F,G). However, smooth muscle-like
structures, indicative of transformation of pancreatic into
duodenal tissue, were not observed in the pancreatic region of
Hhip–/– mutants (Fig. 3E,F). Although the exocrine component
appears normal, islet mass and architecture is significantly
affected. Endocrine cells leave the pancreatic epithelium and
aggregate in cell clusters but the total number of endocrine
cells is reduced by 45%, a decrease predominately caused by
the loss of larger islets (Fig. 4D). Thus, loss of Hhip function
results in specific pancreatic phenotypes that are similar to, but
less severe than, those observed in Pdx-Shhmice.

Level of hedgehog signaling regulates pancreas
development
A possible explanation for the milder phenotype is that loss of
Hhip might not increase hedgehog signaling to the level
observed in Pdx-Shhtransgenic mice. In addition to Hhip,
Ptch, another attenuator of hedgehog signaling, is also
expressed in pancreatic tissue and inactivation of Ptch has
previously been shown to impair pancreatic marker expression
(Hebrok et al., 2000). Thus, it is likely that loss of Hhip
function is partially compensated for by the remaining function
of Ptch. This hypothesis is supported by our studies of pancreas
development in Hhip–/–;Ptch+/– mice. Although the analysis of
these compound mutant embryos is restricted to early
developmental stages because of lethality before E13, pancreas
development is more severely compromised compared with
Hhip–/– mutants. Progressive loss of Hhip and Ptch alleles
results in reduction of pancreas epithelium and endocrine
marker genes in a graded fashion (Fig. 6). These results suggest
that Hhip and Ptch function jointly during pancreas
organogenesis. They also indicate that Hh signaling effects in
the pancreas are concentration dependent, an observation that
has previously been noted during the development of other
organs, including limb bud and neural tube formation (Ericson
et al., 1997). 

Hhip function regulates endocrine cell mass
Our data indicate that moderate elevation of hedgehog
signaling in the pancreas anlage interferes with proper organ
formation (Apelqvist et al., 1997; Hebrok et al., 1998). General
loss of Hhip and reduction of Ptch affects endocrine cell
development and organ morphogenesis at early stages of
pancreas organogenesis. In addition, proliferation of β-cells in
E18.5 Hhip–/– embryos is significantly reduced, suggesting that
elevated Hh levels throughout development are sufficient to
impair expansion of β-cells. By contrast, treatment of
established β-cell lines with hedgehog agonists has been shown
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to activate Pdx1and insulin gene transcription and to stimulate
insulin secretion (Thomas et al., 2001; Thomas et al., 2000),
suggesting a requirement of Hh signaling in adult pancreas.
Differences between developing and fully matured β-cells
with regard to their response to Hh signaling could explain
these discrepancies. Unfortunately, Hhip–/–, Ptch–/– and
Hhip–/–;Ptch+/– mutants die early during embryogenesis or
shortly after birth (Chuang et al., 2003; Goodrich et al., 1997),
thereby preventing the analysis of their function in the adult
pancreas. To address unequivocally the question of whether
ectopic activation of this pathway affects glucose homeostasis
in vivo, spatial and temporal deregulation of Hh signaling
exclusively in the mature pancreas would be required.

Interaction between hedgehog and Fgf signaling
pathways
How does elevated hedgehog signaling affect pancreas
morphogenesis and endocrine cell proliferation? Previous
studies have shown that hedgehog signaling attenuates Fgf
signaling during lung development (Bellusci et al., 1997;
Litingtung et al., 1998; Pepicelli et al., 1998). Sonic hedgehog-
mediated repression of Fgf10 expression within localized areas
of the lung mesenchyme is required for proper branching
morphogenesis. Uniform elevation of sonic hedgehog activity
in Hhip–/– lung epithelium results in general inhibition of Fgf10
expression and disruption of secondary branching (Chuang et
al., 2003). Our results suggest a similar relationship between
hedgehog and Fgf10 signaling during pancreas development
(Fig. 5). Loss of Fgf10 function reduces proliferation of Pdx1-
positive epithelial cells, thereby impairing pancreas growth and
expansion of endocrine cell types (Bhushan et al., 2001).
Pancreatic defects in Hhip homozygous mutant mice are less
severe than those found in Fgf10mutant embryos, a difference
that might be explained by residual Fgf10 activity that is
maintained in Hhip mutants (Fig. 5). Nonetheless, these data
suggest that pancreatic organ size and endocrine cell
proliferation could potentially be controlled by the interaction
between hedgehog and Fgf signaling during early stages of
pancreas formation. Inhibition of Fgf signaling mediated
through FGF receptor 1c has been shown to impair mature β-
cell function (Hart et al., 2000). Hedgehog signaling is active
in adult islets and future studies will address if this activity
controls expression of other Fgf ligands within islets and if
interactions between these pathways affect mature endocrine
functions.

Combined activities of Hhip and Ptch regulate
stomach development
Hedgehog signaling is essential for proper development of
other intestinal organs within the pancreas anlage, including
stomach and spleen (Harmon et al., 2002; Ramalho-Santos et
al., 2000; Sukegawa et al., 2000). The mammalian stomach is
patterned along its AP axis and posterior stomach contains
mucin-negative vacuoles in columnar epithelium, adjacent to a
thick mesenchymal layer, whereas anterior stomach epithelium
is normally squamous and nonvacuolated (Larsson et al.,
1996). During embryogenesis, Shhbecomes restricted to the
anterior stomach epithelium, while Ihh is mainly expressed in
the posterior compartment (Aubin et al., 2002; Bitgood and
McMahon, 1995; Ramalho-Santos et al., 2000). In addition,
Hhip and Ptch are found within the surrounding stomach

mesenchyme (Fig. 1) (Ramalho-Santos et al., 2000), indicating
that Hh signaling is active in these tissues. Loss of Shhleads
to stomach epithelial overgrowth and increased numbers of
glucagon producing endocrine cells (Hebrok et al., 2000;
Ramalho-Santos et al., 2000). By contrast, reduction of activin
signaling or loss of the transcription factor Hox5a, disturbs
mesenchymal-epithelial patterning of posterior stomach
regions, most probably because of an increase in Hh signaling
(Aubin et al., 2002; Kim et al., 2000). Our results support this
hypothesis as we observe more severe defects in posterior
stomach morphology and marker expression in correlation with
the progressive loss of Hhip and Ptchalleles (Fig. 7). Posterior
epithelial thickness increases gradually while mesenchymal
thickness decreases in response to the additive loss of Hhip
and Ptch alleles. The morphological changes are reflected in
the decrease of Isl1 expression in posterior mesenchyme,
indicating a possible anterior transformation of this tissue. In
addition, Hhip–/– mutants display a severe reduction in spleen
size (Fig. 2), a phenotype that might be explained by alterations
in epithelial-mesenchymal interactions and marker expression
in posterior stomach mesenchyme.

In summary, this study demonstrates that Hhip and Ptchact
jointly to control Hh signaling within the embryonic fore-
midgut region. One potential implication of these findings is
that hypomorphic mutations in Hh inhibitors could affect adult
pancreatic functions. Although adult heterozygous Ptc1+/–

mice display the inability to maintain glucose homeostasis after
injection of a concentrated glucose solution (Hebrok et al.,
2000), adult Hhip+/– mice are indistinguishable from wild-type
littermates (data not shown). The different requirement for
Ptch and Hhip function during maintenance of glucose
homeostasis is in agreement with the severity of phenotypes
in homozygous mutants. While Hhip–/– mice complete
embryogenesis and only die shortly after birth, Ptch–/–embryos
die before E10.5 (Goodrich et al., 1997), demonstrating
different requirements for Ptch and Hhip function during
embryonic development. Future studies might improve our
mechanistic understanding of the different requirements for
Ptch and Hhip in diverse tissues.

We thank members of the Hebrok laboratory for helpful
suggestions and stimulating discussions. We also thank Drs Michel S.
German, Christian Vaisse and Jeff Hager for discussion and sharing
of experimental materials. Work in M.H.’s laboratory was supported
by the Sandler Family Supporting Foundation, grants from the
Juvenile Diabetes Research Foundation (JDRF) and an NIH grant
(DK60533-01A1). E.S.T. was supported by a postdoctoral fellowship
from the Juvenile Diabetes Research Foundation. Work in P.-T.C.’s
laboratory was supported by the Sandler Family Supporting
Foundation, the HHMI Biomedical Research Support Program,
March of Dimes Birth Defects Foundation and an NIH grant
(HL67822). Work in A.P.M.’s laboratory was supported be a grant
from the NIH (NS36642).

References
Ahlgren, U., Jonsson, J., Jonsson, L., Simu, K. and Edlund, H.(1998). beta-

cell-specific inactivation of the mouse Ipf1/Pdx1 gene results in loss of the
beta-cell phenotype and maturity onset diabetes. Genes Dev12, 1763-1768.

Ahlgren, U., Pfaff, S. L., Jessell, T. M., Edlund, T. and Edlund, H.(1997).
Independent requirement for ISL1 in formation of pancreatic mesenchyme
and islet cells. Nature385, 257-260.

Apelqvist, A., Ahlgren, U. and Edlund, H. (1997). Sonic hedgehog directs

Development 130 (20) Research article



4879Regulation of pancreatic hedgehog activity

specialised mesoderm differentiation in the intestine and pancreas. Curr.
Biol. 7, 801-804.

Aubin, J., Dery, U., Lemieux, M., Chaliller, P. and Jeannotte, L.(2002).
Stomach regional specification requires Hoxa5-driven mesenchymal-
epithelial signaling. Development129, 4075-4087.

Bellusci, S., Grindley, J., Emoto, H., Itoh, N. and Hogan, B. L.(1997).
Fibroblast growth factor 10 (FGF10) and branching morphogenesis in the
embryonic mouse lung. Development124, 4867-4878.

Bhushan, A., Itoh, N., Kato, S., Thiery, J. P., Czernichow, P., Bellusci, S.
and Scharfmann, R. (2001). Fgf10 is essential for maintaining the
proliferative capacity of epithelial progenitor cells during early pancreatic
organogenesis. Development128, 5109-5117.

Bitgood, M. J. and McMahon, A. P.(1995). Hedgehog and Bmp genes are
coexpressed at many diverse sites of cell-cell interaction in the mouse
embryo. Dev. Biol.172, 126-138.

Chen, J. K., Taipale, J., Cooper, M. K. and Beachy, P. A.(2002). Inhibition
of Hedgehog signaling by direct binding of cyclopamine to Smoothened.
Genes Dev.16, 2743-2748.

Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal,
H. and Beachy, P. A.(1996). Cyclopia and defective axial patterning in
mice lacking Sonic hedgehog gene function. Nature383, 407-413.

Chuang, P.-T., Kawcak, T. N. and McMahon, A. P.(2003). Feedback control
of mammalian Hedgehog signaling by the Hedgehog-Binding Protein, Hip1,
modulates Fgf signaling during branching morphogenesis of the lung. Genes
Dev.17, 342-347.

Chuang, P.-T. and McMahon, A. P.(1999). Vertebrate Hedgehog signalling
modulated by induction of a Hedgehog-binding protein. Nature397, 617-
621.

Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V. and Jessell, T. M.
(1997). Graded sonic hedgehog signaling and the specification of cell fate
in the ventral neural tube. Cold Spring Harb. Symp. Quant. Biol.62, 451-
466.

Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A. and Scott,
M. P. (1996). Conservation of the hedgehog/patched signaling pathway from
flies to mice: induction of a mouse patched gene by Hedgehog. Genes Dev.
10, 301-312.

Goodrich, L. V., Milenkovic, L., Higgins, K. M. and Scott, M. P. (1997).
Altered neural cell fates and medulloblastoma in mouse patched mutants.
Science277, 1109-1113.

Harmon, E. B., Ko, A. H. and Kim, S. K. (2002). Hedgehog signaling in
gastrointestinal development and disease. Curr. Mol. Med.2, 67-82.

Hart, A. W., Baeza, N., Apelqvist, A. and Edlund, H.(2000). Attenuation
of FGF signalling in mouse beta-cells leads to diabetes. Nature408, 864-
868.

Hebrok, M. (2003). Hedgehog signaling in pancreas development. Mech. Dev.
20, 45-57.

Hebrok, M., Kim, S. K. and Melton, D. A. (1998). Notochord repression of
endodermal Sonic hedgehog permits pancreas development. Genes Dev.12,
1705-1713.

Hebrok, M., Kim, S. K., St Jacques, B., McMahon, A. P. and Melton, D.
A. (2000). Regulation of pancreas development by hedgehog signaling.
Development127, 4905-4913.

Hynes, M., Stone, D. M., Dowd, M., Pitts-Meek, S., Goddard, A., Gurney,
A. and Rosenthal, A.(1997). Control of cell pattern in the neural tube by
the zinc finger transcription factor and oncogene Gli-1. Neuron19, 15-26.

Ingham, P. W. and McMahon, A. P.(2001). Hedgehog signaling in animal
development: paradigms and principles. Genes Dev.15, 3059-3087.

Jonsson, J., Carlsson, L., Edlund, T. and Edlund, H.(1994). Insulin-
promoter-factor 1 is required for pancreas development in mice. Nature371,
606-609.

Kim, S. K. and Melton, D. A. (1998). Pancreas development is promoted by
cyclopamine, a hedgehog signaling inhibitor. Proc. Natl. Acad. Sci. USA95,
13036-13041.

Kim, S. K. and Hebrok, M. (2001). Intercellular signals regulating pancreas
development and function. Genes Dev.15, 111-1127.

Kim, S. K., Hebrok, M. and Melton, D. A. (1997). Pancreas development in
the chick embryo. Cold Spring Harb. Symp. Quant. Biol.62, 377-383.

Kim, S. K., Hebrok, M., Li, E., Oh, S. P., Schrewe, H., Harmon, E. B., Lee,
J. S. and Melton, D. A. (2000). Activin receptor patterning of foregut
organogenesis. Genes Dev14, 1866-1871.

Larsson, L. I., Madsen, O. D., Serup, P., Jonsson, J. and Edlund, H.(1996).
Pancreatic-duodenal homeobox 1 – role in gastric endocrine patterning.
Mech. Dev.60, 175-184.

Lee, J., Platt, K., Censullo, P. and Ruiz i Altaba, A.(1997). Gli1 is a target
of Sonic hedgehog that induces ventral neural tube development.
Development124, 2537-2552.

Litingtung, Y., Lei, L., Westphal, H. and Chiang, C.(1998). Sonic hedgehog
is essential to foregut development. Nat. Genet.20, 58-61.

Marigo, V., Davey, R. A., Zuo, Y., Cunningham, J. M. and Tabin, C. J.
(1996). Biochemical evidence that patched is the Hedgehog receptor. Nature
384, 176-179.

Marti, E., Bumcrot, D. A., Takada, R. and McMahon, A. P. (1995).
Requirement of 19K form of Sonic hedgehog for induction of distinct
ventral cell types in CNS explants. Nature375, 322-325.

McMahon, A. P., Ingham, P. W. and Tabin, C. J.(2003). Developmental
roles and clinical significance of hedgehog signaling. Curr. Top. Dev. Biol.
53, 1-114.

Offield, M. F., Jetton, T. L., Labosky, P. A., Ray, M., Stein, R. W.,
Magnuson, M. A., Hogan, B. L. and Wright, C. V. (1996). PDX-1 is
required for pancreatic outgrowth and differentiation of the rostral
duodenum. Development122, 983-995.

Pepicelli, C. V., Lewis, P. M. and McMahon, A. P.(1998). Sonic hedgehog
regulates branching morphogenesis in the mammalian lung. Curr. Biol. 8,
1083-1086.

Ramalho-Santos, M., Melton, D. A. and McMahon, A. P.(2000). Hedgehog
signals regulate multiple aspects of gastrointestinal development.
Development127, 2763-2772.

Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy,
P. A. and Jessell, T. M.(1995). Floor plate and motor neuron induction by
different concentrations of the amino-terminal cleavage product of sonic
hedgehog autoproteolysis. Cell 81, 445-455.

Skalli, O., Ropraz, P., Trzeciak, A., Benzonana, G., Gillessen, D. and
Gabbiani, G. (1986). A monoclonal antibody against alpha-smooth muscle
actin: a new probe for smooth muscle differentiation. J. Cell Biol.103, 2787-
2796.

Stoffers, D. A., Zinkin, N. T., Stanojevic, V., Clarke, W. L. and Habener,
J. F. (1997). Pancreatic agenesis attributable to a single nucleotide deletion
in the human IPF1 gene coding sequence. Nat. Genet.15, 106-110.

Stone, D. M., Hynes, M., Armanini, M., Swanson, T. A., Gu, Q., Johnson,
R. L., Scott, M. P., Pennica, D., Goddard, A., Phillips, H. et al. (1996).
The tumour-suppressor gene patched encodes a candidate receptor for Sonic
hedgehog. Nature384, 129-134.

Sukegawa, A., Narita, T., Kameda, T., Saitoh, K., Nohno, T., Iba, H.,
Yasugi, S. and Fukuda, K. (2000). The concentric structure of the
developing gut is regulated by Sonic hedgehog derived from endodermal
epithelium. Development127, 1971-1980.

Thomas, M. K., Rastalsky, N., Lee, J. H. and Habener, J. F.(2000).
Hedgehog signaling regulation of insulin production by pancreatic beta-
cells. Diabetes49, 2039-2047.

Thomas, M. K., Lee, J. H., Rastalsky, N. and Habener, J. F.(2001).
Hedgehog signaling regulation of homeodomain protein islet duodenum
homeobox-1 expression in pancreatic beta-cells. Endocrinology142, 1033-
1040.

Treier, M., O’Connell, S., Gleiberman, A., Price, J., Szeto, D. P., Burgess,
R., Chuang, P. T., McMahon, A. P. and Rosenfeld, M. G.(2001).
Hedgehog signaling is required for pituitary gland development.
Development128, 377-386.

Wilson, P. A. and Melton, D. A.(1994). Mesodermal patterning by an inducer
gradient depends on secondary cell- cell communication. Curr. Biol. 4,
676-686.


