
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 13036–13041, October 1998
Developmental Biology

Pancreas development is promoted by cyclopamine, a Hedgehog
signaling inhibitor

SEUNG K. KIM* AND DOUGLAS A. MELTON

Howard Hughes Medical Institute and Department of Molecular and Cellular Biology, Harvard University, Cambridge, MA 02138

Contributed by Douglas A. Melton, August 31, 1998

ABSTRACT Exposure to cyclopamine, a steroid alkaloid
that blocks Sonic hedgehog (Shh) signaling, promotes pan-
creatic expansion in embryonic chicks. Heterotopic develop-
ment of pancreatic endocrine and exocrine structures occurs
in regions adjacent to the pancreas including stomach and
duodenum, and insulin-producing islets in the pancreas are
enlarged. The homeodomain transcription factor PDX1, re-
quired for pancreas development, is expressed broadly in the
posterior foregut but pancreas development normally initiates
only in a restricted region of PDX1-expressing posterior
foregut where endodermal Shh expression is repressed. The
results suggests that cyclopamine expands the endodermal
region where Shh signaling does not occur, resulting in
pancreatic differentiation in a larger region of PDX1-
expressing foregut endoderm. Cyclopamine reveals the capac-
ity of a broad region of the posterior embryonic foregut to
form pancreatic cells and provides a means for expanding
embryonic pancreas development.

Little is known about the mechanisms that pattern endoderm
and mesoderm to form distinct organ boundaries along the
gastrointestinal tract. Defects of patterning can manifest as
organ agenesis and heterotopic organ formation (1). Epige-
netic agents that promote these phenotypes have been critical
for identifying the steps that control organ position, bound-
aries, and growth in development of other organ systems. For
example, retinoic acid and its derivatives have been helpful in
understanding steps regulating the segmentation of neuroec-
toderm (2) and axial patterning of the limb (3, 4). Character-
ization of molecules that modulate the genetic programs that
establish gastrointestinal organ pattern may provide the basis
for manipulating the neogenesis of vital cells like hepatocytes
and pancreatic islet cells.

The pancreas, an organ with mixed exocrine and endocrine
functions, arises from endodermal evaginations of duodenal
endoderm in the posterior foregut, caudal to the stomach
anlage. Human pancreatic hypoplasia and agenesis are rare
(5), but pancreatic overgrowth, including annular pancreas,
nesidioblastosis (islet cell hyperplasia), and heterotopic pan-
creas, is more common (6). Human pancreatic heterotopia can
contain both mature endocrine and exocrine cells, and the
majority (70–80%) occurs as asymptomatic overgrowths in
organs that derive from endoderm adjacent to the pancreatic
anlage, including the antrum of the stomach, duodenum, and
small intestine (7, 8). The cause of these pancreatic malfor-
mations is presently unknown.

Endodermal expression patterns of Sonic hedgehog (SHH),
a potent intercellular signaling protein, demarcate a molecular
boundary between pancreas and adjacent stomach and duo-
denal anlagen (9–12). Shh is expressed at high levels in
stomach and duodenal endoderm but repressed in pancreas

endoderm. Misexpression of SHH in pancreas endoderm
prevents normal pancreas morphogenesis and cell differenti-
ation (9, 12). These observations show that maintaining the
domain of SHH-nonexpressing endoderm in the pancreas
anlage is required for normal development and suggests that
expansion of this SHH-nonexpressing domain might allow
expansion of the pancreas anlage.

Recently, a class of steroid alkaloid teratogens, including
cyclopamine and jervine, from the plant Veratrum species
(13), have been demonstrated to block SHH signaling effects
in responding neural tissue (14). We report herein that cyclo-
pamine addition in vitro and in vivo inhibits endodermal SHH
signaling, and results in ectopic pancreas development in
stomach and intestine. The results suggest that endodermal
competence to form heterotopic pancreas correlates with
embryonic endodermal expression of the homeodomain tran-
scription factor PDX1 (10, 15–17). Factors like cyclopamine,
which prevent Hedgehog signaling, present a way to expand
pancreatic tissue.

MATERIALS AND METHODS

Stomach and Endoderm Growth and Cyclopamine Addi-
tions. Chicken embryos were staged according to Hamburger
and Hamilton (18). Stomachs were removed from Hamburger
and Hamilton stage 15 chicken embryos and grown in Matrigel
(Collaborative Research) as described (19). Separation of
stomach from the pancreas anlage at this stage is demonstrated
by absence of detectable glucagon or insulin by immunohis-
tochemistry. In contrast, both these endocrine markers are
detected when stomach with attached pancreas is grown in
Matrigel for 60 h. Tomatidine (Sigma) and cyclopamine (a gift
from W. Gaffield, U.S. Department of Agriculture, Albany,
CA, and P. Beachy, Johns Hopkins University) dissolved in
95% ethanol were diluted in dimethyl sulfoxide and added in
vitro at concentrations indicated in the results; appropriate
additions of dimethyl sulfoxide were made in control samples.
Hamburger and Hamilton stage 12 embryonic endoderm,
which includes the stomach anlage, was isolated as described
(11) and grown in Matrigel with 10 mM cyclopamine. Rudi-
ments and endoderm were harvested and prepared for histol-
ogy as described below. In vivo cyclopamine additions (0.125,
0.25, 0.5, 0.75, or 1.0 mg per embryo) to embryos at Hamburger
and Hamilton stage 10, 11, 15, or 19 were made after win-
dowing eggs as described (20). External phenotypes were more
severe after cyclopamine exposure at earlier developmental
stages. For example, exposure of five embryos to 1.0 mg at
Hamburger and Hamilton stage 10 resulted in cyclopia in four
embryos, in contrast to exposure at later stages that resulted
in hypotelorism and microphthalmia but not cyclopia (n 5 8).
Severity of effects on foregut-derived organs after cyclopamine
exposure was similarly reduced by adding cyclopamine at later
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stages. At higher doses, we observed 50% mortality rate by day
9, 80% by day 10, and 100% by day 11 of incubation with 0.5
mg of cyclopamine (n 5 11); embryos exposed to 0.5–1.0 mg
of cyclopamine were analyzed after 9 days.

Immunohistochemistry, in Situ Hybridization, and Prolif-
eration Assays. Immunohistochemistry on 7-mm sections was
performed as described (21) except (i) exposure to primary
antibodies was for 1 h, (ii) exposure to secondary antibodies
was for 30 min, and (iii) appropriate secondary donkey anti-
bodies (Jackson ImmunoResearch) conjugated to fluorescein
isothiocyanate or Cy3 at a 1:200 dilution were used for
fluorescence microscopy. Primary antibodies were guinea pig
anti-insulin (Dako), rabbit anti-glucagon (Chemicon) and
rabbit anti-carboxypeptidase A (Biogenesis, Bournemouth,
U.K.). Methods for in situ hybridizations using chicken Pdx,
Shh, and Patched (Ptc) probes have been described (11, 12).

Stomachs isolated at stage 15 and grown for 60 h in Matrigel
were labeled for 3 h by using the cell proliferation labeling
reagent (Amersham) diluted 1:100. Labeled explants were
sectioned (7 mm), processed for detection of 5-bromodeoxyuri-
dine (BrdUrd) as described by the manufacturer, counter-
stained in Gill’s hematoxylin (Polyscientific; Bayshore, NY)
diluted 1:4 in water, and sealed with glass coverslips. Epithelial
and mesenchymal cells in 10 random sections at 340 magni-
fication from cyclopamine-treated or control samples were
counted and scored. The number of labeled epithelial or
mesenchymal cells was divided by the total number of cells
counted (6,856 control epithelium, 8,520 cyclopamine epithe-
lium; 4,160 control mesenchyme, and 4,387 cyclopamine mes-
enchyme) to obtain the fraction of labeled cells. The results
were found significant at P , 0.05 by Student’s t test.

To determine relative size of insulin-producing islets, pan-
creata from six cyclopamine-treated and five control embryos
harvested after 9 days of incubation were completely sectioned
at 7 mm and immunostained for the presence of insulin and
glucagon. Measurements of the insulin-producing islets in

every sixth section were obtained to avoid counting the same
islet twice. Widths of 97 islets from cyclopamine-treated
embryos and 72 islets from control embryos were averaged and
presented as mean 6 SEM. This method underestimates the
relative change of islet size after cyclopamine exposure.

RESULTS

Insulin and Glucagon Expression in Stomach Endoderm
After Cyclopamine Exposure. An in vitro method for growing
lung explants (19) was adapted to grow stomach explants in the
presence of cyclopamine. Stomach endoderm and mesen-
chyme were dissected away from adjacent esophagus, liver, and
dorsal pancreatic anlagen (Fig. 1A). The endoderm-derived
epithelial layer in control stomach explants is a flattened
monolayer of columnar cells with polarized nuclei and a
homogenous adjacent mesenchyme. In contrast, stomach ex-
plants exposed for 60 h to 10 mM cyclopamine have an
epithelium with multiple folds, containing several layers of
nonpolarized cells adjacent to mesenchyme with numerous
vascular lumen containing blood cells (Fig. 1B). It is not yet
known whether vascularization promoted by cyclopamine is a
direct or indirect effect on mesenchyme. The appearance of
epithelium and mesenchyme of cyclopamine-treated stomach
explants is similar to the nascent dorsal pancreas bud, de-
scribed below.

Growth of control stomach explants in vitro for up to 60 h
does not result in expression of detectable glucagon (n 5 10)
or insulin (n 5 11) (Fig. 1C). Both markers are detected in the
pancreas after growth of control explanted dorsal pancreas
anlage in Matrigel (n 5 6, data not shown). Both glucagon (8
of 11 samples) and insulin (10 of 11 samples) are induced in
stomach endoderm by 10 mM cyclopamine. No glucagon or
insulin are detected in the mesenchymal layer. Cyclopamine
also induced endodermal expression of glucagon and insulin at
1.0 mM (n 5 6) but not 0.1 mM (n 5 6). Tomatidine, an alkaloid

FIG. 1. Cyclopamine-induced insulin and glucagon expression in isolated stomach explants grown in vitro. (A) Isolation and growth of stage 15
stomach. The stomach anlage is an easily identified bulge rostral to the anterior intestinal portal (AIP) and caudal to the esophagus (E) of stage
15 (23–27 somites) chicken embryos. The dorsal pancreatic (DP) anlage lies dorsal and caudal to the AIP and the ventral pancreatic anlage is within
the liver (L) primordium, rostral and lateral to the AIP. Isolated stomachs were embedded in Matrigel and grown until assay by histological methods.
(B) Cyclopamine-induced morphologic changes in stomach epithelium (e) and mesenchyme (m). Arrowheads mark the lumens of vascular structures
that contained blood cells. Epithelial folds induced by cyclopamine are not evident in these panels. (C) Cyclopamine, at the indicated concentrations,
induces insulin and glucagon in isolated stomach anlagen. All ectopic expression is detected in the epithelial cell layer. Tomatidine does not induce
expression of insulin and glucagon.
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structurally similar to cyclopamine that is nonteratogenic and
lacks inhibitory effects on SHH signaling (14), did not induce
these markers even at 50 mM (n 5 6) and did not alter
epithelial or mesenchymal morphology compared with control
explants. The concentration-dependent response of stomach
explants between 0.1 and 10 mM is a range similar to that
previously shown for the response of neuroectoderm to cyclo-
pamine (14). These data indicate that cyclopamine exposure
transforms stomach epithelium and mesenchyme toward a
pancreatic phenotype and suggest that pancreatic heterotopia
can form de novo, by ectopic differentiation. Similar results in
explant culture were obtained with duodenal epithelium iso-
lated from stage 18 embryos (data not shown).

Cyclopamine-Induced Ectopic Pancreas Development. To
test for later stage and in vivo effects of cyclopamine on

stomach and possibly other organ anlagen, embryos were
exposed to cyclopamine in ovo (n 5 69). Exposure to cyclo-
pamine resulted in visible external defects, including cyclopia,
microphthalmia, proboscis formation, amelia, thoracic lordo-
sis, and decreased body size (ref. 20 and unpublished results).
Examination of gastrointestinal organs revealed severe defi-
cits, including shortened length of the gut tube, and reduced
mesenchymal cell numbers in foregut-derived organs (data not
shown). In this context of generally reduced growth, however,
we also found evidence of ectopic structures in duodenum,
stomach, and dorsal pancreas as described below.

After 3 days of development in control embryos, a single
dorsal pancreatic epithelial bud forms caudal to the stomach,
surrounded by vascularizing mesenchyme that includes the
splenic anlage, adjacent to the right omphalomesenteric vein
(Fig. 2A). Thirteen percent of embryos exposed to cyclopa-
mine (at stage 11) developed a second dorsal endodermal bud
caudal to the normal bud (Fig. 2B), which expresses detectable
insulin and glucagon (data not shown).

FIG. 2. Cyclopamine induces heterotopic structures in duodenum
and stomach. (A) Dorsal pancreatic bud (large arrowhead), stomach
(S), and omphalomesenteric vein (v) from control embryo at 3 days.
In addition to the vein, small vascular spaces containing blood cells in
the dorsal mesenchyme surround the dorsal bud epithelium. (B) Two
dorsal epithelial buds (large arrowheads) from a cyclopamine-exposed
embryo grown for 3 days. The more posterior heterotopic dorsal bud
bulges into the vascular space. (C) Transverse section through the
antrum of the distal stomach (S) from a 9 day control embryo. (D)
Transverse section through the corresponding antral portion of the
stomach from an embryo treated with 1.0 mg of cyclopamine. Large
arrow marks branched epithelial structures arising within the stomach
mesenchyme. Three small arrowheads mark obvious vascular struc-
tures; the middle lumen is filled by red blood cells. As shown,
cyclopamine exposure results in transformation of part, but not all, of
the distal stomach toward a pancreatic phenotype. Dorsal is toward the
top in A–D and anterior is toward the left in A and B.

FIG. 3. Carboxypeptidase A and insulin expression within heter-
otopic pancreas-like structures in stomach (S) after cyclopamine
treatment. (A, C, and E) Tissues from 9-day control embryos. (B, D,
and F) Tissues from 9-day cyclopamine-treated embryos. (A) No
carboxypeptidase A staining in stomachs from control embryos. (B)
Arrowheads mark epithelial cells expressing carboxypeptidase A. (C)
No insulin staining in stomachs from control embryos. (C) Arrow-
heads mark cell clusters expressing insulin. Arrow marks the first
portion of the duodenum that also expresses detectable insulin. (E)
Insulin-expressing islets from the dorsal pancreas of 9-day control
embryos with characteristic spacing and uniformity of size. (F)
Insulin-expressing islets from the dorsal pancreas of cyclopamine
treated embryos. Note smaller distance between islets and increased
islet width, compared with E. [Bar 5 50 mm (E and F).]
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Ectopic pancreatic development was also detected in 16% of
cyclopamine-exposed embryos in the distal stomach (Fig. 2 C
and D). The proximal stomach in chicken embryos normally
develops into the proventricular, or glandular, stomach and the
distal stomach develops into the muscular gizzard. By 9 days,
the epithelium of the distal stomach is normally surrounded by
a homogeneous thick mesodermal layer (Fig. 2C). Neither
carboxypeptidase A nor insulin are normally expressed in the
distal chicken stomach (Fig. 3 A and C and ref. 22). In contrast,
the epithelium of the distal stomach in cyclopamine-treated
embryos adjoins tissue with a characteristic pancreatic appear-
ance, surrounded by vascular mesenchyme (Fig. 2D). Both
carboxypeptidase A and insulin are expressed in these stom-
achs; in particular, insulin expression occurs in compact clus-
ters of cells resembling islets of Langerhans (Fig. 3 B and D).

By 9 days of normal development, insulin-producing islets in
dorsal pancreas have a uniform size, with an average width of
48.7 6 6.3 mm (Fig. 3E); ventral insulin islets form later, by 13
days (23). In contrast, insulin-producing islets in the dorsal
pancreas of cyclopamine-treated embryos have a wider range
of sizes, appear more clustered, are larger, with an average
width of 72.8 6 12.2 mm, and stain more uniformly for insulin
(Fig. 3F). Cyclopamine had no detectable effect on the number
of dorsal (or ventral) pancreatic insulin-expressing islets, nor
on the size, number, or distribution of dorsal and ventral
pancreatic glucagon-expressing cells that form separate islets
in the chicken (24).

The Competence to Form Heterotopic Pancreatic Tissue
Corresponds to Embryonic Pdx Expression. In embryos ex-
posed to cyclopamine, organs where pancreas growth is pro-
moted, including distal stomach, pancreas, and duodenum,
have detectable endodermal Pdx expression (Fig. 4). Pdx
specifies a homeodomain transcription factor required for
pancreas development (15, 16). Other organs of cyclopamine-
exposed embryos that did not express detectable insulin

andyor carboxypeptidase A include the pharynx, esophagus,
lungs, proximal stomach (proventriculus), and liver. Endoder-
mal Pdx expression in the anlagen of these organs was not
detected in cyclopamine-treated embryos. In one case, ectopic
insulin and carboxypeptidase A in the jejunum were detected
(Fig. 4).

Cyclopamine Effects on Epithelial–Mesenchymal Signaling.
Normal chicken stomach endoderm expresses high levels of
Shh (10–12). Expression of Ptc, a candidate receptor for SHH,
is induced by SHH signaling (25), and high levels of Ptc mRNA
are detected in stomach and intestinal mesenchyme adjacent to
Shh-expressing endoderm (Fig. 5A). Cyclopamine treatment in
vivo reduces mesenchymal Ptc expression (Fig. 5B), consistent
with the proposal that cyclopamine prevents normal SHH
signaling (14). SHH expression and posttranslational process-
ing in transfected cell lines are not affected by cyclopamine
(14). However, we find that levels of stomach epithelial Shh
mRNA are reduced after cyclopamine addition in vivo and in
vitro. As shown in Fig. 5C, Shh expression is normally detected
throughout the distal stomach epithelium but is repressed in
focal patches in stomach rudiments grown in 1.0–10 mM
cyclopamine (Fig. 5D). Mesenchymal removal and growth of
isolated foregut epithelium in the presence of cyclopamine
results in Shh expression throughout epithelium (n 5 4; Fig.
5E). These data suggest that Shh repression in endoderm after
cyclopamine exposure requires mesenchyme.

FIG. 4. Summary of heterotopic pancreas structures and expres-
sion of immunodetectable insulin and carboxypeptidase A observed
after cyclopamine exposure in vivo. Photomicrograph shows a sagittal
view of the foregut region from a cyclopamine-exposed 3-day embryo
after in situ hybridization with a probe that detects Pdx expression.
Anterior is to the left, and dorsal is toward the top. Endodermal
regions from foregut that express Pdx (‘‘Pdx expression domain’’)
during the period of cyclopamine exposure are stained blue after in
situ hybridization, are marked in blue type, and include the distal
stomach, the pancreatic anlage, and the duodenum (see Fig. 2A for
anatomic landmarks). Heterotopic pancreas cell types were observed
in 21 of 69 treated embryos exposed to 0.5–1.0 mg of cyclopamine at
stage 10–11; 52% (11 of 21) of these heterotopic structures were found
in the distal stomach, and 43% (9 of 21) were in duodenum. In one
embryo (1 of 21), insulin and carboxypeptidase A expression was
detected in the both duodenum and the jejunal loop of the intestines
(Intest.). Insulin, carboxypeptidase A, and pancreatic structures were
not seen in lungs, pharynx, esophagus, proximal stomach, or liver after
cyclopamine treatment.

FIG. 5. Changes in gene expression and cell proliferation in
stomach endoderm and mesenchyme after cyclopamine treatment. (A)
Ptc in situ hybridization of stomach in an embryonic day 3 chicken. (B)
Ptc in situ hybridization of stomach of an embryonic day 3 chicken
treated with cyclopamine. (C) Shh in situ hybridization of cultured
stomach with no addition. (D) Shh in situ hybridization of cultured
stomach treated with 10 mM cyclopamine. Note that portions of the
stomach epithelium do not express Shh (arrows). (E) Shh in situ
hybridization of cultured endoderm treated with 10 mM cyclopamine.
(F) BrdUrd staining of control stomach endoderm; arrowheads mark
nuclear staining. (G) BrdUrd staining of stomach endoderm treated
with cyclopamine. (H) Bar graph showing percentage of labeled
endoderm cells in controls or after cyclopamine addition.
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Cyclopamine Effects on Epithelial Proliferation. SHH has
been shown to increase myoblast (26) and epidermal (27)
proliferation, whereas PTC appears to function as a growth
suppressor (25, 28, 29). To test the effect of cyclopamine on
proliferation, we assayed incorporation of BrdUrd into DNA
during in vitro growth of explanted stomachs (Fig. 5 F–H).
There is a 2-fold reduction of BrdUrd incorporation by
epithelial cells treated with cyclopamine, compared with con-
trol cultures. There is also a 3-fold reduction of BrdUrd
incorporation by mesenchymal cells in cyclopamine-treated
explants (8%) compared with controls (25%).

DISCUSSION

Heterotopic formation of pancreas cell types in stomach and
intestinal anlagen after cyclopamine treatment reveals an
unexpectedly wide area of gastrointestinal competence to
differentiate as pancreas. Pancreatic heterotopia has been
previously best described in humans, with highest frequencies
in the stomach antrum, duodenum, and jejunum but also
infrequently in ileum, liver, and biliary tree, and rarely in
extraabdominal sites (for review, see ref. 6). PDX1, a home-
odomain transcription factor required for pancreatic morpho-
genesis and cytodifferentiation (15, 16), is expressed at differ-
ent times during embryogenesis in each of these extrapancre-
atic gastrointestinal sites with highest sustained expression in
the antrum and duodenum (refs. 10, 15, and 16 and Fig. 4).
Previous results showed that SHH is normally expressed
throughout the gut, except in the pancreas (9, 10, 12, 17), and
that SHH misexpression in pancreas prevents normal devel-
opment (9, 12). Thus, these observations are consistent with a
model that proposes that most pancreatic heterotopia occurs
in regions where PDX1 expression and inactive SHH signaling
coincide (Fig. 4).

Dorsal lobe islets containing insulin-producing b cells are
enlarged after exposure to cyclopamine (Fig. 3F). Protein
kinase A, a cAMP-stimulated kinase, and forskolin, an agent
that increases intracellular cAMP levels, also negatively reg-
ulate SHH signaling (30, 31). Forskolin and other factors that
increase intracellular cAMP including glucose, amino acids,
prolactin, and growth hormone can promote b cell growth (32,
33). However, cyclopamine promotes both b cell development
and pancreatic heterotopia.

Dominant and recessive mutations of Shh in humans, which
can result (34, 35) in holoprosencephaly (HPE), have not yet
been linked to an increased incidence of pancreatic heteroto-
pia or nesidioblastosis. However, inherited defects of choles-
terol synthesis, such as in Smith–Lemli–Opitz syndrome
(SLOS), also result in HPE and are associated with nesidio-
blastosis and hypoglycemia (36, 37). To the extent that HPE
implies perturbed embryonic Shh signaling in these SLOS
patients (38), these observations indicate a possible role for
Hedgehog proteins in human islet development and glucose
regulation.

A recent study demonstrated that SHH signaling from
notochord to neuroectoderm can be blocked by cyclopamine
(14). Our results suggest that epithelial to mesenchymal sig-
naling by SHH in the gut is also perturbed by cyclopamine.
Previous work has shown that endodermal SHH regulates
patterns of mesenchymal gene expression in pancreas (9, 12),
and other organ anlage in foregut and hindgut (39, 40). Our
data indicate that perturbation of SHH signaling from
endoderm to mesenchyme results in a mesenchymal signal that
represses endodermal Shh expression (Fig. 5 C–E). It is also
possible that inhibition of SHH signaling can have direct
effects on endoderm (12). Similarities in structure and post-
translational modification between SHH and other members
of the Hedgehog family (38, 41, 42) also raise the possibility
that cyclopamine’s effects on pancreas growth might result
from signaling-blockade of additional Hedgehog proteins.

Cyclopamine blockade of Shh signaling in stomach promotes
epithelial thickening and branching, and the mesenchymal
formation of vascular structures and blood cells (Figs. 1B and
2D), which are characteristic of mesenchyme in the dorsal
pancreaticysplenic anlage. Dorsal pancreas endoderm can
direct hematopoiesis and vasculogenesis of heterologous mes-
enchyme (43), consistent with the location of the chicken
splenic anlage in dorsal pancreatic mesenchyme. Cell prolif-
eration studies (Fig. 5) indicate that the apparent increased
thickness and folding of epithelium after cyclopamine expo-
sure is not due to enhanced proliferation and instead may
result from cyclopamine promotion of cell survival, movement,
or transformation. These epithelial and mesenchymal pheno-
types, resulting from blockade of Shh signaling, support pre-
vious models that proposed that spatially restricted Shh ex-
pression along the anterior–posterior axis generates distinct
mesodermal boundaries for pancreas, spleen, and adjacent
intestine (9, 12).

Cyclopamine effects described herein raise the possibility
that other agents that block SHH activity, including cholesterol
synthesis and sterol transport inhibitors (ref. 14 and references
therein), can promote the growth of pancreatic cells. Class 2
sterol transport inhibitors include progesterone, an endoge-
nous circulating hormone that can affect adult b cell growth
(32). Understanding the mode of action of agents such as
cyclopamine may aid the development of cell-replacement
therapies for pancreatic diseases such as diabetes mellitus.
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