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Hedgehog signaling in the pancreas epithelium 

 

Abstract 

 

 Current studies of Hedgehog (Hh) signaling in the pancreas have 

demonstrated that Hh signaling regulates expansion of pancreas area and must 

be excluded from the early developing pancreas during embryogenesis. 

However, contraindicating evidence suggests that there may be some possible 

functional activity and requirement in the developing pancreas and postnatal 

islet.  Thus the role of Hh signaling in the pancreas remains unclear. 

In this dissertation, we investigate the role of Hh signaling specifically 

within the pancreatic epithelium during development and in the postnatal islet.  

First, we characterized Patched1-lacZ mice to identify Hh active cells in the 

pancreatic epithelium.  Characterization of Patched1-lacZ mice showed that Hh 

active cells reside in the developing pancreatic epithelium as early as embryonic 

day 10.5, predominate in ductal and endocrine regions, and postnatally have 

increased Hh activity.  

Secondly, we analyzed mice that have downregulated Hh function in the 

pancreatic epithelium.  To accomplish this, we generated mice that carried a 

floxed-over-null allele of Smoothened (Smo), a key upstream activator of Hh 

signaling, in Pdx1-Creearly mice. Pdx1-Creearly;Smolox/null mice have downregulated 

Smoothened expression and Hh activity, and show a temporary early loss of 

pancreatic epithelial and insulin area.  Furthermore, adult Pdx1-Creearly;Smolox/null 
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mice are deficient in insulin production resulting in impaired insulin secretion and 

glucose intolerance. 

Finally, we analyzed activated Hh signaling in the pancreatic epithelium. 

To accomplish this, we generated mice that conditionally overexpress a 

transgene, CLEG2, that is a constitutively active form of Gli2 in Pdx1-Creearly 

mice.  Surprisingly, Pdx1-Creearly;CLEG2 mice showed only low level Hh 

activation.  Recent studies have shown that primary cilia are modulators of Hh 

signaling.  Thus, we generated Pdx1-Creearly;CLEG2 mice in combination with a 

conditional model of cilia ablation (Kif3alox/lox) to achieve high levels of Hh 

activation in the pancreas epithelium. Pdx1-Creearly;CLEG2;Kif3alox/lox mice show 

strong Hh activation, development and expansion of an unusual population of 

cells that express foregut progenitor markers, and loss of endocrine epithelium.  

Thus, this body of work furthers the understanding of Hh signaling in the 

pancreas epithelium by demonstrating its role in regulating expansion of early 

pancreas epithelium and modulating postnatal epithelial activity. 
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Chapter 1 – Introduction 

 

 Current studies have shown that the Hedgehog (Hh) signaling is excluded 

during early pancreas formation.  However subsequent expression of Hh 

signaling components suggests that Hh signaling may have some functional 

requirement during pancreas formation.  In addition, in vitro studies on isolated 

adult islets and β-cell lines indicate that Hh signaling can regulate insulin 

production and secretion.  Therefore, the role of Hh signaling in the pancreas is 

unclear. 

 To elucidate the role of Hh signaling in the pancreas, I set out to address 

three specific aims. 

 

1) To identify Hh responsive cells that reside in the developing and adult 

pancreas. 

2) To determine the requirement for Hh signaling specifically in the 

developing and adult pancreas epithelium by analyzing loss of function 

mutants. 

3) To determine the effects of overt Hh activation in the pancreas by 

analyzing gain of function mutants, both alone and in the context of 

primary cilia ablation. 
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Hedgehog signaling pathway 

 In 1980 Nüsslein-Volhard and Wieschaus (1) first described Hedgehog (Hh) 

mutants in the fruitfly Drosophila melanogaster.  In this work, Nüsslein-Volhard 

and Wieschaus found that certain genetic mutations rendered flies to look like 

little hedgehogs with continuous spiky outer skins.  Once isolated, the gene 

mutated in these flies was named hedgehog (hh).  During the following decade, 

homologues of the Drosophila hh gene have been isolated and identified in many 

vertebrates including mice and humans.  As in Drosophila, the vertebrate Hh 

genes have indispensable functions during embryonic development, 

differentiation and morphogenesis.  Here, we will briefly discuss what is currently 

known about Hh signaling but refer readers to the following papers for more 

specific details of the pathway (2-8). Although there is only one hh gene in 

Drosophila, there are three known Hh genes that exist in mammals, Sonic hh 

(Shh), Indian hh (Ihh), and Desert hh (Dhh).  Shh is the best studied of 

mammalian Hhs with the broadest expression pattern, including in the developing 

nervous system, limb buds, skin and gut (2, 3, 9, 10).  Ihh expression is restricted 

to the developing bone and cartilage, gut and pancreas (2, 3, 11-14) whereas 

Dhh expression is found primarily in the gonads and testes, with some 

expression also in peripheral nerves and pancreas (2, 3, 12, 15).  While their 

binding affinities are slightly different, all three ligands have been shown to bind 

the same receptors, and to elicit similar responses in target cells (7).  Thus, 

individual ligand activities are mainly regulated via their distinct expression 

patterns, however, independent ligand functions have not been entirely excluded.  

2



 

Hh processing 

 Despite their distinct expression patterns, all Hh molecules appear to share 

the same posttranslational modifications (2, 3).  Processing of Hh molecules 

requires that nascent pre-proteins undergo an autocatalytic cleavage event 

resulting in an N-terminal fragment that carries all known signaling activities (See 

Figure 1).  During cleavage, a cholesterol group is covalently attached to the C-

terminus of the signaling fragment.  Although many proteins are lipidated, sterol 

modifications of secreted molecules are quite unusual and may be unique to Hh 

ligands.  Consequently, cholesterol modification has been extensively analyzed 

and results from these studies point to its importance in Hh molecule retention to 

cell membranes and range of diffusion (2, 7, 16-18).  In addition to cholesterol 

modification, processing of Hh molecules requires palmitoylation of the N-

terminus to yield a fully processed Hh protein (16, 18, 19).  

 

Hedgehog signaling 

 Two transmembrane receptors, Patched1 (Ptch1) and Patched2 (Ptch2), 

have been identified as receptors for processed Hh ligands in mammals.  Ptch1 

expression is more prominent and its function has been analyzed in detail (2, 3, 

20).  Loss of functions studies for Ptch1 and Ptch2 show that Ptch1-deficient 

mice develop overt activation of Hh signaling while Ptch2-deficient mice have 

only mild defects including alopecia and epidermal hyperplasia (20-22), thus 

suggesting that Ptch1 is the functional ortholog of Drosophila Ptch.  In the 
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absence of ligand, Ptch1 represses the activity of Smoothened (Smo), a G-

protein coupled-like receptor  (see Figure 1).  Repression of Smo halts all 

downstream signaling events.  Upon ligand binding, Ptch1 repression of Smo is 

alleviated and Smo initiates a signaling cascade that results in the translocation 

of Gli transcription factors into the nucleus (2, 3).  Interestingly, Ptch1 inhibition of 

Smo is indirect and active Hh signaling is mediated by the directed localization of 

Smo to the membrane (23).  In mammals, there are three known Gli transcription 

factors, Gli1, Gli2 and Gli3.  Depending on the tissue-specific context, Gli1 

seems to act as a transcriptional activator as Gli1 does not have a repressor 

domain and can only act as an activator (24).  Gli2 usually functions as a 

transcriptional activator but contains a repressor domain and thus has some 

reported repressor function, while Gli3 mainly works as a transcriptional 

repressor (24-26).  Furthermore, both Gli1 and Gli3 are known Hh transcriptional 

target genes (3).  Additional known target genes for Hh signaling include Ptch1 

and Hedgehog Interacting Protein (Hhip).  

 

Regulating Hedgehog signaling 

 Hh signaling has been shown to regulate cell differentiation in a 

concentration dependent fashion.  Given the fact that small changes in signaling 

activity can result in dramatic changes in responding cells, tight regulation of the 

pathway activity is essential.  In the context of Hh signaling, this is accomplished 

by negative feedback loops in which transcriptional targets curb the activity of the 

pathway.  One example is Ptch1, the Hh receptor that blocks activity by 
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interfering with Smo function, in the absence of ligands. Ptch1 is a downstream 

target gene whose expression is upregulated when the pathway is active (3).  

The increased level of Ptch1 proteins at the surface of Hh responding cells 

decreases pathway activity by blocking Smo.  Moreover, Ptch1 removes soluble 

Hh proteins through internalization of receptor-ligand complexes.  This particular 

function limits the diffusion range of Hh ligands and thereby the area of Hh 

signaling in a given tissue.   

 In addition to Ptch1, several other Hh binding proteins have been identified 

to regulate Hh signaling, including Hedgehog Interacting Protein (Hhip) (27), 

Growth arrest-specific1 (Gas1) (28), and the mammalian homologues of the 

Interference Hedgehog (ihog) protein family, CAM-related/downreglated by 

oncogenes (Cdo) and Brother of Cdo (Boc) (29-31).  Hhip is a Hh receptor that 

lacks a cytoplasmic signaling domain and acts as a signaling sink, binding to Hh 

ligand without transmitting any downstream events (27).  Additionally, Hhip is a 

Hh target gene, and pathway activation results in increased levels of Hhip that 

can bind more ligand and prevent further ligand diffusion. Similar to Hhip, Gas1 

has been shown to inhibit Shh signaling by competitively binding ligand in dorsal 

somites (28). In contrast, Boc and Cdo enhance Shh signaling by binding Shh 

ligand and facilitating either ligand presentation or sequestering and potentiating 

ligand signals in the developing neural tube. In addition, Boc also functions in Hh-

mediated commissural axon guidance (32).  Interestingly, all identified Hh 

inhibitors act at the cell surface to mediate Hh ligand action.  Thus, the presence 

of endogenous Hh binding proteins as integral parts of the signaling cascade 

6



regulate pathway activity.  

 Recent studies have presented a new focal point of Hh signaling regulation 

in primary cilia, organelles that act as signaling nodes and mechano-sensors.  Hh 

signaling regulation by primary cilia is multi-layered (Figure 2).  First, localization 

of Smo into primary cilia mediates its activation in mammalian cells (33). (See 

Figure 2A-B).  Secondly, primary cilia mediate processing of Gli transcription 

factors (34-40).  (See Figure 2C-D).  In the absence of Hh ligand, activating Gli1 

is not expressed, Gli2 activator is not processed, and Gli3 is processed into its 

repressor form (Gli3R) in the primary cilia (34), rendering Hh signaling quiescent.  

Upon ligand activation, Gli1 is expressed, Gli2 activator is processed and Gli3R 

is not processed, resulting in activated Hh signaling.  While primary cilia have 

been shown to be important for Gli processing, it remains unclear if this is an 

indirect or direct interaction.  Further support for primary cilia regulating Hh 

signaling comes from mutants that lack primary cilia and have demonstrated 

perturbed Hh activity (36-41).  Thus, cilia play an important role in regulating Hh 

signaling. 

 

The Pancreas and its development 

 The adult pancreas is a heterogeneous organ composed of two primary 

tissues, the exocrine compartment consisting of acinar and ductal cells, and the 

endocrine compartment consisting of cells localized within discrete structures 

known as the islets of Langerhans.  The exocrine acinar cells make up the 

majority of the mature organ and produce digestive enzymes that are collected 
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by ductal tissue that drain into the intestinal tract.  Embedded within the exocrine 

tissue are the endocrine islets of Langerhans.  Islets consist of five distinct cell 

types, insulin-producing β-cells, glucagon-producing α-cells, somatostatin-

producing δ-cells, pancreatic polypeptide-producing PP-cells and ghrelin-

producing ε-cells, which produce key hormones that regulate blood glucose 

levels.  Thus, pancreatic functions include production of enzymes that aid in 

digestion of nutrients and hormones that regulate glucose homeostasis.   

 During embryogenesis, the pancreas is specified in the anterior midgut 

region of the endoderm epithelium before embryonic day 8.0 (e8.0) in mice (42).  

(If not noted otherwise all ages refer to stages during mouse development).  By 

e8.5, the expression of Pancreatic Duodenal Homeobox 1 gene (pdx1), a 

transcription factor essential for proper pancreas development and β-cell 

function, marks the endodermal area destined to give rise to the dorsal and 

ventral pancreas buds (42-45).  By e9.0, the first morphological signs of 

pancreas formation are seen when the dorsal pancreatic bud evaginates from the 

endodermal epithelium, just caudal to the stomach anlage.  Subsequently, two 

ventral pancreatic buds form next to the liver diverticulum.  Eventually, one of the 

ventral buds is lost while the other fuses with the dorsal bud during gut and 

stomach rotation.  Ultimately, a unified pancreatic organ forms with a ventral 

domain nestled in the duodenal loop and a dorsal domain next to the spleen and 

stomach.  Thus, the adult pancreas is composed of tissue derived from both the 

dorsal and ventral endoderm.  

 It is important to note that all endocrine and exocrine cell types form from 
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the endoderm epithelium.  As early as e11.5, the expanding pancreatic 

epithelium branches into the surrounding mesenchyme and differentiation of 

endocrine and exocrine cells commences (42).  The subsequent onset of 

endocrine differentiation after e13.5 is referred to as the secondary transition.    

Newly differentiated endocrine cells reside within the epithelium but begin to 

coalesce around blood vessels.  Around e14.5, exocrine cell differentiation 

begins to peak and cells organize into acini with duct cells lining the central 

epithelium.  From e15.5 until birth, the pancreatic epithelium continues to grow 

and endocrine cells aggregate to organize themselves into functional islets that 

are embedded within the exocrine matrix.  Differentiation and development 

continue on past the gestational period and it is not until several weeks after birth 

that the pancreas fully matures to aid in digestion and nutrient storage/utilization.  

  

Hedgehog signaling in pancreas development 

 Hh signaling appears to play multiple roles during mouse embryonic 

pancreas development.  During early stages of gut formation, expression of both 

Shh and Ihh is found throughout the endoderm epithelium (9-11, 46).  (See 

Figure 3A).  In contrast, both genes are absent from the early endodermal area 

specified to become pancreas (47-49).  Similarly, in situ hybridization studies on 

e9.5 pancreas tissue have shown that Ptch1 expression is found in the 

mesenchyme adjacent to, but missing from, the pancreas anlage (47).  However, 

by e13.5 the developing pancreas expresses several Hh components, including 

Ihh, Dhh, Hhip and Ptch1 (12, 50, 51) and unpublished results).  (See Figure 3B). 
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Within the mature pancreas, expression of Ihh, Dhh, Hhip, Ptch1, and Smo has 

also been observed in islet and ductal cells (12, 50, 51). (See Figure 3C).  Thus, 

both ligand and receptor expression patterns indicate that Hh signaling is present 

and active during later stages of pancreas development and in the mature organ.  

While these results might indicate that a certain level of Hh signaling is required 

for proper organ formation and operation, gain of function studies have 

demonstrated that deregulation of Hh pathway activity results in severe changes 

of pancreas morphogenesis and function. 

 

Gain of Hh function studies in the pancreas 

 Several studies have been performed to assess the effects of increased Hh 

signaling during pancreas formation (47, 51, 52).  Ectopic expression of Shh at 

the onset of pancreas formation under the control of the Pdx-1 promoter results 

in almost complete organ ablation (47).  Similarly, ectopic expression of either 

Shh or Ihh under the control of the human PAX4 promoter mid-way through 

pancreas formation also severely disrupts pancreas morphogenesis (52).  

Interestingly, these results suggest that it is the overall level of Hh signaling 

rather than individual ligand expression that is important during pancreas 

development. These findings, and the fact that Hh components are absent from 

early pancreatic endoderm but present in tissue immediately adjacent to the 

pancreas area, suggest that Hh signaling acts during early pancreatic 

organogenesis to establish organ boundaries by regulating the size of the 

pancreas domain.  In fact, ectopic overexpression of Hh ligands instructs the 
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overlying mesenchyme to adopt a duodenal fate.  As a consequence, the 

reciprocating mesenchymal signals that are received by the pancreas epithelium 

are incompatible with proper pancreas organogenesis.  An explanation for this 

finding may be found in studies that demonstrate how increased Hh activity at 

early stages of pancreas formation in Hhip mutant mice results in reduction of 

mesenchymal fgf10 expression (51).  FGF10 activity between e9.5 and e11.5 

has been shown to promote proliferation of Pdx-1-positive pancreas progenitor 

cells (53).  Thus, increased Hh activity perturbs mesenchymal-epithelial signaling 

required for proper organogenesis.  However, Ptch1 expression is also found in 

pancreatic epithelial cells (12, 50) and it is possible that Hh ligands may have a 

direct effect on epithelial cells during later stages of pancreas development.  

Experiments designed to specifically block epithelial Hh signaling will reveal 

whether these cells are actively responding to primary Hh signals or to secondary 

epithelial-mesenchymal interactions during development. 

 Dosage-dependent effects of increased Hh signaling in the pancreas have 

also been assessed.  As seen in other gain of function studies, loss of Hhip, an 

inhibitor of the pathway, results in increased formation of pancreatic 

mesenchyme at a cost to the developing pancreatic epithelium (51). The 

additional loss of one Ptch1 allele in Hhip mutant mice leads to a more profound 

loss of epithelial cells, indicating that pancreatic cells can respond to different 

levels of Hh activity (51).  Therefore, uncontrolled Hh signaling interferes with 

normal pancreas formation.  
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Loss of Hh function studies in the pancreas 

 In addition to gain of function studies, loss of function experiments have 

revealed pertinent information about the role of Hh signaling during pancreas 

development.  Gain of function experiments indicate that Hh activity needs to be 

contained to permit proper pancreas development.  Conversely, loss of Hh 

signaling, at least in some model systems, results in increased pancreas 

formation.  For example, inhibition of Hh activity in chick embryos by treatment 

with cyclopamine, a natural plant-derived steroid alkaloid that binds to and blocks 

the activity of Smoothened, results in enlarged islets in the dorsal pancreas and 

expansion of Pdx-1 expression into the posterior stomach and proximal 

duodenum (54).  Moreover, carboxypeptidase A, glucagon and insulin producing 

cells were found in cyclopamine-treated stomach explants, revealing an 

expansion of both pancreatic exocrine and endocrine cells upon Hh inhibition 

(54).  Thus, loss of Hh signaling can increase the relative pancreas area in chick 

explant studies.   

 So far, complete ablation of Hh signaling in pancreatic tissue has not been 

achieved in transgenic mice due to the early embryonic lethality associated with 

Hh depletion.  In contrast, embryos marked by the loss of individual Hh ligands 

develop at least until birth and can be analyzed for pancreatic defects.  Loss of 

Shh signaling in Shh-/- mice leads to a relative increase in both pancreas weight 

and number of endocrine cells (12).  However, the increase of pancreas mass 

was only noted relative to the significant decrease in body size in Shh mutant 

embryos.  In other words, despite the fact that Shh mutant embryos are severely 
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reduced in body weight, the actual weight of the pancreas in these mutant 

embryos was equivalent to the pancreas weight measured in control littermates.  

Thus, these data indicate that in contrast to other tissues, pancreas development 

does not depend on Shh signaling.  However, both Ihh and Dhh are expressed in 

pancreatic cells during development as well as in adult islets (12) (50).  

Therefore, to eliminate pancreatic Hh signaling, Ihh/Dhh double mutants would 

have to be generated and analyzed for defects.  Alternatively, tissue-specific 

elimination of Smoothened in pancreatic cells should allow us to determine Hh 

signaling requirements during pancreas formation.  

 

Hedgehog signaling in the Zebrafish pancreas 

 Current assessments for Hh signaling requirements during mammalian 

pancreas development indicate that increased Hh activity blocks pancreas 

morphogenesis (47).  In contrast to this inhibitory role, studies on zebrafish 

embryos have revealed a different, instructive role of Shh during pancreas 

organogenesis (55).  Inhibition of Hh signaling at early stages of gastrulation, 

when the mesodermal and endodermal germ layers are formed, results in loss of 

insulin-expressing cells (55).  Similar phenotypes are seen both in zebrafish 

embryos mutant for either Shh (syu) or smoothened (smu).  These results 

indicate that Hh signaling during early gastrulation is required for specification of 

pancreatic endocrine cells. Recent work by Chung et al has shown that the 

requirement for Smo-driven Shh signaling in zebrafish pancreatic endocrine cells 

is paracrine to the early pancreatic endoderm epithelium (56).  In fact, Hh 
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requirement lies in neighboring axial mesodermal cells that respond to early Hh 

signaling during gastrulation to induce the necessary subsequent intra-

endodermal interactions (56).  As noted above, similar findings have not been 

obtained from studies in conventional knockout mice due to the fact that 

complete elimination of Hh signaling results in embryonic lethality shortly after 

gastrulation, before pancreas morphogenesis is initiated.   

 Interestingly, treatment of zebrafish embryos with cyclopamine shortly after 

gastrulation leads to the formation of multiple clusters of insulin producing cells 

(57).  Conversely, both vhnf1 zebrafish and HNF1b mouse mutants are marked 

by an expansion of shh expression and a reduction of pdx1 expression in the 

posterior gut (58, 59).  Thus, similar to its role in mice, Hh signaling has a 

secondary, inhibitory role during pancreas formation in zebrafish as well.  

However, it should be noted that pancreas formation in zebrafish differs from 

mammals.  The pancreatic endoderm does not arise from a bud along a specified 

endodermal gut tube, but rather from cells found alongside the embryonic midline 

that coalesce and condense to form pancreatic buds (60, 61).  Therefore, it is 

possible that these fundamental differences in pancreas formation may 

consequently result in distinct tissue-specific interactions that affect Hh activity in 

developing zebrafish embryos.  In fact, the study by Chung et al support this 

notion. Future studies will be required to clarify the exact nature of the temporal 

and spatial roles of the pathway in both model systems.   

 

Hh signaling in adult pancreas 
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 Traditionally, more emphasis has been placed on the role of Hh signaling 

during embryogenesis and only recently have efforts been undertaken to address 

its role in adult tissue maintenance and/or function.  Increasing data now support 

the notion that developmental signaling pathways remain active in a subset of 

cells in adult tissues (62-67).  Although Hh signaling is present in differentiated 

pancreatic tissue (12, 50, 51), little is known of its role in the mature organ.  In 

adult mouse pancreas, expression of Hh components seems to be restricted to 

the adult islets and ducts (12, 50, 51).  So far, the most compelling evidence for a 

functional requirement of the pathway in adult endocrine cells comes from cell 

culture studies performed by Thomas et al in 2000 and 2001.  These studies 

showed that ectopic expression of Shh in the rat insulinoma cell line INS-1 

promotes insulin production and secretion at the transcriptional level (50).  

Moreover, this response is blocked by the addition of the Hh inhibitor 

cyclopamine.  Further analysis demonstrated that Pdx1, a strong regulator of 

insulin transcription, has Hh responsive elements within its promoter region, and 

that Hh ligand levels modulate the expression of Pdx1 in INS-1 cells (68).  These 

results support the notion that Hh signaling positively regulates insulin production 

and secretion in normal adult β-cells at least in part through regulation of Pdx1 

expression.  In contrast, adult Ptch1 heterozygous mice have increased levels of 

Hh signaling but display glucose intolerance phenotypes (12), a finding that 

contradicts the positive effects of Hh signaling on insulin production and 

secretion obtained in insulinoma cells.  A potential explanation may lie within the 

apparent temporal differences of Hh activity in developing and fully differentiated 
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β-cells.  Hedgehog signaling is increased throughout pancreas formation in Ptch1 

heterozygous mutants, suggesting that β-cell developing in this milieu might 

acquire defects that hinder proper function in differentiated cells.  In contrast, 

these inhibitory effects might be missing in adult β-cells.  Additional studies that 

might include temporal tissue-specific activation and inactivation of Hh signaling 

in mature β-cells will be required to address these discrepancies. 

 

Hedgehog signaling and pancreatic diseases 

 During pancreas morphogenesis, deregulation of Hh signaling results in 

severe defects.  Recent studies suggest that perturbation in Hh activity is also 

implicated in congenital disorders and adult pancreatic diseases.  Here, I briefly 

review the known role of Hh signaling in some common human pancreatic 

disorders, including Annular Pancreas, Diabetes Mellitus, Chronic Pancreatitis, 

and Pancreatic Cancer.  (See Figure 4)  

 

Annular Pancreas 

 Reduced Hh signaling has been associated with several congenital 

malformations throughout the intestinal tract in mice and humans (46, 63, 69-72).  

Within the pancreas, a number of distinct genetic disorders, including Annular 

Pancreas, have been attributed to deregulated Hh activity.  Annular Pancreas is 

a rare condition characterized by an extension of pancreatic tissue that encircles 

the duodenum (73). (See Figure 4C)  In the most severe cases, extensions form 

a ring that can constrict the passage of nutrients through the intestine, a serious 
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condition that requires surgery to alleviate this blockage.  Although the causes of 

this defect in humans are unknown, studies in transgenic mice suggest that loss 

of Hh signaling may contribute to the development of this disorder.  Depending 

on the genetic background of the strains analyzed, ventral pancreatic extensions 

have been found in Ihh and Shh mutants with a 42% incidence in Ihh-/- and Shh-

/- mutants (12, 46).  However, these defects were observed in conventional 

knockout mutants where Hh ligands were eliminated in all cells of the body rather 

than specifically in pancreatic cells.  Therefore, it cannot be excluded that 

Annular Pancreas may be caused by defects in gut rotation rather than due to 

changes that directly affect pancreas formation.  Nonetheless, the reduction of 

Hh signaling must be considered a prime candidate for this disorder in humans. 

 

Diabetes Mellitus 

 Diabetes Mellitus is a pleiotropic disease that results in deregulation of 

blood glucose levels.  According to the World Health Organization report in 2004, 

more than 170 million people are suffering from diabetes worldwide, a number 

that is projected to rise to 370 million by 2030. (The Diabetes Program 2004, 

http://www.who.int/diabetes/en/).    In the US, it is estimated that 18.2 million 

people, or 6.3% of the population, suffer from Diabetes and its long-term 

complications, which include heart disease, stroke, renal failure, neuropathy, 

blindness and amputations.  Two main types of Diabetes with distinct etiologies 

can be distinguished: Type 1 Diabetes, caused by the autoimmune destruction of 

insulin-producing β-cells, and Type 2 Diabetes, the most common form that is 
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caused by β-cell defects resulting in insufficient insulin production or secretion, or 

insulin resistance in peripheral tissues.  So far, Hh signaling has not been 

implicated in the autoimmune response that leads to Type 1 Diabetes. 

 

Type 2 Diabetes 

 Recent evidence may implicate deregulated Hh signaling as a potential risk 

factor for Type 2 Diabetes.  As previously described, Thomas et al demonstrated 

that Hh signaling regulates insulin production and secretion, in part via 

transcriptional activation of the Pdx1 gene (50) (68).  Specifically, Thomas et al 

showed that inhibition of Hh activity with cyclopamine in cultured insulinoma cells 

resulted in decreased transcriptional activity of the Pdx1 promoter.  (See Figure 

4D)  Previous results had shown that reductions in Pdx1 levels result in adult 

onset of hyperglycemia in mice and a special form of Type 2 Diabetes in 

humans, Maturity-Onset Diabetes of the Young (MODY) (74, 75).  MODY is a 

form of dominantly inherited Type 2 Diabetes Mellitus characterized by 

pancreatic β-cell dysfunction with an onset age of 25 years or younger.  Six 

MODY gene mutations have been identified (76-82), and one of these is caused 

by mutations in the Pdx1 gene locus (MODY4, (77)).  Thus, it is possible that loss 

of Hh signaling may reduce Pdx1 expression, resulting in the progressive 

development of a MODY4-like Type 2 Diabetes.  By contrast, results from Ptch1 

heterozygous mice (Ptch1+/-) also suggest that increased Hh signaling results in 

defective glucose tolerance (12).  As previously discussed, a possible 

explanation for this discrepancy is that in contrast to cultured INS-1 insulinoma 
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cells, β-cell in Ptch1 heterozygous mice have been exposed to increased Hh 

signaling throughout embryonic development.  While it cannot be excluded that 

altered levels of Hh signaling during β-cell development can lead to defects in 

mature β-cell function, changes in Hh signaling have not been identified as the 

cause of diabetes in human patients.  Future studies will need to clarify whether 

a relationship between disrupted Hh signaling and development of Type 2 

Diabetes exists. 

 

Chronic Pancreatitis 

 Chronic Pancreatitis is a progressive disease characterized by an 

irreversible destruction of exocrine tissue, extension of ductal structures and 

widespread fibrosis (83-85).  During the early stages of acinar cell destruction, 

the islets of Langerhans are well preserved.  However, morphological changes 

and a reduction in islet number are found in advanced stages of Chronic 

Pancreatitis.  In addition to alcohol, the most common cause of this disease, 

many other factors contribute to its pathology, including heredity, autoimmunity, 

and tropical factors (86).  Recent studies by Kayed et al. have shown that 

increased Hh signaling is associated with Chronic Pancreatitis (87, 88). Unlike 

rodents, in which analysis of transgenic mice that express β-galactosidase under 

the control of the Ptch1 promoter marks adult ductal cells (20), expression of 

PTCH1 and other Hh components, including IHH, HHIP and SMO, is not found 

by immunohistochemistry in normal adult human exocrine or ductal cells [68, 69]. 

However, these data do not exclude that Hh signaling components are 
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expressed in normal pancreatic tissues at levels below detection by 

immunohistochemistry.  In contrast, increased expression of Hh pathway 

components within degenerating acini and proliferating ductular complexes has 

been noted in fibrotic tissues of patients with Chronic Pancreatitis. (See Figure 

4B)  Thus, elevated Hh signaling marks the progression of normal to fibrotic 

tissue in Chronic Pancreatitis.  In addition, treatment of non-transformed 

pancreatic duct cells with Hh agonists induces cell proliferation and provides 

initial evidence for a requirement of Hh signaling in the progression of Chronic 

Pancreatitis (87).  Nevertheless, proof that deregulation of Hh signaling is 

essential during initiation or progression of this disease would require the genetic 

ablation of the pathway in mouse models for Chronic Pancreatitis.  If these 

results would prove positive, novel Hh inhibitors that are currently developed 

could eventually be used for therapeutic treatment of patients suffering from this 

disease. 

 

Pancreatic Cancer 

 Chronic Pancreatitis is one of the risk factors for Pancreatic Ductal 

Adenocarcinoma (PDAC), the most prominent form of all Pancreatic Cancers.  

Pancreatic Cancer currently ranks as the fourth leading cause of cancer death in 

the United States, with a peak incidence in the 65-75 year age group (American 

Cancer Society, 2004).  While there may still be some debate, recent studies 

indicate that PDAC originates from pancreatic acinar cells.  The current 

progression model for PDAC proposes that damaged pancreatic acinar cells 
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dedifferentiate into duct-like cells before developing into pancreatic intraepithelial 

lesions (PanIN) that have been classified into distinct stages by the appearance 

of morphological markers (89-91).  During this initiation of acinar-to-ductal 

metaplasia, it has been demonstrated that in damaged acinar cells, mutated Kras 

blocks β-catenin signaling (90), a critical pathway in the acinar regeneration 

process (92).  In the absence of β-catenin signaling, PanIN lesions of different 

grades will form.  PanIN-1A lesions are characterized by hyperplasia, PanIN-

1B/2 by dysplasia, and PanIN-3 by ductal carcinoma in situ, the final stage before 

metastasis occurs.   Adenocarcinomas of the pancreatic duct are rarely curable 

as diagnosis usually occurs at a time when the tumor has spread to adjacent 

organs and surgical removal of the tumor, the only effective intervention, has 

become impractical.  Even for those few patients with localized disease and 

small cancers (<2 cm), the five-year survival rate after complete surgical 

resection is a dismal 18% (93-95).  Despite the high mortality rate associated 

with pancreatic cancer, the causes of Pancreatic Cancer have not been 

identified.  It is likely that treatment of this fatal disease will required the detailed 

understanding of the molecular biology of Pancreatic Cancer.  

Attempts to understand the molecular biology of cancer have linked 

uncontrolled activation of Hh signaling with the development of distinct cancers in 

brain, muscle, skin and digestive system (96-98).  (See Figure 4A)  Similarly, 

uncontrolled activation of Hh signaling has been implicated in the progression 

and maintenance of PDAC (87, 88, 99-102).    Analysis of human pancreatic 

sections revealed that the level of Hh signaling increases dramatically during the 
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progression from PanIN lesions to metastatic tumors.  Functional evidence 

supporting the notion that increased Hh signaling is sufficient to induce 

Pancreatic Cancer formation comes from studies in transgenic mice. Ectopic 

expression of the Hh ligand Shh under control of the Pdx1 promoter leads to 

morphological changes that resemble human PanIN lesions (101).  Pancreatic 

lesions in these mice are marked by overexpression of molecular markers, 

including HER/neu and mutated K-ras, which are commonly associated with 

early-stage human pancreatic cancer (101).  In addition to this early role during 

the formation of the disease, studies on pancreatic cancer cell lines have shown 

that Hh signaling is involved in maintaining the tumor phenotype (100, 101).  

Analysis of a large number of these cell lines showed active Hh signaling in all 

lines tested, and inhibition of pathway activity with cyclopamine results in 

increased tumor cell apoptosis and decreased proliferation and growth in 

cultured cells and xeno-transplanted tumors.  Interestingly, the majority of 

pancreatic cancer cell lines assayed also express Hh ligands, suggesting that 

autocrine signaling keeps the pathway in an active state (100).  To test this 

hypothesis, Berman and colleagues used Hh antibodies to block Hh ligand 

activity in these cell lines (100).  This treatment prevented growth of pancreatic 

tumor cells, demonstrating that these cells require ligand stimulation for 

proliferation.   

While these data suggest an autocrine requirement for Hh signaling in 

pancreatic tumor epithelium, more recent evidence argues that Hh signaling acts 

in a paracrine manner on activated tumor stroma rather than tumor epithelium 
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(103-105).  Specifically, Tian et al showed that the SmoM2 Hh activating 

mutation, with and without an activating Kras mutation, could not sufficiently 

induce pancreatic epithelial tumor formation (103).  Although SmoM2 mutants 

expressed Hh ligands, they found activated Hh signaling only in the stromal 

compartment (103).  Further studies also showed that epithelial loss of Smo in 

PDAC-suspectible mice did not alter disease progression, demonstrating that 

autocrine Hh signaling is not required (104).  Interestingly, Smo deficient tumor 

epithelium expresses elevated levels of the Hh target gene Gli1.  Further analysis 

of Gli1 expression showed that this expression is likely to be activated by TGFβ 

and Kras signaling and not Hh ligands (104). In reconciliation of earlier in vitro 

studies, Yauch et al showed that most pancreatic epithelial cancer cell lines are 

actually insensitive to Hh antagonists relative to true Hh sensitive cancer cell 

lines (105).  Thus, the observed requirement for Hh stimulated proliferation 

observed in pancreatic cancer cell lines was likely due to off-target effects from 

high concentrations of antagonist.  These data strongly indicate that Hh signaling 

acts in a paracrine manner to maintain tumor growth and progression, and may 

play a critical role in pancreatic tumor ontogeny.  

Likewise, studies analyzing the expression of HHIP, an endogenous 

inhibitor of the Hh pathway, present increasing evidence that upregulation of Hh 

signaling is linked to pancreatic cancers.  Initially, growth inhibition in some 

pancreatic cancer lines was observed upon ectopic expression of recombinant 

mouse Hhip (88), suggesting that reduction of Hh antagonist activity is an 

important mechanism during cancer progression.  Furthermore, silencing of HHIP 
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by DNA methylation is common in pancreatic cancer cell lines (99).  In addition, 

cDNA array assays showed that several distinct foregut markers are upregulated 

in PanIN lesions, suggesting that increased Hh signaling might convert 

pancreatic duct cells into gastric cells (102).  These results indicate that elevated 

Hh signaling may mediate PanIN progression by changing the differentiation 

potential of pancreatic cells towards a gastric epithelial differentiation pathway.  

 Cumulatively, the current data implicate a participatory role for Hh 

signaling in pancreatic cancer.  However cancer is a highly complex disorder 

usually caused by multiple factors.  For example, mutations in the K-RAS gene 

are found in 99% of all human PDAC (106, 107), and forced expression of the 

mutated gene in mouse pancreatic cells results in tumors that display all 

hallmarks of the human disease.  Introduction of signature mutations in the p53 

tumor suppressor gene can increase tumor progression in these mice.  

Interestingly, mice carrying both K-ras and p53 mutations in pancreatic cells 

display increased levels of Hh signaling in the forming tumor lesions (108).  Two 

studies have tried to address the role of simultaneous Hh/Kras activation in the 

pancreatic epithelium.  In one model, the SmoM2 Hh activating mutation in 

combination with mutated Kras was unable to induce tumor formation (103).  In 

contrast, Hh activation solely by expression of a modified form of Gli2 that lacks 

its repressor domain resulted in undifferentiated epithelial tumor formation (109).  

In combination, simultaneous Hh/Kras activation resulted in formation of early 

PanIN lesion but these lesions did not progress to PDAC (109).  The fact that 

PanIN lesion do not progress to PDAC is likely due to Hh activation occurring in 
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ducts and not acinar cells, resulting in overgrowth of undifferentiated tumors that 

mark any PDAC formation.  These findings highlight the effects of overt Hh 

activation driving proliferation and dedifferentiation, and the combined action of 

Hh and Kras during onset of PDAC formation.    

   In summary, the evidence presented here implicates deregulated Hh 

signaling as a critical component of pancreatic pathologies.   While increased Hh 

signaling leads to hyper proliferation and dedifferentiation defects associated with 

Pancreatitis and Pancreatic Cancer, decreased Hh signaling may be tied to 

congenital defects, poor insulin regulation and a possible contributing factor to 

Diabetes.  Accordingly, these data underscore the need for continued research in 

the pancreas field and Hh signaling.  
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Chapter 2 – Characterization of Patched1-lacZ mice 

 

The advancements in stem cell technologies carry the promise towards 

developing a renewable supply of β-cells and a cure for diabetes.  While 

significant progress has been made in recent years, there is still a need for a 

greater understanding of the signals that influence pancreas and endocrine 

differentiation and function.  To address this issue, we set out to define the role of 

the Hedgehog (Hh) signaling pathway in the pancreas epithelium and in β-cell 

formation and function.    

Starting at about embryonic day 9.0 (e9.0) in mice, the pancreatic 

epithelium expands into the surrounding mesenchyme (110).  The initial budding 

of the dorsal epithelium is followed by ventral epithelial budding one day later.  

Subsequently, the epithelial buds branch and differentiate into the exocrine acini 

and ducts, which produce and collect the digestive enzymes necessary for 

nutrient absorption, and the endocrine islets, which produce hormones essential 

for glucose utilization and storage.  During this process, the pancreatic epithelium 

and mesenchyme compartments communicate with each other through the 

release of soluble signals that bind to their respective receptors expressed on 

target cells (111, 112).   

One pathway known to relay signals between epithelial and mesenchymal 

cells is the Hh signaling pathway, which is involved in morphogenesis and cell 

differentiation in many organs during embryogenesis.  In mammals, three 

secreted ligands, Sonic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert 
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Hedgehog (Dhh), activate Hh signaling through Smoothened (Smo), a GPCR-like 

protein.  Activation of Smo occurs when Hh ligands bind the receptor Patched1 

(Ptch1), initiating activation of Hh target gene expression through the family of Gli 

transcription factors.  Notably, some known Hh target genes include Hh signaling 

components themselves, including Ptch1 and Gli1.  While a number of other 

molecules have been characterized in the pathway, a more comprehensive 

explanation of their function is well described in several recent reviews (2, 4, 113, 

114).   

 Previous studies have demonstrated how Hh signaling affects pancreas 

formation.  Characterization of Hh gene expression showed that Shh is 

expressed throughout the endoderm epithelium but is strikingly excluded from 

the specified pancreatic region, suggesting an inhibitory role of the protein in 

pancreas organogenesis (9).  Indeed, this conclusion was supported in several 

studies where models of activated Hh signaling resulted in loss of pancreatic 

tissue with a corresponding gain of tissues with duodenal properties (47, 51, 52, 

115).  Interestingly, the varying level of Hh activation achieved in these models 

may correlate to varying differences in pancreas-to-duodenal conversion 

phenotypes, thus suggesting a dose dependent response to Hh activation.  

Complementary loss-of-Hh-activation studies demonstrate that inactivation leads 

to an expansion of pancreatic area (12, 48, 49).  Thus, these studies indicate that 

Hh signaling acts to limit pancreatic growth.   

 Despite the evidence that overt Hh signaling blocks pancreas 

organogenesis, several studies have demonstrated a positive role for Hh 
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signaling in the pancreas.  In the developing pancreas, Ihh and Dhh ligands, and 

Ptch1 receptor are expressed from e13.5 and onward in the developing pancreas 

and the adult islet and ductal tissues (12, 50).  Furthermore, studies by Thomas 

et al in 2000 and 2001 indicate that Hh signaling functionally supports insulin 

production and secretion by regulating Pdx1 expression in INS1 cells (50, 68).  

Thus, these findings suggest a bimodal role for Hh signaling, with low level 

signaling required for some aspects of development and endocrine function while 

overt activation inhibits organogenesis.  However, previous studies failed to 

address the cellular requirements for Hh signaling in the epithelial versus the 

mesenchymal compartments.  As Hh signaling has been shown to differentially 

modulate epithelial and mesenchymal development in other contexts, a closer 

examination of the role of Hh signaling in either compartment is needed.   

In this study, we investigated the effects of loss of Hh signaling in the 

epithelium during development and in the postnatal islet.  By employing Ptch1-

LacZ transgenic mice, a reporter line that marks cells with active Hh signaling, 

we first demonstrate that Hh is active within the pancreatic epithelium.  Secondly, 

to address the functional role of epithelial Hh signaling, we used Pdx1-Creearly 

mice to generate transgenic mice lacking Smo function specifically in the 

pancreas epithelium.  Results from these studies show that epithelial-specific 

Smo loss results in delayed expansion of the early pancreatic epithelium, and 

delayed β-cell morphogenesis.  While β-cell numbers recover by birth, Smo 

mutant mice are glucose intolerant and produce less insulin despite increased β-

cell mass.  Thus, our studies demonstrate a requirement for epithelial Hh 
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signaling both during formation of the embryonic pancreas epithelium as well as 

in the maintenance of endocrine function. 

 

Characterization of Patched1-lacZ mice 

Despite intensive research, the absence of reliable antibodies to detect 

signaling components in tissue sections has left the characterization of Hh active 

cells within the pancreas unclear.  To determine whether pancreatic cells display 

active Hh signaling, we stained developing and adult pancreata from Patched1-

LacZ (Ptch1-LacZ) transgenic mice.  In these mice, the bacterial β-galactosidase 

(β-gal) gene has replaced the endogenous Ptch1 coding sequence, and its 

activity is controlled by the regulatory elements of the Ptch1 locus (20).  Since 

Ptch1 itself is a transcriptional target gene of Hh signaling, β-gal activity marks 

Hh active cells.  We found β-gal-positive cells in the pancreatic epithelium as 

early as embryonic day 10.5 (e10.5) (arrowheads in Figure 5A-D).  Notably, we 

also detected a few cells in the adjacent mesenchyme with punctate β-gal 

staining (arrows in Fig. 5C, D).  Between e12.5 and e17.5, we observed a 

progressive increase in β -gal-positive cells (Fig. 5E-P), with cells confined to the 

endocrine and ductal epithelium after birth (Fig. 5Q-Z’).  Remarkably, postnatal β-

gal-positive cells were marked by a qualitatively more robust signal throughout 

the cell.  Thus, our results demonstrate that Hh active cells reside in the early 

pancreatic epithelium, as well as in the adult endocrine and ductal lineage. 
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Figure 5. Hedgehog active cells reside in the developing and adult pancreas.
Pancreatic tissue was isolated from either control mice at embryonic day (e)10.5 (A),
e12.5 (E), e15.5 (I), e17.5 (M), postnatal day 0 (P0) (Q), and 2 weeks (U), or 
Patched1-LacZ (Ptch1-LacZ) transgenic mice at e10.5 (B, C, D), e12.5 (F, G, H),
e15.5 (J, K, L), e17.5 (N, O, P), P0 (R, S, T), 2 weeks (V, W, X), and 4 weeks (Y, Z, 
Z’).  -gal activity was marked by blue staining pattern highlighted by arrowheads 
and/or arrows.  Arrowheads = Ptch1-LacZ staining in the epithelium; Arrows = Ptch1-
LacZ staining in the mesenchyme.  Scale bars in A-B, E-F, I-J, and M-N are equal to 
50 m, while scale bars in Q-R, and U-V, are equal to 100 m.  Lastly, the scale bar in 
Y is equal to 200 m.
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Discussion 

Understanding proper β-cell formation and function are imperative to 

finding treatments and cures for β-cell pathologies such as diabetes.  Presently, it 

is accepted that Shh expression must be excluded from the budding mouse 

pancreatic epithelium.  However the subsequent expression of Hh signaling 

components later during pancreas formation suggest that there may be a 

functional requirement for Hh signaling during pancreas morphogenesis.  In this 

study, we examined the requirement for epithelial Hh signaling in the developing 

pancreas.  Apelqvist et al (47) showed that Ptch1 is not expressed in e9.5 

pancreatic epithelium.  Through Ptch1-LacZ staining, we show that Ptch1 

expression is detectable by e10.5, indicating that Hh active cells reside in the 

pancreatic epithelium soon after pancreas specification.  While the number of 

Ptch1-LacZ-positive cells expands during development, the expression levels are 

low and positive cells are restricted to the ductal and endocrine compartments.  

In contrast, after birth, Ptch1-LacZ-positive cells stain robustly in the islets and 

ducts, suggesting that the level of Hh signaling after birth is higher than in utero.   
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Reserch Design and Methods 

 

Generation of mice - STOCK-Ptch1tm1Mps/J mice were obtained from Jackson 

Laboratories.  

 

Patched-LacZ Stains – Tissue harvested at various embryonic dates were fixed 

in 0.2% glutaraldehyde prepared in 1X phosphate buffered solution (PBS) for 30 

to 120 mins, depending on the size and age of tissue. Pre-fixed tissues were 

washed several times in 1X PBS, and then stained in X-gal staining solution 

(0.00435M Potassium Ferrocyanide, 0.005M Potassium Ferricyanide, 0.02% NP-

40, 0.02M MgCl2, 0.50mg/ml X-gal in 1X PBS) at room temperature overnight.  

After staining for β-gal activity, issues were post-fixed in 4% paraformaldehyde 

for 2 hours, washed in 1X PBS, processed for paraffin embedding, and cut into 5 

µm sections.  Sections were deparaffinized and rehydrated, counter-stained with 

nuclear fast red and imaged on a Zeiss brightfield microscope. 
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Chapter 3 – Analysis of downregulated Hh signaling  

in the pancreas epithelium 

 

Loss of Hedgehog signaling in Pdx1-Creearly;Smolox/null pancreas 

Smo, an essential mediator of Hh signaling, initiates Gli transcriptional 

activity in all Hh active cells.  Tissue-specific elimination of Smo function has 

been shown to block ligand-induced Hh signaling (33, 116-118).  Using the same 

strategy, we decided to use Pdx1-Creearly mice to eliminate the floxed allele of 

Smoothened (Smo) in the pancreatic epithelium.  Earlier work by our group has 

shown that Pdx1-Creearly mice induce efficient Cre-mediated recombination 

throughout the pancreatic epithelium by e10.5 (119).  To confirm that Pdx1-

Creearly;Smolox/null pancreata had efficiently recombined the floxed Smo allele, we 

stained pancreata for Smo protein expression.  Similar to Ptch1-LacZ expression, 

Smo staining in Smolox/wildtype or Smolox/lox control tissues was undetectable by 

immunostaining in the exocrine pancreas (not shown) but present in insulin 

expressing cells at P0 (Fig. 6A, C, E).  In contrast, Smo protein was efficiently 

eliminated in Pdx1-Creearly;Smolox/null mutants (Fig. 6B, D, F), a finding supported 

by quantitative PCR that detected a 70% downregulation of Smo gene 

expression in adult islets (Fig. 6G) and e12.5 whole pancreatic buds (Fig. 16).  

Complete elimination of Smo expression by quantitative PCR is not expected as 

the Cre line does not induce recombination in the surrounding mesenchyme or 

other non-pancreatic cell types (e.g.- endothelial and neural cells) within the 

isolated pancreatic islet or tissue.  To verify that elimination of Smo resulted in 
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Figure 6. Pdx1-Creearly;Smolox/null mice have downregulated Smo expression and Hh 
signaling.  Smoothened (green) and Insulin (red) co-staining in control (A, C, E) and Pdx1-
Creearly;Smolox/null (B, D, F) P0 islets.  Scale bars are equal to 10 m.  (G) Smoothened gene 
expression by Sybr green real time PCR is downregulated in islets isolated from Pdx1-
Creearly;Smolox/null mice versus control islets (N=3, ***P<0.005).  Expression of Hh target 
genes (H) Gli1 and (I) Patched1 is reduced compared to controls (N=4, ***P<0.005). P-
values were determined by student T-test. 
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downregulation of Hh signaling, we performed quantitative PCR to analyze the 

expression of Hh target genes Gli1 and Ptch1, and found their expression 

dramatically and significantly downregulated in Pdx1-Creearly;Smolox/null adult islets 

(Fig. 6H, I).  Thus, we conclude that Pdx1-Creearly;Smolox/null mice have a strong 

reduction in Hh signaling in the pancreatic epithelium. 

 

Pdx1-Creearly;Smolox/null pancreata show disrupted pancreas morphogenesis 

Previous loss of function studies suggested that widespread reduction of 

Hh signaling in the epithelium and mesenchyme results in an expansion of the 

pancreatic domain and a relative increase in endocrine area (48, 49, 120).  In 

order to determine whether downregulated Hh signaling in the pancreatic 

epithelium alone had similar effects, we analyzed the pancreatic epithelium 

during early pancreas formation.  Control and mutant Pdx1-Creearly;Smolox/null 

embryos were harvested at e12.5 and whole pancreata were stained with anti-

Pdx1 and anti-Nkx6.1 antibodies to mark pancreatic epithelial cells.  Staining for 

Pdx1 and Nkx6.1 revealed that cellular differentiation was unaffected as all 

epithelial cells were positive for both markers (Fig. 7A, B).  Next, we assessed 

pancreas morphology and size by histological analysis of whole pancreata.  In 

contrast to previous reports that correlate inhibition of overall Hh signaling with 

increased pancreas size, we found that the pancreatic epithelial area was 

decreased by nearly 60% at e12.5 in Pdx1-Creearly;Smolox/null mutants (Fig. 7C).  

Furthermore, the epithelium appeared more disorganized, suggesting that 

epithelial branching was disrupted (Fig. 7A, B).   Consecutive serial sections of 
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Figure 7. Early pancreas formation in Pdx1-Creearly;Smolox/null mice is perturbed.
Sections stained with Pdx1 (green), Nkx6.1 (red) and DAPI (blue) staining in e12.5 
pancreata show disrupted pancreatic branching in control (A) versus Pdx1-Creearly;Smolox/

null (B) mice.  Scale bars are equal to 100 m.  (Arrowheads in panels A and B indicate 
branching tips).  (C) Total pancreatic epithelial area is reduced in Pdx1-Creearly;Smolox/null

mice at e12.5, but normalized by e15.5. (N=4 for e12.5 samples, **P<0.02; N=6 for e15.5 
samples.). (D) Recovery of total pancreatic epithelial area at e15.5 is due to increased 
total epithelial cell proliferation, as measured by phospho-Histone H3 (N=5; ***P<0.005). 
(E) The apoptotic rate in e15.5 total pancreatic epithelium is not changed in Pdx1-
Creearly;Smolox/null mice (N=3).  P-values were determined by student T-test. 
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Supplemental Figure 1.  Pdx1-Creearly;Smolox/null mice have 
reduced epithelial area and branching. Sequential 5 m sections 
stained with Pdx1(green), Nkx6.1(red) and DAPI(blue) in e12.5 
pancreata show disrupted pancreatic branching in control (A, C, E) 
versus Pdx1-Creearly;Smolox/null (B, D, F) mice.  (Arrowheads indicate 
branching tips).  Scale bars in A-F are equal to 100 m.
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e12.5 pancreatic epithelium more clearly demonstrated that epithelial expansion 

and branching were disrupted (Supplemental Fig. 1A-F).  The disruption in 

expansion and branching is temporary as by e15.5, total pancreatic epithelial 

area normalized (Fig. 7C), and showed no gross abnormalities at birth.  

Recovery of total pancreatic epithelial area by e15.5 may be due to changes in 

cell proliferation or cell death.  To determine if these processes were altered at 

this stage, we stained e15.5 tissues with either phospho-Histone H3 to mark 

proliferating cells, or for cleaved Caspase3 to mark apoptotic cells.  Quantitative 

analysis showed increased number of proliferating epithelial cells in Pdx1-

Creearly;Smolox/null mutant pancreata (Fig. 7D), while the number of apoptotic cells 

was unchanged (Fig. 7E).  Thus, recovery of total pancreatic epithelial area by 

e15.5 is due to increased epithelial proliferation. 

To address the mechanism of early epithelial loss in Pdx1-

Creearly;Smolox/null pancreata, we examined the effect decreased Hh signaling had 

on other developmental signaling pathways.  From e10 to e11.5, Fgf10 is 

secreted from the mesenchyme and promotes expansion of pancreatic 

progenitor populations (53, 121-123).  Although previous work from our lab 

showed that increased Hh signaling in embryos mutant for the Hh inhibitor Hhip 

(Hhip-/-) reduces Fgf10 expression in the mesenchyme, and impairs pancreatic 

epithelial growth and branching (51), it is unclear whether changes specifically in 

epithelial Hh signaling secondarily impact mesenchyme function and Fgf10 

expression.  To determine if epithelial Hh signaling is required for mesenchymal 

Fgf10 expression, we performed quantitative PCR on mesenchyme-intact e10.5 
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Supplemental Figure 2.   Fgf10, BMP, and Wnt signaling pathways are not altered in early Pdx1-
Creearly;Smolox/null pancreata.  (A) Taqman expression of Fgf10 show no significant changes in mesenchyme 
intact e10.5 and e11.5 pancreata.  (B) Sybr green real time PCR showed that expression of BMP ligands and 
soluble BMP inhibitor ID2 in e10.5 pancreata was unchanged.  While expression Wnt2 and Wnt2B suggested 
some significant changes at e10.5 (C), expression of Wnt target genes expression (D) indicated that the pathway 
was not altered.  Expression of other Wnt ligands including Wnt5B, Wnt7, and Wnt11 did not show any significant 
changes (data not shown).  (E) Finally, expression of Hh ligands was also unaffected.  (N=4 for all samples at 
e10.5 and e11.5; only e10.5 data shown but e11.5 data had similar negative results, *P<0.02, **P<0.05.) P-values 
were determined by student T-test.  
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and e11.5 Pdx1-Creearly;Smolox/null pancreata but detected no changes in 

expression level (Supplemental Fig. 2A).  Besides FGF signaling, Wnt and BMP 

signaling pathways also interact with Hh signaling to regulate organ formation 

and differentiation (63, 119, 124-129).  In particular, we have shown previously 

that stabilization of β-catenin early during organogenesis results in a severe loss 

of pancreatic epithelium and increased epithelial expression of Hh ligands (119).  

To determine if cell autonomous loss of Hh signaling affected expression of Wnt, 

BMP or Hh ligands at this stage, we performed quantitative PCR for soluble 

factors in these signaling pathways in e10.5 and e11.5 pancreata.  While 

expression of some Wnt ligands and soluble factors suggested that Wnt signaling 

might be increased at e10.5, expression of Wnt target genes was not altered 

(Supplemental Fig. 2C, D).  In addition, we did not detect significant changes in 

gene expression levels for BMP or Hh ligands (Supplemental Fig. 2B,E).  

Therefore, we conclude that reduction in Hh signaling in the epithelium results in 

delayed epithelial expansion while mesenchymal signaling appears unchanged 

during early pancreatogenesis.   

 

Pdx1-Creearly;Smolox/null pancreata show disrupted β-cell morphogenesis 

Next, we assessed the effects of downregulated Hh signaling on 

endocrine and β-cell development.  Grossly, exocrine, duct and endocrine 

differentiation appeared normal.  However, upon closer examination of endocrine 

areas, we found that β-cell area was diminished at e15.5.  Quantification of α-cell 

and β-cell areas revealed that while the relative α-cell area was normal, the 
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relative β-cell area was reduced by 45% at e15.5 (Fig. 8A, B, and E).  

Interestingly, the decrease in β-cell area recovered to normal levels by birth (Fig. 

8F).  We hypothesized that increased β-cell proliferation and/or neogenesis could 

account for the recovery in β-cell area.  As previously described, we used 

phospho-Histone H3 to analyze cell proliferation.  We found that the number of 

proliferating insulin cells was reduced at e15.5 but normal at P0 (Fig. 8G). 

Therefore, early increased proliferation of β-cells could not account for the 

documented recovery at P0, but may contribute to reduced β-cell numbers at 

e15.5.  To determine whether β-cell neogenesis was affected, we examined 

Neurogenin3 (Ngn3) expression in control versus Pdx1-Creearly;Smolox/null mice. 

Ngn3 is a transcription factor expressed during endocrine cell fate specification, 

and cells that express Ngn3 and Nkx6.1 are a defined population of immature β-

cell progenitors.  While the total number of Ngn3 expressing cells was 

unchanged (Fig. 8C and H), we found that the number of immature Ngn3/Nkx6.1 

double-positive β-cell progenitors were increased by 71% in Pdx1-

Creearly;Smolox/null mice at e15.5 (Fig. 8D and I).  Together, these results indicate 

that a higher proportion of β-cell progenitors remain midway through pancreas 

development, suggesting that β-cell formation is either prolonged or delayed.  To 

differentiate between these two processes, we characterized the gene 

expression pattern of Ngn3 from e12.5 through e16.5 by quantitative PCR.  

Although we did not find significant changes in Ngn3 expression levels 

(Supplemental Fig. 3), we observed a trend towards a delayed peak in Ngn3 

expression from e13.5 to e14.5 in Pdx1-Creearly;Smolox/null mice.  Moreover, Ngn3 
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Figure 8. Pdx1-Creearly;Smolox/null mice have delayed -cell formation.  Insulin 
(green) and Glucagon (red) staining in e15.5 pancreata show an approximate 
equivalent number of -cells (140 -cells in control vs. 130 -cells in mutant samples), 
but a reduced number of -cells (144 -cells in control vs. 95 -cells in mutant samples) 
between control (A) and Pdx1-Creearly;Smolox/null (B) mice.  Neurogenin3 (Ngn3) (green) 
and Nkx6.1 (red) staining in e15.5 control (C) and Pdx1-Creearly;Smolox/null (D)
pancreata.  Scale bars in A-D are equal to 100 m.  Quantification of endocrine areas at 
e15.5 and P0 show that while glucagon areas are normal, insulin area is reduced at 
e15.5 (E) but normalizes by P0 (F) in Pdx1-Creearly;Smolox/null mice (N=3 for e15.5 
samples, **P<0.02; N=4 for P0 samples).  (G) Proliferation measured by phospho-
Histone H3 does not account for -cell recovery at e15.5 or P0 (N=4; *P<0.05).  While 
analysis of Ngn3 (green)/Nkx6.1 (red) positive cells in control (C) and Pdx1-
Creearly;Smolox/null (D) mice show no significant change in the number of total Ngn3 
positive cells (H), a 71% increase in the number of Ngn3/Nkx6.1 positive progenitor -
cells (I) is observed at e15.5 (N=6; **P <0.02). P-values were determined by student T-
test.
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Supplemental Figure 3.  Temporal expression pattern of Neurogenin3 in Pdx1-
Creearly;Smolox/null mice. Taqman real time PCR expression pattern for Neurogenin3 in 
pancreas tissues isolated from e12.5 through e16.5 showed a trend in shifted peak 
expression from e13.5, in control mice, to e14.5, in Pdx1-Creearly;Smolox/null mice.  Control 
mice in blue and Pdx1-Creearly;Smolox/null mice in red.  Inset is magnified graph of neurogenin3 
expression at e16.5 timepoint.  (N=4 for all time points, *P<0.05.) P-values were determined 
by student T-test. 
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expression at e16.5 is significantly higher in Pdx1-Creearly;Smolox/null than control 

mice, consistent with a delayed differentiation of β-cells (Supplemental Fig. 3).   

Summarily, our results show an early delay in pancreas growth and branching 

followed by a transient delay in β-cell formation upon inhibition of Hh signaling in 

Pdx1-Creearly;Smolox/null mice. 

 

Adult Pdx1-Creearly;Smolox/null pancreata have impaired β-cell function 

In vitro studies have suggested that Hh signaling plays a role in insulin 

production and secretion in insulinoma derived β-cell lines (50, 68).  To 

determine whether reduction of Hh signaling affects adult pancreas and β-cell 

function in vivo, we performed histological and physiological analyses in adult 

Pdx1-Creearly;Smolox/null pancreata.  Histological analysis did not reveal any 

morphological differences between control and Pdx1-Creearly;Smolox/null pancreata 

by hematoxylin and eosin staining (Fig. 9A,B), and we observed normal 

expression of endocrine, exocrine and ductal markers (Fig. 9C-J).  Thus, adult 

pancreas and islet morphology is indistinguishable from wild type tissue.   

To determine whether loss of Hh signaling impacts β-cell physiology we 

challenged Pdx1-Creearly;Smolox/null mice to respond to a glucose load.  Despite 

the absence of morphological defects, Pdx1-Creearly;Smolox/null mice were glucose 

intolerant by three months of age (Fig. 10A), a defect that progressively 

worsened with age (data not shown).  Glucose intolerance can be caused by 

defects in insulin resistance in peripheral tissues, or defects in insulin 

production/secretion in β-cells.  To determine whether Pdx1-Creearly;Smolox/null 
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Figure 9.  Adult histology in Pdx1-Creearly;Smolox/null mice is 
normal. Hematoxylin and eosin staining in control (A) and Pdx1-
Creearly;Smolox/null (B) mice show normal histology.  Immunostaining for 
pancreatic markers amylase (red) and mucin (green) (C, D), glucagon 
(red) and insulin (green) (E, F), pancreatic polypeptide (red) and 
somatostatin (green) (G, H), and Insulin (red), Pdx1 (green) and DAPI 
(blue) (I, J) show no apparent defects.  Staining performed on 3 
months old pancreata. Scale bars in A-D are equal to 200 m, while 
scale bars in E-H are equal to 100 m.  Lastly, scale bars in I-J are 
equal to 50 m.
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mice are insulin resistant, mice were challenged by an intra-peritoneal injection of 

insulin and serum glucose levels were measured.  Our results showed that in 

comparison to control mice, blood glucose levels in Pdx1-Creearly;Smolox/null mice 

were significantly lower and took longer to recover (Fig. 10B), indicating that they 

do not have peripheral tissue defects in sensing insulin and were in fact, more 

insulin sensitive.  Importantly, we did not detect any significant differences in total 

body weight in Pdx1-Creearly;Smolox/null mice when compared to controls, 

excluding the possibility that a decrease in body mass might lead to improved 

insulin sensitivity (Supplemental Fig. 4A). 

To determine whether insulin production is affected in Pdx1-

Creearly;Smolox/null pancreata, we analyzed Insulin expression levels.  Our results 

showed that Insulin gene expression in islets was reduced by 40% (Fig. 10C), in 

accordance with Insulin protein levels from total pancreata that were diminished 

by the same amount (Fig. 10D).  In contrast to previous studies demonstrating a 

positive role for Hh signaling on Insulin production through Pdx1 expression in 

INS1 cells, Pdx1 expression levels were not significantly altered in Pdx1-

Creearly;Smolox/null pancreata (Fig. 10C).  While insulin gene and protein levels 

were diminished, we did not detect any significant differences in fasting serum 

insulin levels (Supplemental Fig. 4B).  To assess insulin secretion defects, we 

treated isolated islets to conditions of low and high glucose and measured their 

corresponding insulin secretion output.  Indeed, in isolated islets, we found 

impaired insulin secretion (Fig. 10E).  However, when comparing the level of 

insulin secreted from low to high glucose levels in each group, control islets 
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Figure 10.  Pdx1-Creearly;Smolox/null mice are glucose intolerant, and produce and secrete less insulin.  (A) Pdx1-
Creearly;Smolox/null mice fasted overnight and challenged with 2mg/kg of sterile glucose by intra-peritoneal injection show glucose 
intolerance phenotypes at three months of age (N=13, ***P<5E-5, two-way ANOVA, a measure of statistical significance for whole 
datasets.).  (B) Pdx1-Creearly;Smolox/null mice fasted overnight and challenged with 1U/kg of sterile insulin by intra-peritoneal injection 
are more insulin sensitive than control mice (N=5, ***P<5E-5, two-way ANOVA). (C) Sybr Green real time PCR shows that while 
Pdx1 expression is not changed, Insulin expression is downregulated by nearly 40% in adult islets (N=3, *P<0.05).  (D) Insulin 
content from total pancreata is reduced by nearly 40% (N=4, **P<0.02).  In vitro insulin secretion assays from isolated islets under 
high glucose (300mg/dl) conditions versus low glucose (30mg/dl) conditions in the absence (E) (N= 3, ***P<0.005, **P<0.02), or 
presence (F) of 40mM potassium chloride (N=3, *P<0.05).  (G) Quantification of -cell mass shows increased -cell mass in Pdx1-
Creearly;Smoflox/null mice (N=4, P<0.05). Unless otherwise indicated, P-values were determined by student T-test. 
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Supplemental Figure 4.  Pdx1-Creearly;Smolox/null mice have normal body weight and 
insulin serum levels.  Adult Control and Pdx1-Creearly;Smolox/null mice show comparable 
(A) average body, (N=5) and (B) fasting insulin serum levels, (N=7).  
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secreted two-and-a-half-times the baseline level of insulin in high glucose 

conditions while Pdx1-Creearly;Smolox/null islets secreted four-times the baseline 

level of insulin.  Thus, Pdx1-Creearly;Smolox/null islets secreted relatively more 

insulin than control islets, indicative of impaired insulin production rather than 

insulin secretion.  To further rule out a secretion defect, we performed insulin 

secretion assays in the presence of potassium chloride (KCl), a known stimulator 

of insulin secretion.  We found that in low glucose conditions with KCl, Pdx1-

Creearly;Smolox/null islets secrete equivalent amounts of insulin as control islets 

(Fig. 10F).  But when challenged in high glucose conditions with KCl, Pdx1-

Creearly;Smolox/null islets secrete comparatively less insulin than control (Fig. 10F).  

Together, these results indicate that while mutant islets are capable of increasing 

secretion of insulin, they have deficiencies in meeting higher insulin demands 

due to diminished insulin production capacity.  To further investigate the possible 

causes of the defects in insulin synthesis and secretion, we analyzed the 

expression of β-cell genes that are important for β-cell physiology.  We found that 

gene expression for a number of β-cell genes, including Glut2, Glucokinase, and 

NeuroD1, were normal (Supplemental Fig. 5A).  Gene expression analysis for 

secretory pathway components, including Kir6.2, SUR1, Calpain10 and SNAP25, 

were also normal (Supplemental Fig. 5B).   

Glucose intolerance caused by reduced insulin production may also be a 

result of reduced β-cell mass.  To determine if β-cell mass is altered in adult 

mice, we measured β-cell mass in Pdx1-Creearly;Smolox/null versus control mice.  

Surprisingly, we found that β-cell mass in Pdx1-Creearly;Smolox/null mice was 
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Supplemental Figure 5.  Expression of genes regulating islet function and insulin 
secretion machinery is not affected. Sybr Green real time PCR of adult islets isolated from 
Pdx1-Creearly;Smolox/null mice.  (A) Expression of genes involved in islet function is not altered.  
(B) Expression of genes involved in insulin secretion machinery is not altered (N=4). 
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actually increased nearly two-fold (Fig. 10G).  Collectively, these data indicate 

that Pdx1-Creearly;Smolox/null pancreata try to compensate for reduce insulin 

production levels by increasing β-cell mass.  Considering these results, we 

conclude that adult Pdx1-Creearly;Smolox/null mice have normal pancreas 

morphology but impaired β-cell function due to reduced insulin production despite 

increased β-cell mass. 

 

Discussion 

During early stages, we find Ptch1-LacZ positive cells in the neighboring 

pancreatic mesenchyme.  Epithelial-mesenchymal crosstalk is important for 

proper organ formation, and Hh signaling may function differently in either 

compartments.  To address the functional requirement of Hh signaling in the 

pancreas epithelium, we generated Pdx1-Creearly;Smolox/null mice, which 

sufficiently lose Smo expression and Hh signaling specifically in the epithelial 

compartment of the organ.  The finding that Hh signaling is required for proper 

early epithelial expansion and branching in developing pancreata is contrary to 

previous studies that suggested that Hh signaling inhibits mammalian pancreas 

growth (47-49, 51, 52, 115, 120).  However, prior studies focused on ectopic 

activation of Hh ligand expression, and the negative effects observed on 

pancreas development resulted from perturbing the epithelial-mesenchymal 

crosstalk required for proper organ formation.  Moreover, previous studies 

emphasize that the inhibitory effects of Hh signaling is primarily responsible for 

establishing the pancreas organ boundaries in the foregut.  Our results extend 
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this model by demonstrating an additional role for low-level Hh signaling that 

promotes the early expansion of pancreatic epithelium by e12.5.  Evidence for 

Hh signaling as mediator of cell proliferation has been broadly noted (2, 4).  

Surprisingly, Hh activity appears to block proliferation of other pancreatic 

epithelial cells at midgestation, suggesting temporally distinct roles during 

pancreas formation.  Thus, while our data point to Hh signaling as a mediator of 

cell proliferation during pancreas development, the exact mechanisms by which 

the pathway regulates epithelial proliferation in a transient and dynamic manner 

need to be explored further.  

In addition to impaired pancreas morphogenesis, Pdx1-Creearly;Smolox/null 

mice have delayed β-cell development.  This conclusion is based on the results 

that the insulin-positive β-cell area was reduced but β-cell progenitor numbers 

were increased at e15.5 and the full complement of β-cells was established at 

the end of gestation.  Moreover, albeit not conclusive, temporal analysis of Ngn3 

expression indicated a trend whereby peak expression of Ngn3/endocrine 

neogenesis was delayed.  This suggests a temporary delay in general endocrine 

cell development in Pdx1-Creearly;Smolox/null mice that is overcome with time.  In 

support of this notion is the observation that the number of α-cells, which form 

earlier than β-cells during normal pancreas organogenesis, was unchanged at 

e15.5 compared to controls.   

Our studies in mice complement Zebrafish work that has demonstrated 

the requirement for Hh signaling during gastrulation, a developmental stage that 

precedes the onset of organ formation.  In Zebrafish, inhibition of Hh signaling at 
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early gastrulation stages blocks the formation of pancreatic endocrine cells (55, 

56).  Interestingly, this requirement for Smo function is non-cell autonomous (56).  

Later during gastrulation, inhibition of Hh signaling increases the formation of 

insulin-producing cells (57).  While the relationship of Hh signaling during mouse 

gastrulation and subsequent pancreatic endocrine cell formation has not been 

elucidated, our present work and the studies in Zebrafish support the notion that 

the level and timing of Hh signaling need to be closely regulated to allow proper 

endocrine cell development.  

 Adult Pdx1-Creearly;Smolox/null mice possess normal pancreas morphology 

while the β-cells are dysfunctional.  Although these mice are sensitive to 

exogenous insulin and have an increased β-cell mass, their β-cells produce less 

insulin, resulting in reduced insulin secretion and a glucose intolerance 

phenotype.  Importantly, our data indicate that the primary defect lies within the 

production of insulin whereas secretion appears intact.  Thomas et al showed 

that β-cell lines respond to Hh activity by increasing insulin production and 

secretion through regulation of Pdx1 expression (50, 68).  Although we did not 

detect significant changes in Pdx1 transcription by RT-PCR or in Pdx1 protein 

levels by qualitative staining in mutant mice, Insulin expression was reduced and 

isolated islets recapitulated decreased insulin secretion in culture.  While further 

studies are needed, this suggests a mechanism independent of Pdx1 regulation 

on Insulin transcription for Hh regulated insulin production.  The differences 

observed between the previous cell culture experiments and our in vivo analysis 

maybe due to the inherent altered state of insulinoma cell lines versus the native 
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β-cell.  Nevertheless, both studies emphasize the role of Hh signaling in 

maintaining proper insulin production.  Further support comes from the finding 

that Ptch1-LacZ expression, indicative of Hh signaling activity, becomes 

dramatically stronger in postnatal islets at a time when the demand for β-cell 

functionality and insulin activity begins.  

Interestingly, Pdx1-Creearly;Smolox/null mice are more insulin sensitive.  

While we do not understand the mechanisms that result in this change, these 

data rule out impaired insulin sensitivity as a cause for glucose intolerance 

phenotypes in Pdx1-Creearly;Smolox/null mice.  Coupled with data demonstrating 

that insulin secretion is intact, these results emphasize that the primary defect in 

Pdx1-Creearly;Smolox/null mice lies in insulin production in β -cells. 

It should be noted that previous studies have linked Hh signaling to the 

formation and progression of PDAC (100-105, 109, 130).  During neoplastic 

transformation, excessive Hh ligands secreted from the tumorigenic epithelium 

(100, 101) are likely to act predominately on the surrounding stroma in a 

paracrine manner (103-105).  In the endocrine compartment, previous work has 

shown expression of Hh ligands, Ihh and Dhh, in pancreatic islet cells (13; 16).  

Unfortunately, due to the absence of agents suitable for cell type specific 

expression analysis, the exact complement of those cells within the islets that 

produce and secrete ligands is currently missing.  Thus, while our work and work 

from others indicate that epithelial derived β-cells respond to Hh ligands in a 

juxtacrine or autocrine fashion, unequivocal resolution of this question awaits 

additional experiments with improved reagents. 
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 As we struggle to find potential treatments and cures for diabetes, the 

need to generate or expand more functional β-cells remains unrequited.  

Understanding the mechanisms that will allow us to generate and sustain β-cell 

populations and function is imperative.  Data presented here demonstrate that 

epithelial Hh signaling is important during pancreas development and in 

maintaining insulin production in the adult β-cell, thus adding another layer to the 

current perspective that views Hh inhibition as important for the generation of 

functional pancreas endocrine cells.   
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Research Design and Methods 

 

Generation of mice – STOCK-129X1-Smotm1Amc/J mice (Smoothened null) and 

STOCK-Smotm2Amc/J mice (Smoothened floxed) mice were obtained from Andrew 

McMahon and crossed with Pdx1-Creearly mice from Doug Melton to generate 

Pdx1-Creearly;Smolox/null mice.  Control samples were either Smolox/lox or 

Smolox/wildtype. 

 

Tissue Preparation, Immunohistochemistry and Microscopy – Embryonic 

and adult tissues were fixed in 4% paraformaldehyde and paraffin wax 

embedded as previously described (51). Antibodies were used at the following 

dilutions: rabbit anti-Smoothened (1:500) a kind gift from P. T. Chuang, guinea 

pig anti-Insulin (1:250) Linco, rabbit anti-Glucagon (1:500) Linco, rabbit anti-Pdx1 

(1:500) and rabbit anti-Neurogenin3 (1:500) kind gifts from M.S. German, mouse 

anti-Nkx6.1 (1:100) Hybridoma Bank, rabbit anti-Amylase (1:500) Sigma, 

armenian hamster anti-Mucin (1:200) Neomarkers, rabbit anti-Somatostatin 

(1:250) DAKO, guinea pig anti-Pancreatic Polypeptide (1:250) Linco, rabbit anti-

Phospho-Histone H3 (1:200) Upstate, rabbit anti-cleaved Caspase3 (1:100) Cell 

Signaling.   

  

60



Quantification of markers – Tissues were harvested, fixed and processed as 

described above.  Quantification of markers was performed as previously 

described (51).  

 

Morphometric and Statistical Analysis – Morphometric analysis of tissues was 

completed by sectioning through whole samples and collecting all sections 

containing pancreatic tissue.  Each section was stained with the desired markers 

and individually analyzed for pancreatic area or numbers of cells.  All embryonic 

analyses were normalized to control littermates before comparative analysis.  For 

e12.5 tissues, all sections containing pancreas tissue were manually analyzed for 

tissue area.  Relative ratios of proliferating or apoptotic cells was calculated by 

first determining the percent of proliferating/apoptotic cells in the pancreas (the 

number of proliferative/apoptotic-positive pancreatic cells by the total number of 

Pdx1-positive cells).  Next, mutant samples were compared to control littermate 

samples for relative ratios before comparative analysis.   For e15.5 and P0 

tissues, one fifth of total tissue was analyzed.  Endocrine areas were determined 

by adding total insulin-positive areas with total glucagon-positive areas.  

Calculation of relative ratios of proliferating insulin-positive cells was performed 

similarly to the calculation for proliferating cells at e12.5.  Since total pancreatic 

area had normalized by e15.5, absolute numbers of Ngn3-positive cells or 

Ngn3/Nkx6.1-positive cells were assessed and compared to control littermates 

before comparative analysis.  Insulin secretion assays were performed in five 

technical replicates on three independent experimental replicates.  Data from 
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these experiments were pooled and analyses for statistical significance.  

Similarly, calculation of β-cell mass was performed by using four experimental 

replicates as previously described (118).  Statistical analyses for all analyses 

were conducted using the Student t-test, except in glucose and insulin tolerance 

tests which were assessed by two-way ANOVA.  Error bars represent standard 

deviation. 

 

Islet Isolation – Islets were isolated with help from the UCSF-Diabetes Center 

Islet Production Facility Core according to their protocol.  Three to six mice per 

cohort were used for each islet isolation procedure.   

 

RNA Isolation, SybrGreen and Taqman real time quantitative PCR – RNA 

from isolated islets and micro-dissected pancreatic buds was prepared according 

to the Qiagen Qiashredder and RNAEasy Micro protocols.  cDNA was 

transcribed according to BioRad iScript kit instructions.  RealTime-PCR was 

performed as previously described (51, 131) using Sybr Green Fast Universal 

mix or Taqman Fast Universal Mixes from Applied Biosystems. Soluble Wnt and 

BMP ligands targeted for gene expression analysis were determined from 

previous reports (132-134).  Target gene sequences for insulin secretion 

machinery and some islet genes were based on previously confirmed primers 

(51, 109, 131, 134).  All data was normalized relative to Cyclophilin and β-

glucuronidase (GUS) showing similar results, but presented relative to 

Cyclophilin.  See Table 1 for primer sequences. 
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Glucose and Insulin Tolerance Test – Mice were fasted for 14-16 hours 

overnight and assayed as previously described (135) using 2g/kg glucose and 

1unit/kg insulin, respectively. 

 

Total Insulin Content – Mouse pancreata were harvested in 2M acetic acid, 

homogenized and assayed for total content according to the Alpco Ultrasensitive 

Mouse Insulin ELISA kit. 

 

Calculation of β-cell Mass – Total β-cell mass from whole pancreata was 

calculated as previously described (135). 

 

In vitro Islet Insulin Secretion Assay – Three replicates consisting of two mice 

per isolation of control (Smolox/lox) vs. mutant (Pdx1-Creearly;Smolox/null) were 

analyzed.  For each isolation, 10 size-matched islets were collected/sample (in 

five replicates) and incubated in RPMI media with low (30mg/dl) or high 

(300mg/dl) glucose, and with or without 40mM potassium chloride (KCl) for 1 

hour before media were collected and assayed according to the Alpco 

Ultrasensitive Mouse Insulin ELISA kit. 

 

Total Body Weight – Mice were weighed after overnight fast on an OHAUS CL-

2000 portable scale with readability to 1g. 
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Fasting Serum Insulin Levels – Mice were fasted overnight for not more than 

16 hours before serum collection.  Protease inhibitor cocktail (Roche #11-873-

580-001) was added to collected samples, and samples were assayed using 

Alpco Ultrasensitive Mouse Insulin ELISA kit. 

 

64



Table 1.  Primer sequences used for quantitative PCR. 

Gene Forward Reverse 
Cyclophilin TCACAGAATTATTCCAGGATTCATG TGCCGCCAGTGCCATT 
GUS ACGGGATTGTGGTCATCGA TCGTTGCCAAAACTCTGAGGTA 
Smoothened AATTGGCCTGGTGCTTATTGTG TGGCTGCCTTCTCACTCAGAA 
Patched CCCTAACAAAAATTCAACCAAACCT GCATATACTTCCTGGATAAACCTTGAC 
Gli1 GCCACACAAGTGCACGTTTG AAGGTGCGTCTTGAGGTTTTCA 
Ihh CACGTGCATTGCTCTGTCAA AGGAAAGCAGCCACCTGTCTT 
Shh CAAAGCTCACATCCACTGTTCTG  GAAACAGCCGCCGGATTT 
BMP4 GGACTTCGAGGCGACACTTC TTGCTAGGCTGCGGACG 
BMP5 TTCTTCAAGGCAAGCGAGGT TATTGCGGTTTTGATTTTTCCG 
BMP7 CAGGGAGTCGGACCTCTTCTT AACACCAACCAGCCCTCCTC 
ID2 CCGCTGACCACCCTGAAC GCTCAGAAGGGAATTCAGATGC 
Wnt2 AACACCCTGGACAGAGATCACA CGTAAACAAAGGCCGATTCC 
Wnt2b AGGCTGCAGGTTCCCTAGGT ACCCATCTGTTCCTTTAGAAGTCTTG 
Wnt5a TGCAGCACAGTGGACAATACTTCT CGTACGTGAAGGCCGTCTCT 
Wnt5b CAGTGCAGAGACCGGAGATGT GGGAAAGCCCAGGAAGTTG 
Wnt7 TCGGGAAGGAGCTCAAAGTG CCGCAGCGATAATCGCATA 
Wnt11 AAACAGGATCCCAAGCCAATAAA GGAGGCACGTAGAGCCTGTCT 
sFRP1 CCGAGATGCTCAAATGTGACA TCCGTGGTATTGGGCGG 
sFRP2 ACGGAGATCCTTCTGTGGTTTC GTCAAGACACACTACACAAAGCGTTT 
Axin2 GCCAATGGCCAAGTGTCTCT GCGTCATCTCCTTGGGCA  
Lef1 TCATATGATTCCCGGTCCTC  CCTTCTGCCAAGAATCTGGT 
Tcf1 GCTGCCATCAACCAGATCCT  AGTTCATAGTACTTGGCCTGCTCTTC 
Arnt *(134) CTCCCACTGCCTCATCTGGTA GTCCAGTCTCAGGAGGAAAGTTG 
Calpain-10 *(134) TGCACCCCATTGGTTTCC GGAACACGCGTCCTGGTT 
GIPR *(134) TCAAAGCTGAGGACTCGACAGA TGGAGCGAGCCAGCCTTA 
GLP-1R *(134) AGAACTCTCCTTCACTTCCTTCCA TCCCAGCATTTCCGAAACTC 
Glucagon *(134) CCGCCGTGCCCAAGA CATCATGACGTTTGGCAATGTT 
Glucokinase *(134) GAGTGCTCAGGATGTTAAGGATCTG GCTTTTGAGACCCGTTTTGTG 
Glut2 *(134) GGGGTTGGTGCCATCAAC CACAAGCAGCACAGAGACAGC 
Insulin *(134) AGCAAGCAGGTCATTGTTTCAA AAGCCTGGGTGGGTTTGG 
Pdx1 AAATCCACCAAAGCTCACGC GGGTTCCGCTGTGTAAGCA 
Kir6.2 *(134) GGACCTCCGAAAGAGCATGA GCGCACCACCTGCATGT 
Nkx6.1 *(134) TCAGGTCAAGGTCTGGTTCCA CGGTCTCCGAGTCCTGCTT 
PC1/3 *(134) AGGCAGCTGGCGTGTTTG GAAGCTGGTTCCGCTTGGA 
Rab27a *(134) GGAGGCCCGGGAACTTG TCTCAATCGCGTGGCTTATG 
Rab3d *(134) GGTCTACCGACATGACAAGAGGAT GCGATAGTAGGCCGTGGTGAT 
SNAP25 *(134) AATCGCCAGATCGACAGGAT GGCTTCATCAATTCTGGTTTTGT 
SUR1 *(134) CCTCCAGAAGGTGGTGATGAC TCTGCACTCAGGATGGTGTGTAC 
UCP2 *(134) CAGGTCACTGTGCCCTTACCA AGGCATGAACCCCTTGTAGAAG 
FoxO1 *(134) GCGGGCTGGAAGAATTCA GATTGAGCATCCACCAAGAACTC 
NeuroD1 TCCGGTGCCGCTGC GCGAATGGCTATCGAAAGACA 
   
Fgf10 Mm00433275_m1 (Applied Biosystems)  
Neurogenin3 Mm00437606_s1 (Applied Biosystems)  

 
* - sequences as previously published by Goulley et al (2007) Cell Metabolism. 
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Chapter 4 – Analysis of activated Hh signaling in the pancreas epithelium 

 

The Hedgehog (Hh) signaling pathway plays a critical role in pancreas 

development and function.  Loss and gain of function studies in mice have 

revealed that deregulation of Hh activity affects pancreas morphogenesis and 

function (reviewed in (114)).  In these studies, Hh activity was deregulated by 

either manipulation of Hh ligands, which can signal both to the pancreatic 

epithelium and mesenchyme, or by the use of conventional mutant mice (47, 51, 

52, 115, 120).  Therefore, these studies do not differentiate between epithelial 

and mesenchymal Hh signaling.  Hh signaling is known to mediate 

communication between adjacent tissues and several recent reports have 

addressed the differential requirement for Hh specifically in the pancreatic 

epithelium and mesenchyme.  Epithelial cell-specific activation of Hh signaling 

appears not to have any major effect on pancreatic development (103, 136) and 

Hh elimination in epithelial cells does not result in profound changes during 

pancreas formation (104, 137).  Conversely, pancreatic mesenchyme appears to 

be the predominate receiving tissue of Hh signaling and inappropriate stimulation 

interferes with the epithelial-mesenchymal crosstalk essential for pancreas 

organogenesis (47, 52).  Similar to embryonic development, inhibition of Hh 

signaling by inactivation of the Hh transducer Smoothened (Smo) in epithelial 

cells does not affect PDAC formation (104), whereas Smo inactivation in stromal 

cells results in growth inhibition in pancreatic cancer xenograft models (105).  

Thus, these observations indicate that mesenchymal Hh signaling plays the 

major role during pancreas development and pancreatic cancer, and suggest that 
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the developing pancreatic epithelium is insensitive to deregulation of Hh 

signaling. 

 However, previous studies from our group have shown that pancreas-

specific overexpression of a version of GLI2 lacking the N-terminal repressor 

domain (GLI2ΔN) in pancreatic epithelial progenitor cells in Pdx1-Cre;CLEG2 

mice, results in the formation of undifferentiated tumors (136).  These results 

suggest an additional, cell-autonomous role of activated Hh signaling within the 

mature pancreas epithelium.  To determine whether activation of Hh signaling in 

the pancreatic epithelium also affects pancreas formation, we have analyzed 

pancreas organogenesis in Pdx1-Cre;CLEG2 mice. 

Surprisingly, we find that ectopic expression of GLI2ΔN fails to efficiently 

upregulate Hh pathway within the pancreas epithelium.  This observation 

suggests that mechanisms exist in pancreatic epithelial cells that block 

inappropriate activation of the pathway.  Recent studies have shown that primary 

cilia, cellular organelles, are critical regulators of the Hh pathway during 

embryonic development, organ function and in cancer (33-37, 40, 104, 138).  Our 

results indicate that concomitant elimination of cilia in the presence of GLI2ΔN in 

mice results in overt Hh activation in pancreatic epithelium and consequently, 

impaired pancreas formation.  These pancreata display a significant loss of both 

exocrine and endocrine tissue accompanied by the appearance of 

undifferentiated epithelial cells expressing pancreatic progenitor cell markers.  

Thus, our study reveals a role for cilia in regulating Hh signaling during pancreas 
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formation and demonstrates that excessive Hh activation is detrimental for organ 

development. 

 

Primary cilia prevent full Hedgehog activation upon GLI2ΔN 

overexpression.  

 We have recently shown that, in Pdx1-Cre;CLEG2 transgenic mice, GLI2ΔN 

accumulation is observed in a mosaic fashion within the pancreatic epithelium. 

The activated GLI2ΔN expressed in CLEG2 mice is fused to a myc-tag in its N-

terminus, thus allowing for immunodetection by an anti-myc antibody (136), and 

will be named myc-GLI2ΔN from here on.  The restricted expression pattern of 

myc-GLI2ΔN is surprising as the CLEG2 transgene should be transcribed in all 

pancreatic cells due to the efficient elimination of the preceding lox-GFP-stop-lox 

cassette that places the myc-GLI2ΔN transgene under direct control of the strong 

ubiquitous CMV early enhancer/chicken β-actin (CAG) promoter (136).  To 

determine whether expression of the CLEG2 transgene in the pancreas indeed 

leads to activation of the Hh signaling pathway, we crossed Pdx1-Cre;CLEG2 

mice with Ptch1lacZ/+ mice.  Ptch1 is a direct transcriptional target of Hh signaling, 

and Ptch1lacZ/+ mice carrying the β-galactosidase (β-gal) gene (LacZ) in the 

endogenous Ptch1 locus serve as accurate reporters of Hh pathway activity (20).  

Analysis of β-gal activity in 3 week-old Pdx1-Cre;CLEG2;Ptch1lacZ/+ mice 

revealed few cells within the pancreas displaying detectable activity (Fig. 11A), 

suggesting that control mechanisms are present in pancreatic epithelial cells to 

prevent complete activation of Hh signaling in Pdx1-Cre;CLEG2 mice.   
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Figure 11. Primary cilia prevent full Hedgehog activation in pancreas of myc-GLI2 N-overexpressing mice.
(A) Analysis of -gal activity in 3 week-old Pdx1-Cre;CLEG2;Ptch1lacZ/+ mice revealed few cells within the pancreas 
displaying detectable activity. (B) Ablation of primary cilia through Kif3a inactivation results in a significant increase 
of both the area and intensity of -gal staining of positive cells in the pancreata of Pdx1-Cre;CLEG2;Kif3alox/

lox;Ptch1lacZ/+ mice. (C) Myc-GLI2 N protein accumulates in a limited number of cells in Pdx1-Cre;CLEG2
pancreata (arrowheads). (D) In contrast, the number of pancreatic cells marked by strong expression of the myc-
GLI2 N fusion protein significantly increases in Pdx1-Cre;CLEG2;Kif3alox/lox mice.  Note the increased stromal 
compartment (asterisks) and the presence of epithelial cell nests accumulating high levels of myc-GLI2 N
(outlined).  (E,F) Myc-GLI2 N fusion protein localizes to primary cilia in ductal cells of Pdx1-Cre;CLEG2 mice.
Note that the areas of strong myc staining in the Pdx1-Cre;CLEG2 sample correspond to one of the few duct areas 
in which the transgene was active. 
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 Primary cilia regulate the level of Hh signaling during mouse development in 

different organs and tissues (reviewed in (139, 140) and therefore, could also 

potentially regulate Hh signaling in the pancreas.  To address the role of cilia in 

pancreatic epithelial Hh signaling, we ablated cilia via elimination of the Kif3a 

gene, one of the key components of the kinesin-2 complex that is required for 

cilia formation (141), in the context of myc-GLI2ΔN (CLEG2) expression.  To 

accomplish this goal, we generated compound Pdx1-Cre;CLEG2; 

Kif3alox/lox;Ptch1lacZ/+ mice that are characterized by ectopic expression of myc-

GLI2ΔN (CLEG2), loss of primary cilia (Kif3alox/lox), and expression of Ptch1-lacZ 

as a marker for Hh activity (Ptch1lacZ/+).  (Confirmation that Kif3a-mediated cilia 

ablation results in activated Hh signaling by myc-GLI2ΔN, increased myc-GLI2ΔN 

transgene expression and activated Hh target gene expression is shown in 

Supplemental Fig. 6).  Upon β-gal staining, a significant increase both in the area 

and intensity of β-gal staining of positive cells was observed in the pancreata of 

Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ compared to Pdx1-Cre;CLEG2;Ptch1lacZ/+  

mice during embryonic (Supplemental Fig. 7) and postnatal stages (Fig. 11).  

Importantly, β -gal assay conditions used at embryonic stages were more 

sensitive than those used in 3-week old mice (see following Research Design 

and Methods).    Detailed analysis of cells displaying β-gal activity during 

embryonic stages revealed that low levels of Hh signaling were mostly confined 

to the main ductal branches and periductal regions, most likely consisting of 

developing endocrine cells.  In contrast, the acinar compartment was devoid of 

Hh activity (Supplemental Fig. 7).  Remarkably, duct and endocrine cells are the 
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Supplemental Figure 6.  Loss of Kif3a drives myc-Gli2 N activation of Hh signaling. (A) Immortalized Kif3awt and 
Kif3a-/- MEFs, a kind gift from Pao-Tien Chuang, were transfected with the indicated expression plasmids along with 
Hh reporter plasmids and a CMV-Renilla expression plasmid as a transfection control.  Luciferase and Renilla activities 
were assayed 48 hrs after transfection. One representative experiment consisting of 3 technical replicates for each 
condition is depicted.  Student’s T-test: *P<0.05, ***P<0.005.  (B) RNA was extracted from whole pancreata at P4 to 
P18.  CLEG2 transgene was amplified using primers specific for human Gli2, expressed by the transgene, which 
allows distinction between endogenous (mouse) and overexpressed (human) Gli2.  SybrGreen was used for 
quantitative qPCR.  U-Mann Whitney test *P<0.05.  (C) RNA was extracted from laser capture microdissected
pancreata at P10 and subjected to cDNA synthesis.  After 14 cycles of amplifcation, qPCR was performed using 
inventoried Taqman assays.  As exprected, epithelial nests show high Hh activity compared to ducts in Pdx1-
Cre;CLEG2;Kif3alox/lox mice and even further increased compared to Pdx1-Cre;CLEG2 ducts.  The low number of 
biological replicates (Control n=1, Pdx1-Cre;CLEG2 n=1, Pdx1-Cre;CLEG2;Kif3alox/lox n=2) does not allow to perform 
statistical analysis. 

A

B

C
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Supplemental Figure 7.  
Embryonic analysis of 
endogenous and activated 
Hh activity. b-gal staining of 
e15.5 (A-D) and e17.5 (F-J) 
pancreata of the indicated 
genotypes.  Low Hh activity 
observed in Ptch1lacZ/+ mice 
(B,G) and localizes to the 
main ductal branches.  This 
low activity is undetectable in  
Pdx1-Cre;Kif3alox/lox;Ptch1lacZ/+

mice (C,H).  Hh activity is 
increased in Pdx1-
Cre;CLEG2;Ptch1lacZ/+ mice 
(D,I)  and remains confined to 
the main ducts.  In Pdx1-
Cre;CLEG2;Kif3alox/

lox;Ptch1lacZ/+ mice (E,J), both 
the number of stained cells 
and the intensity of the 
staining appear increased.  
Arrows point to cells 
displaying low Hh activity in 
Ptch1lacZ/+ pancreata at e15.5 
an e17.5.  Note the presence 
of dysmorphic ducts in e15.5 
and e17.5 pancreata (*). 

72



only ciliated pancreatic epithelial cell types (131).  In support of observations in 

postnatal tissues, loss of cilia in Pdx1-Cre;Kif3alox/lox;Ptch1lacZ/+ mice during 

development resulted in a reduction of Hh activity in comparison to Ptch1lacZ/+ 

mice (Supplemental Fig. 7).  Thus, our observations indicate that endogenous 

Ptch1-lacZ activity during pancreas development is not increased upon loss of 

cilia in Pdx1-Cre;Kif3alox/lox;Ptch1lacZ/+.  On the contrary, the finding that cilia 

ablation in the embryonic pancreatic epithelium results in reduced Hh signaling 

suggests that cilia positively regulate endogenous Hh signaling.  While 

perplexing at first, we should note that this dual effect of cilia in pancreatic Hh 

regulation is in agreement with a number of recent reports that have shown that 

cilia ablation can result in both loss and gain of Hh pathway activation in a 

context and tissue-specific manner (36, 38, 39).  In support of this finding, we 

also utilized shRNA to inhibit Ift88, another protein involved in ciliogenesis, in 

ciliated β-cell lines.  Using this approach, we found that moderate knockdown of 

Ift88 in β-cell lines also reduces Hh signaling activity (Supplemental Fig. 8).  

Thus, in vivo and in vitro studies support the notion that cilia have a positive 

effect on Hh signaling in pancreatic cells. 

Further analysis of cells displaying β-gal activity in embryonic and postnatal 

Pdx1-Cre;CLEG2;Ptch1lacZ/+ and Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ mice 

revealed an increase in the number of cells displaying Hh activation, as well as a 

more intense staining in the positive cells in both models when compared to 

Pdx1-Cre;Ptch1lacZ/+ and Pdx1-Cre;Kif3alox/lox;Ptch1lacZ/+ mice.  While both mice 

demonstrate increased numbers of positive cells with higher intensity of staining, 
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Supplemental Figure 8.  Gli2 N induces higher reporter Hh activity in 
pancreatic endocrine cell lines stably expressing a shRNA against Ift88.
Pancreatic bTC3 and MIN6 cells expressing control scramble and Ift88 shRNAs were 
transfected with the indicated expression constructs along with Hh reporter plasmids 
and CMV-Renilla expression plasmid as a transfection control.  Luciferase and 
Renilla activities were assayed 48 hrs after transfection.  One representative 
experiment consisting of 3 technical replicates for each condition is depicted.  
Student’s T-test: *P<0.05, ***P<0.005.
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it is important to note that Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ mice 

consistently have more and very-high-intensity β-gal positive cells than the Pdx1-

Cre;CLEG2;Ptch1lacZ/+ mice.  Interestingly, this analysis shows that active Hh 

signaling remained mostly localized to the main ductal branches (Supplemental 

Fig. 7), and that the ductal areas displaying stronger Hh activity appeared 

dysmorphic as early as e15.5 in Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ 

pancreata.  Thus, our results strongly suggest that the primary defect on Hh 

activation leading to the postnatal phenotypes lies within the ducts.  In summary, 

these observations confirmed and support a role for cilia in preventing overt Hh 

activation upon expression of an activated form of Gli2.  Thus, Hh signaling in 

postnatal pancreata is active at low levels in ductal cells and islets.  To further 

investigate the extent of cilia-regulated Hh activity in response to myc-GLI2ΔN 

overexpression, we quantified expression of Hh targets genes, Gli1 and Ptch1, at 

early postnatal stages in Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox 

whole pancreata.  Whereas Gli1 and Ptch1 expression was marginally increased 

in Pdx1-Cre;CLEG2 tissue, we found that indeed cilia ablation in Pdx1-

Cre;CLEG2;Kif3alox/lox mice resulted in a robust increase of Hh target genes 

(Supplemental Fig. 9).   

 To determine whether the increase in Gli/Hh activity correlates with 

accumulation of the myc-GLI2ΔN protein, we assessed its level by 

immunohistochemical analysis of the myc-tag in Pdx1-Cre;CLEG2 mice versus 

Pdx1-Cre;CLEG2;Kif3alox/lox mice.  As previously reported (136), myc-GLI2ΔN 

protein only accumulated in a small number of cells in Pdx1-Cre;CLEG2 
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Supplemental Figure 9 .  Hh target gene and component expression analysis in postnatal pancreata.  
Expression of the Hh target genes Gli1 (A,B) and Ptch1 (C,D) relative to the indicated housekeeping genes in P2 to 
P18 pancreata.  Whereas target gene expression was only marginally induced in Pdx1-Cre;CLEG2, it appeared
robustly increased in Pdx1-Cre;CLEG2;Kif3alox/lox pancreata.  Expression of the Hh signaling components Gli2 (E,F)
and Gli3 (G,H) appeared increased in Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox pancreata when normalized 
to Cyclophilin A (E,G), but not when normalized to GAPDH (F,H).  U-Mann Whitney test *P<0.05, **P<0.01, 
***P<0.005.  A total of 17 control, 9 Pdx1-Cre;CLEG2 and 7 Pdx1-Cre;CLEG2;Kif3alox/lox pancreata were used for this 
quantitative analysis of gene expression.
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pancreata during postnatal stages (Fig. 11C).  In contrast, Pdx1-

Cre;CLEG2;Kif3alox/lox mice displayed a significant increase in the number of cells 

marked by wide expression of the myc-GLI2ΔN fusion protein (Fig. 11D).  

Furthermore, we determined that cilia ablation correlated with myc-GLI2ΔN 

accumulation, as well as increased Hh activation (as measured by β -gal 

expression in Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ mice) (Supplemental Fig. 

10).  Importantly, we found that, despite its modification, myc-GLI2ΔN is able to 

locate to the primary cilia (Fig. 11E, F).  

Thus, our results indicate that cilia modulate myc-GLI2ΔN accumulation in 

Pdx1-Cre;CLEG2 mice.  In other contexts, cilia have been shown to control Hh 

signaling activity by specifically regulating the formation of processed Gli3 

repressor (Gli3R).  To determine whether this regulation occurs in the pancreas, 

we analyzed Gli3 in protein extracts from Pdx1-Cre;Kif3alox/lox and Pdx1-

Cre;CLEG2;Kif3alox/lox postnatal pancreata.  Surprisingly, we found that total Gli3 

levels (full length and processed) appeared dramatically increased in both Pdx1-

Cre;Kif3alox/lox and Pdx1-Cre;CLEG2;Kif3alox/lox pancreata compared to control 

littermates (Supplemental Fig. 11).  Thus, in contrast to recent studies in brain 

and skin, these data indicate that cilia function to curb Gli3 levels in the 

pancreas.  

 

Cilia regulate Hedgehog signaling downstream of Smoothened.  

 Next, we determined whether cilia regulate Hh activity in pancreatic 

epithelial cells at different levels of the signaling pathway.  To address this 
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Supplemental Figure 11.  Gli3 protein accumulates in the pancreas in the absence 
of cilia.  Immunodetection of Gli3, GAPDH and -tubulin in lysates from P7 pancreata of 
the indicated genotypes.  The absolute levels of both the Gli3A (activator-full length) and 
Gli3R (repressor-processed) forms increased in pancreata devoid of cilia.  In general, 
Gli3A/R ratios appeared slightly increased in Pdx1-Cre;Kif3alox/lox and Pdx1-
Cre;CLEG2;Kif3alox/lox lysates, but abundant Gli3R was still present.  In those pancreata, 
both GAPDH and -tubulin appeared increased, suggesting differences in tissue 
composition.  Ponceau S staining of the membrane revealed that the differences were 
not due to differences in protein load.  Ratios were calculated using imageJ software on 
the short exposure film.
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possibility, we used a transgenic mouse harboring a constitutively active version 

of Smoothened (SmoM2) that is expressed upon Cre-mediated elimination of an 

upstream lox-stop-lox sequence (142).  Activation of Hh signaling using this 

mouse model has been widely achieved in multiple different contexts (143-146).   

In agreement with recent reports (7), we found that Hh activity was not 

significantly increased in Pdx1-Cre;SmoM2;Ptch1lacZ/+ when compared to control 

Ptch1lacZ/+ pancreata (Supplemental Fig. 12).  To determine whether cilia 

prevented Hh activation at the level of Smo, we eliminated cilia in the context of 

SmoM2 expression.  We found that Ptch1-lacZ activity remained unchanged in 

Pdx1-Cre;Kif3alox/lox;SmoM2;Ptch1lacZ/+, findings that are in stark contrast to the 

increased Hedgehog signaling activity observed in Pdx1-

Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ mice (Supplemental Fig. 12 and Fig. 11).  To 

confirm these observations, we conditionally eliminated cilia along with the Hh 

repressor Patched1, which blocks Hh signaling by inhibiting Smo transduction 

activity.  We found that in Pdx1-Cre;Kif3alox/lox;Ptch1lox/lacZ mice Hh activity 

remained similar to that found in the other mice harboring Hh activating 

mutations upstream of Gli2 (Supplemental Fig. 12).  Thus, our results suggest 

that primary cilia regulate Hh signaling downstream of Ptch1 and Smo, possibly 

at the level of Gli, in the pancreas epithelium.   

 

Full Hh activation in the pancreas results in loss of pancreatic tissue in 

Pdx1-Cre;CLEG2;Kif3alox/lox mice.  

 The finding that cilia ablation in Pdx1-Cre;CLEG2;Kif3alox/lox mice results in 
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overt activation of Hh signaling allowed us to evaluate whether cell-autonomous 

deregulation of Hh signaling in the pancreatic epithelium impacts pancreas 

formation.  Triple transgenic Pdx1-Cre;CLEG2;Kif3alox/lox mice were born at the 

expected Mendelian ratio and appeared grossly normal.  However, by 2-3 weeks 

of age, Pdx1-Cre;CLEG2;Kif3alox/lox mice were smaller, failed to thrive, and 

showed some postnatal lethality, suggestive of pancreatic defects.  In fact, a 

profound loss of pancreatic tissue, in both the exocrine and endocrine 

compartments, was observed in Pdx1-Cre;CLEG2;Kif3alox/lox animals (Fig. 12D).  

Close histological examination of the exocrine compartment revealed that severe 

acinar cell loss was accompanied by expansion of the duct-like epithelium and 

stromal compartment (Fig. 12D).  In addition, the duct-like epithelium present in 

triple transgenic Pdx1-Cre;CLEG2;Kif3alox/lox mice was composed of tall columnar 

cells distinct from the normally cuboidal duct morphology (Fig. 12L, inset).  These 

cells are likely derived from the duct-like epithelium, as they were contiguous with 

tissues staining for ductal markers CK19 and mucin.  However, the abnormal 

cells completely lost expression of these markers and accumulated high levels of 

myc-GLI2ΔN protein, suggesting an inverse correlation between Hh signaling 

levels and ductal marker expression (Fig. 12H,L).  Within or adjacent to ducts, we 

also found solid epithelial cell nests embedded in a matrix of fibrous stroma 

(Figs. 1D; 2D, H).  The epithelial cell nests were strongly positive for myc-

GLI2ΔN and did not express markers for any of the three mature pancreatic cell 

lineages (amylase, acinar; synaptophysin, endocrine; mucin, duct) (Figs. 11D; 

12H, 12L; Supplemental Fig. 13), indicating some degree of de-differentiation.  
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Figure 12.  Full Hh activation results in perturbed pancreas morphology. (A-D) 
Hematoxylin/eosin-stained sections of 3 week-old mice reveal loss of pancreatic tissue and 
expansion of duct-like epithelium in Pdx1-Cre;CLEG2;Kif3alox/lox mice. Note the increased 
stromal compartment in Pdx1-Cre;CLEG2;Kif3alox/lox mice (asterisks in D).  (E-H) Extensive 
acinar cell loss as shown by the decrease of amylase staining and increased dilation of 
duct-like structures marked by cytokeratin 19 staining is observed in Pdx1-
Cre;CLEG2;Kif3alox/lox mice.  (G) Mild ductal dilation is observed in Pdx1-Cre;Kif3alox/lox

mice. (I-L) Expression of the ductal marker mucin-1 is lost in cells expressing high levels of 
myc-GLI2 in Pdx1-Cre;CLEG2;Kif3alox/lox mice (arrowheads).  (J) Myc-GLI2 N
accumulation is observed in a subset of pancreatic cells in Pdx1-Cre;CLEG2 mice.
Epithelial cell nests are outlined in D and H. 
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Supplemental Figure 13.  Epithelial cell nests express myc-Gli2 N but do not express 
markers of the mature pancreatic cell types. Immunofluorescent staining in P0 Pdx1-
Cre;CLEG2;Kif3alox/lox pancreata revealed the forming epithelial cell nests (outlined in A and 
B) expressing (A) high myc-Gli2 N (green) and not mucin-1 (red), a ductal marker.  Staining 
of a consecutive section (B) showed that the epithelial nests do not express amylase 
(green), an acinar marker, or synaptophysin (red), a pan-endocrine marker, either.  
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Thus, Pdx1Cre;CLEG2;Kif3alox/lox mice develop a dramatic loss of mature 

pancreatic tissue that is accompanied by a loss of cellular differentiation and 

expansion of abnormal cells.  In contrast, histological analysis of double 

transgenic Pdx1-Cre;CLEG2 and Pdx1-Cre;Kif3alox/lox control mice revealed 

comparatively minor pancreatic abnormalities.  As previously reported (136, 147), 

pancreas morphology was only marginally affected in Pdx1-Cre;CLEG2 mice 

(Fig. 12B, F, J), whereas duct dilation and reduction in acinar cells were noted in 

Pdx1-Cre;Kif3alox/lox mice by 2-3 weeks of age (Fig. 12C, G, K). 

 

Expression of progenitor cell markers in Hh-active pancreatic epithelial 

cells 

The abnormal epithelial nests budding from the ducts in Pdx1-

Cre;CLEG2;Kif3alox/lox mice did not express markers normally present in mature 

pancreatic cell types and thus we decided to characterize them in more detail.  

Expression of the cell adhesion protein E-cadherin confirmed the epithelial nature 

of the high myc-GLI2ΔN expressing cells (Fig. 13B).  While markers typical of 

any of the three mature pancreatic cell types were missing, we did detect 

expression of FoxA2 and Sox9 (Fig. 13B, D), proteins normally restricted to islets 

or ducts during postnatal stages (Fig. 13A, C).  However, these transcription 

factors are also expressed during pancreatic organogenesis in progenitors before 

the secondary transition (148-150), suggesting that the high myc-GLI2ΔN 

expressing cells might have acquired a progenitor-like state.   
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Figure 13. Activation of Hh signaling results in expression of progenitor markers in the ductal-like epithelium 
of Pdx1-Cre;CLEG2;Kif3alox/lox mice. (A, B) Expression of the embryonic pancreatic marker Sox9 in undifferentiated 
cells in 2-3 week old Pdx1-Cre;CLEG2;Kif3alox/lox mice. E-cadherin expression confirms the epithelial nature of those 
cells. (C, D) FoxA2 is expressed in undifferentiated cells in Pdx1-Cre;CLEG2;Kif3alox/lox mice. (E, F)  Myc-GLI2 N
expressing cells in Pdx1-Cre;CLEG2;Kif3alox/lox mice are highly proliferative as determined by staining with the 
proliferation marker phospho-Histone H3. (G, H) Activation of Notch signaling in undifferentiated cells of Pdx1-
Cre;CLEG2;Kif3alox/lox mice as determined by Hes1 expression. (I, J)  Pdx-1 expression is excluded from 
undifferentiated cells expressing high levels of myc-GLI2 N in Pdx1-Cre;CLEG2;Kif3alox/lox pancreata. (K, L) 
Undifferentiated cells are first observed at P0 in Pdx1-Cre;CLEG2;Kif3alox/lox pancreata. (M, N) Abnormal mucin-1 
expression in undifferentiated cells of P0 Pdx1-Cre;CLEG2;Kif3alox/lox pancreata. Mucin-1 expression is decreased and 
not restricted to the apical membrane in myc-GLI2 N expressing cells of Pdx1-Cre;CLEG2;Kif3alox/lox mice (arrows).  
Mucin-1 is properly localized to the apical membrane in Pdx1-Cre; CLEG2 mice.  Note also the low number of myc-
GLI2 N expressing cells observed in Pdx1-Cre; CLEG2 mice.  (O, P) Co-expression of exocrine (amylase) and ductal 
markers (Mucin-1) in myc-GLI2 N expressing cells of P0 in Pdx1-Cre;CLEG2;Kif3alox/lox mice.  The area marked by 
arrowheads is shown at higher magnification in inset in P. 

86



Further evidence for this hypothesis comes from the observation that the 

abnormal cells are highly proliferative (Fig. 13F), and display active Notch 

signaling as evidenced by immunofluorescence staining against Hes1 (Fig. 13H), 

a Notch-target gene that is expressed in embryonic progenitor cells (151, 152).  

As previously reported (153, 154), Hes1 was found only in centroacinar cells and 

a few ductal cells in adult pancreata of control mice (Fig. 13G).  Interestingly, 

expression of Pdx-1, an embryonic pancreatic transcription factor and β -cell 

marker (155, 156), was excluded from undifferentiated cells expressing high 

levels of myc-GLI2ΔN in Pdx1-Cre;CLEG2;Kif3alox/lox pancreata (Fig. 13J).  Thus, 

these results indicate that cell-autonomous activation of Hh signaling in 

pancreatic epithelium induces de-differentiation and expansion of cells 

expressing a subset of progenitor markers. 

 Temporal analysis of embryonic and early postnatal stages revealed that 

these undifferentiated cells were first observed at P0.  At this time point, a few 

abnormal ductal structures could be found in Pdx1-Cre;CLEG2;Kif3alox/lox 

pancreata (Fig. 13L).  These structures displayed abundant myc-GLI2ΔN and 

expressed low-level of ductal mucin-1 (Fig. 13N).  Interestingly, mucin-1 in these 

myc-GLI2ΔN-expressing cells was not appropriately localized to the apical 

membrane, further suggesting that Hh activation interferes with the differentiation 

state of duct cells.  Furthermore, we also found unusual cells that accumulated 

myc-GLI2ΔN and co-expressed amylase and CK19 located within dilating ductal 

structures (Fig. 13O, P).  The co-expression of both exocrine and ductal markers 

is suggestive of a cell caught in an intermediate stage of trans-differentiation that 
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could contribute to the expansion of ductal structures observed in older Pdx1-

Cre;CLEG2;Kif3alox/lox mice. Dysmorphic ducts displaying high Hh activity were 

detected a early as e15.5 in Pdx1-Cre;CLEG2;Kif3alox/lox;Ptch1lacZ/+ mice 

(Supplemental Fig. 7), thus suggesting impaired ductal formation during 

embryogenesis in the context of up-regulated Hh signaling.  

 

Endocrine defects in Pdx1-Cre;CLEG2;Kif3alox/lox mice 

In addition to the exocrine and ductal defects, we observed profound 

defects in the endocrine compartment, which appeared greatly reduced in Pdx1-

Cre;CLEG2;Kif3alox/lox mice (Fig. 14).  Quantification of the endocrine 

compartment revealed that by postnatal day 5 (P5), there was a 75% reduction in 

endocrine area in Pdx1-Cre;CLEG2;Kif3alox/lox mice, in contrast to the 50% 

reduction observed in Pdx1-Cre;CLEG2 mice (Fig. 14K).  Moreover, the 

architecture of α- and β- cells in the remaining islets appeared disorganized in 

Pdx1-Cre;CLEG2;Kif3alox/lox mice (Fig. 14D).   

To evaluate the timing of endocrine cell loss, we analyzed islet area 

starting at e15.5, when endocrine cell neogenesis peaks, and at P0, when 

neogenesis has ended and islet cells begin reorganizing to achieve final islet 

architecture.  Islet area quantification revealed that at e15.5 and P0, there is a 

substantial 50% reduction in the endocrine area in Pdx1-Cre;CLEG2;Kif3alox/lox 

mice, comparable to that seen in Pdx1-Cre;CLEG2 mice (Fig. 14E-J).  Therefore, 

these data indicate that endocrine defects in Pdx1-Cre;CLEG2;Kif3alox/lox mice 

deviate from Pdx1-Cre;CLEG2 mice after birth. 
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Fig. 14. Increased Hh activity results in disruption of islet formation in Pdx1-Cre;CLEG2;Kif3alox/lox mice. (A-D) 
Islets are reduced in number and their architecture is affected in Pdx1-Cre;CLEG2;Kif3alox/lox mice at P5.  Islet 
morphology is shown at higher magnification in insets.  (E-H) Islet morphology appears unaffected in Pdx1-
Cre;CLEG2;Kif3alox/lox mice at P0. (I-K) Quantitative measurements of islet area in E15.5 embryos and P0 and P5 
mice. Note the dramatic reduction of islet area in Pdx1-Cre;CLEG2;Kif3alox/lox mice at P5. (L, M) Quantification of ngn3-
positive cells and measurement of epithelial area in E15.5 embryos.  Note the reduction in both epithelial area and 
neurogenin3 endocrine precursors in Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox mice. (N, O) Quantification of 
endocrine cell proliferation based on phospho-Histone H3 expression at P0 and P5. (P, Q) Quantification of endocrine 
cell death based on cleaved caspase-3 expression at P0 and P5.  Note the sustained two-to-three fold increased cell 
death rate in Pdx1-Cre;CLEG2;Kif3alox/lox mice. All values are relative to control littermates, whose averages were 
considered to be one.  Sample numbers represent n > 3. (See SI Table1 for sample numbers).  Error bars are shown 
as standard deviation. *P<0.05 and **P<0.005.
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To further investigate the reduction in endocrine cells detected at e15.5 in 

Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox mice, we performed 

immunofluorescence staining against neurogenin3 (ngn3), which marks all 

endocrine precursors, and found that their number is similarly reduced in both 

Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox mice (Fig. 14L).  In addition, 

quantification of epithelial area at e15.5 revealed a significant 50% reduction in 

Pdx1-Cre;CLEG2 and Pdx1-Cre;CLEG2;Kif3alox/lox mice compared to control 

mice (Fig. 14M).  Thus, while the ratio of endocrine precursors to epithelial area 

is normal, the number of endocrine precursors is reduced as a consequence of 

impaired expansion of the pancreatic epithelium.  Interestingly, CLEG2 transgene 

expression resulted in similar embryonic defects in the presence and absence of 

cilia, suggesting that the level of Hh activation achieved in Pdx1-Cre;CLEG2 

pancreata is sufficient to impair expansion of the embryonic pancreas epithelium. 

In contrast to embryonic expansion of endocrine cells via neogenesis, 

postnatal expansion of islet cells is predominantly achieved via proliferation.  To 

address the question of whether the postnatal loss of endocrine tissue may be 

attributed to changes in islet cell proliferation and/or apoptosis rates, we 

quantified phospho-Histone 3 and cleaved caspase-3 positive cells, respectively, 

in postnatal pancreata.  We found transient changes in proliferative capacity in 

transgenic islets, with a two-fold increase in Pdx1-Cre;CLEG2 and Pdx1-

Cre;Kif3alox/lox pancreata at P0 and a marginal increase in Pdx1-

Cre;CLEG2;Kif3alox/lox islets at P5 (Fig. 14N,O).  In contrast, a significant two-to-

three fold increase in islet cell death was observed in Pdx1-Cre;CLEG2;Kif3alox/lox 
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islets between P0 and P5 (Fig. 14P,Q), indicating that postnatal endocrine cells 

cannot sustain de-regulated Hh signaling.  

 

Discussion 

To determine the role of epithelial Hh signaling on pancreas formation, we 

have overexpressed an activated version of GLI2, a transcriptional mediator of 

the pathway, to activate Hh signaling in a cell autonomous manner specifically in 

the pancreatic epithelium.  Despite the forced expression of this Hh-activating 

allele, we did not observe efficient Hh activation.  To determine whether primary 

cilia could regulate Hh signaling in the pancreatic epithelium, we eliminated these 

organelles in mice carrying distinct Hh gain of function mutations.  Ablation of 

primary cilia resulted in strong Hh activation in mice harboring a GLI2 activating 

mutation but not in SmoM2 and Ptch1lox/LacZ mutant mice, indicating that primary 

cilia regulate Hh activity downstream of Smo in the pancreas.  These results are 

in agreement with recent reports in which genetic analysis of double mutants for 

Kif3a and Smo in the brain demonstrate that cilia acts downstream of Smo (145, 

157). 

The fact that cilia ablation has no effects in mice harboring Hh activating 

mutations that act upstream of Gli2 suggests that additional mechanisms other 

than cilia modulate Hh signaling in the pancreatic epithelium.  Our results argue 

that overexpression of GLI2∆N in CLEG2 mice bypasses these additional 

modulators, but that GLI2∆N activity is still subject to cilia-mediated regulation.  

Thus, elimination of cilia in Pdx1-Cre;CLEG2;Kif3alox/lox mice is necessary for full 
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activation of the Hh pathway.  The presence of additional regulators that curb 

signaling activity in the presence of Smo activation might also partly explain the 

resilient response of pancreatic epithelial cells to Hh ligands in vitro as previously 

reported (104, 105).   

The increased Hh activity achieved through concomitant myc-GLI2ΔN 

overexpression and cilia ablation revealed an unknown role of epithelial Hh 

signaling during development and differentiation of the pancreatic epithelium.  

Although Pdx1-Cre;CLEG2;Kif3alox/lox mice appeared grossly normal at birth, we 

observed increasingly perturbed pancreatic morphology as the mice aged, which 

appeared to correlate with the level of myc-GLI2ΔN accumulation.  One of the 

most intriguing malformations observed in Pdx1-Cre;CLEG2;Kif3alox/lox mice is 

the formation of cells with abnormal morphology displaying high myc-GLI2ΔN 

levels.  These cells expressed pancreatic progenitor markers, such as Hes1, 

FoxA2 and Sox9, suggesting that activation of Hh impairs the ability of pancreatic 

cells to maintain a differentiated state.  Interestingly, it has recently been 

described that inactivation of epithelial Hh signaling blocks pancreas 

regeneration upon injury due to the inability of metaplastic cells to re-differentiate 

back to exocrine cells, further supporting a role for Hh signaling in modulating 

pancreatic cell plasticity (137). 

Previous studies from our group have shown that despite the low number 

of pancreatic cells in Pdx1-Cre;CLEG2 mice displaying significant myc-GLI2ΔN 

levels, prolonged expression of myc-GLI2ΔN results in formation of pancreatic 

undifferentiated tumors.  These undifferentiated tumors display loss of epithelial 
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markers such as E-cadherin, suggestive of an epithelial to mesenchymal 

transition.  Although the undifferentiated cells observed in Pdx1-

Cre;CLEG2;Kif3alox/lox mice expressed E-cadherin, we cannot rule out the 

possibility these cells represent an early transitional state towards tumor cells 

found in older Pdx1-Cre;CLEG2 mice.  In this regard, it is intriguing that 

pancreatic cancer cells and precursor lesions are devoid of primary cilia (158).  

Unfortunately, the compromised health of Pdx1-Cre;CLEG2;Kif3alox/lox mice due 

to pancreatic tissue loss prevents analysis in older mice, and focal/temporal 

inactivation of cilia and GLI2∆N overexpression will be required to clarify whether 

undifferentiated cells in Pdx1-Cre;CLEG2;Kif3alox/lox mice represent early stages 

of neoplasia.   

In addition to impaired maintenance of the exocrine compartment, 

increased Hh signaling results in dramatic defects in endocrine cell formation.  

These endocrine defects appear to develop largely during postnatal stages with a 

significant reduction in islet area.  In contrast to what we observed in the exocrine 

compartment, trans-differentiation does not appear to play a role in the postnatal 

loss of endocrine area.  Rather our results indicate that increased apoptosis is 

most likely responsible for this process, indicating that deregulation of Hh 

signaling compromises endocrine cell health.  Previous reports from insulinoma 

cells have shown a positive role for this pathway in regulating β-cell function (50, 

68).  Unfortunately, as noted above, the early postnatal lethality of the Pdx1-

Cre;CLEG2;Kif3alox/lox mice has prevented us from analyzing the effects of 
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increased Hh signaling on mature endocrine cell function and these questions 

await temporal manipulation of the pathway in adult islet cells.   

In summary, we have shown that primary cilia regulate Hh activity 

downstream of Smo and possibly at the level of the Gli transcriptional factors in 

the pancreatic epithelium.  Our results also show that increased Hh signaling in 

pancreatic epithelial cells leads to loss of differentiated state and activation of 

embryonic foregut and pancreas progenitor markers.  Our findings suggest that 

modulation of epithelial Hh signaling controls differentiated phenotypes and 

therefore, might have important implications for reprogramming of mature 

exocrine cells, a process involved in pancreatic tumor formation and a potential 

source of insulin producing cells (159). 
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Research Design and Methods 

 

Transgenic mouse handling 

Mice used in this study were maintained in the barrier facility according to 

protocols approved by the Committee on Animal Research at the University of 

California, San Francisco.  Pdx1-Cre, CLEG2, Ptch1lacZ/+, Ptch1lox/lox, SmoM2 and 

Kif3alox/lox mice have been described previously (20, 136, 142, 156, 160, 161). 

 

Histology, Immunostaining and Morphometric Analysis 

 For paraffin sections, isolated pancreata from adult and embryonic mice 

were fixed in 4% (w/v) paraformaldehyde (PFA) in phosphate-buffered saline 

(PBS) for four hours to overnight at 4ºC.  Fixed tissues were subsequently 

washed in PBS and processed as previously described (2).  Hematoxylin/eosin 

staining, nuclear fast red staining, and immunofluorescence analyses were 

performed as described previously (120).  For anti-β-gal staining, tissues were 

fixed for 1h in 4% PFA and processed for cryosectioning.  The following primary 

antibodies were used: guinea pig anti-insulin 1:500; rabbit anti-glucagon, 1:300 

(Linco; St. Charles, MO); rabbit anti-amylase 1:400; anti-acetylated β-tubulin 611 

1 1:10,000 (Sigma Chemical Co, St. Louis, MO); rabbit anti-phospho-HistoneH3 

1:200; rabbit anti-FoxA2 1:500 (Upstate Laboratories; Charlottesville, VA); rabbit 

anti-cleaved caspase-3 1:100; rabbit anti-myc Tag 1:200 (Cell Signaling, Boston, 

MA); mouse anti-myc 9E10 1:100; armenian hamster anti-Mucin-1 1:200 

(Neomarkers, Fremont, CA); rat anti-CK19 1:400 and mouse anti-Nkx6.1 1:100 
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(Developmental Studies Hybridoma Bank, Iowa City, IA); guinea pig anti-Pdx-1 

1:500 (Abcam, Cambridge, MA), mouse anti-synaptophysin 1:200 (Biogenex, 

San Ramon, CA); rabbit anti-Sox9 1:200 (Chemicon, Temecula, CA); rabbit anti-

Hes1 1:500 (a generous gift from Dr. Tetsuo Sudo, Toray Industries, Inc., 

Kamakura, Japan); rabbit anti-ngn3 1:500 (a generous gift from Dr Mike German, 

UCSF); rabbit anti-β-galactosidase 1:200 (Cappel).  A biotin conjugate of the 

duct-binding lectin Dolichos biflorus agglutinin was purchased from Vector 

Laboratories (Burlingame, CA) and detected with streptavidin-conjugated 

fluorophores (JacksonImmunoResearch, West Grove, PA).  Staining for 

diaminobenzidine (DAB) was performed with the ABC Elite immunoperoxidase 

system (Vector Laboratories).  The following secondary antibodies were used for 

immunofluorescence: fluorescein isothiocyanate (FITC)-conjugated anti-guinea 

pig (Molecular Probes, Invitrogen, Carlsbad, CA), Cy3-conjugated anti-rabbit 

(Molecular Probes), FITC- and Cy3-conjugated anti-armenian hamster (Jackson 

ImmunoResearch), Alexa488-conjugated anti-guinea pig, Alexa488-conjugated 

anti-rabbit, Alexa568-conjugated anti-mouse, Alexa555-conjugated anti-rat, 

Alexa 555-conjugated anti-rabbit and Alexa633-conjugated anti-rabbit (Molecular 

Probes). 

Bright field images were acquired using a Zeiss Axio Imager D1 microscope. 

Fluorescent images were captured using a Zeiss Axiophoto2 plus and a Leica SL 

or SP5 confocal microscope.  Unless otherwise noted, all photomicrographs 

shown are representative of at least three independent samples of the indicated 

genotype. 
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Morphometric analysis 

 Pancreata isolated at e15.5, postnatal day 0 (P0), and P5 were harvested, 

fixed and processed as described above. 5 µm sections were portioned out onto 

slides such that a representative 20% of the entire tissue could be stained for 

designated markers:  insulin and glucagon (for endocrine area), Nkx6.1 (for 

epithelial area at e15.5) and ngn3 (for endocrine precursors at e15.5), and 

phospho-HistoneH3 (for proliferation) and cleaved caspase-3 (for apoptosis) as 

described above. Sample numbers for each morphometric data point are 

described in Table 1.  

 

β-galactosidase staining  

Postnatal pancreata were fixed in 2% paraformaldehyde/0.25% 

glutaraldehyde in phosphate-buffered saline (PBS) for 90 minutes at 4°C and 

stained as previously described (162).  For embryonic β-galactosidase activity 

detection, tissues were fixed for 30 min in 0.2% glutaraldehyde and stained as 

previously described in Chapter 2.  These conditions allow the detection of low 

levels of lacZ activity. 

 

Protein extraction, quantification and immunoblots 

 Whole pancreata where lysed in RIPA buffer containing protease inhibitor 

cocktails (Sigma-Aldrich, St. Louis, MI and Roche Applied Science, Indianapolis, 

IN), and were immediately homogenized during 1min (4x15sec) using a Polytron 
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on ice.  Pancreata were further lysed by gently rocking 30min at 4°C and cell 

debris were pelleted by centrifugation at 15K 15 min at 4°C.  Soluble protein was 

quantified using the BCA kit (Pierce, Rockford, IL) and immediately loaded into 4-

10% (50 µg for Gli3) and 4-12.5% (5 µg for GAPDH and β-tubulin) Tris-

acrylamide gels.  Proteins were transferred to immobilon P membranes 

(Millipore, Billerica, MA) at 4°C O/N (for Gli3) or for 90 min (for GAPDH and β-

tubulin) in transfer buffer containing 0.2% SDS (for Gli3).  Membranes were 

subsequently blocked for at least 1hr in 5% non-fat milk in PBS-T, and 

immunodetection was performed with the following antibodies:  rabbit anti-Gli3 

1:200, a kind gift from Dr. Baolin Wang, mouse anti-β-tubulin 1:5,000 (E7-c, 

Developmental Studies Hybridoma Bank, Iowa City, IA) and rabbit anti-GAPDH 

1:2,000 (Santa Cruz Biotechnology Inc., Santa Cruz, CA).  Conjugated 

secondary antibodies used were anti-rabbit-HRP 1:2,000 (Cell Signaling, Boston, 

MA) and anti-mouse-HRP 1:5,000 (Santa Cruz Biotechnology Inc.).  

Chemiluminescent detection was performed using ECL plus (Amersham 

Piscataway, NJ) or ECL (Pierce, Rockford, IL).  

 

RNA extraction, cDNA synthesis and quantitative PCR 

Pancreata were preserved in RNALater (Ambion) overnight at 4°C and stored at 

–20°C.  For total RNA extraction, postnatal tissues were homogenized in TRIzol 

reagent (Invitrogen), and the aqueous phase was extracted in chloroform and 

subsequently loaded onto RNeasy columns (QIAGEN).  Total RNA from 

embryonic pancreata was purified using RNeasy columns.  On-column DNAse 
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treatment was performed according to manufacturer’s instructions. cDNA was 

synthesized from 0.5 or 1 µg of total RNA using Superscript III Reverse 

Transcriptase (Invitrogen).  QPCR was performed using inventoried Taqman 

probes for mouse Gli1 (Mm00494645_m1), mouse (Mm01306905_m1), Gli2 

(Mm01293117_m1) and Gli3 Mm00492338_m1 (Applied Biosystems, Foster 

City, CA).  Expression levels were normalized using a custom primer/probe set 

for mouse GAPDH, GUS or Cyclophilin A (provided by the Genome Analysis 

Core at the UCSF Helen Diller Family Comprehensive Cancer Center; 

sequences are listed in Table 3). 
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Table 2.  Sample Numbers for Morphometric Analysis 
 
      Control         Pdx1Cre;CLEG             Pdx1Cre;Kif3alox/lox                Pdx1Cre;CLEG2;Kif3alox/lox 

Total Endocrine Area    

E15.5 11 5 9 5 

P0 5 3 4 3 

P5 6 3 3 5 

     
Embryonic Epithelial Area/ 
Endocrine Progenitor Cells   

E15.5 3 3 3 3 

     

Proliferation and Apoptosis    

P0 3 3 3 3 

P5 3 3 3 3 

 
 
 
 
Table 3.  Custom Primer/Probe Sets for QPCR 
 

MixName Sequence Product 
Mm GUS CTCATCTGGAATTTCGCCGA Primer 

Mm GUS GGCGAGTGAAGATCCCCTTC Primer 
Mm GUS CGAACCAGTCACCGCTGAGAGTAATCG Probe 

MmCyclophilin GGCCGATGACGAGCCC Primer 

MmCyclophilin TGTCTTTGGAACTTTGTCTGCAA Primer 

MmCyclophilin TGGGCCGCGTCTCCTTCGA Probe 
MmGAPDH TGCACCACCAACTGCTTAG Primer 

MmGAPDH GGATGCAGGGATGATGTTC Primer 

MmGAPDH CAGAAGACTGTGGATGGCCCCTC Probe 
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Chapter 5 – Final Remarks 

 

 The studies presented in this dissertation address unresolved questions 

about the specific role of Hh signaling within the pancreatic epithelium.  Due to 

the models used for analysis, previous studies of Hh signaling in the pancreas 

left an open debate on the tissue specific contributions to observed phenotypes.  

In addition, while studies demonstrated that aberrant Hh signaling strongly 

influences the onset, maintenance and progression of PDAC, it was unclear if 

these observations were autocrine or paracrine to pancreatic tumor epithelium.  

Importantly, this work shows that Hh signaling within the epithelial compartment 

exists, and is required for early pancreas morphogenesis and adult islet function.   

Moreover, aberrant activation of Hh signaling compounded by cilia ablation 

results in overt Hh activation in the pancreatic epithelium and formation of highly 

proliferative, progenitor like cells in the ductal compartment. 

 In support of the work presented here, I also characterized Pdx1-Creearly 

and Pdx1-Crelate mice to determine the timing and level of Cre expression in 

these competing lines.  Pdx1-Creearly mice were derived from the laboratory of 

Douglas A. Melton using a 5.5 kb fragment of the Pdx1 promoter (156), while 

Pdx1-Crelate mice generated in Pedro L. Herrera’s laboratory utilize a 4.5 kb 

fragment of the Pdx1 promoter (163).  Hence, differences in promoters, sites of 

integration and other aspects of genetics may result in unique expression of Cre 

recombinase protein.  Thus, to determine the temporal expression pattern of 

these Cre lines, Pdx1-Creearly and Pdx1-Crelate mice were breed into Rosa26R 
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Figure 15.  Temporal and spatial differences in Cre recombinase activity in the PdxCreearly and PdxCrelate

transgenic lines.   LacZ staining marks cells that have undergone Cre-mediated recombination in  PdxCrelate and
PdxCreearly;R26R mice.  Gross and histological examination of the PdxCreearly;R26R e10.5 embryo reveals strong 
-galacotosidase ( -gal) staining at e10.5 within the pancreas (C, pancreas indicated by black arrow, F).  No 

staining is detectable within the PdxCrelate;R26R embryo at e10.5 (B, E).  Histological examination of pancreas 
sections from the PdxCreearly;R26R animal immunostained for Pdx1 (brown) and enzymatically stained for -gal
activity (blue) (F) indicates that the majority of Pdx1+ cells, are also positive for lacZ at e10.5.  At e12.5, -
galactosidase staining (blue) is detectable within a subset of the Pdx1+ (brown) cells in the PdxCrelate;R26R
animals (H).  Equivalent pancreas sections of a PdxCreearly R26R animal (I) at e12.5 show robust -gal staining 
(blue) in the majority of Pdx1+ cells (brown).  In the adult PdxCrelate;R26R animal, only a subset of islet cells 
exhibit -gal staining (blue, islets are marked by black circles).  Cre expression within the exocrine tissue is also 
mosaic in these animals.  A greater percentage of islet cells (circled in black) and exocrine cells exhibit strong -
gal staining (blue) in the adult PdxCreearly;R26R pancreas (L).  The majority of pancreatic ducts (stained with an 
antibody against mucin-1, red) are also -gal + (green) in the PdxCreearly;R26R pancreas (O, non-specific staining 
sometimes encountered within the center of ducts indicated with an asterisk). -gal+ cells are seldom 
encountered within the PdxCrelate;R26R pancreas (N).  No -gal staining is observed in control animals at any of 
the time points characterized (A,D,G,J, islet circled in black, and M). A magnification of 40x was used for all 
histological images shown (D-L); a magnification of 63x was used for confocal images shown (M-O).  Scale bars 
represent 25 m.
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mice, mice that express the β-galactosidase gene after Cre-mediated 

recombination (164).  Characterization of these mice showed that Pdx1-

Creearly;R26R mice initiate strong Cre expression throughout the pancreatic 

epithelium by e10.5 (Fig. 15C, F) (119).  In contrast, β-gal activity was detected 

in only a few cells as early as e11.5 in Pdx1-Crelate;R26R mice, and expression 

by e12.5 is more mosaic than in Pdx1-Creearly;R26R mice (Fig. 15H, I).  

Moreover, adult analyses revealed that Pdx1-Crelate;R26R mice maintained a 

mosaic expression pattern throughout acinar and islet cell types (Fig. 15K), while 

Pdx1-Creearly;R26R mice showed strong expression in acinar, ductal and islet cell 

types (Fig. 15L).  Thus, these data helped to distinguish appropriate tools to be 

used of early pancreas-specific Cre-mediated recombination. 

 Use of Pdx1-Creearly mice to address the epithelial requirement for Hh 

signaling during pancreas development and in adult islets yielded results 

described in Chapters 3 and 4.  However, this work also lent itself to addressing 

the role of epithelial Hh signaling in pancreatic ductal adenocarcinoma (PDAC).  

While research supports the notion that Shh signaling strongly stimulates PDAC 

formation (87, 93, 99-102), no work definitively demonstrates the requirement for 

cell-autonomous epithelial Hh signaling in pancreatic tumorigenesis.  Therefore, 

in a generous collaboration with Olivier Nolan-Stevaux and Douglas Hanahan, 

we questioned the role of epithelial Hh signaling in PDAC formation.  In these 

studies, we asked if Smo-mediated Hh signaling is required in the ductal 

epithelium during PDAC progression in a model of oncogenic Kras-driven 

carcinogenesis.   In non-carcinogenetic environments, we found that loss of Smo 
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Figure 16. Ductal and acinar pancreatic development is normal in the absence of Smo 
function. (A) Quantitative RT–PCR comparison of Smo mRNA in total RNA extracts from 
dissected pancreatic buds of 12.5-d Pdx-Cre; Smo+/+ (Smo+) embryos and Pdx-Cre; SmoF/Null
(Smo-) embryos. (B,C) Anti-Muc1 and anti- -amylase staining of pancreatic sections from Pdx-
Cre; Smo+/+ mice (B) and Pdx-Cre; SmoF/Null mice (C). (D) H&E staining of pancreatic sections 
from Pdx-Cre; Smo+/+ mice and Pdx-Cre; SmoF/Null  mice. Arrows indicate pancreatic ducts. The 
panels are representative of multiple fields of pancreatic sections from two Pdx-Cre; Smo+/+ and
two Pdx-Cre; SmoF/Null mice. 
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in the pancreatic epithelium had no profound effects on exocrine or ductal 

development, or in adult function (Fig. 16) (104).  In carcinogenetic 

environments, Kras mutations drove tumor progression in a defined manner but 

combined loss of Smo function did not alter tumor formation (Fig. 17). Thus, we 

demonstrate that epithelial Hh signaling during PDAC progression is 

dispensable.  This result was confounding as in the absence of Hh signaling, we 

were able to detect elevated expression of Hh target genes Gli1 and Ptch1, as 

well as Shh (Fig. 18), suggesting that Smo-mediated Hh signaling was decoupled 

from downstream signaling in PDAC.  Indeed, further investigation of laser 

captured samples verified decoupling of Smo-mediated Hh signaling, and 

modulation of Gli target genes by TGFβ1 and Kras (104).  In combination with 

recently published studies on Hh signaling in tumorigenic stromal (103, 105), this 

work shows that Hh signaling during PDAC progression acts on activated stromal 

cells in a paracrine manner. 

 Interestingly, Gli driven PDAC progression has been characterized by 

expression of early developmental foregut transcription factors (101, 102), a 

finding similar to phenotypes observed in the epithelial cell nests found in ducts 

of Pdx1-Cre;CLEG2;Kif3alox/lox mice.  While epithelial nest cells are highly 

proliferative and express progenitor like markers, they do not give rise to PDAC.  

Notably, tumors arising in Pdx1-Cre;CLEG2;Kif3alox/lox mice with milder 

phenotypes and likely less efficient recombination have been isolated between 

the age of two to seven months.  These tumors appear to be a mixture of two 

different cell types with distinct boundaries, an undifferentiated cell type similar to 
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Figure 18. Hedgehog pathway components are deregulated in PDAC lesions. (A) 
Expression of Shh, Ptch1, Smo, and Gli1 mRNA in total RNA extracts from ;12-wk-old 
LSL-Kras/+; p53 control pancreata (P) (N = 3) or p48-Cre/+; LSL-Kras/+; p53F/+ tumors 
(T) (N = 3). Levels of mRNAs expressed as a percentage of the mGus control mRNA. 
Asterisk indicates a P-value <0.01. (B,C) Immuno-histochemical detection of Shh  (503). 
(B) No Shh detected in normal pancreas. (C) Shh expression detected inside ductal cells 
in PanIN lesions of 9-wk-old PDAC mice. The panels are representative of multiple fields 
of pancreatic sections from two control and two PDAC mice.
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Figure 17. Smoothened is depleted in ductal 
cells of PDAC SmoF/F mice. (A) Recombination of 
the Smo locus in PDAC cell lines. PCR 
amplification of the Smo locus (Smo) or the p48-Cre
transgene (p48). The Smo genotyping procedure 
amplifies the nonrecombined conditional SmoF

allele (upper band, F) and the wild-type (wt) Smo
allele (lower band, wild type). The upper PCR band 
is lost upon Cre recombination of the Smo
conditional locus. The input genomic DNA used in 
each PCR reaction is indicated: (Tail) genomic DNA 
from mouse tail, 100 ng; (Cells) genomic DNA from 
PDAC-derived tumor cell lines, 10 ng; (+/+) Smo+/+;
(F/+) SmoF/+; (F/F) SmoF/F. (B) Depletion of the Smo
mRNA in recombined cell lines. Expression of Smo
mRNA in total RNA extracts from Smo+/+(W), SmoF/+

(H), or SmoF/F (F) PDAC cell lines. Levels of 
mRNAs expressed as a percentage of the m-Gus
control mRNA. Total RNA extracts from two cells 
lines of each genotype were assayed in triplicate. 
(C) In vivo recombination of the Smo locus. 
Genomic DNA from ductal structures or stromal 
areas isolated by laser-capture microdissection
(LCM) from PDAC tumors was subjected to the 
same PCR amplification as in A. Ducts or stromal 
areas from two PDAC tumors of each genotype 
were pooled and subjected to PCR amplification. 
The input genomic DNA used in each PCR reaction 
is indicated: (Tail) DNA from mouse tail; (Ducts) 
LCM-captured ducts from two PDAC tumors; 
(Stroma) LCM-captured stromal-rich area of two 
PDAC tumors; (+/+) Smo+/+; (F/+) SmoF/+; (F/F) 
SmoF/F. (D–G) In vivo depletion of the Smo protein. 
Immunofluorescent detection of Smo (green) and 
Muc-1 (red) (6303). The Smo protein is detected in 
a sub-set of mucin-negative ducts inside PDAC 
SmoF/+ PanIN-like lesions (D), but not in mucin-
positive ducts (white arrows) as well as in mucin-
negative PDAC SmoF/+ adenocarcinoma lesions 
(E). Smo is undetectable in PDAC SmoF/F PanIN-
like lesions (F) or in PDAC SmoF/F adenocarcinoma
(G). Granular cytoplasmic Smo staining of an 
individual PDAC SmoF/+ cell (25203) (D, insert) 
absent in individual PDAC SmoF/F cells (F, insert). 
The panels are representative of multiple fields of 
pancreatic sections from three PDAC SmoF/+ mice
and three PDAC SmoF/F mice.
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tumor cells previously described in Pdx1-Cre;CLEG2 mice, and a cell type 

reminiscent of the proliferating progenitor like cell population described in Pdx1-

Cre;CLEG2;Kif3alox/lox mice (Fig. 19). Unfortunately, we were unable to generate 

sufficient numbers of samples to complete characterization of these tumors, and 

would therefore be a direction for future studies.   

 As my contribution to the story of Hh signaling in the pancreatic epithelium 

comes to a close, one last chapter of this story remains unresolved, the story of 

Ptch1 mediated Hh signaling.  Early studies showed that mice heterozygous for 

Ptch1 demonstrate glucose intolerance.  However, the role of Ptch1 in activated 

Hh signaling specifically within the pancreatic epithelium remains unclear.  

Therefore, we attempted to address the role of Ptch1-mediated epithelial Hh 

activation in the pancreas by generating tissue-specific knockout mice.  We used 

both Pdx1-Creearly and Pdx1-Crelate mice to recombine a floxed Ptch1 allele. 

Using these lines, we found that Pdx1-Creearly;Ptch1lox/lox and Pdx1-

Crelate;Ptch1lox/lox mice both had increased relative pancreas-to-body weight 

ratios (Fig. 20A).  This was unexpected as embryonic studies showed that 

increased Hh signaling reduces pancreatic epithelial area.  Interestingly, Pdx1-

Crelate;Ptch1lox/lox mice that have more mosaic Cre expression also have an 

intermediate increase of pancreas size in comparison to Pdx1-Creearly;Ptch1lox/lox 

mice that have strong Cre expression.  Unfortunately, Pdx1-Creearly;Ptch1lox/wildtype 

and Pdx1-Crelate;Ptch1lox/wildtype heterozygous mice were not analyzed.  To assess 

physiological β–cell phenotypes in Ptch1 deficient mice, we performed a glucose 

challenge in Pdx1-Creearly;Ptch1lox/lox mice. While Pdx1-Creearly;Ptch1lox/wildtype 
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Figure 19.  Spontaneous 
tumors in Pdx1Cre;CLEG2;
Kif3alox/lox mice.  (A) Control 
pancreas section of littermate.  
(B) Non-tumorigenic region of 
Pdx1-Cre;CLEG2;Kif3alox/lox

pancreas shows characteristic 
ductal dilation, loss of acinar 
morphology, and development of 
epithelial nest cells (inset).  (C)
Tumorigenic region of Pdx1-
Cre;CLEG2;Kif3alox/lox pancreas
shows undifferentiated cells  
characteristic of Pdx1-Cre;
CLEG2 tumors, and epithelial 
nest-like cells characteristic of   
Pdx1-Cre;CLEG2;Kif3alox/lox

dedifferentiated ducts inter-
digitated and growing into each 
other but keeping distinct 
boundaries.  (a) acinar  (i) islets, 
(n) epithelial nests, (d) dilated 
ducts.  Arrows point to inter-
digitated boundaries.
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Figure 20.  Loss of Ptch1-mediated Hh signaling in the pancreas. 
(A) Pdx1-Creearly;Ptch1lox/lox and Pdx1-Crelate;Ptch1lox/lox mice show 
increase relative pancreas size to body weight.  (B) During glucose 
challenge, heterozygous Pdx1-Creearly;Ptch1lox/wildtype mice are glucose 
intolerant but homozygous Pdx1-Creearly;Ptch1lox/lox mice recover to 
normal glycemia faster than control mice.
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mice were glucose intolerant, as previously reported in heterozygous Ptch1-lacZ 

mice, Pdx1-Creearly;Ptch1lox/lox mice recovered more quickly than control or Pdx1-

Creearly;Ptch1lox/wildtype mice during a glucose challenge (Fig. 20B).  Though 

surprising, this phenotype complements Pdx1-Cre;Smolox/null glucose intolerance 

phenotypes.   

Thus, these preliminary results suggest that Ptch1 mediated Hh signaling 

in the pancreatic epithelium may be 1) regulating pancreas size, 2) acting 

differently in a dose-dependent manner, and 3) is influencing insulin production 

and/or secretion.  Moreover, the fact that phenotypes characterized do not fully 

complement Smo mutant phenotypes suggests that there may be subtle 

differences in the way Ptch1 mediates Hh signaling in the pancreatic epithelium.  

While Ptch1 has not been described to have Hh independent functions, this may 

also explain the observed phenotypes.  Of note, both Pdx1-Cre lines have some 

ectopic expression, particularly in the brain.  Pdx1-Creearly;Ptch1lox/lox and Pdx1-

Crelate;Ptch1lox/lox mice were both leaner and exhibited hyperactive behaviors 

including jumpiness and characteristically running around in circles.  Therefore, 

some of these observed phenotypes may be also attributed to neurological 

phenotypes.  Further analysis of these mice would clarify these remaining 

questions. 

 In conclusion, I have presented a compilation of studies that assess loss 

and gain of Hh function in the mouse pancreas during development and in the 

adult organ.  Individually, these data show the consequences of deregulated Hh 

signaling that result in impaired organ formation and compromised growth and 
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function.  Collectively, these data indicate that Hh signaling in the pancreas 

operates in tightly defined parameters of tolerable signaling levels.  Deviation 

above or below these tolerable levels result in defects as described in this 

dissertation.  As such, this could explain why the gain of function models Ptch1+/-, 

Pdx1-Creearly;Ptch1lox/lox, and Pdx1-Creearly;CLEG2 assessed in this work have 

such different phenotypes.  An alternative and/or compounding explanation could 

be that individual Hh signaling components could have unidentified and 

extenuating functions from canonical Hh signaling.  Those results remain to be 

determined in future studies.  Thus, Hh signaling in the pancreatic epithelium is 

important for normal pancreas formation and function.  
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