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”Detta är inte slutet. Det är inte ens början på slutet. 
Men kanske är det slutet på början.” 

 
              Winston Churchill 
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Abstract  
The pancreas is an endodermally derived organ consisting of three 

major cell lineages. The endocrine cells, organised into the Islets of 

Langerhans, regulate blood glucose homeostasis by producing and 

secreting hormones such as glucagon and insulin into the 

bloodstream. The major part of the pancreas consists however of 

acinar cells that produce digestive enzymes that are transported via 

a highly branched ductal system to the duodenum where they 

function in breakdown of food.   

Early in pancreas development a dorsal and ventral evagination of 

the foregut epithelium appear, resulting in the formation of the dorsal 

and ventral pancreatic bud. These pancreatic buds subsequently 

grow, branch and differentiate to form the mature pancreas via a 

process controlled by intrinsic factors, such as transcription factors, 

and extracellular signals. Insulin promoter factor 1 (Ipf1), also known 

as Pdx1 (for Pancreatic duodenal homeobox gene 1), is required for 

pancreas development. Although the evagination of pancreatic buds 

still occurs in Ipf1/Pdx1 mutant mice, the subsequent proliferation, 

branching and differentiation is impaired, resulting in complete 

pancreatic agenesis. 

Gene array profiling identified several candidate Ipf1/Pdx1 target 

genes, including FgfR2IIIb, ErbB3, Ptf1a/p48, Pax6 and Nkx6.1, in 

pancreatic progenitor cells. Together these genes provide a 

mechanistic explanation for the pancreatic growth arrest observed in 



   

Ipf1/Pdx1 deficient mice. In addition, Spondin1, which has not 

previously been described in the pancreas, was identified to be 

regulated by Ipf1/Pdx1. The spatial and temporal expression pattern 

of Spondin1 defines Spondin1 as a marker for early pancreatic 

progenitor cells.   

The Notch signalling pathway controls cell type specification and 

differentiation during pancreas development. The Fringe family of 

proteins have previously been shown to regulate Notch signalling by 

altering the interaction between Notch receptors and their ligands, 

hence affecting the cellular response. Manic Fringe (MFng) is 

transiently expressed in pancreatic pro-endocrine cells between E9.5 

and E14.5. The expression of MFng is regulated by Ngn3, which may 

suggest a role for MFng in pro-endocrine cell maturation. The lack of 

a pancreatic phenotype in transgenic mice overexpressing MFng in 

the pancreatic epithelium and in MFng null mutant mice, however, 

provide evidence that MFng is dispensable for the specification, 

differentiation and function of the adult pancreas.   

Inhibitors of DNA binding (Id) proteins are generally known as 

inhibitors of differentiation, a feature they mainly perform by forming 

non-functional heterodimers with bHLH proteins, thereby inhibiting 

downstream targets of the bHLH proteins. Id proteins also promote 

cell proliferation by interacting with the cell cycle machinery. In the 

developing pancreas Id2 and Id3 are co-expressed in an overlapping 

manner during the period of massive proliferation and expansion of 



   

the pancreatic epithelium, suggestive of a role for the Id proteins 

during these processes. In addition, Id4 expression is also detected 

in the embryonic pancreas, albeit at lower levels. Gain- and loss- of- 

function analyses suggest however that specification, differentiation 

and function of the adult pancreas are largely independent of Id 

function.    
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Introduction  

The structure and function of the adult pancreas 

The pancreas is a mixed organ consisting of both an exocrine and 

endocrine part, located next to the duodenum (Fig.1A). The exocrine 

compartment, constituting the major part of the pancreas, is 

composed of acinar cells that produce digestive enzymes, including 

proteases, lipases, nucleases, carboxypeptidase, and amylase, as 

well as ductal cells. The digestive enzymes are stored in zymogen 

granules and upon stimulation the enzymes are secreted and 

transported via the highly branched ductal system to the duodenum. 

In the duodenum the enzymes are activated and function in the 

digestion of food into nutrients that can be taken up by the intestinal 

wall. The ductal system consists of very fine intercalated ducts that 

originate from the acini and pass on to larger intralobular ducts. 

These in turn proceed into interlobular ducts that connect to the main 

pancreatic duct that drains into the duodenum. (Fig.1A) Besides 

transporting pancreatic enzymes to the duodenum, ductal cells also 

produce and secrete a bicarbonate rich fluid which neutralizes the 

acidic milieu, generated by stomach emptying, in the duodenum. The 

increased pH results in cleavage and activation of the digestive 

enzymes by various proteases.           

The endocrine compartment, organized into Islets of Langerhans, 

produce hormones that regulate metabolism, including blood glucose 
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homeostasis. The islets are made up of the insulin producing β-cells 

at the centre with glucagon-, somatostatin-, ghrelin- and PP- 

producing, α, δ, ε and PP-cells, respectively, located in the periphery 

(Fig.1B). In response to elevated blood glucose levels insulin is 

released into the bloodstream to facilitate the uptake of excess 

glucose into storage tissues such as liver, muscle and fat tissue. 

Glucose is stored as glycogen (liver and muscle) and as triglycerides 

(fat tissue) until blood glucose levels fall below normal levels, which 

results in the secretion of glucagon from α-cells. Glucagon promotes 

increased blood glucose levels by stimulating glycogenolysis, 

lipolysis and gluconeogenesis, hence functioning as an opposing 

signal to insulin. Somatostatin inhibits the release of insulin and 

glucagon as well as several gastrointestinal hormones.  

 
A                                                            
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B                    

     
    α-cells glucagon (10-20%) 
    β-cells insulin (60-80%) 
    δ-cells somatostatin (5-10%) 
    PP-cells pancreatic polypeptide (~2%) 
    ε-cells ghrelin (<2%)  
                                           
Figure 1. The adult pancreas is located next to the duodenum and consists of 
exocrine-, ductal- and endocrine cell types (A). The endocrine cells are organized 
in a specific pattern in the islets of Langerhans in the mouse pancreas (B). (A is 
modified from Encyclopaedia Britannica) 
 

Pancreatic polypeptide regulates the secretion of bile and pancreatic 

enzymes. Finally, ghrelin has been shown to modulate insulin 

secretion. 

 
Early pancreas development 
Fertilization of the egg is followed by massive cell proliferation during 

the cleavage stage, resulting in the formation of a blastula consisting 

of a large number of small cells, the blastomeres. The blastomeres 

migrate extensively in the process of gastrulation thus forming the 

three germ layers. The outermost layer, the ectoderm, forms the 

nervous system, epidermis, hair and mammary glands. The 

mesoderm forms blood, muscle, skeleton and urogenital system, 

whereas the endoderm forms the lungs and digestive tract with 

associated organs (Gilbert, 2000). 
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Just before closure of the fore- and hindgut, several evaginations are 

formed along the anterior-posterior axis of the gut. These 

evaginations will then proliferate and differentiate into different 

organs such as lungs, liver, stomach, and pancreas. The first 

morphological sign of the pancreas appears on embryonic day 9.5 

(E9.5) in mouse, when a ventral and dorsal protrusion (pancreatic 

buds) form at the foregut-midgut junction of the endoderm. The 

pancreatic epithelium then proliferates and invades the surrounding 

mesenchyme forming new protrusions leading to a highly branched 

tree-like structure. As a result of stomach-duodenal rotation, the 

dorsal and ventral pancreatic buds become aligned and fuse around 

E12 (Vay Liang W. Go, 1993). 

 
Specification of the pancreatic anlagen 
Recombination studies during early the 60’s demonstrated that the 

endoderm possesses the capacity to form a pancreas before 

expression of pancreatic markers or any morphological sign of the 

pancreatic primordium can be observed (Wessels and Cohen, 1967). 

At this stage the pancreatic mesenchyme has not yet formed, 

indicating that the competence to develop into a pancreatic fate is 

intrinsic to the endoderm (Wessels and Cohen, 1967). In addition, 

endoderm isolated at E8.5 will, when recombined with pancreatic 

mesenchyme or heterologous mesenchyme, develop into pancreatic 

tissue expressing both exocrine and endocrine pancreatic markers 

4 
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(Golosow, 1962; Pictet, 1972). What are the signals that specify and 

confer competence to the endoderm to respond to subsequent 

signals promoting proliferation and differentiation to form the mature 

adult pancreas? McLin with colleagues showed that low β-catenin 

activity is crucial in the anterior endoderm to maintain foregut identity 

and to allow liver and pancreas development (McLin et al., 2007). 

Also, Fgf4 has been shown to be a mediator in anterior-posterior 

patterning of the endoderm (Wells and Melton, 2000). Other 

signalling cues involved in patterning of the anterior-posterior axis 

are retinoic acid (RA) and bone morphogenic proteins (BMP) (Kumar 

et al., 2003; Stafford and Prince, 2002; Tiso et al., 2002). Increased 

RA signalling results in expanded pancreas and liver domains 

whereas blocking RA signalling precludes detection of pancreatic 

markers (Stafford and Prince, 2002). Altering BMP levels has proved 

a role for BMP in the anterior-posterior patterning of the endoderm. 

Embryos deficient in BMP2b, hence exhibiting disrupted BMP 

signalling, showed a decreased pancreatic domain. In contrast, 

embryos with increased BMP signalling exhibited an expanded 

pancreatic domain (Tiso et al., 2002). Conversely, Ipf1/Pdx1 

expression was induced in noggin (a BMP antagonist) treated 

explants, indicating that BMP signalling would inhibit pancreas 

specification. However, BMP signalling must not be inhibitory to 

pancreas specification, per se, because in the absence of cardiac 
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mesoderm or FGF, endoderm surrounded by BMP-positive 

mesenchyme initiates pancreas development (Rossi et al., 2001). 

 

Induction of the pancreatic program 
The first morphological sign of pancreas development is the 

evagination of the ventral and dorsal pancreatic bud. The endoderm 

that forms the dorsal bud initially contacts the notochord and 

subsequently the dorsal aorta (Kim et al., 1997; Lammert et al., 

2001). The notochord signals to the pancreatic epithelium and 

inhibits the expression of Sonic hedgehog (Shh), an absolute 

requirement for subsequent pancreas development (Apelqvist et al., 

1997; Hebrok et al., 2000). The character of the Shh inhibiting 

signals emanating from the notochord is still not formally proven but 

both FGF2 and activinβB have been implicated (Hebrok et al., 2000; 

Kim et al., 1997). After the dorsal aorta forms, i.e. E9, it will separate 

the notochord from the pancreatic epithelium and will thereafter itself 

function as source of signals for the developing pancreatic 

epithelium. In Xenopus laevis expression of insulin is abolished in 

embryos lacking the dorsal aorta whereas co-cultivation of pre-

pancreatic endoderm with dissected dorsal aorta induces insulin 

expression (Lammert et al., 2001). Together these data provide 

evidence of a role for the dorsal aorta in providing the pancreatic 

epithelium with inductive signals (Lammert et al., 2001).     

6 
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The ventral pancreatic bud is initially in contact with the lateral plate 

mesoderm (LPM). Signals from the LPM have been shown to be 

instructive as LPM is also able to induce pancreas differentiation 

anterior to the endogenous pancreas domain (Kumar et al., 2003).  

Recombination experiments showed that addition of BMP4, BMP7, 

activin A and Retinoic Acid could recapitulate the effect of the lateral 

plate mesoderm initiating expression of Ipf1/Pdx1 in the endoderm. 

Further, when BMP and activin signalling was perturbed by addition 

of inhibitors, Ipf1/Pdx1 expression was not induced in the endoderm 

(Kumar et al., 2003). Later in development, the ventral pancreatic 

bud is in close vicinity to the cardiac mesoderm, which together with 

BMP4 from the septum transversum mesenchyme facilitates liver 

development (Deutsch et al., 2001; Rossi et al., 2001). In absence of 

FGF signals from the cardiac mesoderm, Ipf1/Pdx1 expression is 

initiated and Shh expression is suppressed in the ventral foregut 

epithelium, suggesting that the default identity of the ventral foregut 

epithelium is to adopt a pancreatic fate (Deutsch et al., 2001).  

 

Factors important for development and maintenance of the adult 
pancreas 
The homeodomain transcription factor Insulin Promoter Factor 1, 

also known as Pancreatic Duodenal homeobox 1, is one of the 

earliest markers during pancreas development. Ipf1/Pdx1 is already 

expressed at ~10 somites stage in the regions of the dorsal and 
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ventral gut endoderm from which the pancreatic buds subsequently 

evaginate (Jonsson et al., 1995). Ipf1/Pdx1 expression remains high 

in pancreatic epithelial cells until ~E10.5 after which it is 

downregulated (Ohlsson et al., 1993) and remains low in proliferating 

pancreatic epithelial cells. Strong Ipf1/Pdx1 expression reappears in 

differentiating β-cells as they emerge from ~E13 onward (Ohlsson et 

al., 1993) and high level Ipf1/Pdx1 expression is maintained in adult 

β-cells where Ipf1/Pdx1 controls the expression of genes important 

for β-cell identity, including the insulin gene, thereby ensuring normal 

β-cell function and glucose homeostasis (Ahlgren et al., 1998; Hart et 

al., 2000).   

Loss of Ipf1/Pdx1 function in mice and humans results in pancreatic 

agenesis, demonstrating a key role for Ipf1/Pdx1 during pancreas 

development (Jonsson et al., 1994; Offield et al., 1996; Stoffers et al., 

1997). Ipf1/Pdx1 is, however, not required for the initiation of the 

pancreatic program and the initial stages of pancreas development, 

i.e. the formation of the pancreatic buds, still occurs in Ipf1/Pdx1-/- 

mice (Ahlgren et al., 1996; Offield et al., 1996) (Fig.2). Although the 

pancreatic program is initiated in Ipf1/Pdx1 deficient embryos, the 

subsequent growth of the embryonic pancreas is arrested, resulting 

in pancreatic agenesis (Ahlgren et al., 1996; Jonsson et al., 1994; 

Offield et al., 1996).  

Recombination experiments between pancreatic epithelium and 

pancreatic mesenchyme demonstrated that the pancreatic 
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developmental defect observed in Ipf1/Pdx1-/- embryos is confined to 

the epithelial cells (Ahlgren et al., 1996). Thus, pancreatic 

mesenchyme isolated from Ipf1/Pdx1-/- E10.5 dorsal pancreatic buds 

could support the growth of wildtype E10.5 dorsal pancreatic 

epithelium whereas the reverse combination failed to support 

pancreatic growth (Ahlgren et al., 1996). These data provide 

evidence for a cell-autonomous role for Ipf1/Pdx1 in early pancreatic 

progenitor cells. 

 

 
     Figure 2.  Whole-mount immuno-   

histochemistry of E11.5 wildtype (A)      
and Ipf1-/- (B) embryos using HNF3β 
antibodies demonstrating the growth 
arrest of Ipf1-/- dorsal pancreatic bud. 
Abbreviations: dp, dorsal pancreatic bud; 
vp, ventral pancreatic bud; dpr, dorsal 
pancreatic rudiment. (Ahlgren et al. 1996) 

 

 

 

Hb9 is a homeodomain transcription factor encoded by the Hlxb9 

gene. Hb9 expression is detected as early as E8 in the ventral and 

dorsal endoderm. Hb9 expression in the pancreatic buds is 

downregulated by E10.5 (Li et al., 1999). Hb9 expression reappears 

in differentiating β-cells, around E13.5, and remains strong in the β-

cells of the adult islets of Langerhans (Harrison et al., 1999; Li et al., 
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1999). Overexpression of Hb9 driven by the Ipf1/Pdx1 promoter 

impairs proliferation as well as exocrine and endocrine differentiation. 

In addition, an identity shift of the dorsal pancreas epithelium into an 

intestinal like epithelium is also observed (Li and Edlund, 2001). 

Inactivation of Hlxb9 results in dorsal pancreatic bud agenesis 

whereas the ventral bud initially develops normally although β-cells 

fail to terminally differentiate and endocrine cell ratio is abnormal. 

Compared to the Ipf1/Pdx1 null mutant mice, where the evagination 

of the pancreatic buds occur, Hlxb9 deficient mice show a complete 

block in initiation of the dorsal pancreatic program i.e. the dorsal 

pancreatic epithelium fails to evaginate (Li et al., 1999).   

Ptf1a, also known as p48, is the DNA binding subunit of the 

transcription complex PTF1 (Krapp et al., 1998). In the pancreas, the 

basic helix-loop-helix (bHLH) transcription factor Ptf1a is first 

expressed in pancreatic progenitors but later the expression 

becomes restricted to the exocrine cell lineage (Kawaguchi et al., 

2002). Ptf1a has been implicated in commitment and proliferation of 

pancreatic progenitor cells and Ptf1a null mutant mice fail to develop 

a pancreas (Kawaguchi et al., 2002; Krapp et al., 1998). No exocrine 

markers can be detected in these mice whereas endocrine cells are 

formed but reside in the spleen (Krapp et al., 1998). Ptf1a has also 

been suggested to act as a switch between pancreatic and duodenal 

fates, as the expression of Ptf1a within the duodenal Ipf1/Pdx1 
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domain is suggested to separate cells with a duodenal fate from 

those with a pancreatic fate (Kawaguchi et al., 2002). 

Nkx6.1 encodes a homeodomain transcription factor expressed in 

pancreatic progenitors from E9. Similar to Ipf1/Pdx1 and Hb9, Nkx6.1 

expression also becomes restricted to mature β-cells at later stages 

of development (Jensen et al., 1996; Oster et al., 1998; Rudnick et 

al., 1994). Nkx6.1 is essential for β-cell formation whereas the 

differentiation of other endocrine cell types were unaffected by 

inactivation of Nkx6.1 (Sander et al., 2000). Previous studies 

identified Nkx6.1 as a downstream target gene of Ipf1/Pdx1 since β-

cell specific inactivation of Ipf1/Pdx1 abolished Nkx6.1 expression in 

the β-cells (Ahlgren et al., 1998; Pedersen et al., 2005).  

The homeobox transcription factor Nkx2.2 is expressed in the 

developing pancreatic buds from E9 and later in development Nkx2.2 

expression is restricted to all pancreatic endocrine cells except the 

somatostatin producing δ-cells. In Nkx2.2 null mutant mice α- and 

PP-cell number is reduced and β-cells fail to differentiate into mature 

insulin producing cells and lack the expression of both glucose 

transporter 2 and Nkx6.1 (Sussel et al., 1998).    

Another member of the Nkx family of transcription factors found in 

the pancreas is Nkx6.2, which is transiently expressed in the 

exocrine compartment from E9.5 up to E16.5 after which it cannot be 

detected in the developing pancreas (Alanentalo et al., 2006).  

11 
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The expression of the LIM homeodomain transcription factor Isl1 is 

first detected at E9 in scattered cells of the dorsal pancreatic 

epithelium and in the surrounding dorsal mesenchyme. The epithelial 

expression pattern of Isl1 follows the endocrine cells throughout 

development and in the adult pancreas Isl1 is expressed in all 

endocrine cell types (Ahlgren et al., 1997). The dorsal pancreatic 

mesenchyme fails to form in Isl1 null mutant mice, and endocrine 

cells fail to differentiate. Co-cultivation of Isl1-/- E9.5 epithelium with 

wildtype mesenchyme rescued exocrine development but not 

endocrine cell differentiation indicating a cell-autonomous 

requirement for Isl1 in pancreatic endocrine development (Ahlgren et 

al., 1997). 

The bHLH protein NeuroD/BETA2 was first identified as a 

differentiating factor for neurogenesis, and ectopic expression of 

NeuroD/BETA2 has been shown to induce premature differentiation 

of neuronal precursors in Xenopus laevis (Lee et al., 1995). The first 

sign of pancreatic NeuroD/BETA2 expression appears around E9 

when the first endocrine, i.e. glucagon, cells appear. Expression of 

NeuroD/BETA2 is subsequently detected in all differentiated 

endocrine cells. Although the early expression of NeuroD/BETA2 

implies a crucial role for NeuroD/BETA2 in endocrine development, 

all endocrine cells types still form in NeuroD/BETA2 deficient mice, 

albeit in reduced numbers (Naya et al., 1997). In the adult pancreas 

NeuroD/BETA2 binds to and transactivates the insulin promoter as a 

12 
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heterodimer with the ubiquitously expressed bHLH protein E47 (Naya 

et al., 1995).  

Expression of the bHLH gene neurogenin3 (Ngn3) is first detected at 

low levels in the dorsal pancreatic epithelium at embryonic day 9 

(E9). At E9.5 Ngn3 is strongly expressed in a few scattered cells of 

the dorsal pancreatic epithelium. The number of cells expressing 

Ngn3 is increased between E9 and E15.5 after which Ngn3 

expression is downregulated and at E17.5 and neonatal stages very 

few cells still express Ngn3 (Apelqvist et al., 1999). Ngn3 is at no 

stage co-expressed with markers for differentiated pancreatic 

endocrine cells such as Isl1, NeuroD, Ipf1/Pdx1 or the pancreatic 

hormones (Apelqvist et al., 1999). Transgenic mice expressing Ngn3 

under the control of the Ipf1/Pdx1 promoter display premature 

differentiation of pancreatic progenitors at the expense of progenitor 

cell proliferation. Forced expression of Ngn3 in early pancreatic 

progenitors depletes the pool of progenitors able to proliferate, 

branch and differentiate into exocrine cells resulting in deformed 

pancreatic buds consisting mainly of differentiated endocrine cells 

with few or no detectable exocrine markers (Apelqvist et al., 1999). 

These data, together with the temporal and spatial expression 

pattern of Ngn3, are suggestive of a role for Ngn3 as a pro-endocrine 

gene during pancreas development (Apelqvist et al., 1999). 

Moreover, Ngn3 deficient mice lack expression of endocrine markers 

such as NeuroD, Pax4 and Pax6 and subsequently no endocrine cell 
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types are formed, adding further support for Ngn3 as a pro-endocrine 

gene (Gradwohl et al., 2000).    

The hepatocyte nuclear factor (HNF) family of transcription factors is 

represented by several members in the pancreas (Edlund, 2002). 

Mice with a null mutation in the Hnf1β  gene display pancreatic 

agenesis and perturbed specification of the gut tube at E13.5. 

Several key pancreatic factors such as Ipf1/Pdx1, Ptf1a/p48, Hlxb9 

and genes involved in endocrine cell differentiation are severely 

affected in Hnf1β  mutant mice (Haumaitre et al., 2005). Hnf3α/Foxa1 

and Hnf3β/Foxa2 are both expressed in and suggested to pattern the 

early endoderm, thus regulating development of all gastrointestinal 

tract derived organs. Also, they are both expressed in embryonic and 

adult pancreas where they function in endocrine cell differentiation. 

Expression of Hnf1a and Hnf6 is also detected in the developing and 

adult pancreas. Mice deficient in either Hnf1a or Hnf6 experience 

perturbed endocrine cell differentiation (Edlund, 2002).     

Pancreatic expression of the paired- box homeodomain family 

transcription factors Pax4 and Pax6 has been described (Sander et 

al., 1997; Sosa-Pineda et al., 1997). Pancreatic buds express Pax4 

already at E9.5 and Pax4 expression continues in endocrine 

precursors with a peak around E14-E15 (Wang et al., 2004). Co-

expression with both Ngn3 and Isl1 indicates a role in pancreatic 

endocrine cell specification and differentiation (Wang et al., 2004). 

Mice deficient in Pax4 fail to develop β and δ cells whereas more α 
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cells are generated (Greenwood et al., 2007). Pax6 is expressed in 

differentiated endocrine cells as they appear and, in contrast to Pax4, 

is maintained in all islet cells (Sander et al., 1997; St-Onge et al., 

1997). By binding to the respective promoters, Pax6 regulates the 

expression of glucagon, insulin and somatostatin (Sander et al., 

1997). As a consequence, Pax6 null mutants exhibit reduced 

hormone expression together with decreased number of endocrine 

cells (Sander et al., 1997; St-Onge et al., 1997).  

Maf factors are expressed in a specific pattern in embryonic and 

adult pancreatic endocrine cells (Nishimura et al., 2006; Nishimura et 

al., 2008). Whereas cMaf is expressed at similar levels in both α and 

β cells in the embryonic and adult pancreas, MafA and MafB are 

selectively expressed in adult β and α cells respectively (Nishimura 

et al., 2006; Nishimura et al., 2008). In embryonic pancreas co-

expression of MafB and insulin is observed, but as β-cells mature the 

expression of MafB is switched to MafA, which in the adult pancreas 

functions as a β-cell specific transactivator of the insulin promoter 

(Kaneto et al., 2007; Nishimura et al., 2006; Nishimura et al., 2008). 

MafA-/- mice show no pancreatic abnormalities at birth but in neonatal 

life a reduction in β-cells resulting in glucose intolerance and 

diabetes is observed, suggesting that MafA is not crucial for the 

formation but rather for the maintenance of the β-cell lineage 

(Nishimura et al., 2006). The loss of MafA expression in Pax4 

mutants and the regulation of MafA expression by Nkx6.1 provide 
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further support for a role of MafA during β-cell maturation (Nishimura 

et al., 2006). Loss of MafB function results in reduced numbers of 

insulin, glucagon, Pdx1 and MafA expressing cells, suggesting a 

central role for MafB in pancreatic endocrine cell differentiation. 

However, MafB deficiency does not affect initiation of endocrine 

differentiation as no difference is observed when comparing Ngn3 

expression in wildtype and MafB mutated mice (Nishimura et al., 

2006). These data, together with reduced number of MafB 

expressing cells due to loss of Pax6 function, indicate a role for MafB 

in terminal differentiation of pancreatic endocrine cells (Nishimura et 

al., 2006; Nishimura et al., 2008). 

 

Signalling pathways regulating pancreas development              
Fibroblast growth factors (FGF) constitute a large family of growth 

factors involved in diverse cellular processes including chemotaxis, 

cell migration, differentiation, proliferation, cell survival and 

apoptosis. To date 23 genes have been found to encode FGF 

proteins in mammals, which all show sequence similarity in the 

receptor binding domain (Bottcher and Niehrs, 2005; Dono, 2003). 

Four different genes, FGFR1-4, each with splice isoforms, encode 

the transmembrane receptors which are activated by FGFs. Binding 

to the receptor by FGF activates a dormant tyrosine kinase in the 

intracellular domain of the receptor that facilitates dimerisation with 

another receptor (Bottcher and Niehrs, 2005; Dono, 2003). Once 
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phosphorylated, the tyrosine domain attracts signalling molecules 

belonging to mitogen activated protein kinase (MAPK) pathway, 

PLCγ/Ca2+ pathway or other pathways that propagate the signal into 

the nucleus (Bottcher and Niehrs, 2005; Pawson, 1995).     

FGF signalling during pancreas development. Overexpression of the 

ligand Fgf10 in the developing pancreatic epithelium results in 

pancreatic hyperplasia and severely perturbed endocrine and 

exocrine differentiation (Hart et al., 2003; Norgaard et al., 2003). In 

contrast, mice with a targeted deletion of Fgf10 experience an early 

block in pancreas development (Bhushan et al., 2001). The 

pancreatic buds are formed in Fgf10-/- mice but the subsequent 

proliferation and branching of the pancreatic epithelium is impaired, 

suggesting a requirement for Fgf10 during proliferation and 

branching of the pancreatic epithelium but not in the initiation of the 

pancreatic program (Bhushan et al., 2001). A similar phenotype is 

observed in mice with inactivated FgfR2IIIb, the gene encoding the 

main receptor for Fgf10. FgfR2IIIb mutant mice display a pancreatic 

growth defect with impaired branching and morphogenesis of the 

ductal epithelium (Pulkkinen et al., 2003). Also, in vitro studies have 

shown that Fgf1, Fgf7 and Fgf10 are able to promote proliferation 

and differentiation of pancreatic epithelium depleted of mesenchyme 

(Miralles et al., 1999).  

FGF signalling in adult pancreas. In the adult pancreas Fgf signalling 

possesses a central role in maintaining β-cell identity. Several 
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receptors and ligands have been found to be expressed in the adult 

mouse β-cells including: FgfR1 and -2 and the ligands Fgf1, Fgf2, 

Fgf4, Fgf5, Fgf7 and Fgf10 indicating that FGF signalling may also 

have a role in differentiated β-cells (Hart et al., 2000). 

Overexpression of a dominant negative form of the FgfR1c receptor 

results in decreased β-cell number and increased pro-insulin content 

due to reduced expression of the pro-hormone convertases PC1/3 

and PC2. In addition these mice display impaired glucose sensing 

due to decreased expression of the glucose transporter Glut2 (Hart 

et al., 2000).   

 

Wnt proteins are a large highly conserved family of glycoproteins 

involved in a wide array of developmental processes such as cell 

differentiation, proliferation, cell polarity and cell migration as well as 

adult function (Gordon and Nusse, 2006; Veeman et al., 2003). The 

Wnt signalling pathway is generally divided into a canonical and non-

canonical pathway depending on the involvement of β-catenin. In the 

canonical pathway, Wnt ligands bind to a receptor complex 

consisting of members from the Frizzled (Frz) family of 

transmembrane receptors and low density lipoprotein- related protein 

(LRP). Ligand binding of the receptor inhibits degradation of 

cytoplasmic β-catenin thus enabling entry of β-catenin into the 

nucleus, where it functions as an activator or repressor of 
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transcription depending on co-factors present (Gordon and Nusse, 

2006).  

Wnt signalling during pancreas formation and adult pancreas 

function. Several members of the Wnt signalling pathway have been 

identified in the developing pancreas including Wnt5a, 5b, 2b, 7b, 11 

and Frz2-9 (Heller et al., 2002; Papadopoulou and Edlund, 2005). 

Several studies have shown the importance of Wnt signalling for 

normal pancreas formation. Overexpression of a dominant negative 

form of the Frz8 behind the Ipf1/Pdx1 promoter results in perturbed 

proliferation of pancreatic progenitors (Papadopoulou and Edlund, 

2005). Also, deletion of β-catenin in the developing pancreas results 

in impaired proliferation and a dramatic reduction of exocrine tissue 

formation, indicating a requirement for canonical Wnt signalling in the 

development of the exocrine pancreas (Murtaugh et al., 2005; Wells 

et al., 2007). Transgenic mice overexpressing Wnt1 or Wnt5a, 

behind the Ipf1/Pdx1 promoter, show patterning defects of the 

foregut region and reduced size of several foregut derived organs, 

including the pancreas (Heller et al., 2002). In addition several Wnt 

components have been identified in the adult pancreas (Heller et al., 

2003; Hermann et al., 2007) and Fujino et al. showed that mice 

lacking low-density lipoprotein (LDL) receptor-related protein 5 

(LRP5) are glucose intolerant due to impaired glucose-stimulated 

insulin secretion (Fujino et al., 2003).    
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Epidermal growth factor (EGF) signalling is another signalling 

pathway involved in many developmental processes such as cell 

growth, differentiation and control of cell division (Kritzik et al., 2000). 

There are four members of the ErbB family of tyrosine-kinase 

receptors: ErbB1/HER1 (the epidermal growth factor (EGF) 

receptor), ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4. ErbB1 is 

activated by EGF, transforming growth factor-α, heparin-binding 

EGF-like growth factor, amphiregulin, epiregulin and betacellulin 

whereas ErbB3 and ErbB4 mainly interact with the neuregulins. 

Although no ligand has been described for ErbB2, ErbB2 functions 

as the preferred heterodimerisation partner for the other receptors 

(Kritzik et al., 2000).  

EGF signalling during pancreas development. In vitro studies and 

several mouse models have emphasized the role of EGF signalling in 

pancreas development. When betacellulin was administered to 

pancreatic explant cultures β-cell numbers were increased. Similarly 

when explants were exposed to Neuregulin 4, δ-cell development 

was favoured. In both experiments the increase in β- or δ- cells 

respectively occurred at the expense of glucagon producing α- cells 

(Huotari et al., 2002). In addition, E13.5 rat embryonic pancreatic 

epithelium depleted of mesenchyme is stimulated to proliferate in the 

presence of EGF (Cras-Meneur et al., 2001). Mice lacking 

ErbB1/Egfr display mildly perturbed pancreatic growth and mice 

lacking a functional ErbB3 gene show pancreatic hypoplasia, adding 
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further evidence for a role of EGF signalling during pancreas 

development (Erickson et al., 1997; Miettinen et al., 2000).  

Bone morphogenic proteins (BMP) are members of the transforming 

growth factor β (TGFβ superfamily). These multifunctional growth 

factors are involved in regulation of proliferation, differentiation and 

the migration of various cell types (Chen et al., 2004; Hua et al., 

2006). BMP is known to bind to three type I receptors: BMPR-1a 

(ALK-3), BMPR-1b (ALK-6) and type 1A activin receptor (ALK-2). 

Three type II receptors have been identified: BMPRII and type II and 

IIB activin receptors (ActR-II and ActRIIB respectively) (Chen et al., 

2004). Upon ligand activation the type II receptor binds to a type I 

receptor and phosphorylates the type I receptor. Subsequent 

phosphorylation of downstream molecules, e.g. different Smad 

proteins, transmits the signal from the cell membrane into the 

nucleus.  

BMPs in pancreas development and function. Several members of 

the BMP family have been identified in the developing and adult 

pancreas and their importance for normal pancreas formation and 

function has been demonstrated by different mouse models as well 

as in vitro studies (Brorson et al., 2001; Dichmann et al., 2003; Jiang 

et al., 2002). BMP has been shown to regulate the early anterior-

posterior patterning of the endoderm and is suggested to be one of 

the signals from the lateral plate mesoderm initiating the pancreatic 

program (Kumar et al., 2003; Tiso et al., 2002). In addition, BMP4 
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has been shown to regulate the expansion of pancreatic progenitors 

and BMP signalling has also been suggested to be involved in β-cell 

formation (Hua et al., 2006; Yew et al., 2005). Goulley et al. 

demonstrated that mice with a dominant negative form of BMPR1a, 

as well as mice in which BMPR1a was selectively inactivated in β-

cells, develop diabetes due to decreased expression of genes 

involved in glucose sensing, insulin expression and secretion and 

pro-insulin processing.  In contrast, overexpression of the BMPR1a 

ligand, BMP4, in adult β-cells, resulted in improved glucose induced 

insulin secretion and glucose clearance from the bloodstream 

(Goulley et al., 2007).       

Enzymatic processing of vitamin A (retinol) results in the active 

metabolite Retinoic Acid (RA). There are two different forms of RA, 

all-trans-RA (at-RA) and 9-cis-RA which bind different nuclear 

receptors. Retinoic Acid receptors (RARα, β and γ) are activated by 

both 9-cis-RA and at-RA whereas only 9-cis-RA is able to bind 

retinoid X receptors (RXRα, β and γ) (Duester et al., 2003; Simon 

and Mariani, 2007).   

Retinoids during pancreas specification and development. Stafford 

with colleagues demonstrated that increased levels of RA results in 

expanded pancreas and liver domains and that a blockade of RA 

signalling impairs expression of pancreatic markers (Stafford and 

Prince, 2002). In contrast Desai et al. show that administration of a 

RA antagonist to early foregut endoderm affected lung development 
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but not pancreas development (Desai et al., 2004). Mice deficient for 

the Raldh2 gene, encoding one of the enzymes that converts retinol 

into RA, lack the dorsal pancreatic mesenchyme resulting in selective 

dorsal pancreatic bud agenesis (Martin et al., 2005; Molotkov et al., 

2005). The loss of dorsal pancreatic mesenchyme with subsequent 

dorsal pancreatic bud agenesis is also observed in mice deficient for 

Isl1 or N-cad (Ahlgren et al., 1997; Esni et al., 2001). Administration 

of maternal RA however rescues early dorsal pancreatic 

development in Raldh2 null mutant mice and in both Isl1 and N-cad 

null mutant mice dorsal pancreatic development is rescued by co-

cultivation of the mutant pancreatic endoderm together with wildtype 

pancreatic mesenchyme demonstrating the requirement for dorsal 

pancreatic mesenchyme for dorsal pancreatic development (Esni et 

al., 2001; Martin et al., 2005; Molotkov et al., 2005). Thus the exact 

role for RA in the specification and/or initiation of mouse pancreatic 

development remains largely unknown.  

 

Notch signalling   
The Notch pathway is a highly conserved signalling system, identified 

both in invertebrates and vertebrates that functions in cell fate 

decisions and boundary formation in development as well as 

maintenance of different cell types and tissues. Intercellular signalling 

mediated by the Notch pathway involves the receptor Notch, 

expressed by the receiving cell, and the ligand Delta/Serrate, which 
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is expressed by the signalling cell. In mammals four Notch receptors 

(Notch 1-4) and five ligands (Jagged 1, 2 (homologous to Serrate) 

and Delta 1, 3, 4) have been identified (Radtke F, 2005). Both 

receptors and ligands are membrane bound single-pass 

transmembrane proteins consisting of both an extracellular and 

intracellular domain. The extracellular part of Notch (NECD) contains 

29-36 epidermal growth repeats (EGF) functioning in ligand binding 

(Sakamoto et al., 2002), and three Lin-12/Notch repeats that prevent 

ligand-independent signalling (Radtke F, 2005). The intracellular part 

of the Notch receptor (NICD) contains two protein interaction 

domains, the RBP-Jκ associated module domain (RAM) and six 

ankyrin repeats (ANK), two nuclear localization signals, a 

transactivation domain and a PEST sequence important for the 

regulation of Notch turnover (Oberg et al., 2001; Radtke F, 2005). 

The ligands consist of EGF repeats in addition to the Delta, Serrate, 

Lag2 (DSL) domain (Radtke F, 2005). Apart from receptors and 

ligands, Notch signalling involves a number of intracellular 

components such as the DNA-binding protein RBP-Jκ, the 

repressors of the bHLH Hes-family and bHLH activators, such as 

neurogenins in vertebrate neuronal and pancreatic development 

(Bray, 2006).  

Notch signalling is activated by ligand-receptor interaction which 

results in two successive proteolytic cleavages of Notch. The first 

cleavage, in the Notch extracellular domain close to the 
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transmembrane domain, is mediated by A Disintegrin And 

Metalloprotease (ADAM) (Radtke F, 2005). The cleavage by ADAM 

facilitates the γ-secretase cleavage within the membrane spanning 

region of the Notch receptor, mediated by a multiprotein complex 

consisting of presenilins, nicastrin, APH1 and PEN2 proteins (Fig.3) 

(Brou et al., 2000; Fortini, 2002; Mumm et al., 2000). 

Whether the successive cleavages of Notch are sufficient or if 

additional mechanisms are involved in receptor activation have been 

extensively discussed. Endocytosis of the ligand in complex with 

NECD into the signalling cell (trans-endocytosis) has been shown to 

be important for receptor activation. Ligands defective in endocytosis 

remain on the cell surface and are unable to activate Notch hence 

functioning as loss-of-function mutations (Itoh et al., 2003; Nichols et 

al., 2007; Parks et al., 2000). Also, mutations of an EGF repeat 

crucial for endocytosis of the Drosophila melanogaster  Delta ligand, 

and cells defective in trans-endocytosis, experience impaired ligand 

dependent Notch signalling adding further evidence for the 

importance of ligand endocytosis (Lieber et al., 1992; Parks et al., 

2000). The mechanistic role of endocytosis of the NECD domain into 

the signalling cell has been debated. Endocytosis of ligand/NECD 

complex may induce conformational changes of the Notch receptor 

that facilitate subsequent ADAM cleavage of Notch e.g. the 

endocytosis could unmask the ADAM cleavage site from proteins 

that otherwise would preclude cleavage. It has also been suggested 
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that γ-cleavage is promoted by the trans-endocytosis of NECD into 

the ligand expressing cell (Chitnis, 2006; Hicks et al., 2002; Nichols 

et al., 2007; Parks et al., 2000).  

Studies emanating predominately from work on Notch signalling in 

Drosophila melanogaster suggest that Notch expressing cells 

respond to ligand activation by inhibiting their own production of 

ligands and vice versa, that ligand expressing cells upregulate their 

ligand expression. The difference between neighbouring cells 

therefore increase as some cells will express high levels of the ligand 

whereas other express high amounts of the receptor. In this way, 

Notch signalling specifies a distinct cell type within a field of 

equivalent cells in a process called lateral inhibition. Notch signalling 

can also function in an opposite way, where the signal receiving cell 

promotes expression of ligands. In this process, called lateral 

induction, neighbouring cells are designated to develop cooperatively 

into a similar fate. Wing development in Drosophila melanogaster 

where formation of boundaries is crucial is an example where lateral 

induction is important (de Celis and Bray, 1997; Lewis, 1998; Panin 

et al., 1997). 

 

Notch signalling during pancreas development 
During pancreas development Notch signalling controls whether 

pancreatic progenitors should proliferate or differentiate. In the early 

pancreatic epithelium Delta, which is expressed in a scattered 
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manner, signals to neighbouring Notch expressing cells in a contact 

dependent manner. Upon activation the intracellular part of the Notch 

receptor is cleaved and translocated into the nucleus where it 

associates with RBP-Jκ and co-activators, thus activating the 

expression of the Hes family of repressors. Hes1 in turn represses 

transcription of the pro-endocrine gene Neurogenin 3 (Ngn3) 

(Edlund, 1999; Edlund, 2001) and the receiving cells will 

consequently remain as proliferating pancreatic progenitor cells. In 

Delta expressing cells (the signalling cells), where Notch is not 

activated, Ngn3 expression is allowed and these cells will 

subsequently differentiate into endocrine cells (Edlund, 1999; Edlund, 

2001).    

Gain- and loss- of function studies of different components of the 

Notch signalling pathway have emphasized the importance of proper 

Delta/Notch signalling in pancreas development. Mice deficient for 

Delta1 (Hrabe de Angelis et al., 1997) or RBP-Jκ (Oka et al., 1995), 

exhibited increased Ngn3 expression and the Delta1 mutant mice 

consequently displayed premature endocrine cell differentiation at 

the expense of proliferation (Apelqvist et al., 1999). In addition, 

overexpression of Ngn3 or the intracellular part of Notch3 (an 

inhibitory Notch repressor) respectively, under the control of the 

Ipf1/Pdx1 promoter, resulted in pancreatic growth arrest where the 

pancreatic rudiment mainly consisted of differentiated endocrine cells 

(Apelqvist et al., 1999).     
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Regulation of Notch signalling 
Both Notch ligands and receptors are highly regulated by E3 ubiquitin 

ligases such as Neuralized, Mindbomb, Deltex and the 

Itch/NEDD4/Su(dx) family proteins. Neuralized and Mindbomb 

promote endocytosis of the Notch ligands thereby facilitating Notch 

signalling (Hicks et al., 2002; Parks et al., 2000) (Fig.3). The ubiquitin 

ligases of the Itch/NEDD4/Su(dx) family proteins and Deltex 

negatively regulate Notch signalling by targeting Notch receptors for 

degradation (Bray, 2006). Deltex has also been showed to positively 

regulate Notch signalling in Drosophila melanogaster (Hori et al., 

2004; Matsuno et al., 1995). Another protein that controls the steady-

state levels of the Notch receptor at the cell surface is Numb, which 

promotes Notch endocytosis and degradation (Bray, 2006). 

Ligand activity is dependent on the localization of the ligand within 

the cell and by proteolytic processing of the ligand, processes that 

are highly regulated by cell adhesion molecules and several 

metalloproteases (Radtke F, 2005).  

As discussed above, Notch receptor activity depends on proteolytic 

cleavages. Consequently, the different enzymes responsible for 

these cleavages and the proteins which regulate them are important 

regulators of the Notch signalling pathway. Ligand/receptor 

interaction is highly regulated by the enzyme O-fucosyl transferase 

(O-Fut) whose activity is an absolute requirement for a functional 

Notch receptor (Haltiwanger and Stanley, 2002; Okajima and Irvine, 
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2002; Shi and Stanley, 2003). In addition, the Fringe family of 

glycosyltransferases has also been shown to be able to modify 

ligand/receptor interactions during Notch signalling (Fig.3). In the 

nucleus the Notch signal is further regulated by positive 

transcriptional regulators such as Mastermind and histone 

acetylases, and negative transcriptional regulators like Groucho and 

histone deacetylases (Fig.3).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The Notch signalling pathway. The ligand expressing cell signals to the   
Notch expressing cell in contact dependent manner. Following ligand-receptor 
interaction, the Notch receptor is successively cleaved resulting in entry of NICD 
into the nucleus where it, together with co-activators and other transcription 
partners, activates target genes. See text for details. (Modified from Radtke et al., 
2005) 
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Duration of the Notch signal is regulated by cyclin-dependent 

kinases, which phosphorylate the PEST domain of NICD, and 

ubiquitin ligases, such as Sel-10, which subsequently target NICD for 

proteasomal degradation thereby resetting the cell for another round 

of signalling (Fig.3) (Bray, 2006).  

 
Regulation of Notch signalling by Fringe proteins 

The Fringe family of β1, 3 N-acetylglucosaminyltransferases has 

been shown to regulate Notch activity in vertebrates (Cohen et al., 

1997; Irvine, 1999; Irvine and Vogt, 1997; Johnston et al., 1997). 

Fringe regulates Notch signalling by adding N-acetylglucosamine 

(GlcNAc) to specific EGF repeats in the extracellular domain of the 

Notch receptor, hence affecting receptor/ligand interaction (Bruckner 

et al., 2000; Moloney et al., 2000; Okajima et al., 2003; Xu et al., 

2005).    

Although some reports have argued that Fringe is a secreted protein 

(Klein and Arias, 1998; Moloney et al., 2000) the transfer of GlcNAc, 

catalyzed by Fringe, from the donor UDP-GlcNAc (Akimoto et al., 

2005; Bruckner et al., 2000) to specific EGF repeats in the Notch 

receptor is shown to occur in the Golgi apparatus (Bruckner et al., 

2000; Haltiwanger and Stanley, 2002; Jinek et al., 2006; Moloney et 

al., 2000; Munro and Freeman, 2000; Yang et al., 2005). Only EGF 

repeats that have an O-linked fucose attached to serine or threonine 

are targets for glycosylation by Fringe (Okajima et al., 2003). Mutants 
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defective in the fucosylation of the EGF repeats of Notch reveal an 

absolute requirement of O-linked fucose for Fringe modulation of 

Notch signalling to occur (Moloney et al., 2000; Okajima and Irvine, 

2002; Okajima et al., 2003; Sasamura et al., 2003; Shi and Stanley, 

2003).            

Glycosylation of the Notch extracellular domain by Fringe has been 

reported to potentiate Delta/Notch interactions whereas 

Serrate/Notch interactions are inhibited (Fleming et al., 1997; 

Haltiwanger and Stanley, 2002; Klein and Arias, 1998; Panin et al., 

1997; Xu et al., 2005). Several studies indicate that Fringe cell-

autonomously alters the actual ligand binding ability of the receptor 

(Bruckner et al., 2000; Moloney et al., 2000; Okajima et al., 2003; Xu 

et al., 2005) however the precise mechanism by which Fringe alters 

Notch signalling is not known. Another possible mode of Fringe 

action in Notch signalling could be to prevent cell-autonomous 

receptor/ligand interactions or to affect the efficiency by which the 

extracellular domain of Notch is cleaved (Moloney et al., 2000).  

To date three vertebrate Fringes have been described: Lunatic-

Fringe (LFng), Radical-Fringe (RFng) and Manic-Fringe (MFng), 

each implied in different developmental processes (Rampal et al., 

2005). During brain development a switch in the expression of the 

Fringe family genes is observed as immature neurons differentiate 

into mature neurons. LFng expression marks the immature 

proliferating cells of the ventricular zone. As neurons mature the 
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expression of LFng is lost and MFng expression is transiently 

upregulated before the neurons achieve a more mature character, 

expressing RFng together with markers for differentiated neurons 

(Ishii et al., 2000).  

RFng has been shown to be important in limb development. The 

apical ectodermal ridge, an inductive signalling centre crucial for limb 

development, is formed at the boundary between RFng expressing 

dorsal cells and RFng non-expressing ventral cells. Disruption of this 

boundary results in perturbed limb development (Laufer et al., 1997; 

Rodriguez-Esteban et al., 1997). RFng expression is also observed 

during hair follicle morphogenesis and in the hematopoietic system 

where RFng is expressed in both precursors and in more mature cell 

types, suggesting a role for RFng in hematopoiesis (Favier et al., 

2000; Singh et al., 2000). Mikami et al. reported RFng expression in 

several organs such as lung, kidney, liver and brain, where it 

exclusively marked neurons (Mikami et al., 2001). In addition when 

primary neurons were cultured with recombinant RFng, Hes1 

expression was inhibited, providing evidence that RFng modulates 

the Notch signalling pathway (Mikami et al., 2001).  

Although RFng has been shown to be involved in development and 

maintenance of several organs, RFng deficient mice show no 

significant phenotype (Zhang et al., 2002). In contrast to the 

essentially normal phenotype of RFng deficient mice, mutation of 

LFng results in severe embryological defects often followed by 
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neonatal death (Zhang and Gridley, 1998). Impaired expression of 

LFng in both chick and mouse disrupts somitogenesis resulting in 

malformed vertebral column, ribs and shorted tails (Dale et al., 2003; 

Rampal et al., 2005; Zhang and Gridley, 1998). LFng expression is 

also observed during several stages of hair morphogenesis (Favier et 

al., 2000).   

MFng expression is detected in several precursors of the 

hematopoietic system as well as in maturing macrophages and B 

lymphocytes (Singh et al., 2000). Furthermore, co-expression of 

MFng with Notch signalling components has been observed in 

epidermis, somites, and the central nervous system (Johnston et al., 

1997; Thelu et al., 2002). MFng expression is also detected in 

pancreatic pro-endocrine cells and forced expression of MFng in 

chick pancreas promotes endocrine cell differentiation at the expense 

of exocrine cell differentiation (Gu et al., 2004; Xu et al., 2006). In 

addition, ectopic expression of MFng in chick epithelial gut cells 

triggers endocrine cell differentiation (Xu et al., 2006). Although 

MFng expression has been described in several tissues, no 

functional role for MFng has yet been described in mouse 

development (Ishii et al., 2000; Johnston et al., 1997; Singh et al., 

2000; Thelu et al., 2002).     
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Aims of this thesis 

 

 

 To identify Ipf1/Pdx1 downstream target genes that may 

provide a molecular explanation for the pancreatic growth 

arrest observed in Ipf1/Pdx1 deficient mice.   

 

 To determine the spatial and temporal expression pattern of 

Fringe genes during mouse pancreas development and to 

elucidate a potential role of MFng in the specification, 

differentiation and/or function of the adult mouse pancreas.  

 

 To determine Id gene expression during pancreas 

development and to assess a potential functional role for Id 

proteins during pancreatic development.
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Results and Discussion 
Mice and humans lacking a functional Ipf1/Pdx1 gene present with 

pancreatic agenesis, demonstrating the importance of Ipf1/Pdx1 

during pancreas development and function (Jonsson et al., 1994; 

Offield et al., 1996). Pancreas development is initiated, i.e. the 

pancreatic buds evaginate, but the subsequent proliferation, 

branching morphogenesis and differentiation of the pancreatic 

epithelium is perturbed in Ipf1/Pdx1 null mutant mice (Ahlgren et al., 

1996; Offield et al., 1996). The initiation of the pancreatic program in 

Ipf1/Pdx1 deficient mice suggests that factors upstream of Ipf1/Pdx1 

are responsible for the specification and induction of the pancreatic 

anlagen. The growth arrest of the pancreatic buds indicates however, 

that factors downstream of Ipf1/Pdx1 regulate proliferation, branching 

and differentiation of the pancreatic epithelium. However, no 

downstream targets of Ipf1/Pdx1 have yet been identified that can 

explain the pancreatic epithelial growth arrest observed in Ipf1/Pdx1 

null mutant mice.     

Recombination experiments performed by Ahlgren et al. revealed an 

intrinsic defect within the pancreatic epithelium of Ipf1/Pdx1-/- mice, 

whereas the pancreatic mesenchyme was shown to function 

normally (Ahlgren et al., 1996). These results together with previous 

knowledge about the importance of epithelial-mesenchymal 

interactions for pancreas development allowed us to postulate a few 
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models that may explain the pancreatic phenotype observed in 

Ipf1/Pdx1 deficient mice (Fig.4) (Wessels and Cohen, 1967). First, 

the expression of an epithelial factor that functions cell autonomously 

in wildtype mice, together with signals from the mesenchyme, to 

promote pancreas growth and morphogenesis could be disturbed 

(Fig.4B). Secondly, the expression of a receptor in pancreatic 

progenitor cells, which normally should respond to epithelial or 

mesenchymal proliferative signals, could be perturbed (Fig.4C). Last, 

the expression of an extracellular signal produced by the pancreatic 

epithelium, which is indispensable for the reciprocal mesenchymal 

signal to the epithelium, could be perturbed thereby affecting 

epithelial-mesenchymal interactions (Fig.4D). In addition, features 

that contribute to a cell’s ability to sense and respond to extracellular 

signals such as a functional extracellular matrix (ECM) and cell 

intrinsic modulators of received signals might also be important for 

normal growth of the pancreatic epithelium.  

 

Ipf1/Pdx1-/- E10.5 dorsal pancreatic buds exhibit altered gene 
expression  
In an attempt to identify factors downstream of Ipf1/Pdx1, we first 

performed an indicative “basic screen” using microarray analysis of 

cDNA prepared from Ipf1/Pdx1-/- E10.5 dorsal pancreatic buds and 

stage matched wildtype littermates. The microarray analyses  
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Figure 4. Pancreas development is dependent on epithelial-mesenchymal 
interactions (A). The pancreatic growth arrest observed in Ipf1/Pdx1-/- mice may 
depend on reduced expression or absence of an epithelial factor (B), a receptor for 
either epithelial or mesenchymal signals (C) or an epithelial produced extracellular 
signal that is needed for the reciprocal mesenchymal signal to the epithelium (D). 
See text for details.  
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identified a total of 111 differentially expressed genes, of which 73 

were downregulated and 38 were upregulated (Svensson et al., 

2007). In light of the pancreatic growth defect in Ipf1/Pdx1-/- mice we 

focused our attention on factors linked to growth and differentiation 

for further validation by qRT RT-PCR, immunohistochemistry and in 

situ hybridisation. In addition to factors identified as differently 

expressed by the microarray analyses, we also analysed the 

expression of genes previously shown to be important for pancreatic 

epithelial proliferation and differentiation (see following sections). 

 

Impaired expression of the FgfR2IIIb and ErbB3 receptors in 
Ipf1/Pdx1-/- dorsal pancreatic buds 

Pancreas development and β-cell function has been shown to be 

regulated by the fibroblast growth factor family (Hart et al., 2003; Hart 

et al., 2000; Norgaard et al., 2003). In Fgf10-/- mice the evagination of 

the pancreatic buds occurs, but the subsequent proliferation and 

branching of the pancreatic epithelium is perturbed (Bhushan et al., 

2001). In addition, overexpression of Fgf10 in the developing 

pancreatic epithelium results in pancreatic hyperplasia (Hart et al., 

2003). Moreover deletion of FgfR2IIIb, encoding the receptor for 

Fgf10, in mice results in reduced growth and perturbed branching of 

the pancreatic epithelium adding further evidence for the importance 

of proper FGF signalling during pancreas development (Pulkkinen et 

al., 2003).  
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Immunohistochemical analysis and quantitative real-time (qRT) RT-

PCR data revealed severely perturbed FgfR2IIIb expression in E10.5 

Ipf1/Pdx1-/- dorsal pancreatic buds suggesting a requirement for 

Ipf1/Pdx1 for normal FgfR2IIIb expression (Fig.5) and (Svensson et 

al., 2007). Interestingly, Ipf1/Pdx1 has previously been shown to 

regulate the expression FgfR1c in adult β-cells, thereby ensuring 

normal β-cell function and glucose homeostasis (Hart et al., 2000). 

Taken together, the reduced pancreatic expression of FgfR2IIIb in 

Ipf1/Pdx1 deficient mice and the almost identical pancreatic 

phenotype observed in mice lacking either Ipf1/Pdx1, Fgf10 or 

FgfR2IIIb provide evidence for Ipf1/Pdx1 regulation of FGF signalling 

in early pancreatic progenitor cells.          

During mouse pancreas development Fgf10 produced by the 

pancreatic mesenchyme signals to FgfR2IIIb expressing epithelial 

cells thereby inducing progenitor cell proliferation, branching and 

morphogenesis. In Ipf1/Pdx1 deficient mice, the expression of 

FgfR2IIIb in the pancreatic epithelium is reduced hence supporting 

the model where reduced expression of an epithelial receptor for a 

mesenchymal derived factor is, at least in part, the cause of the 

pancreatic growth arrest in Ipf1/Pdx1 null mutant mice.    

 

The impaired expression of ErbB3 in E10.5 Ipf1/Pdx1-/- dorsal 

pancreatic buds, as detected by microarray analyses and qRT RT-

PCR, (Fig.5) and (Svensson et al., 2007) also fits with this model  
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Figure 5. Quantitative real-time RT-PCR validation of selected genes. Expression 
analyses of the indicated genes using cDNA prepared from Ipf1/Pdx1+/+ (n = 4–9) 
and Ipf1/Pdx1-/- (n = 4–8) dorsal E10.5 pancreatic buds. 
 

where the expression of an epithelial receptor, a target for 

mesenchymal derived signals, is affected thereby disturbing epithelial 

cell proliferation and morphogenesis. EGF signalling has previously 

been shown to regulate pancreas development. In the developing 

pancreas several EGF family ligands and all four EGF receptors, 

ErbB1, ErbB2, ErbB3 and ErbB4, are expressed (Cras-Meneur et al., 

2001; Erickson et al., 1997; Huotari et al., 2002; Kritzik et al., 2000; 

Miettinen et al., 2000). Ligands bind homo- or heterodimerised 

receptors of which ErbB2/ErbB3, ErbB2/ErbB4 and ErbB4/ErbB4 are 

the most active signalling complexes. In addition, both ErbB2 and 

ErbB3 can dimerise with ErbB1 (Erickson et al., 1997).  
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Functional support for a role of EGF signalling in pancreas 

development comes from in vitro studies where EGF stimulated the 

growth of mesenchyme-depleted E13.5 pancreatic explants (Cras-

Meneur et al., 2001). Also, ErbB1-/- mice exhibit pancreatic growth 

defects and ErbB3 deficient mice display pancreatic hypoplasia 

(Erickson et al., 1997; Miettinen et al., 2000).   

ErbB3 is activated by Neuregulin1 (Nrg1) and Neuregulin2 (Nrg2) but 

given that ErbB3 can also heterodimerise with ErbB1, the reduced 

ErbB3 expression in E10.5 Ipf1/Pdx1 dorsal pancreatic buds may not 

only affect Nrg1 and Nrg2 signals but also perturb signals mediated 

by EGF ligands from the pancreatic mesenchyme. In summary, the 

reduced expression of the epithelial receptor ErbB3 in E10.5 

Ipf1/Pdx1-/- dorsal pancreatic buds is likely to result in impaired 

mesenchymal-epithelial signalling and hence contribute to the 

pancreatic growth arrest observed in Ipf1/Pdx1 deficient mice.          

 

Expression of the extracellular matrix proteins Spp1 and F-
spondin is perturbed in E10.5 Ipf1/Pdx1-/- dorsal pancreatic buds  
The proliferation and differentiation of a particular cell critically 

depend on the interaction between the cell and its surrounding 

extracellular matrix (ECM). Besides extracellular proteins such as 

fibronectin, collagen, vitronectin, laminin and growth factors, a 

subclass called matricellular proteins modulate cell-matrix interaction, 
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hence influencing the cell’s ability to proliferate, differentiate and 

migrate (Murphy-Ullrich, 2001).  

The matricellular protein Secreted phosphoprotein1 (Spp1), also 

named Osteopontin, is expressed in undifferentiated pancreatic 

precursors and in pancreatic ducts (Gu et al., 2004; Kilic et al., 2006). 

Interestingly, between E12.5-E14.5 Spp1 expression is confined to 

the trunk of the branching pancreatic epithelium, a domain suggested 

to harbour endocrine progenitors (Kilic et al., 2006; Zhou et al., 

2007). However, mice deficient for Spp1 show no abnormalities in 

pancreatic development or adult function (Kilic et al., 2006).    

Microarray analysis and qRT RT-PCR studies of E10.5 dorsal 

Ipf1/Pdx1-/- pancreatic buds showed that Spp1 expression is severely 

perturbed in early pancreatic progenitor cells which may impair their 

ability to respond to extracellular signals essential for growth of the 

pancreatic epithelium (Fig.5) and (Svensson et al., 2007).  

The expression of another extracellular matrix protein, F-spondin, is 

also dramatically reduced in early pancreatic progenitors of Ipf1/Pdx1 

null mutant mice as demonstrated by microarray, qRT RT-PCR and 

in situ hybridisation analyses (Fig.5) and (Svensson et al., 2007). F-

spondin, encoded by Spondin1, has been described in the 

developing nervous system where it is expressed during early stages 

of development but downregulated during neural differentiation 

(Burstyn-Cohen et al., 1998). In addition, F-spondin is reported to 

play an important role in proliferation of vascular smooth muscle cells 
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during ovarian growth and development (Miyamoto et al., 2001) and 

to promote differentiation of neural precursor cells into nerve cell-like 

cells (Schubert et al., 2006). Interestingly, a F-spondin related 

protein, R-spondin, has been shown to promote proliferation of 

intestinal crypt epithelial cells in both colon and in the small intestine 

thus functioning as a growth factor (Kim et al., 2005). Regardless of 

whether F-spondin acts as a growth factor stimulating pancreatic 

epithelial cell growth, or functions in the ECM, the reduced 

expression of Spondin1 and Spp1 in early Ipf1/Pdx1-/- pancreatic 

progenitor cells may contribute to the pancreatic growth arrest in 

Ipf1/Pdx1 null mutant mice. 

 

Spondin1; a novel gene in the developing mouse pancreas 

F-spondin has been shown to be involved in various developmental 

processes including promotion of neurite outgrowth from spinal cord, 

hippocampal and sensory neurons as well as differentiation of neural 

progenitor cells (see previous section) (Burstyn-Cohen et al., 1998; 

Feinstein et al., 1999; Klar et al., 1992; Schubert et al., 2006). The 

identification of Spondin1 as a novel gene that was downregulated in 

Ipf1/Pdx1-/- pancreatic progenitor cells (Svensson et al., 2007), urged 

us to determine the spatial-temporal expression of this gene during 

pancreas development (Fig.6). 

At E9.5 Spondin1 is detected in the epithelium of the dorsal and 

ventral pancreatic bud. Spondin1 expression is maintained in the  
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Figure 6. In situ hybridisation demonstrating wildtype Spondin1 expression  
at the mouse embryonic stages indicated. See text for details. 
 

pancreatic epithelium until E15.5 after which the expression is 

downregulated and by E17.5 no pancreatic expression of Spondin1 

could be detected by in situ hybridisation (Svensson et al., 2007). 

This expression pattern resembles the transient expression of 

Spondin1 in the developing nervous system (Burstyn-Cohen et al., 

1998). Throughout pancreas development Spondin1 expression was 

confined to the developing pancreatic epithelium and the forming 

acini while no Spondin1 expression could be detected in 

differentiated endocrine cells (Svensson et al., 2007). The spatial and 

temporal expression of Spondin1 is suggestive of a role for F-

spondin in regulation of proliferation and/or differentiation of the 

pancreatic progenitor cells. However, functional analyses will be 

required to determine a potential role for F-spondin during pancreas 
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development. In contrast to Ipf1/Pdx1, Spondin1 was not expressed 

in the duodenal epithelium thus allowing the use of Spondin1 as a 

marker to distinguish between early duodenal and pancreatic 

progenitor cells (Svensson et al., 2007). 

 

Ipf1/Pdx1-/- mice exhibit altered expression of transcription 
factors regulating pancreatic cell proliferation and 
differentiation 
Nkx6.1 is a transcription factor expressed in pancreatic progenitor 

cells from E9.5 and restricted to differentiated β-cells in the adult 

pancreas. Conditional inactivation of Ipf1/Pdx1 in adult mice results 

in loss of Nkx6.1 expression, indicating that Nkx6.1 is downstream of 

Ipf1/Pdx1 in adult β-cells (Ahlgren et al., 1998; Pedersen et al., 

2005). Microarray analysis, qRT RT-PCR and immunohistochemistry 

analysis of E10.5 Ipf1/Pdx1-/- dorsal pancreatic buds demonstrated 

that Nkx6.1 expression is abolished in pancreatic progenitor cells 

lacking Ipf1/Pdx1, providing evidence that Nkx6.1 is also downstream 

of Ipf1/Pdx1 in early pancreatic progenitor cells (Fig.5) and 

(Svensson et al., 2007). 

Ptf1a is also expressed in pancreatic progenitors and later restricted 

to the exocrine acinar cells. Ptf1a has been implicated in commitment 

and proliferation of pancreatic progenitors and mice lacking the Ptf1a 

gene exhibit growth defects and a selective lack of exocrine cells 

(see Introduction). Quantitative real-time RT-PCR and in situ 
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hybridisation clearly show reduced expression of Ptf1a in E10.5 

Ipf1/Pdx1-/- dorsal buds providing evidence that Ipf1/Pdx1 regulates 

Ptf1a expression in early pancreatic progenitor cells (Fig.5) and 

(Svensson et al., 2007). In contrast, Kawaguchi et al. proposed that 

Ptf1a/p48 expression is independent of Ipf1/Pdx1 as transgenic mice 

where Ipf1/Pdx1 was under control of the Ptf1a/p48 promoter 

partially rescued the pancreatic developmental arrest observed in 

Ipf1/Pdx1-/- mice (Kawaguchi et al., 2002). However their transgenic 

approach involved the use of the hsp68 minimal promoter combined 

with the Ptf1a/p48 promoter which may direct expression differently 

from that of the endogenous Ptf1a promoter. Moreover, in transgenic 

mice the expression from a promoter is influenced by effects such as 

leaky expression of the transgenic construct due to positional 

integration and/or transgene copy number. The presence of high-

affinity binding sites for Ipf1/Pdx1 in the upstream control regions of 

Ptf1a is supportive for the idea that Ipf1/Pdx1 regulates Ptf1a 

expression (Krapp et al., 1998; Masui et al., 2007). Also, inactivation 

of Ipf1/Pdx1 at progressively later stages in the developing 

pancreatic epithelium results in reduced expression of Ptf1a, adding 

further support to our data suggesting that Ipf1/Pdx1 regulates Ptf1a 

expression in early pancreatic progenitor cells (Hale et al., 2005).  

  

The transcription factor Pax6 is expressed in differentiated endocrine 

cells where it regulates the expression of the glucagon, insulin and 

46 



                                                                     Results and Discussion
   

somatostatin genes (Sander et al., 1997). Mice deficient for Pax6 

exhibit decreased number of endocrine cells together with reduced 

hormone production (Sander et al., 1997; St-Onge et al., 1997). 

Microarray and qRT RT-PCR analyses identified reduced expression 

of Pax6 in Ipf1/Pdx1 null mutant mice. Nevertheless glucagon 

expressing cells are still detected in dorsal Ipf1/Pdx1-/- pancreatic 

buds and the expression level of glucagon was largely unaffected in 

spite of the reduced Pax6 expression in E10.5 Ipf1/Pdx1-/- dorsal 

pancreatic buds (Fig.5) and (Svensson et al., 2007).    

The expression of two other genes, Microsomal glutathione S-

transferase 1 (Mgst1) and Reticulon 1 (Rtn1), was also identified as 

reduced in E10.5 Ipf1/Pdx1-/- dorsal pancreatic buds in microarray 

analyses and the differential expression was confirmed by qRT RT-

PCR (Fig.5) and (Svensson et al., 2007). Mgst1 is an integral 

membrane protein that has been reported to protect cells from 

oxidative stress by lowering intracellular levels of hydroperoxide 

levels. In addition, Mgst1 expression is shown to be upregulated in 

tumours where Mgst1 also is shown to protect cells from various 

cytostatic drugs (Johansson et al., 2007; Linnerth et al., 2005; 

Morgenstern, 2005; Siritantikorn et al., 2007). 

The reticulon family is a large group of membrane-associated 

proteins involved in vesicular transport and has been reported to 

inhibit neurite outgrowth acting via the epidermal growth factor 

receptor (EGFR) (Yang and Strittmatter, 2007). Reticulon 1, also 
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known as neuroendocrine-specific protein, is an endoplasmic 

reticulum membrane associated protein expressed in neurons and 

neuroendocrine cells (Steiner et al., 2004). In cell lines expression of 

Rtn1 is shown to be upregulated during differentiation (Steiner et al., 

2004).  

Altogether, the reduced expression of these diverse intracellular 

factors in E10.5 Ipf1/Pdx1-/- dorsal pancreatic buds may contribute to 

the pancreatic growth arrest presented by Ipf1/Pdx1 deficient mice. 

The exact role of these factors in pancreatic development needs to 

be explored using genetic approaches.                                                                                  
 
Regulation of Notch signalling during pancreas development 
Notch signalling via Hes1 regulates pancreatic endocrine cell 

differentiation and mutations of various components of the Notch 

signalling pathway result in perturbed pancreatic development 

(Apelqvist et al., 1999; Fukuda et al., 2006; Hald et al., 2003; Jensen 

et al., 2000). The severe phenotypes of these mutations indicate tight 

regulation of the Notch signalling pathway. The Fringe family of β1, 3 

N-acetylglucosaminyltransferases has been shown to modulate 

Notch signalling in several tissues and cell lineages (Cohen et al., 

1997; Irvine, 1999; Irvine and Vogt, 1997; Johnston et al., 1997). 

Manic-Fringe (MFng) is expressed in pancreatic pro-endocrine cells 

and suggested to regulate endocrine cell differentiation (Gu et al., 

2004; Xu et al., 2006).   
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In an attempt to elucidate the mechanisms by which Notch signalling 

is regulated during pancreas development we analysed the 

expression of the Fringe family proteins LFng, RFng and MFng in 

mouse embryonic pancreas.  
 
LFng is expressed in acini whereas no RFng expression is 
detected during mouse pancreas development 
In agreement with previous studies no expression of LFng was 

observed in mouse E10.5 pancreatic epithelium (Xu et al., 2006, 

paper II). In contrast, we identified LFng co-localisation with the 

exocrine marker Ptf1a in acini of E14.5 pancreas, which has not 

previously been described (paper II). Notch signalling regulates 

pancreatic exocrine cell differentiation and various mutations in the 

Notch signalling pathway result in perturbed acinar cell differentiation 

(Esni et al., 2004; Fujikura et al., 2007; Hald et al., 2003; Jensen et 

al., 2000). The expression of LFng, which has previously been shown 

to modify Notch signalling in various cell-lineages (see Introduction), 

in pancreatic acini raises the possibility that LFng acts in pancreatic 

exocrine cell differentiation. A potential role for LFng in pancreatic 

development will however have to await studies of the developing 

pancreas in LFng deficient mice and/or gain-of-function analyses 

(Dale et al., 2003; Rampal et al., 2005; Zhang and Gridley, 1998). No 

RFng expression was observed during any stage of pancreas 

development (Fig.7) and (paper II).  
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Figure 7. In situ hybridisation of E9.5 wildtype embryos showing MFng expression 
in both the pancreatic epithelium and the surrounding mesenchyme (A). No 
expression of LFng or RFng is observed at this stage (B and C). Broken lines (A-C) 
delimit pancreatic epithelia.  
 

MFng is expressed in Ngn3+ pro-endocrine cells  
In the developing mouse pancreas MFng expression is observed 

both within the pancreatic epithelium and in the surrounding 

mesenchyme at E9.5 and E10.5 (Fig.7) and (paper II). Similar to Dll1 

and the pro-endocrine gene Ngn3, MFng is expressed in a scattered 

manner in the pancreatic epithelium and at E9.5 virtually all Ngn3+ 

cells express MFng (paper II). Immunohistochemical double labelling 

with cell specific markers between E9.5 and E14.5 show that nearly 

all MFng expressing epithelial cells co-expressed Ngn3. In contrast 

MFng expression could not be detected in mature endocrine cells 

expressing Isl1 and only about 60% of the Ngn3+ cells co-expressed 
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MFng at E14.5, suggesting that MFng becomes downregulated as 

pancreatic pro-endocrine cells mature (paper II).   
Transient expression of MFng is also observed during brain 

development. When immature neuroepithelial neurons migrate out 

from the ventricular zone they switch their expression from LFng to 

MFng. Once the cells enter the preplate, a zone housing mature 

neurons, MFng expression is downregulated and displaced by RFng 

expression (Ishii et al., 2000). Furthermore, transient expression of 

MFng in anterior pituitary and in neurons of the olfactory epithelium 

precedes formation of differentiated endocrine cell types (Norlin 

unpublished data). Taken together, these data indicate a conserved 

role for MFng in the maturation of various endocrine and neural cell 

progenitors. 

 
Overexpression of MFng in early pancreatic epithelium does not 
affect pancreas development 
Studies performed in chick showed that electroporation of MFng into 

embryonic gut epithelial cells induced expression of cNgn3, insulin, 

glucagon, somatostatin and PP (Xu et al., 2006). Furthermore, 

examination of the pancreas of the electroporated chick embryos 

revealed that MFng promoted endocrine cell differentiation at the 

expense of exocrine cell differentiation (Xu et al., 2006). Thus, these 

data suggested that MFng directs endocrine cell differentiation via 

induction of Ngn3 gene expression.  
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To begin to asses a potential functional role for MFng during mouse 

pancreatic endocrine cell differentiation we generated transgenic 

mice expressing MFng specifically in pancreas under the control of 

the Ipf1/Pdx1 promoter (denoted Ipf1/MFng) (Apelqvist et al., 1997).        

Ipf1/MFng mice were born alive, healthy and able to reproduce. To 

test the status of the pancreas adult Ipf1/MFng and wildtype 

littermates were subjected to glucose tolerance test by intraperitoneal 

glucose injections. Transgenic mice cleared exogenous glucose as 

efficiently as wildtype littermates providing evidence that blood 

glucose homeostasis was normal in these mice (paper II).      
Immunohistochemical analyses of adult wildtype and Ipf1/MFng 

pancreases did not show any differences in gross histology, 

distribution or expression of exocrine and endocrine markers (paper 

II). These results show that forced expression of MFng in early 

pancreatic progenitors do not produce a persistent pancreatic 

phenotype.   

Given that no apparent phenotype is observed in adult Ipf1/MFng 

mice we suspected that a possible embryonic pancreatic phenotype 

could potentially have been compensated by postnatal development. 

Possible effects from the overexpression of MFng in early pancreatic 

progenitors should be evident around E10 onwards. Thus we next 

compared the expression of pancreatic markers at E10.5 and E14.5 

in Ipf1/MFng and wildtype embryos. The expression of the pro-

endocrine marker Ngn3 and pancreatic hormones (insulin, glucagon 
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or ghrelin) examined was similar in Ipf1/MFng and wildtype 

littermates at both E10.5 and E14.5 (paper II).      

The difference in phenotype observed when overexpressing MFng in 

chick and mouse pancreatic epithelium may be caused by various 

factors. First, the endogenous expression levels of MFng may differ 

significantly between mouse and chick pancreas. Whereas MFng is 

highly expressed during mouse pancreas development, expression 

of MFng in chick pancreas, as detected by RT-PCR, is very low (Gu 

et al., 2004; Xu et al., 2006, paper II). This raises the possibility that 

the effect observed when electroporating MFng into chick pancreas 

simply reflects an ectopic inhibition of Notch signalling, a condition 

that has been shown to result in precocious and ectopic endocrine 

cell differentiation in mouse (Apelqvist et al., 1999; Fujikura et al., 

2006; Jensen et al., 2000; Sumazaki et al., 2004).   

In addition, the expression of Notch ligands differs between chick and 

mouse. In early mouse pancreatic epithelium Dll1 is expressed but 

Serrate1 is not (Apelqvist et al., 1999), whereas in chick gut epithelial 

cells, simultaneous expression of Dll1 and Serrate2 has been 

reported (Xu et al., 2006). As MFng inhibits Notch activation by 

Serrate and promotes interaction between Notch and Dll1, the 

difference in Notch ligand expression can influence the outcome of 

MFng action. Thus, in chick gut epithelial cells ectopic MFng may 

inhibit Serrate-Notch interaction whereas in mouse, MFng may rather 

act to potentiate Notch-Dll1 interaction. 
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Another feature discriminating the two studies is the tissue 

distribution of MFng. Lateral inhibition, i.e. the mechanism by which 

Notch signalling appears to regulate pancreatic endocrine cell 

differentiation (Apelqvist et al., 1999), operates by potentiating 

differences between neighbouring cells. In Ipf1/MFng mice, MFng 

was expressed equally in all early pancreatic progenitors. Thus, the 

uniform expression of MFng may modulate Notch signalling equally 

in all pancreatic progenitors. In contrast, electroporation of MFng in 

chick resulted in mosaic ectopic expression of MFng creating an 

imbalance of Notch activity between transfected and non-transfected 

cells, which then may be sufficient to trigger endocrine differentiation 

(Xu et al., 2006). Taken together, the lack of a phenotype in 

Ipf1/MFng mice suggest that overexpression of MFng in mouse 

pancreatic epithelium is not sufficient to induce Ngn3 expression or 

pancreatic endocrine cell differentiation.   

  

Normal pancreatic morphology and function in adult MFng 
deficient mice  
Even though overexpression of MFng in early mouse pancreatic 

epithelium did not affect endocrine cell differentiation we reasoned 

that inactivation of MFng could reveal a potential functional role for 

MFng during mouse pancreas development.    

MFng mutant mice were generated by removal of exon 4, which 

harbours the glycosyltransferase domain, thereby eliminating the 
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ability of MFng to glycosylate the Notch receptor. MFng deficient 

mice were born alive and showed no defects in gross pancreatic 

histology with ducts and endocrine- exocrine cell types (paper II). 

The expression of the islet hormones, insulin, glucagon, somatostatin 

and pancreatic polypeptide and the ratio between respective islet cell 

types was similar in adult MFng-/- mice as compared to heterozygous 

littermates. Also, analysis of β-cell specific markers such as Glut2, 

Nkx6.1 and Ipf1/Pdx1 showed no difference between MFng 

heterozygous and homozygous mice. In addition, the composition of 

the exocrine pancreas and the ductal system were normal in MFng-/- 

mice as detected by amylase, CPA, Ptf1a and DBA expression 

analyses (paper II). To investigate the biological function of MFng-/- 

pancreas we performed glucose tolerance tests. Mice lacking 

functional MFng lowered blood glucose levels after administration of 

exogenous glucose as efficiently as heterozygous littermates, 

confirming the results from the immunohistochemical studies. 

Together these data provide evidence that MFng is dispensable for 

the generation and function of the adult mouse pancreas (paper II). 
 
Specification and differentiation of the pancreatic endocrine and 
exocrine cell types occurs independent of MFng 
Although specific inactivation of the Notch signalling component 

RBP-J in Ptf1a-expressing cells results in severe embryonic defects, 

adult RBP-J mutant mice show no apparent phenotype due to 
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compensatory growth during the first postnatal weeks (Fujikura et al., 

2007). Hence, a similar transient embryonic phenotype could not be 

excluded as a consequence of MFng deletion. Therefore we next 

analysed the expression of Notch signalling components in E10.5 

MFng-/- pancreas. The expression of MFng was abolished and no 

compensatory upregulation of LFng or RFng expression was 

observed in MFng mutant mice. The expression of Dll1 and the 

Notch responsive gene Hes1 was also similar in MFng+/- and MFng-/- 

mice (paper II). Specification and differentiation of the pancreatic islet 

cell types is regulated by Pax4 and Arx, which have been shown to 

possess opposing activities. Deletion of Pax4 results in a dramatic 

decrease in β- and δ- cell number together with an increase in α-cell 

number.  In contrast, Arx deficient mice exhibit a remarkable increase 

in β- and δ− cell number whereas α-cell number is decreased 

(Collombat et al., 2005; Sosa-Pineda et al., 1997). The expression of 

Pax4 and Arx was unaltered in MFng deficient mice as compared to 

heterozygous littermates. Likewise no differences were observed in 

the expression of NeuroD1 or glucagon, markers for differentiated α- 

cells at E10.5, suggesting that MFng is dispensable for the 

specification and differentiation of the early pancreatic endocrine 

cells (paper II). Whereas differentiation of early pancreatic pro-

endocrine cells up to E10.5 results in a limited number of α-cells, 

later stages of pancreatic development are characterised by growth 

and expansion of the pancreatic epithelium and from E14.5 and 
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onwards, differentiation of the remaining endocrine cell lineages, β-

cells, δ-cells and PP-cells occur (Herrera et al., 1991; Pictet, 1972). 

In order to reveal a potential functional role for MFng during these 

events we analysed the expression of Notch signalling components 

in MFng-/- mice at E14.5. Expression of the Notch ligands, Dll1 and 

Serrate1 and the Notch receptors, Notch1 and Notch2, was similar in 

MFng heterozygous and homozygous mice (paper II). Modified Notch 

signalling may be evidenced by altered expression of the Hes family 

of repressors. In wildtype E14.5 pancreas strong Hes1 expression is 

detected in exocrine acini whereas low level Hes1 expression is 

observed in the remaining Ptf1a- epithelium (Esni et al., 2004, paper 

II). In contrast, Hes6 is expressed throughout the pancreatic 

epithelium with high expression levels in Ngn3+ pro-endocrine cells 

(paper II). Interestingly, Hes6 has been shown to inhibit Hes1 

expression and/or activity in adult β-cells, myogenic and cortical 

neurons (Bae et al., 2000; Ball et al., 2007; Gao et al., 2001; Gratton 

et al., 2003), suggesting that Notch signalling via Hes1 may be 

suppressed by Hes6 in Ngn3+ pro-endocrine cells.   

The expression of Hes1, and the Hes1 inhibitor, Hes6, was unaltered 

in mice lacking MFng (paper II). Similarly, Hes1 expression in chick 

gut endoderm is unaffected after ectopic MFng expression (Xu et al., 

2006), raising the possibility that the effect of MFng in chick 

endoderm is mediated by Hes1 independent Notch signalling. The 

unaltered expression of Hes6 in MFng-/- mice indicates that MFng is 

57 



                                                                     Results and Discussion
   

not regulating Hes6 expression. However, the reverse may be true 

since Hes6 is able to regulate Hes1 expression and Hes1 in turn is 

shown to inhibit MFng expression (Bae et al., 2000; Ball et al., 2007; 

Gao et al., 2001; Gratton et al., 2003; Mikami et al., 2001; 

Veeraraghavalu et al., 2004). In agreement with the results obtained 

from analyses of E10.5 MFng-/- pancreas, the expression of Nkx2.2, 

Arx, Pax4, NeuroD1 and Ngn3 at E14.5 was unaffected in absence 

of MFng (paper II). Moreover, there was no difference in expression 

of the endocrine hormones, insulin, glucagon, somatostatin and 

pancreatic polypeptide or exocrine markers such as Ptf1a, CPA and 

amylase, when comparing MFng-/- with MFng+/- mice at E16.5 (paper 

II).   

All members of the Fringe family of β1,3 N-

acetylglucosaminyltransferases possess the ability to modify Notch 

signalling (Cohen et al., 1997; Irvine, 1999; Irvine and Vogt, 1997; 

Johnston et al., 1997). Although there is no clear overlap in the 

expression of Fringe family members in the pancreas, compensatory 

upregulation of expression of other Fringes may account for the 

normal development and function of the MFng-/- pancreas. However, 

no such compensatory upregulation was observed in E10.5 or E14.5 

MFng-/- pancreas (paper II).  
Thus, although the expression pattern of MFng suggests a 

conserved role in controlling differentiation of various progenitor cell 

populations, our data provide evidence that MFng is dispensable for 
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the specification, differentiation and adult function of the pancreatic 

endocrine and exocrine cells.    

 
Ngn3 regulates MFng expression in the developing pancreas 
Previous studies have described MFng expression in pancreatic pro-

endocrine cells and suggested that MFng regulates Ngn3 expression 

hence promoting endocrine cell differentiation, indicative of MFng 

function upstream of Ngn3 (Gu et al., 2004; Xu et al., 2006). If the 

same regulatory mechanisms are valid during mouse embryonic 

pancreas development, an increase in the number of Ngn3 positive 

cells would be expected in Ipf1/MFng mice. However, since no such 

increase was detected, the epigenetic relationship between Ngn3 

and MFng remained an open question. To asses the epigenetic 

relation between MFng and Ngn3 we therefore next examined the 

expression of MFng and Ngn3 in Ngn3 and MFng deficient mice 

respectively.  

No MFng expression was observed in Ngn3-/- E10.5 or E14.5 

pancreatic epithelium. The mesenchymal MFng expression was 

however unaffected indicating that the abolished pancreatic epithelial 

MFng expression is due to the lack of Ngn3 in the pancreatic 

epithelium. In contrast, the expression of Ngn3 was unaffected in 

mice lacking functional MFng (paper II). 
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These results, together with our expression analyses, provide 

evidence that MFng functions in the maturation and not in the 

formation of the Ngn3+ pro-endocrine cells.  

Altogether, these data strongly suggest that Ngn3, directly or 

indirectly, regulates MFng expression and that MFng is genetically 

downstream of Ngn3 in the developing pancreatic epithelium.   

 
Id proteins; regulators of proliferation and differentiation  
Following specification of the pancreatic anlagen and formation of the 

pancreatic buds, pancreatic progenitor cells proliferate and 

differentiate to form the adult pancreas. Between E11.5 and E15.5 

the pancreatic epithelium expands extensively into the surrounding 

pancreatic mesenchyme and subsequently differentiates into acinar, 

endocrine and duct cell lineages. Both proliferation and differentiation 

of pancreatic progenitor cells are regulated by basic helix-loop-helix 

proteins such as Ngn3, Hes, Ptf1a, Mist1 and NeuroD1 (Apelqvist et 

al., 1999; Kawaguchi et al., 2002; Krapp et al., 1998; Naya et al., 

1997; Pin et al., 2001). Inhibitor of DNA binding proteins (Id1-Id4) 

inhibit bHLH proteins by forming inactive heterodimers with 

ubiquitously expressed bHLH proteins, such as E12 and E47, thus  

precluding formation of functional dimers between tissue specific and 

ubiquitously expressed bHLH proteins (Norton, 2000; Perk et al., 

2005; Yokota, 2001). In addition, Id proteins have been shown to 

promote cell proliferation by interacting with proteins controlling cell 
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cycle progression (Fig.8) (Norton, 2000; Perk et al., 2005; Yokota, 

2001). Also, Id proteins have been linked to the BMP, Wnt, FGF and 

Notch signalling pathways which are all known to be important for 

pancreas development and adult function (Bai et al., 2007; Goulley et 

al., 2007; Liu and Harland, 2003; Miyazono and Miyazawa, 2002; 

Rockman et al., 2001; Ruzinova and Benezra, 2003). Given the 

known functions of the Id proteins during proliferation and 

differentiation and the importance of bHLH proteins for proper 

pancreas development we investigated the expression and function 

of Id genes during pancreas development. 

 

Overlapping expression of Id2 and Id3 in the developing 
pancreatic epithelium   
An initial screen for pancreatic Id expression was first performed by 

RT-PCR analysis of cDNA isolated from various mouse 

developmental stages. Id1 and Id3 transcripts were detected from 

E10.5 to neonatal stages whereas Id4 expression was restricted to 

between E15.5 and neonatal stages (paper III). In contrast, Id2 

expression was observed in all embryonic stages examined, in adult 

islets and in the pancreatic endocrine cell lines αTC, βTC and MIN6 

(paper III).  

To analyse Id expression in more detail we performed in situ 

hybridisation analyses of various mouse embryonic stages. In 

contrast to RT-PCR analysis we were unable to detect Id expression    
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Figure 8. Simplified overview showing Id function during cell cycle progression. 
Retinoblastoma (pRb) protein inhibits proliferation by binding factors needed for 
cell cycle progression. Id1 and Id3 indirectly inactivate pRb by suppressing 
expression of cyclin-dependent kinase inhibitors (INK4a) resulting in 
phosphorylated pRb that is unable to bind factors needed for cell proliferation. In 
addition Id1 and Id3 inhibit expression of p21 (another cyclin-dependent kinase 
inhibitor) resulting in phosphorylated pRb. Id2 and Id4 have also been shown to 
directly bind pRb consequently impairing pRb binding to cell cycle factors. 
Conversely, pRb is able to inhibit Id2. See text for details.  
 

at E10.5 by in situ hybridisation. One day later, at E11.5, weak 

expression of Id2 and Id3 was observed in the pancreatic epithelium 

(paper III). Strong overlapping expression of Id2 and Id3 persisted in 

the pancreatic epithelium between E12.5 and E15.5 (paper III). Id 



                                                                     Results and Discussion
   

proteins have previously been suggested to act redundantly in 

endothelial cells. Id1/Id3 double mutant mice exhibit vascular 

malformations selectively in the brain which reflects the expression 

pattern of Id1-Id3; embryonic endothelial cells in the brain express 

only Id1 and Id3 whereas other endothelial cells also express Id2 

(Lyden et al., 1999). Redundancy between Id proteins is also 

suggested to exist in Myc mediated tumourgenesis in epidermis and 

B cells (Perk et al., 2005).  

The temporal expression of Id2 and Id3 during pancreas 

development coincides with the period of massive proliferation and 

expansion of the pancreatic epithelium (Herrera et al., 1991; Pictet, 

1972). Id proteins have been shown to promote cell proliferation by 

several mechanisms. First, Id2 and Id4 are able to interact with 

retinoblastoma proteins (pRB, p107 and p130) thereby precluding 

pRB inhibition of genes necessary for cell cycle progression (Fig.8) 
(Norton, 2000). Also, Id proteins promote cell cycle progression by 

forming non-functional heterodimers with bHLH proteins that would 

otherwise stimulate transcription of the cyclin-dependent kinase 

(CDK) inhibitor p21. The decrease in p21 levels enables 

phosphorylation of pRB by cyclinA/E-CDK2, thus permitting 

transcription of genes needed for cell cycle progression (Fig.8) 

(Norton, 2000). Moreover, inhibition of the non-bHLH protein ETS1 

by Id perturbs INK4a (p16) transcription, which consequently allows 

cyclinD-CDK4 phosphorylation of pRB, in turn promoting cell 
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proliferation (Fig.8) (Norton, 2000; Perk et al., 2005; Ruzinova and 

Benezra, 2003). 

In contrast to the strong overlapping expression of Id2 and Id3 and 

the RT-PCR analysis, in situ hybridisation showed Id4 to be 

expressed at seemingly lower levels in the pancreatic epithelium 

between E13.5 and E15.5 (paper III). No Id expression could be 

detected by in situ hybridisation at E17.5 or at neonatal stages 

(paper III). In summary, the expression patterns of Id2, Id3 and Id4 in 

the developing pancreatic epithelium together with the ability of Id 

proteins to regulate cell cycle progression are suggestive for a role of 

Id2, Id3 and Id4 in controlling proliferation and expansion of the 

developing pancreatic epithelium.      

  
No alterations in the specification, proliferation or differentiation 
of the embryonic pancreas in Id2/Id3 deficient mice 
The spatial and temporal co-expression of Id2 and Id3 in the 

developing pancreatic epithelium suggests an overlapping function of 

Id2 and Id3. Hence to begin to reveal the potential functional role for 

Id2 and Id3 during proliferation, branching and differentiation of the 

pancreatic epithelium we analysed the expression of pancreatic 

markers in Id2/Id3 null mutant mice.  

As discussed in the previous section both Id2 and Id3 stimulate 

proliferation by interacting with the cell cycle machinery but they are 

also both able to direct cell fate decisions. For instance, expression 
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of Id3 in a bipotential T/natural killer (NK) progenitor cell promotes 

the formation of NK cells (Heemskerk et al., 1997). Moreover, 

overexpression of Id2 in ectodermal progenitors directs cells to a 

neural fate instead of an epidermal fate (Martinsen and Bronner-

Fraser, 1998). In addition, Id2 has been shown to be required for the 

differentiation of both enterocytes and mammary gland epithelium 

(Miyoshi et al., 2002; Mori et al., 2000; Russell et al., 2004). In 

addition, double Id1/Id3 null mutants exhibit premature neuronal 

differentiation and die in utero by E13.5 due to vascular 

malformations (Lyden et al., 1999). Thus, premature differentiation, 

perturbed proliferation or altered cell type composition were all 

potential phenotypes in the Id2/Id3 deficient mice.  

No differences in the expression of pancreatic markers were, 

however, observed when comparing E9.5 Id2-/-Id3-/- embryos with 

wildtype littermates (paper III). The expression of the pro-endocrine 

marker Ngn3, Ipf1/Pdx1 and FgfR2 was similar in mutant embryos 

and wildtype littermates. The expression of glucagon and Isl1, a 

marker for mature endocrine cell types, in E9.5 Id2-/-/Id3-/- mutant 

embryos was also indistinguishable from the expression in wildtype 

littermates, providing evidence for normal specification and 

differentiation of early pancreatic endocrine cells (paper III). Similarly, 

analyses of E14.5 Id2/Id3 double knockout embryos failed to reveal 

any perturbations in endocrine cell specification or differentiation as 

indicated by normal expression of insulin, glucagon and Isl1. In 
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addition, the expression of Ipf1/Pdx1, FgfR2 and the exocrine marker 

amylase was similar in E14.5 Id2-/-/Id3-/- and wildtype littermates 

(paper III). Since pancreatic development is apparently normal until 

E14.5 we next wanted to study later embryonic development and 

adult function of the Id2-/-/Id3-/- pancreas. No Id2-/-/Id3-/- mice could 

however be isolated after E14.5 indicating that the Id2/Id3 mutant 

embryos die between E14.5 and birth (paper III). This is supported by 

studies reporting embryonic death of all combinations of Id1-Id3 

double knockout mice (Norton, 2000).     

To circumvent the embryonic lethality of Id2/Id3 deficient mice E11.5 

pancreatic primordium was isolated and cultured for 6 days. The 

explants were subsequently analysed by immunohistochemistry. No 

difference in the expression of Ngn3, Isl1, insulin or glucagon was 

observed when comparing Id2-/-/Id3-/- and wildtype explants, again 

suggesting that endocrine cell specification and differentiation is 

normal in mice lacking Id2 and Id3 (paper III). Also, the expression of 

Ipf1/Pdx1 and amylase was similar in Id2-/-/Id3-/- and wildtype 

explants.       

Thus, although the expression pattern of Id2 and Id3 is suggestive of 

a role in proliferation and/or differentiation of the pancreatic 

epithelium, our data show that Id2 and Id3 are dispensable for the 

specification, proliferation and differentiation of the pancreatic 

epithelium.   
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Nevertheless, the low level Id4 expression in the pancreatic 

epithelium between E13.5 and E15.5 may be sufficient to 

compensate for the loss of Id2 and Id3 as Id proteins have previously 

been shown to act redundantly (see previous section).    

 

Normal pancreas development in Ipf1/Id2, Ipf1/Id3 and Ipf1/Id4 
mice 
Simultaneous removal of Id2 and Id3 did not uncover a functional 

role of Id2 or Id3 during pancreas development, which could be due 

to a possible redundant function of Id4 in the pancreatic epithelium. 

Thus, we next embarked on gain-of-function studies by generating 

transgenic mice expressing Id2, Id3 or Id4 under the control of the 

Ipf1/Pdx1 promoter (Apelqvist et al., 1997). All founders of respective 

transgenic lines were born alive, healthy and able to reproduce. 

Glucose tolerance test showed that the transgenic mice were 

capable of lowering blood glucose levels as efficiently as wildtype 

littermates, providing evidence for normal blood glucose control in 

Ipf1/Id2, Ipf1/Id3 and Ipf1/Id4 mice (paper III).    

Subsequent immunohistochemical analyses of adult transgenic mice 

and wildtype littermates showed no apparent differences in the 

expression or distribution of the endocrine hormones insulin, 

glucagon, somatostatin, PP or the exocrine marker amylase (paper 

III). These results are somewhat surprising as overexpression of Id2, 

Id3 or Id4 have all been shown to be able to alter cell fate decisions 
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(Norton, 2000; Perk et al., 2005; Yokota, 2001). In addition, 

biochemical and cell line studies have demonstrated interactions 

between Id and Pax proteins (see Introduction), which resulted in 

altered DNA binding ability of the Pax proteins (Norton, 2000). Also, 

Id proteins are shown to associate with several signalling pathways 

important for pancreas development, interactions that may affect 

pancreatic cell proliferation and/or differentiation (Bai et al., 2007; 

Goulley et al., 2007; Liu and Harland, 2003; Miyazono and 

Miyazawa, 2002; Rockman et al., 2001; Ruzinova and Benezra, 

2003). However, the consequences of altered Id activity varies 

greatly with cell type which could explain the lack of a pancreatic 

phenotype in Ipf1/Id2, Ipf1/Id3 and Ipf1/Id4 mice (Perk et al., 2005). 

Overexpression of Id2, Id3 or Id4, for example, did not affect overall 

morphogenesis of the Xenopus tadpole (Liu and Harland, 2003).       

Taken together, overexpression of Id2, Id3 or Id4 in the developing 

pancreatic epithelium does not perturb specification, differentiation or 

function of the adult pancreas.  
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Conclusions 

 

 Ipf1/Pdx1 regulates the expression of FgfR2IIIb, ErbB3, 

Ptf1a/p48, Pax6 and Nkx6.1 in early pancreatic progenitor 

cells. The disturbed expression of these genes in Ipf1/Pdx1 

null mutant mice provides a mechanistic explanation for the 

pancreatic growth arrest present in Ipf1/Pdx1 deficient mice. 

 

 Spondin1 is regulated by Ipf1/Pdx1 in the developing 

pancreas and may be used as marker for early pancreatic 

progenitor cells. 

 

 MFng is expressed in pancreatic pro-endocrine cells between 

E9.5 and E14.5 and is downregulated as pancreatic endocrine 

cells mature. 

 

 MFng expression depends on the pro-endocrine gene Ngn3. 
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 Specification, differentiation and adult function of adult mouse 

pancreas is independent of MFng. 

 

 Id2 and Id3 are co-expressed in the pancreatic epithelium 

between E11.5 and E15.5 whereas Id4 is expressed at 

seemingly lower levels between E13.5 and E15.5.    

 

 Altered expression of Id2, Id3 or Id4 does not affect 

development or function of the adult pancreas.   

 

  

70 



                                                              Sammanfattning på svenska  

Sammanfattning på svenska 
Pankreas, bukspottkörteln, är ett organ i nära anslutning till 

tolvfingertarmen vars endokrina celler producerar horomoner, insulin 

och glukagon, som reglerar blodets sockernivåer. De pankreatiska 

exokrina cellerna producerar ett flertal enzymer som tillsammans 

med övrigt bukspott transporteras till tolvfingertarmen av ett väl 

förgrenat nätverk av körtelgångar. I tolvfingertarmen aktiveras de 

pankreatiska enzymerna där de verkar för nedbrytning av mat till 

mindre beståndsdelar som kan tas upp av tarmväggen och därmed 

användas som energi av den levande organismen.  

De olika specialiserade pankreatiska celltyperna bildas alla från en 

gemensam population av pankreatiska progenitorceller vars 

utveckling till en adult pankreas styrs av signaler från omgivande 

celler och av intracellulära mekanismer. Fel i utvecklingen av 

och/eller skador på de pankreatiska celltyperna leder till diabetes, en 

sjukdom som ökar lavinartat världen över och snart når epidemiska 

nivåer. En ökad kunskap om hur de pankreatiska cellerna bildas gör 

det möjligt att utveckla alternativa och bättre behandlingsmetoder för 

vår tids stora folksjukdom, diabetes. 

Målet med den här avhandlingen har varit att försöka identifiera vilka 

faktorer som styr utvecklingen av de pankreatiska progenitorcellerna 

samt att undersöka hur bildandet av de pankreatiska celltyperna 

regleras.  
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Tidigare forskning har visat att Insulin Promoter Factor 1 (IPF1) är 

absolut nödvändig för pankreas utvecklingen. Man har dock inte 

kunnat påvisa vilka faktorer nedströms om Ipf1 som gör att möss och 

människor utan Ipf1 föds utan pankreas. Våra studier har identifierat 

ett flertal faktorer t.e.x. FgfR2IIIb, ErbB3, Pax6, Ptf1a/p48 och Nkx6.1 

vars uttryck är reducerat och mekanistiskt kan förklara den defekta 

pankreas utvecklingen i möss som saknar Ipf1 funktion. Våra studier 

visar även att Ipf1 reglerar uttrycket av Spondin1, en gen som ej 

tidigare beskrivits i pankreas samt att Spondin1 är uttryckt under 

pankreas utvecklingen. Vidare påvisar våra resultat att Spondin1 kan 

användas som en markör för de tidiga pankreas progenitorcellerna. 

  

Notch signallering har en central uppgift under bildandet av de olika 

pankreatiska celltyperna och är därför också strikt kontrollerad. Våra 

resultat visar att de gener som kodar för Manic-Fringe (MFng) och 

Lunatic-Fringe (LFng), två proteiner som reglerar aktiviteten av Notch 

i andra modellsystem, är uttryckta i pankreas epitelet under dess 

utveckling. LFng är uttryckt i de exokrina cellerna medan MFng är 

uttyckt av de pro-endokrina cellerna mellan embryonal dag 9.5 och 

14.5. Vi visar också att uttrycket av MFng genen regleras av den pro-

endokrina faktorn Neurogenin3, resultat som tillsammans med den 

specifika perioden av MFng uttryck i de pro-endokrina cellerna 

indikerar att MFng är involverad i mognaden och bildandet av de 

pankreatiska endokrina cellerna. Däremot visar våra studier av 
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transgena möss, där vi överuttryckt MFng i pankreas epitelet, och 

MFng knockout möss att bildandet och funktionen av de adulta 

pankreatiska cellerna sker oberoende av MFng.  

Tidigt under pankreas utvecklingen bildas en dorsal och en ventral 

pankreas bud. Dessa består av pankreatiska progenitor celler som 

prolifererar och differentierar till de celltyper som utgör den adulta 

pankreas. Både proliferering och differentiering regleras av bHLH 

proteiner. Inhibitors of DNA binding (Id1-Id4) är en grupp proteiner 

som generellt stimulerar cell proliferering och inhiberar differentiering, 

ofta genom att interagera med olika bHLH proteiner. Våra studier har 

identifierat uttryck av Id2, Id3 och Id4 i pankreas epitelet under den 

period av massiv proliferering och expansion av det pankreatiska 

epitelet. Dock uppvisar transgena möss där vi överuttrycker Id2, Id3 

respektive Id4 i pankreas epitelet inga förändringar i bildandet av 

eller i funktionen av de adulta pankreatiska cellerna. Dessutom visar 

vi att utvecklingen av de pankreatiska exokrina och endokrina 

cellerna är oberoende av Id2 och Id3 samt att Id4 eventuellt kan 

kompensera avsaknaden av Id2 och Id3 i det pankreatiska epitelet.  
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