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“La chance ne sourit qu'aux esprits bien préparés.» 

Luck only occurs to well prepare spirit 
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ABSTRACT 
 
 

Patients with type II diabetes present alterations in glucose homeostasis due to 
insufficient amount of insulin (β-cell dysfunction) and inability to properly use the insulin 
that is secreted (insulin resistance). Combined genetical and environmental factors are 
believed to be responsible for these dysfunctions and the resulting impairment in glucose 
homeostasis. The pancreatic gland is composed of exocrine and endocrine tissues. The 
endocrine part of the organ couples glucose sensing to insulin release. Within this endocrine 
gland, also known as islets of Langerhans, the insulin secreting β-cell is the main player and 
therefore highly important for proper glucose metabolism. In this thesis, mice were 
developed in order to assess the role of BMP signaling molecule and Arsenite induced 
ATPase-1 (Asna1) for pancreas development and β-cell function. 
The mature β-cell responds to elevated glucose levels by secreting insulin in a tightly 
controlled manner. This physiological response of the β-cell to elevated blood glucose levels 
is critical for maintenance of normoglycaemia and impaired Glucose stimulated insulin 
secretion (GSIS) is a prominent feature of overt type 2 diabetes. Thus, the identification of 
signals and pathways that ensure and stimulate GSIS in β-cells is of great clinical interest. 
Here we show that BMPR1A and its high affinity ligand BMP4 are expressed in fetal and 
adult islets. We also provide evidence that BMPR1A signaling in adult β-cell is required for 
GSIS, and that both transgenic expression of Bmp4 in β-cells or systemic administration of 
BMP4 protein to mice enhances GSIS. Thus, BMP4-BMPR1A signaling in β-cells positively 
regulates the genetic machinery that ensures GSIS. 
 
Arsenite induced ATPase (Asna1), the homologue of the bacterial ArsA ATPase, is 
expressed in insulin producing cells of both mammals and the nematode Caenorhabditis 
elegans (C.elegans). Asna1 has been proposed to act as an evolutionary conserved regulator 
of insulin/insulin like factor signaling. In C.elegans, asna-1 has been shown to regulate 
growth in a non-cell autonomous and IGF-receptor dependent manner. Here we show that 
transgenic expression of ASNA1 in β-cells of mice leads to enhanced Akt-activity and β-cell 
hyperplasia. ASNA1 transgenic mice develop, however, diabetes due to impaired insulin 
secretion. The expression of genes involved in secretion stimulus coupling and insulin 
exocytosis is perturbed in islets of these mice. These data suggest that activation of ASNA1, 
here mimicked by enhanced expression, positively influences β-cell mass but negatively 
affects insulin secretion. 
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INTRODUCTION 

 
 

Interestingly, a small number of families of signaling molecules like Fibroblast 

Growth Factors (FGF), Hedgehog (Hh), Notch signaling, Retinoic acid (RA), Transforming 

Growth Factor-β (TGF-β) and Wnt signaling molecules, are responsible for the development 

and/or maintenance of all animals and organs. (Dichmann et al., 2003; Hart et al., 2003; 

Hebrok et al., 1998; Hebrok et al., 2000; Miralles et al., 2006; Papadopoulou and Edlund, 

2005) 

The interactions between the different family members are integrated by a cell or group of 

cells in several manners according to how long they have been exposed, the concentration of 

the signaling molecules (gradient) and history of the recipient cell (what kind of signal the 

cell has integrated before). The sequence of events that lead to the differentiation of a cell, 

the formation of an organ and a fully developed organism is therefore dependant on these 

signaling molecules. Consequently the better we understand their interactions and hierarchy 

in time and space, the more we will be able to comprehend the normal function of a tissue 

and/or an organ and thus to correct dysfunctions of an organism. If a cell does not translate 

these signals correctly; its fate, position in the body, or even survival is in jeopardy. For 

instance, tumors comprise groups of cells that have lost the ability to interpret or respond to 

certain signals and in consequence the shape, proliferation rate and survival of these cells 

cannot be controlled any longer, leading to tumor cell growth and metastasis. 

A lot of research has been performed to apprehend the progressive patterning of these 

signaling molecules during embryonic stages using different animal models including 

Caenorhabditis elegans (worms), Drosophila (fly), and Xenopus laevis (frog), mice, rats, 

guinea pigs or even primates (macaque/chimpanzee). (Edlund, 1999; Raftery and Sutherland, 

1999; Shalev et al., 2002; Wilson et al., 1997)  

Using mouse genetic approaches, it is possible to modulate the intensity and/or trigger the 

appearance of these signaling molecules in specific types of cells in vivo, which in turn leads 

to a distinct phenotype (Kim et al., 2003; Miyaki and Kuroki, 2003; Ohlsson et al., 1991; 

Tsai et al., 2002). 

Diabetes mellitus type II is a life-long disease marked by high levels of glucose (the basic 

fuel for the cells in the body) in the blood. It develops when the organism does not respond 
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correctly to insulin, a hormone released by the pancreas combined with β-cell failure to 

produce sufficient amount of insulin. The endocrine cells of the pancreas are grouped in a 

structure called Islets of Langerhans (Paul Langerhans, 1869). This highly organized 

structure contains 60 to 80% of β-cells that produce insulin hormone, ~20% of α-cells that 

produce glucagon, 3 to 10% of delta-cells that produce somatostatin, 2% of PP cells that 

produce pancreatic polypeptide, and finally some grehlin-producing cells (less than 1%) 

(Cabrera et al., 2006; Herrera, 2000; Kulkarni, 2004). The highly specified β-cells are the 

central player in this organ. They are the sole source of insulin, the main agent of glucose 

absorption in peripherical organs (adipocytes, muscles, liver) (Assimacopoulos-Jeannet, 

2004; Fridlyand and Philipson, 2006; Gautam et al., 2006; Steneberg et al., 2005). Any 

alteration of β-cell function will have direct consequences on glucose homeostasis and 

therefore on survival of the entire organism. It is widely accepted that disruptions in 

immunological tolerance are at the origin of autoimmune diseases such as Type 1 diabetes.  

Indeed, it is logical that a common “side-effect” of a highly plastic adaptive immune system, 

with the ability to recognize virtually any foreign protein, would be the potential to respond 

to self-proteins. Mechanisms must exist in a healthy individual that ensure tolerance to self 

and prevent autoimmune tissue damage. Classically, tolerance mechanisms have been 

divided into two main categories: central tolerance mechanisms, which refer to the deletion 

of auto-reactive T cell clones as they develop in the thymus and peripheral tolerance 

mechanisms, which deal with auto-reactive T cells that escape thymic negative selection. In 

type 1 diabetes both defects in central tolerance (Kishimoto and Sprent, 2001; Lesage et al., 

2002; Zucchelli et al., 2005) and in peripheral tolerance (Cameron et al., 1997; Colucci et al., 

1997; Pop et al., 2005; Serreze and Leiter, 1988) have been reported. 

I Overview of pancreas  
In mammals, the pancreas is an organ involved in digestion and glucose homeostasis. This 

asymmetric loose organ, situated in close proximity to the stomach, spleen and liver, is 

highly vascularized and has a direct arterial blood flow (J. M. W. Slack, 1995). The pancreas 

constitutes of two distinct tissues. The most prominent tissue forms an exocrine gland 

composed of acinar structure filled with secretory granules containing different precursors of 

digestive enzymes (amylase, chymotrypsinogen, pancreatic lipase, trypsinogen) and the 

ductal web that transports these enzymes to the duodenum. The dispersed endocrine gland, 

also known as the Islets of Langerhans, represent 1 to 2% of the pancreatic organ. In mice, 
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the majority of the islet cells form a core of insulin-producing β-cells surrounded by a ring of 

glucagon-producing α-cells, ζ-cells producing somatostatin, PP-cells producing pancreatic 

polypeptide and grehlin producing cells (Edlund, 2001; Habener et al., 2005; Hua et al., 

2006; Jensen, 2004; Kemp et al., 2003). Human islets have a different organization. Here the 

endocrine cells are aligned on blood vessels and 70% of the endocrine cells are associated 

with other endocrine cell types raising the possibility of a paracrine regulation (Cabrera et al., 

2006). 

II Development and organogenesis  
The development of the pancreatic organ and the sequence of events that is believed to 

change a pool of endodermal cells from the duodenal region of the foregut into pancreas is 

synchronized by a combination of inductive events and activation of transcription factors. 

Some of the sequences of events are recapitulated in Table I. It should be noted that this list 

is still under completion as new factors are continuously identified and added to the list. 

(Edlund, 2001; Edlund, 2002; Habener et al., 2005; Jensen, 2004; St-Onge et al., 1999). 
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Table I 

Parallele between morphogenesis and trancription factors appearance: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

time point
morphogenesis

endocrine compartment
transcription factor

pancreatic expression
time point

E8
budding of pancreatic anlage

Pdx1/Ipf1
beta-cell

E8-E10
first dorsal part then ventral 

Hlxb9
dorsal pancreas and beta cells

E8-E10
E9,5

first endocrine cells (glucagon)
Nkx2.2

alpha beta and PP cells
E8-E9

single cells in ductal epithelium
HNF6

all pancreatic cells
E9

islet1
alpha beta delta PP cells and surrounding dorsal mesenchyme

E9
ngn3

alpha beta delta PP cells
E9 

NeuroD/Beta2
alpha beta delta PP cells

E9,5 
p48

progenitors of exocrine cells
E9,5 

E10,5
insulin positive cells

pax4
beta-delta and PP cells

E9,5 
pax6

alpha beta delta PP cells
E9-E9,5

E10,5
branching morphogenesis

Nkx6.1
beta-cells

E9-E9,5
Hnf1alpha

pancreas development
E13,5

E13-E14
fusion of dorsal and ventral pancreata

mist-1
acinar cells

E13-E14
after rotation around the gut

MafA
beta-cells

E14
E14

extensive endocrine cell proliferation

E14
somatostatin cells (delta cells)

E14,5-E15,5
exocrine pancreas differentiation

MafB
alpha cells

E15
acini can be separate from duct

Hnf3alpha/Foxa1
endoderm+endocrine cells

E8,5-neo
Hnf3beta/Foxa2

endoderm+endocrine cells
E8,5-neo

E16-P1
beginning of islet-like organisation

Tmem27
glucagon positive cells

E10,5-E18,5
Insulin positive cells

E18,5-adult
E18-P21

remodelling endocrine compartment
Arx

anlage epithelium and adult alpha cells
E8-adult

to form islets of Langerhans
Sox9

uncommited pluripotent pancreatic progenitor cells+duct adult
E9-adult
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The lateral plate mesoderm is believed to send instructive signals that trigger endodermal 

tissue to adopt a pancreatic fate (Kumar et al., 2003). Around the 10 somites stage of 

development (embryonic day 8,5) the Notochord produces soluble molecules that have been 

suggested to block Hedgehog expression. The exclusion of Sonic Hedgehog (SHH) and 

Indian Hedgehog (IHH) expression in the gut region, allows the evagination of the pancreatic 

buds from the foregut (Kawahira et al., 2003). Additional supportive cues implicate the aorta, 

blood vessels and portal vein in the further development of the embryonic pancreas 

(Lammert et al., 2001). Furthermore, the surrounding mesenchyme secretes molecules like 

FGF2, and TGF-β members (for example Activin βB, and follistatin) that have been shown to 

control pancreas development (Miralles et al., 1998a; Miralles et al., 1998b; St-Onge et al., 

1999).  

Since both endocrine cells and exocrine cells derive from a common progenitor pool of duct-

cells (Fishman and Melton, 2002), the understanding of the signaling molecules and events 

that influence the development of exocrine versus endocrine ratio is of great importance. 

Cells that express the homeodomain protein IPF1/PDX1 (an early marker of pancreatic 

progenitor cells that gets restricted in β-cells at adult stages) arise from the pancreatic foregut 

(Ahlgren et al., 1996). Within the pool of IPF1/PDX1 expressing cells, a subpopulation of 

Ngn3 positive cells that represents the progenitors of all endocrine cells, appears (Jensen et 

al., 2000). Notch signaling regulates the expression of Ngn3; in cells where Notch is 

activated ngn3 expression is repressed and these cells remain as undifferentiated progenitor 

cells. In cells in which Notch is not activated ngn3 expression is allowed and these cells 

differentiate into endocrine cells. FGF signaling ensures growth and morphogenesis of the 

foregut  (Hart et al., 2003). TGF-β signaling appears to regulate the balance between acinar 

structures and the endocrine portion of the gland (Bottinger et al., 1997; Sanvito et al., 1994). 

Recently, canonical Wnt signaling has been described to stimulated pancreatic growth and to 

be essential for pancreatic acinar differentiation, maturation and maintenance (Murtaugh et 

al., 2005; Papadopoulou and Edlund, 2005; Wells and Melton, 2000). In summary, external 

factors and different signaling pathways are believed to interact during development, the 

compilation of these leading to the formation of a fully developed pancreas with the right 

proportion of different hormonal cell type.  
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III Postnatal expansion  
A long list of intercellular signaling factors are thought to regulate and modulate postnatal β-

cell mass. These include glucose, amino acids, prolactin (PRL), placenta lactogen (PL), 

glucagon like peptide-1 (GLP1), growth hormone (GH), platelet-derived growth hormone 

(PDGF), epidermal growth factor (EGF) and many more. For example, growth factors like 

Insulin or the Insulin like growth factors (IGF-I, IGF-II), which play important roles in the 

regulation of metabolism and growth of all tissues in mammals, are involved in the 

development and maintenance of β-cell mass (Kulkarni, 2005; van Haeften and Twickler, 

2004). 

IV Pancreatic plasticity  
Once the adult pancreas is formed, its shape, size and cell type ratio can differ 

depending on physiological or pathological conditions resulting from environmental or 

genetic factors. Several adaptations of the pancreas can be observed; hyperplasia, 

hypertrophy, increased insulin synthesis and secretion. These variations generally result in 

abnormal homeostasis with potentially severe consequences for the organism (for review: 

(Heit et al., 2006). 

During pregnancy, the increase of maternal body size can lead to insulin resistance and a 

raise in metabolic demand. Therefore, an increment of β-cell mass associated with increased 

insulin synthesis and secretion is frequently observed. This increase in β-cell mass is 

triggered by hormones like Prolactine (PL), estrogen and progesterone (Sorenson et al., 

1993). 

β-cell mass is maintained as a result of replication of existing mature β-cell, differentiation of 

intra-islet pancreatic precursors cells and apoptosis of existing β-cells (Banerjee et al., 2005). 

Mimics of β-cell damage by streptozotocin injection, or by surgical removal of 60 to 90% of 

the pancreas, results in islet regeneration. Proteins like β-cellulin, GLP-1 or Nicotinamide 

have been suggested to stimulate islets precursor cells to undergoes neogenesis and/or induce 

replication of existing β-cells. 
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Insulin itself, can also regulate β-cell mass. Injection of insulin in rats stimulates β-cell 

proliferation and increases β-cell mass (Donahoe et al., 2003). In summary, pancreatic β-

cells, the sole source of insulin in vertebrate animals can balance between growth 

(replication) and death (apoptosis) in a dynamic manner. When β-cells are not present in 

sufficient number and/or cannot assure the adequate secretion of insulin, the body is unable 

to ensure glucose homeostasis and diabetes mellitus develops.  

V A central role for the β-cell  
The islet β-cell is the principal cell in the adult mammal able that robustly expresses 

the insulin gene. The insulin receptor in comparison is widely distributed.  The specialized 

function of the β-cell, however, extends far beyond the production of insulin as this cell has 

developed elaborate mechanisms whereby it controls not only insulin production, but also 

insulin storage and release. The β-cells integrate and regulate the total energy homeostasis of 

the organism through direct or indirect control of fat storage, protein synthesis and 

carbohydrate anabolism versus catabolism. Pancreatic β-cells synthesize insulin and secrete it 

in an appropriate manner to maintain blood glucose levels within a relatively narrow range. 

Any alteration in β-cell function has a profound impact on glucose homeostasis: excessive 

secretion of insulin cause hypoglycaemia and insufficient secretion leads to hyperglycaemia 

and diabetes.  

VI The β-cell´s glucose sensor components  
The plasma membrane of mammalian cell is impermeable to polar molecules such as 

glucose. Therefore two types of glucose carriers have been described; the Na(+)-glucose co-

transporter and the facilitative glucose carriers. The Na(+)-glucose co-transporter carry its 

function against the glucose gradient in exchange of Na+, it is expressed in absorptive 

epithelial cells of the small intestine and kidney. The facilitate glucose carrier isoforms are 

expressed in all mammalian cells but have distinct tissue distribution and biochemical 

properties; Glucose transporter (GLUT) 1 (erythrocytes), GLUT3 (brain), GLUT4 

(muscle/fat), GLUT5 (small intestine) and GLUT2 (β-cells and liver) (Bell et al., 1990; 

Thorens et al., 2000). 

The glucose sensing machinery of β-cells is composed of a combination of two main 

components, which have a restricted tissue distribution, namely GLUT2 and Glucokinase 

(GCK)- (Ishihara et al., 1993; Liang et al., 1997). Glucose enters the β-cell via GLUT2 
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(km~16mM) and is quickly phosphorylated by GCK to glucose-6 phosphate (G6P). G6P 

cannot escape the cell membrane through diffusion or retro-transport through glucose 

transporters and represents the first metabolic step in the ATP-generating process of 

glycolysis. Together these “sensors” ensure that glucose phosphorylation increases 

sigmoidally as blood glucose concentrations rise over the physiological range (3.5-8 mmol/l) 

(Burcelin and Thorens, 2001; Guillam et al., 2000; MacDonald et al., 2005a; MacDonald et 

al., 2005b; Nilsson et al., 1996).  

VII Glycolysis  
Aerobic glycolysis of glucose to pyruvate requires two equivalents of ATP to activate 

the process, with the subsequent production of four equivalents of ATP and two equivalents 

of NADH. Thus, conversion of one mole of glucose to two moles of pyruvate is accompanied 

by the net production of two moles each of ATP and NADH (Henquin, 2000; MacDonald et 

al., 2005a; Robertson et al., 2003; Tirone and Brunicardi, 2001).  

Glucose + 2 ADP + 2 NAD+ + 2 Pi -----> 2 Pyruvate + 2 ATP + 2 NADH + 2 H+ 

Wikipedia 

The NADH generated during glycolysis is used to fuel mitochondrial ATP synthesis via 

oxidative phosphorylation, producing either two or three equivalents of ATP depending upon 

whether the glycerol phosphate shuttle or the malate-aspartate shuttle is used to transport the 

electrons from cytoplasmic NADH into the mitochondria. The β-cells express low levels of 

Lactate dehydrogenase (LDH) and the plasma membrane monocarboxylate (lactate) 

transporter-1 (MCT-1). These characteristics ensure that nearly 100% of the glucose-derived 

pyruvate enters the tricarboxylic acid (TCA) cycle and is either degraded into H2O and CO2 

to combined with synthesis of ATP (source of 75% of the total ATP produced) or assimilated 

into newly synthesized proteins (Schuit et al., 1997).  

VIII Production of Insulin  
The β-cell expresses the insulin gene at a very high levels, 10 to 20% of the mRNA 

produced in a β-cell is insulin mRNA. The level of insulin transcription is controlled by key 

transcription factors such as NeuroD, E2A, IPF1/PDX1, and Pax6 that can bind the insulin 

promoter. Insulin mRNA is translated to a pre-pro-insulin peptide, which is rapidly processed 

in the rough endoplasmic reticulum (RER) to pro-insulin by removal of the N-terminus. Pro-
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insulin contains the A and B chains of insulin linked by the C-peptide. Pro-insulin is 

transported through the Golgi apparatus and thereafter further processed in the maturing 

granules to insulin by excision of the C-peptide by the endopeptidase Prohormone 

Convertases (PC1 and PC2) and carboxypeptidase H (Smeekens et al., 1992; Vincent et al., 

2003). The bioactive insulin molecule consists of one A and one B chain linked 

intramolecularly by disulfide bridges. In the mature secretory granule, the C-peptide exists in 

equimolar amounts with the insulin. Transcription of the insulin gene is also influence by 

nutrients such as glucose, fructose and a variety of cytokines like IL-1 or TNF-α, and by 

insulin itself (Poitout et al., 2006; Webb et al., 2000).  

IX Glucose stimulated insulin release  
Glucose stimulated insulin secretion (GSIS) is a biphasic event with a first phase of 

fast (within minutes) release of already mature, docked granules followed by a second phase 

of exocytosis of newly mature granules during a longer period of time (hours). Glucose entry 

and the following glycolysis trigger the production of ATP and supply the energy necessary 

for insulin exocytosis, insulin synthesis, replenishing of insulin granules, and establishment 

of a new basal cytosolic ion state. The triggering sequence of events that will lead to insulin 

release is well established: 

1 Entry of glucose through GLUT2 

2 Glucose oxidation through glycolysis 

3 ATP production in the mitochondria 

4 Increase in cytoplasmic ATP/ADP ratio 

5 Closure of K+ ATP-dependant channels triggering membrane depolarization 

6 Opening of the L-type voltage-operated gate Ca2+ channels and therefore Ca2+ influx 

7 Rise in free cytosolic Ca2+ concentration 

8 Activation of the exocytosis machinery (priming, docking, membrane fusion) 

9 As soon as the cytosolic Ca2+ concentration reaches a certain threshold, the less 

characterized amplifying pathway step of glucose-induced insulin secretion initiates 
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Glut2 is not the only glucose carrier present at the membrane but its biochemical properties 

such as its low affinity for glucose (low Km) make it appropriate for the detection of high 

glucose concentration variation. It is believed that both glucose (Gembal et al., 1993) and 

ATP control the amplification of GSIS. Glucose, via anaplerosis, induces an increase in 

production of mitochondrial citrate, which is exported to the cytosol and leads to an increase 

in malonylCoA concentration. MalonylCoA inhibits canitine palmitoyl transferase-1 (CPT1), 

which in turn changes the fate of fatty acids to an oxidation in the mitochondrial 

compartment, hence creating the accumulation of cytosolic long chain AcylCoA forms. Long 

chain AcylCoA is part of the process responsible for the second phase of insulin release 

(Prentki et al., 2002).  

Alternatively, ATP through its function during the movement of insulin-containing granules 

towards the exocytosis sites (Detimary et al., 1998; Varadi et al., 2005) is believed to be part 

of the amplifying pathway of Glucose-Induced Insulin Secretion (GSIS). In addition, several 

other messengers have been proposed, like the NO-cGMP pathway, phosphatidylinositol 3 

kinase, α-ketoglutarate, long chain AcylCoAs, PKC, PKA, DAG (Henquin, 2000; 

MacDonald et al., 2005a; Straub and Sharp, 2002).  

X The mitochondrial compartment  
  The 2 pyruvates produced during glycolysis in β-cells (described previously) are 

channeled into the mitochondria where 90% of the glucose derived carbons are converted to 

CO2. This conversion occurs in the mitochondrial matrix where the pyruvate dehydrogenase 

transforms pyruvate into AcetylCoenzyme A. AcetylCoenzyme A will then enter the TCA 

cycle to undergo additional oxidation, generating CO2 and the reducing equivalents, flavin 

adenine dinucleotide (FAD(H2)) and reduced nicotinamide adenine dinucleotide (NADH). 

Pyruvate can also be carboxylated by pyruvate carboxylase to form oxaloacetate. 

NADH and FAD(H2) will enter the respiratory chain to form an electrochemical gradient 

across the inner mitochondrial membrane. The final electron acceptor of these reactions is 

molecular oxygen. The proton motive force then drives ATP synthesis at complex V (ATP 

synthase), thereby linking respiration to the synthesis of ATP from ADP and inorganic 

phosphate (MacDonald et al., 2005a; Rocheleau et al., 2002). ATP is a key factor coupling 

mitochondrial metabolism to insulin secretion. After synthesis in the mitochondrial matrix, 

ATP is transported to the cytosol in exchange for cytosolic ADP via adenine nucleotide 
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translocators. As a result, the cytosolic ATP/ADP ratio increases and leading to closure of the 

ATP dependent K+ channels (Wiederkehr and Wollheim, 2006).  

XI The ATP-sensitive K+ channel complex  
  K+ ATP channels are expressed in different tissues including islets, heart, 

ventromedial hypothalamus, muscles and serve to couple metabolism to membrane 

excitability. They are composed of a pore-forming complex consisting of 8 subunits: a 

specific K+ channel (Kir6.2) surrounded by a regulatory sulphonylurea (SUR) binding 

subunit. Four subunits of Kir6.2 and SUR1 each constitute the functional channel complex in 

islets. K+ ATP channel activity is modulated by a range of intracellular metabolites and 

compounds and. Channel activity is reduced by Mg-ATP and intracellular pH as well as 

sulphonylureas, a class of drugs commonly used in the treatment of Type II diabetes. 

The ATP/ADP ratio is an important physiological regulator of channel activity with increases 

in glucose concentration in the blood leading to an enhanced ATP/ADP ratio and consequent 

closure of the channel (Ashcroft, 2005; Henquin, 2000; Huopio et al., 2002; Nichols, 2006).  

XII The β-cell calcium channels  
  The closure of the K+ ATP channels triggers a depolarization of the β-cell membrane 

that is sufficient to open the voltage gate Ca2+ channels. The β cells express Ca2+ channels of 

N-, P/Q- and L-type. The L-type (large and long-lasting) Ca2+ channel contributes to most of 

the Ca2+ entry. Following the cytosolic calcium influx, several mechanisms and signaling 

pathways will generate exocytosis of insulin granules, coupling of ATP and insulin 

production, maturation of secretory granules and other cascades of events. The L-type 

channel possesses a negative feedback mechanism at the inner side of the membrane that 

limits the Ca2+ entry (For review see (Yang and Berggren, 2006).  

XIII Molecular motors, snares, fusion of granules  
A mouse β-cell contains around 13000 secretory granules but only 50 to 60 are 

available for immediate release (first phase insulin release). The majority of these secretory 

granules accumulate in the cytosol, creating a large undocked vesicle pool known as a 

reserve pool. The reserve pool needs to be mobilized into the Ready Releasable Pool (RRP) 

before undergoing exocytosis. Insulin granules are transported from the reserve pool to the 

plasma membrane, initially along microtubules and then along the microfilament network of 
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the cytoskeleton associated with the plasma membrane. The transport of vesicles between the 

different pools is assured by an ATP dependent machinery based on interaction between 

MyosinVa (an actine-based processing motor) and SNARE (soluble N-ethylomaleimide-

sensitive factor attachment protein receptors) proteins like syntaxin (Varadi et al., 2005) and 

under certain condition GTP. In this state, the vesicle moves along F-actin using 

predominantly ATP as a motive force to reach the proximity of the plasma membrane. As a 

next step, Rab27a interacts with granuphilin to facilitate exocytosis (Izumi et al., 2003). The 

activation of protein kinase A and C (PKA-PKC) associated to the inhibition of protein 

phosphatases allows intensification of the signal by triggering a variation in intracellular 

calcium, which integrates and interacts with several components and signaling of the cell, 

and thereby result in a perfectly adapted response (Marshall et al., 2005; Shimono et al., 

2005; Straub and Sharp, 2002; Watanabe et al., 2005).  

XIV Mechanisms of docking  
  Two steps characterize the docking of vesicles. The first step, called priming, requires 

the presence of Mg-ATP and a modest increase in cytoplasmic Ca2+ concentration. The 

actual fusion or partial fusion (“kiss and run“) of the organelle to the plasma membrane 

requires an elevation of cytosolic Ca2+ levels to occur. Calpain 10, a calcium dependant non-

lysosomal cystein protease, and Synaptotagmin (for review see (Sollner, 2003)), a Ca2+ 

binding protein anchored to the membrane of secretory vesicles, have the ability to sense 

elevations of cytosolic calcium and can bind to elements of the exocytose machinery (Gomi 

et al., 2005; Marshall et al., 2005). The actual mechanism of exocytosis includes the SNARE 

proteins Syntaxin, SNAP25 (synaptosome-associated protein of 25kD), and synaptobrevin a 

member of the vesicle associated membrane protein’s family (VAMP). This family of 

proteins can be divided in vSNARE (vesicle) and tSNARE (target; plasma membrane 

proteins). When cytoplasmic Ca2+ levels rise, activated Synaptogmin (calcium bound) 

complex with VAMP and then with vSNARE, which is anchored in the membrane of the 

secretory vesicles. This complex then connects with the plasma membrane acceptor complex 

composed by SNAP25 and Syntaxin (both tSNAREs) to initiate membrane fusion 

(Stojilkovic, 2005).  
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XV β-cell sensitivity to exogenous signals  
  In a normal islet, insulin secretion occurs in a pulsatile manner with a period of 5 to 

10 minutes. This property is lost in T2DM.  The oscillation of insulin secretion is the result 

of a positive feedback mediated by the allosteric enzyme phospho-fructokinase (PFK). As a 

consequence, oscillations in ATP production are detected within the β-cell, a rythmic activity 

of K+ ATP-dependant channels occur and insulin is released in pulses. The feedback between 

the islets and the liver (which releases glucose) is believed to create fluctuation of glucose in 

the plasma on a timescale commanded by the pulsatile insulin release (Pedersen et al., 2005).  

Inter-islets synchronisation is possible through the glucose/insulin feedback mechanism. 

In addition to the cells autonomous glucose sensing mechanism, β-cells also respond to 

endocrine signaling primarily from the gut. Upon food consumption, metabolic substrates 

become present in the intestine due to proteolysis, lipolysis and carbohydrate hydrolysis. 

Specialized endocrine cells reside in the gut wall, capable of sensing energy supply from 

recent food intake. Two such cells are the K-cells and L-cells producing Gastric Inhibitory 

Polypeptide (GIP) and Glucose like Protein (GLP-1) hormones respectively. The β-cells 

express both GLP-1 and GIP receptors, which signal through G protein adaptors (GTP 

binding proteins), which in turn promote cAMP generation by regulating adenylate cyclase. 

By themselves, these hormones, called incretin hormones, cannot trigger insulin release, but 

in presence of glucose, they potentiate the insulin release (Arulmozhi and Portha, 2006; 

Drucker, 2006a; Drucker, 2006b; Hansotia and Drucker, 2005; Hirasawa et al., 2005).  

XVI Diabetes mellitus type I and II  
 Since it was first described by Egyptian physicians, Type I diabetes mellitus (T1DM) 

has been an incurable disease. At that time, death occured shortly after diagnosis (usually at 

childhood) marked by the presence of sugar in the urine. The discovery of insulin in 1921 by 

F. Banting and J MacLeod allowed the lifetime of patients to expand even if the 

complications inherent to the treatment of the disease were stringent. Type I diabetes is 

caused by the autoimmune destruction of the pancreatic β-cells. The destruction of the β-cells 

is gradual until eventually insulin deficiency is complete. So far, there is no cure available 

and the diabetic patients need to closely monitor their glucose levels and adjust insulin 

injection correspondently to prevent a shortened lifespan. 
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T2DM develop as a consequence of both genetic and environmental factors.  The 

characteristic features of T2DM are insulin resistance in the target tissues: fat, muscle and 

liver; an initial normal or excessive level of insulin (to compensate for the insulin resistance) 

followed by a drop in β-cell function and mass that results in insufficient insulin production. 

The chronic complications of diabetes include low inflammatory response, accelerated 

development of cardiovascular diseases, end stage renal disease, blindness and often in 

amputation.  

 A number of genetic factors have been linked to various forms of T2DM. The first 

evidence of a genetic link was described in a study using identical twins where a 100% 

concordance rate for the disease was found. If one twin developed T2DM then the other 

invariably developed it (Barnett et al., 1981). Monogenic forms of diabetes and neonatal 

diabetes are easier to understand since they result from single gene mutation (Gloyn, 2003). 

Maturity-Onset Diabetes of the Youth (MODY) comprise mono-genetic forms of T2DM 

characterized by an early onset disease and autosomal-dominant inheritance. Up to date, 6 

genes have been implicated in MODY and these genes are involved in β-cell metabolism and 

pancreas development (see table 2). Transient Neonatal Diabetes (TND) is a rare subtype of 

diabetes that occurs due to higher imprinting of a paternally inherited gene ZAC/HYMAI 

compared to healthy patient. The Wolcott-Rallison Syndrome is another example of a rare 

autosomal recessive disorder and is caused by a mutation of the EIFAK3 gene which leads to 

hyperglycaemia and diabetes. All the monogenic forms of diabetes affect directly β-cell 

function while polygenetic forms can be the consequences of the failure of other organs or 

production of proteins that will affect β-cell integrity of function and consequently are more 

difficult to apprehend.  

Table 2  

Maturity-Onset Diabetes of the Youth genes list: 

MODY MODY 1 MODY 2 MODY 3 MODY 4 MODY 5 MODY 6 

Gene HNF4α Glucokinase HNF1α/TCF1 Ipf1/Pdx1 HNF1β Β2/NeuroD1

 

Legend: monogenic forms of Diabetes and neonatal diabetes occurs when these genes are mutated. 
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Another form of genetic-induced diabetes is caused by mutation in the mitochondrial genes. 

Mutations of the mitochondrial genome are inherited exclusively through the maternal line, 

are rare, and share additional traits such as deafness (Lowell 2005).  

 In the most frequent form of diabetes, the polygenic T2DM, the individual genes linked to 

the development of the disease (susceptibility genes) exert only a partial effect. It is the 

additive effect of a combination of these candidate genes that confers genetic susceptibility. 

The disease develops in response to certain environmental cues like obesity, sedentary 

lifestyle, or stress (for review see (de Assis et al., 2005). For several decades attempts have 

been made to identify T2DM associated genes using Single nucleotide polymorphism (SNP) 

analysis and genome wide screens. Candidate genes include insulin polymorphisms, 

Sulfonylurea Receptor Type1 gene (SUR-1), insulin-Receptor substrate-1 gene (IRS-1), 

glycoprotein PC-1 gene, Calpain 10 and some member of the cystein family (TCF7). Many 

chromosomal regions have been described and identified to be susceptibility loci to T2DM 

(Hanis et al., 1996; Horikawa, 2006). Recently other genes such as SLC30A8 or LMNA have 

been describe using genome wide screens while other known targets like TCL7I2 have been 

confirmed (Sladek et al., 2007).  

XVII Environmental induced diabetes  
  Correlation has been found between ethnical origin, diet, exercise habits and the 

genetic predisposition to T2DM genomic component. Nurses Health Survey showed positive 

association between obesity and lack of physical activity in the development of T2DM, but 

also that non-smoking and a moderate alcohol intake (Hu et al., 2000) have a protective 

effect. The sudden increase of diabetes and obesity in the American Pima Indian population 

and in the Australian aborigine population correlate with the transition from nomadic to 

urban lifestyle. Moreover, the rise in direct incidence could be reverse when the population 

returned to their prior way of life (O'Dea, 1984). All these environmental factors share the 

ability to negatively impact glucose homeostasis by aggravating insulin resistance and/or 

impairing β-cell function.  

XVIII Glucose toxicity  
  In a normal situation, β-cells possess the ability to secrete insulin in response to 

elevated glucose in order to keep glucose levels within limits and prevent hyper/hypo-

glycaemia. When glucose homeostasis is impaired (due to e.g. insulin resistance, fat diet, or 
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obesity), the β-cell is exposed to sustained elevated levels of glucose. A prolonged state of 

hyperglycemia is thought to lead to β-cell dysfunction and, with time, β-cell death in a 

process commonly referred to as glucose toxicity. Hyperglycemia leads to the increase of 

cytosolic glycolysis which combined with the oxidative metabolism occurring in the 

mitochondria triggers an imbalance between excessive production of antioxidant enzymes 

and production of highly reactive oxygen species (ROS). Both are ordinary byproducts of 

cellular oxidative metabolism (Yu, 1994) but increased ROS levels have been demonstrated 

to alter function and survival of β-cells through oxidization of lipids and DNA, and  

activation of cellular stress-sensitive signaling pathways such as NFkB and ERK (Evans et 

al., 2003; Wu et al., 2004). Elevated ROS levels are associated with a reduction in the 

generation of mitochondrial ATP and NADPH that are necessary for GSIS. 

Consequently, oxidative stress and oxidative damage due to high glucose levels can be 

counterbalanced by the administration of antioxidants or by chemical enhancement of the 

ROS scavenger enzyme glutathione peroxidase (Harmon et al., 2005; Jonas et al., 2001; 

Laybutt et al., 2002; Robertson et al., 2003; Sakuraba et al., 2002)  

XIX β-cell exhaustion  
  When hyperglycaemia persists for a long period of time, some key substances 

required to assure insulin secretion are depleted (e.g. Ca2+, ATP and Pi). In this situation, β-

cells can no longer adapt to or sustain new glucose arrival because it is not able to re-

establish its energy levels, engage its secretory granule machinery or its protein production to 

face the constant demand. However, if a period of β-cell rest appears (natural or drug induced 

through diazoxide), an improvement in β-cell function can be observed (Song et al., 2003). 

Another theory links ROS activation to increased stress response in the β-cell. In a normal 

situation, when glucose is added to the medium, a decrease in concentration of free ADP is 

observed in β-cells. This decrease in cytosolic ADP concentration is a specific property of β-

cell stimulus-secretion coupling.  If the decreased ADP concentration is maintained, it 

generates a large increase in ROS production (Meyer et al., 2006). Ultimately, oxidative 

stress will decrease the rate of ATP production and therefore the ratio between ATP and 

ADP will be unbalanced. A perturbed ATP/ADP ratio impairs the β-cells sensitivity to 

glucose, resulting in decreased insulin secretion and consequently the development of T2DM 

(Fridlyand and Philipson, 2004).  
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XX lipotoxicity  
Excessive production of fatty acid metabolites like complex ceramides and complex 

lipids are detrimental to β-cell function and viability, a situation designated as lipotoxicity. A 

long term increase in the concentration of Non-esterified fatty acids (NEFA) have been 

demonstrated to affect pancreatic β-cell function (Dubois et al., 2004) leading to loss of GSIS 

and a decrease in insulin content ((Winzell et al., 2003), (Poitout et al., 2006).  

XXI Glucolipotoxicity  
  An emerging hypothesis is that the combination of high glucose levels and excess 

fatty acids lead to impaired β-cell function. In a healthy condition, an excess of fatty acids in 

β-cell is oxidized. However upon sustained hyperglycemia, the functions normaly assured by 

the mitochondrial compartment cannot reduce the excess glucose and mitochondria start to 

produce Malonyl-CoA. If Malonyl-CoA is present in sufficient large amount it inhibits fatty 

acid oxidation and consequently impairs β-cell function (El-Assaad et al., 2003; Poitout et 

al., 2006; Wang et al., 2005). 

Figure 1: A model for glucolipotoxicity through ROS activation in β-cells. 

Freely adapted from L E Fridlyand 
and L H Philipson Diabetes 2004 

Legend: Proposed causative links between elevated mitochondrial ROS generation, increased cytoplasmic Ca2+, 
oxidative stress, β-cell dysfunction, and apoptosis in β-cells.  
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XXIII Overweight and Obesity  
  The hallmarks of overweight and obesity are Type 2 diabetes, hypertension, coronary 

heart diseases, and cancer. Therefore obesity and related condition constitute a serious 

epidemic threat worldwide and place a considerable economic burden on health systems, 

reduces quality of life and leads to premature mortality. A number of factors such as 

demographic factors (life span, marriage like relationship), socioeconomic status (education, 

areas of social disadvantages) or behavior (physical activity, smoking) have been correlated 

and are currently analyzed in large scale epidemiological studies.  

These studies highlight the complexity of the problem and the necessity of having in addition 

to classical obesity indicators such as the Body Mass Index (BMI) other parameters that take 

into account muscle fat and the place of fat deposit.  

XXIII Relations between diabetes and environmental contaminants  
  The increase in diabetes incidence in a relatively short period of time and the 

geographic disparity of the occurence of the disease tell us that genetic factors are 

insufficient to explain this phenomena. Therefore, environmental factors have to be taken 

into account when studying T2DM. Several studies have shown that occupational exposure 

to environmental contaminants can trigger diabetes (for review see (Longnecker and Daniels, 

2001). Carbon disulfide exposure is associated with T2DM (Franco et al., 1978), nitrate and 

nitrite derivatives are believed to trigger T1DM (Kostraba et al., 1992; Moltchanova et al., 

2004), and an increasing number of epidemiological studies attempt to link arsenic exposure 

to diabetes (Navas-Acien et al., 2006; Tseng et al., 2002; Wang et al., 2003). 

Arsenic is a ubiquitous element in the environment. In many parts of the world, arsenic is 

present in drinking water and groundwater supply. Epidemiological studies have shown a 

dose-response relationship between arsenic in drinking water via inhalation and ground 

contamination and prevalence and mortality of diabetes mellitus in southern Taiwan, in 

Bangladesh (Rahman et al., 1998) (Lai et al, 1994; Tsai et al 1999), and glass workers from 

Sweden (rahman and axelson 1995) and the United States (Lewis 1999). The arsenic mode of 

action on mammalian cells is believed to trigger apoptosis and in other cases to have a 

proliferative effect (M Kessel et al., 2002; J. Liu et al., 2006). The molecular mechanisms are 

not well understood but a relatively new theory proposes that arsenic compounds have 

different mode of action depending of the dose (low dose versus high dose - Zigang Dong, 
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2002; A T. Y. Lau et al., 2004). Attempts have been made to mimic arsenic absorption using 

rats, where the low versus high doses effects of arsenic could be studied in further detail (M 

P. Waalkes et al., 2004; J A. Izquierdo-Vega et al., 2006).. These studies showed the 

development of cellular stress and ROS activation combined with perturbed insulin synthesis 

and secretion in response to arsenic exposure.  
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AIMS OF THIS STUDY 

 

The aim of this thesis was to assess the roles of BMP signaling and Arsenite ATP dependent 

transporter-1, Asna-1, in pancreatic development and β-cell function.    

Question 1: 

Is BMP4-BMPR1A signaling important for pancreas development and/or mature β cell 

function? (paper I) 

Question 2: 

What is the role of Asna-1in β-cell maturation and function? (manuscript)  
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Question 1 (paper I) 

I Background on TGF-β / Activin / BMP superfamily  
  The Transforming Growth Factor-β superfamily is present in all mammalian cells and 

is conserved during evolution (from C. elegans to Homo sapiens). It can be divided in three 

families of signaling molecules named TGF-β family, activin and Bone Morphogenetic 

Proteins (BMPs). TGF-β/Activin signaling has been implicated in pancreatic development 

and disease (Rane et al., 2006). Pancreatic cancer in particular, but also pancreatitis and 

diabetes, has been linked to dysregulated TGF-β signaling (Yamaoka et al., 1998; Kim et al., 

2000; Smart et al., 2006; Kuang et al., 2006; Rane et al., 2006). Alike TGF-β/Activin, BMP 

signaling control several developmental processes and have been implicated in pancreatic 

cell proliferation and differentiation (Jiang et al., 2002; Yew et al., 2005; Hua et al., 2006). 

II BMP´s  
The first Bone Morphogenetic Proteins were described in 1955 by M R Urist, and 

were named based on their capacity to induce ectopic bone formation activity when injected 

subcutaneously. More than 30 BMP/TGF-β/activin molecules have been described in human, 

7 type I receptors and 5 type 2 receptors (cunningan herpin 2007). In this study we 

characterize interactions between BMP signaling molecules and their role for pancreatic 

development and β-cell function. 

Three BMP ligands, BMP2, BMP4 and BMP7 have been identified in mammals. 

When BMP ligands form dimeric structure, they become stabilized through hydrophobic 

interactions and therefore permit the formation of a gradient of signal toward longer 

distances (Y shi et al., 2003). Both BMP2 and BMP4, exhibit high affinity for the 

extracellular ligand binding domain of the type I BMP receptors (also know as Activin like 

receptor 3 or ALK3), while they exhibit a low affinity for the type 2 receptors. In contrast to 

BMPs, TGF-β and activin display high affinity for the type 2 receptors and do not interact 

with the isolated type 1 receptors (massague 1998). BMP signal transduction depends on 

association of the two transmembrane receptor/serine threonine kinase types type 2 (BMPR2) 

and type 1. The type I receptors are divided into activin receptor 1 (Acvr1/actr1/ALK2), type 

1A (ALK3) and type 1B (ALK6). All these receptors are present at the surface of the cell in a 

complex state of oligoheteromeric (di- and/or tetramers) interactions (wrana et al 1992, 1994; 

yamashita et al 1994 ;anders et leof 1996; luo and lodish 1996; weiss garcia and massague 
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1996). From all the associations between ligands, type 1 and/or type 2 receptors; the 

preassembled type 1 receptor-ligand complex has a higher binding affinity for the type 2 

receptor (kirsch 2000). Upon binding to ligand, type 1 receptors form a heterocomplex with 

type 2 receptors and free the serine threonine kinase site for phosphorylation on the 

intracellular part of the type 2 receptor (Derynck r and feng x xh 1997 ,Massague J 1998). 

Downstream of the receptor complex, at least two distinct intracellular pathways have been 

suggested to mediate inductive BMP signals from the membrane to the nucleus. One pathway 

involves a family of transcription factors collectively known as SMADs. The receptor 

activated Smads (R-Smads) Smad1, Smad5, or Smad8, are phosphorylated by activated type 

1 BMP2/4 receptors and are then associated with the common signaling mediator, or Co-

Smad, Smad4. The resultant hetero-trimeric Smad complex is translocated into the nucleus 

where it regulates the transcription of target genes (Aristidis moustakas heldin 2001). A third 

class of Smad proteins, named I-Smads, defined by their inhibitory action on TGF-β and 

BMP signaling, Smad7 and Smad6 are present in the cytoplasm and competes with Smad4 

for binding to the receptor-activated Smads.  

The“non-canonical” pathway involves the Mitogen Activated Protein Kinase MAPK cascade 

initiated by TAK1 (TGF- β activated kinase 1). This pathway is downstream of BMP, TGF 

as well as interleukin (IL-1) signaling pathways. TAK1 expression has been described in the 

developing pancreas (Jadrich et al 2003) but so far no role has been characterized.  

In mammals, the best characterized BMP target genes are the members of the inhibitors of 

differentiation Id proteins. They bind to basic helix loop helix transcription factors and act as 

dominant negative inhibitors by mean of there DNA binding domain.  
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Figure 2: A model for BMP signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: Representation of the Canonical BMP signaling pathway occurring between two distant cells and its 

associated intracellular Smad signaling transduction pathway.  
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III Fine-tuning of BMP signaling  
  Since BMP signaling is present in most cells and regulates many functions, from cell 

specification, cell differentiation and apoptosis, nature has developed many ways to keep 

BMP signaling under tight control. 

At the extracellular level: 

The availability of biologically active BMPs is partly controlled via the pro-domain 

of the precursor BMP and the availability and efficiency of the proprotein convertases. The 

precursors of the BMP proteins are more stable than the active ones. Therefore they can 

diffuse through several cells thus creating a gradient of BMP action (D.B. Constam, 1999, 

Matsuda Y 1999). The processing of the precursor BMP to active BMP is consequently 

dependent on the availability of protein convertases (Protein Convertase subtilisin/kexin -

PC). PCs including furin and SPC4 (present in β-cells Kayo T 1996, Smeekens 1992) are 

believed to sequentially cleave BMP members like BMP4 and BMP2 (Constam and 

Robertson, 2000; Cui et al., 1998). 

 Gradients of BMP activity are also established through the activity of diffusible 

antagonists like Noggin, Chordin/SOG, Gremlin, DAN/Cerberus and in some cases 

Follistatin (Constam and Robertson, 1999; Hsu et al., 1998; Piccolo et al., 1996; Zimmerman 

et al., 1996). Noggin binds to BMP ligands and hides the recognition site for the receptors 

(Shi and Massague, 2003).  

At the membrane level: 

Multiple BMP receptor oligomers are present at the cell surface prior to ligand 

binding, with the majority consisting of hetero-complex BMPRII with BMPR1A or 

BMPR1B. In presence of ligands, two intracellular signaling pathways are initiated 

depending on the presence of preformed hetero-complex receptors or aligned receptors. 

Association of the ligand to a preformed hetero-complex receptor will trigger the Smad-

signaling pathway whereas Ligand-induced receptor complex formation initiates the TAK1 

signaling pathway (Nohe et al., 2002). 

Heteromeric and homomeric TGF- β receptors undergo distinct trafficking behavior after 

ligand-induced oligomerization. Three mechanisms of clathrin dependent receptor 

endocytosis occurs; a) when ligand is not present, homomeric type 1/type 1 or type 2/type 2 

receptors are internalized but are not downregulated. b) heteromeric type 1/type 2 TGF- β 

receptor complexes are internalized and their expression is downregulated. c) ligand-induced 
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complex formation triggers internalization of receptor complexes, and as a consequence, the 

number of receptors on the surface membrane decreases and a down-regulation of the signal 

occurs.  

To add more complexity, a decoy receptor named BAMBI (BMP activin bound 

inhibitor) (Onichtchouk et al., 1999) also modulates receptor complex formation. It lacks the 

intracellular kinase domain and acts therefore as a natural dominant negative receptor. Its 

expression is induced by BMP4 as part of a negative feedback loop (Shi and Massague, 

2003; von Bubnoff and Cho, 2001). 

Finally, receptor activation is also regulated by intracellular proteins like FKBP12 or 

FKBP12.6 (Massague and Gomis, 2006; Massague et al., 2005; Shi and Massague, 2003). In 

the absence of ligand, the small FKBP12 protein binds to the intracellular part of the Type I 

receptor (GS domain) and prevent receptor phosphorylation and activation (Chen et al., 1997; 

Datta et al., 1998; Huse et al., 1999) 

At the cytoplasmic level: 

BMP signaling is regulated in the cytoplasm through different mechanisms. One of 

the main component involves in this regulation is Smad6. Smad6 has two modes of action. It 

binds to the type 1 receptor and blocks R-Smad phosphorylation or competes with Smad4 to 

bind the receptor-activated Smad1/5/8 via sequestration of these receptors (BMPR1A and 

BMPR1A-BMPR2 complexes) in the cytoplasm (Hata et al., 1998; Kimura et al., 2000; von 

Bubnoff and Cho, 2001). Smad6 can also inhibit BMP signaling when associated to Tob 

proteins. Smad6-Tob1 complexes bind to specific DNA binding cofactors (SIP1,CBP/P300) 

creating a negative feedback loop to modulate BMP signaling (Massague and Chen, 2000; 

Moustakas et al., 2001). The poor specificity of the TGF- β inhibitor Smad7 implies that 

Smad7 can partially moderate BMP signaling. 

Smad1/5 are also targets of Smurfs, (Smad ubiquitination related factors) that bind to 

the linker part of the Smad protein and lead to proteasomal degradation (Massague et al., 

2005; von Bubnoff and Cho, 2001; Zhu et al., 1999) 

At the nuclear level: (for review see (Moustakas et al., 2001)) 

The MH2 domain of the receptor-activated Smad has a poor DNA binding property therefore 

it forms complexes with coactivators like CBP/P300 to recruit additional coactivators, such 

as SMIF and MSG1, to enhance the transcription response, or corepressors in order to 

decrease or inhibit ligand-induced transactivation (Moustakas et al., 2001). For example, Evi-
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1 binds to Smad4-Smad1-CBP/P300 complexes and DNA to repress both BMP- and activin-

signaling and modulates the expression of Smad7 (the I-Smad of TGF- β signaling) (Alliston 

et al., 2005). In a similar manner Tob1 and Tob2 cooperate with Smad6 to inhibit 

endogenous BMP signaling (Yoshida et al., 2003). 

IV Non canonical BMP signaling pathway  
  In 1995, Yamaguchi demonstrated that TGF- β and BMP (BMP4) activate the TGF- β 

activated kinase-1 (TAK1), a member of the P38-MAP kinase family. The link between Type 

I ligand-activated BMP receptor and TAK1 is assured by a cytoplasmic protein named 

Inhibitor of Apoptosis (IAP). When associated to the receptor, IAP has the ability to bind 

TGF- β activated binding protein-1 (TAB1). Activated TAB1 subsequently forms a complex 

with TAK1 and the complex formed by the association of TAK1 and TAB1 will trigger the 

P38 MAPKK pathway and its downstream targets Extracellular regulated kinase 1/2 (Erk1/2) 

or FBJ osteosarcoma oncogene (c-fos), Juns oncogene (JNK) (Moriguchi et al., 1996; 

Shibuya et al., 1998; Shirakabe et al., 1997; Takatsu et al., 2000; Wang et al., 1997). Smad6, 

the inhibitor of canonical BMP signaling, can also bind to the TAB1-TAK1 complex thereby 

inhibiting TAK1-P38 MAP kinase transduction of the signal and hence the non canonical 

BMP pathway. 
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Figure 3: Fine tuning of BMP signaling. 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: BMP signal is tightly regulated. The production of BMP components, extracellular inhibitors, presence 

of receptors at the membrane, membrane decoy and intracellulars inhibitors, exist in order to allow proper 

transduction of BMP signal.       
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V BMP signaling molecules in the pancreas  
  Several studies have demonstrated the presence and function of members of the TGF- 

β superfamily in the embryonic and adult pancreas. At a very early stage of pancreas 

development, activin is secreted by the notochord, and with FGF2 it has been suggested to 

repress Shh expression in the region of the foregut that will form the pancreatic anlagen 

(Hebrok et al., 1998; Hebrok et al., 2000; Kim et al., 2000; Kumar et al., 2003; Lammert et 

al., 2000; Lammert et al., 2001) TGF- β1,2,3 has been suggest to control survival and 

differentiation of exocrine lineage as well as the ratio between endocrine and exocrine tissues 

differentiation. TGF-β signaling has also been implicated in pancreatitis (Bottinger et al., 

1997; Miralles et al., 1998a; Miralles et al., 1998b; Sanvito et al., 1994; Sayo et al., 2000; 

Yamaoka et al., 1998).  

Smad1 and Smad4 have been shown to be expressed in α-cells and β-cells as well as 

exocrine cells in both embryonic stages and adult pancreas. By RT-PCR expression analysis, 

Bmpr2, Bmpr1A, and Bmp4 have been shown to be expressed in the developing pancreas 

(Dichmann et al., 2003). In addition BMP4 can stimulate the proliferation of a pancreatic 

exocrine cancer cell line, and injection of anti-BMP4 antibodies into a mouse model of 

pancreatic hyperplasia, appears to reduce the proliferation of pancreatic ductal cells (Hua et 

al., 2006). BMP2, which like BMP4 signals via BMPRIA, has also been shown to stimulate 

proliferation of pancreatic ductal cell lines that lack Smad4 activity and Smad4 is deleted in a 

vast majority of pancreatic cancer cell lines (Rane et al., 2006). Hence, the mitogenic effect 

of BMP2/4 on pancreatic ductal cells appears to be preferentially observed under 

pathological conditions where Smad4 is mutated or absent. 

Both Bmp6 and Bmp7 have been reported to be expressed in the developing pancreas 

(Dichmann et al., 2003) but unlike BMP4 these BMPs bind preferentially to ActRIA, also 

known as ALK2 (Aoki et al., 2001; Miyazono, 2000). Over-expression of Bmp6 under the 

control of the Ipf1/Pdx1 promoter results in pancreatic hypoplasia (Dichmann et al., 2003). In 

contrast, Bmp6 deficient mice are viable, fertile, and show no overt abnormalities (Solloway 

et al., 1998) arguing against a prominent role for Bmp6 in the pancreas. Bmp7 is expressed in 

the developing pancreatic epithelium between ~e9 and e15, but Bmp7 mutant mice, which 

die shortly after birth, show no signs of pancreatic defects (Edlund, 1999) arguing against a 

role for Bmp7 in pancreatic development or β-cell function. Thus, further studies are needed 

to elucidate any role of ALK2 signaling during pancreas development. With regard to the 
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non canonical BMP signaling, expression of TAK1 has been mapped using 

immunohistochemistry in the epithelium of the pancreas in development in mouse (Jadrich et 

al., 2003) but no role in the development of the pancreas has been described so far. In the 

claw frog Xenopus laevis a role for TAK1 in early dorso/ventral patterning has been described 

(Shibuya et al., 1998). 
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Primers alpha cell line Beta cell line e10,5 whole e15,5 pancreas e17 pancreas adult islet

BMP4 + + + + + +
BMPr1a + + + + + +
BMPr1b - + + + + -
BMPRII + + + + + +
BMP2 - - + + + +
BMP7 + - + + + -
Smad5 + + - + + +
Smad6 - - + + + +
Smad7 - - + + + +
Noggin + - + + + -
Chordin + - ND + + ND

RESULTS & DISCUSSION 

I BMP expression during pancreatic development (paper I) 
We first performed in situ hybridization of wild-type animals at different stages of 

embryonic development to assess if BMP signaling components were expressed in the 

developing and adult pancreas. 

Riboprobes corresponding to the ligands mBmp2, mBmp4, and mBmp7), the receptor 

mBmpR1A, and the inhibitors mNoggin and mSmad6 of the BMP signaling pathway were 

hybridized to histological section of embryonic days (E) 8, E10, E13, E15, E17, and 

neonates. IPF1/PDX1 antibodies were used to identify the pancreatic region in early embryos 

whereas glucagon antibodies, combined or not with insulin antibodies, were used for later 

embryos. The stomach region was used as a positive control tissue for the anti-sense mRNA 

probes for BMP signaling molecules. 

mBMP2, mNoggin and mSmad6 expression was not observed in the developing pancreas. 

mBmp7 expression was detected from ~E9 to ~E15 in the pancreatic epithelium, but not at 

later stages of development whereas mBmp4 and mBmpR1A expression was detected from 

~E13 in the pancreatic epithelium and restricted to the endocrine streak from E15 onward 

(figure 1A). Bmp4 and BmpR1A were expressed in an overlapping manner during 

embryogenesis raising the possibility of an autocrine BMP4-BMPR1A signaling in pancreas. 

Using RT-PCR, the expression of several BMP signaling component were observed in the 

pancreas during development and in cell lines: 

Table 3: 

 

 

 

 

 

 

 

 
Legend:  Not Documented  (ND) 
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To functionally evaluate a potential role for BMP signaling in the pancreas we next used 

mouse gain and loss of function genetic approaches. 

II Diabetes in mice with impaired BMP4-BMPR1A signaling in β-cells  
  To impair BMP4-BMPR1A signaling in the pancreas, we first developed and 

characterized a mutant strain containing a dominant negative form of the Bmpr1A receptor 

driven by the Ipf1/Pdx1 promoter (Ipf1-dnBmpr1a). The transgenic mice appeared healthy, 

fertile but became glucose intolerant around 2 to 3 months of age (figure 1B). Mutant mice 

had an impaired insulin secretion, Islets organization was perturbed (figure 1C). This 

phenotype suggests a role for BMP4-BMPR1A signaling in the regulation of β-cell function. 

BMPR2 is an obligatory co-receptor for the BMP4-BMPR1A signaling but also binds with 

the type 1B receptor and TGF-β/activin receptor-1. To furthermore characterize the 

importance of BMPR1A signaling we created transgenic mice that over-expressed an 

inhibitor extracellular (Noggin) and an intracellular inhibitor (Smad6) of BMP4-BMPR1A 

signaling, respectively, driven by the same Ipf1/Pdx1 promoter. Blocking the BMP signaling; 

at the extracellular level, at the membrane level or at the cytoplasmic level, resulted in a 

similar phenotype. The Ipf1-Noggin, Ipf1-dnBmpr1a and Ipf1-Smad6 all become diabetic 

around 2 months of age, impaired insulin secretion and disorganized islets of Langerhans are 

present (figure 1B, C, D, and data not shown) which provide evidence for an hitherto 

unknown role for BMP signaling in regulation of β-cell function and glucose homeostasis. 

Ipf1/Pdx1 promoter is highly express in the pancreatic anlagen from ~E8 at a time where 

Bmp4 and Bmpr1A are not present (figure 1a and data not shown). Ipf1/Pdx1 is expressed at 

lower levels from E11 but increases again in β-cells around E13 and stay active in adult β-

cells, making it a suitable promoter to drive the expression of a dominant-negative, kinase-

deficient form of Bmpr1a (dnBmpr1a) in transgenic mice. In a parallel approach, we 

obtained two mouse models; the Bmpr1A null allele heterozygous mice (Bmprs/+) and the 

Bmpr1A floxed allele homozygous mice (BMPRfx/fx). By breeding these transgenic mice with 

our Ipf1-Cre and Rat insulin promoter1 (Rip1)-Cre emice we were able to specifically 

inactivate BMPR1A signaling in β-cells, the Bmprs/fx;Ipf1-Cre mice were denoted FIP, while 

the Bmprs/fx;Rip1-Cre were noted FIN. In agreement with the Ipf1-dnBmpr1a, Ipf1-Noggin, 

and Ipf1-Smad6 mice, both FIN and FIP mice developed glucose intolerance around 2 

months of age, showed impaired insulin secretion, and disorganized islets (figure 1D and 

data not shown). 
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BMP signaling is transduced to the nucleus through the Smad family of molecules and 

Smad1, Smad5, or Smad8 have been demonstrated to transduce signals following BMPR1A 

activation (Massague 2000, 2006; dichman 2003; chen 2004). Using an antibody directed 

against SMAD1/5/8 we could demonstrate phosphoSmad1/5/8 down regulation in the islets 

of Ipf1-dnBmpr1a, and FIN mice (Figure 1D) (Dichmann et al., 2003). Together these data 

provide evidence that BMPR1A signaling is necessary to β-cell function rather than β-cell 

differentiation or proliferation (figure 2). 

III Improved β-cell function in mice with enhanced BMP signaling  
  Since perturbed BMP4-BMPR1A signaling impaired β-cell function, we next 

examined whether transgenic expression of BMP4 in pancreatic β-cell could enhance GSIS. 

Again using the Ipf1/Pdx1 promotor we generate Ipf1-Bmp4 mice. Ipf1-Bmp4 mice were 

normal but show progressively improved glucose tolerance and β-cell function (figure 5A, 

5B). Ipf1-Bmp4 mice showed enhanced glucose stimulated insulin secretion compared to 

control littermates. Endocrine cell number and ratio was normal in Ipf1-Bmp4 mice (figure 

5C), providing evidence that BMP4-BMPR1A signaling is not involved in endocrine cell 

proliferation or differentiation but in β-cell function. 

To assess the molecular mechanism by which BMP signaling regulates β-cell 

function, we isolated islets of from Ipf1-dnBmpr1a, FIN, and Ipf1-Bmp4 mice and analyzed 

the expression of key genes involves in BMP signaling and β-cell function. 

When we looked at the different components of the BMP signaling pathway, an opposite 

expression profile was observed for mice with attenuated BMP signaling compared to mice 

with improved BMP signaling. Bmpr1a, Smad1, Smad4, Id2 expression were reduced when 

BMP signaling was perturbed and were up regulated when BMP signaling was enhanced 

(figure 5D). In contrast, the expression of Evi-1, which is known to function as the switch 

between different TGF-β/Activin/BMP pathways, was decreased in Ipf1-Bmp4 islets and 

increased Ipf1-dnBmpr1a and FIN mice (figure 3A and 5D). Together, these data indicate the 

presence of an auto-regulatory BMP4-BMPR1A signaling loop in β-cells. When BMP 

signaling is improved through genetic manipulation, so is the expression of its signaling 

components and targets genes. The existence of a positive feedback loop for BMP has been 

described in other organs (Eblaghie et al., 2006; Glister et al., 2005; Nudi et al., 2005; Zhang 

et al., 2002). 
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Figure 4: BMP autoregulatory feedback loop. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Legend: In β-cell, a positive autoregulatory feedback loop allows BMP signaling molecules to efficiently 

regulate glucose stimulated insulin secretion.   
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Regarding the β-cell phenotype, we initially focused our expression analyses on genes 

regulating glucose uptake, glucose metabolism and insulin production. The expression of 

Ipf1, insulin, PC1/3, PC2, and Glut2 was reduced in mice with perturbed BMP signaling 

whereas there expression was increased in Ipf1-Bmp4 islets (figure 3B, 5E). The expression 

of insulin was paralleled by a 40% decrease in total pancreatic insulin content in Ipf1-

dnBmpr1a mice and a two fold increase in Ipf1-Bmp4 mice (supplementary figure S4). Pro-

hormone convertases are necessary for the conversion of proinsulin to active insulin, the 

decreased expression of PC2 and PC1/3 in mice with attenuated BMP signaling, provide 

evidence that both the expression and functional processing of insulin is perturbed in these 

mice. The expression of FoxO1, Arnt, UCP2, and Glucagon, were normal in both the loss 

and gain of function BMP signaling mouse models (figure 3C and data not shown).  

As insulin showed a perturbed secretion pattern, we also analyzed the expression of genes 

involved in secretion coupling and exocytosis machinery. Most of the genes tested showed a 

reduced expression in the Ipf1-dnBmpr1a and FIN models and an increased expression in the 

Ipf1-Bmp4. A similar trend was observed for Kir6.2, SUR1, Rab3d, Rab27a, Calpain10 or 

SNAP25. In parallel, in-vivo experiments using secretagogues agents such as glibenclamide 

(Huopio et al., 2002), arginine (Thams and Capito, 1999; Weinhaus et al., 1997), and 

carbachol (Garcia et al., 1999; Guenifi et al., 2001) showed decrease insulin exocytosis in 

mice with perturbed BMP signaling (figure 3C, 4A,B,C and 5E). Thus, both in vitro (gene 

expression analyses) and in vivo (secretagogue assays) experiments are consistent. Taken 

together, these results show that BMP4-BMPR1A signaling is required in β-cells to ensure 

expression of genes involved in secretion stimulus coupling and insulin exocytosis. 

IV BMP4-BMPR1A signaling controls incretin hormone receptor expression  
  GIP receptor and GLP1 receptor expression qRT-PCR analyses revealed an increase 

in the expression of both receptors in Ipf1-Bmp4 mutant mice (figure 3B,5E). This increase in 

expression of incretin hormone receptor partly explains the improved GSIS of the Ipf1-Bmp4 

mice since the activation of the incretin hormone receptor is known to enhance β-cell 

sensibility to glucose, thereby improving insulin release. No clear tendency toward a 

decrease expression of the incretin receptors was detectable in the Ipf1-dnBmpr1a and FIN 

models (figure 3B,5E). Thus BMP4 positively regulates key genes that mediate GSIS at 

various levels. 
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V BMP4 administration in mice enhances insulin release  
 The observed positive effect on β-cell function in response to transgenic expression 

of BMP4 urged us to explore the effect of exogenous administration of BMP on β-cell 

function on normal mice. An improvement of stimulation of insulin secretion was observed 

with concentrations equal or higher than 20ug/kg of body weight (figure 6B). This enhanced 

release of insulin was glucose-dependant; no hypoglycaemia was observed in mice receiving 

BMP injection (figure 6B and data not shown). Moreover, administration of BMP4 to a 

diabetic mouse model; the glucose intolerant Ipf1/Pdx1 heterozygote mice, resulted in an 

improved glucose tolerance (figure 6C and D). 

Taken together, these data provide evidence that BMP4-BMPR1A signaling has a role in β-

cell function, it controls the glucose dependant release of insulin and can, if administrate 

exogenously, enhance insulin release without provocation of hypoglycaemic. 

VI BMP4-BMPR1A signaling components are present in human islets  
We next investigate the presence of BMP4-BMPR1A signaling molecules within human 

islets. Both the hBMP4 ligand and the hBMPR1A receptor were detected using qRT-PCR 

(supplementary figure S1) suggesting that BMP4 and stimulation of BMPR1A signaling may 

represent a new therapeutic approach for the maintenance and/or improvement of GSIS in 

T2DM. 
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Question 2 (manuscript) 

I Asna-1 structure  
  Mouse Asna-1 belongs to the ABC family of iron transporters proteins. This family is 

extremely well conserved during evolution, with members in prokaryotes and all eukaryotes 

(Rosen et al., 1999). The human form of arsenite stimulated ATPase-1 (HAsna-1) was, for 

example, cloned by sequence homology to the catalytic component of an oxyanion pump that 

is involved in arsenical and antimonial resistance in E. coli named ATPase ArsA (Kurdi-

Haidar et al., 1998a; Kurdi-Haidar et al., 1998b). 

All these related proteins share two nucleotide binding domains (NBD). Their catalytic 

property is not dependent on the presence of nucleotide while their basal ATPase activity is 

increased in presence of metalloid like sodium arsenite (Jiang et al., 2005; Rosen et al., 1999; 

Walmsley et al., 2001) or Mg2+ (Rosen et al., 1999). In human, HASNA1 aggregates to form 

a complex whose size is consistent with that of tetramers. The subcellular distribution varies 

from cytoplasm to nuclear membrane and nucleolus (Kurdi-Haidar et al., 1998a; Kurdi-

Haidar et al., 1998b). 

II Evolution of the roles of Asna-1  
A pathway for arsenic detoxification exists in all organisms including bacteria and yeast 

(Bhattacharjee et al., 2001), and ArsA is part of this pathway, but during evolution its 

function has diverged. In S. cerevisiae, GET3/Arr4 (the homologue arsenic ATPase) has been 

suggested to have a role in cellular resistance to stress (Shen et al., 2003), in metal ion 

homeostasis (Metz et al., 2006), in proteasome function regulation (Auld et al., 2006), and, 

through the formation of a complex with Get2 and Get1, in protein sorting via the secretory 

system (Schuldiner et al., 2005). In C. elegans, asna-1 expression is restricted to a subset of 

cells that express insulin-like proteins and its activity regulates insulin/IGF1 signaling at the 

secretory level and nutriement dependent growth in C. Elegans (Kao et al., 2007). In mouse 

insulinoma cell-line, sense expression of human ASNA-1 has been shown to result in an 

increase secretion of insulin whereas anti-sens expression resulted in decreased secretion of 

insulin (Kao et al., 2007). Moreover, ASNA-1 has a restricted pattern of expression in humans 

and is highly expressed in adult pancreatic β-cells (Kurdi-Haidar et al., 1998a). Together, 

these observations suggest a role for ASNA1 in regulation of insulin secretion and hence 

insulin signaling also in mammals.  
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RESULTS & DISCUSSION 

I Expression of Asna-1 in the mouse pancreas and generation of transgenic 

mice (manuscript)  
 The mouse Asna-1 full length riboprobe was used to hybridize different stages of 

mouse embryonic pancreas. Asna-1 expression was detected from E13 to E15 within the 

developing pancreatic epithelium but became restricted to the endocrine part of the pancreas 

at later stages (figure 1a). Using an antibody directed against the human Asna-1 protein a 

strong cytoplasmic expression of Asna-1 was observed in adult β-cells (figure 1b). To begin 

to functionally evaluate the role for Asna-1 in pancreatic β-cells, we generated transgenic (tg) 

mice expressing Asna-1 under the control of the insulin promoter. The resulting tg mice, 

denoted Rip1-hAsna-1, had a ~8 fold in increased Asna-1 expression level (supplementary 

figure S1). Mice that survived until adulthood (60% of all animals), were lean and fertile but 

developed diabetes with impaired glucose stimulated insulin release, insulin secretion but 

showed normal insulin sensitivity (figure 1c, d and supplementary figure S2). 

 Analyses at the sub-cellular level showed that the Rip1-hAsna-1 had increased islet 

cell mass as a consequence of β-cell hyperplasia (figure 2b and c). Consequently, total 

pancreatic insulin content was increased by more than 50% in the Rip1-hAsna-1as compared 

to that of controls. Thus, the diabetic phenotype displayed by the Rip1-hAsna-1 mice is not 

due to reduced β-cell mass or insulin content (figure 2). . 

II Gene expression profiling of key β-cell genes  
  Gene expression profiling for genes involved in insulin processing (PC1/3) or 

glycolysis (GCK) did not revealed any perturbation in the Rip1-hAsna-1 islets compared to 

wild type ones (figure 4B). The expression of Glut2 expression was increased (~2,5 fold) in 

the Rip1-hAsna-1 islets (figure 4B). The expression of number of genes involved in secretion 

stimulus coupling and insulin exocytosis was also perturbed; SUR1 expression was decreased 

by ~35 %, SNAP23, Rab27a, Myosin Va and VAMP2 expression was decreased by 54%, 

40%, 60%, 40%, respectively, in the tg compared to wild type islets (figure 3a). Moreover 

when challenged with the secretagogues glibenclamide and carbachol Rip1-hAsna-1 mice 

failed to release insulin at a normal level (figure 3b,3c). Taken together, these data 

demonstrate that Rip1-hAsna-1 mice have perturbed insulin secretion. 
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III Decrease ATP content in Rip1-hAsna-1 islets  
  Several components of glycolysis as well as GSIS have been demonstrated to be ATP 

dependent (Detimary 1998, wang 2005, Herrero L 2005). Using a luciferase assay we 

evaluated the ATP/ADP ratio of Rip1-hAsna-1 and control islets in at low [3mM] and high 

[25mM] glucose challenge conditions. As expected islets isolated from control littermates 

showed a robust, >3 fold, increase in ATP/ADP ratio in response to high glucose (Fig. 3d). In 

contrast, Rip1-ASNA1 islets responded poorly to high glucose and showed a modest, mere 

~50% increase in ATP/ADP ratio. These results provide evidence that ATP production in 

response to glucose is perturbed in Rip1-hAsna-1 islets, which in turn would contribute to the 

impaired insulin secretion in Rip1-ASNA1 islets. 

IV Asna-1 and arsenite induced diabetes  
  The Rip1-hAsna-1 mice phenotype resembles that observed in rats exposed to sodium 

arsenate (Diaz-Villasenor et al., 2006; Izquierdo-Vega et al., 2006). In those experiments 

arsenite exposed rats showed impaired secretion of insulin and an increase of cellular stress 

markers (Diaz-Villasenor et al., 2006; Izquierdo-Vega et al., 2006). As mentioned earlier 

epidemiological studies have also implicated a relationship between arsenic exposure and 

diabetes (Lai et al., 1994; Lewis et al., 1999; Rahman and Axelson, 1995; Rahman et al., 

1998; Tsai et al., 1999). Thus, arsenite exposure is linked to impaired insulin secretion and 

diabetes in both animal models and humans but the molecular mechanisms involved remain 

unclear. In vitro experiments have, however, shown that although Asna-1 protein expression 

is unchanged in response to arsenite, Asna-1 activity is increased (Jiang et al., 2005; Rosen et 

al., 1999; Walmsley et al., 2001). Taken together, these findings leave open the possibility 

that increased Asna-1 activity and/or over-expression negatively affects β-cell function and 

GSIS.  

Loss-of function analyses will be critical for our understanding of Asna-1 function during 

pancreatic development and in adult β-cells. Data from yeast show that changing the glycine 

30, codon of the highly conserved, nucleotide binding motif to arginine (Auld et al., 2006) of 

the Asna-1 yeast homologue GET3/ARR4, results, in a dominant negative effect when 

expressed in wild type yeast cells. A Gly30Arg mutated form of Asna-1 can then be 

expressed behind the Ipf1/Pdx1 and insulin promoters to perturb Asna-1 function in the 

developing pancreas and β-cells, respectively. Alternatively, or in parallel, conditional mouse 

Asna-1 mutants can be generated using the Cre-Lox approach. Again the Ipf1/Pdx1 and 
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Insulin promoters would be used to drive the expression of the Cre-recombinase to allow 

inactivation of Asna-1 in pancreatic progenitors and β-cells, respectively.  
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CONCLUDING REMARKS 

 

Part I  
 - Both BMP ligands and BMP receptors are expressed in differentiating and adult β-cells. 
 
- Perturbation of BMP signalling in transgenic mice by expression of Noggin, a natural BMP 
antagonist, a dominant negative form of the Bmpr1A,  or Smad6, an intracellular inhibitor, 
respectively, under the control of the Ipf1/Pdx1 promoter results in impaired glucose 
stimulated insulin secretion and diabetes. 
 
- β-cell conditional inactivation of Bmpr1A in mice similarly leads to perturbation of glucose 
stimulated insulin secretion and diabetes, demonstrating a requirement for signalling via 
BMPR1A for β-cell function. 
 
- Over-expression of the BMP4 in β-cells improves glucose stimulated insulin secretion. 
 
- Altered expression of BMP signalling molecules in mice with perturbed BMP signalling 
and reciprocal changes in expression in mice over-expressing BMP4 in β-cells provides 
evidence for an autocrine BMP signalling loop in β-cell. 
 
- The expression of key β-cell genes, including that of the incretin receptors, is regulated via 
BMP4-BMPR1A signalling. 
 

Part II  
- Asna-1 is expressed in the developing pancreatic epithelium between E13 to E15 and then 
becomes restricted to the differentiating and adult β-cells. 
 
- Mice over-expressing of hAsna-1 in β-cells display perturbed insulin secretion and develop 
diabetes. 
 
- The generation of ATP in response to high glucose is perturbed in mice over-expressing 
hAsna-1 in β-cells. 
 
- The expression of genes involved in secretion stimulus coupling and insulin exocytosis is 
perturbed in islets of Rip1-hAsna-1 mice. 
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Philippe, Corine Garnier, Kathy Carre et tous ceux qui ne sont pas cités ici mais auquel je 
dois tant … MERCI !           …votre amitié est très chère a mon cœur… 
Papa, Maman, Suzanne, Henriette, Henri, ma famille,                              il n´y a pas de mot.   
Mademoiselle Nadia Duarte… We shared a lot, we share a lot, you always gave me more than I 
deserve. I am glad to have crossed your path and am sure we will have even more fun and fight in 
a close future. We helped each other in the cold winter and find our way through. We still have a 
lot ahead of us but I am walking on your side. To Magalie, you are my futur, I hope to be part of 
your life and being able to see you rise, to hear you cry, to look over you and that you will be 
proud to call me “papa”. 
 
 
 
 

PS: Special dedicace to Portishead, Nina Simone, Soulwax, Tricky, 
 Iuno, Lamb, Hooverphonics, Stereophonics, Trio Mocoto… 

 
 

 



 53

REFERENCES 

 

Ahlgren, U., Jonsson, J., and Edlund, H. (1996). The morphogenesis of the pancreatic 
mesenchyme is uncoupled from that of the pancreatic epithelium in IPF1/PDX1-deficient mice. 
Development 122, 1409-1416. 

Alliston, T., Ko, T. C., Cao, Y., Liang, Y. Y., Feng, X. H., Chang, C., and Derynck, R. (2005). 
Repression of bone morphogenetic protein and activin-inducible transcription by Evi-1. J Biol 
Chem 280, 24227-24237. 

Aoki, H., Fujii, M., Imamura, T., Yagi, K., Takehara, K., Kato, M., and Miyazono, K. (2001). 
Synergistic effects of different bone morphogenetic protein type I receptors on alkaline 
phosphatase induction. J Cell Sci 114, 1483-1489. 

Arulmozhi, D. K., and Portha, B. (2006). GLP-1 based therapy for type 2 diabetes. Eur J Pharm 
Sci 28, 96-108. 

Ashcroft, F. M. (2005). ATP-sensitive potassium channelopathies: focus on insulin secretion. J 
Clin Invest 115, 2047-2058. 

Assimacopoulos-Jeannet, F. (2004). Fat storage in pancreas and in insulin-sensitive tissues in 
pathogenesis of type 2 diabetes. Int J Obes Relat Metab Disord 28 Suppl 4, S53-57. 

Auld, K. L., Hitchcock, A. L., Doherty, H. K., Frietze, S., Huang, L. S., and Silver, P. A. (2006). 
The conserved ATPase Get3/Arr4 modulates the activity of membrane-associated proteins in 
Saccharomyces cerevisiae. Genetics 174, 215-227. 

Banerjee, M., Kanitkar, M., and Bhonde, R. R. (2005). Approaches towards endogenous pancreatic 
regeneration. Rev Diabet Stud 2, 165-176. 

Barnett, A. H., Eff, C., Leslie, R. D., and Pyke, D. A. (1981). Diabetes in identical twins. A study 
of 200 pairs. Diabetologia 20, 87-93. 

Bell, G. I., Kayano, T., Buse, J. B., Burant, C. F., Takeda, J., Lin, D., Fukumoto, H., and Seino, S. 
(1990). Molecular biology of mammalian glucose transporters. Diabetes Care 13, 198-208. 

Bhattacharjee, H., Ho, Y. S., and Rosen, B. P. (2001). Genomic organization and chromosomal 
localization of the Asna1 gene, a mouse homologue of a bacterial arsenic-translocating ATPase 
gene. Gene 272, 291-299. 

Bottinger, E. P., Jakubczak, J. L., Roberts, I. S., Mumy, M., Hemmati, P., Bagnall, K., Merlino, G., 
and Wakefield, L. M. (1997). Expression of a dominant-negative mutant TGF-beta type II receptor 
in transgenic mice reveals essential roles for TGF-beta in regulation of growth and differentiation 
in the exocrine pancreas. Embo J 16, 2621-2633. 

Burcelin, R., and Thorens, B. (2001). Evidence that extrapancreatic GLUT2-dependent glucose 
sensors control glucagon secretion. Diabetes 50, 1282-1289. 



 54

Cabrera, O., Berman, D. M., Kenyon, N. S., Ricordi, C., Berggren, P. O., and Caicedo, A. (2006). 
The unique cytoarchitecture of human pancreatic islets has implications for islet cell function. Proc 
Natl Acad Sci U S A 103, 2334-2339. 

Cameron, M. J., Arreaza, G. A., Zucker, P., Chensue, S. W., Strieter, R. M., Chakrabarti, S., and 
Delovitch, T. L. (1997). IL-4 prevents insulitis and insulin-dependent diabetes mellitus in 
nonobese diabetic mice by potentiation of regulatory T helper-2 cell function. J Immunol 159, 
4686-4692. 

Chen, Y. G., Liu, F., and Massague, J. (1997). Mechanism of TGFbeta receptor inhibition by 
FKBP12. Embo J 16, 3866-3876. 

Colucci, F., Bergman, M. L., Penha-Goncalves, C., Cilio, C. M., and Holmberg, D. (1997). 
Apoptosis resistance of nonobese diabetic peripheral lymphocytes linked to the Idd5 diabetes 
susceptibility region. Proc Natl Acad Sci U S A 94, 8670-8674. 

Constam, D. B., and Robertson, E. J. (1999). Regulation of bone morphogenetic protein activity by 
pro domains and proprotein convertases. J Cell Biol 144, 139-149. 

Constam, D. B., and Robertson, E. J. (2000). SPC4/PACE4 regulates a TGFbeta signaling network 
during axis formation. Genes Dev 14, 1146-1155. 

Cui, Y., Jean, F., Thomas, G., and Christian, J. L. (1998). BMP-4 is proteolytically activated by 
furin and/or PC6 during vertebrate embryonic development. Embo J 17, 4735-4743. 

Datta, P. K., Chytil, A., Gorska, A. E., and Moses, H. L. (1998). Identification of STRAP, a novel 
WD domain protein in transforming growth factor-beta signaling. J Biol Chem 273, 34671-34674. 

de Assis, M. A., Rolland-Cachera, M. F., Grosseman, S., de Vasconcelos, F. A., Luna, M. E., 
Calvo, M. C., Barros, M. V., Pires, M. M., and Bellisle, F. (2005). Obesity, overweight and 
thinness in schoolchildren of the city of Florianopolis, Southern Brazil. Eur J Clin Nutr 59, 1015-
1021. 

Detimary, P., Gilon, P., and Henquin, J. C. (1998). Interplay between cytoplasmic Ca2+ and the 
ATP/ADP ratio: a feedback control mechanism in mouse pancreatic islets. Biochem J 333 ( Pt 2), 
269-274. 

Diaz-Villasenor, A., Sanchez-Soto, M. C., Cebrian, M. E., Ostrosky-Wegman, P., and Hiriart, M. 
(2006). Sodium arsenite impairs insulin secretion and transcription in pancreatic beta-cells. 
Toxicol Appl Pharmacol 214, 30-34. 

Dichmann, D. S., Miller, C. P., Jensen, J., Scott Heller, R., and Serup, P. (2003). Expression and 
misexpression of members of the FGF and TGFbeta families of growth factors in the developing 
mouse pancreas. Dev Dyn 226, 663-674. 

Donahoe, P. K., Clarke, T., Teixeira, J., Maheswaran, S., and MacLaughlin, D. T. (2003). 
Enhanced purification and production of Mullerian inhibiting substance for therapeutic 
applications. Mol Cell Endocrinol 211, 37-42. 

Drucker, D. J. (2006a). The biology of incretin hormones. Cell Metab 3, 153-165. 



 55

Drucker, D. J. (2006b). The evidence for achieving glycemic control with incretin mimetics. 
Diabetes Educ 32 Suppl 2, 72S-81S. 

Dubois, M., Kerr-Conte, J., Gmyr, V., Bouckenooghe, T., Muharram, G., D'Herbomez, M., 
Martin-Ponthieu, A., Vantyghem, M. C., Vandewalle, B., and Pattou, F. (2004). Non-esterified 
fatty acids are deleterious for human pancreatic islet function at physiological glucose 
concentration. Diabetologia 47, 463-469. 

Eblaghie, M. C., Reedy, M., Oliver, T., Mishina, Y., and Hogan, B. L. (2006). Evidence that 
autocrine signaling through Bmpr1a regulates the proliferation, survival and morphogenetic 
behavior of distal lung epithelial cells. Dev Biol 291, 67-82. 

Edlund, H. (1999). Pancreas: how to get there from the gut? Curr Opin Cell Biol 11, 663-668. 

Edlund, H. (2001). Developmental biology of the pancreas. Diabetes 50 Suppl 1, S5-9. 

Edlund, H. (2002). Pancreatic organogenesis--developmental mechanisms and implications for 
therapy. Nat Rev Genet 3, 524-532. 

El-Assaad, W., Buteau, J., Peyot, M. L., Nolan, C., Roduit, R., Hardy, S., Joly, E., Dbaibo, G., 
Rosenberg, L., and Prentki, M. (2003). Saturated fatty acids synergize with elevated glucose to 
cause pancreatic beta-cell death. Endocrinology 144, 4154-4163. 

Evans, J. L., Goldfine, I. D., Maddux, B. A., and Grodsky, G. M. (2003). Are oxidative stress-
activated signaling pathways mediators of insulin resistance and beta-cell dysfunction? Diabetes 
52, 1-8. 

Fishman, M. P., and Melton, D. A. (2002). Pancreatic lineage analysis using a retroviral vector in 
embryonic mice demonstrates a common progenitor for endocrine and exocrine cells. Int J Dev 
Biol 46, 201-207. 

Franco, G., Malamani, T., and Piazza, A. (1978). Glucose tolerance and occupational exposure to 
carbon disulphide. Lancet 2, 1208. 

Fridlyand, L. E., and Philipson, L. H. (2004). Does the glucose-dependent insulin secretion 
mechanism itself cause oxidative stress in pancreatic beta-cells? Diabetes 53, 1942-1948. 

Fridlyand, L. E., and Philipson, L. H. (2006). Reactive species and early manifestation of insulin 
resistance in type 2 diabetes. Diabetes Obes Metab 8, 136-145. 

Garcia, V. M., Ochoa, J. E., and Elias, M. M. (1999). Effect of early stage of experimental diabetes 
on vascular functions in isolated perfused kidneys. J Auton Pharmacol 19, 97-103. 

Gautam, D., Han, S. J., Hamdan, F. F., Jeon, J., Li, B., Li, J. H., Cui, Y., Mears, D., Lu, H., Deng, 
C., et al. (2006). A critical role for beta cell M3 muscarinic acetylcholine receptors in regulating 
insulin release and blood glucose homeostasis in vivo. Cell Metab 3, 449-461. 

Gembal, M., Detimary, P., Gilon, P., Gao, Z. Y., and Henquin, J. C. (1993). Mechanisms by which 
glucose can control insulin release independently from its action on adenosine triphosphate-
sensitive K+ channels in mouse B cells. J Clin Invest 91, 871-880. 



 56

Glister, C., Richards, S. L., and Knight, P. G. (2005). Bone morphogenetic proteins (BMP) -4, -6, 
and -7 potently suppress basal and luteinizing hormone-induced androgen production by bovine 
theca interna cells in primary culture: could ovarian hyperandrogenic dysfunction be caused by a 
defect in thecal BMP signaling? Endocrinology 146, 1883-1892. 

Gloyn, A. L. (2003). The search for type 2 diabetes genes. Ageing Res Rev 2, 111-127. 

Gomi, H., Mizutani, S., Kasai, K., Itohara, S., and Izumi, T. (2005). Granuphilin molecularly 
docks insulin granules to the fusion machinery. J Cell Biol 171, 99-109. 

Guenifi, A., Simonsson, E., Karlsson, S., Ahren, B., and Abdel-Halim, S. M. (2001). Carbachol 
restores insulin release in diabetic GK rat islets by mechanisms largely involving hydrolysis of 
diacylglycerol and direct interaction with the exocytotic machinery. Pancreas 22, 164-171. 

Guillam, M. T., Dupraz, P., and Thorens, B. (2000). Glucose uptake, utilization, and signaling in 
GLUT2-null islets. Diabetes 49, 1485-1491. 

Habener, J. F., Kemp, D. M., and Thomas, M. K. (2005). Minireview: transcriptional regulation in 
pancreatic development. Endocrinology 146, 1025-1034. 

Hanis, C. L., Boerwinkle, E., Chakraborty, R., Ellsworth, D. L., Concannon, P., Stirling, B., 
Morrison, V. A., Wapelhorst, B., Spielman, R. S., Gogolin-Ewens, K. J., et al. (1996). A genome-
wide search for human non-insulin-dependent (type 2) diabetes genes reveals a major 
susceptibility locus on chromosome 2. Nat Genet 13, 161-166. 

Hansotia, T., and Drucker, D. J. (2005). GIP and GLP-1 as incretin hormones: lessons from single 
and double incretin receptor knockout mice. Regul Pept 128, 125-134. 

Harmon, J. S., Stein, R., and Robertson, R. P. (2005). Oxidative stress-mediated, post-translational 
loss of MafA protein as a contributing mechanism to loss of insulin gene expression in glucotoxic 
beta cells. J Biol Chem 280, 11107-11113. 

Hart, A., Papadopoulou, S., and Edlund, H. (2003). Fgf10 maintains notch activation, stimulates 
proliferation, and blocks differentiation of pancreatic epithelial cells. Dev Dyn 228, 185-193. 

Hata, A., Lagna, G., Massague, J., and Hemmati-Brivanlou, A. (1998). Smad6 inhibits 
BMP/Smad1 signaling by specifically competing with the Smad4 tumor suppressor. Genes Dev 
12, 186-197. 

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

Hebrok, M., Kim, S. K., St Jacques, B., McMahon, A. P., and Melton, D. A. (2000). Regulation of 
pancreas development by hedgehog signaling. Development 127, 4905-4913. 

Heit, J. J., Karnik, S. K., and Kim, S. K. (2006). Intrinsic Regulators of Pancreatic beta-Cell 
Proliferation. Annu Rev Cell Dev Biol 22, 311-338. 

Henquin, J. C. (2000). Triggering and amplifying pathways of regulation of insulin secretion by 
glucose. Diabetes 49, 1751-1760. 



 57

Herrera, P. L. (2000). Adult insulin- and glucagon-producing cells differentiate from two 
independent cell lineages. Development 127, 2317-2322. 

Hirasawa, A., Tsumaya, K., Awaji, T., Katsuma, S., Adachi, T., Yamada, M., Sugimoto, Y., 
Miyazaki, S., and Tsujimoto, G. (2005). Free fatty acids regulate gut incretin glucagon-like 
peptide-1 secretion through GPR120. Nat Med 11, 90-94. 

Horikawa, Y. (2006). Calpain-10 (NIDDM1) as a Susceptibility Gene for Common Type 2 
Diabetes. Endocr J 53, 567-576. 

Hsu, D. R., Economides, A. N., Wang, X., Eimon, P. M., and Harland, R. M. (1998). The Xenopus 
dorsalizing factor Gremlin identifies a novel family of secreted proteins that antagonize BMP 
activities. Mol Cell 1, 673-683. 

Hu, J., Mao, Y., and Ugnat, A. M. (2000). Parental cigarette smoking, hard liquor consumption 
and the risk of childhood brain tumors--a case-control study in northeast China. Acta Oncol 39, 
979-984. 

Hua, H., Zhang, Y. Q., Arnaud-Dabernat, S., Kritzik, M., Dietz, D., Sterling, L., and Sarvetnick, 
N. E. (2006). BMP4 regulates pancreatic progenitor cell expansion through ID2. J Biol Chem. 

Huopio, H., Shyng, S. L., Otonkoski, T., and Nichols, C. G. (2002). K(ATP) channels and insulin 
secretion disorders. Am J Physiol Endocrinol Metab 283, E207-216. 

Huse, M., Chen, Y. G., Massague, J., and Kuriyan, J. (1999). Crystal structure of the cytoplasmic 
domain of the type I TGF beta receptor in complex with FKBP12. Cell 96, 425-436. 

Ishihara, H., Asano, T., Tsukuda, K., Katagiri, H., Inukai, K., Anai, M., Kikuchi, M., Yazaki, Y., 
Miyazaki, J. I., and Oka, Y. (1993). Pancreatic beta cell line MIN6 exhibits characteristics of 
glucose metabolism and glucose-stimulated insulin secretion similar to those of normal islets. 
Diabetologia 36, 1139-1145. 

Izquierdo-Vega, J. A., Soto, C. A., Sanchez-Pena, L. C., De Vizcaya-Ruiz, A., and Del Razo, L. 
M. (2006). Diabetogenic effects and pancreatic oxidative damage in rats subchronically exposed to 
arsenite. Toxicol Lett 160, 135-142. 

Izumi, T., Gomi, H., Kasai, K., Mizutani, S., and Torii, S. (2003). The roles of Rab27 and its 
effectors in the regulated secretory pathways. Cell Struct Funct 28, 465-474. 

Jadrich, J. L., O'Connor, M. B., and Coucouvanis, E. (2003). Expression of TAK1, a mediator of 
TGF-beta and BMP signaling, during mouse embryonic development. Gene Expr Patterns 3, 131-
134. 

Jensen, J. (2004). Gene regulatory factors in pancreatic development. Dev Dyn 229, 176-200. 

Jensen, J., Heller, R. S., Funder-Nielsen, T., Pedersen, E. E., Lindsell, C., Weinmaster, G., 
Madsen, O. D., and Serup, P. (2000). Independent development of pancreatic alpha- and beta-cells 
from neurogenin3-expressing precursors: a role for the notch pathway in repression of premature 
differentiation. Diabetes 49, 163-176. 



 58

Jiang, Y., Bhattacharjee, H., Zhou, T., Rosen, B. P., Ambudkar, S. V., and Sauna, Z. E. (2005). 
Nonequivalence of the nucleotide binding domains of the ArsA ATPase. J Biol Chem 280, 9921-
9926. 

Jonas, J. C., Laybutt, D. R., Steil, G. M., Trivedi, N., Pertusa, J. G., Van de Casteele, M., Weir, G. 
C., and Henquin, J. C. (2001). High glucose stimulates early response gene c-Myc expression in rat 
pancreatic beta cells. J Biol Chem 276, 35375-35381. 

Kao, G., Nordenson, C., Still, M., Ronnlund, A., Tuck, S., and Naredi, P. (2007). ASNA-1 
positively regulates insulin secretion in C. elegans and mammalian cells. Cell 128, 577-587. 

Kawahira, H., Ma, N. H., Tzanakakis, E. S., McMahon, A. P., Chuang, P. T., and Hebrok, M. 
(2003). Combined activities of hedgehog signaling inhibitors regulate pancreas development. 
Development 130, 4871-4879. 

Kemp, D. M., Thomas, M. K., and Habener, J. F. (2003). Developmental aspects of the endocrine 
pancreas. Rev Endocr Metab Disord 4, 5-17. 

Kim, I. J., Park, J. H., Kang, H. C., Kim, K. H., Kim, J. H., Ku, J. L., Kang, S. B., Park, S. Y., Lee, 
J. S., and Park, J. G. (2003). Identification of a novel BMPR1A germline mutation in a Korean 
juvenile polyposis patient without SMAD4 mutation. Clin Genet 63, 126-130. 

Kim, S. K., Hebrok, M., Li, E., Oh, S. P., Schrewe, H., Harmon, E. B., Lee, J. S., and Melton, D. 
A. (2000). Activin receptor patterning of foregut organogenesis. Genes Dev 14, 1866-1871. 

Kimura, N., Matsuo, R., Shibuya, H., Nakashima, K., and Taga, T. (2000). BMP2-induced 
apoptosis is mediated by activation of the TAK1-p38 kinase pathway that is negatively regulated 
by Smad6. J Biol Chem 275, 17647-17652. 

Kishimoto, H., and Sprent, J. (2001). A defect in central tolerance in NOD mice. Nat Immunol 2, 
1025-1031. 

Kostraba, J. N., Gay, E. C., Rewers, M., and Hamman, R. F. (1992). Nitrate levels in community 
drinking waters and risk of IDDM. An ecological analysis. Diabetes Care 15, 1505-1508. 

Kulkarni, R. N. (2004). The islet beta-cell. Int J Biochem Cell Biol 36, 365-371. 

Kulkarni, R. N. (2005). New insights into the roles of insulin/IGF-I in the development and 
maintenance of beta-cell mass. Rev Endocr Metab Disord 6, 199-210. 

Kumar, M., Jordan, N., Melton, D., and Grapin-Botton, A. (2003). Signals from lateral plate 
mesoderm instruct endoderm toward a pancreatic fate. Dev Biol 259, 109-122. 

Kurdi-Haidar, B., Heath, D., Naredi, P., Varki, N., and Howell, S. B. (1998a). 
Immunohistochemical analysis of the distribution of the human ATPase (hASNA-I) in normal 
tissues and its overexpression in breast adenomas and carcinomas. J Histochem Cytochem 46, 
1243-1248. 



 59

Kurdi-Haidar, B., Hom, D. K., Flittner, D. E., Heath, D., Fink, L., Naredi, P., and Howell, S. B. 
(1998b). Dual cytoplasmic and nuclear distribution of the novel arsenite-stimulated human ATPase 
(hASNA-I). J Cell Biochem 71, 1-10. 

Lai, M. S., Hsueh, Y. M., Chen, C. J., Shyu, M. P., Chen, S. Y., Kuo, T. L., Wu, M. M., and Tai, 
T. Y. (1994). Ingested inorganic arsenic and prevalence of diabetes mellitus. Am J Epidemiol 139, 
484-492. 

Lammert, E., Brown, J., and Melton, D. A. (2000). Notch gene expression during pancreatic 
organogenesis. Mech Dev 94, 199-203. 

Lammert, E., Cleaver, O., and Melton, D. (2001). Induction of pancreatic differentiation by signals 
from blood vessels. Science 294, 564-567. 

Laybutt, D. R., Sharma, A., Sgroi, D. C., Gaudet, J., Bonner-Weir, S., and Weir, G. C. (2002). 
Genetic regulation of metabolic pathways in beta-cells disrupted by hyperglycemia. J Biol Chem 
277, 10912-10921. 

Lesage, S., Hartley, S. B., Akkaraju, S., Wilson, J., Townsend, M., and Goodnow, C. C. (2002). 
Failure to censor forbidden clones of CD4 T cells in autoimmune diabetes. J Exp Med 196, 1175-
1188. 

Lewis, D. R., Southwick, J. W., Ouellet-Hellstrom, R., Rench, J., and Calderon, R. L. (1999). 
Drinking water arsenic in Utah: A cohort mortality study. Environ Health Perspect 107, 359-365. 

Liang, Y., Buettger, C., Berner, D. K., and Matschinsky, F. M. (1997). Chronic effect of fatty acids 
on insulin release is not through the alteration of glucose metabolism in a pancreatic beta-cell line 
(beta HC9). Diabetologia 40, 1018-1027. 

Longnecker, M. P., and Daniels, J. L. (2001). Environmental contaminants as etiologic factors for 
diabetes. Environ Health Perspect 109 Suppl 6, 871-876. 

MacDonald, M. J., Fahien, L. A., Brown, L. J., Hasan, N. M., Buss, J. D., and Kendrick, M. A. 
(2005a). Perspective: emerging evidence for signaling roles of mitochondrial anaplerotic products 
in insulin secretion. Am J Physiol Endocrinol Metab 288, E1-15. 

MacDonald, P. E., Joseph, J. W., and Rorsman, P. (2005b). Glucose-sensing mechanisms in 
pancreatic beta-cells. Philos Trans R Soc Lond B Biol Sci 360, 2211-2225. 

Marshall, C., Hitman, G. A., Partridge, C. J., Clark, A., Ma, H., Shearer, T. R., and Turner, M. D. 
(2005). Evidence that an isoform of calpain-10 is a regulator of exocytosis in pancreatic beta-cells. 
Mol Endocrinol 19, 213-224. 

Massague, J., and Chen, Y. G. (2000). Controlling TGF-beta signaling. Genes Dev 14, 627-644. 

Massague, J., and Gomis, R. R. (2006). The logic of TGFbeta signaling. FEBS Lett. 

Massague, J., Seoane, J., and Wotton, D. (2005). Smad transcription factors. Genes Dev 19, 2783-
2810. 



 60

Metz, J., Wachter, A., Schmidt, B., Bujnicki, J. M., and Schwappach, B. (2006). The yeast Arr4p 
ATPase binds the chloride transporter Gef1p when copper is available in the cytosol. J Biol Chem 
281, 410-417. 

Meyer, L. E., Machado, L. B., Santiago, A. P., da-Silva, W. S., De Felice, F. G., Holub, O., 
Oliveira, M. F., and Galina, A. (2006). Mitochondrial creatine kinase activity prevents reactive 
oxygen species generation: antioxidant role of mitochondrial kinase-dependent ADP re-cycling 
activity. J Biol Chem 281, 37361-37371. 

Miralles, F., Battelino, T., Czernichow, P., and Scharfmann, R. (1998a). TGF-beta plays a key role 
in morphogenesis of the pancreatic islets of Langerhans by controlling the activity of the matrix 
metalloproteinase MMP-2. J Cell Biol 143, 827-836. 

Miralles, F., Czernichow, P., and Scharfmann, R. (1998b). Follistatin regulates the relative 
proportions of endocrine versus exocrine tissue during pancreatic development. Development 125, 
1017-1024. 

Miralles, F., Lamotte, L., Couton, D., and Joshi, R. L. (2006). Interplay between FGF10 and Notch 
signalling is required for the self-renewal of pancreatic progenitors. Int J Dev Biol 50, 17-26. 

Miyaki, M., and Kuroki, T. (2003). Role of Smad4 (DPC4) inactivation in human cancer. Biochem 
Biophys Res Commun 306, 799-804. 

Miyazono, K. (2000). TGF-beta signaling by Smad proteins. Cytokine Growth Factor Rev 11, 15-
22. 

Moltchanova, E., Rytkonen, M., Kousa, A., Taskinen, O., Tuomilehto, J., and Karvonen, M. 
(2004). Zinc and nitrate in the ground water and the incidence of Type 1 diabetes in Finland. 
Diabet Med 21, 256-261. 

Moriguchi, T., Toyoshima, F., Gotoh, Y., Iwamatsu, A., Irie, K., Mori, E., Kuroyanagi, N., 
Hagiwara, M., Matsumoto, K., and Nishida, E. (1996). Purification and identification of a major 
activator for p38 from osmotically shocked cells. Activation of mitogen-activated protein kinase 
kinase 6 by osmotic shock, tumor necrosis factor-alpha, and H2O2. J Biol Chem 271, 26981-
26988. 

Moustakas, A., Souchelnytskyi, S., and Heldin, C. H. (2001). Smad regulation in TGF-beta signal 
transduction. J Cell Sci 114, 4359-4369. 

Murtaugh, L. C., Law, A. C., Dor, Y., and Melton, D. A. (2005). Beta-catenin is essential for 
pancreatic acinar but not islet development. Development 132, 4663-4674. 

Navas-Acien, A., Silbergeld, E. K., Streeter, R. A., Clark, J. M., Burke, T. A., and Guallar, E. 
(2006). Arsenic exposure and type 2 diabetes: a systematic review of the experimental and 
epidemiological evidence. Environ Health Perspect 114, 641-648. 

Nichols, C. G. (2006). KATP channels as molecular sensors of cellular metabolism. Nature 440, 
470-476. 



 61

Nilsson, T., Schultz, V., Berggren, P. O., Corkey, B. E., and Tornheim, K. (1996). Temporal 
patterns of changes in ATP/ADP ratio, glucose 6-phosphate and cytoplasmic free Ca2+ in glucose-
stimulated pancreatic beta-cells. Biochem J 314 ( Pt 1), 91-94. 

Nohe, A., Hassel, S., Ehrlich, M., Neubauer, F., Sebald, W., Henis, Y. I., and Knaus, P. (2002). 
The mode of bone morphogenetic protein (BMP) receptor oligomerization determines different 
BMP-2 signaling pathways. J Biol Chem 277, 5330-5338. 

Nudi, M., Ouimette, J. F., and Drouin, J. (2005). Bone morphogenic protein (Smad)-mediated 
repression of proopiomelanocortin transcription by interference with Pitx/Tpit activity. Mol 
Endocrinol 19, 1329-1342. 

O'Dea, K. (1984). Marked improvement in carbohydrate and lipid metabolism in diabetic 
Australian aborigines after temporary reversion to traditional lifestyle. Diabetes 33, 596-603. 

Ohlsson, H., Thor, S., and Edlund, T. (1991). Novel insulin promoter- and enhancer-binding 
proteins that discriminate between pancreatic alpha- and beta-cells. Mol Endocrinol 5, 897-904. 

Onichtchouk, D., Chen, Y. G., Dosch, R., Gawantka, V., Delius, H., Massague, J., and Niehrs, C. 
(1999). Silencing of TGF-beta signalling by the pseudoreceptor BAMBI. Nature 401, 480-485. 

Papadopoulou, S., and Edlund, H. (2005). Attenuated Wnt signaling perturbs pancreatic growth 
but not pancreatic function. Diabetes 54, 2844-2851. 

Pedersen, M. G., Bertram, R., and Sherman, A. (2005). Intra- and inter-islet synchronization of 
metabolically driven insulin secretion. Biophys J 89, 107-119. 

Piccolo, S., Sasai, Y., Lu, B., and De Robertis, E. M. (1996). Dorsoventral patterning in Xenopus: 
inhibition of ventral signals by direct binding of chordin to BMP-4. Cell 86, 589-598. 

Poitout, V., Hagman, D., Stein, R., Artner, I., Robertson, R. P., and Harmon, J. S. (2006). 
Regulation of the insulin gene by glucose and Fatty acids. J Nutr 136, 873-876. 

Pop, S. M., Wong, C. P., Culton, D. A., Clarke, S. H., and Tisch, R. (2005). Single cell analysis 
shows decreasing FoxP3 and TGFbeta1 coexpressing CD4+CD25+ regulatory T cells during 
autoimmune diabetes. J Exp Med 201, 1333-1346. 

Prentki, M., Joly, E., El-Assaad, W., and Roduit, R. (2002). Malonyl-CoA signaling, lipid 
partitioning, and glucolipotoxicity: role in beta-cell adaptation and failure in the etiology of 
diabetes. Diabetes 51 Suppl 3, S405-413. 

Raftery, L. A., and Sutherland, D. J. (1999). TGF-beta family signal transduction in Drosophila 
development: from Mad to Smads. Dev Biol 210, 251-268. 

Rahman, M., and Axelson, O. (1995). Diabetes mellitus and arsenic exposure: a second look at 
case-control data from a Swedish copper smelter. Occup Environ Med 52, 773-774. 

Rahman, M., Tondel, M., Ahmad, S. A., and Axelson, O. (1998). Diabetes mellitus associated with 
arsenic exposure in Bangladesh. Am J Epidemiol 148, 198-203. 



 62

Rane, S. G., Lee, J. H., and Lin, H. M. (2006). Transforming growth factor-beta pathway: role in 
pancreas development and pancreatic disease. Cytokine Growth Factor Rev 17, 107-119. 

Robertson, R. P., Harmon, J., Tran, P. O., Tanaka, Y., and Takahashi, H. (2003). Glucose toxicity 
in beta-cells: type 2 diabetes, good radicals gone bad, and the glutathione connection. Diabetes 52, 
581-587. 

Rocheleau, J. V., Head, W. S., Nicholson, W. E., Powers, A. C., and Piston, D. W. (2002). 
Pancreatic islet beta-cells transiently metabolize pyruvate. J Biol Chem 277, 30914-30920. 

Rosen, B. P., Bhattacharjee, H., Zhou, T., and Walmsley, A. R. (1999). Mechanism of the ArsA 
ATPase. Biochim Biophys Acta 1461, 207-215. 

Sakuraba, H., Mizukami, H., Yagihashi, N., Wada, R., Hanyu, C., and Yagihashi, S. (2002). 
Reduced beta-cell mass and expression of oxidative stress-related DNA damage in the islet of 
Japanese Type II diabetic patients. Diabetologia 45, 85-96. 

Sanvito, F., Herrera, P. L., Huarte, J., Nichols, A., Montesano, R., Orci, L., and Vassalli, J. D. 
(1994). TGF-beta 1 influences the relative development of the exocrine and endocrine pancreas in 
vitro. Development 120, 3451-3462. 

Sayo, Y., Hosokawa, H., Imachi, H., Murao, K., Sato, M., Wong, N. C., Ishida, T., and Takahara, 
J. (2000). Transforming growth factor beta induction of insulin gene expression is mediated by 
pancreatic and duodenal homeobox gene-1 in rat insulinoma cells. Eur J Biochem 267, 971-978. 

Schuit, F., De Vos, A., Farfari, S., Moens, K., Pipeleers, D., Brun, T., and Prentki, M. (1997). 
Metabolic fate of glucose in purified islet cells. Glucose-regulated anaplerosis in beta cells. J Biol 
Chem 272, 18572-18579. 

Schuldiner, M., Collins, S. R., Thompson, N. J., Denic, V., Bhamidipati, A., Punna, T., Ihmels, J., 
Andrews, B., Boone, C., Greenblatt, J. F., et al. (2005). Exploration of the function and 
organization of the yeast early secretory pathway through an epistatic miniarray profile. Cell 123, 
507-519. 

Serreze, D. V., and Leiter, E. H. (1988). Defective activation of T suppressor cell function in 
nonobese diabetic mice. Potential relation to cytokine deficiencies. J Immunol 140, 3801-3807. 

Shalev, A., Pise-Masison, C. A., Radonovich, M., Hoffmann, S. C., Hirshberg, B., Brady, J. N., 
and Harlan, D. M. (2002). Oligonucleotide microarray analysis of intact human pancreatic islets: 
identification of glucose-responsive genes and a highly regulated TGFbeta signaling pathway. 
Endocrinology 143, 3695-3698. 

Shen, J., Hsu, C. M., Kang, B. K., Rosen, B. P., and Bhattacharjee, H. (2003). The Saccharomyces 
cerevisiae Arr4p is involved in metal and heat tolerance. Biometals 16, 369-378. 

Shi, Y., and Massague, J. (2003). Mechanisms of TGF-beta signaling from cell membrane to the 
nucleus. Cell 113, 685-700. 



 63

Shibuya, H., Iwata, H., Masuyama, N., Gotoh, Y., Yamaguchi, K., Irie, K., Matsumoto, K., 
Nishida, E., and Ueno, N. (1998). Role of TAK1 and TAB1 in BMP signaling in early Xenopus 
development. Embo J 17, 1019-1028. 

Shimono, D., Fujimoto, S., Mukai, E., Takehiro, M., Nabe, K., Radu, R. G., Shimodahira, M., 
Kominato, R., Aramaki, Y., Nishi, Y., et al. (2005). ATP enhances exocytosis of insulin secretory 
granules in pancreatic islets under Ca2+-depleted condition. Diabetes Res Clin Pract 69, 216-223. 

Shirakabe, K., Yamaguchi, K., Shibuya, H., Irie, K., Matsuda, S., Moriguchi, T., Gotoh, Y., 
Matsumoto, K., and Nishida, E. (1997). TAK1 mediates the ceramide signaling to stress-activated 
protein kinase/c-Jun N-terminal kinase. J Biol Chem 272, 8141-8144. 

Sladek, R., Rocheleau, G., Rung, J., Dina, C., Shen, L., Serre, D., Boutin, P., Vincent, D., Belisle, 
A., Hadjadj, S., et al. (2007). A genome-wide association study identifies novel risk loci for type 2 
diabetes. Nature 445, 881-885. 

Smeekens, S. P., Montag, A. G., Thomas, G., Albiges-Rizo, C., Carroll, R., Benig, M., Phillips, L. 
A., Martin, S., Ohagi, S., Gardner, P., and et al. (1992). Proinsulin processing by the subtilisin-
related proprotein convertases furin, PC2, and PC3. Proc Natl Acad Sci U S A 89, 8822-8826. 

Sollner, T. H. (2003). Regulated exocytosis and SNARE function (Review). Mol Membr Biol 20, 
209-220. 

Solloway, M. J., Dudley, A. T., Bikoff, E. K., Lyons, K. M., Hogan, B. L., and Robertson, E. J. 
(1998). Mice lacking Bmp6 function. Dev Genet 22, 321-339. 

Song, S. H., Rhodes, C. J., Veldhuis, J. D., and Butler, P. C. (2003). Diazoxide attenuates glucose-
induced defects in first-phase insulin release and pulsatile insulin secretion in human islets. 
Endocrinology 144, 3399-3405. 

Sorenson, R. L., Brelje, T. C., and Roth, C. (1993). Effects of steroid and lactogenic hormones on 
islets of Langerhans: a new hypothesis for the role of pregnancy steroids in the adaptation of islets 
to pregnancy. Endocrinology 133, 2227-2234. 

St-Onge, L., Wehr, R., and Gruss, P. (1999). Pancreas development and diabetes. Curr Opin Genet 
Dev 9, 295-300. 

Steneberg, P., Rubins, N., Bartoov-Shifman, R., Walker, M. D., and Edlund, H. (2005). The FFA 
receptor GPR40 links hyperinsulinemia, hepatic steatosis, and impaired glucose homeostasis in 
mouse. Cell Metab 1, 245-258. 

Stojilkovic, S. S. (2005). Ca2+-regulated exocytosis and SNARE function. Trends Endocrinol 
Metab 16, 81-83. 

Straub, S. G., and Sharp, G. W. (2002). Glucose-stimulated signaling pathways in biphasic insulin 
secretion. Diabetes Metab Res Rev 18, 451-463. 

Takatsu, Y., Nakamura, M., Stapleton, M., Danos, M. C., Matsumoto, K., O'Connor, M. B., 
Shibuya, H., and Ueno, N. (2000). TAK1 participates in c-Jun N-terminal kinase signaling during 
Drosophila development. Mol Cell Biol 20, 3015-3026. 



 64

Thams, P., and Capito, K. (1999). L-arginine stimulation of glucose-induced insulin secretion 
through membrane depolarization and independent of nitric oxide. Eur J Endocrinol 140, 87-93. 

Thorens, B., Guillam, M. T., Beermann, F., Burcelin, R., and Jaquet, M. (2000). Transgenic 
reexpression of GLUT1 or GLUT2 in pancreatic beta cells rescues GLUT2-null mice from early 
death and restores normal glucose-stimulated insulin secretion. J Biol Chem 275, 23751-23758. 

Tirone, T. A., and Brunicardi, F. C. (2001). Overview of glucose regulation. World J Surg 25, 461-
467. 

Tsai, S. H., Liang, Y. C., Chen, L., Ho, F. M., Hsieh, M. S., and Lin, J. K. (2002). Arsenite 
stimulates cyclooxygenase-2 expression through activating IkappaB kinase and nuclear factor 
kappaB in primary and ECV304 endothelial cells. J Cell Biochem 84, 750-758. 

Tsai, S. M., Wang, T. N., and Ko, Y. C. (1999). Mortality for certain diseases in areas with high 
levels of arsenic in drinking water. Arch Environ Health 54, 186-193. 

Tseng, C. H., Tseng, C. P., Chiou, H. Y., Hsueh, Y. M., Chong, C. K., and Chen, C. J. (2002). 
Epidemiologic evidence of diabetogenic effect of arsenic. Toxicol Lett 133, 69-76. 

Walmsley, A. R., Zhou, T., Borges-Walmsley, M. I., and Rosen, B. P. (2001). Antimonite 
regulation of the ATPase activity of ArsA, the catalytic subunit of the arsenical pump. Biochem J 
360, 589-597. 

van Haeften, T. W., and Twickler, T. B. (2004). Insulin-like growth factors and pancreas beta 
cells. Eur J Clin Invest 34, 249-255. 

Wang, H., Kouri, G., and Wollheim, C. B. (2005). ER stress and SREBP-1 activation are 
implicated in beta-cell glucolipotoxicity. J Cell Sci 118, 3905-3915. 

Wang, S., Krinks, M., Kleinwaks, L., and Moos, M., Jr. (1997). A novel Xenopus homologue of 
bone morphogenetic protein-7 (BMP-7). Genes Funct 1, 259-271. 

Wang, S. L., Chiou, J. M., Chen, C. J., Tseng, C. H., Chou, W. L., Wang, C. C., Wu, T. N., and 
Chang, L. W. (2003). Prevalence of non-insulin-dependent diabetes mellitus and related vascular 
diseases in southwestern arseniasis-endemic and nonendemic areas in Taiwan. Environ Health 
Perspect 111, 155-159. 

Varadi, A., Tsuboi, T., and Rutter, G. A. (2005). Myosin Va transports dense core secretory 
vesicles in pancreatic MIN6 beta-cells. Mol Biol Cell 16, 2670-2680. 

Watanabe, M., Nomura, K., Ohyama, A., Ishikawa, R., Komiya, Y., Hosaka, K., Yamauchi, E., 
Taniguchi, H., Sasakawa, N., Kumakura, K., et al. (2005). Myosin-Va regulates exocytosis 
through the submicromolar Ca2+-dependent binding of syntaxin-1A. Mol Biol Cell 16, 4519-4530. 

Webb, G. C., Akbar, M. S., Zhao, C., and Steiner, D. F. (2000). Expression profiling of pancreatic 
beta cells: glucose regulation of secretory and metabolic pathway genes. Proc Natl Acad Sci U S A 
97, 5773-5778. 



 65

Weinhaus, A. J., Poronnik, P., Tuch, B. E., and Cook, D. I. (1997). Mechanisms of arginine-
induced increase in cytosolic calcium concentration in the beta-cell line NIT-1. Diabetologia 40, 
374-382. 

Wells, J. M., and Melton, D. A. (2000). Early mouse endoderm is patterned by soluble factors 
from adjacent germ layers. Development 127, 1563-1572. 

Wiederkehr, A., and Wollheim, C. B. (2006). Minireview: implication of mitochondria in insulin 
secretion and action. Endocrinology 147, 2643-2649. 

Wilson, P. A., Lagna, G., Suzuki, A., and Hemmati-Brivanlou, A. (1997). Concentration-
dependent patterning of the Xenopus ectoderm by BMP4 and its signal transducer Smad1. 
Development 124, 3177-3184. 

Vincent, M., Guz, Y., Rozenberg, M., Webb, G., Furuta, M., Steiner, D., and Teitelman, G. (2003). 
Abrogation of protein convertase 2 activity results in delayed islet cell differentiation and 
maturation, increased alpha-cell proliferation, and islet neogenesis. Endocrinology 144, 4061-
4069. 

Winzell, M. S., Svensson, H., Enerback, S., Ravnskjaer, K., Mandrup, S., Esser, V., Arner, P., 
Alves-Guerra, M. C., Miroux, B., Sundler, F., et al. (2003). Pancreatic beta-cell lipotoxicity 
induced by overexpression of hormone-sensitive lipase. Diabetes 52, 2057-2065. 

von Bubnoff, A., and Cho, K. W. (2001). Intracellular BMP signaling regulation in vertebrates: 
pathway or network? Dev Biol 239, 1-14. 

Wu, L., Nicholson, W., Knobel, S. M., Steffner, R. J., May, J. M., Piston, D. W., and Powers, A. 
C. (2004). Oxidative stress is a mediator of glucose toxicity in insulin-secreting pancreatic islet 
cell lines. J Biol Chem 279, 12126-12134. 

Yamaoka, T., Idehara, C., Yano, M., Matsushita, T., Yamada, T., Ii, S., Moritani, M., Hata, J., 
Sugino, H., Noji, S., and Itakura, M. (1998). Hypoplasia of pancreatic islets in transgenic mice 
expressing activin receptor mutants. J Clin Invest 102, 294-301. 

Yang, S. N., and Berggren, P. O. (2006). The role of voltage-gated calcium channels in pancreatic 
beta-cell physiology and pathophysiology. Endocr Rev 27, 621-676. 

Yoshida, Y., von Bubnoff, A., Ikematsu, N., Blitz, I. L., Tsuzuku, J. K., Yoshida, E. H., Umemori, 
H., Miyazono, K., Yamamoto, T., and Cho, K. W. (2003). Tob proteins enhance inhibitory Smad-
receptor interactions to repress BMP signaling. Mech Dev 120, 629-637. 

Yu, B. P. (1994). Cellular defenses against damage from reactive oxygen species. Physiol Rev 74, 
139-162. 

Zhang, W., Yatskievych, T. A., Cao, X., and Antin, P. B. (2002). Regulation of Hex gene 
expression by a Smads-dependent signaling pathway. J Biol Chem 277, 45435-45441. 

Zhu, H., Kavsak, P., Abdollah, S., Wrana, J. L., and Thomsen, G. H. (1999). A SMAD ubiquitin 
ligase targets the BMP pathway and affects embryonic pattern formation. Nature 400, 687-693. 



 66

Zimmerman, L. B., De Jesus-Escobar, J. M., and Harland, R. M. (1996). The Spemann organizer 
signal noggin binds and inactivates bone morphogenetic protein 4. Cell 86, 599-606. 

Zucchelli, S., Holler, P., Yamagata, T., Roy, M., Benoist, C., and Mathis, D. (2005). Defective 
central tolerance induction in NOD mice: genomics and genetics. Immunity 22, 385-396. 
 
 




