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ABSTRACT 

A relative decrease in P-cell mass is key in the pathogenesis of type 1 diabetes, type 2 
diabetes and in the failure of transplanted islet grafts. It is now clear that p-cell duplication plays 
a dominant role in the regulation of adult p-cell mass. Knowledge of the endogenous regulators 
of P-cell replication is therefore critical for understanding the physiological control of P-cell 
mass and for harnessing this process therapeutically. We have shown that physiological 
concentrations of insulin act directly on P-cells to promote survival. Whether insulin stimulates 
adult P-cell proliferation remains unclear. We tested this hypothesis using dispersed primary 
mouse islet cells double-labeled with BrdU and insulin antisera. Treating cells with 200 pM 
insulin significantly increased proliferation from a baseline rate of 0.15% per day. Elevating 
glucose from 5 mM to 15 mM did not significantly increase p-cell replication. P-cell 
proliferation was inhibited by somatostatin, as well as inhibitors of insulin signalling. 
Interestingly, inhibiting Raf-1 kinase blocked proliferation stimulated by physiological, but not 
super-physiological insulin doses. Insulin-stimulated MIN6 cell proliferation was dependent on 
both PI3-kinase/Akt and the Raf-l/MEK pathways. Examination of the effects of insulin and its 
receptor pathway on cell cycle molecules was inconclusive. Together, these results demonstrate 
for the first time that insulin, at physiological levels, can directly stimulate P-cell proliferation 
and that Raf-l kinase is involved in this process. These findings have significant implications for 
the understanding of the regulation of P-cell mass in both the hyperinsulinemic and insulin-
deficient states that occur in the various forms of diabetes 
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INTRODUCTION 

Diabetes 

Diabetes is a devastating disease that is quickly becoming one of the most prevalent 
diseases, affecting over 200 million people worldwide (1,2). In Canada alone, over two million 
people suffer from diabetes and this number is expected to almost double in the next few decades 
(1). Roughly 90-95% of all diabetes patients are classified as people with type 2 diabetes, 
whereas 5-10% are classified as type 1 diabetes. In addition, less common forms of diabetes 
have been identified, including the monogenic maturity onset diabetes of the young (MODY) 
syndromes, which account for approximately 5% of all type 2 diabetes cases (3). Thus, diabetes 
is a global epidemic that takes many forms. 

Type 1 diabetes, formerly known as insulin-dependent diabetes mellitus (IDDM), occurs 
mainly in the young but can also occur in adulthood. The hallmark diagnosis in type 1 diabetes is 
hyperglycemia, which is caused by inadequate release of the blood sugar-lowering hormone 
insulin. Type 1 diabetes is characterized by a loss of insulin secreting p-cells resulting from 
autoimmune attack (4-6). Patients with type 1 diabetes are treated with injections of exogenous 
insulin to maintain a stable blood glucose level. Despite intensive treatment, diabetes is often 
accompanied by multiple complications such as heart disease, kidney failure and blindness (5, 
6). Together with these complications, diabetes shortens the life of those afflicted by -10 years. 
Therefore, although insulin is a treatment for diabetes, it does not cure the disease. A true cure 
would result from either increased endogenous p-cell mass or introduction of a cell type that 
perfectly mimics normal P-cells. 

Type 2 diabetes, formerly called non-insulin-dependent diabetes mellitus (NIDDM), is 
characterized by both inadequate insulin sensitivity and P-cell dysfunction (7). Patients with type 
2 diabetes exhibit hyperglycemia and often hyperinsulinemia, which is associated with insulin 
resistance. During the progression to type 2 diabetes, p-cells initially proliferate in an attempt to 
compensate for insulin resistance. However, in those progressing to diabetes, compensation fails 
and P-cell mass becomes insufficient to meet the demands of the body. Thus, a better 
understanding of how P-cells proliferate during this compensation period may offer insights into 
the pathogenesis of the disease and possible treatments that mimic this natural process. Type 2 
diabetes is typically associated with advanced age, unbalanced diet and sedentary lifestyle but 
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also has a major genetic component (7, 8). People with type 2 diabetes are treated to various 
degrees depending on the severity and form of the disease; these treatments range from diet and 
exercise to insulin injections. 

Genetic susceptibility to diabetes 

Combinations of susceptibility genes and environmental factors have been shown to play 
a role in the pathogenesis of both type 1 diabetes and type 2 diabetes. Several diabetes 
susceptibility genes are known to affect p-cell mass (9-11). In type 1 diabetes, there are 
approximately 18 regions of the genome that have been shown to influence disease risk, called 
IDDM1-IDDM18 (10). The most characterized loci are IDDM1 and IDDM2, which contains 
HLA and insulin genes, respectively (10). Variation in the IDDM2 gene contributes to 
approximately 10% of type 1 diabetes susceptibility (12), but the mechanisms by which insulin 
affects disease progression is unclear. Although many investigators have focused on the role of 
insulin in thymic tolerance (13, 14), it is also possible that alterations in islet insulin expression 
could modulate P-cell mass. The remaining IDDM loci contain genes such as those involved in 
immunity, development and glucose metabolism (10). 

A number of type 2 diabetes susceptibility genes have been found through whole-genome 
linkage studies that contribute to p-cell function and/or survival (15-17). These include TCF7L2, 
KIR6.2 and calpain 10, among others (15-17). Recent genome-wide analysis was carried out on 
approximately 1500 type 2 diabetic patients from Finland and Sweden. It was reported that 
single nucleotide polymorphisms (SNPs) on the coding region of known P-cell cycle inhibitors, 
pl5 and pl6, predisposed individuals to the disease (11). At this time, it is not known whether 
these polymorphisms result in gain-of-function or loss-of-function effects, or which cell types 
are most affected. Many factors contribute to the pathogenesis of diabetes. The observation that 
genes capable of influencing P-cell mass contribute susceptibility to diabetes, suggests the 
possibility that reduced P-cell mass or compensatory ability may play a causal role in the 
disease. 
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Proliferation of pancreatic p-cells 

A relative loss of pancreatic P-cell mass is critical to the pathogenesis of diabetes. A loss 
of p-cell graft mass is a key limiting factor for successful islet transplantation therapy (18, 19). A 
steady p-cell mass is maintained throughout life by a balance of apoptosis and proliferation (20). 
Pancreatic P-cell mass expands during times of need, such as obesity (21) and pregnancy (22). 
There have been several hypotheses regarding the origin of newly formed post-natal P-cells (23), 
and many groups have attempted to generate P-cells in vitro. It has been suggested that new adult 
p-cells can arise from multipotent precursors found within the pancreas (24-26) in a manner that 
recapitulates development from embryonic stem cells (27-29). Hypotheses that new adult P-cells 
are formed by transdifferentiation of pancreatic ductal (30-32) and acinar (33) cells have also 
been proposed, but were later challenged by lineage tracing studies (34, 35). Furthermore, a 
study implying human islet epidermal to mesenchymal transition (31) was later challenged using 
lineage tracing of mouse p-cells in vitro (36). Nevertheless, it is now well established that 
proliferation of adult pancreatic P-cells is a major regulator of p-cell mass (34, 35, 37). In vivo 

genetic lineage tracing provided strong evidence that adult pancreatic p-cells are formed by self-
duplication rather than differentiation from a stem cell (34). This was further supported by Teta 
et al., who used a novel in vivo DNA analog-based lineage tracing technique to show that growth 
of adult P-cells does not involve specialized highly replicating progenitors (35). Thus, P-cell 
proliferation is a critical factor for maintaining a stable p-cell mass. Understanding the 
endogenous regulation of P-cell proliferation may lead to new therapeutic strategies to combat 
diabetes. 

Various studies have sought to determine the proliferation rate of pancreatic P-cells in 
vivo. The earliest studies estimated a proliferation rate of roughly 6% and 1% per day in rats of 
one and three month(s) of age, respectively (38). Using a mathematical model, P-cell 
proliferation rates were estimated to be as high as 10% per day in adolescent mice (39). Recent 
reports indicate that P-cells replicate at a rate of approximately 0.07-2% per day in adult mice 
exposed to BrdU or related analogues via their drinking water and that this rate declines 
dramatically with age (35, 40). Proliferation measured in pancreatic sections using the 
proliferation marker Ki67 showed 0.04% and less than 1% of P-cells were replicating in human 
adult (21) and infant (41) pancreatic sections, respectively. Taken together with the lineage-
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tracing studies described above, these investigations strongly suggest that P-cell replication, 
while very slow, plays a dominant role in the control of adult P-cell mass. 

An overview of the cell cycle 

The cell cycle is very tightly regulated in all cell types, including the P-cell. Eukaryotic 
cell division requires coordinated cycle events including DNA synthesis (S) and mitosis (M). 
These events are separated by two gap phases (Gl and G2) (42). During the Gl phase, the cells 
receive information from the extracellular environment to determine whether to proliferate or to 
adopt an alternate fate (42, 43). DNA synthesis requires a large amount of energy; therefore, 
prior to committing to replication, the cell must pass the Gl to S checkpoint. One of the key 
gatekeepers of this checkpoint is the tumour suppressor protein p53, which is activated by 
cellular stress (42, 44). p53 regulates multiple mechanisms such as DNA repair and cell death. 
p53 also transactivates cyclin inhibitory kinases (CIPs) such as p21, p27 and p57 (42, 44) (see 
Fig. 1). These inhibitory proteins, along with the inhibitory kinases (INKs) pi5, pl6 and pi8, 
prevent cell cycle progression by binding to cyclins and cyclin dependent kinases (cdks) (45). 
Cyclin D and cyclin E bind cdk4 and cdk2, respectively, during the Gl/S checkpoint (see Fig. 1). 
These complexes in turn phosphorylate the tumour suppressor protein retinoblastoma (Rb), 
leading to progression through the cell cycle (46). Rb is the final molecule maintaining cell cycle 
arrest and it does this by inhibiting E2F transcription factors and recruiting histone deacetylases 
(47). Once the cell proceeds through the Gl/S checkpoint, DNA synthesis occurs. Upon 
completion of this process, the G2 phase allows the cell to make the necessary proteins and 
prepare for mitosis, the separation of sister chromosomes and daughter cells into individual cells 
(45). Although the main components of the eukaryote cell cycle have been mapped out, many 
details remain unclear. 

There are also a number of proteins associated with the cell cycle that have not yet been 
fully characterized. For example, the functions of the cell cycle molecules cyclin Gl and cyclin 
G2 are poorly understood. They are atypical cyclins because they do not promote cell cycle 
progression, but induce cell cycle arrest (48-53). Cyclin Gl may inhibit the G2/M phase 
transition in response to DNA damage (50, 51), whereas cyclin G2 may arrest the cells at the 
Gl/S checkpoint (48, 52, 53). Cell cycle regulation is very complex and tightly controlled. The 
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regulation of the p-cell cycle and P-cell replication: is still poorly understood as the majority of 

studies on the cell cycle have employed other cell types. 
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Fig. 1. Cell cycle molecules involved in G l / S phase in p-cells. The cell cycle is highly regulated by inhibitory 
molecules which act on cyclin and cyclin dependent kinases (cdks). Phosphorylation of retinoblastoma (Rb) 
results in D N A synthesis and cell cycle progression, (ref. 54) 
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Cell cycle control in the pancreatic p-cell 

Understanding the molecular regulation of pancreatic P-cell replication is of critical 
importance for the prevention of diabetes and for possible islet replacement therapy. The Gl/S 
checkpoint of the cell cycle has been shown to be highly regulated in islet cells (37, 54-70). 
Disruption of the P-cell cycle is exemplified in transgenic mice over-expressing the SV40 T-
antigen, which increased p-cell proliferation and islet hyperplasia by inactivating p53 and Rb 
(68). Mice with heterozygous knockout of both Rb and p53 have islet hyperplasia and islet cell 
tumours (58, 66). However, P-cell specific knockout of Rb did not result in a robust difference in 
p-cell mass or replication (71), implying a role for other gatekeepers. These experiments showed 
the importance of the Gl/S checkpoint in the pancreatic P-cell and encouraged further studies on 
the many molecules upstream of Rb, including the cyclin-dependent kinases. Global changes in 
cdk4 affected only three tissues, the ovaries, testes and pancreatic P-cell (62, 64). In mice with a 
whole body cdk4 null mutation, hypoplasia of P-cells occurs (64), while mice with a whole body 
constitutively active cdk4 have p-cell hyperplasia (62). Attention has also been focused on the D 
type cyclins. It has been demonstrated through germ line ablation of the D-type cyclins that both 
cyclin DI and cyclin D2, but not cyclin D3, are required for postnatal P-cell proliferation (37, 61). 
Cyclin D17" mice have a normal P-cell mass whereas cyclin D27" mice have a decreased P-cell 
mass and reduced serum insulin levels, suggesting that cyclin DI is not required for P-cell 
development (37, 61). Nevertheless, over-expression of cyclin DI causes P-cell hyperplasia (67) 
and over-expression of both cyclin DI and cdk4 increases phosphorylation of Rb with a 10-fold 
increase in both rat and human P-cell replication (55). 

Other important regulators of the Gl phase in P-cells are the INK and CIP kinases. Initial 
studies showed a prominent role for p21 in maintaining P-cell cycle arrest when exposed to 
mitogenic stimuli in vitro (56). However, subsequent in vivo studies showed that mice with a p21 
null mutation have no apparent change in islet mass or P-cell replication, even in the presence of 
additional mitogenic stimuli (69). Nevertheless, an increase in P-cell mass and proliferation was 
seen in mice with the p27 gene deleted (65). p27 was found to be critical during development and 
neonatal period for allowing quiescent cells to proliferate (70), not for maintenance of adult P-cell 
mass (63). Furthermore, expression of pi6 in islets increases with age and diminishes the 
regenerative capacities of the islet (72). Studies on P-cell cycle molecules illustrate the 
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importance of P-cell cycle regulation in the control of islet mass and glucose homeostasis. The 
gaps in these studies also illustrate the need to further elucidate the complex mechanisms 
regulating P-cell proliferation in normal physiological conditions, diabetes progression and 
diabetes treatments. Moreover, these studies generally do not address the external cues that 
trigger p-cell mitogenesis. 

Insulin and the insulin receptor signalling pathway 

Insulin is both an anabolic hormone that regulates glucose metabolism and a growth 
factor. This 5.8 kDa protein was discovered in 1922 by Frederick Banting, Charles Best, James 
Macleod and James Collip. In pancreatic P-cells, the insulin mRNA transcript codes for an 
inactive protein called preproinsulin (73). Once inside the ER, preproinsulin is post-
translationally modified into the proinsulin precursor molecule. Proinsulin is then cleaved by the 
proteolytic enzymes prohormone convertases (PC 1/3 and PC2), and carboxypeptidase E (CPE) 
(73) . This cleavage removes the middle portion of proinsulin, C-peptide. The C- and N-terminal 
ends (the A- and B- chains) are bound together by disulfide bonds to form the final 51 amino acid 
form of insulin (74). Insulin is then packaged into secretory granules, which are stored in the 
cytoplasm awaiting a signal to be released into the circulation via exocytosis. 

Insulin secretion is triggered by an increase in blood glucose and, to varying degrees, 
other nutrients. After a meal, glucose is absorbed into the p-cell via plasma membrane type 2 
glucose transporters (GLUT2) (75). Metabolism of glucose causes an increase in adenosine tri­
phosphate (ATP) concentration (76). The rise in ATP/ADP ratio causes ATP-gated potassium 
channels to close, depolarizing the cell membrane. L-type voltage-gated calcium channels are 
then activated, transporting calcium ions into the cell. The increase in cytosolic calcium 
concentration triggers the insulin-containing secretory granules to be exocytosed (76). Zinc is also 
present inside these secretory granules, which facilitates the formation of insulin into an insoluble 
microcrystal hexamer structure (74). When the insoluble insulin is released from the granule into 
the bloodstream, it faces a change in pH from approximately 5.5 to 7.4. This change disrupts 
hydrogen bonds and converts insulin into a soluble monomer structure that can bind its receptors 

(74) . 
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Insulin secretion occurs in a pulsatile fashion and in two phases (77). The first phase of 
insulin secretion is caused by the immediate release of insulin from the pre-packaged secretory 
granules. The second phase of insulin secretion occurs 5-15 minutes later and accounts for a 
combination of newly synthesized and pre-packaged insulin. Insulin secretion is strongly 
inhibited by somatostatin, which is secreted within the islet by 8-cells. Somatostatin binds to its 
G-protein coupled receptor on the P-cell leading to a reduction in cytosolic calcium concentration 
by opening the ATP-gated potassium channel and closing the L-type voltage calcium channel on 
the surface of the P-cell (78). 

Insulin is first released into the portal circulation where it acts on the liver to increase 
glycogenesis and to decrease gluconeogenesis and glycogenolysis (79). Once in general 
circulation, insulin acts on muscle to increase glycogenesis and glucose uptake via increased 
concentrations and cell surface expression of GLUT4 (79). Adipose cells are also targeted by 
insulin, resulting in decreased lipolysis and increased fatty acid synthesis (79). The actions of 
insulin are countered by the hormone glucagon, which is secreted by pancreatic a-cells and acts to 
increase blood glucose between meals. 

The actions of insulin are rapid, as it has a short half-life of only minutes and circulates in 
picomolar concentrations (80). Insulin actions are mediated by the binding of insulin to its 
receptor. The insulin receptor can be found on almost all tissues, but has a significantly higher 
number on adipose and liver cells (81). The insulin receptor is made up of two chains consisting 
of an extracellular a-subunit (ligand binding) and an intracellular P-subunit (tyrosine kinase 
activity), which are linked together by disulfide bonds. These disulfide bonds along with the 
cysteine-rich motifs in its extracellular a-subunit, classify the insulin receptor as a class II 
tyrosine kinase receptor (82). The insulin receptor has a dissociation constant (K_) of between 0.2 
to 1 nM (83). Unlike most hormone receptors, the insulin receptor binding affinity for its ligand is 
bell-shaped due to a process called negative cooperativity (i.e. affinity is lost when insulin 
concentrations are too high) (84). IGF-1 receptors have a K_ similar to the insulin receptor but 
with much lower binding affinity for insulin molecules (83). Therefore, only super-physiological 
concentrations of insulin (approximately 50 nM) can activate IGF-1 receptors (85, 86). The cross-
reactivity between insulin and IGF-1 receptors makes it difficult to distinguish between the roles 
of each receptor when non-physiological doses of each ligand are used. While insulin's role in 
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regulating blood glucose is clearly defined, it's 'IGF-1-like' growth factor effects are less well 

understood. 

Insulin binding to the extracellular domain of the insulin receptor initiates the activation of 

many downstream pathways. These signal transduction mechanisms are similar to those 

employed by the IGF-1 receptor. Upon insulin binding, the intracellular tyrosine kinase activity of 

the insulin receptor is activated causing autophosphorylation and phosphorylation of insulin 

receptor substrates (IRS 1-4) and SH2-containing protein (She). IRS can activate two main 

signalling pathways; the phosphatidylinositol-3 kinase (PI3-K) and/or the mitogen-activated 

protein kinase (MAPK) pathways (see Fig. 2). These two main insulin signalling pathways are 

known to stimulate growth in various cell types; however, their role in P-cell proliferation 

remains unclear. 

Different iat io n 

Fig. 2. Schematic of the major components of the insulin receptor pathway. Insulin receptor 
activation results in autophosphorylation of the receptor and activation of insulin receptor 
substrates (IRS). PI3-kinase binds to IRS proteins, leading to activation of Akt. Through growth 
factor receptor-bound protein-2 (Grb2) and Son of Sevenless (SOS), the Ras/Raf pathway is 
activated. Both arms of the insulin receptor pathway lead to cell survival. 
http://hmgc.mcw.edu/laboratories/olivier/olivierproject.html 
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The arm of the insulin receptor signalling pathway that has received the most attention in 
the P-cell is the PI3-kinase pathway. Activated IRS recruits the p85 subunit of PI3-kinase, leading 
to increased PI3-kinase activity (87). PI3-kinase causes the formation of phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) from phosphatidylinositol bisphosphate (PIP2). The formation of PIP3 

recruits proteins with a PH (pleckstrin-homology) domain to the membrane where they become 
activated, as such with phosphoinositde-dependent kinase-1 (PDK-1). PDK-1 activates the serine-
threonine Akt by phosphorylation. Many of the downstream substrates of Akt are involved in cell 
survival and growth, including GSK-3, mTOR and Foxol (87). On the other hand, independent 
of the PI3-kinase pathway, IRS activation leads to the recruitment of the growth factor receptor-
bound protein-2 (Grb2) protein. Grb2 recruits the mammalian Son of Sevenless (mSOS) which 
acts as a guanine exchange factor for Ras. Activation of the serine-threonine kinase Raf-1 by Ras 
leads to phosphorylation of MAP/Erk kinase (MEK). MEK then phosphorylates ERK1/2 leading 
to such events as cell proliferation (87). Therefore, the multiple signalling components employed 
by insulin are thought to play important roles in insulin's effect on p-cell survival both in vivo and 
in vitro (88-99). 

Regulation of p-cell function and mass by insulin signalling 

Over the past several years, a series of studies using mice with tissue-specific knockout 
of the insulin receptor in muscle, liver, fat, brain and other sites have sought to determine which 
tissues are critical targets of insulin (100, 101). Surprisingly, the P-cells themselves were among 
the most important tissues in these experiments (100, 101). Although there has been interest in 
the possible autocrine/paracrine effects of insulin for over 30 years, these studies dramatically 
increased attention in this area of investigation. For example, several investigators proposed that 
insulin may have an autocrine role in its own synthesis and secretion. Although controversial, a 
series of studies proposed that insulin increases insulin gene expression (102-105). However, 
others have found that insulin has little or no effect on its own insulin gene expression (106). 
While, long term studies showed the insulin receptor is required for glucose-stimulated insulin 
secretion (103, 104, 107-110), short term insulin exposure decreased or had no effect on insulin 
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secretion in human P-cells (102, 111). Further examination is needed to fully understand the 
effects of insulin its own secretion and synthesis. 

A prominent role for insulin and its receptor pathway in regulating P-cell mass is 
becoming more apparent with recent experiments. Mice lacking insulin receptors on their 
pancreatic P-cells (PIRKO) exhibit an age-dependent decrease in P-cell mass and several 
similarities to human diabetes (108, 109). In contrast, P-cell specific IGF-1 receptor knockout 
mice do not have a decease in p-cell mass (112). Compound knockouts of p-cell IGF-1 and 
insulin receptors demonstrated that, between these two growth factors, insulin plays the 
dominant role in regulating P-cell mass in adult mice (110). It was also demonstrated that PIRKO 
mice fed a high fat diet failed to increase P-cell mass and had a lower proliferation rate than their 
wildtype counterparts (113). This suggests that the insulin receptor plays an essential role in the 
P-cell compensation to dietary stress. Experiments in MIN6 cells with 80% knockdown of the 
insulin receptor showed a decrease in P-cell replication (103). On the other hand, mice with 
increased expression of a mutant insulin receptor were noted to have more P-cell proliferation 
(114), although IRS-2 phosphorylation was unaffected. However, complete deletion of both 
insulin genes in mice caused no change in pancreas development (115). These studies suggest 
that compensation may be occurring through alternate growth pathways. In vitro, super-
physiological doses of insulin increased MIN6 cell proliferation (116) and cell viability of 
human islets via Akt (117). However, the effects of physiological doses of insulin on P-cell 
proliferation have yet to be elucidated. It is important to note that P-cell proliferation can be 
stimulated by many growth factors, including prolactin, placental lactogen, hepatocyte growth 
factor, parathyroid hormone-related protein, GLP-l/exendin-4, IGF-1 and insulin (118-129). 
Although exogenous treatment with these growth factors is sufficient to increase P-cell 
replication, insulin is relatively unique in that it is released locally in the islets and therefore may 
have a physiological autocrine/paracrine role in the regulation of P-cell mass. 

In addition to P-cell proliferation, apoptosis is one of the key factors determining total P-
cell mass. We have previously shown that the insulin signalling pathway has a positive effect on 
P-cell apoptosis (130). P-cells treated with low concentrations of insulin decreased apoptosis in 
primary human and mouse islets, but higher concentrations of insulin (200 nM and above) did 
not have an anti-apoptotic effect (130). The pro-survival effects of insulin were shown to be 
mediated through Pdx-1 and its binding partner Bridge-1. Bridge-1 has been shown to regulate 
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p-cell survival (131). In conclusion, studies examining the role of insulin and its receptor have 
clearly shown an important role for insulin in regulating P-cell mass. This is further strengthened 
by studies examining downstream molecules of the insulin receptor pathway. 

Between whole-body knockout mice lacking insulin receptor substrate-1 (IRS-1) or IRS-
2, only IRS-2 knockout mice had such a defect in P-cell mass that they developed type 2 diabetes 
(132-134), verifying a dominant role of IRS-2 in P-cell proliferation (96). Judging from similar 
experiments, IRS-3 and IRS-4 do not have a major role in regulating P-cell mass (135, 136). 
Transgenic mice over-expressing Akt in the P-cell had improved glucose tolerance, 
hyperinsulinemia and were resistant to streptozotocin-induced diabetes (89, 90). The improved 
glucose homeostasis was apparently due to an increase in P-cell mass and proliferation, since 
insulin secretion was not changed with Akt over-expression (89, 90). Surprisingly, mice with 
80% reduced islet Akt kinase activity did not have any changes in P-cell mass, even after high 
fat feeding (126, 137). This indicates that basal and compensatory p-cell proliferation may 
involve an alternate pathway, such as the Raf-l/ERK pathway. Hormones, such as GLP-1 and 
GIP, have been shown to stimulate growth of P-cells through both Akt- and Raf-dependent 
pathways (126). Over-expression of a Raf-1 inhibitory protein decreased proliferation in the HIT 
P-cell line (138), however, the importance of Raf-l in primary P-cell proliferation requires 
further investigation. Although the significance of the insulin receptor pathway in regulating P-
cell mass is acknowledged, the direct effects of physiological doses of insulin on p-cell 
proliferation have yet to be elucidated. 

Effects of insulin on p-cell cycle components 

Recent studies have convincingly shown that P-cell proliferation is critical in maintaining an 
adequate P-cell mass throughout life. What are the endogenous factors that act on islets to 
regulate this process? Since insulin receptor signalling is thought to regulate P-cell mass, several 
studies have begun to examine the effects of insulin signalling on cell cycle molecules. MIN6 
cells stably expressing siRNA targeting the insulin receptor had significant changes in the 
expression of many cell cycle regulatory genes, notably cyclin D2, cyclin G2, pi 8 and p21 (139). 
In the P-cell, Akt phosphorylates glycogen synthase kinase 3 (GSK-3). This event results in cell 
cycle activation because GSK-3 normally inhibits cyclin DI, cyclin D2, p21 and cdk4 (57). Since 
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Akt is downstream of the insulin receptor, this suggests that the insulin-mediated pathway may 
play a role in regulating the p-cell cycle. Application of these results to the adult pancreas 
implicates an important role for insulin signalling in regulating cell cycle molecules. In addition, 
insulin itself has been shown to increase levels of cyclin Dl, cyclin E, p21, increase degradation 
of p27, and increase cyclin D-cdk4 and cyclin E-cdk2 complex formations in a breast cancer cell 
line (140-142). Insulin has also been shown to increase proliferation of a breast cancer cell line 
via the MEK/ERK pathway (143). Consequently, the insulin pathway may be intimately involved 
in mediating cell cycle progression in the p-cell by regulation of cell cycle proteins. 

Effects of glucose on P-cell proliferation 

The presence of glucose is the main stimulus for insulin secretion from the P-cell. Several 
groups have also suggested that glucose is also the major stimulus for increased P-cell mass 
during times of high demand (144-146). Distinguishing between the roles of glucose and insulin 
on P-cell mass is difficult, especially in vivo, since elevated glucose increases insulin secretion. In 

vivo glucose infusion studies on rats showed that high glucose increased P-cell mass and 
proliferation (92, 144-146) and had anti-apoptotic effects (92, 144, 147). In vitro experiments 
using MIN6 and mouse islet cells revealed that the pro-survival effects of high glucose were 
dependent on PI3-kinase and Akt, but not MAPK (92). Several groups have suggested that the 
effects of glucose are independent of secreted insulin. For example, glucose activates the 
Ras/MAP-kinase arm of the insulin pathway, possibly through phosphorylation of Raf-1, by 
increasing intracellular calcium and activating PKA (106, 148-153). However, these studies were 
not carried out in primary cells. A recent study found an increase in P-cell proliferation in vivo 

due to hyperglycemia and hyperinsulinemia via increased cyclin D2 abundance and cellular 
localization, implicating both insulin and glucose as potential growth factors (154). In addition, 
MIN6 cells with an 80% knockdown of the insulin receptor showed that the effects of glucose on 
Akt phosphorylation and the expression of a large percentage of genes required the insulin 
receptor (103). In conclusion, it has been difficult to demonstrate that the effects of glucose on P-
cell proliferation do not involve secreted insulin. 
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Significance of P-cell proliferation in diabetes 

A loss of P-cell mass is critical to the pathogenesis of all forms of diabetes. An 
understanding of what triggers P-cell proliferation may shed light on treatment options designed 
to increase P-cell mass. Further comprehension of the mechanisms involved in P-cell replication 
will be useful for a variety of reasons. For example, understanding the signalling pathways 
involved in P-cell proliferation will enhance our knowledge of possible mechanisms underlying 
the pathogenesis of diabetes. In addition, having the ability to generate a replenishable source of 
insulin-secreting P-cells would be of significant importance for islet transplantation. Thus, an 
efficient inducer of p-cell proliferation may benefit diabetes treatment options. The present 
studies will influence our understanding of how p-cells proliferate, which may guide our efforts to 
treat diabetes. 

In the current study, we tested four hypotheses regarding the role of insulin in P-cell 
proliferation . Our first hypothsis postulated that physiological doses of insulin can increase P-
cell proliferation at a rate comparable to serum conditions. We determined the basal rate of 
proliferation of cultured primary mouse P-cells and found that both physiological and super-
physiological doses of insulin can stimulate P-cell division. Our second hypothesis stated that 
insulin's effects on p-cell proliferation are mediated through the Raf-l/MEK pathway. We found 
that only physiological doses of insulin require Raf-1 kinase in primary cells. Our third 
hypothesis states that the effects of elevated glucose on P-cell proliferation are dependent on 
secreted insulin. We found that P-cell proliferation in the presence of both low and high glucose 
concentrations likely involves insulin signalling. Together, these results support the concept that 
insulin is a critical regulator of P-cell proliferation and establishes the mechanism of this effect. 
Lastly, our fourth hypothesis states that physiological doses of insulin effects P-cell cycle 
proteins. We attempted to examine the specific P-cell cycle molecules that may be regulated by 
insulin signalling in the rare population of proliferating P-cells, however no conclusive results 
were obtained. Our findings have significance for the understanding of P-cell mass alterations in 
type 1 diabetes, type 2 diabetes and during graft failure in islet transplantation. 
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MATERIALS AND METHODS 

Reagents 

Exogenous human recombinant insulin, dissolved in 25 mM HEPES, was purchased 
from Sigma (St. Louis, MO). HNMPA-AM (hydroxy-2-naphthalenylmethylphosphonic acid), 
LY294002, Raf-1 Kinase Inhibitor, and Akt Inhibitor VIII were purchased from Calbiochem (La 
Jolla, CA). The MEK inhibitor U0ol26 was purchased from Cell Signalling (Beverly, MA). 
Somatostatin, and all other reagents were from Sigma (St. Louis, MO). See Table 1 for a list of 
antibodies used. 

Table 1 

Antibody (Ab) 
Size 
(kDa) Manufacturer Source/Type 

1° A b 
Dilution 

2° Ab 
Dilution 

Western Blot 

CCNB 55 Santa Cruz, CA Rabbit/Polyclonal 1 1000 1 2000 
CCND1 36 Santa Cruz, CA Rabbit/Polyclonal 1 1000 1 2000 
CCNE 45 Santa Cruz, CA Rabbit/Polyclonal 1 750 1 2000 
CCNG2 39 Abeam, MA Rabbit/Polyclonal 1 10000 1 2000 

pl5 15 Santa Cruz, CA Goat/Polyclonal 1 1000 1 2000 
pl6 16 Santa Cruz, CA Mouse/Monoclonal 1 1000 1 2000 
p21 18 Abeam, MA Rabbit/Polyclonal 1 1000 1 2000 

p27 27 Santa Cruz, CA Rabbit/Polyclonal 1 750 1 2000 
Rb (Ser780) 110 Cell Signalling, MA Rabbit/Polyclonal 1 1000 1 2000 
Rb (4H1) 110 Cell Signalling, MA Mouse/Monoclonal 1 2000 1 2000 
P-actin 43 Novus Biologicals, CO Mouse/Monoclonal 1 30000 1 6000 

Immunofluorescence 
Insulin Linco, MI Guinea Pig 1 750 
BrdU Roche, QC Mouse/Monoclonal 1 100 
CCNB Santa Cruz, CA Rabbit/Polyclonal 1 100 
CCND1 Santa Cruz, CA Rabbit/Polyclonal 1 100 
CCNE Santa Cruz, CA Rabbit/Polyclonal 1 100 
CCNG2 Abeam, MA Rabbit/Polyclonal 1 100 
p21 Abeam, MA Rabbit/Polyclonal 1 100 
p27 Santa Cruz, CA Rabbit/Polyclonal 1 100 
Texas Red Jackson, PA Rabbit a Guinea Pig 1:200 
Texas Red Jackson, PA Goat a Guinea Pig 1:200 
FITC Jackson, PA Goat a Mouse 1:200 
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Pancreatic islet isolation 

Islets were isolated from six to ten week-old male C57B16/J mice (The Jackson 
Laboratory, Bar Harbour, MA) using collagenase and filtration as follows. Mice were sacrificed 
using a CC_ chamber and cervical dislocation. Mouse pancreata were exposed and the bile duct 
ligated. The pancreas was then inflated via the pancreatic duct with 2-5 mL collagenase (0.375 
mg/mL, Sigma Type XI) in Hanks solution (137 mM NaCl, 5.4 mM KC1, 4.2 mM NaH2P04, 4.1 
KH2PO4, 10 mM HEPES, 1 mM MgCl2, and 5 mM glucose). The pancreas was then removed 
and placed in a 50 mL conical tube (BD Falcon, Franklin Lakes, NJ) containing 5 mL 
collagenase in Hanks solution. The pancreas was then incubated for 13 minutes in a 37°C water 
bath after which ten vigorous shakes took place to homogenous the pancreas in solution. The 
solution was then washed with 20 mL Hanks solution containing 1 mM CaCl2. The mixture was 
centrifuged at 1200 rpm for 30 seconds and the supernatant was aspired. This step was repeated 
twice, replacing Hanks solution with Roswell Park Memorial Institute (RPMI) 1640 (Gibco, 
Grand Island, NY) on the last resuspension. The new solution was filtered using a pre-wet 70 jam 
nylon filter (BD Biosciences, Franklin Lakes, NJ) and the captured islets were transferred into a 
35x10 mm Nunc suspension dish (Nalge, Rochester, NY) containing complete RPMI 1640. The 
islets were then hand picked and cultured overnight at 37°C 95% 02 and 5% C02 in RPMI 1640 
media with 11.1 mM glucose. Media was supplemented with 100 IU/ml penicillin, 100 pg/ml 
streptomycin (Gibco, Grand Island, NY). Fetal bovine serum (10%; Gibco, Grand Island, NY) 
was added when indicated. Where applicable, islets were treated as described. 

MIN6 cell culture 

MIN6 (mouse insulinoma) cells were obtained from Dr. Timothy Kieffer's laboratory 
(Life Sciences Centre, UBC) under Material Transfer Agreement from Dr. Jun-ichi Miyazaki 
(Osaka, Japan). MIN6 cells were originally derived from transgenic mouse insulinomas as 
previously described (155). MPN6 cells were cultured in DMEM (Gibco, Grand Island, NY) 
containing 25 mM glucose, 10% fetal bovine serum (Gibco, Grand Island, NY) and 100 IU/ml 
penicillin, 100 pg/ml streptomycin (Gibco, Grand Island, NY). MIN6 cells were passaged every 
2-3 days using 0.5% Trypsin-EDTA (Gibco, Grand Island, NY) to maintain an overall 
confluency of 70-80%. For Western blot assays, MPN6 cells were seeded in 12 well culture 
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plates (Nunc, Rochester NY) 24 hours before treatment to ensure a final treatment confluency of 
80%. For immunofluorescent assays, MIN6 were seeded onto coverslips and allowed to adhere 
overnight. 

Human islets 

Human islets were generously provided by Dr. Garth Warnock (Ike Barber 
Transplantation Unit, Department of Surgery, Vancouver General Hospital, BC) as part of the 
MSFHR-funded Center for Human Islet Transplant and P-cell Regeneration. Islets were isolated 
from both men and women ranging from 40-70 years of age with no history of diabetes. Human 
islets were cultured in 11.1 mM glucose RPMI 1640 media (Gibco, Grand Island, NY) 
supplemented with 1100 IU/ml penicillin, 100 ug/ml streptomycin (Gibco, Grand Island, NY) 
and 10% fetal bovine serum (Gibco, Grand Island, NY). Cells were cultured at 37°C and 5% 
CO2 in 35x10 mm Nunc suspension dishes (Nunc, Rochester NY) until treatment. 
Approximately 1,000 islets were transferred to each suspension dish for treatment on the same 
day they were received. 

Islet dispersion 

• • 2+ 2"r" 

Islet dispersion was carried out by means of four consecutive washes with Ca /Mg -
free MEM (Mediatech, Herndon, VA) followed by a gentle repetitive pipetting in the presence of 
a trypsin-EDTA solution (Gibco, Grand Island, NY) diluted 1:5 in MEM. Afterwards, the cells 
were washed with Ca2+/Mg2+-free MEM, and then transferred to glass coverslips in completed 
RPMI 1640 media (Gibco, Grand Island, NY). Following dispersion, the cells were allowed to 
adhere to the coverslips for 3 hours before the addition of media. The cells were allowed to 
adhere further by culturing overnight at 37°C and 5% CO2. 

Immunofluorescence staining 

For experiments using exogenous insulin, primary dispersed islet cells were washed three 
times with serum free RPMI media before treatment as indicated in each experiment. For 
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proliferation studies, 10 uM BrdU (5-bromo-2-deoxyuridine) labeling medium (Roche, Laval, 
QC) was added to the media of each treatment. Primary cells were incubated in treatment media 
for three days before immunofluorescence analyses. All experiments were done in 5 mM glucose 
unless otherwise stated to reduce endogenous insulin secretion. MIN6 cells were treated as 
indicated for 6 hours and 10 uM BrdU labeling medium was added 2 hours before cells were 
fixed. Time points were tested to determine an optimal window for proliferation studies. 

Following treatment, dispersed cells on coverslips were washed three times with PBS 
then fixed with an ethanol fixative (30 mL 50mM: glycin, 70 mL ethanol) for 20 minutes at -
20°C. Coverslips were then washed three times with PBS before co-incubation of primary 
antibody (see Table 1) for 40 min at 37°C. Primary antibodies are diluted accordingly (see Table 
1) with Dakocytomation Antibody Diluent (Dako, Carpinteria, CA). For proliferation studies, 
primary antibodies were incubated separately to prevent cross-binding of the antibodies. An 
extra coverslip with dispersed cells attached was incubated with Dakocytomation Antibody 
Diluent alone as a negative control where the only fluorescence should be cellular 
autofluorescence (which is considerable in p-cells). All coverslips were washed three times with 
PBS before incubation with the proper secondary antibody (see Table 1) for 45 minutes in a dark 
humid chamber at 37°C. Coverslips were then washed three times with PBS and mounted on 
slides in VECTASHIELD Mounting Medium for Fluorescence with DAPI (Vector Labs, 
Burlingame, CA) and sealed with clear nail polish. Slides were kept overnight at 4°C and then 
cells were visualized on an Axiovert 200M inverted microscope (Zeiss, Thornwood NY) with a 
10X and an oil immersion 100X objective equipped with filters for Cyanine (Cy3; typically used 
to visualize insulin), fluorescein (FITC; typically used to visualize the protein of interest), and 
4',6-diamidino-2 phenylindole (DAPI) to visualize nuclei. Images were captured using a 
Coolsnap HQII CCD camera (Photometric, Tucson AZ) and were analyzed/quantified using 
SlideBook software (Intelligent Imaging Innovations, Boulder, CO). For proliferation studies, 
the total number of cells in each image was quantified by masking all nuclei (DAPI staining) as 
an individual object with Slidebook software. Masking DAPI allowed all cells to be calculated, 
however, cell clusters were masked as one object. Therefore, to obtain the total number of cells, 
the total object area of masked DAPI was calculated and divided by the area of an average cell to 
get an estimate of the number of cells in each image. In addition, cells co-stained for both insulin 
and BrdU were manually counted to ensure P-cell proliferation. 

18 



Immunoblot analysis 

Primary islets were hand picked into a siliconized 1.5 mL tube, centrifuged and washed 
once with PBS. The islets were then placed into 35x10 mm Nunc suspension dishes (Nunc, 
Rochester NY) containing treatment media. Islets were cultured for either 24 or 48 hours. MIN6 
cells were seeded in 12 well culture plates (BD Falcon, Franklin Lakes, NJ) overnight to ensure 
final confluency of approximately 80%. The cells were then treated with insulin alone or in 
combination with a drug for 6 hours. 

Post treatment, MIN6 cells were washed twice with ice cold phosphate buffered saline 
(PBS) and lysed with 80 uL/well of cell lysis buffer (Cell Signalling, Danvers MA) 
supplemented with 1% phenylmethanesulphonylfluoride (PMSF; Cell Signalling, Danvers MA). 
Cell lysates were then collected into 1.5 mL tubes. Post treatment, human or mouse islets were 
individually transferred into 1.5 mL tubes for centrifugation. The media was aspirated and 50 
uL/tube of cell lysis buffer supplemented with 1% PMSF was added to the tube. 

Cell lysates were then subjected to cellular fragmentation by rapidly freezing and 
thawing the lysates three times and centrifuging for 15 minutes at 15000 rpm at 4°C. Total 
protein content in lysates was measured using a biocinchoninic acid (BCA) protein assay (Pierce, 
Rockford IL) with a BSA (bovine serum albumin) standard solution (Pierce, Rockford IL). Total 
protein (15-30 ug) was mixed with an appropriate volume of sample buffer containing sodium 
dodecyl sulphate (SDS; Cell Signalling, Danvers MA) and heated to 959C for 5 minutes, placed 
on ice for 5 minutes and centrifuged at 12000 rpm for 1 minute. The total volume of each sample 
was loaded into the wells of a 12% SDS polyacrylamide gel along with 10 pL of the SM0671 
PageRuler™ Pre-stained Protein Ladder (Fermentas, Burlington ON). Gels were run at 120V for 
60-90 minutes in an SDS supplemented running buffer system. Gels were transferred to a 
polyvinylidene fluoride (PVDF) membrane (Bio-rad, Hercules CA) (activated with methanol) 
using a Trans-blot SD Semi-dry Cell (Bio-rad, Hercules CA) at 22V for 85 minutes. Membranes 
were washed with 0.2% w/w I-block (Tropix, Bedford MA) in PBS supplemented with 0.1% 
Tween-20 (Sigma-Aldrich, Oakville ON) for 30 minutes. Primary antibodies were diluted in 4 
mL of 0.2% w/w I-block in PBS supplemented with 0.1% Tween-20 and incubated along with 
the membrane for two hours at room temperature or overnight at 4°C with gentle shaking. 

19 



Primary antibodies with dilutions used can be seen in Table 1. Membranes were washed three 
times for 6 minutes in a PBS solution supplemented with 0.1% Tween-20. Membranes were then 
incubated in horseradish peroxidase IgG secondary antibody (as seen in Table 1) diluted in 4 mL 
of 0.2% w/w I-block in PBS supplemented with 0.1% Tween-20 for 90 minutes at room 
temperature. Membranes were washed three times for 10 minutes in a PBS solution 
supplemented with 0.1% Tween-20. A chemiluminescent substrate solution (Amersham, 
Piscataway NJ) was added to the membranes in a 1:1 ratio of reagent 1 and reagent 2 and 
incubated with gentle shaking for 5 minutes. Membranes were then exposed to Blue Lite 
Autoradiography Film (ISC Bioexpress, Kaysville UT) for an adequate amount of time to ensure 
a gray band. Films were developed, scanned and band intensities were analyzed by densitometry 
Image J (Rasband, W.S., ImageJ, National Institutes of Health, Bethesda, Maryland, USA, 
http://rsb.info.nih.gov/ij/, 1997-2004). Band intensities for the proteins of interest were 
normalized to the respective P-actin lane loading control band intensities. The ratios of the 
normalized intensities for the treated samples to the normalized intensities for the control 
samples were taken yielding the relative intensities with respect to the control. 

Gene expression analysis 

Primary mouse islets were treated with exogenous insulin for 48 hours before being 
collected for RNA extraction. Gene expression experiments using pharmacological inhibitors 
were carried out for 24 hours before collection of the islets. Total RNA was isolated from 
primary mouse islets using a RNeasy kit (Qiagen, Mississauga, ON) according to the 
manufacturers protocol. Following RNA isolation, cDNA was reverse transcribed using 
Superscript III (Invitrogen, Burlington, ON), DNTP's (Invitrogen, Burlington, ON) and Taq 
polymerase (Fermentas, Hanover, MD). Semi-quantative PCR amplification was carried out for: 
1 cycle of 94°C for 5 min; 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 45 sec; and 1 
cycle of 72°C for 7 min. Primer sequences used for Cyclin A, Cyclin DI, Cyclin D2, Cyclin D3, 
Cyclin Gl, Cyclin G2 and p21 were supplied by Integrated DNA Technologies and can be seen 
in Table 2. Cycle tests were performed on the primers to determine optimal primer annealing and 
amplification of gene products, as well as to ensure the amplification used was in the linear 
range. 
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Table 2 

Gene Forward Sequence Reverse Sequence 
Size 

W*) 
CCNA1 A T C G C C C A G A C A G A G A A G A A A T C G G A T T G C T G T G A T C T C C 244 
CCND1 G G C A C C T G G A T T G T T C T G T T C A G C T T G C T A G G G A A C T T G G 231 
CCND2 C T G A G T C T G G T T G G T G C T G A A C A C C C G A G A C C A C A G A A A C 238 
CCND3 G C T C C A A C C T T C T C A G T T G C A G C T A A G C A G C A A G C A A A G C 208 
CCNG1 A G G T C T G C G G C T T G A A A C T A T C A G T C C A A C A C A C C C A A G A 209 
CCNG2 G C A C C T G T G T G A A A G C A G A A C C A T C A C C A C A C A G A A T T G C 213 
p21 G C C T T A G C C C T C A C T C T G T G A G G G C C C T A C C G T C C T A C T A 179 
(3-actin T G C G T G A C A T C A A A G A G A A G G A T G C C A C A G G A T T C C A T A 495 

Insulin secretion 

To assess the relative contribution of endogenous and exogenous insulin in our cultures, 
samples were taken from the media of dispersed cell cultures every 24 hours starting at day zero. 
Insulin was measured using radioimmunoassay (Rat Insulin RIA Kit, Linco Research, St. 
Charles, MO, USA). Samples taken from cultures treated with 20 nM and 200 nM insulin were 
diluted by 10 and 100, respectively to ensure concentrations fall within the standard curve. 

Statistics 

At least 3 independent mouse islet isolations were used for each experiment. Results are 
presented as means ± SEM. Data were analyzed by Student's t-test or ANOVA (Analysis of 
Variance) with the post hoc LSD (Lease Significant Difference) when comparing groups. 
ANOVA statistics were carried out using SPSS (Statistical Package for the Social Sciences). 
Statistical significance was noted when P values were <0.05. 
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RESULTS 

Measurement of the P-cell proliferation rate in vitro 

The proliferation rate of rarely dividing primary P-cells is difficult to estimate. To 
establish the baseline rate of mitogenesis in dispersed C57B16 mouse P-cells, islet cultures were 
triple-labeled with insulin, BrdU and DAPI (Fig. 3A,B). Under these baseline conditions, 
primary mouse p-cells replicated at a very slow rate of 0.16 ± 0.03 percent per day. By contrast, 
the proliferation rate of the MIN6 P-cell line was calculated to be 283.1 ± 33.9 percent per day 
after adjusting for the length of BrdU exposure (Fig. 3C,D). Thus, although it is extremely slow, 
the replication of primary mouse p-cells can be reliably measured in our cultures using BrdU and 
insulin staining. Efforts to perform similar analysis on human islet cells were hampered by the 
low relative P-cell number in these preparations and the overgrowth of rapidly-dividing 
fibroblast-like cells capable of taking up stainable insulin (19). 
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MIN6 Cells Dispersed 
Mouse Islets 

Fig. 3. Analysis of proliferation of primary mouse islets and \IIN6 cells. (A) Analysis of 
proliferation in cultures of dispersed primary mouse islet cells under basal (serum-containing) 
conditions. BrdU was added to cultures for 3 days and is identified with green staining. Cells were co-
stained with insulin (red) and DAPI (blue) to identify nuclei. (B) Magnified image of P-cells that have 
proliferated. (C) MIN6 cells; BrdU (green) was added for 2 hours. Cells were stained with DAPI (blue). 
(D) Quantification of proliferation of MIN6 cells (n = 6 experiments) and primary mouse islets (n = 15 
experiments). *P < 0.05 MIN6 cells versus primary mouse islets. 
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Insulin stimulates primary P-cell proliferation 

High levels of insulin are mitogenic to many cell types, but the effects of physiological 
(picomolar) insulin doses on primary P-cell replication are unclear. Previous studies have 
established that physiological doses of insulin can initiate specific signalling cascades in primary 
P-cells (102, 130) and multiple studies have implicated insulin receptor signalling in the control 
of p-cell mass (103, 108-110, 113, 116). To assess the direct effects of insulin on P-cell 
proliferation, dispersed islet cells were treated with a range of insulin doses for three days and P-
cell proliferation was quantified using BrdU incorporation. Over 25,000 cells per group were 
counted throughout these experiments and only cells clearly co-stained with insulin and BrdU 
were considered in the analysis of p-cell proliferation (e.g. Fig. 3A, B). There was a significant 
increase in P-cell proliferation in serum-containing cultures, compared with serum-free controls 
(Fig. 4A). More notably, P-cells treated with the physiological dose of insulin (200 pM) had a 
significantly higher rate of replication compared with serum-free control cultures (Fig. 4). P-cells 
treated with insulin concentration of 2 nM had a more modest rate of replication that did not 
achieve statistical significance despite a high number of replicate experiments (n = 15). 
Proliferation was significantly increased in p-cells treated with 20 nM and 200 nM insulin (Fig. 
4A), concentrations of insulin that have not been measured in vivo and doses that likely act 
primarily through activation of IGF-1 receptors (86). Together, these results suggest that p-cell 
replication can be stimulated with physiological levels of insulin. 

In these experiments, care was taken to reduce the contribution of endogenous insulin in 
the media. For example, cells (-2,500 per coverslip) were cultured in a relatively large volume 
of media (3 ml). To determine the relative levels of endogenous and exogenous insulin in our 
culture medium, insulin was measured at the start of the experiment and every day thereafter. 
The first measurement should estimate only the exogenous insulin applied since these cultures 
had been washed thoroughly, whereas the subsequent measurements should reveal any insulin 
accumulation in the media over the culture period. As expected, insulin accumulation in the 
media only increased proportionally to the exogenous insulin added. Under these culture 
conditions, our results show that the majority of the ambient insulin is exogenous and that there 
is relatively little contribution from insulin release, even at very low insulin doses (0.2 nM and 2 
nM) (Fig. 4B). We did not observe significant effects of high exogenous insulin on endogenous 
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insulin release over this time frame. These experiments illustrate our control over the insulin 
levels in our cultures over time. The ability of picomolar insulin to alter p-cell function is 
consistent with previous experiments where effects were seen at this dose (102, 130) 

Day 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 Day 0 1 2 3 0 1 2 3 

10%FBS SF 0.2 2 20 200 

Fig. 4. Exogenous insulin increases proliferation of primary mouse p-cells. (A) Dispersed primary mouse islets 
treated with various doses of insulin as indicated for 3 days. Serum-containing media was used as a positive 
control. Proliferation was quantified using immunofluorescent BrdU staining as in Figure 1. (n = 14-16 
experiments: >25.0O0 islet cells studied per group). *P < 0.05 versus serum-free control, tp < 0.05 versus serum-
free control when normalized to 10% serum. (B) Media samples were extracted every 24 hours starting at day 0 
from culture media to assess insulin secretion by radioimmunoassay (n = 4-13). 
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Role of autocrine insulin signalling in P-cell proliferation 

The results described above demonstrate that exogenous insulin, when applied at specific 
doses, can induce proliferation in primary P-cells. However, it remained unclear whether 
endogenous insulin, acting in an autocrine or paracrine manner, contributed to the basal 
proliferation rate in P-cells. To address this question, tyrosine auto-phosphorylation of the 
insulin receptor was inhibited pharmacologically using HNMPA-AM. This drug is a specific 
inhibitor of the insulin receptor at doses below 100 uM, although higher concentrations of 
HNMPA-AM can inhibit IGF-1 receptor activation (156). The results of this experiment 
illustrate that insulin receptor (or IGF-1 receptor) activation was required for a significant 
proportion of the P-cell proliferation seen under basal conditions (Fig. 5). Moreover, the ability 
of insulin to stimulate P-cell proliferation was lost in HNMPA-AM-treated cells (Fig. 5), 
confirming a receptor-mediated mechanism. Together, these observations further suggest an 
important role for insulin signalling in P-cell proliferation. 

It has been suggested by others that glucose itself can increase P-cell proliferation (146), 
although recent studies have indicated a dominant role for insulin receptor signalling in the 
effects of high glucose on P-cell function (103). Our in vitro system, where glucose and insulin 
levels are better controlled compared to the in vivo situation, provided an ideal model to test this 
hypothesis. Dispersed mouse islet cells were cultured in 5 mM glucose or 15 mM glucose, in 
both serum containing and serum-free conditions. P-cell proliferation was not significantly 
increased with high glucose culture, although a trend towards a modest increase was observed 
(Fig. 6A). To test whether the putative effects of glucose could be attributed to 
autocrine/paracrine insulin signalling, 1 pM somatostatin was added to these cultures to 
effectively block endogenous insulin release (Fig. 6B). Somatostatin caused a significant 
reduction in p-cell proliferation in cells incubated in 15 mM glucose and serum. A similar, 
though non-significant, trend was observed in high glucose without serum. Somatostatin also 
appeared to reduce proliferation at basal (5 mM) glucose, although this was also not statistically 
significant. Therefore, any putative effects of glucose can be explained by stimulated insulin 
release and autocrine/paracrine insulin signalling. Together with the findings using HNMPA-
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AM, these results are consistent with a role for basal insulin secretion and paracrine insulin 

action in the control of P-cell proliferation. 
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Fig. 5. Insulin receptor inhibition decreases p-cell proliferation. (A) Dispersed mouse 
islets were cultured with or without insulin as shown in the absence (white bars) or presence 
of 100 u M H N M P A - A M (black bars) for three days. *P < 0.05 versus control (n = 4-5). 
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Fig. 6. Effects of elevated glucose on p-cell replication and insulin 
secretion. (A) Dispersed primary mouse islets treated with 5 mM glucose 
(white bars) or 15 mM glucose (black bars) for three days with or without 1 
u.M somatostatin. *P < 0.05 versus serum control (n = 4). (B) Insulin levels 
were assayed at 24 hours (n = 3). 
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Mechanisms of insulin-stimulated proliferation of primary (3-ceUs 

Previous investigations have focused on specific downstream targets of the insulin 
receptor in the regulation of P-cell mass, mostly notably IRS-2 (134) and Akt (57, 89, 137, 157). 
Experiments in a p-cell line showed that high, super-physiological doses of insulin can protect 
islets from apoptosis and increase proliferation via PI3-kinase (116). However, the role of these 
proteins in physiological insulin signalling in primary p-cells remains poorly understood. In the 
present study, the mechanism of insulin-stimulated p-cell proliferation was investigated using 
LY294002, an inhibitor of PI3-kinase-dependent signalling. We found that blocking PI3-kinase 
significantly prevented P-cell proliferation in the presence of 0.2 nM and 200 nM insulin. There 
were non-significant trends towards reduced p-cell proliferation in all other treatments, including 
the baseline serum-free control (Fig. 7A). Together, these experiments point to an important role 
for PI3-kinase in primary p-cell proliferation 

While the PI3-kinase/Akt-dependent signalling pathway has been well studied in P-cells, 
insulin triggers its mitogenic effects via Raf-1 and ERK in many cell types (87). A highly-
selective small molecule Raf-1 kinase inhibitor (158) was used to further address the mechanism 
of insulin-stimulated P-cell proliferation. This inhibitor decreased proliferation of primary P-cells 
cultured in 0.2 nM insulin, without affecting basal proliferation (i.e. serum-free conditions) (Fig. 
7B). Remarkably, Raf-1 kinase inhibitor did not lower P-cell replication induced by high 
concentrations of insulin (Fig. 7B). This is the first demonstration, to our knowledge, of a kinase 
that is selectively involved in the effects of physiological insulin doses, but not higher doses of 
the hormone. Together, these results demonstrate that both PI3-kinase and Raf-1 kinase 
pathways are important for the proliferative effects of insulin on primary mouse P-cells, although 
Raf-1 appears to be specifically involved in mediating physiological insulin signals.. 
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Fig. 7. Roles of PI3-kinase and Raf-I in insulin-stimulated P-cell proliferation. (A) 
Dispersed mouse islets were cultured with or without insulin as indicated and in the presence 
(white bars) or absence (black bars) of 50 uM of the PI3-kinase inhibitor LY294002 for 
three days. *P < 0.05 versus control (n = 3). (B) Dispersed mouse islets were cultured as in 
A. in the presence (black bars) or absence (white bars) of Raf-1 kinase inhibitor (5 uM). *P 
< 0.05 versus control (n = 4). 
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Effects of insulin on proliferation of transformed P-cells 

Although MIN6 cells proliferate at a very fast rate compared to primary p-cells (Fig. 3D), 
we examined whether the effect of insulin would be similar between these two models. The 
replication of MIN6 cells in the presence of insulin for six hours was determined by the 
incorporation of BrdU present in the media for the last 2 hours of the culture. Preliminary time 
course experiments determined that a six-hour treatment of insulin was optimal for observing the 
effects of insulin on P-cell proliferation (data not shown). As with the primary p-cells, both 
physiological and super-physiological doses of insulin significantly increased MIN6 cell 
proliferation (Fig. 8A,B). In the MIN6 cell model, the effects of insulin could be blocked using 
inhibitors of PI3-kinase or Akt (Fig. 9A). Inhibiting Raf-1 kinase or ERK (with U0126) reduced 
proliferation in response to physiological levels of insulin. Unlike the case in primary cells, Raf-
1 kinase and ERK inhibitors also reduced proliferation induced with the super-physiological 
dose of insulin (Fig. 9B). Substantial proliferation in serum-free media was still observed in the 
presence of these inhibitors, indicating that these transformed cells are relatively freed from the 
requirement of growth factor support for basal growth (Fig. 9A,B). Together, these results 
indicate that insulin can also regulate the proliferation of transformed P-cells. 
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Fig. 8. Effects of insulin on MIN6 cell proliferation. (A) MIN6 cells were treated with exogenous insulin as 
indicated for six hours with BrdU (green) added for two hours. Scale bar equals 10 um (B) Percent 
proliferation was quantified using BrdU immunofluorescence seen in A. *P < 0.05 versus serum free control 
(ii = 6). 
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Fig. 9. Role of PI3-kinase and Raf-1 pathways in insulin-stimulated p-cell proliferation. (A) MIK6 
cells were cultured as in Fig. 8 or treated with an Akt inhibitor (100 nM) or LY294002 (50 u.M). *P < 
0.05 versus control (n = 3). (B) MIN6 cells were cultured as in A or treated with U0126 (10 uM) or the 
Raf-1 inhibitor (5 uM). *P < 0.05 versus control (n = 3). 
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Effect of insulin receptor pathways on p-cell insulin secretion 

We have shown above that insulin secretion from primary P-cells does not significantly 
accumulate in media over a three day culture period and confirmed previous studies (102) 
suggesting that insulin does not have robust effects on its own secretion in dispersed cells (Fig. 
4B). However, whether inhibitors of insulin signalling have effects on insulin secretion remained 
unclear. Thus, to examine the effects of the drugs used in this study, media samples were 
collected from dispersed primary mouse islets every 24 hours (Fig. 10). Over the three-day 
culture period there were no apparent changes in insulin secretion with HNMPA, LY294002 or 
Raf-1 inhibitor (Fig. 10). However, an insufficient number of experiments limited the ability to 
perform statistical analysis on all data. 
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Fig. 10. Effects of insulin receptor pathway inhibitors on insulin secretion. (A) Media samples were extracted 
every 24 hours starting at day 0 from culture media of dispersed primary islets to assess insulin secretion by 
radioimmunoassay. Treatments are as indicated; H N M P A (100 u M ; n-4-14), LY294002 (50 u M : n-=2-5), and Raf-
I inhibitor (5 (*M; n=3). 

Analysis of cell cycle genes under conditions of p-cell growth 

We have shown that exogenous insulin can stimulate primary P-cell proliferation in vitro 

(Fig. 4) through both PI3 kinase and Raf-1 pathways (Fig. 7). To study possible targets of insulin 

signalling that are farther downstream, we examined the expression of known P-cell cycle 

molecules. The effects of exogenous insulin on gene expression of the D-type cyclins and p21 in 

primary islets were examined using reverse transcriptase PCR (RT-PCR). No striking differences 

35 



in cyclin DI and D3 were apparent between insulin treatments (Fig. 11A,C). There was a 
significant increase in cyclin D2 expression in serum containing cultures compared to serum free 
cultures (Fig. 1 IB). This agrees with previous studies showing a dominant role for cyclin D2 in 
P-cell proliferation (37, 61). There was also an increasing trend in cyclin D2 expression with 0.2 
nM insulin (Fig. 1 IB). Gene expression of p21 was significantly higher with the lower doses of 
insulin (0.2 nM and 2 nM); however the lack of even loading may have contributed to the trend 
observed (Fig. 11D). No changes were observed using super-physiological doses of insulin on 
gene expression of the D-type cyclins or p21 (Fig. 11A-D). Together, these hint that cell cycle 
genes can be regulated by external cues in primary islets. However, a number of technical 
problems make the data difficult to interpret. Future studies should employ quantitative real-time 
PCR. 

Cyclin Gl and G2 are novel proteins with roles that are still ill-defined, although they 
have been shown to arrest cell cycle progression (48-53). Gene expression of cyclin G2 in MIN6 
cells was increased in response to insulin receptor knock down (103). To address the effects of 
exogenous insulin on gene expression of cyclin Gl and cyclin G2, RT-PCR was carried out in 
primary mouse islets. Gene expression of either of the G-type cyclins was not altered in the 
presence of insulin (Fig. 11E,F), although cyclin G2 was slightly increased in serum conditions 
and treatment with 0.2 nM insulin (Fig. 1 IF). These preliminary experiments suggest further 
studies are required to determine which cell cycle molecules are regulated during p-cell 
mitogenesis. It may not be possible to accurately determine gene expression in the very rare 
dividing p-cells (-0.15% per day) using RT-PCR of whole islets. Thus, future studies should 
attempt to employ single-cell analysis of gene expression within the specific population of 
dividing cells. 
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Fig. 11. Effects of insulin on gene expression of cell cycle molecules. (A) Reverse transcriptase PCR (RT-PCR) was 
carried out on primary mouse islets treated with insulin for 48 hours. Gene expression of cyclin DI (n=3). (B) Gene 
expression of cyclin D2 *P < 0.05 versus serum-free control (n = 5). (C) Gene expression of cyclin D3 (n=3). (D) Gene 
expression of p21 *P < 0.05 versus serum free-control (n = 4). (F.) Gene expression of cyclin Gl (n=3). (F) Gene 
expression of cyclin G2 (n=3). 
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Role of autocrine insulin signalling and glucose on cell cycle gene expression 

Although we did not observe robust changes in gene expression using exogenous insulin, 
it remained unclear whether basal endogenous insulin signalling could regulate p-cell cycle 
molecules. To address this question primary mouse islets were treated with HNMPA-AM, a drug 
that induced profound reductions in proliferation. Alterations in the gene expression of cyclin 
D2, p21 and cyclin G2 were examined using RT-PCR. Compared to control, treatment with 
HNMPA-AM decreased the expression of cyclin D2 (Fig. 12A), whereas both p21 and cyclin G2 
gene expression were increased (Fig. 12B,C). Although these differences were not significant, 
they suggest the insulin receptor pathway may increase proliferation by influencing key cell 
cycle molecules, in agreement with previous studies (103). However, preliminary studies did not 
find changes in the gene expression of p21, cyclin D2 or cyclin G2 in the presence of LY294002 
(data not shown). Additional work will be required to determine whether specific cell cycle 
molecules can be controlled by components of the insulin signalling pathway in primary p-cells. 

We have previously shown that high concentrations of glucose do not robustly increase 
P-cell proliferation, conflicting with previous reports (106, 144-146). Nevertheless, we examined 
increasing concentrations of glucose on gene expression of cyclin G2 using RT-PCR on primary 
mouse islets treated with 2, 10 or 20 mM glucose. A trend towards increase in gene expression 
with 10 mM and 20 mM glucose was observed (Fig. 12D), although no statistical analysis could 
be completed because the experiment was only carried out twice. 
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Fig. 12. Role of autocrine insulin on gene expression of cell cycle molecules. 
Primary mouse islets were treated with HNMPA (100 uM) for 24 hours. RT-PCR was 
carried out to assess gene expression of (A) cyclin D2 (n=3) (B) p2l (n=3) (C) cyclin 
G2 (n^). (D) Expression of cyclin G2 mRNA in primary mouse islets cultured in 
elevated glucose concentrations (as indicated) (n=2). 
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Role of insulin and the insulin receptor pathway on cell cycle molecules 

We have shown above that exogenous insulin can stimulate P-cell proliferation in 
primary mouse islets (Fig. 4) and MIN6 cells (Fig. 8). In order to further understand the 
mechanisms by which insulin exerts proliferative actions, we used primary human and MIN6 
cells to quantify protein expression levels of known P-cell cycle molecules. Retinoblastoma 
protein (Rb) induces cell cycle arrest at the Gl/S checkpoint and becomes inactive once it is 
phosphorylated (46, 47). We used an antibody that binds specifically to Rb that is 
phosphorylated at serine 780. This is a site that is phosphorylated by various cell cycle kinases 
such as cdk4 and cdk6 (47, 54, 159). Western blot analysis on human islets treated with 
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exogenous insulin showed no differences in Rb phosphorylation when compared with control 
islets (Fig. 13 A). Given that MIN6 cells proliferate at much higher rate than primary cells (Fig. 
7) and are a good model to study p-cell proliferation (Fig. 8), western blot analysis was 
performed to examine Rb phosphorylation in this P-cell line. MIN6 cells treated with exogenous 
insulin for six hours did not display a significant increase in phosphorylation of Rb, although 
there was an increasing trend in serum-containing conditions (Fig. 13B,C). 

We have shown that both PI3-kinase and Raf-1 pathways are essential for. p-cell 
proliferation in both primary mouse cells (Fig. 7) and MIN6 cells (Fig. 9). However, the 
importance of these pathways to Rb phosphorylation remained unclear. To answer this question, 
MIN6 cells were treated with insulin, with or without a pharmacological inhibitor of the insulin 
receptor pathway. Blocking PI3-kinase caused a slight reduction in Rb phosphorylation with 200 
nM insulin, although this was not statistically significant (Fig. 14A,B). No other trends were 
identified on Rb phosphorylation by inhibiting PI3-kinase or Akt in MIN6 cells (Fig. 14A-D). 
We also examined the effects of Raf-1 and MEK inhibition. The Raf-1 inhibitor did not alter Rb 
phosphorylation in MIN6 cells treated with insulin (Fig. 14E,F). However, inhibiting Raf-1 
activity did significantly decrease Rb phosphorylation in serum treated cells when compared to 
non-treated controls (Fig. 14E,F). In contrast, blocking MEK did not affect phosphorylation of 
Rb with or without insulin treatments (Fig. 14G,H). In general, results from these studies were 
ambiguous and this area requires further study (71). 
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Fig. 13. Effect of insulin on phosphorylation of retinoblastoma protein. (A) 
Phosphorylation of retinoblastoma (ser780) was detected by Western blot in 
human islets treated with insulin for 24 hours (n-2-5). (B) MIN6 cells were 
treated with insulin for 6 hours before phosphorylation of retinoblastoma was 
assessed (n=9). (C) Quantification of Western blot shown in B (n=9). 
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Fig. 14. Role of insulin and its receptor pathways on retinoblastoma phosphorylation. (A) Phosphorylation of 
retinoblastoma (ser780) was examined in MIN6 cells treated with insulin in the presence or absence of LY294002 
for six hours (50 pM; n-5). (B) Quantification of results found in A. (C) MIN6 cells cultured as in A with or 
without Akt inhibitor (100 nM; n^3). (D) Quantification of results found in C. (E) M1N6 cells cultured as in A in 
the presence or absence of Raf-1 inhibitor (5 uM; n^). (F) Quantification of results found in E. (G) M1N6 cells 
cultured as in A in the presence or absence of U0126 (10 pM: n=3). (H) Quantification of results found in G. 
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Although we did not observe robust changes in gene expression of p21 and cyclin DI in 
primary mouse islets, it is possible that these proteins may have been regulated post-
transcriptionally (e.g. protein degradation). Using western blot analysis on MIN6 cells, the effect 
of insulin on p21 and cyclin DI protein levels with and without the presence of insulin receptor 
pathway inhibitors was examined. Both physiological and super-physiological doses of 
exogenous insulin and serum containing cultures increased protein levels of p21 when compared 
to serum free conditions (Fig. 15A-H), yet this trend was not significant. Inhibiting PI3-kinase 
did not change p21 levels with or without insulin, however, a slight decrease at 200 nM insulin 
was observed (Fig 15A,B). In a preliminary set of experiments, a decrease in p21 levels was seen 
at 200 nM insulin with both Raf-1 and MEK inhibitors (Fig. 15C-F), but statistical analysis 
could not be carried out due to lack of sufficient experiments (n=2). Furthermore, inhibiting 
MEK increased p21 protein level in serum free conditions compared with control (Fig. 15E,F). 
The relative importance of p21 P-cell proliferation remains unclear (69). Next, we also found 
that exogenous insulin did not affect protein levels of cyclin DI in MIN6 cells, although an 
increase in cyclin DI levels was seen in serum containing conditions (Fig. 15G,H). Blocking 
PI3-kinase showed an overall decrease in protein level of cyclin DI in control and insulin 
treatments (Fig. 15G,H). However, a significant decrease in cyclin DI levels was seen by 
inhibiting PI3-kinase at 200 nM insulin (Fig. 15G,H). Other cell cycle molecules (cyclin B, 
cyclin E, cyclin G2, pi5, pi6 and p27) were examined in the presence of insulin and insulin 
receptor pathway blockers, however, no changes were observed (data not shown). 

One would expect that changes in cell cycle gene expression and protein level might be 
extremely difficult to distinguish in whole islets given that the percentage of dividing cells is 
miniscule and expression of the cell cycle molecules is transient. Therefore, we attempted to use 
MIN6 cells to examine translocation of various cell cycle molecules including p21, p27, cyclin 
DI, cyclin G2, cyclin E, and cyclin B. Unfortunately, the immunofluorescence staining was 
unsuccessful due to non-specific staining (data not shown). 
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Fig. 15. Role of insulin and its receptor pathways on protein expression of cell cycle molecules. (A) 
Protein expression of p2l levels in MIN6 cells cultured with insulin in the presence or absence of LY294002 
for six hours was assessed using Western blot analysis (50 u.M; n̂ 5). (B) Quantification of results found in A. 
(C) MIN6 cells cultured as in A with or without Raf-1 inhibitor (5 uM; n=2). (D) Quantification of results 
found in C. (E) MIN6 cells cultured as in A with or without U0126 (10 uM: n=2). (F) Quantification of 
results found in E. (G) Protein expression of cyclin DI was assessed as seen in A in the presence or absence of 
LY294002 (50 u,M; n=3). (H) Quantification of results found in G. *P < 0.05 versus control 
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DISCUSSION 

This thesis study investigated the role of insulin signalling in pancreatic P-cell 
proliferation. Insulin is known to be a potent growth factor in other cell types, however its 
importance in the P-cell has only been recently appreciated. Now that pancreatic P-cell 
duplication is recognized as a major regulator of adult P-cell mass (34, 35, 40), new attention is 
being focused on endogenous regulators of P-cell growth. The piRKO mice have highlighted the 
importance of insulin signalling in regulating adult p-cell mass in vivo (108-110, 113). In vitro 

studies on MIN6 cells have further supported a role for insulin in P-cell growth (103). Whether 
physiological doses of insulin can stimulate P-cell proliferation remained unclear. Thus, the 
present study was undertaken to test the hypothesis that insulin can stimulate the proliferation of 
primary P-cells and investigated the mechanisms involved. We tested this hypothesis in 
dispersed primary mouse islets. Both physiological and super-physiological concentrations of 
insulin increased replication of P-cells. Glucose did not significantly stimulate P-cell 
proliferation. We found the PI3-kinase pathway to be a general regulator of P-cell replication; 
however, the Raf-1 pathway was only critical at physiological doses of insulin. Further 
downstream mechanisms of insulin stimulated P-cell proliferation remains undefined. 
Understanding how P-cell mass is regulated is an important advance in our understanding of the 
molecular pathways involved in the progression of diabetes and in efforts to combat the loss of 
P-cell mass. 

Estimation of the p-cell proliferation rate 

Several studies have sought to estimate the proliferation rate of pancreatic P-cells. Early 
reports, some of which employed mathematical modeling, estimated an in vivo proliferation rate 
of between 1% and 10% per day (38, 39). However, recent analyses on pancreas sections from 
mice fed BrdU or related analogues in their drinking water estimated that in vivo p-cell 
proliferation is roughly between 0.07% and 2% per day (35, 40). In vitro, we found the 
replication rate of primary P-cells to be approximately 0.15% per day. While our results are in 
the same range as the newer studies, the reasons for the discrepancy with the earlier reports are 
not clear. It is notable that the earlier experiments did not fully distinguish between BrdU 

45 



labeling of non-insulin-positive cells and P-cells (38). By comparison, our in vitro dispersed cell 
culture system permitted us to verify that every proliferating p-cell was indeed co-labeled with 
both BrdU and insulin. Nevertheless, our results are from cultured p-cells that have been taken 
out of their natural environment, and perhaps it is not surprising that our proliferation rate may 
be slightly lower than the in vivo situation. 

Insulin and p-cell proliferation 

Many exogenous and endogenous growth factors have been shown to increase P-cell 
proliferation in vivo and in vitro, including prolactin, placental lactogen, hepatocyte growth 
factor, parathyroid hormone-related protein, GLP-l/exendin-4, and IGF-1 (118-129). However, 
it is not clear which, if any, of these factors plays a role in the endogenous control of P-cell mass. 
On the other hand, the role of insulin signalling in regulating P-cell survival and mass has now 
been well studied. However, the direct effects of acute insulin on primary P-cell proliferation had 
yet to be elucidated. We and others present evidence that autocrine insulin signalling may be an 
important endogenous regulator of P-cell proliferation. Of the known P-cell growth factors, 
insulin appears to be unique, as the only factor secreted in substantial amounts from within the 
islet. Importantly, studies with the piRKO mice have conclusively demonstrated the importance 
of insulin signalling in regulating P-cell mass in the adult and under conditions of compensation 
in response to obesity and insulin resistance (103, 108-110, 113). Studies completed on the 
downstream targets of the insulin receptor, such as IRS-2, have also supported the concept that 
insulin may play an important role in regulating P-cell mass (89, 134, 137). Furthermore, 
autocrine insulin signalling has been shown to have a positive effect on P-cell survival and 
proliferation in both human islets and MIN6 cells (116, 117), yet only super-physiological 
concentrations of insulin were used in those experiments. We have recently shown that 
physiological doses of insulin can protect P-cells from apoptosis (130). In obesity and pre-type 2 
diabetes, the endocrine pancreas attempts to compensate for insulin resistance by increasing its 
P-cell mass (160). Our results are consistent with a model whereby modest hyperinsulinemia 
could drive this response, a hypothesis that is supported by in vivo studies. Indeed, mice lacking 
insulin receptors in their P-cells have an age-dependent decrease in P-cell mass and the 
compensatory P-cell proliferation response to insulin resistance is completely absent (108, 109). 
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Another example supporting the possible stimulatory effects of insulin on P-cell proliferation in 
vivo comes from a line of mice in which the over-expression of an insulin transgene led to 
increased p-cell mitogenesis (161). Although these studies highlighted the importance of insulin 
signalling in the control of P-cell mass, they could not address the possibility of direct acute 
effects of insulin on P-cell proliferation or determine the relative effectiveness of specific insulin 
doses. Using a physiological concentration of insulin, we aimed to clarify the role of insulin in 
primary P-cell proliferation. 

In the present study, we demonstrated for the first time that insulin stimulates primary p-
cell division. However, insulin's proliferative effect was only seen at insulin concentrations of 
0.2 nM, 20 nM and 200 nM, and not 2 nM. This is an atypical dose-response profile, but one that 
has been observed in previous studies (130, 162). For example, insulin stimulates Ca release in 
-80% of primary human and mouse islets cells at 0.2 nM, but only 30% of cells at 2 nM, 20 nM 
and 200 nM insulin (111, 162). Although the exact cause of this dose-response relationship 
remains to be elucidated, one can speculate that this profile is formed by multiple components 
(Fig. 16). Unlike most hormone receptors, the binding affinity of insulin to its receptor is bell-
shaped due to negative cooperativity. As a result, the affinity for insulin binding to its receptor is 
lowered when insulin concentrations are well beyond the physiological range (84). 
Concentrations such as 2 nM insulin are probably too high to maximally activate the insulin 
receptor, but too low to robustly activate the IGF-1 receptor (84). Therefore, perhaps it is not 
surprising that a lack of proliferation was observed at intermediate concentrations. We speculate 
that the proliferation observed at super-physiological doses of insulin were due to activation of 
IGF-1 receptors (84). 
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Fig. 16. Schematic effect of insulin on proliferation, calcium, Raf-1 activation, and insulin and IGF-1 
receptor binding affinities. Insulin concentration found in general (gray bar) and portal (blue bar) circulation, p-
cell proliferation is represented by blue boxes (ref. 77). Insulin (percent bound; red-dotted line) and IGF-1 
(percent bound; blue-dotted line) receptor binding affinity for insulin at specific doses (ref. 84). Cytosolic 
calcium (nM; black line) response to exogenous insulin in human B-cells as shown through live-cell calcium 
imaging. Activation of Raf-1 shown by Western blot analysis of ser 259 phosphorylation in human islets (green-
dotted line). 

An important consideration for studies of physiological insulin signalling is the levels of 
insulin present in vivo. Insulin is secreted in a pulsatile manner with portal concentrations 
ranging from 200-1200 pM and basal systemic concentrations of 40-200 pM in humans (77, 
163). Following a meal or hyperglycemic clamp in humans, insulin concentrations in portal and 
systemic circulation can rise to approximately 500 pM and 3000 pM, respectively (77, 163). Our 
results therefore imply that insulin stimulates significant P-cell proliferation at concentrations 
expected in the portal circulation or during periods of elevated insulin release. Although it has 
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never been directly measured, others have speculated that insulin levels surrounding P-cells may 
be higher than those observed in the portal circulation. Unfortunately, efforts to estimate the 
local insulin concentrations within islets are complicated by two major factors. First, insulin is 
released from P-cells as an insoluble microcrystal which only becomes a soluble monomer 
capable of binding to its receptor after exposure to the bloodstream pH (74). Second, within the 
complex islet microvasculature, P-cells are exposed first to the arterial blood supply, meaning 
that a population of p-cells would not be exposed to insulin secreted from neighboring cells. 
These factors suggest that P-cells may be exposed to insulin at levels that are similar to or only 
slightly higher than those measured in the circulation. Together, with previous studies (17, 111, 
130, 162), our current results suggest a 'sweet spot' in the dose response profile of autocrine 
insulin signalling at -200 pM. Together, with the in vivo evidence from piRKO mice, these 
studies indicated that changes in insulin concentrations within the physiological range may 
modulate P-cell proliferation. Our study demonstrates that insulin can rapidly (within days) 
stimulate P-cell proliferation in the absence of other putative stimuli, such as hyperglycemia. 

Effects of glucose on p-cell proliferation 

Several in vivo and in vitro studies have shown that high glucose can increase p-cell 
survival (144-147). However, in suggesting that glucose is the major driver of p-cell growth, 
these studies fail to fully acknowledge the role of glucose-stimulated insulin secretion and the 
possibility that paracrine insulin signalling may mediate some or all of the effects of glucose. For 
example, a previous study demonstrated that the increase in MIN6 cell proliferation in response 
to high glucose was inhibited by nifedipine, a treatment that is well known to block glucose-
stimulated insulin secretion (116). In addition, a separate study using microarray analysis 
demonstrated that -80% of gene expression changes induced by glucose in MIN6 cells were no 
longer observed when insulin receptors were knocked down by 80% (103). These experiments 
illustrate the importance of autocrine insulin signalling in glucose-stimulated events. We 
examined the effects of glucose on primary P-cell proliferation and directly tested whether 
glucose's effects were dependent on insulin secretion. We did not observe significant stimulatory 
effects of glucose on P-cell proliferation, although a trend towards increase proliferation was 
detected. Notwithstanding, somatostatin significantly reduced P-cell proliferation in the presence 
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of high glucose. Therefore, any increase in proliferation observed with elevated glucose could be 
fully accounted for by autocrine insulin signalling. Previous reports suggest that glucose can 
activate signalling molecules downstream of the insulin receptor independent of insulin receptor 
activation. Glucose increased gene and protein expression of IRS-2 in primary rat islets, and this 
was proposed to be independent of autocrine insulin or Akt signalling (152, 153). Further studies 
reported an independent role for glucose-stimulated activation of ERK 1/2 and the ribosomal-S6 
kinase (p70S6K) and suggested that this was possible by Raf-1 phosphorylation (148-150). 
However, these studies assumed the effects of glucose on p-cell proliferation were insulin-
independent based on observations that IGF-1 did not augment glucose-stimulated proliferation 
and the direct effects of autocrine insulin signalling on P-cell proliferation were not examined 
(148-150). In our study, we directly examined the effects on insulin and glucose, independently 
of each other. Our results point to a dominant role for insulin signalling in primary and 
transformed P-cell proliferation. 

Mechanisms of insulin-induced p-cell proliferation - post-receptor kinase cascades 

Understanding the mechanisms by which insulin stimulates P-cell proliferation could 
potentially lead to new strategies to correct deficient P-cell mass in diabetes. It has been well 
established from work in other cell types that insulin activates two main signalling pathways, 
driven respectively by PI3-kinase/Akt and Raf-l/MEK kinases (87). Evidence from over-
expression studies led many investigators to focus on Akt in the control of p-cell mass (57, 89), 
however, it is notable that mice lacking -80% of islet Akt activity have normal P-cell mass, even 
in response to high fat feeding (137). Moreover, we have previously reported that 200 pM 
insulin does not stimulate Akt phosphorylation in primary mouse or human islets (130). The 
stimulatory effects of insulin on P-cell proliferation we observed in this study may be mediating 
its effects through an alternate pathway, possibly the Raf-1/ERK pathway. A previous study 
showed that over-expression of a Raf-1 kinase inhibitory protein in HIT-T15 cells decreased P-
cell proliferation (138). Preliminary data completed in our laboratory suggests that Raf-1 is 
activated in the presence of 0.2 nM and 200 nM insulin (but not 2 nM and 20 nM insulin) in 
mouse islets, human islets and MIN6 cells (E. Alejandro and J. Johnson, unpublished 
observations). In the present study, we found that Raf-1 is required specifically for the 
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proliferative effects of physiological concentrations of insulin. Our results are the first to 
implicate the Raf/ERK/MEK pathway in insulin-stimulated P-cell proliferation. The present 
study suggests the role of the PI3-kinase pathway is broader, also mediating the effects of super-
physiological concentrations of insulin. The difference observed between PI3-kinase and Raf-1 
inhibition on P-cell proliferation may reflect the relative response of specific insulin doses on 
insulin and IGF-1 receptor activation. This is further complicated by the possibility of 
insulin/IGF-1 receptor heterodimerization. 

There is also considerable cross-talk between these two arms of the insulin signalling 
pathway. This may help explain why Raf-1 inhibition had no effect on super-physiological 
insulin signalling in primary cells. Specifically, active Akt has been shown to decrease 
phosphorylation of ERK1/2 (151). Perhaps the inhibition of Raf-1 failed to effect P-cell 
proliferation at 200 nM insulin because Akt had inhibited the Raf-1 pathway via ERK1/2. The 
role of ERK1/2 in P-cell proliferation remains understudied. Although some aspects of the anti-
apoptotic Raf-1 signalling are independent of ERK1/2 (164), this question has not been 
addressed in detail in regards to primary P-cell proliferation. In conclusion, further examination 
is required to fully understand the molecules and pathways involved in regulating P-cell 
proliferation. 

Mechanisms of insulin-induced p-cell proliferation - cell cycle components 

Molecules that regulate the p-cell cycle have been extensively studied (37, 54-70), but 
their regulation by endogenous or exogenous stimuli has not been examined in detail.-'In the 
present study, we performed preliminary experiments that will hopefully lead to future 
comprehensive investigations. In a few cases, we did observe noticeable differences in the 
expression of cell cycle mRNAs or proteins. For example, blocking endogenous insulin 
signalling with HNMPA-AM did show a trend which agrees with the changes in gene expression 
of cyclin D2, cyclin G2 and p21 observed with 80% knockdown of the insulin receptor in MIN6 
cells (103). Unfortunately, efforts to further characterize the gene expression of cell cycle 
regulatory proteins (cyclin DI, cyclin D2, cyclin D3, cyclin Gl, cyclin G2 and p21) were 
unsuccessful. The gene expression experiments were carried out in primary mouse islets, which 
have approximately 80% p-cells with only an extremely small population of those P-cells 
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dividing. We may have observed more robust changes using cells that divide more frequently 
such as MIN6 cells, and more delicate methods such as real time PCR or single cell analysis on a 
replicating P-cell. Further attempts to elucidate the effects of insulin on P-cell cycle machinery 
were carried out by examining protein expression levels. Experiments completed on human islets 
revealed no significant effect of insulin on phosphorylation of Rb, however most of the human 
islets we receive are less than 60% pure with only a tiny fraction of those P-cells dividing. Even 
though MrN6 cells were used because of their high rate of proliferation, it is possible that we 
failed to see significant changes because the cells were not synchronized. It is also possible that 
the cyclic nature of the proteins involved complicates analysis or that protein translocation is 
more critical than total protein levels of these cell cycle regulators in P-cells. Nevertheless, a 
recent study also suggests that Rb may not a critical regulator of P-cell mass (71) and cell cycle 
regulation may occur through an alternate pathway in P-cells. One possible alternate mechanism 
that has been recently described is the Gcn2/eIF2 pathway (165). Examining protein expression 
of other cell cycle molecules (cyclin B, cyclin Dl, cyclin E, cyclin G2, pi 5, pi6, p21 and p27) 
treated with varying doses of insulin and pharmacological inhibitors of the insulin receptor 
pathway were also unsuccessful. Non-specific protein bands observed on the western blots 
hindered much of the analysis (data not shown; cyclin B, cyclin E, pl5, pl6, and p27). Future 
studies must take into account the complexity of the molecules regulating the cell cycle. Cell 
cycle molecule activity is complex because of the transient nature of cell cycle proteins and the 
many ways in which they can be altered. Gene expression does not always correlate with protein 
expression because of phosphorylation and ubiquitination status of the cell cycle molecules (57). 
In addition, activation of many cell cycle proteins requires the formation of complexes and a 
change in cellular localization, as seen with p21 (69). Although attempts were made to further 
elucidate endogenous regulation of various P-cell cycle molecules, more work is required. 

Effect of autocrine insulin on insulin secretion 

Insulin secretion from the P-cell is regulated at a variety of steps, including insulin 
transcription, translation and exocytosis. It was initially reported that piRKO mice had decreased 
insulin content (but not insulin gene expression) and a decrease in glucose-stimulated insulin 
secretion (108-110). However, it later became clear that many of these defects could be 
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accounted for by a significant reduction in P-cell mass, due to a combination of increased P-cell 
apoptosis and decreased p-cell proliferation (108-110) . While these studies examined the long-
term effects of insulin on the P-cell, the present study measured acute insulin action (0-3 days). 
In our hands, we find significant differences in P-cell proliferation under these conditions, but no 
changes in insulin secretion. While studies have shown that autocrine insulin signalling can 
activate insulin gene transcription under specific circumstances, insulin secretion has not been 
well characterized (105, 166-168). Furthermore, the role of physiological doses of insulin on 
human P-cells showed autocrine insulin increased insulin content (transiently at 90 minutes) but 
not secretion (102), consistent with the current study. In the present investigation, we showed 
that blocking the insulin receptor pathways had no additional effect on insulin secretion, in 
accordance to previous studies (89, 137, 148). Although insulin has been shown to increase 
cytosolic calcium levels in P-cells, this occurs though release from intracellular stores (102, 
111), a site that would not be expected to favour insulin exocytosis. On the other hand, glucose-
stimulated insulin secretion is caused by an influx of calcium from extracellular space through 
voltage-gated calcium channels which are located in close proximity to insulin granules (169). 
Thus, the distinct calcium release sites used by insulin signalling and glucose signalling can 
potentially explain the differences seen in the regulation of insulin secretion. In conclusion, our 
work and the work of others points to a dominant effect of insulin on P-cell fate, not on the day-
to-day function of these cells. 

Conclusion and significance 

A loss of p-cell mass is a hallmark of type 1 diabetes and increasing evidence points to a 
relative p-cell deficiency in type 2 diabetes compared to age- and weight-matched controls (21). 
Inadequate P-cell mass is a also major limiting factor of islet transplantation (19). It is now clear 
that P-cell proliferation is critical for maintaining a stable and adaptable P-cell mass (34, 35, 37, 
60-62, 113). In the present study, our findings suggest that physiological and super-physiological 
doses of insulin can directly stimulate P-cell proliferation via Raf-1 and PI3-kinase. However, a 
complete understanding of the insulin signalling pathway remains undefined because of the 
complexity of the signalling pathways involved. The characteristics of the insulin and IGF-1 
receptor pathways on P-cell proliferation, specifically downstream signalling molecules, require 
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further clarification in order to improve our knowledge of basic P-cell physiology. 
Understanding the endogenous regulators of P-cell proliferation has the potential to increase P-
cell mass in diabetes and islet transplantation. Since tipping the balance in favour of P-cell mass 
growth comes with the potential unwanted danger of creating pancreatic islet cell tumors, a 
detailed understanding of the mechanisms involved is crucial. The downstream targets and cell 
cycle molecules involved in increasing P-cell proliferation with physiological doses of insulin 
warrant further investigation. Overall, the findings in this study are intriguing and suggest 
critical links between insulin and its receptor pathway in the regulation of P-cell proliferation. 

54 



REFERENCES 

1. Rathmann, W., and Giani, G. 2004. Global prevalence of diabetes: estimates for the year 
2000 and projections for 2030. Diabetes Care 27:2568-2569; author reply 2569. 

2. Zimmet, P., Alberti, K.G., and Shaw, J. 2001. Global and societal implications of the 
diabetes epidemic. Nature 414:782-787. 

3. Johnson, J.D. 2007. Panreatic Beta-cell Apoptosis in Maturity Onset Diabetes of the 
Young. Can J Diabetes 31:67-74. 

4. Narayan, K.M., Gregg, E.W., Fagot-Campagna, A., Engelgau, M.M., and Vinicor, F. 
2000. Diabetes—a common, growing, serious, costly, and potentially preventable public 
health problem. Diabetes Res Clin Pract 50 Suppl2:S77-84. 

5. Nair, M. 2007. Nursing management of the person with diabetes mellitus. Part 2. Br J 
Nurs 16:232-235. 

6. Nair, M. 2007. Diabetes mellitus, part 1: physiology and complications. Br J Nurs 

16:184-188. 
7. Kahn, B.B. 1998. Type 2 diabetes: when insulin secretion fails to compensate for insulin 

resistance. Cell 92:593-596. 
8. Linn, T., Strate, C, and Schneider, K. 1999. Diet promotes beta-cell loss by apoptosis in 

prediabetic nonobese diabetic mice. Endocrinology 140:3767-3773. 
9. Bennett, S.T., Lucassen, A.M., Gough, S.C., Powell, E.E., Undlien, D.E., Pritchard, L.E., 

Merriman, M.E., Kawaguchi, Y., Dronsfield, M.J., Pociot, F., et al. 1995. Susceptibility 
to human type 1 diabetes at IDDM2 is determined by tandem repeat variation at the 
insulin gene minisatellite locus. Nat Genet 9:284-292. 

10. Pociot, F., and McDermott, M.F. 2002. Genetics of type 1 diabetes mellitus. Genes 

Immun 3:235-249. 
11. Saxena, R., Voight, B.F., Lyssenko, V., Burtt, N.P., de Bakker, P.L, Chen, H., Roix, J.J., 

Kathiresan, S., Hirschhorn, J.N., Daly, M.J., et al. 2007. Genome-wide association 
analysis identifies loci for type 2 diabetes and triglyceride levels. Science 316:1331-1336. 

12. Bennett, S.T., Lucassen, A.M., Gough, S.C.L., Powell, E.E., Undlien, D.E., Pritchard, 
L.E., Merriman, M.E., Kawaguchi, Y., Dronsfield, M.J., Pociot, F., et al. 1995. 

55 



Susceptibility to human type 1 diabetes at IDDM2 is determined by tandem repeat 
variation at the insulin gene minisatellite locus. Natue Genetics 9:284-292. 

13. Chentoufi, A.A., and Polychronakos, C. 2002. Insulin expression levels in the thymus 
modulate insulin-specific autoreactive T-cell tolerance: the mechanism by which the 
IDDM2 locus may predispose to diabetes. Diabetes 51:1383-1390. 

14. Brimnes, M.K., Jensen, T., Jorgensen, T.N., Michelsen, B.K., Troelsen, J., and Werdelin, 
O. 2002. Low expression of insulin in the thymus of non-obese diabetic mice. J 
Autoimmun 19:203-213. 

15. Florez, J.C. 2007. The new type 2 diabetes gene TCF7L2. Curr Opin Clin Nutr Metab 

Care 10:391-396. 
16. Hansen, L., and Pedersen, O. 2005. Genetics of type 2 diabetes mellitus: status and 

perspectives. Diabetes Obes Metab 7:122-135. 
17. Johnson, J.D., Han, Z., Otani, K., Ye, H., Zhang, Y., Wu, H., Horikawa, Y., Misler, S., 

Bell, G.I., and Polonsky, K.S. 2004. RyR2 and calpain-10 delineate a novel apoptosis 
pathway in pancreatic islets. J Biol Chem 279:24794-24802. 

18. Davalli, A.M., Scaglia, L., Zangen, D.H., Hollister, J., Bonner-Weir, S., and Weir, G.C. 
1996. Vulnerability of islets in the immediate posttransplantation period. Dynamic . 
changes in structure and function. Diabetes 45:1161-1167. 

19. Robertson, R.P. 2004. Islet transplantation as a treatment for diabetes - a work in 
progress. N Engl J Med 350:694-705. 

20. Bonner-Weir, S. 2000. Life and Death of the Pancreatic Beta Cells. TEM11:375-378. 
21. Butler, A.E., Janson, J., Bonner-Weir, S., Ritzel, R., Rizza, R.A., and Butler, P.C. 2003. 

Beta-cell deficit and increased beta-cell apoptosis in humans with type 2 diabetes. 
Diabetes 52:102-110. 

22. Van Assche, F.A., Aerts, L., and De Prins, F. 1978. A morphological study of the 
endocrine pancreas in human pregnancy. BrJObstet Gynaecol 85:818-820. 

23. Bonner-Weir, S., and Weir, G.C. 2005. New sources of pancreatic beta-cells. Nat 
Biotechnol 23:857-861. 

24. Bonner-Weir, S., and Sharma, A. 2002. Pancreatic stem cells. J Pathol 197:519-526. 
25. Seaberg, R.M., Smukler, S.R., Kieffer, T.J., Enikolopov, G., Asghar, Z., Wheeler, M.B., 

Korbutt, G., and van der Kooy, D. 2004. Clonal identification of multipotent precursors 

56 



from adult mouse pancreas that generate neural and pancreatic lineages. Nat Biotechnol 

22:1115-1124. 
26. Ramiya, V.K., Maraist, M., Arfors, K.E., Schatz, D.A., Peck, A.B., and Cornelius, J.G. 

2000. Reversal of insulin-dependent diabetes using islets generated in vitro from 
pancreatic stem cells. Nat Med 6:278-282. 

27. Jiang, J., Au, M., Lu, K., Eshpeter, A., Korbutt, G., Fisk, G., and Majumdar, A.S. 2007. 
Generation of Insulin-producing Islet-like Clusters from Human Embryonic Stem Cells. 
Stem Cells. 

28. Lumelsky, N., Blondel, O., Laeng, P., Velasco, I., Ravin, R., and McKay, R. 2001. 
Differentiation of embryonic stem cells to insulin-secreting structures similar to 
pancreatic islets. Science 292:1389-1394. 

29. Segev, H., Fishman, B., Ziskind, A., Shulman, M., and Itskovitz-Eldor, J. 2004. 
Differentiation of human embryonic stem cells into insulin-producing clusters. Stem 

Cells 22:265-274. 
30. Bonner-Weir, S., Taneja, M., Weir, G.C., Tatarkiewicz, K., Song, K.H., Sharma, A., and 

CNeil, J.J. 2000. In vitro cultivation of human islets from expanded ductal tissue. Proc 

Natl Acad Sci USA 97:7999-8004. 
31. Gershengorn, M.C., Hardikar, A.A., Wei, C, Geras-Raaka, E., Marcus-Samuels, B., and 

Raaka, B.M. 2004. Epithelial-to-mesenchymal transition generates proliferative human 
islet precursor cells. Science 306:2261-2264. 

32. Hao, E., Tyrberg, B., Itkin-Ansari, P., Lakey, J.R., Geron, I., Monosov, E.Z., Barcova, 
M., Mercola, M., and Levine, F. 2006. Beta-cell differentiation from nonendocrine 
epithelial cells of the adult human pancreas. Nat Med 12:310-316. 

33. Minami, K., Okuno, M., Miyawaki, K., Okumachi, A., Ishizaki, K., Oyama, K., 
Kawaguchi, M., Ishizuka, N., Iwanaga, T., and Seino, S. 2005. Lineage tracing and 
characterization of insulin-secreting cells generated from adult pancreatic acinar cells. 
Proc Natl Acad Sci USA 102:15116-15121. 

34. Dor, Y., Brown, J., Martinez, O.I., and Melton, D.A. 2004. Adult pancreatic beta-cells 
are formed by self-duplication rather than stem-cell differentiation. Nature 429:41-46. 

57 



35. Teta, M., Rankin, M.M., Long, S.Y., Stein, G.M., and Kushner, J.A. 2007. Growth and 
regeneration of adult Beta cells does not involve specialized progenitors. Dev Cell 

12:817-826. 
36. Weinberg, N., Ouziel-Yahalom, L., Knoller, S., Efrat, S., and Dor, Y. 2007. Lineage 

tracing evidence for in vitro dedifferentiation but rare proliferation of mouse pancreatic 
beta-cells. Diabetes 56:1299-1304. 

37. Georgia, S., and Bhushan, A. 2004. Beta cell replication is the primary mechanism for 
maintaining postnatal beta cell mass. J Clin Invest 114:963-968. 

38. Montanya, E., Nacher, V., Biarnes, M., and Soler, J. 2000. Linear correlation between 
beta-cell mass and body weight throughout the lifespan in Lewis rats: role of beta-cell 
hyperplasia and hypertrophy. Diabetes 49:1341-1346. 

39. Finegood, D.T., Scaglia, L., and Bonner-Weir, S. 1995. Dynamics of beta-cell mass in 
the growing rat pancreas. Estimation with a simple mathematical model. Diabetes 

44:249-256. 
40. Teta, M., Long, S.Y., Wartschow, L.M., Rankin, M.M., and Kushner, J.A. 2005. Very 

slow turnover of beta-cells in aged adult mice. Diabetes 54:2557-2567. 
41. Kassem, S.A., Ariel, I., Thornton, P.S., Scheimberg, I., and Glaser, B. 2000. Beta-cell 

proliferation and apoptosis in the developing normal human pancreas and in 
hyperinsulinism of infancy. Diabetes 49:1325-1333. 

42. Johnson, D.G., and Walker, C.L. 1999. Cyclins and cell cycle checkpoints. Annu Rev 

Pharmacol Toxicol 39:295-312. 
43. Moeller, S.J., and Sheaff, R.J. 2006. Gl phase: components, conundrums, context. 

Results Probl Cell Differ 42:1-29. 
44. Okorokov, A.L. 2003. p53 in a crosstalk between DNA repair and cell cycle checkpoints. 

Cell Cycle 2:233-235. 
45. De Clercq, A., and Inze, D. 2006. Cyclin-dependent kinase inhibitors in yeast, animals, 

and plants: a functional comparison. Crit Rev Biochem Mol Biol 41:293-313. 
46. Harbour, J.W., Luo, R.X., Dei Santi, A., Postigo, A.A., and Dean, D.C. 1999. Cdk 

phosphorylation triggers sequential intramolecular interactions that progressively block 
Rb functions as cells move through Gl. Cell 98:859-869. 

58 



47. Chau, B.N., and Wang, J.Y. 2003. Coordinated regulation of life and death by RB. Nat 
Rev Cancer 3:130-138. 

48. Martinez-Gac, L., Marques, M., Garcia, Z., Campanero, M.R., and Carrera, A.C. 2004. 
Control of cyclin G2 mRNA expression by forkhead transcription factors: novel 
mechanism for cell cycle control by phosphoinositide 3-kinase and forkhead. Mol Cell 

Biol 24:2181-2189. 
49. Bennin, D.A., Don, A.S., Brake, T., McKenzie, J.L., Rosenbaum, H., Ortiz, L., DePaoli-

Roach, A.A., and Home, M.C. 2002. Cyclin G2 associates with protein phosphatase 2A 
catalytic and regulatory B' subunits in active complexes and induces nuclear aberrations 
and a Gl/S phase cell cycle arrest. J Biol Chem 277:27449-27467. 

50. Shimizu, A., Nishida, J., Ueoka, Y., Kato, K., Hachiya, T., Kuriaki, Y., and Wake, N. 
1998. CyclinG contributes to G2/M arrest of cells in response to DNA damage. Biochem 

Biophys Res Commun 242:529-533. 
51. Jensen, M.R., Factor, V.M., and Thorgeirsson, S.S. 1998. Regulation of cyclin Gl during 

murine hepatic regeneration following Dipin-induced DNA damage. Hepatology 28:537-
546. 

52. Liu, J., Cui, Z.S., Luo, Y., Jiang, L., Man, X.H., and Zhang, X. 2004. Effect of cyclin G2 
on proliferative ability of SGC-7901 cell. World J Gastroenterol 10:1357-1360. 

53. Home, M.C, Donaldson, K.L., Goolsby, G.L., Tran, D., Mulheisen, M., Hell, J.W., and 
Wahl, A.F. 1997. Cyclin G2 is up-regulated during growth inhibition and B cell antigen 
receptor-mediated cell cycle arrest. J Biol Chem 272:12650-12661. 

54. Cozar-Castellano, I., Fiaschi-Taesch, N., Bigatel, T.A., Takane, K.K., Garcia-Ocana, A., 
Vasavada, R., and Stewart, A.F. 2006. Molecular control of cell cycle progression in the 
pancreatic beta-cell. Endocr Rev 27:356-370. 

55. Cozar-Castellano, I., Takane, K.K., Bottino, R., Balamurugan, A.N., and Stewart, A.F. 
2004. Induction of beta-cell proliferation and retinoblastoma protein phosphorylation in 
rat and human islets using adenovirus-mediated transfer of cyclin-dependent kinase-4 and 
cyclin Dl. Diabetes 53:149-159. 

56. Cozar-Castellano, I., Weinstock, M., Haught, M., Velazquez-Garcia, S., Sipula, D., and 
Stewart, A.F. 2006. Evaluation of beta-cell replication in mice transgenic for hepatocyte 

59 



growth factor and placental lactogen: comprehensive characterization of the Gl/S 
regulatory proteins reveals unique involvement of p21cip. Diabetes 55:70-77. 

57. Fatrai, S., Elghazi, L., Balcazar, N., Cras-Meneur, C., Krits, I., Kiyokawa, H., and 
Bernal-Mizrachi, E. 2006. Akt induces beta-cell proliferation by regulating cyclin DI, 
cyclin D2, and p21 levels and cyclin-dependent kinase-4 activity. Diabetes 55:318-325. 

58. Harvey, M., Vogel, H., Lee, E.Y., Bradley, A., and Donehower, L.A. 1995. Mice 
deficient in both p53 and Rb develop tumors primarily of endocrine origin. Cancer Res 

55:1146-1151. 
59. Jiang, Y., Cheng, D.W., Levi, E., and Singh, L.P. 2006. IGF-1 increases laminin, cyclin 

DI, and P21Cipl expression in glomerular mesangial cells: An investigation of the 
intracellular signaling pathway and cell-cycle progression. J Cell Biochem 98:208-220. 

60. Kushner, J.A. 2006. Beta-cell growth: an unusual paradigm of organogenesis that is 
cyclin D2/Cdk4 dependent. Cell Cycle 5:234-237. 

61. Kushner, J.A., Ciemerych, M.A., Sicinska, E., Wartschow, L.M., Teta, M., Long, S.Y., 
Sicinski, P., and White, M.F. 2005. Cyclins D2 and DI are essential for postnatal 
pancreatic beta-cell growth. Mol Cell Biol 25:3752-3762. 

62. Marzo, N., Mora, C, Fabregat, M.E., Martin, J., Usac, E.F., Franco, C, Barbacid, M., 
and Gomis, R. 2004. Pancreatic islets from cyclin-dependent kinase 4/R24C (Cdk4) 
knockin mice have significantly increased beta cell mass and are physiologically 
functional, indicating that Cdk4 is a potential target for pancreatic beta cell mass 
regeneration in Type 1 diabetes. Diabetologia 47:686-694. 

63. Rachdi, L., Balcazar, N., Elghazi, L., Barker, D.J., Krits, I., Kiyokawa, H., and Bernal-
Mizrachi, E. 2006. Differential effects of p27 in regulation of beta-cell mass during 
development, neonatal period, and adult life. Diabetes 55:3520-3528. 

64. Rane, S.G., Dubus, P., Mettus, R.V., Galbreath, E.J., Boden, G., Reddy, E.P., and 
Barbacid, M. 1999. Loss of Cdk4 expression causes insulin-deficient diabetes and Cdk4 
activation results in beta-islet cell hyperplasia. Nat Genet 22:44-52. 

65. Uchida, T., Nakamura, T., Hashimoto, N., Matsuda, T., Kotani, K., Sakaue, H., Kido, Y., 
Hayashi, Y., Nakayama, K.I., White, M.F., et al. 2005. Deletion of Cdknlb ameliorates 
hyperglycemia by maintaining compensatory hyperinsulinemia in diabetic mice. Nat Med 
11:175-182. 

60 



66. Williams, B.O., Remington, L., Albert, D.M., Mukai, S., Bronson, R.T., and Jacks, T. 
1994. Cooperative tumorigenic effects of germline mutations in Rb and p53. Nat Genet 

7:480-484. 
67. Zhang, X., Gaspard, J.P., Mizukami, Y., Li, J., Graeme-Cook, F., and Chung, D.C. 2005. 

Overexpression of cyclin Dl in pancreatic beta-cells in vivo results in islet hyperplasia 
without hypoglycemia. Diabetes 54:712-719. 

68. Hanahan, D. 1985. Heritable formation of pancreatic beta-cell tumours in transgenic mice 
expressing recombinant insulin/simian virus 40 oncogenes. Nature 315:115-122. 

69. Cozar-Castellano, I., Haught, M., and Stewart, A.F. 2006. The cell cycle inhibitory 
protein p21cip is not essential for maintaining beta-cell cycle arrest or beta-cell function 
in vivo. Diabetes 55:3271-3278. 

70. Georgia, S., and Bhushan, A. 2006. p27 Regulates the transition of beta-cells from 
quiescence to proliferation. Diabetes 55:2950-2956. 

71. Vasavada, R.C., Cozar-Castellano, I., Sipula, D., and Stewart, A.F. 2007. Tissue-specific 
deletion of the retinoblastoma protein in the pancreatic beta-cell has limited effects on 
beta-cell replication, mass, and function. Diabetes 56:57-64. 

72. Kjishnamurthy, J., Ramsey, M.R., Ligon, K.L., Torrice, C, Koh, A., Bonner-Weir, S., 
and Sharpless, N.E. 2006. pl6INK4a induces an age-dependent decline in islet 
regenerative potential. Nature 443:453-457. 

73. Steiner, D.F., and James, D.E. 1992. Cellular and molecular biology of the beta cell. 
Diabetologia 35 Suppl 2:S41-48. 

74. Dodson, G., and Steiner, D. 1998. The role of assembly in insulin's biosynthesis. Curr 

Opin Struct Biol 8:189-194. 
75. Rolland, F., Winderickx, J., and Thevelein, J.M. 2001. Glucose-sensing mechanisms in 

eukaryotic cells. Trends Biochem Sci 26:310-317. 
76. Henquin, J.C. 2000. Triggering and amplifying pathways of regulation of insulin 

secretion by glucose. Diabetes 49:1751-1760. 
77. Song, S.H., Mclntyre, S.S., Shah, H., Veldhuis, J.D., Hayes, P.C., and Butler, P.C. 2000. 

Direct measurement of pulsatile insulin secretion from the portal vein in human subjects. 
J Clin Endocrinol Metab 85:4491-4499. 

61 



78. Sharp, G.W. 1996. Mechanisms of inhibition of insulin release. Am J Physiol 271 :C1781-
1799. 

79. Cheatham, B., and Kahn, C.R. 1995. Insulin action and the insulin signaling network. 
EndocrRev 16:117-142. 

80. Vasavada, R.C., Gonzalez-Pertusa, J.A., Fujinaka, Y., Fiaschi-Taesch, N., Cozar-
Castellano, I., and Garcia-Ocana, A. 2006. Growth factors and beta cell replication. IntJ 

Biochem Cell Biol 38:931-950. 
81. Kahn, C.R., Baird, K.L., Flier, J.S., Grunfeld, C, Harmon, J.T., Harrison, L.C., Karlsson, 

F.A., Kasuga, M., King, G.L., Lang, U.C., et al. 1981. Insulin receptors, receptor 
antibodies, and the mechanism of insulin action. Recent Prog Horm Res 37:477-538. 

82. Ullrich, A., and Schlessinger, J. 1990. Signal transduction by receptors with tyrosine 
kinase activity. Cell 61:203-212. 

83. Jones, J.I., and Clemmons, D.R. 1995. Insulin-like growth factors and their binding 
proteins: biological actions. Endocr Rev 16:3-34. 

84. De Meyts, P., and Whittaker, J. 2002. Structural biology of insulin and IGF1 receptors: 
implications for drug design. Nat Rev Drug Discov 1:769-783. 

85. Hugl, S.R., White, M.F., and Rhodes, C.J. 1998. Insulin-like growth factor I (IGF-I)-
stimulated pancreatic beta-cell growth is glucose-dependent. Synergistic activation of 
insulin receptor substrate-mediated signal transduction pathways by glucose and IGF-I in 
INS-1 cells. J Biol Chem 273:17771-17779. 

86. White, M.F. 2006. Regulating insulin signaling and beta-cell function through IRS 
proteins. Can J Physiol Pharmacol 84:725-737. 

87. Taniguchi, CM., Emanuelli, B., and Kahn, C.R. 2006. Critical nodes in signalling 
pathways: insights into insulin action. Nat Rev Mol Cell Biol 7:85-96. 

88. Jhala, U.S., Canettieri, G., Screaton, R.A., Kulkarni, R.N., Krajewski, S., Reed, J., 
Walker, J., Lin, X., White, M., and Montminy, M. 2003. cAMP promotes pancreatic 
beta-cell survival via CREB-mediated induction of IRS2. Genes Dev 17:1575-1580. 

89. Bernal-Mizrachi, E., Wen, W., Stahlhut, S., Welling, CM., and Permutt, M.A. 2001. Islet 
beta cell expression of constitutively active Aktl/PKB alpha induces striking 
hypertrophy, hyperplasia, and hyperinsulinemia. J Clin Invest 108:1631-1638. 

62 



90. Turtle, R.L., Gill, N.S., Pugh, W., Lee, J.P., Koeberlein, B., Furth, E.E., Polonsky, K.S., 
Naji, A., and Birnbaum, M.J. 2001. Regulation of pancreatic beta-cell growth and 
survival by the serine/threonine protein kinase Aktl/PKBalpha. Nat Med 7:1133-1137. 

91. Federici, M., Hribal, M.L., Ranalli, M., Marselli, L., Porzio, O., Lauro, D., Borboni, P., 
Lauro, R., Marchetti, P., Melino, G., et al. 2001. The common Arg972 polymorphism in 
insulin receptor substrate-1 causes apoptosis of human pancreatic islets. Faseb J 15:22-
24. 

92. Srinivasan, S., Bernal-Mizrachi, E., Ohsugi, M., and Permutt, M.A. 2002. Glucose 
promotes pancreatic islet beta-cell survival through a PI 3-kinase/Akt-signaling pathway. 
Am J Physiol Endocrinol Metab 283:E784-793. 

93. Garofalo, R.S., Orena, S.J., Rafidi, K., Torchia, A.J., Stock, J.L., Hildebrandt, A.L., 
Coskran, T., Black, S.C., Brees, D.J., Wicks, J.R., et al. 2003. Severe diabetes, age-
dependent loss of adipose tissue, and mild growth deficiency in mice lacking Akt2/PKB 
beta. J Clin Invest 112:197-208. 

94. Maeda, H., Rajesh, K.G., Suzuki, R., and Sasaguri, S. 2004. Epidermal growth factor and 
insulin inhibit cell death in pancreatic beta cells by activation of PI3-kinase/AKT 
signaling pathway under oxidative stress. Transplant Proc 36:1163-1165. 

95. Burks, D.J., and White, M.F. 2001. IRS proteins and beta-cell function. Diabetes 50 
Suppl LS140-145. 

96. Withers, D.J., Burks, D.J., Towery, H.H., Altamuro, S.L., Flint, C.L., and White, M.F. 
1999. Irs-2 coordinates Igf-1 receptor-mediated beta-cell development and peripheral 
insulin signalling. Nat Genet 23:32-40. 

97. Trumper, K., Trumper, A., Trusheim, H., Arnold, R., Goke, B., and Horsch, D. 2000. 
Integrative mitogenic role of protein kinase B/Akt in beta-cells. Ann N Y Acad Sci 

921:242-250. 
98. Pende, M., Kozma, S.C., Jaquet, M., Oorschot, V., Burcelin, R., Le Marchand-Brustel, 

Y., Klumperman, J., Thorens, B., and Thomas, G. 2000. Hypoinsulinaemia, glucose 
intolerance and diminished beta-cell size in S6K.1 -deficient mice. Nature 408:994-997. 

99. Sesti, G., Federici, M., Hribal, M.L., Lauro, D., Sbraccia, P., and Lauro, R. 2001. Defects 
of the insulin receptor substrate (IRS) system in human metabolic disorders. Faseb J 

15:2099-2111. 

63 



100. Mauvais-Jarvis, F., Kulkarni, R.N., and Kahn, C.R. 2002. Knockout models are useful 
tools to dissect the pathophysiology and genetics of insulin resistance. Clin Endocrinol 

(Oxf) 57:1-9. 
101. Kahn, C.R., Bruning, J.C., Michael, M.D., and Kulkarni, R.N. 2000. Knockout mice 

challenge our concepts of glucose homeostasis and the pathogenesis of diabetes mellitus. 
JPediatr Endocrinol Metab 13 Suppl 6:1377-1384. 

102. Luciani, D.S., and Johnson, J.D. 2005. Acute effects of insulin on beta-cells from 
transplantable human islets. Mol Cell Endocrinol 241:88-98. 

103. Ohsugi, M., Cras-Meneur, C, Zhou, Y., Berhal-Mizrachi, E., Johnson, J.D., Luciani, 
D.S., Polonsky, K.S., and Permutt, M.A. 2005. Reduced expression of the insulin 
receptor in mouse insulinoma (MIN6) cells reveals multiple roles of insulin signaling in 
gene expression, proliferation, insulin content, and secretion. J Biol Chem 280:4992-
5003. 

104. Xu, G.G., and Rothenberg, P.L. 1998. Insulin receptor signaling in the beta-cell 
influences insulin gene expression and insulin content: evidence for autocrine beta-cell 
regulation. Diabetes 47:1243-1252. 

105. Leibiger, B., Wahlander, K., Berggren, P.O., and Leibiger, I.B. 2000. Glucose-stimulated 
insulin biosynthesis depends on insulin-stimulated insulin gene transcription. J Biol 

Chem 275:30153-30156. 
106. Wicksteed, B., Alarcon, C, Briaud, I., Lingohr, M.K., and Rhodes, C.J. 2003. Glucose-

induced translational control of proinsulin biosynthesis is proportional to preproinsulin 
mRNA levels in islet beta-cells but not regulated via a positive feedback of secreted 
insulin. J Biol Chem 278:42080-42090. 

107. Da Silva Xavier, G., Qian, Q., Cullen, P.J., and Rutter, G.A. 2004. Distinct roles for 
insulin and insulin-like growth factor-1 receptors in pancreatic beta-cell glucose sensing 
revealed by RNA silencing. Biochem J 377:149-158. 

108. Kulkarni, R.N., Bruning, J.C., Winnay, J.N., Postic, C, Magnuson, M.A., and Kahn, C.R. 
1999. Tissue-specific knockout of the insulin receptor in pancreatic beta cells creates an 
insulin secretory defect similar to that in type 2 diabetes. Cell 96:329-339. 

109. Otani, K., Kulkarni, R.N., Baldwin, A.C., Krutzfeldt, J., Ueki, K., Stoffel, M., Kahn, 
C.R., and Polonsky, K.S. 2004. Reduced beta-cell mass and altered glucose sensing 

64 



impair insulin-secretory function in betalRKO mice. Am J Physiol Endocrinol Metab 

286:E41-49. 
110. Ueki, K., Okada, T., Hu, J., Liew, C.W., Assmann, A., Dahlgren, G.M., Peters, J.L., 

Shackman, J.G., Zhang, M., Artner, I., et al. 2006. Total insulin and IGF-I resistance in 
pancreatic beta cells causes overt diabetes. Nat Genet 38:583-588. 

111. Johnson, J.D., and Misler, S. 2002. Nicotinic acid-adenine dinucleotide phosphate-
sensitive calcium stores initiate insulin signaling in human beta cells. Proc Natl Acad Sci 

(75̂ 99:14566-14571. 
112. Kulkarni, R.N., Holzenberger, M., Shih, D.Q., Ozcan, U., Stoffel, M., Magnuson, M.A., 

and Kahn, C.R. 2002. beta-cell-specific deletion of the Igfl receptor leads to 
hyperinsulinemia and glucose intolerance but does not alter beta-cell mass. Nat Genet 

31:111-115. 
113. Okada, T., Liew, C.W., Hu, J., Hinault, C., Michael, M.D., Krutzfeldt, J., Yin, C., 

Holzenberger, M., Stoffel, M., and Kulkarni, R.N. 2007. Insulin receptors in {beta}-cells 
are critical for islet compensatory growth response to insulin resistance. Proc Natl Acad 

Sci USA. 

114. Ogino, J., Sakurai, K., Yoshiwara, K., Suzuki, Y., Ishizuka, N., Seki, N., Suzuki, Y., 
Koseki, H., Shirasawa, T., Hashimoto, N., et al. 2006. Insulin resistance and increased 
pancreatic beta-cell proliferation in mice expressing a mutant insulin receptor (PI 195L). 
J Endocrinol 190:739-747. 

115. Duvillie, B., Cordonnier, N., Deltour, L., Dandoy-Dron, F., Itier, J.M., Monthioux, E., 
Jami, J., Joshi, R.L., and Bucchini, D. 1997. Phenotypic alterations in insulin-deficient 
mutant mice. Proc Natl Acad Sci USA 94:5137-5140. 

116. Muller, D., Jones, P.M., and Persaud, S.J. 2006. Autocrine anti-apoptotic and 
proliferative effects of insulin in pancreatic beta-cells. FEBS Lett 580:6977-6980. 

117. Aikin, R., Hanley, S., Maysinger, D., Lipsett, M., Castellarin, M., Paraskevas, S., and 
Rosenberg, L. 2006. Autocrine insulin action activates Akt and increases survival of 
isolated human islets. Diabetologia 49:2900-2909. 

118. Buteau, J., Foisy, S., Rhodes, C.J., Carpenter, L., Biden, T.J., and Prentki, M. 2001. 
Protein kinase Czeta activation mediates glucagon-like peptide-1-induced pancreatic 
beta-cell proliferation. Diabetes 50:2237-2243. 

65 



119. Freemark, M., Avril, I., Fleenor, D., Driscoll, P., Petro, A., Opara, E., Kendall, W., Oden, 
J., Bridges, S., Binart, N., et al. 2002. Targeted deletion of the PRL receptor: effects on 
islet development, insulin production, and glucose tolerance. Endocrinology 143:1378-
1385. 

120. Fujinaka, Y., Sipula, D., Garcia-Ocana, A., and Vasavada, R.C. 2004. Characterization of 
mice doubly transgenic for parathyroid hormone-related protein and murine placental 
lactogen: a novel role for placental lactogen in pancreatic beta-cell survival. Diabetes 

53:3120-3130. 
121. Garcia-Ocana, A., Vasavada, R.C., Cebrian, A., Reddy, V., Takane, K.K., Lopez-

Talavera, J.C., and Stewart, A.F. 2001. Transgenic overexpression of hepatocyte growth 
factor in the beta-cell markedly improves islet function and islet transplant outcomes in 
mice. Diabetes 50:2752-2762. 

122. Parsons, J. A., Brelje, T.C., and Sorenson, R.L. 1992. Adaptation of islets of Langerhans 
to pregnancy: increased islet cell proliferation and insulin secretion correlates with the 
onset of placental lactogen secretion. Endocrinology 130:1459-1466. 

123. Stoffers, D.A., Kieffer, T.J., Hussain, M.A., Drucker, D.J., Bonner-Weir, S., Habener, 
J.F., and Egan, J.M. 2000. Insulinotropic glucagon-like peptide 1 agonists stimulate 
expression of homeodomain protein IDX-1 and increase islet size in mouse pancreas. 
Diabetes 49:741-748. 

124. Swenne, I., Hill, D.J., Strain, A.J., and Milner, R.D. 1987. Growth hormone regulation of 
somatomedin C/insulin-like growth factor I production and DNA replication in fetal rat 
islets in tissue culture. Diabetes 36:288-294. 

125. Villanueva-Penacarrillo, M.L., Cancelas, J., de Miguel, F., Redondo, A., Valin, A., 
Valverde, I., and Esbrit, P. 1999. Parathyroid hormone-related peptide stimulates DNA 
synthesis and insulin secretion in pancreatic islets. J Endocrinol 163:403-408. 

126. Friedrichsen, B.N., Neubauer, N., Lee, Y.C., Gram, V.K., Blume, N., Petersen, J.S., 
Nielsen, J.H., and Moldrup, A. 2006. Stimulation of pancreatic beta-cell replication by 
incretins involves transcriptional induction of cyclin DI via multiple signalling pathways. 
J Endocrinol 188:481-492. 

127. Vasavada, R.C., Garcia-Ocana, A., Zawalich, W.S., Sorenson, R.L., Dann, P., Syed, M., 
Ogren, L., Talamantes, F., and Stewart, A.F. 2000. Targeted expression of placental 

66 



lactogen in the beta cells of transgenic mice results in beta cell proliferation, islet mass 
augmentation, and hypoglycemia. J Biol Chem 275:15399-15406. 

128. Miettinen, P.J., Ustinov, J., Ormio, P., Gao, R., Palgi, J., Hakonen, E., Juntti-Berggren, 
L., Berggren, P.O., and Otonkoski, T. 2006. Downregulation of EGF receptor signaling 
in pancreatic islets causes diabetes due to impaired postnatal beta-cell growth. Diabetes 

55:3299-3308. 
129. Vasavada, R.C., Cavaliere, C., D'Ercole, A.J., Dann, P., Burtis, W.J., Madlener, A.L., 

Zawalich, K., Zawalich, W., Philbrick, W., and Stewart, A.F. 1996. Overexpression of 
parathyroid hormone-related protein in the pancreatic islets of transgenic mice causes 
islet hyperplasia, hyperinsulinemia, and hypoglycemia. J Biol Chem 271:1200-1208. 

130. Johnson, J.D., Bernal-Mizrachi, E., Alejandro, E.U., Han, Z., Kalynyak, T.B., Li, H., 
Beith, J.L., Gross, J., Warnock, G.L., Townsend, R.R., et al. 2006. Insulin protects islets 
from apoptosis via Pdxl and specific changes in the human islet proteome. Proc Natl 

AcadSci USA 103:19575-19580. 
131. Volinic, J.L., Lee, J.H., Eto, K., Kaur, V., and Thomas, M.K. 2006. Overexpression of 

the coactivator bridge-1 results in insulin deficiency and diabetes. Mol Endocrinol 

20:167-182. 
132. Withers, D.J., Gutierrez, J.S., Towery, H., Burks, D.J., Ren, J.M., Previs, S., Zhang, Y., 

Bernal, D., Pons, S., Shulman, G.I., et al. 1998. Disruption of IRS-2 causes type 2 
diabetes in mice. Nature 391:900-904. 

133. Tamemoto, H., Kadowaki, T., Tobe, K., Yagi, T., Sakura, H., Hayakawa, T., Terauchi, 
Y., Ueki, K., Kaburagi, Y., and Satoh, S. 1994. Insulin resistance and growth retardation 
in mice lacking insulin receptor substrate-1. Nature 372:182-186. 

134. Withers, D.J., Gutierrez, J.S., Towery, H., Burks, D.J., Ren, J.M., Previs, S., Zhang, Y., 
Bernal, D., Pons, S., Shulman, G.I., et al. 1998. Disruption of IRS-2 causes type 2 
diabetes in mice. Nature 391:900-904. 

135. Fantin, V.R., Wang, Q., Lienhard, G.E., and Keller, S.R. 2000. Mice lacking insulin 
receptor substrate 4 exhibit mild defects in growth, reproduction, and glucose 
homeostasis. Am J Physiol Endocrinol Metab 278:E127-133. 

136. Liu, S.C., Wang, Q., Lienhard, G.E., and Keller, S.R. 1999. Insulin receptor substrate 3 is 
not essential for growth or glucose homeostasis. J Biol Chem 274:18093-18099. 

67 



137. Bemal-Mizrachi, E., Fatrai, S., Johnson, J.D., Ohsugi, M., Otani, K., Han, Z., Polonsky, 
K.S., and Permutt, M.A. 2004. Defective insulin secretion and increased susceptibility to 
experimental diabetes are induced by reduced Akt activity in pancreatic islet beta cells. J 
Clin Invest 114:928-936. 

138. Zhang, L., Fu, Z., Binkley, C, Giordano, T., Burant, C.F., Logsdon, C.D., and Simeone, 
D.M. 2004. Raf kinase inhibitory protein inhibits beta-cell proliferation. Surgery 

136:708-715. 
139. Ohsugi, M., Cras-Meneur, C., Zhou, Y., Bernal-Mizrachi, E., Johnson, J.D., Luciani, 

D.S., Polonsky, K.S., and Permutt, M.A. 2005. Reduced Expression of the Insulin 
Receptor in Mouse Insulinoma (MIN6) Cells Reveals Multiple Roles of Insulin Signaling 
in Gene Expression, Proliferation, Insulin Content, and Secretion. JBC 280:4992-5003. 

140. Mawson, A., Lai, A., Carroll, J.S., Sergio, CM., Mitchell, C.J., and Sarcevic, B. 2005. 
Estrogen and insulin/IGF-1 cooperatively stimulate cell cycle progression in MCF-7 
breast cancer cells through differential regulation of c-Myc and cyclin Dl. Mol Cell 

Endocrinol. 229:161-173. 
141. Chappell, J., Leitner, J.W., Solomon, S., Golovchenko, I., Goalstone, M.L., and Draznin, 

B. 2001. Effect of insulin on cell cycle progression in MCF-7 breast cancer cells. Direct 
and potentiating influence. J Biol Chem 276:38023-38028. 

142. Lai, A., Sarcevic, B., Prall, O.W., and Sutherland, R.L. 2001. Insulin/insulin-like growth 
factor-I and estrogen cooperate to stimulate cyclin E-Cdk2 activation and cell Cycle 
progression in MCF-7 breast cancer cells through differential regulation of cyclin E and 
p21(WAFl/Cipl). J Biol Chem 276:25823-25833. 

143. Weng, L.P., Smith, W.M., Brown, J.L., and Eng, C. 2001. PTEN inhibits insulin-
stimulated MEK/MAPK activation and cell growth by blocking IRS-1 phosphorylation 
and IRS-l/Grb-2/Sos complex formation in a breast cancer model. Hum Mol Genet 

10:605-616. 

144. Bernard, C, Berthault, M.F., Saulnier, C, and Ktorza, A. 1999. Neogenesis vs. apoptosis 
As main components of pancreatic beta cell ass changes in glucose-infused normal and 
mildly diabetic adult rats. Faseb J 13:1195-1205. 

145. Bernard, C, Thibault, C, Berthault, M.F., Magnan, C, Saulnier, C, Portha, B., Pralong, 
W.F., Penicaud, L., and Ktorza, A. 1998. Pancreatic beta-cell regeneration after 48-h 

68 



glucose infusion in mildly diabetic rats is not correlated with functional improvement. 
Diabetes 47:1058-1065. 

146. Bonner-Weir, S., Deery, D., Leahy, J.L., and Weir, G.C. 1989. Compensatory growth of 
pancreatic beta-cells in adult rats after short-term glucose infusion. Diabetes 38:49-53. 

147. Hoorens, A., Van de Casteele, M., Kloppel, G., and Pipeleers, D. 1996. Glucose 
promotes survival of rat pancreatic beta cells by activating synthesis of proteins which 
suppress a constitutive apoptotic program. J Clin Invest 98:1568-1574. 

148. Khoo, S., and Cobb, M.H. 1997. Activation of mitogen-activating protein kinase by 
glucose is not required for insulin secretion. Proc Natl Acad Sci USA 94:5599-5604. 

149. Briaud, I., Lingohr, M.K., Dickson, L.M., Wrede, C.E., and Rhodes, C.J. 2003. 
Differential activation mechanisms of Erk-1/2 and p70(S6K) by glucose in pancreatic 
beta-cells. Diabetes 52:974-983. 

150. Frodin, M., Sekine, N., Roche, E., Filloux, C, Prentki, M., Wollheim, C.B., and Van 
Obberghen, E. 1995. Glucose, other secretogogues, and nerve growth factor stimulate 
mitogen-activated protein kinase in the insulin-secreting beta-cell line, INS-1. J Biol 

Chem 270:7882-7889. 
151. Dickson, L.M., Lingohr, M.K., McCuaig, J., Hugl, S.R., Snow, L., Kahn, B.B., Myers, 

M.G., Jr., and Rhodes, C.J. 2001. Differential activation of protein kinase B and 
p70(S6)K by glucose and insulin-Hke growth factor 1 in pancreatic beta-cells (INS-1). J 
Biol Chem 276:21110-21120. 

152. Lingohr, M.K., Briaud, I., Dickson, L.M., McCuaig, J.F., Alarcon, C, Wicksteed, B.L., 
and Rhodes, C.J. 2006. Specific regulation of IRS-2 expression by glucose in rat primary 
pancreatic islet beta-cells. J Biol Chem 281:15884-15892. 

153. Amacker-Francoys, I., Mohanty, S., Niessen, M., Spinas, G.A., and Trub, T. 2005. The 
metabolisable hexoses D-glucose and D-mannose enhance the expression of IRS-2 but 
not of IRS-1 in pancreatic beta-cells. Exp Clin Endocrinol Diabetes 113:423-429. 

154. Alonso, L.C., Yokoe, T., Zhang, P., Scott, D.K., Kim, S.K., O'Donnell C, P., and Garcia-
Ocana, A. 2007. Glucose infusion in mice: a new model to induce {beta}-cell replication. 
Diabetes. 

155. Miyazaki, J., Araki, K., Yamato, E., Ikegami, H., Asano, T., Shibasaki, Y., Oka, Y., and 
Yamamura, K. 1990. Establishment of a pancreatic beta cell line that retains glucose-

69 



inducible insulin secretion: special reference to expression of glucose transporter 
isoforms. Endocrinology 127:126-132. 

156. Diaz, L.E., Chuan, Y.C., Lewitt, M., Fernandez-Perez, L., Carrasco-Rodriguez, S., 
Sanchez-Gomez, M., and Flores-Morales, A. 2007. IGF-II regulates metastatic properties 
of choriocarcinoma cells through the activation of the insulin receptor. Mol Hum Reprod. 

157. Elghazi, L., Balcazar, N., and Bernal-Mizrachi, E. 2006. Emerging role of protein kinase 
B/Akt signaling in pancreatic beta-cell mass and function. Int J Biochem Cell Biol 

38:157-163. 
158. Lackey, K., Cory, M., Davis, R., Frye, S.V., Harris, P.A., Hunter, R.N., Jung, D.K., 

McDonald, O.B., McNutt, R.W., Peel, M.R., et al. 2000. The discovery of potent cRafl 
kinase inhibitors. BioorgMed Chem Lett 10:223-226. 

159. Berns, A. 2003. Tumour suppressors: timing will tell. Nature 424:140-141. 
160. Bell, G.I., and Polonsky, K.S. 2001. Diabetes mellitus and genetically programmed 

defects in beta-cell function. Nature 414:788-791. 
161. Vincent, M.T., Carroll, R.J., Hammer, R.E., Chan, S.J., Guz, Y., Steiner, D.F., and 

Teitelman, G. 1995. A transgene coding for a human insulin analog has a mitogenic 
effect on murine embryonic beta cells. Proc Natl Acad Sci U SA 92:6239-6243. 

162. Johnson, J.D., Ford, E.L., Bernal-Mizrachi, E., Kusser, K.L., Luciani, D.S., Han, Z., 
Tran, H., Randall, T.D., Lund, F.E., and Polonsky, K.S. 2006. Suppressed insulin 
signaling and increased apoptosis in CD38-null islets. Diabetes 55:2737-2746. 

163. Porksen, N., Grofte, T., Greisen, J., Mengel, A., Juhl, C, Veldhuis, J.D., Schmitz, O., 
Rossle, M., and Vilstrup, H. 2002. Human insulin release processes measured by 
intraportal sampling. Am J Physiol Endocrinol Metab 282:E695-702. 

164. Yamaguchi, O., Watanabe, T., Nishida, K., Kashiwase, K., Higuchi, Y., Takeda, T., 
Hikoso, S., Hirotani, S., Asahi, M., Taniike, M., et al. 2004. Cardiac-specific disruption 
of the c-raf-1 gene induces cardiac dysfunction and apoptosis. J Clin Invest 114:937-943. 

165. Tvegard, T., Soltani, H., Skjolberg, H.C., Krohn, M., Nilssen, E.A., Kearsey, S.E., 
Grallert, B., and Boye, E. 2007. A novel checkpoint mechanism regulating the Gl/S 
transition. Genes Dev 21:649-654. 

166. Leibiger, B., Leibiger, I.B., Moede, T., Kemper, S., Kulkarni, R.N., Kahn, C.R., de 
Vargas, L.M., and Berggren, P.O. 2001. Selective insulin signaling through A and B 

70 



insulin receptors regulates transcription of insulin and glucokinase genes in pancreatic 
beta cells. Mol Cell 7:559-570. 

167. Leibiger, B., Moede, T., Schwarz, T., Brown, G.R., Kohler, M., Leibiger, LB., and 
Berggren, P.O. 1998. Short-term regulation of insulin gene transcription by glucose. Proc 

Natl Acad Sci USA 95:9307-9312. 
168. Leibiger, I.B., Leibiger, B., Moede, T., and Berggren, P.O. 1998. Exocytosis of insulin 

promotes insulin gene transcription via the insulin receptor/PI-3 kinase/p70 s6 kinase and 
CaM kinase pathways. Mol Cell 1:933-938. 

169. Rorsman, P., and Renstrom, E. 2003. Insulin granule dynamics in pancreatic beta cells. 
Diabetologia 46:1029-1045. 

71 


