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Abstract

A decrease in functional β-cell mass is key in the pathogenesis of both type 1
and type 2 diabetes and in the failure of transplanted islet grafts. Knowledge of the
endogenous regulators of β-cell proliferation and survival are important for
understanding the physiological regulation of β-cell mass. We have shown that
physiological concentrations of the insulin hormone act directly on β-cells to promote
proliferation and survival, but its mechanisms remain unclear. We hypothesized that
Raf-1, a kinase upstream of both ERK1/2 and Bad, is a critical target of insulin in βcells. To test this hypothesis, we treated primary β-cells and MIN6 β-cells with multiple
insulin concentrations and examined putative downstream targets. Low concentrations
of insulin rapidly activated Raf-1 and ERK1/2 in primary islets and MIN6 cells. The
phosphorylation of ERK1/2 by insulin was eliminated by exposure to a Raf inhibitor or
transfection with a dominant-negative Raf-1 mutant. Insulin enhanced the interaction
between mitochondrial Raf-1 and Bad, promoting the inactivation of pro-apoptotic Bad.
Over-expression of Raf-1 was sufficient to increase proliferation in the absence of
insulin, whereas a dominant-negative Raf-1 reduced proliferation in the presence of
insulin. We also tested if Raf-1 signalling plays an important role in β-cell survival both
in vitro and in vivo. We utilized a Raf inhibitor and dominant-negative Raf-1 mutants to
block basal Raf-1 signalling in serum free conditions in vitro and the Cre-lox
recombination system to obtain a β-cell specific deletion of the Raf-1 gene in vivo. Our
data show that blocking basal Raf-1 signalling in vitro caused apoptosis. Preliminary
data indicate that β-cell specific Raf-1 knockout mice are viable, have increased fasting
basal blood glucose levels and have impaired glucose tolerance compared to littermate
controls, consistent with the concept that Raf-1 plays an important role in β-cell survival.
Together, these findings have significant implications for the understanding of insulin
signalling pathway in β-cells and the regulation of β-cell mass.
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1.
1.1

Introduction

Pathophysiology of type 1 and type 2 diabetes

Diabetes is a disease with major public health implications worldwide.
Approximately two million Canadians (6% of the general population) live with diabetes
and the prevalence among indigenous sub-populations ranks amongst the highest in
the world (1, 2). The mechanisms involved in the development of both type 1 and type 2
diabetes are diverse but reduced β-cell function and survival are the major common
events leading to the loss of functional β-cell mass (3). In type 1 diabetes, β-cells
undergo specific autoimmune attack and loss of β-cells via apoptosis and necrosis
necessitates insulin therapy to control glucose homeostasis (4-8). A promising
alternative to insulin therapy is islet transplantion. However, islet function and
regeneration may be hindered by β-cell death in all stages of the transplantation
process (9). While type 1 diabetes is characterized by the condition of absolute insulin
deficiency, type 2 diabetes is initially non-insulin dependent and classically associated
with insulin resistance, abnormal insulin secretion, and/or reduced functional β-cell
mass (10). Type 2 diabetes in animal models and human patients is also associated
with β-cell apoptosis leading to insufficient β-cell mass and function (3, 11-13).
Moreover, β-cell apoptosis has been implicated in rare inherited forms of type 2
diabetes known as maturity-onset diabetes of the young (MODY) caused by
haploinsufficiency of specific transcription factors required for the development of the
pancreas (14).

1	
  

In the adult, the pancreatic β-cell mass adapts in response to changing metabolic
demands that are either physiological, such as pregnancy, or pathophysiological, such
as obesity. Obesity is the best-known risk factor for type 2 diabetes (15). However, not
all obese individuals develop diabetes because their β-cells can compensate by
proliferating and effectively increasing insulin secretion (16). The failure of β-cells to
compensate for insulin resistance, via proliferation or increase glucose-stimulated
insulin release, is a major component of impaired glucose homeostasis and diabetes
(17, 18). β-Cell failure is also a consequence of the inability of pancreatic β-cells to
suppress apoptosis in the face of glucolipotoxic and lipotoxic conditions (19-21) Thus,
efforts to enhance proliferation and reduce apoptosis have the potential to increase
functional β-cell mass, ameliorate the course of both type1 diabetes and type 2
diabetes, and improve current human islet transplantation protocols.

1.2

Mechanisms of β-cell apoptosis in type 1 and type 2 diabetes

The endocrine pancreas is actively remodeled throughout development and adult
life through a balance of proliferation, differentiation, and apoptosis (22). Pancreatic βcells are sensitive to a number of pro-apoptotic or anti-apoptotic stimuli (11, 20). In type
1 diabetes, established pro-apoptotic stimuli include proinflammatory cytokines, nitric
oxide, and reactive oxygen species (11). Elevated free fatty acids, chronically high
glucose, and islet amyloid are among the multiple factors that may cause β-cell
destruction in type 2 diabetes (23, 24). The signalling pathways in β-cell apoptosis
elicited by these stimuli are not fully understood. However, a growing body of evidence
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supports a convergence in signalling pathways toward common effectors of β-cell death
elicited by stimuli implicated in both type 1 and type 2 diabetes (11, 24, 25). The
common apoptotic pathways implicated in both types of diabetes are induced by the
activation of cysteine proteases (caspases) and the reduction of pro-survival genes
such as Bcl-2 and Bcl-xL (25). Pro-apoptotic events induced by proinflammatory
cytokines in vitro have been reported to require the activation of caspase-3, a major
effector of apoptosis in β-cells (26, 27). Moreover, human islets from donors with type 2
diabetes show increased apoptosis with enhanced caspase-3 activity (13). Human islets
treated with caspase-3 inhibitor are protected from apoptosis and have improved islet
graft function (28). Pro-apoptotic proteins like Bax and Bad have been reported to be
increased in human islets isolated from donors with diabetes and in diabetic rat islets,
while levels of anti-apoptotic proteins such as Bcl-xL and Bcl-2 are reduced (29, 30).
Despite numerous studies, the specific mechanisms controlling pancreatic β-cell
apoptosis remain to be fully elucidated.

Since the viability of isolated islets is one of the main obstacles limiting islet
transplantation success, many studies have focused on inhibiting β-cell apoptosis and
other forms of cell death. Several studies have shown that over-expression of Bcl-2 and
Bcl-xL proteins enhances human islet viability (31-33). Moreover, transgenic
hyperexpression of Bcl-2 in animal models or stable transfection of Bcl-2 in cell-lines
also exhibits protection from apoptosis (34-37). Taken together, these studies suggest
that the balance of pro-apoptotic and anti-apoptotic proteins plays a key role in
regulating β-cell apoptosis. The survival of the β-cell may also depend in part on the
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presence of endogenous or exogenous growth factors within the pancreatic islets. In
vitro studies show that β-cells undergo apoptosis when growth factors are depleted (3840). On the other hand, increased growth factor signalling can rescue β-cells from
apoptosis (38, 41, 42). Autocrine interactions of growth/survival factors present in the βcell are major regulators of β-cell survival (38, 43). For example, insulin and nerve
growth factor are endogenous growth factors secreted by the β-cell that enhance cell
survival and proliferation (42, 44).

1.3

Insulin signalling pathway in pancreatic β-cell

Insulin is a multifunctional hormone that regulates the energy metabolism,
growth, and survival of many cell types including the pancreatic β-cell (10, 45). The
insulin signalling cascade is initiated by insulin binding to the insulin receptor on the
surface of the cell membrane (45, 46). This in turn activates the intracellular tyrosine
kinase activity of the insulin receptor causing autophosphorylation and subsequent
phosphorylation of downstream adaptor proteins including the insulin receptor
substrates (IRS1-4) and the SH2-containing protein (Shc)(47-49). Downstream targets
of the IRS proteins can diverge into two major signalling pathways: one that involves
IRS, phosphatidylinositol 3-kinase (PI3-kinase) and Akt (also known as PKB), and a
second pathway that involves IRS, growth factor receptor-bound protein-2 (Grb2), and
the extracellular regulated kinases (ERK1/2; also known as MAP-Kinase) (50). The
initiation of the PI3-kinase pathway activates Akt, which leads to the stimulation of
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several biological responses, including glucose metabolism, cell proliferation, and
survival (51, 52). Independent of the PI3-kinase pathway is the association of IRS
proteins with Grb2, which leads to the recruitment of the mammalian Son of Sevenless
(mSOS), Ras, Raf and results in the activation of ERK1/2, which translocates to the
nucleus and promotes gene transcription (47, 50). The schematic diagram of these
signalling pathways is presented in Figure 1.

To date, the majority of studies on β-cell survival pathways have focused
primarily on Akt, its upstream regulators and downstream targets (53). Studies using
cultured insulinoma cells and in Akt over-expression systems had suggested that insulin
promotes its pro-survival effect via IRS2/PI3-kinase/Akt (51, 53). Indeed, the expression
of constitutively active Akt protected the INS-1 rat β-cell line from free fatty acid-induced
apoptosis (54). Moreover, transgenic expression of constitutively active Akt in β-cells
was also protective against streptozotocin-induced diabetes and shows increased β-cell
size and total islet mass (51, 55). Interestingly, transgenic mice expressing a dominantnegative/kinase-dead form of Akt under the control of the insulin promoter were shown
to have normal β-cell mass and did not display an increase in islet apoptosis (52).
Moreover, Aikin et al reported that in freshly isolated human islets insulin caused an
increase in Akt phosphorylation despite amplified β-cell apoptosis (56). Thus, Akt
activity alone may not be able to completely prevent primary β-cell apoptosis. The
above experiments also suggest that Akt is sufficient to prevent apoptosis but not
necessary to keep β-cells alive. Indeed, several other pro-survival kinases are known to
be important in the β-cell. For example, protein kinase A (PKA) is also a critical
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regulator of β-cell survival. PKA activates cAMP-response element-binding protein
(CREB) via ERK1/2 (57, 58), which in turn controls the expression of important prosurvival genes such as Bcl-2 and IRS-2 (59-61). Together, these data support the
concept that multiple signalling kinases may be important for β-cell survival.

The insulin/Ras/Raf/ERK1/2 signalling pathway has been well studied in many cell
types (62), but remains under-studied in the β-cell. Most members of this pathway are
found in human and mouse islets as well as in β-cell lines, including the Raf family of
cytoplasmic serine/threonine kinases. All three Raf kinase family members (A-Raf, BRaf, and C-Raf/Raf-1) are expressed in human and rodent islets, as well as in β-cell
lines (63-66). They all share a common structure but differ in their tissue expression
profile, regulation, and ability to potently activate the MEK/ERK1/2 cascade (62).
Another common property of Raf kinases is their ability to interact with other proteins on
cellular membranes. Early studies described Raf-1 kinase recruitment to the plasma
membrane by Ras, a guanine-nucleotide-binding protein (67-69). Immediately after Raf1 activation in the plasma membrane, the kinase associates with and activates
cytoplasmic MEK, an upstream kinase activator of ERK1/2 (70-72). Raf-1 kinase is
ubiquitously expressed and highly regulated at the post-translational level by
phosphorylation, oligomerization, interaction with adaptor/scaffolding proteins, and by its
sub-cellular localization (67, 73-75). Raf-1 kinase is localized in the cytoplasm,
mitochondria, and nucleus in primary islet β-cells and MIN6 cells (see subsequent
chapters below). Among the Raf family members, Raf-1 is the isoform reported to
interact with the outer mitochondrial membrane (76), further supporting the idea that
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Raf-1 has multiple functions in promoting cell survival.

Although Raf-1/ERK1/2 is best known as a pro-survival kinase in many cell types,
the role of ERK1/2 in pancreatic β-cell survival remains controversial. Some studies
support an anti-apoptotic role for ERK1/2, while others suggest a requirement for
ERK1/2 in various forms of β-cell apoptosis (11, 40, 66, 77, 78). For example, several
groups have reported that acute treatment with high glucose stimulates PKA/ERK1/2
signalling to positively regulate β-cell growth and survival (11, 58, 66, 79). However,
sustained ERK1/2 activation has been shown to be required in chronic high-glucose or
the cytokine interleukin-1β-induced β-cell apoptosis (77, 78, 80). It is important to point
out, however, that these findings implicating ERK1/2 activation as a requirement for βcell apoptosis were obtained by pharmacological approaches in vitro and prolonged
incubation of up to four days. They should be confirmed by molecular approaches and
shorter treatment incubations. A noteworthy observation is that ERK1/2 activation
induced apoptosis in other cell types, including neuronal cells (81, 82). Together, these
findings clearly suggest that ERK1/2 signalling activates both the pro-survival and proapoptotic conditions but the cellular outcome may depend on the timing and duration of
ERK1/2 activation. The mechanisms of a putative dual role for ERK1/2 remain to be
investigated. Nevertheless, these studies highlight the importance of understanding
both the spatial and temporal effects of ERK1/2 activation in mammalian cells (83).
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Figure 1. Schematic diagram of the insulin signalling pathway and phosphorylation
sites of Raf-1. (A) Simplified model of anti-apoptotic insulin signalling in the pancreatic βcell. Insulin receptors and/or IGF-1 receptors activate a series of common signalling
events that can be broadly divided into two arms: the PI3K/Akt/Pdx-1/Foxo-1 and the
Ras/Raf/ERK1/2 signalling pathways. Akt is activated through a PI3-kinase-dependent
pathway, and prevents β-cell apoptosis in part through Pdx-1, Foxo-1, and Bcl-2 family
proteins. Raf-1 kinase is situated at a key intersection of that MAP-kinase arm of insulin
signalling. Raf-1 is positively regulated both by Ras-dependent events and Ca2+/ CaMKII
signalling and inhibited by Akt cross-talk. Activation of Raf-1 can lead to: (I) activation of
MEK/ERK1/2 pathway, (II) the Bcl-2-mediated translocation of Raf-1 to mitochondrial
where Bad is inhibited, (III) interaction with Retinoblastoma (Rb) protein to promote cell
proliferation or (IV) regulation of Protein Kinase A (PKA), Bad and Glucokinase complex.
Many signalling molecules have been omitted for clarity. (B) Structure and
phosphorylation sites of Raf-1 (modified version from Kolch et al, Expert Rev Mol Med,
2002Apr 25;4(8):1-18.)
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1.4

Insulin regulates β-cell survival and proliferation

A growing body of evidence suggests that insulin itself is a key regulator of islet
apoptosis and β-cell mass in vitro (42) and in vivo (84-86). The insulin receptor, insulin
receptor substrates IRS-1-4, and their downstream targets PI3K/Pdk-1/Akt, Pdx-1, and
ERK1/2 are present and positively regulate β-cell survival and proliferation (58, 87-89).
It was initially reported that β-cell–specific insulin receptor knockout (βIRKO) mice had
reduced insulin content and a decrease in glucose-stimulated insulin secretion (90). As
such, the βIRKO mice manifest progressive glucose intolerance leading to overt
diabetes (90). However, reassessment of these mice showed that many of these
defects could be accounted for by a significant reduction in β-cell mass, due to
increased β-cell apoptosis and decreased β-cell proliferation (84). Interestingly, the
βIRKO mice, but not mice lacking β-cell IGF-1 receptors (βIGFRKO), have increased
apoptosis and reduced β-cell mass (85, 86). Okada et al examined the relative
significance of insulin versus IGF-1 receptors in compensatory islet growth induced by
obesity (86). In these studies, βIRKO and βIGFRKO mice were fed with high-fat diets
and both groups developed insulin resistance. However, only the βIRKO, not the
βIGFRKO, mice that exhibited poor islet growth, suggesting that insulin rather than IGF1 plays a more critical role in obesity-induced β-cell expansion, a known physiological
stimulus of β-cell growth. Together, these gene knockout studies show strong evidence
that insulin regulates survival and proliferation of adult β-cells.
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1.5

Raf-1 kinase activation in other cell types

The regulation of Raf-1 kinase is a complex process and the exact mechanisms
controlling this activation remain unclear. It is thought that the initial event is Rasdependent recruitment of inactive Raf-1 from the cytosol to the plasma membrane,
followed by the interaction between the Ras-binding domain (RBD) of Raf-1 (residues
51-131) with the switch 1 region of activated Ras-GTP (69, 91). A second Ras binding
domain, the Cysteine-Rich Domain (CRD, residues 130-184) is also involved in Raf-1
activation, although it is not required for membrane recruitment (92). Once Raf-1 has
been localized to the plasma membrane, a sequence of dephosphorylation,
phosphorylation, phospholipid binding and interaction with 14-3-3 proteins and possibly
dimerization must occur to facilitate full Raf-1 activation. One of the key phosphorylation
sites regulating Raf-1 activation is located at serine 259, which appears to be the main
target for inhibitory phosphorylation of full-length Raf-1. The mutation of serine 259 to
either alanine or aspartic acid renders Raf-1 largely resistant to both PKA (93) and Akt
inhibition (94). Phosphatase 2A (PP2A) has been shown to dephosphorylate serine 259,
which is required for Raf-1 activation. For example, okadaic acid, an inhibitor of PP2A,
causes hyperphosphorylation on serine 259 and interferes with Raf-1 activation (95).
Moreover, treatment of cells with general inhibitors of PP2A results in the accumulation
of inactive 14-3-3-Raf-1 complexes at the plasma membrane (96). Thus, serine 259
plays a pivotal role in Raf-1 activation as well as in the interaction with activators and
substrates.
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The activating phosphorylation sites of Raf-1 (located on serine 338, tyrosine
341, threonine 491, and serine 494) are located in the catalytic domain of the kinase
(97-99). Twenty years ago, a low concentration of insulin (100 pM) was shown to
increase serine phosphorylation and subsequent activity of Raf-1 within minutes in
HeLa, NIH 3T3, and Chinese hamster ovary cells, suggesting that insulin can directly
activate Raf-1 through interaction with its own receptor (73) and not via IGF-1 or IGF-2
receptors, which would both require higher insulin concentrations (74). However, it is
also plausible that insulin activates an intermediate protein serine/threonine Raf-1
kinase kinase such as Protein Kinase C (PKC). Indeed, PKC has been shown to
phosphorylate Raf-1 (100, 101). However, insulin still stimulated Raf-1 phosphorylation
normally in H35 cells with 93% of cytosolic reduction of PKC activity by phorbol 12myristate 13-acetate (74), suggesting an insulin-induced Raf-1 activation can be
independent of PKC. Another potential mechanism would involve an insulin-generated
second messenger like calcium (Ca2+) that indirectly activates the Raf-1 kinase. Our
group has shown that insulin generates Ca2+ signals in primary islets and in MIN6 cells
(102, 103). In fibroblast and L6 skeletal muscle cells, insulin has been demonstrated to
elicit Ca2+ signals that lead to the activation of calmodulin-dependent protein kinase II
(CaMKII) and Raf-1/ERK1/2 activation (104, 105). It is therefore of interest to test
whether insulin-generated Ca2+ signals can modulate Raf-1 activation via CaMKII. p21
activated kinase (PAK) and Src are also reported to phosphorylate the activating sites of
Raf-1 in COS-7 cells (97-99). Interestingly, insulin has been reported to activate PAK in
muscle (106) and in intestinal cells (107), but this remains to be tested in pancreatic βcells.
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1.6

Regulation of adult pancreatic β-cell proliferation: possible role of

Raf-1

A critical aspect of β-cell mass maintenance, especially in young mice and young
humans is the ability of existing β-cells to replicate. Whereas they were once thought to
be permanently post-mitotic, it is now better appreciated that mature β-cells can
replicate, albeit at an extremely low rate (108-110). However, the mitogenic roles of
specific kinases and growth factor signalling pathways, including Raf-1, remain understudied in the β-cell. The first study to implicate Raf-1 in β-cell proliferation investigated
the role of an endogenous Raf-1 inhibitor, Raf Kinase Inhibitory Protein (RKIP), which is
expressed in insulin producing cells in the islet (63). Over-expression of human RKIP in
the SV-40 transformed hamster HIT-T15 β-cell line inhibited proliferation measured by
FACS analysis (63). RKIP, which specifically disrupts Raf-1/MEK/ERK1/2 signalling via
physical interaction with Raf-1, significantly decreased the percentage of cells in G2 and
S phase (63). Whether a specific Raf-1 inhibitor or a dominant-negative mutant Raf-1
would inhibit primary β-cell proliferation has not been tested. Whether Raf-1 mediates
effects of other β-cell growth factors is also not clear. Trümper et al (64) suggested that
the proliferative effect of glucose and glucagon-like peptide-1 (GLP-1) in human β-cells
is not primarily mediated by Raf-1 and instead implicated B-Raf. However, ruling out the
role of Raf-1 in this pathway is difficult given the cooperative hetero-dimerization of Raf1 and B-Raf. Thus, Raf-1 may be an important co-factor for the activation of B-Raf
(111). There is a long and growing list of both exogenous and endogenous growth
factors that promote β-cell proliferation in vivo and in vitro, including insulin, hepatocyte
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growth factor, GLP-1/exendin-4, and IGF-1, and many of these growth factors activate
the MEK/ERK1/2 signalling pathway (39, 112). In the context of β-cell proliferation, the
mechanisms downstream of ERK1/2 that have been implicated are S6 kinase, Elk, Myc
and CREB (113-116). It will be of interest to further delineate the mechanisms and
functions of the Raf-1/MEK/ERK1/2 signalling cascade in β-cell proliferation.

Aside from its established role via ERK1/2 in proliferation, Raf-1 has been reported
to directly associate with cell-cycle components in the nucleus of various human cancer
cell lines (117-119). This mechanism involves Raf-1 translocation to the nucleus and
interaction with Retinoblastoma (Rb) protein (117, 118), a key ‘pocket protein’ regulator
of G1/S phase in the cell cycle. When Rb is active, it is dephosphorylated and binds to
the E2F family of cell cycle regulatory genes, which leads to transcriptional repression
of downstream genes and causes cell cycle arrest. Conversely, when Rb is
phosphorylated, it becomes inactive and releases E2Fs, removing the transcriptional
brake of critical cell cycle genes, and thus allowing the cell cycle to progress.
Functioning as a gatekeeper of the cell cycle, Rb is tightly regulated by cyclindependent kinases (cdk)-4 and -6. To date, the role of Rb in β-cell cell cycle remains
elusive. Over-expression of cyclin D1/cdk-4, which removes the brake imposed by Rb
on β-cell cell cycle, increased rat and human β-cell proliferation (120). However, β-cell
specific deletion of Rb had a non-significant effect in β-cell proliferation, β-cell mass and
function in vivo (121), suggesting an undefined mechanism that may have compensated
for the lack of Rb. Indeed, deletion of both Rb and its homolog p130 blocked β-cell
proliferation (122). The differences in protein expression of cell cycle proteins among
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primary islets and various β-cell lines (123) may also dictate the outcome of β-cell fate.
Thus, a greater knowledge of the β-cell cell cycle is necessary to understand basic βcell biology and mechanisms of β-cell proliferation.

1.7

β-cell ER-stress in diabetes: possible role of Raf-1

Pancreatic β-cell death can be initiated by a number of stresses (124). One of
these stress-induced apoptosis mechanisms is a chronic activation of the unfolded
protein response, which is triggered by endoplasmic reticulum (ER) stress conditions
resulting from the accumulation of misfolded proteins in the ER. Pancreatic β-cells are
particularly prone to ER stress due to the high demands of insulin protein biosynthesis
and secretion (125). Both diabetic patients and type 2 diabetic rodent models show an
increase in ER stress, suggesting that this event may play a central role in the initiation
and progression of β-cell dysfunction and death in type 2 diabetes (126-129). Although
the role of Raf-1 in ER stress-related cell death is not clear, current studies suggest that
Raf-1 regulates ER stress in various cell types. For example, deactivation of MEK, an
immediate downstream target of Raf-1, promoted ER stress in human melanoma cells
(130). Raf-1 has also been reported to reduce ER stress-induced apoptosis in human
lung cancer H460 cells (131). It has recently been suggested that Raf-1 might be
associated with GRP78/BiP, a pro-survival Ca2+ binding chaperone and one of the key
regulators of unfolded protein response signalling. GRP78 is generally thought to be an
ER-residing chaperone, but extra-ER GRP78 localization has been observed in multiple
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cell types (131-134). For example, unfolded protein response-induced GRP78
mitochondrial localization was reported in 9L rat brain tumour cells treated with the Ca2+
ionophore A23187 or the ER Ca2+-ATPase inhibitor thapsigargin, both of which disrupt
ER Ca2+ homeostasis and elicit the unfolded protein response (134). Interestingly,
GRP78 is thought to bind and stabilize Raf-1 in mitochondria, rather than ER, where it
enhances Raf-1 activation via serine 338 (131). Raf-1 serine 338 mutant blocked
GRP78’s pro-survival properties, suggesting the requirement of Raf-1 for GRP78
protection in ER-stress-induced apoptosis (131).

The unfolded protein response is a highly conserved cellular response that
involves the up-regulation of ER-resident chaperones, such as GRP78 to facilitate the
correct folding of secretory and transmembrane proteins. However, excessive and
prolonged unfolded protein response can lead to the induction of CHOP, a marker of
chronic ER stress and a critical transcription factor mediating ER stress-induced
apoptosis in many cell types including the pancreatic β-cell (125, 135-137). CHOP gene
ablation in diabetes mouse models (e.g. Akita mice) delayed ER stress–mediated
diabetes and enhanced β-cell function and survival (125, 138). Our group and others
have employed the detection of CHOP protein levels as an index of β-cell ER-stress
(129, 139).
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1.8

Pro-survival effects of Raf-1 at the mitochondria

A body of literature from many cell models suggests that Raf-1 has pro-survival
effects independent of ERK1/2 activity (76, 140, 141). Global Raf-1 knockout mice die
around mid-gestation due to deregulated apoptosis in several tissues (140).
Unexpectedly, the activity and levels of both MEK and ERK1/2 in these mice were
normal. This suggested that the other two Raf isoforms may have compensated for the
lack of Raf-1 in the MEK/ERK1/2 module, or that Raf-1 may have promoted survival
independent of ERK1/2. Evidence has suggested a novel ERK1/2-independent
mechanism involving Bcl-2-mediated targeting of Raf-1 to the mitochondria (142-144).
Once at the mitochondria, Raf-1 phosphorylates Bad on serine 112 and causes the
inactivation and sequesterization of Bad in the cytoplasm by a 14-3-3 scaffolding
protein, thereby promoting cell survival (142-144). Moreover, Bad phosphorylation at
serine 112 is reported to cause its poly-ubiquitylation and degradation (145). Galmiche
et al (76) reported that among the three Rafs, only Raf-1 efficiently bound to purified
mitochondria, further supporting the notion that Raf-1 possesses a unique pro-survival
mechanism independent of ERK1/2 signalling (see Figure 1A; pathway I and II). Thus,
the molecular mechanisms and consequences of Raf-1 localization to the mitochondria
are important issues to address. Wang et al (142, 143) reported that the BH4 domain of
Bcl-2 is a critical region that binds to the catalytic domain of Raf-1 in Sf9 insect cells.
Bcl-2 family proteins have four conserved Bcl-2 homology domains: BH1, BH2, BH3,
and BH4. All anti-apoptotic members (including Bcl-2 and Bcl-xL) contain the BH4
domain, while the pro-apoptotic members lack BH4, with the exception of Bcl-xS.
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Interestingly, an interaction between Raf-1 and Bcl-xS has also been described in Sf9
insect cells (143). The consequence of this novel protein-protein interaction is unknown,
but merits confirmation in mammalian cells. It is possible that Raf-1 may prevent Bcl-xS
from inducing cell death. It is also interesting to determine whether Bcl-xL targets Raf-1
to mitochondria, especially in situations where Bcl-xL is preferentially expressed over
Bcl-2. Indeed, Bcl-2 and Raf-1 do not have a mutual requirement in suppressing
apoptosis (146). Critical players in the pro-survival actions of Raf-1 described to date,
such as Bcl-2 and Bad, are expressed in pancreatic β-cells (147). The localization of
Raf-1 in β-cells has not been described. It will also be critical to determine the
downstream targets of Raf-1 after its mitochondrial translocation. The inactivation of
Bad may provide only one potential mechanism to modulate cell viability.

The unique function of Raf-1 on the mitochondria has ignited great interest in the
field of apoptosis research. Many studies have been conducted to understand the
outcome of Raf-1 mitochondrial translocation and have uncovered non-ERK1/2
mediated pro-survival targets (142, 143). For example, one study implicated Raf-1 as a
negative regulator of the mitochondrial voltage-dependent anion channel (VDAC), which
controls mitochondrial permeability, and thereby prevents cytochrome c release and
caspase activation in growth factor-starved cells (148). Raf-1 has also been reported to
promote cell survival by inhibiting Apoptosis Signal regulating Kinase-1 (ASK-1)(141).
ASK-1 is upstream of JNK and p38 and it participates in the cellular stress response
(149). ASK-1 promotes extrinsic apoptosis induced by death receptors activated by the
cytokines Fas and TNF-α, both of which are implicated in β-cell apoptosis (150-152).
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Another addition to the growing list of Raf-1 targets is mammalian sterile 20–like kinase
(MST2), which is found to be increased in Raf-1 deficient cells (153). None of these
proteins have been studied extensively in the β-cell. Therefore, it will be of interest to
understand the roles they play in β-cell survival and function. Raf-1 kinase is a target of
numerous growth factors and positioned in the centre of a complex signalling network. It
will be fascinating to understand the molecular mechanisms of how Raf-1 regulates cell
survival, and how these multiple pathways are integrated.

1.9

Raf-1 on insulin secretion and general β-cell function

In addition to regulating β-cell survival and proliferation, it is also possible that
Raf-1 might be involved in the physiological regulation of insulin secretion. Numerous
kinases, including Akt, have been shown to regulate glucose-stimulated insulin release
(52). Longuet et al (154, 155) suggested that ERK1/2 controls insulin secretion by
phosphorylating synapsin I, a protein that is involved in insulin exocytosis by liberating
insulin granules from the actin cytoskeleton.

Because Raf-1 interacts with Bcl-2 protein family members Bcl-2 and Bad, it is
possible that Raf-1 may regulate their newly uncovered non-apoptotic functions at the
mitochondria (see Figure 1A; Pathway IV) (37, 156). Danial et al (156) discovered an
unforeseen role for pro-apoptotic Bad protein in mitochondrial glucose metabolism.
Specifically, the BH3 death domain of Bad is necessary for mitochondrial oxidation of
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glucose by forming a complex with glucokinase and PKA. Bad knockout mice have
impaired glucose-stimulated insulin secretion and fail to increase their β-cell mass in
response to high-fat feeding (147). Interestingly, βIRKO mice exhibited reduced
complexing of Bad to glucokinase and PKA, and that is associated with their attenuated
β-cell function (157). Raf-1 kinase regulates the phosphorylation state of Bad at serine
112, which may in turn control Bad’s cellular localization and roles in β-cell survival and
insulin secretion.

1.10 Statement of objectives

The main objective of the present study is to investigate the mechanisms by which
insulin acts on β-cells to promote survival. We examined whether Raf-1 is present and
functional in β-cells and determined whether this kinase plays a role in β-cell survival.
We evaluated whether insulin activates Raf-1 and examined downstream targets of Raf1, including both ERK1/2 activation and mitochondrial Bad inactivation. We further
tested the hypothesis that Raf-1 may play an important role in β-cell survival in vitro and
function in vivo. To test this hypothesis, we utilized the Cre-lox system under control of
the insulin promoter to obtain a pancreatic β-cell specific ablation of Raf-1 kinase
(RIPCre+/-:Raf-1flox/flox) and their littermate controls (RIPCre+/-:Raf-1wt/wt) and performed
glucose tolerance and insulin tolerance tests. Furthermore, we tested if islets isolated
from RIPCre+/-:Raf-1flox/flox mice have impaired response to both glucose and KCl. These
studies are the first to implicate Raf-1 in pancreatic β-cell survival and function and
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provide a greater understanding of the mechanisms of insulin signalling.
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2. Materials and Methods

2.1

Reagents

The following inhibitors were obtained from Calbiochem (La Jolla, CA): HNMPAAM (hydroxy-2-naphthalenylmethylphosphonic acid), a Raf inhibitor, GW5074 (5-iodo-3[(3,5-dibromo-4-hydroxyphenyl)methylene]-2-indolinone), two different MEK inhibitors,
PD98059 (2′-amino-3′-methoxyflavone) and UO126 (1,4-diamino-2,3-dicyano-1,4-bis(2aminophenylthio)butadiene), the PI3-kinase inhibitor LY294002 (2-(4-morpholinyl)-8phenyl-4H-1-benzopyran-4-one), as well as two Akt inhibitors, Akt Inhibitor VII (TATAkti)
and Akt Inhibitor VIII (1,3-dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4,5-g]quinoxalin-7yl)phenyl)methyl)-4-piperidinyl)-2H-benzimidazol-2-one (Akti-1/2). Other reagents were
from Sigma (St. Louis, MO). Unless otherwise indicated, concentrations of specific
inhibitors were expected to be maximally effective based on their known IC50 values.
For GW5074, we used concentrations within the values reported to block the kinase in
intact cells (5-100µM)(144, 158). Raf-1 fusion proteins were provided by Dr. Tamas
Balla (NIH, Bethesda, MD). The NAADP-receptor inhibitor Ned-19 (159) was a gift from
Dr. Grant Churchill (University of Oxford, Oxford, UK).
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2.2

Generation of conditional deletion of Raf-1 in β-cells in vivo

Mice with global Raf-1 deletion are not viable (140). Thus, we utilized the Cre-lox
system to obtain a pancreatic β-cell specific ablation of floxed Raf-1 alleles (Dr.
Manuela Baccarini, University of Vienna, Max F. Perutz Laboratories, Vienna, Austria).
We obtained β-cell specific Raf-1KO (RIPCre+/-/Raf-1flox/flox) mice and littermate controls
(RIPCre+/-:Raf-1wt/wt ) by breeding male RIPCre+/-:Raf-1flox/wt and female RIPCre-/-:Raf1flox/wt mice. RIPCre+/-:Raf-1flox/flox have a Cre-mediated deletion of exon 3, a key step
that removes critical information required for Raf-1 function and results in a frameshift,
thereby generating a premature stop codon. In the Raf-1 locus, exon 3 encodes almost
the entire Ras Binding Domain. RIP-Cre mediated deletion of exon 3 generates a
transcript with a premature stop codon at the splice junction between exons 2 and 4.
Litters were weaned at 21 days and DNA samples were collected for genotyping. DNA
purification was achieved by using Gentra Puregene Mouse Tail Kit (Qiagen, Valencia,
CA). The primer sequences are in Table 1.

2.3

MIN6-cell line culture

MIN6 (mouse insulinoma) cells were obtained from Dr. Timothy Kieffer’s
laboratory (Life Sciences Centre, University of British Columbia) under Material Transfer
Agreement from Dr. Jun-ichi Miyazaki (Osaka, Japan). MIN6 cells were originally
derived from transgenic mouse insulinomas as previously described (160). MIN6 cells
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were cultured in DMEM (Gibco/Invitrogen, Burlington, ON) containing 25 mM glucose,
10% fetal bovine serum (Gibco/Invitrogen) and 100 IU/ml penicillin, 100 µg/ml
streptomycin (Gibco/Invitrogen). MIN6 cells were passaged every 2-3 days using 0.5%
Trypsin-EDTA (Gibco/Invitrogen) to maintain an overall confluency of 70-80%. For
Western blot assays, MIN6 cells were seeded in 6 or 12 well culture plates (Nunc,
Rochester, NY) 12 hours, washed and serum deprived for 6 hours before treatment to
ensure a final treatment confluency of 80%. For immunofluorescent assays, MIN6 were
seeded onto coverslips and allowed to adhere overnight.

2.4

Human islet isolation

Human islets were obtained from the Michael Smith Foundation for Health
Research Centre for Human Islet Transplant and Beta-Cell Regeneration (Vancouver,
BC, Canada). Islets were isolated from both male and female donors ranging from 4070 years of age with no history of diabetes. Human islets were cultured in 11.1 mM
glucose RPMI 1640 media (Gibco/Invitrogen) supplemented with 100 IU/ml penicillin,
100

µg/ml

streptomycin

(Gibco/Invitrogen)

and

10%

fetal

bovine

serum

(Gibco/Invitrogen). Cells were cultured at 37oC and 5% CO2 in 35x10 mm Nunc
suspension dishes (Nunc) until treatment.
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2.5

Mouse islet isolation

Primary mouse islets were isolated from three month-old C57Bl6/J mice (Jax,
Bar Harbour, MA), unless otherwise indicated, using collagenase and filtration as
described previously (161) approved by the University of British Columbia Animal Care
Committee (see Appendix) as follows. Briefly, mice were sacrificed using a CO2
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 1X Hanks solution (137 mM NaCl, 5.4 mM KCl, 4.2
mM NaH2PO4, 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 1X Hanks solution. The pancreas was then
incubated for 13 minutes in a 37°C water bath after which ten vigorous shakes took
place to homogenize the pancreas in solution after 6 and 13 minutes of incubation. 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 aspirated.
This step was repeated twice, replacing 1X Hanks solution with Roswell Park Memorial
Institute (RPMI) 1640 (Gibco/Invitrogen) on the last resuspension. The new solution was
filtered using a pre-wet 70 µm nylon filter (BD Biosciences) and the captured islets were
transferred into a 35x10 mm Nunc suspension dish (Nunc) containing complete RPMI
1640. The islets were then hand picked and cultured overnight at 37oC 95% O2 and 5%
CO2 in RPMI 1640 media with 11.1 mM glucose. Media were supplemented with 100
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IU/ml penicillin, 100 µg/ml streptomycin (Gibco/Invitrogen). Fetal bovine serum (10%
v/v) was added when indicated.

2.6

Islet cell dispersion

Islet dispersion was carried out by four consecutive washes with Ca2+/Mg2+-free
MEM (Mediatech, Herndon, VA) followed by a gentle repetitive pipetting in the presence
of a trypsin-EDTA solution (Gibco/Invitrogen) diluted 1:9 in MEM. Afterwards, the cells
were washed with Ca2+/Mg2+-free MEM, and then seeded onto glass coverslips in
completed RPMI 1640 media (Gibco/Invitrogen). Following dispersion, the cells were
allowed to adhere to the coverslips for 3 hours in serum free 5 mM glucose before the
addition of 10% serum free RPMI. The cells were allowed to adhere further by culturing
overnight at 37oC and 5% CO2 until treatment.

2.7

Gene expression detection

Total RNA was isolated from mouse primary islets and MIN6 cells using the
Qiagen RNeasy kit (Mississauga, ON). cDNA was reverse-transcribed using Superscript
III from Invitrogen (Burlington, ON). PCR amplification (in the linear range) was carried
out using 1 cycle of 94°C for 5 min, 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C
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for 45 sec, and 1 cycle of 72°C for 7 min. Primers (see Table 3) were purchased from
Integrated DNA Technologies (Coralville, IA).

2.8

Protein detection by immunoblot and mitochondria isolation

MIN6 cells, human islets or mouse islets were washed twice after treatments with
ice-cold PBS before adding cell lysis buffer with protease inhibitor cocktail (Cell
Signalling Technology, Danvers, MA). Whole cell lysates were either freeze-thawed
twice or sonicated and protein concentrations were determined by using the BCA
protein assay (Pierce Biotechnology, Rockford, IL). Protein lysates (5-40µg) were
subjected to PAGE electrophoresis and transferred to polyvinylidene fluoride
membranes. Membranes were then blocked with I-block solution (Tropix, Bedford, MA),
washed and probed with primary antibodies. Primary antibodies against phosphorylated
Raf-1 (serine 259 and serine 338), ERK1/2, phosphorylated ERK1/2 (Threonine
202/Tyrosine 204), Bad, phosphorylated Bad (serine 112), Bax, Bcl-2, phosphorylated
ASK-1 (Threonine 845), ASK-1, phosphorylated Foxo-1, Foxo-1 and cleaved caspase-3
were from Cell Signalling Technology. Antibodies against β-actin, CoxIV, and Raf-1
were from Novus Biologicals (Littleton, CO), Abcam (Cambridge, MA) and BD
Biosciences (Franklin Lakes, NJ), respectively. Primary rabbit monoclonal antibody to
CHOP/Gadd 153 was from Santa Cruz (Santa Cruz, CA). Antibodies against Pdx-1
were provided by Dr. Christopher Wright (Vanderbilt University, Nashville, TN) and
subsequently purchased from Chemicon (Temecula, CA). Bridge-1 antibody was
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obtained from BD Biosciences. Secondary antibodies were purchased from Cell
Signalling Technology. Immunodetection was performed with ECL Western Blotting
Detection Reagents from Amersham (Buckinghamshire, UK). Densitometric analysis
was performed using Photoshop (Adobe Systems Inc, San Jose, CA). The brightness
and contrast of blot images were moderately adjusted using Photoshop after
recommended and scientifically acceptable procedures (162). To protect the integrity of
research, no information was obscured or eliminated from the original data.
Mitochondria isolation kit (MITOISO1) was from Sigma.

2.9

Co-immunoprecipitation

Co-immunoprecipitation of Pdx-1 and Bridge-1 was performed on lysates from
primary mouse islets treated with insulin as follows. Approximately 1,000 islets were
cultured in 5 mM glucose serum-free RPMI medium 1640 (with 0.1% BSA) with or
without insulin. Cells were placed in lysis buffer (Cell Signalling Technology), and 100
µg of total protein was incubated with Pdx-1 antibody overnight (a no-antibody negative
control also was included). Protein A/G beads (Pierce Biotechnology) were added for 3
h. The immunoprecipitation beads were washed five times with lysis buffer, including
protease inhibitors, and the resulting immunoprecipitate was then run on a SDS gel and
probed with anti-rat Bridge-1 antibody overnight. Twenty micrograms of total lysate
(from control cells) was run on the gel as a positive control. In preliminary experiments,
we used the MIN6 β-cell line to test for interactions after co-immunoprecipitation with
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both available Pdx-1 antibodies and the Bridge-1 antibody. The greater and most
specific coimmunoprecipitation was observed with a polyclonal Pdx-1 antibody (results
not shown), generously provided by Christopher Wright (Vanderbilt University,
Nashville, TN).

Co-immunoprecipitations of Raf-1 and Bcl-2 family proteins (Bcl-2, Bad and BclxL antibodies from Cell Signalling Technology) were performed on MIN6 cells lysates.
Briefly, 600 µg of total protein was incubated with antibodies overnight, after which 50 µl
of protein A/G beads (Santa Cruz Biotechnology) were incubated for 3 hours in PBS
with protease inhibitors cocktail at 4oC. The slurry of antibody, beads and lysates were
spun down for 30 seconds, 8000 rpm using Ultrafree-MC filters (Millipore, Billerica, MA).
The immunoprecipitation beads were then washed 3 times with PBS with protease
inhibitors, and the immunoprecipitate was then electrophoresed on a SDS gel and
probed with anti-Raf-1 antibody overnight. Raf-1 antibodies were from BD Biosciences
and Epitomics (Burlingame, CA), and detected using protein A conjugated with HRP.

2.10 Immunofluorescence imaging

Immunofluorescence analysis of endogenous Raf-1 in dispersed islet β-cells and
MIN6-cells was performed as described (163) using a Zeiss 200M inverted microscope
equipped with a 100x (1.45 numerical aperture) objective. Briefly, cells were fixed in
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fresh 4% paraformaldehyde for 10 minutes, permeabilized using 0.1% Triton-X100 for
10 minutes and blocked using 10% normal goat serum. Raf-1 was detected using a
rabbit polyclonal primary antibody (Cell Signalling Technology) and goat secondary
antibody conjugated to FITC (Jackson Immunoresearch, West Grove, PA). Primary
antibodies to insulin (Linco Research, St. Charles, MO) were detected with goat
secondary antibodies conjugated to Texas Red (Jackson Immunoresearch). To analyse
Raf-1 fusions proteins cellular localization, 1 µg DNA of Raf-1-GFP, Raf-151-131-GFP,
Raf-151-220-GFP, kindly provided by Dr. Tamás Balla (Endocrinology and Reproduction
Research Branch, NIH), and 1 µg DNA of mitochondria-targeted dsRed vector, kindly
provided by Dr. Heidi M. McBride (University of Ottawa), were co-transfected into MIN6cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 24 hours before adding
0.1 µg/mL of Hoechst 33342 DNA dye (Molecular Probes/Invitrogen) and performing
live cell imaging. Pearson’s Correlation (PC) between Raf-1-GFP proteins and DsRedMito or Hoechst (nucleus) was calculated using SlideBook 4.2 software (Intelligent
Imaging Innovations, Denver, CO).

2.11 Analysis of proliferating cells in MIN6 cells

MIN6 cells were transfected with full-length or truncated, dominant-negative Raf1-GFP fusion proteins under the control of the CMV promoter (164). We have
established that these Raf-1 mutant proteins decrease phosphorylated ERK1/2 in MIN6
β-cells as expected. EGFP cDNA, provided by Dr. Chris Proud (University of British
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Columbia) was transfected as a control. Twenty-four hours after transfection, MIN6 cells
were treated with appropriate media (10% serum, serum free, 0.2 nM or 200 nM insulin)
for six hours. BrdU was added 2 hour prior to fixing the cells for staining. GFP-positive
cells were studied 30 hours after transfection.

2.12 Analysis of programmed cell death using real-time imaging

An environmentally controlled chamber, high-throughput imaging system
(KineticScan, Cellomics Inc., Pittsburgh, PA) was used to measure cell death in MIN6
cells and primary mouse dispersed β-cells treated with various inhibitors. Cell death was
counted in real-time by imaging propidium iodide incorporation into nuclear DNA. This
dye only crosses the plasma membrane of dying cells. Primary mouse islets were
dispersed (~5,000-10,000 cells/well) 24 hours after isolation and allowed to attach in a
96 well Viewplate (Packard, Meriden, CT), centrifuged for 30 seconds at 200 rpm, and
left to grow overnight before adding treatments. MIN6 cells at approximately 75%
confluency (~10,000-15,000 cells/well) were seeded in a 96 well Viewplate and left to
grow overnight and washed before adding treatment media. Treatments were prepared
in serum-free media containing 2.5 ng/µl of propidium iodide with or without GW5074,
U0126, PD98059, LY294002, Akti-1/2, TAT-Akt-In, and HNMPA. Data analysis was
performed using a macro written by Dr. Dan Luciani in Microsoft Excel. Three
independent cultures were analyzed per imaging run and each experimental run was
performed on at least three different days.
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2.13 Analysis of programmed cell death using TUNEL and DNA Ladders

The terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) technique was also employed to measure programmed cell death in human or
mouse dispersed β-cells and MIN6 cells. Transformed MIN6 cells were seeded onto
glass coverslips at 75% confluency and approximately 20 human or mouse islets were
dispersed per coverslip. Cells were incubated overnight before being treated for 24
hours. After incubation with the appropriate treatments, cells were washed 3x with icecold

phosphate-buffered-saline

(PBS)

before

being

fixed

with

fresh

4%

paraformaldehyde at room temperature for 10 minutes, then permeabilized for 10
minutes with 0.1% Triton-X100 and blocked with DAKO Protein Block Serum-Free
(Dako, Carpinteria, CA) for 30 minutes. Cells were mounted in Vectashield Medium with
DAPI (Vector Labs, Burlingame, CA). Islet apoptosis was also measured using a
previously described variation of a PCR-enhanced DNA laddering protocol modified for
use in small numbers of islets (23, 42).

2.14 Purification of cells over-expressing Raf-1 fusion proteins by FACS

Raf-1 fusion proteins (Raf-1-GFP, Raf-151-131-GFP, and Raf-151-220-GFP were
transiently over-expressed in MIN6 cells under the control of the CMV promoter. Raf151-131-GFP, and Raf-151-220-GFP displayed a dominant-negative (DN) effect on ERK1/2
activity as previously described (164). EGFP cDNA was transfected as a control. Forty32	
  

eight hours after transfection using Lipofectamine 2000, MIN6 cells were washed twice
with PBS (minus MgCl2 and CaCl2) before adding trypsin, and resuspending the cell
pellet in PBS with 2% fetal bovine serum. To ensure that only cells containing Raf-1
fusions were studied, GFP-positive cells were sorted by fluorescence-activated cell
sorting (BD FACS Vantage SE/DIVA). The resulting cells (~200,000 cells) were washed
twice with ice-cold PBS before adding lysis buffer with protease inhibitor (Cell Signalling
Technology). Whole cell lysates were freeze-thawed before being subjected to Western
blotting.

2.15 Insulin secretion analysis in islet perifusion

Mouse islets were cultured overnight after isolation after which groups of 100
size-matched islets were suspended with Cytodex microcarrier beads (Sigma, St Louis,
MO) in the 300µl plastic chambers of an Acusyst-S perifusion apparatus (Endotronics,
Minneapolis, MN). Islets were perifused at 37oC and 5% CO2 at 0.5 mL min-1 with a
Krebs-Ringer buffer containing: 129mM NaCl, 5mM NaHCO3, 4.8mM KCl, 2.5mM
CaCl2, 1.2mM MgSO4, 1.2mM KH2PO4, 10mM HEPES, 3mM glucose, and 5g/L
radioimmunoassay-grade BSA (Sigma). Prior to sample collection, islets were
equilibrated under basal (3 mM glucose) conditions for 1 hour.
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2.16 Insulin secretion analysis in glucose-stimulated insulin secretion and
conditioned-media in MIN6 cells

Samples for glucose-stimulated insulin secretion were collected at time 0, 2, 15
and 30 minutes from tail and saphenous vein after intraperitoneal delivery of glucose (2
g/kg) to mice after 6 hour of fasting. Blood samples were spun down for 10 minutes in
10,000 RPM in 4oC and sera were collected and stored in -20oC before insulin levels
were measured (Rat Insulin by an ELISA Kit, Crystal Chem Inc. Downers Grove, IL). To
assess the relative contribution of endogenous insulin in our culture, we collected
conditioned media from MIN6 cells treated with GW5074, Akti-1/2, UO126, and
PD98059 for 3 hours. Insulin secretion was measured using a radioimmunoassay (Rat
Insulin RIA Kit, Linco Research, St. Charles, MO).

2.17 Measurement of islet insulin content

Islet insulin content was measured by placing 15 size-matched islets into a 1.5 ml
tube containing 100 µl Acid-Ethanol (5 µl of 0.4 mM HCl and 95 µl of 70% EtOH, pH=5)
and stored at -20oC over night prior to sonication. Samples were diluted 1:10, 1:500 and
1:1000 in Rat Insulin RIA kit diluent and insulin content was measured by
radioimmunoassay (Rat Insulin RIA Kit, Linco Research, St. Charles, MO).
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2.18 Glucose and insulin tolerance tests

Glucose and insulin tolerance tests were performed by intraperitoneal delivery of
glucose (2 g/kg) or insulin (0.75 Unit/kg) to mice after 6 hour of fasting. Blood glucose
was monitored for 2 h after glucose or insulin delivery. Where blood glucose levels
exceeded the limit of detection for the blood glucose meter, samples were diluted 1:2 in
saline.

2.19 Statistical analysis

Results are presented as mean ± SEM. Statistical significance was determined using
un-paired, two-tailed Student’s t-tests calculated in Excel (Microsoft, Redmond, WA).
ANOVA with a Student-Newman-Keuls post-hoc test was used where appropriate.
Results were considered to be statistically significant when p <0.05.
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Table 1: Antibodies utilized for Western Blot.
Size
Antibody (Ab)

1°

Ab 2°

Ab

(kDa)

Manufacturer

Source/Type

Dilution

Dilution

pASK-1 (Thr845)

155

Cell Signalling

Rabbit

1:1000

1:3000

ASK-1

155

Cell Signalling

Rabbit

1:1000

1:3000

β-actin

44

Novus

Mouse

1:10000

1:6000

Bridge-1

25

BD

Rabbit

1:1000

1:3000

Mouse

1:1000

1:3000

Western Blot

p
Bad (Ser 112)

23

C
ell Signalling

Bad

23

Cell Signalling

Rabbit

1:1000

1:3000

Bax

20

Cell Signalling

Rabbit

1:1000

1:3000

Bcl-2

26

Cell Signalling

Rabbit

1:1000

1:3000

Cleaved caspase 3

17/19

Rabbit

1:1000

1:3000

Rabbit

1:500

1:3000

Cell Signalling

C
HOP/Gadd 153

28

S
anta Cruz

CoxIV

17

Abcam

Rabbit

1:1000

1:3000

pERK1/2

42/44

Cell Signalling

Mouse

1:1000

1:3000
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Table 1: Antibodies utilized for Western Blot.
ERK1/2

42/44

Cell Signalling

Rabbit

1:1000

1:3000

pFoxo-1, Foxo-1

78-82 Cell Signalling

Rabbit

1:1000

1:3000

Pdx-1

45

Chemicon

Rabbit

1:1000

1:3000

Ser 338)

74

Cell Signalling

Rabbit

1:1000

1:3000

Raf-1

65-75 Cell Signalling

Rabbit

1:1000

1:3000

Raf-1

74

BD

Mouse

1:1000

1:3000

Raf-1

74

Epitomics

Rabbit

1:1000

1:3000

pRaf-1 (Ser 259 &
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Table 2: Antibodies utilized for Immnunofluorescence Imaging.
1°

Ab 2°

Antibody (Ab)

Manufacturer

Source/Type

Dilution

Insulin

Linco

Guinea Pig

1:750

BrdU

Roche

Mouse

1:100

DAPI

Vector Labs

Draq5

Alexis Inc.

1:50

TUNEL

Roche

1:100

Texas Red

Jackson

Guinea Pig

1:200

FITC

Jackson

Goat α Mouse

1:200

Ab

Dilution
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Table 3: Summary of key phosphorylation sites on Raf-1, ERK, Akt, and Bad.
Phosphorylation Sites

Effect

Akt Ser 473

Stimulatory

Bad Ser 112

Inhibitory

ERK1/2 Thr202/Tyr204

Stimulatory

Raf-1 Ser 259

Inhibitory

Raf-1 Ser 338

Stimulatory
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Table 4: Primers used for genotyping the RIP-Cre mouse line and to detect Raf
transcripts.
Primers

Sequence

RIP Cre-DS

CTA ATC GCC ATC TTC CAG CAG G

RIP Cre-US

AGG TGT AGA GAA GGC ACT CAG C

Raf-1 DS Lox

AAC ATG AAG TGG TGT TCT CCG GGC GCC

Raf-1 US Lox

TGG CTG TGC CCT TGG AAC CTC AGC ACC

A-Raf Forward

AGCATCCAGGATCTGTCTGG

A-Raf Reverse

ACCTGCATGAGGCTGGAGTC

B-Raf Forward

GGCCAGGCTCTGTTCAATG

B-Raf Reverse

CTCTTTGCTGAAGGGCATCT

Raf-1 Forward

AGTTAGAGCCGAGCGGACTT

Raf-1 Reverse

AGTCCAAAGCCATTGCTGAT
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3.

Results I: Acute and chronic insulin signalling in pancreatic β-cells

are mediated by multiple Raf-1 dependent pathways

3.1

Effects of insulin in primary β-cell survival in vitro

Insulin is a potent growth factor in many cell types. Exposing pancreatic β-cells to
low concentrations of insulin can initiate many complex signals such as Ca2+ oscillations
and activation of proteins required to protect islets from cell death (42, 102), but the
functional significance of blocking insulin signalling in the β-cell remains controversial.
Our own work suggested that insulin could prevent apoptosis, as indicated by DNA
fragmentation, in serum-starved human and mouse islets in vitro (42). To test the
functional effects of blocking endogenous insulin receptor signalling in primary mouse
islets, we treated dispersed mouse islet cells with HNMPA-AM, a commercially available
drug known to inhibit insulin receptor tyrosine autophosphorylation (165) and showed
the real-time incorporation of propidium iodide, an intercalating agent taken up by cells
which have lost membrane integrity (Figure 2A). Although HNMPA-AM was specifically
designed to block the insulin receptor (165, 166), one cannot discount its effects on
IGF-I signalling especially at high concentrations. Indeed, 100 uM of HNMPA-AM had
been shown to block IGF-1 signalling in choriocarcinoma cell line JEG-3 (167), but
remains to be tested in primary dispersed β-cells. We have examined basal
concentrations of insulin in our cell culture on day 0 and day 3 to be 0 nM and 1.5 nM
respectively (42). At these concentrations, we would anticipate little contribution of IGF-I-
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mediated vs. insulin receptor-mediated signalling. It is also unlikely that dispersed βcells are making and secreting large amounts of IGF-1, therefore, insulin is likely to be
the more relevant local factor in our cell culture. In the present study, we conclude that
blocking endogenous insulin signalling with HNMPA-AM caused robust cell death in a
time and concentration-dependent manner supporting previous findings that insulin
signalling plays an anti-apoptotic role in β-cells in vitro (42). Indeed, βIRKO mice show
reduced pancreatic insulin content and islet number and β-cell mass, as well as an
increase in apoptosis (84-86). Next, we tested whether various concentrations of insulin
could prevent caspase-3 activation, a critical event in apoptosis that occurs before DNA
fragmentation. We found that low concentrations of insulin, but not high concentrations,
prevented caspase-3 cleavage in isolated human islets (Figure 2B). Together, these
results indicate that low concentrations of insulin promote pancreatic β-cell survival.

3.2

Effects of insulin signalling on Akt in primary islets

Evidence from in vivo studies strongly suggested that insulin signalling is
necessary to increase pancreatic β-cell mass both in the normal physiological condition
and the insulin resistant state (42, 85, 86). However, the signal transduction
mechanisms downstream of β-cell insulin receptors are not well understood and remain
controversial. Akt has been suggested to be a critical component of both insulin and
insulin-like growth factor signalling in β-cells (53). In the present study, we examined the
effects of various concentrations of insulin on Akt phosphorylation and total Akt protein
levels in primary islets. Interestingly, we did not observe sustained Akt phosphorylation
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or robust increase in Akt protein level in mouse islets treated with insulin or serum for 48
hours (Figure 3A,B). As a positive control for the known acute effects of high
concentrations of insulin and insulin-like growth factor (IGF-1), we also examined Akt
phosphorylation after 15 minutes. In this experiment, both 200 nM insulin and 100 nM
IGF-1 induced rapid Akt phosphorylation, whereas a concentration of 0.2 nM insulin had
no effect on Akt phosphorylation at serine 473 residue (Figure 3C,D). This result
suggests that 0.2 nM insulin, a concentration we found to have an anti-apoptotic role in
vitro (42) and one that cannot cross-activate the IGF-1 receptor, may not stimulate Akt
in primary β-cells. Together, these data suggest that signalling via physiological
concentrations of insulin may work through alternative pathways in β-cells.

3.3

Effects of insulin on Pdx-1, Bridge-1, and Foxo-1

Potential antiapoptotic downstream targets of insulin signalling were evaluated
next. We focused on the transcription factor Pdx-1 because it is required for pancreas
development and differentiation (168). Pdx-1 also mediates the effects of pro-survival
factors in adult β-cells in vitro (169)(42) and in vivo (89). Mice lacking one allele of Pdx1 have increased islet apoptosis (170). Acting as a transcription factor, Pdx-1
translocation to the nucleus is a critical event for its activity (171). In pancreatic β-cells,
nuclear translocation of active Pdx-1 increases its DNA-binding activity and insulin
promoter activity (171, 172). For example, high glucose (20 mM) has been
demonstrated to increase Pdx-1 (46kDa) in the nucleus of human and MIN6 β-cells by
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Western blot (171). Through immunofluorescence imaging, we have shown that 0.2 nM
insulin increased Pdx-1 localization in the nucleus compared with untreated controls
(42). Thus, we tested whether insulin-induced Pdx-1 nuclear localization in mouse βcells is associated with increased protein expression of Pdx-1. Indeed, 0.2 nM insulin
caused a modest increase in active Pdx-1 protein in islets incubated under serum free
conditions for 3 days (Figure 4A,B). A proteomics analysis uncovered Bridge-1 as a
potential target of autocrine insulin signalling (42). Therefore, we examined the protein
expression of Bridge-1, a positive binding partner of Pdx-1 (173). Both low and high
concentrations of insulin increased total Bridge-1 protein expression (Figure 4C,D),
suggesting that a high level of Bridge-1 is not always associated with β-cell survival.
Indeed, overexpression of Bridge-1 caused a reduction in insulin expression and
diabetes in a mouse model (174). Preliminary data suggest that insulin may not
significantly alter the cytosolic localization of Bridge-1 (Figure 4E,F) or enhance its
binding affinity to Pdx-1 as shown in our co-immunoprecipitation studies (Figure 4G).
Together, our results indicate that insulin increases the expression of both Pdx-1 and
Bridge-1, and thus may influence the pool and localization of these transcription factors
to enhance β-cell survival.

One mechanism whereby insulin/Akt promotes survival is by the phosphorylation
of the Forkhead transcription factor Foxo-1 (175), a repressor of the Pdx-1 promoter
(176). Foxo-1 and Pdx1 exhibit mutually exclusive patterns of nuclear localization in βcells (176). Thus, constitutive nuclear expression of a mutant Foxo-1 is associated with
lack of Pdx-1 expression in the nucleus (176). In the present study, we examined the
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protein expression and phosphorylation status of Foxo-1. In our experiments, insulin
treatment did not result in a robust change in Foxo-1 phosphorylation or total protein
levels (Figure 5A). In preliminary data we did observe a modest decrease in the
percentage of β-cells exhibiting nuclear Foxo-1 staining in insulin-treated cultures,
relative to serum-free conditions (Figure 5B). Together, these results suggest the
possibility that sub-cellular location of Foxo-1 may participate in antiapoptotic insulin
signalling in primary β-cells.

3.4

Identification and relative expression of Raf-1 kinase in β-cells

Despite its potential importance in pro-survival signalling, neither the presence
nor the sub-cellular localization of Raf-1 have been directly assessed in pancreatic βcells to our knowledge. First, we examined the gene expression of the three members
of the Raf family kinase in MIN6 cells and mouse islets by RT-PCR and determined that
all three isoforms were present (Figure 6A). Both B-Raf and Raf-1 were identified in
human islets by immunohistochemistry and immunoblotting respectively (64). Due to the
predominant anti-apoptotic role of Raf-1, we focused on this isoform and confirmed its
protein expression in primary mouse and human islets and MIN6 cells using Western
blotting (Figure 6B). Although these results demonstrate that Raf-1 is present in islets,
they do not provide information regarding the β-cell specific expression or sub-cellular
localization of this protein. To address this, we used immunofluorescence imaging. We
observed that endogenous Raf-1 is expressed in dispersed β-cells from both mouse
and human islets and in MIN6 cells (Figure 6C). In primary islet cells, Raf-1 was
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localized in the cytoplasm and the nucleus, which was consistent with studies in other
cell types (117). In MIN6 cells, we found Raf-1 immunoreactivity primarily in the
cytoplasm, although some cells also exhibited nuclear staining. Together these findings
indicate that Raf-1 is present in primary and transformed pancreatic β-cells.

3.5

Direct effects of Raf-1 on β-cell proliferation

Insulin has also been implicated in β-cell proliferation both in vitro and in vivo (44,
86). In the present study, we demonstrated that blocking Raf-1 signalling in β-cells using
a small-molecule inhibitor blunted the effects of exogenous insulin, especially at the low
concentration of insulin (44) (see Chapter 4). To further elucidate the role of Raf-1 in βcell proliferation, we transiently overexpressed fusion proteins containing full-length Raf1 and dominant-negative truncation mutants in MIN6 cells. Compared to EGFPexpressing control cells, MIN6 cells from cultures overexpressing Raf-1 had a significant
increase in proliferation in serum-free conditions (Figure 7A). Notably, this was sufficient
to increase proliferation to the same level as insulin. No increase in proliferation was
observed in Raf-1-overexpressing cells cultured in insulin or serum, indicating that the
effects of Raf-1 expression are not additive to those of insulin or serum. Conversely,
expression of truncated dominant-negative Raf-1-GFP fusion protein had inhibitory
effects on the total number of cells in each culture (see Chapter 4, Figure 19) and on
the proliferation of GFP-positive cells in the presence of 0.2 nM insulin (Figure 7B).
Therefore, the effects of the mutant Raf-1 protein lacking the kinase domain are similar
to the effects of the chemical Raf-1 kinase inhibitor (164). The activation of Raf-1 at
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serine 338 was also maximal at 0.2nM insulin in primary mouse islets (Figure 7C).
Together, these results demonstrate that Raf-1 kinase-dependent pathways are
important for the proliferative effects of insulin on primary mouse β-cells, and that Raf-1
appears to be specifically involved in mediating insulin signals at concentrations of the
hormone expected to activate the insulin receptor, but not the IGF-1 receptor (177).
Together, these results strongly implicate Raf-1 in the control of β-cell proliferation.

3.6

Insulin induces Raf-1 and ERK1/2 activation in primary islets and

MIN6 cells

Insulin supports sufficient pancreatic β-cell mass by increasing the proliferation
and enhancing the survival of β-cells (42, 85, 86). We have mentioned above that a low
concentration of insulin (0.2 nM) was more effective at preventing β-cell apoptosis than
higher concentrations (42, 178). Unfortunately, little is known about the signalling
pathways activated by low concentrations of insulin, specifically those concentrations
that would not activate IGF-1 receptors (179). Given our previous observations
suggesting that low concentrations of insulin may not activate Akt (42), we hypothesized
that insulin might activate Raf-1 in β-cells. In primary mouse islets, we found that insulin
caused Raf-1 dephosphorylation at serine 259 (Figure 8A), an event which is known to
initiate activation of this kinase (93). Subsequent to the dephosphorylation of Raf-1 at
serine 259, we observed a significant increase in phosphorylation of the stimulatory site
of Raf-1 at serine 338 (Figure 8B), suggesting activation of this kinase (180). To
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determine the outcome of Raf-1 activation, we investigated the phosphorylation status
of ERK1/2, the canonical downstream target of Raf-1 (58). Insulin increased ERK1/2
phosphorylation in mouse islets (Figure 8C). We observed a similar activation of Raf-1
and ERK1/2 by insulin in human islets (Figure 8D, E). In our preliminary experiments,
0.2 nM IGF-1 did not induce statistically significant ERK1/2 phosphorylation in primary
mouse islets (Figure 8F,G), suggesting that insulin may be more potent in activating
ERK1/2 at this concentration. These are the first data demonstrating that insulin rapidly
activates both Raf-1 and ERK1/2 in primary islets. In each of these cases, the effects of
0.2 nM insulin were robust and reproducible. Higher concentrations of insulin showed
more variable responses and were not consistently more effective than lower
concentrations. These observations mirror previous findings that β-cell survival and
proliferation are selectively enhanced by 0.2 nM insulin relative to higher concentrations
(42).

Next, we examined the requirement of Raf-1 for the activation of ERK1/2 by
insulin, as well as the concentration-dependence and time-course of this event. It
should be noted that a Raf inhibitor (GW5074) and a dominant-negative Raf-1 mutant
robustly inhibited basal ERK1/2 phosphorylation (see Chapter 4.3). Importantly,
blocking Raf-1 kinase activity with GW5074 completely prevented insulin-induced
ERK1/2 phosphorylation (Figure 9A). However, this inhibitor has been shown to also
block B-Raf and other protein kinases at high concentrations (181). We also employed a
dominant-negative

Raf-1

mutant

Raf-151-131-GFP

and

found

that

ERK1/2

phosphorylation induced by 0.2 nM insulin was similarly blocked (Figure 9B). Together,
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these results are consistent with a critical role for Raf-1 in insulin-induced ERK1/2
activation.

We also examined the rapid kinetics of Raf-1 and ERK1/2 stimulation in MIN6
cells (Figure 9C,D). The temporal profile of Raf-1 activation was sustained. We
observed significant phosphorylation on Raf-1 at serine 338 after 1 and 30 minutes with
insulin and a trend towards significance after 5,10, and 15 minutes with insulin
treatment. However, we only noted a trend towards significance on ERK1/2
phosphorylation. Thus, it appears that ERK1/2 activation may be transient in MIN6 cells.
In many cell types including the β-cell, ERK1/2 phosphorylation in the cytoplasm is
immediately followed by its translocation into the nucleus where it initiates the
transcription of pro-survival proteins (182-184). MIN6 cells treated with insulin showed
an increased number of cells with phosphorylated ERK1/2 in the nucleus (Figure 9E,F).
These data suggest that insulin rapidly activates Raf-1, and its canonical downstream
target, the ERK1/2 pathway in the β-cell.

3.7

Role of autocrine insulin signalling in glucose-induced ERK1/2

phosphorylation

Glucose has been shown to induce ERK1/2 phosphorylation in islets as well as in
β-cell lines (182, 185). High glucose transiently induced ERK1/2 activation within 15
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minutes (Figure 10A), after which ERK1/2 phosphorylation returned to baseline within
30 minutes in MIN6 cells (Figure 10B). However, since glucose is a potent insulin
secretagogue, we tested whether these effects might be due in part to autocrine insulin
signalling or whether they were mediated by an insulin-independent mechanism. We
incubated MIN6 cells at 5 mM glucose or 25 mM glucose in the presence or absence of
1 µM somatostatin, which blocks glucose-induced insulin secretion. Glucose-induced
ERK1/2 phosphorylation was completely blocked by somatostatin (Figure 10A),
consistent with a requirement for insulin secretion for ERK1/2 activation. Similarly, Ins1-/:Ins2+/- mice (186, 187) with ~50% reduced insulin secretion in vivo (A. Mehran and J.
Johnson, unpublished) and in vitro (Figure 10C, insulin secretion levels) displayed a
~50% decrease on ERK1/2 activation induced by high glucose, when compared with
islets from phenotypically normal Ins1-/-:Ins2+/+ mice (Figure 10D). While additional
experiments are required to elucidate the mechanism of glucose-stimulated ERK1/2
activation, these findings implicate insulin feedback signalling as a factor in the
mitogenic effects of acute hyperglycemia and provides the basis for detailed future
studies.

3.8

Raf-1 and Bcl-2 protein families in pancreatic-β-cells

An ERK1/2-independent mechanism involving Bcl-2-mediated targeting of Raf-1
to the mitochondria has been described (142). In this paradigm, Raf-1 is thought to act
at the mitochondria to phosphorylate Bad at serine 112, which then inactivates the pro-
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apoptotic Bad protein by tethering it to 14-3-3 proteins in the cytoplasm (188). A large
fraction of Raf-1 localizes to the mitochondria in β-cells. In the present study, we
observed a moderate but significant increase in mitochondrial Raf-1 localization in βcells treated with 0.2 nM insulin compared to serum-free treated β-cells (Figure 11 A,B).
Insulin also had clear effects on mitochondrial morphology, inducing networks of rod
and thread-shaped mitochondria, which contrasted with the clustered and rounded
mitochondria seen in serum-free conditions (Figure 11A). Furthermore, we detected
increased phosphorylated Raf-1 at serine 338 in the mitochondrial fraction of MIN6 cells
treated with insulin (Figure 11C). Using immunofluorescence imaging, endogenous Raf1 and Bad exhibited overlapping staining patterns in human β-cells and mouse β-cells
(Figure 12A). This association was specific for Raf-1, as the related kinase B-Raf
showed little co-localization with Bad (Figure 12B). Using immunoprecipitation, we
confirmed the close physical proximity of these two proteins with Bcl-2, Bcl-xL and Bad
antibodies pulling down endogenous Raf-1 (Figure 13A). Moreover, insulin increased
the protein-protein interaction between Raf-1 and Bad (Figure 13B). Since Raf-1
inhibitor causes a dramatic loss of Bad phosphorylation at serine 112 (Chapter 4.2), we
would expect insulin to have the converse effect. Indeed, primary mouse islets treated
with insulin showed an increase in Bad phosphorylation at serine 112 (Figure 13C), a
step that prevents Bad from performing its pro-apoptotic actions. Our findings strongly
suggest that insulin modulates Bad-dependent apoptosis via Raf-1 in β-cells.
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3.9

Ca2+ signals are required for insulin-induced ERK1/2 phosphorylation

In human and mouse islet β-cells, acute treatment with insulin stimulates Ca2+
release from intracellular stores (102, 189, 190). We further confirmed the presence of
these previously described Ca2+ signals (102) in MIN6 cells using both conventional
Ca2+ dyes and fluorescent protein-based Ca2+ indicators (103). We observed both small
cytosolic Ca2+ signals were evident in human β-cells or MIN6 cells exposed to
increasing concentrations of insulin, as we have demonstrated previously with mouse βcells (190). Next, we addressed whether these Ca2+ signals were required for insulininduced ERK1/2 phosphorylation by treating β-cells with the Ca2+ chelator BAPTA-AM.
BAPTA-AM blocked the activation of ERK1/2 by insulin (Figure 14A). We did not
observe significant changes in total ERK1/2 in cells treated with BAPTA-AM for 10
minutes (Figure 14A). Chronic treatment with BAPTA-AM mimicked the effects of the
Raf inhibitor, reducing both ERK1/2 and Bad phosphorylation and increasing cell death
in a manner that was not additive to Raf-1 inhibition alone (Figure 14B,C,D,E,F). These
data further support that insulin stimulates cytosolic Ca2+ signals and demonstrate that
these anti-apoptotic signals are required for the activation of ERK1/2.
Insulin-stimulated Ca2+ signals are initiated by NAADP-sensitive Ca2+ stores
(102) and reduced in mice lacking CD38, an enzyme responsible for generating some of
the cellular NAADP (190). Here, we utilized a new NAADP receptor antagonist, Ned-19
(159) to assess the role of these Ca2+ stores in ERK1/2 phosphorylation. Ned-19
reduced the effects of insulin on ERK1/2 phosphorylation (Figure 14G). These data are
the first to directly implicate NAADP-sensitive Ca2+ stores on ERK1/2 activation in any
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cell type. NAADP-sensitive stores are thought to reside in acidic organelles, such as
lysosomes (159) or VAMP-containing granules (191). Additional studies on the role of
acidic organelles in autocrine insulin signaling are therefore warranted.

Our results with BAPTA-AM and Ned-19 pointed to Ca2+-dependent regulation of
Raf-1 and ERK1/2 phosphorylation status. However, BAPTA-AM alone can have effects
on ERK1/2 phosphorylation and events associated with ER-stress (192, 193). Thus, we
sought to further examine the role of Ca2+ on the regulation of ERK1/2 phosphorylation
using inhibitors of a Ca2+ dependent kinase and a Ca2+ phosphatase. CaMKII is known
to mediate the activation of Raf-1 and ERK1/2 by Ca2+ in other cell types (185, 194).
The effects of insulin on ERK1/2 phosphorylation were abrogated by the inhibitor of
CaMKII and KN93 (Figure 14H,I). KN93 did not change the amount of total ERK1/2 after
10 minutes of treatment. As noted above, the activation of ERK1/2 by insulin also
required the dephosphorylation of serine 259 on Raf-1, pointing to a Ca2+-dependent
phosphatase such as calcineurin. Indeed, the clinically relevant calcineurin inhibitor
FK506 blocked insulin-induced ERK1/2 phosphorylation (Figure 14H). These data
further indicate the importance of Ca2+ signalling, and point to CaMKII and calcineurin
as critical upstream regulators of Raf-1/ERK1/2 signalling in β-cells.
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Figure 2.

Effects of endogenous insulin signalling in primary β-cell survival.

(A) Blocking endogenous insulin receptor autophosphorylation with HNMPA-AM caused
a dose and time-dependent death in dispersed primary islet cells. Three independent
cultures were analyzed per imaging run and each experimental run was performed on at
least three different days. (B) Low doses of insulin selectively reduced cleaved
caspase-3 in human islets. (C) Quantification of 3 Western blots from different cultures.
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Figure 3.

Role of Akt in anti-apoptotic insulin signalling. (A) Akt phosphorylation

and total levels in mouse islets cultured for 2 days with various concentration of insulin.
(B) Quantification of 3 Western blots from independent cultures. (C) Acute insulin and
IGF-1 treatment (15 minutes) in primary mouse islets. (D) Quantification of 3 Western
blots from independent mouse islet cultures. *Denotes significant difference (p<0.05,
Student's t test) between the serum-free control and treatment.
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Figure 4
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Figure 4.

Effects of insulin on Pdx-1 and Bridge-1 protein expression and

sub-cellular localization and interaction. (A) Western blot of Pdx-1 and β-actin in
mouse islets treated with insulin for 3 days. Pooled densitometry data from three
independent experiments indicated that Pdx-1 protein expression in 0.2 nM insulin
was increased compared to serum-free control. (B) Pooled densitometry results
from three independent experiments are quantified. (C) Western blot analysis of
Bridge-1 expression in mouse islets cultured for 3 days as indicated. (D) Pooled
densitometry results from four independent experiments are quantified. (E and F)
Merged immunofluorescence images of Bridge-1 (green), insulin (red), and DAPI
(blue) staining in dispersed mouse β-cells treated with serum-free media (control) or
0.2 nM insulin for 3-4 days as indicated. Similar results were seen with 2-200 nM
insulin and serum-containing media. Data shown is a representative of four
independent experiments. (G) Co-immunoprecipitation of Bridge-1 with Pdx-1 in the
presence of insulin was performed as described in Materials and Methods (n=5
different cultures). Reprobing the membrane with anti-Pdx-1 antibody demonstrated
that equal amounts of Pdx-1 were immunoprecipitated. *p< 0.05 using Student's t
test. Scale bars, 5 µm.
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Figure 5
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Figure 5.

Effects of insulin on Foxo-1 protein expression and sub-cellular

localization. (A) Western blot of phosphorylated Foxo-1, Foxo-1, and GAPDH in
isolated primary mouse islets. Results are quantified by densitometry using Photoshop
(n=5 Western blots from different cultures). (B) Triple immunofluorescence labeling of
Foxo-1 (green), insulin (red), and nuclei (blue) in dispersed islet cells cultured for 3
days in 10% serum (normal media), serum-free media, 0.2 nM insulin, or 200 nM
insulin. Image shown is a representative of cells from 3 different cultures. Scale bars, 5
µm.
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Figure 6. Expression of Raf isoforms in pancreatic β-cells. (A) Total RNA was
extracted from mouse islets and MIN6 cells and gene expression levels were analyzed by
semi-quantitative RT-PCR (n=3 different cultures). (B) Raf-1 protein expression was
detected in human and mouse islets as well as in MIN6 cell line using Western blot (n=3
different cultures). (C) Immunofluorescence imaging of Raf-1 in mouse β-cells, human βcells, and MIN6 cells dispersed islet cells showing Raf-1 localization in the cytoplasm and
the nucleus (>1000 cells examined from 3 different cultures). Scale bars, 5 µm.
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Figure 7
A

B

*

400
350
300
250
200
150
100
50
0
Serum (10%)
Insulin (nM)

GFP+ Cell
Proliferation (%/Day)

Proliferation (%/Day)

400
EGFP
350
Raf-1-GFP
300
250
200
150
100
50
0
Serum (10%) +
Insulin (nM)
-

0.2

200

EGFP
Raf-151-131-GFP

*
+
-

-

*
0.2

200

pRaf-1/Raf-1 (% control)

C

*

250
200
150
100
50
0

pRaf-1
(S338)
Serum (10%) +
Insulin (nM) -

-

0.2

2

20

200

64	


Figure 7.

Effects of wild type and mutant Raf-1 on β-cell proliferation. (A) MIN6 cells

transfected with EGFP (control) or Raf-1-GFP were treated with insulin or 10% serum. Cells
were cultured for six hours and percent proliferation was quantified from all cells using BrdU
immunofluorescence in the red channel (n=3 different cultures). (B) Proliferation in MIN6
cells transfected with dominant-negative Raf-1 fusion protein (i.e. only GFP-positive cells),
treated as indicated (n=3 different cultures). (C) Mouse islets were treated with insulin for 48
hour and phosphorylation of Raf-1 on serine 338 was examined and normalized to total
Raf-1/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control (n=4 different Western
blots from different cultures). *Denotes significant difference (p<0.05, Student's t test)
between EGFP and Raf-1 fusion proteins or serum-free control and treatment.
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Figure 8.

Insulin promotes Raf-1 and ERK1/2 activation in primary islets. (A)

Acute insulin signalling stimulation for 15 minutes in primary mouse islets with 0.2 nM
and 200 nM insulin resulted in a loss of inhibitory phosphorylation of Raf-1 at serine 259.
(B) Mouse islets treated with 0.2 nM and 200 nM insulin for 30 minutes also caused an
increase of the stimulatory phosphorylation of Raf-1 at serine 338 and a pro-survival
phosphorylation of ERK1/2 (C). (D) Acute 0.2 nM insulin treatment (30 minutes) in
human islets showed a significant decrease in the inhibitory phosphorylation site of
Raf-1 at serine 259 and an increasing trend of phosphorylated ERK1/2 (E). (F,G) Acute
insulin and IGF-1 signalling stimulation for 15 minutes in primary mouse islets. Bar
graphs are quantification of 4 Western blots using densitometry using Photoshop (n=4
different cultures). *Denotes significant difference (p<0.05, Student's t test) between
serum-free control and treatment.
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Figure 9
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Figure 9.

Insulin activates Raf-1 and ERK1/2 in transformed MIN6 cells.

(A,B) Insulin-induced ERK1/2 phosphorylation was blocked by a Raf inhibitor
(GW5074, 10 µM, n=4 Western blots from different cultures) or by a dominantnegative Raf-151-131-GFP protein (n=3 different cultures). (C, D) Insulin (0.2 nM)
caused an increase in Raf-1 and ERK1/2 phosphorylation in a time-dependent
manner (n=3 Western blots from different cultures). (E) Insulin induced
phosphorylated ERK1/2 translocation in the nucleus of MIN6 cells. (F) Quantification
of cells showing nuclear ERK1/2 phosphorylation analyzed by Slidebook, n=3
different cultures. *Denotes a significant difference (p<0.05, Student's t test)
between treatment and control (serum-free). ^Denotes significant difference
(p<0.05, Student's t test) between insulin and insulin with GW5074 or with
dominant-negative Raf-151-131-GFP. Scale bars, 10 µm.
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Figure 10.

Role of autocrine insulin signalling in glucose-induced ERK1/2

phosphorylation. (A,B) ERK1/2 phosphorylation in MIN6 cells treated with low glucose
(5 mM) or high glucose (25 mM) for 15 (A) and 30 (B) minutes with or without
somatostatin (Soma, 1 µM, n=3 Western blots from different cultures). (C) Insulin
secretion levels were measured in conditioned media of islets from Ins1-/-:Ins2+/+ mice
treated with low and high glucose (n=4 different conditioned media from different islet
culture). Insulin levels were measured by

radioimmunoassay. (D) ERK1/2

phoshorylation in islets from Ins1-/-:Ins2+/- or Ins1-/-:Ins2+/+ mice or in response to 15
minutes treatment with 25 mM glucose or 5 mM glucose. *Denotes significant difference
(p<0.05, Student's t test) between the serum-free control and glucose treatment.
^Denotes significant difference (p<0.05, Student's t test) between glucose only and
glucose with Soma.
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Figure 11
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Figure 11. Insulin promotes Raf-1 translocation to the mitochondria. (A) Insulin
(0.2 nM) promoted Raf-1 mitochondrial localization compared to serum-free in mouse
pancreatic β-cell (n=3 different cultures). Scale bars, 10 µm. (B) A plot of Pearson
correlation r values between Raf-1 and Red-mitochondria tracker in mouse pancreatic
β-cells treated in serum-free or 0.2 nM insulin condition. (C) Phosphorylated Raf-1
(serine 338), Raf-1, and CoxIV levels in total cell lysates or mitochondrial fraction of
MIN6 cells treated with insulin for 10 minutes. Bar graph is a densitometry
quantification using Photoshop (n=3 Western blots from independent cultures).
*Denotes a significant difference (p<0.05, Student's t test) between treatment and
control (serum-free).
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Figure 12
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Figure 12. Sub-cellular localization of endogenous Raf-1, B-Raf and Bad in mouse
and human islets. (A) Immunofluorescence imaging of endogenous Raf-1 and Bad in
primary human and mouse β-cells. Pearson correlation r values between Raf-1 and Bad
in human and mouse β-cells were 0.7 and 0.86 respectively. Scale bars, 10 µm. (B)
Immunofluorescence imaging of B-Raf showing localization in the nucleus and
cytoplasm, and a moderate co-localization with Bad in primary human and mouse βcells. Pearson correlation r values between B-Raf and Bad in human and mouse β-cells
were 0.5 and 0.3 respectively. Images shown are representative of 3 independent
cultures. Scale bars, 10 µm.
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Figure 13. Endogenous Bcl-2 family members and Raf-1 form protein-protein
interactions in pancreatic β-cell. (A) Immunoprecipitation demonstrating Raf-1 ability
to form protein-protein interaction with Bcl-2 family proteins (Bcl-2, Bcl-xL, and Bad). (B)
Insulin increased Raf-1 and Bad protein-protein interaction (n=3 different cultures). (C)
Mouse islets treated with 0.2 nM and 200 nM insulin for 30 minutes caused an increase
in the inhibitory phosphorylation Bad at serine 112 (n=3 Western blots from different
cultures). Bar graphs are quantification of Western blots using Photoshop. *Denotes a
significant difference (p<0.05, Student's t test) between treatment and control (serumfree).
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Figure 14. Ca2+ signalling modulators abrogates insulin-induced ERK1/2
activation. (A) MIN6 cells treated with insulin showed an increase on ERK1/2
phosphorylation in 10 minutes that was blocked in the presence of BAPTA-AM. (B)
Phosphorylated ERK1/2 levels in MIN6 cells treated with GW5074 (10 µM) and
BAPTA-AM (50 µM) individually or both for 6 hours (n=3 independent cultures). (C)
Phosphorylated Bad (serine 112) levels in MIN6 cells treated with GW5074 and
BAPTA-AM individually or both for 6 hours (n=3 independent cultures). Rapid
increase in propidium iodide (PI) incorporation in dispersed mouse islet cells (D) and
MIN6 cells (E) treated with GW5074, BAPTA-AM, or both (n=6 independent
cultures). Area under the curve (AUC) of propidium iodide incorporation from 1 hour
to 48 hours after treatment. (F) Cleaved-caspase-3 expression levels in MIN6 cells
treated with GW5074 and BAPTA-AM for 6 hours (n=3 independent cultures). (G-I)
MIN6 cells treated with insulin show an increase in ERK1/2 phosphorylation that was
blocked in the presence of Ned-19 (G, NAADP-Receptor antagonist), KN-93 (H,
CaMKII inhibitor), and FK506 (I, calcineurin inhibitor) for 10 minutes treatment (n= 3
different cultures). Bar graphs are quantification of Western blots using Photoshop.
*Denotes significant difference (p<0.05, Student's t test and ANOVA with a StudentNewman-Keuls post-hoc test) between the serum-free control and treatment.
^Denotes significant difference between insulin and insulin with inhibitors: BAPTAAM (50 µM), Ned-19 (100 µM), KN-93 (1 µM), and FK506 (50 nM).
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4.

Results II: Inhibition of Raf-1 alters multiple downstream pathways to

induce pancreatic β-cell apoptosis in vitro

4.1

Inhibition of endogenous Raf-1 signalling induces β-cell apoptosis in

vitro

We examined the consequences of blocking endogenous Raf-1 signalling in this
cell type using a commercially available Raf-1 inhibitor (GW5074), reported to be highly
selective for Raf-1 (100 times more selective compared to a panel of related
kinases)(195). We hypothesized that disrupting Raf-1 signalling may lead to β-cell
death. Indeed, inhibiting Raf-1 signalling in both primary mouse islet cells and
transformed MIN6 β-cells increased cell death in a time- and concentration-dependent
manner as determined by the real-time monitoring of propidium iodide incorporation
(Figure 15A,B). A massive increase in apoptotic β-cell death in the presence of Raf-1
inhibitor (GW5074) was confirmed in MIN6 cells using the fluorescent TUNEL technique
(Figure 15C,D). A similar increase in apoptosis was observed when TUNEL was
combined with insulin staining in primary mouse islet cells (Figure 15C). The Raf-1
inhibitor also increased caspase-3 cleavage in a concentration- and time-dependent
manner (Figure 15E,F), suggesting that a reduction in Raf-1 kinase activity leads to the
activation of this executioner caspase. We further confirmed that GW5074 evokes
apoptotic programmed cell death using DNA ladder analysis on mouse islets (Figure
15G). Together, these results clearly demonstrate that blocking Raf-1 kinase triggers a
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rapid and robust apoptotic response in primary human and mouse β-cells and in the
MIN6 β-cell line. Thus, endogenous Raf-1 activity appears to be essential for β-cell
survival.

4.2

Raf-1 inhibitor reduces ERK1/2 and Bad phosphorylation

We next investigated the mechanisms by which Raf-1 inhibition caused
apoptosis using MIN6 cells as a model. We first examined the phosphorylation and
activation state of ERK1/2, the canonical downstream target of Raf-1. Western blot
analysis revealed that GW5074 decreased ERK1/2 phosphorylation, but did not alter
the total levels of ERK1/2 protein (Figure 16A,B,C). MEK is known to mediate the
effects of Raf-1 on ERK1/2 phosphorylation. To test the hypothesis that endogenous
MEK serves an anti-apoptotic role in β-cells, cell death in the presence of two MEK
inhibitors, UO126 and PD98059, was examined. These inhibitors had more modest
apoptosis-inducing effects in MIN6 cells and in primary mouse islet cells relative to the
Raf-1 inhibitor (Figure 16D,E), suggesting that a component of the pro-survival actions
of Raf-1 may be mediated via MEK and ERK1/2. As expected, both MEK inhibitors
reduced ERK1/2 phosphorylation levels (Figure 16F,G,H). Together, these results
implicate both MEK and ERK1/2 in β-cell survival.

The observation that the modest cell death subsequent to inhibiting MEK could
not fully account for the effects of the Raf-1 inhibitor led us to examine alternative
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pathways. Several recent studies have suggested that the pro-survival effects of Raf-1
can be mediated by phosphorylating Bad on serine 112, which contributes to the
inactivation and sequesterization of this pro-apoptotic Bcl-2 family member by 14-3-3
proteins (143, 144). Thus, we hypothesized that inhibition of Raf-1 signalling might
reduce Bad phosphorylation. Indeed, a marked and rapid reduction in Bad
phosphorylation was observed in β-cells treated with the Raf-1 inhibitor (Figure 17A,B).
Studies in other cell types have demonstrated that when Bad is dephosphorylated, it
migrates to the mitochondria where it can dimerize with Bcl-xL (196), leading to the
release of Bax, an initiator of apoptosis (197, 198). We found that Raf-1 inhibitor
increased the protein expression of both Bad and Bax (Figure 17C,D,E). Since the ratio
of Bcl-2 to Bax is thought to determine sensitivity to apoptosis, we also analyzed
whether GW5074 affected Bcl-2 levels. Indeed, the ratio of Bax to Bcl-2 was increased
(Figure 17F,G,H). Together, these data further implicate Raf-1 in the control of β-cell
apoptosis and point to an emerging Bad-dependent pathway as a contributing
mechanism in this action.

4.3

Effects of dominant-negative Raf-1 on β-cell death in vitro

Given the caveats inherent to pharmacological inhibitors, we also employed Raf1-GFP fusion proteins (164) to inhibit or enhance Raf-1 signalling in β-cells. First, we
confirmed the over-expression and examined the localization of three different Raf-1GFP fusion proteins using live-cell imaging in MIN6 cells. The over-expressed full length
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Raf-1-GFP fusion protein was found in both the cytoplasm and at the mitochondria, but
not in the nucleus (Figure 18A). We also utilized two dominant-negative truncated
mutants of Raf-1, Raf-151-131-GFP and Raf-151-220-GFP, both of which have been
previously described to inhibit Raf-1 signalling (164). We observed that Raf-151-220-GFP
was localized in the cytoplasm, mitochondria and partially in the nucleus. The short form
of Raf-151-131-GFP was mainly localized in the cytoplasm and the nucleus (Figure
18A,B). Together, these studies demonstrate that Raf-1 localization in β-cells depends
on the presence of specific domains.

To determine the effect of over-expressing Raf-1 mutants on β-cell death, we
measured caspase-3 cleavage 24 hours after transient transfection. In initial
experiments with about 10% transfection efficiency, we observed an increase of
approximately 20% in caspase-3 cleavage compared to control by Western blotting.
Thus, to enrich our Raf-1-GFP-expressing MIN6 cell population, fluorescence-activated
cell sorting (FACS; Figure 19A) was employed prior to measuring ERK1/2
phosphorylation and caspase-3 cleavage. We observed that over-expression of Raf-1GFP increased ERK1/2 phosphorylation and modestly reduced caspase-3 cleavage
(Figure 19B,C,D), suggesting the possibility that over-expression of Raf-1 may protect
β-cells from apoptosis. Conversely, over-expression of dominant negative Raf-1
mutants significantly reduced ERK1/2 phosphorylation and increased the expression of
cleaved caspase 3 compared to control cells transfected with EGFP alone. Moreover,
we observed an increase in propidium iodide incorporation in cells expressing
dominant-negative Raf-1 mutants (Figure 19E). Overall, our data from experiments
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using the pharmacological inhibitor and Raf-1 mutants point to Raf-1 as a critical prosurvival kinase in the β-cell.

4.4

Relative roles of Raf-1 and PI3-kinase/Akt signalling in β-cell

apoptosis

Raf-1, ERK1/2, PI3-kinase and Akt are all vital components of numerous prosurvival signalling cascades in many cell types. Among these kinases, PI3-kinase and
Akt have received the majority of the attention in the β-cell. To assess in parallel the
relative importance of these kinases in the context of β-cell survival, we measured cell
death in real-time in the presence of specific inhibitors in primary mouse islet cells and
MIN6 cells. PI3-kinase was inhibited using LY294002, and two different Akt inhibitors
were employed (TATAkt-i and Akti-1/2). In the presence of LY294002, an increase in
the number of propidium iodide-positive cells was detected (Figure 20A,B), supporting
the notion that PI3-kinase is important for β-cell survival (88, 199). Inhibiting Akt caused
an increase in β-cell death, but to a lesser extent compared with the Raf-1 inhibitor
(Figure 20A,B). The increase in apoptotic β-cell death in the presence of GW5074 and
Akti-1/2 was associated with the cleavage of caspase-3 (Figure 21A). Multiple studies
have implicated the ER-stress response in β-cell apoptosis under certain conditions
(124, 125, 200-202) and pointed to Akt as a critical suppressor of this signal of
programmed cell death (203). Treatment of MIN6 cells with Akti-1/2 caused a
concentration-dependent increase in CHOP, a well-established marker of ER stress
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(Figure 21A,B). In contrast, GW5074 induced only modest CHOP expression at low but
not at high concentrations at this time point (Figure 21A,B). We also detected a trend
towards increased CHOP levels in isolated human islets treated with GW5074 (Figure
21G,H). Together these experiments demonstrate that multiple kinase cascades play
important roles in β-cell survival and ER-stress.

Next we examined the mechanisms involved in pro-survival signalling
downstream of Akt and Raf-1 and assessed cross-talk between these signalling
networks in the β-cell. The Raf-1 kinase has been previously identified as a point of
cross-talk between Akt and ERK1/2 signalling cascades (204). Although it has been
postulated that both the PI3-kinase/Akt and Raf-1/ERK1/2 signalling cascades are
activated simultaneously to magnify cell survival signals, depending on the cell context
Akt can negatively affect Raf-1 activity by phosphorylation at serine 259 (94). In the
presence of Akti-1/2, this negative regulation appeared to be attenuated resulting in an
increase in ERK1/2 phosphorylation (Figure 21A,F). This suggested the possibility that
a compensatory mechanism can be upregulated to maintain β-cell survival under
conditions when Akt is inhibited. Interestingly, unlike GW5074, Akti-1/2 did not alter Bad
phosphorylation at serine 112 or total Bad protein levels (Figure 21A,D,E), pointing to a
difference in the targets of these two kinases. The ability of Akt to negatively regulate
Raf-1 may explain why we see a robust and enhanced β-cell death in the presence of
GW5074 and only moderate death in the presence of Akt inhibitors.
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It is not clear whether inhibition of Raf-1 kinase signalling directly affects Akt
activity. Raf-1 gene ablation in the heart did not alter Akt phosphorylation or total protein
level (141). Interestingly, MIN6 cells treated with GW5074 had reduced Akt
phosphorylation (Figure 22A,B,C). Therefore, Raf-1 kinase may affect Akt directly or
indirectly through an upstream kinase. We also examined the autoregulatory effects of
blocking Raf-1 signalling. GW5074, as well as Akti-1/2 reduced the apparent total Raf-1
protein level (Figure 22D,E), supporting the notion that Raf-1 signalling can exert
positive feedback on itself (205). These results strongly suggest important functional
interactions between Raf-1- and Akt-dependent signalling networks in β-cells.

Given the differences in their downstream mechanisms, we hypothesized that
simultaneously blocking both Raf-1 and Akt signalling would cause an additive effect on
β-cell death. Indeed, a massive increase in β-cell death was observed in the presence
of both Raf-1 and Akt inhibitors when compared to individual treatments (Figure 22F).
These results further support the concept that the downstream anti-apoptotic targets of
Raf-1 and Akt are distinct. Moreover, while inhibiting Akt alone results in an upregulation
of ERK1/2 phosphorylation, blocking Raf-1 negates this compensatory response.
Collectively, these results identify Raf-1 as a critical kinase mediating β-cell survival and
point to complex interactions with the Akt signalling system.

The suppression of Raf-1 protein levels presented an opportunity to address
whether any of the known kinase-independent downstream targets of Raf-1 may be
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involved in β-cell survival. Aside from its ability to phosphorylate key downstream
proteins such as ERK1/2 and Bad, Raf-1 has also been proposed to protect cells by
serving as a scaffolding protein (206). Deletion of the Raf-1 gene has been associated
with increased activity of Apoptosis Signalling Kinase-1 (ASK-1), an event that does not
require Raf-1 catalytic activity (207). Therefore, we assessed ASK-1 phosphorylation
and total ASK-1 protein levels in our model (208). Although we were unable to detect
GW5074-induced changes in ASK-1 phosphorylation at Thr845, we did observe a trend
towards increases in total ASK-1 expression at the highest concentration of the inhibitor
(Figure 23A,B,C). Overall, our data point to a more important role for the kinasedependent actions of Raf-1 in β-cell survival.

4.5

Effects of Raf-1 signalling on insulin secretion in vitro

In addition to mediating β-cell survival, many kinases have been implicated in βcell function (52, 185). Thus, the effects of blocking Raf-1 signalling on basal and
glucose-stimulated insulin secretion were examined. Using a perifusion approach to
examine the dynamics of insulin secretion in primary mouse islets, we found that acute
treatment with GW5074 had a moderate, negative effect on both phases of glucosestimulated insulin secretion (Figure 24A), prior to the appearance of any cell death (see
Figure 15). Similarly, inhibition of Raf-1 and ERK1/2, but not Akt, resulted in modestly
decreased insulin secretion from MIN6 cells (Figure 24B,C). Thus, Raf-1 and ERK1/2
appear to regulate both the survival and, to a lesser degree, the function of pancreatic
β-cells.
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Figure 15
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Figure 15. Inhibition of endogenous Raf-1 signalling in primary mouse islet
cells and MIN6 cells causes β-cell death. Rapid increase in propidium iodide
incorporation in dispersed mouse islet cells (A) and MIN6 cells (B) treated with the
specific inhibitor of Raf-1 kinase, GW5074 (n=9 different cultures). GW5074
increases β-cell death in a dose- and time-dependent manner. GW5074 also caused
β-cell apoptosis assessed by TUNEL staining of mouse islet β-cells (C) and MIN6
cells within 24 hours (D). (C) Dispersed mouse β-cells stained for insulin are red,
TUNEL positive cells are green, and cell nuclei stained with DAPI are blue. (D)
TUNEL-positive MIN6 cells are green and nuclei are blue. TUNEL staining
experiments were repeated independently with similar results using dispersed human
and mouse islets (≥8168 cells examined for each condition per culture, 3
independent cultures) and MIN6 cells (≥16061 cells for each condition per culture, 3
in three different cultures). The ratio of TUNEL positive cells/total cells examined is
shown as an inset. (E) Cleaved caspase-3 protein levels in MIN6 cells treated with
GW5074 for 6 hours (n=3 Western blots from different cultures). (F) Quantification of
cleaved caspase-3 protein levels corrected to control. (G) GW5074 induces DNAladdering in intact mouse islets (n=3 different cultures). *Denotes significant
difference (p<0.05, student’s t test) between the control and treatment.
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Figure 16
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Figure 16. Roles of ERK1/2 and MEK in Raf-1 inhibitor-induced β-cell death. (A)
Phosphorylated and total ERK1/2 levels in MIN6 cells treated with GW5074 for 6 hours
(n=3 different cultures). (B) Quantification of phosphorylated ERK1/2 to total ERK1/2
protein levels normalized to control. (C) Quantification of total ERK1/2/β-Actin protein
levels normalized to control. Moderate increase in propidium iodide incorporation in
dispersed mouse islet cells (D) and MIN6 cells (E) treated with MEK inhibitors, UO126
and PD98059. (F) Phosphorylated and total ERK1/2 levels in MIN6 cells treated with
UO126 and PD98059 for 3 hours (n=3 different cultures). (G) Quantification of
phosphorylated ERK1/2 to total ERK1/2 protein levels normalized to control. (H)
Quantification total ERK1/2/β-Actin ratio normalized to control. *Denotes significant
difference (p<0.05, student’s t test) between the control and treatment.
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Figure 17
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Figure 17. Effects of Raf-1 inhibitor on Bad, Bcl-2 and Bax. (A) Phosphorylated Bad
(serine 112) and total Bad in MIN6 cells treated with GW5074 for 6 hours (n=3 different
cultures). (B) Quantification of the ratio of phosphorylated Bad serine 112 to total Bad
protein (normalized to control). (C) Quantification of total Bad/β-Actin protein ratio
normalized to control. (D) GW5074 increased Bax protein level in MIN6 cells treated for
6 hours (n=3 different cultures). (E) Quantification of total Bax/β-Actin protein ratio
normalized to control. (F) Bcl-2 protein levels/β-Actin protein normalized to the control
(n=3 different cultures). (G) Quantification of total Bcl-2/β-Actin protein levels
normalized to control. (H) Bcl-2/Bax ratio. *Denotes a significant difference (p<0.05,
Student's t test) between treatment and control (serum-free).
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Figure 18
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Figure 18. Localization of Raf-1-GFP fusion proteins in MIN6 cells.
Wide-field, deconvolution fluorescence imaging of Raf-1-GFP fusion proteins and
mitochondrial-targeted red fluorescent protein (DsRed-Mito) co-transfected into MIN6
cells. (A) DsRed-Mito colocalizes strongly with Raf-1-GFP, modestly with Raf-151-220GFP, but not with Raf-151-131-GFP. (B) Pearson’s Correlation (PC) between Raf-1GFP fusion proteins and DsRed-Mito or Hoechst DNA dye (nucleus) were calculated
as described in the Materials and Methods. Scale bar, 2 µm.
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Figure 19
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DN1

Figure19. Expressed Raf-1-GFP fusion proteins inhibit Raf-1 mediated ERK1/2
activation and induces MIN6 cells β-cell death. (A) Sample FACS scatter plots
showing non-GFP expressing MIN6 cells and GFP-positive cells. (B) Phosphorylated
ERK1/2 and cleaved caspase-3, total ERK1/2 and β-Actin in FACS-enriched GFPpositive MIN6-cells (n=3 different cultures). (B) Quantification of phosphorylated
ERK1/2/total ERK1/2 protein ratio normalized to control. (C) Quantification of cleaved
caspase-3 protein/β-Actin ratio normalized to control. (D) Expression of dominantnegative Raf-1 fusion proteins caused an increased in propidium iodide incorporation in
MIN6 cells. *Denotes a significant difference (p<0.05, Student's t test) between
treatment and control (EGFP).
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Figure 20
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Figure 20. The relative roles of Raf-1 and PI3-kinase/Akt signalling in β-cell
apoptosis. Rapid increase in propidium iodide incorporation in dispersed mouse
islet cells (A) and MIN6 cells (B) treated with specific inhibitors of Raf-1 kinase
(GW5074), PI3-kinase (LY294002) or Akt kinase (Akti-1/2 and TATAkt-in). Like
GW5074, LY294002 and Akti-1/2 increased β-cell death in a dose and timedependent manner, suggesting that all three kinases play a role in β-cell survival
(n= 9 different cultures conducted in three different days).
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Figure 21
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Figure 21. The relative roles of Raf-1 and PI3-kinase/Akt signalling on ER
Stress and in β-cell apoptosis. (A) Effects of GW5074 and Akti-1/2 on the
expression of CHOP, an ER stress marker, and cleavage of caspase-3 in MIN6
cells treated for 3 hours (n=3 Western blots from different cultures). (A)
Phosphorylated and total ERK1/2 and phosphorylated Bad (serine 112) and total
Bad levels in MIN6 cells treated with GW5074 and Akti-1/2 for 3 hours (n=3
Western blots from different cultures). Quantification of CHOP/β-Actin ratio (B) and
cleaved caspase-3/β-Actin ratio (C) normalized to control. (D) Quantification of Bad
serine 112/total Bad protein ratio normalized to the control. (E) Quantification of
total Bad/β-Actin ratio corrected to control. (F) Quantification of phosphorylated and
total ERK1/2 levels ratio normalized to control. (G,H) GW5074 increased CHOP
expression in human islets (n=3 Western blots from different human islets) (D).
Quantification of CHOP/β-Actin levels. *Denotes a significant difference (p<0.05,
Student's t test) between treatment and control.
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Figure 22
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Figure 22. Raf-1 inhibitor reduces Akt activity and Raf-1 protein levels. (A)
Phosphorylated Akt (serine 473) and total Akt in MIN6 cells treated with GW5074 for 3
hours (n=3 different cultures). (B) Quantification of phosphorylated Akt (serine 473)
and total Akt protein levels normalized to the control. (C) Quantification of total Akt
normalized to the control. (D) GW5074 and Akti-1/2 both reduced total Raf-1 protein
levels in MIN6 cells and quantification as shown (n=3 different cultures)(E). Note that
this is the same β-Actin loading control shown in Figure 21A. (F) Additive effects of
blocking both Raf-1 and Akt on β-cell death. Rapid increase in propidium iodide
incorporation in the presence of GW5074 alone, or the combination of GW5074 and
Akti-1/2 MIN6 cells (n=9 different cultures ). *Denotes a significant difference (p<0.05,
Student's t test) between treatment and control.
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Figure 23
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Figure 23. Effects of GW5074, a Raf-1 inhibitor on Apoptosis-Signaling Kinase-1.
(A) GW5074, a Raf-1 inhibitor, did not significantly change the level of phosphoryalated
ASK-1(Thr845) or total ASK-1 protein levels. (B) Quantification of phosphorylated ASK-1
(Thr845) and total ASK-1 protein levels corrected to the control. (C) Quantification of total
ASK-1/actin levels corrected to the control. N=3 Western blots from three independent
cultures.
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Figure 24
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Figure 24. Effects of Raf-1 inhibitor on insulin secretion in primary islets and MIN6
cells. (A) Groups of 100 mouse islets were perifused with Krebs-Ringer buffer
containing 3 mM glucose. Islets were exposed to 20mM glucose (striped bar), 30mM KCl
(grey bar), in the presence or absence of 5µM GW5074 (black bar). Control islets (open
circles) were exposed to glucose and KCl without GW5074. Islets treated with GW5074
(closed triangle) were also exposed to glucose and KCl. Some islets were exposed to
GW5074 alone (grey squares) without glucose or KCl. Values are normalized to the
pretreatment levels of insulin secretion to compensate for uneven numbers of islets in
each column (n=4 different cultures). Area under the curve (AUC) was measured as the
cumulative percent pretreatment (cpp) and shown as insets. Insulin levels were
measured in conditioned media of MIN6 cells treated with GW5074, Akti-1/2, UO126 and
PD98059 for 3 hours (n=3 independent cultures)(B,C). *Denotes a significant difference
(p<0.05, Student's t test) between treatment and control (serum-free).
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5.

Results III: Conditional deletion of Raf-1 kinase in β-cells in vivo

5.1

Generation of pancreatic β-cell–specific Raf-1 knockout mice

We have previously reported that insulin protects β-cells from apoptosis and
promotes β-cells proliferation via Raf-1 signalling in vitro (42). Thus, we hypothesized
that Raf-1 may play an important role in β-cell growth and survival in vivo. To test this
hypothesis, we conditionally targeted the β-cell Raf-1 gene using a transgenic mouse
line expressing Cre recombinase driven by a 668 bp promoter fragment of the rat insulin
II gene (RIP-Cre) (209, 210). While insulin promoter fragments of this size are thought
to direct expression only to the pancreatic β-cell, RIP-Cre expression has been reported
in the brain, consistent with reports describing insulin in the hypothalamus, olfactory
bulb, and cerebral cortex (211). Although endogenous insulin gene transcription begins
at 9.0 days post coitum (dpc) in mice (212), RIP-Cre-mediated recombination can be
detected at 11.5 dpc in insulin-producing cells within the pancreas (213). There are
caveats of using the RIP-Cre system to drive β-cell inactivation of the Raf-1 gene. For
example, populations of cells within the pancreas may activate the insulin promoter at
early stages of development but fail to become β-cells. A major caveat of this system is
that the RIP-Cre mice alone display glucose intolerance (210). Thus, we employed the
following breeding scheme to achieve conditional Raf-1 deletion in the β-cell and to
obtain the proper controls: RIPCre+/-:Raf-1flox/wt male mice were crossed with female
RIPCre-/-:Raf-1flox/wt mice (Figure 25A). To demonstrate tissue-specific deficiency of Raf-

108	
  

1, we used Western blot analysis to examine the protein levels of Raf-1 in islets isolated
from RIPCre+/-:Raf-1flox/flox and RIPCre+/-:Raf-1wt/wt mice. Immunoblotting indicated a
marked reduction of approximately 80% of Raf-1 protein in islets isolated from RIPCre+/:Raf-1flox/flox mice compared to control RIPCre+/-:Raf-1wt/wt mice (Figure 25B,C). Indeed,
we expected less than 100% knockdown of Raf-1 protein because the islets are made
up of several types of cells not targeted by RIP-Cre. We did not observe significant
changes in B-Raf and ERK1/2 protein levels (Figure 25C). Collectively, these data
suggest that we were successful in generating a pancreatic β-cell–specific Raf-1
knockout mouse line.

5.2

Body weight and fasting blood glucose levels of Raf-1 knockout mice

The RIPCre+/-:Raf-1flox/flox mice were viable and appeared to be grossly
phenotypically indistinguishable from other genotypes and wild-type animals. The mice
developed to adulthood, were fertile, and exhibited a normal lifespan. Thus, we
conclude that the Raf-1 gene is not essential for mouse islet development. Next, we
investigated whether the β-cell-specific Raf-1 knockout would affect body weight and
fasting blood glucose levels. We observed no significant change in body weight
between RIPCre+/-:Raf-1flox/flox and RIPCre+/-:Raf-1wt/wt (Figure 26A,B). However, we
noted an increased fasting basal blood glucose level in female RIPCre+/-:Raf-1flox/flox
compared to RIPCre+/-:Raf-1wt/wt, especially at a younger age (Figure 26C). These
observations suggest that Raf-1 may regulate glucose homeostasis in vivo.
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5.3

Raf-1 knockout mice have impaired glucose tolerance

To investigate whether conditional depletion of Raf-1 gene causes β-cell
dysfunction, we performed glucose tolerance tests. We observed that RIPCre+/-:Raf1flox/flox female mice have a delayed glucose response compared to littermate control
RIPCre+/-:Raf-1wt/wt mice at both 8 and 20 weeks of age (Figure 27A,C). We observed a
similar trend in our male cohort, although there was a less robust difference between
the RIPCre+/-:Raf-1flox/flox mice and RIPCre+/-:Raf-1wt/wt mice (Figure 27B,D). Next, we
performed insulin tolerance tests. Female RIPCre+/-:Raf-1flox/flox mice displayed normal
insulin tolerance response compared to littermate control RIPCre+/-:Raf-1wt/wt mice
(Figure 28A,B). The male cohort displayed a similar trend, but the heterozygous
RIPCre+/-:Raf-1flox/wt mice appeared to be more insulin resistant than RIPCre+/-:Raf1flox/flox and RIPCre+/-:Raf-1wt/wt mice (Figure 28C,D). These observations further suggest
that Raf-1 may regulate glucose homeostasis in vivo and warrant further thorough
investigation.

5.4

Insulin secretion defect in Raf-1 knockout mice

Because we observed a normal response in the insulin tolerance test, we investigated
whether the impairment in glucose tolerance was due to defect in insulin secretion. We
obtained islets from RIPCre+/-:Raf-1flox/flox and RIPCre+/-:Raf-1wt/wt mice and subjected
them to perifusion with high glucose and KCl. We observed a blunted response to both
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glucose and KCl (Figure 29A), suggesting that the defect in glucose-stimulated insulin
release was distal to the activation of voltage-gated calcium channels. We also
observed a similar effect in RIPCre+/-:Raf-1flox/wt. Thus, Raf-1 appears to play a role in
the distal stages of exocytosis, either directly or indirectly. In preliminary data, we did
not observe a significant reduction in insulin content (Figure 29B) in Raf-1 knockout
mice compared to controls, which suggest a defect in insulin secretion. Together with
our in vitro findings, these data are consistent with the concept that Raf-1 plays an
important role in the maintenance of functional β-cell mass.
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Figure 25
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Figure 25. Generation of pancreatic β-cell–specific Raf-1 knockout mice
(RIPCre+/-:Raf-1flox/flox). (A) Breeding scheme diagram. (B) Isolated islets from
female RIPCre+/-:Raf-1flox/flox (KO) and RIPCre+/-:Raf-1wt/wt (control, C) mice at 12
wks were subjected to Western blotting for protein expression levels of Raf-1, BRaf, and ERK1/2. (C) Quantification of protein levels in B corrected to control.
*Denotes P<0.05 between RIPCre+/-:Raf-1wt/wt (control, C) and RIPCre+/-:Raf-1flox/
flox

(KO) or RIPCre+/-:Raf-1flox/wt (Het) by Student’s t-test, n=3 animal with littermate

control.
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Figure 26
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25

Figure 26. Body weight and fasting blood glucose levels of RIPCre+/-:Raf-1flox/flox
mice. RIPCre+/-:Raf-1flox/flox (closed circle) and RIPCre+/-:Raf-1wt/wt littermates (open
circle) were fasted for 6 hr, and body weight (A,B) and fasting blood glucose levels
(C,D) were measured. *Denotes p<0.05 between the 2 groups of mice as determined
by Student’s t-test, A,C (female, n= 6 knockout mice with littermate control) and B,D
(male, n=5 knockout mice with littermate control except on week 12, where there is only
one knockout mouse with littermate control).
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Figure 27
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Figure 27. Glucose tolerance test on RIPCre+/-:Raf-1flox/flox mice. Four groups of
littermate mice (RIPCre-/-:Raf-1wt/wt (light-gray triangle), RIPCre-/-:Raf-1wt/wt (open
circle), RIPCre-/-:Raf-1flox/wt (dark-gray triangle), and RIPCre+/-:Raf-1flox/flox (closed
circle)) were fasted for 6 hr before glucose tolerance tests were performed by
intraperitoneal delivery of glucose (2 g/kg of BW) at 8 wks (A,C) and 20 wks (B,D).
Blood glucose level was monitored for 2 hour after glucose delivery. *Denotes p<0.05
between RIPCre+/-:Raf-1flox/flox RIPCre+/-:Raf-1wt/wt mice as determined by Student’s ttest.

A,C (female, n=6 knockout mice with littermate control) and B,D (male, n=5

knockout mice with littermate control). Area under the curve (AUC) was measured as
the cumulative percent to fasting blood glucose level (time 0) and shown as insets.
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Figure 28
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Figure 28. Insulin tolerance test on RIPCre+/-:Raf-1flox/flox mice. Four groups of
littermate mice (RIPCre-/-:Raf-1wt/wt (light-gray triangle), RIPCre-/-:Raf-1flox/flox(dotted
triangle), RIPCre+/-:Raf-1wt/wt (open circle), and RIPCre+/-:Raf-1flox/flox(closed circle))
were fasted for 6 hr before insulin tolerance tests were performed by intraperitoneal
delivery of insulin (.75units/kg of BW) at 8 wks. Blood glucose was monitored for 1
hour after insulin delivery. A,C Shows blood glucose (mM) values and B,D shows
blood glucose corrected from basal glucose levels. A,B (female, n=6 animal with
littermate control) and C,D (male, n=4 animal with littermate control).
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Figure 29. Insulin secretion defect in RIPCre+/-:Raf-1flox/flox mice. Islets isolated from
RIPCre+/-:Raf-1flox/flox (closed circle), RIPCre+/-:Raf-1flox/wt (grey circle), and RIPCre
+/-:Raf-1wt/wt

(open circle) littermates were perifused with Krebs-Ringer buffer containing

3mM glucose. Islets were exposed to 20mM glucose (striped bar) and 30 mM KCl (gray
bar). Values are normalized to the pretreatment levels of insulin secretion to
compensate for uneven numbers of islets in each column (n=3 different cultures,
female, 6-8 wks of age).

(B) insulin content were measured in size-matched islets

isolated from RIPCre+/-:Raf-1flox/flox (KO), and RIPCre+/-:Raf-1wt/wt (Control), n=3 animal
with littermate control.
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6.

Discussion

6.1 Summary of major findings

The ultimate goal of this research is to understand the mechanisms controlling
pancreatic β-cell apoptosis so that we can apply this information therapeutically to type
1 diabetes, type 2 diabetes and clinical islet transplantation. In the present thesis, we
demonstrated that insulin promotes β-cell survival and proliferation via the activation of
Raf-1 kinase. We showed that Raf-1 kinase is expressed and functional in the β-cell.
We further demonstrated that inhibiting basal Raf-1 kinase activity results in a rapid and
robust programmed cell death in both primary islets and the MIN6 β-cell line. We also
showed that Raf-1 protects β-cells via both ERK1/2-dependent and -independent
modes (see Figure 30A). In the latter cascade, Raf-1 inhibition dephosphorylates Bad at
serine 112 and increases the levels of pro-apoptotic Bax. We also found that Raf-1 and
Akt work together to promote β-cell survival and that blocking both Raf-1 and Akt
signalling caused additive β-cell death. We observed that Raf-1 plays a small but
significant role in insulin secretion in vitro. Furthermore, our preliminary data suggest
that Raf-1 may play a role in glucose homeostasis and insulin secretion in vivo.
Collectively, these findings establish Raf-1 as a key node in the network of proteins
controlling β-cell survival and function.
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6.2

Local concentrations of insulin in the islets

The present findings suggest that insulin stimulates Raf-1/ERK1/2 activation and
Bad deactivation at concentrations expected in the systemic and portal circulation,
around 40-1000 pM (214). The in vivo significance of these findings remains to be
determined. Specifically, it is not yet clear whether our results mean that insulin
signalling is constitutively activated in islets in vivo or whether the local concentrations
of insulin that β-cells are exposed to are lower than expected. Although it may seem
intuitive that β-cells are exposed to higher concentrations of insulin than those observed
in the systemic or portal circulation, no direct in vivo measurements of insulin levels in
the intact local micro-environment have been reported to date. Indeed, there are a few
clues that point to the possibility that local concentrations of bioactive, monomeric
insulin may be within the picomolar or low nanomolar range. Theoretically, the
concentration of free monomeric insulin available for binding to insulin receptors is
dictated by a number of factors, including the rate of local blood flow, the rate of insulin
exocytosis, and the rate at which insoluble zinc-containing insulin crystals and
hexamers dissolve into monomeric insulin. Our group has proposed that a mathematical
model might be useful in estimating the contribution of each factor (215). It is also
important to consider the complex architecture of the islet microvasculature, which
allows for some β-cells to be perfused first (216-218). Regardless of the rates of insulin
secretion, decrystalization and blood flow, this would mean that a population of β-cells
would be exposed to insulin concentrations in the picomolar range. Thus, our studies
with 0.2 nM insulin are likely to be physiologically relevant to at least a sub-set
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population of β-cells.

6.3

Effects of insulin in pancreatic β-cell fate

Numerous studies point to insulin as a key regulator of β-cell apoptosis and
proliferation in vitro (38, 42) and in vivo (84-86). In vivo experiments have established
the requirement for insulin receptor signalling for β-cell mass homeostasis, but they do
not distinguish between acute and chronic effects of insulin or provide information on
the optimum concentration of circulating insulin. While the exact concentration of
dissolved insulin available for β-cell insulin receptors in vivo remains a subject of
speculation and debate, our in vitro studies and others indicated that low nanomolar
(0.2-20 nM) concentrations of insulin rescued human and rodent islets from serumwithdrawal-induced apoptosis (38, 42). Higher concentrations of insulin (200 nM) were
relatively ineffective at reducing human β-cell apoptosis (42). Similarly, work from
another group found that low insulin (0.1 nM) reduced caspase 3-activity in glucosedeprived β-cells, while 100 nM insulin increased caspase-3-mediated death (219),
further suggesting that insulin signalling can be biphasic (102, 220). These and other
observations led us to postulate that the pro-survival and mitogenic autocrine effects of
insulin might be lost outside a relatively narrow concentration range (42, 178). It is also
notable that concentrations of insulin in the picomolar to low nanomolar range have
higher affinity for the insulin receptor than superphysiological concentrations (177). Both
low (0.2 nM) and high (200 nM) concentrations of insulin stimulate β-cell proliferation,
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but the high concentrations of insulin readily cross-activate the IGF-1 receptor (177).
Indeed, the effects of 100 nM insulin and 100 nM IGF-1 on MIN6 cell apoptosis were not
additive (221), suggesting common mediators. Collectively, our new data point to
ERK1/2 and Bad as downstream targets that can be significantly regulated by 0.2 nM
insulin. Consistently, the effects of insulin at the high 200 nM concentration were either
non-significant or did not show a stronger effect than 0.2nM insulin. Negative feedback
in insulin signalling may be an adaptation to prevent the oncogenic effects of excess
mitogenic and anti-apoptotic signalling (222).

6.4

Novel mechanisms of the pro-survival effects of insulin

Insulin is known to activate multiple downstream pathways to suppress apoptosis
in other cell types (223), but the specific pathways targeted by insulin in β-cells had not
been elucidated. Previous evidence suggested that Akt was not likely to play a
dominant role in β-cell insulin signalling (42) or the regulation of β-cell mass (52). Most
of the protective effects of insulin were maintained in mice severely deficient in islet Akt
activity (42). Moreover, insulin did not stimulate Akt phosphorylation at serine 473 in
primary islets (42). Because we did not investigate other key phosphorylation sites of
Akt, we cannot fully rule out the effects of insulin on this kinase. Nevertheless, instead
of Akt, we focused the present study on Raf-1, a kinase that has not previously been
studied in the pancreatic β-cells but is an established insulin target in other cell lines
(73). Our studies indicate that treatment of islets and MIN6 cells with 0.2 nM insulin,
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which is likely to interact primarily with the insulin receptor rather than the IGF-1
receptor, caused an increase in Raf-1 phosphorylation at serine 338. This is in
accordance with earlier studies demonstrating that 0.1 nM or 7 nM insulin significantly
increased Raf-1 activity and serine phosphorylation in cell lines expressing insulin
receptors (73, 74). We have previously demonstrated that Raf inhibitor and dominantnegative Raf-1 specifically blocked the effects of 0.2 nM insulin on β-cell proliferation,
but did not decrease the proliferation stimulated by 200 nM insulin. Together, our
findings support the notion that the Raf/MEK/ERK1/2 arm of the insulin signalling
pathway plays a critical role in both β-cell survival and proliferation.

Our data presented here and work from other groups are in agreement that insulin
and glucose stimulate the rapid translocation of ERK1/2 to the nucleus (182), an event
likely to promote β-cell survival and growth via ERK1/2-dependent transcription (182).
Additional support for the hypothesis that insulin and glucose may have overlapping
mechanisms comes from the observations that the activation of ERK1/2 by insulin and
glucose share many common signalling requirements, including Ca2+ mobilization, and
the activation of FK506-sensitive calcineurin, and KN93-sensitive CaMKII (182, 185,
224). The present study provides additional evidence that Ca2+ mobilization is important
for insulin-induced ERK1/2 phosphorylation. Blocking Raf-1, ERK1/2, or Ca2+ signals
induced β-cell apoptosis. Furthermore, we have now identified the NAADP-sensitive
Ca2+ store as a mediator of ERK1/2 activation in β-cells. Like insulin, NAADP-stimulated
Ca2+ mobilization follows a bell-shaped concentration-response profile in human β-cells
(102). Together with our previous data on CD38-deficient islets (190), these
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observations point to the complex role of Ca2+ signalling in the β-cell that warrant further
investigation.

Although ERK1/2 is known as a pro-survival kinase in many cell types (184), the
role of ERK1/2 in β-cell survival is enigmatic. Some investigations point towards an antiapoptotic role for ERK1/2, while other studies suggest a requirement for sustained
ERK1/2 phosphorylation in various forms of β-cell apoptosis (58, 80). Multiple studies
have reported that cAMP/PKA mediated-ERK1/2 signalling regulates β-cell growth and
survival via Bcl-2 and IRS-2 (58, 61). Our own work suggests that basal Raf-1/ERK1/2
signalling is essential for survival in primary β-cells. For instance, a dominant-negative
Raf-1 mutant or a Raf inhibitor caused rapid death that was associated with downregulated ERK1/2. In the present study, we observed increased death in β-cells treated
with Raf and Ca2+ signalling inhibitors that was partly attributable to blunted ERK1/2
activation. On the other hand, sustained ERK1/2 activation of up to four days has been
shown to be required for β-cell apoptosis induced by chronic high glucose (33.3 mM) or
interleukin-1β treatment (80). The mechanisms of a putative dual role for ERK1/2
remain to be elucidated, but clearly the duration, strength and sub-cellular localization of
ERK1/2 signalling may be important in determining its net effect on cell fate (83).

Another key finding of the present study involves insulin’s effect on Raf-1 at the
mitochondria. In the present study, we showed that over-expressed Raf-1:GFP fusion
proteins were targeted to the mitochondria in the MIN6 β-cell line. Furthermore, we
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confirmed that endogenous Raf-1 localized to the mitochondria of islet β-cells and MIN6
cells. In addition to inducing ERK1/2 activation, insulin tightened the localization of Raf1 to mitochondria and promoted mitochondrial Raf-1 activity. These events allow Raf-1
to contribute to cellular survival by phosphorylating Bad. The possibility that Raf-1 might
also function by interacting with other proteins in the vicinity of mitochondria remains to
be addressed. The effects of insulin on Raf-1 at the mitochondria of islets and MIN6
cells are consistent with studies done on other cell types (143, 144). In other models,
Bcl-2 appears to be critical for Raf-1 translocation to the mitochondria (143). We
detected relatively stable protein-protein interactions between Raf-1 and Bcl-2 in β-cells.
Because Raf-1 physically associates with Bad, it is possible that Raf-1 may regulate the
function of Bad in glucose metabolism and insulin secretion (147). Thus, it will be of
interest in the future to unravel exactly how insulin regulates Raf-1 binding to Bcl-2
proteins, the mitochondrial translocation of this complex, and the phosphorylation of
Bad.

6.5

Autocrine insulin signalling in pancreatic β-cells treated with glucose

Like insulin, glucose has been reported to regulate proliferation and survival of βcells (182). Glucose has been shown to act on the same set of genes as insulin (225,
226). However, it is unclear if the pro-survival effects of glucose occur via a mechanism
independent of autocrine insulin signalling. In the present study, glucose-induced
ERK1/2 phosphorylation was completely blocked in the presence of somatostatin in
MIN6 cells. These data are in agreement with previous observation that somatostatin or
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neutralizing anti-insulin antibodies reduced β-cell proliferation in the presence of high
glucose in dispersed primary mouse β-cells and MIN6 cells (44, 221). In contrast to the
effects of somatostatin on glucose-treated MIN6 cells, Wicksteed et al reported that
somatostatin had no effect on high glucose-induced activation of ERK1/2 in rat islets
(227). Differences in experimental procedures, the species, or microenvironment
(dispersed vs. intact islets) may explain this discrepancy. These experiments also come
with the caveat that somatostatin might directly inhibit glucose-dependent ERK1/2
phosphorylation that has been proposed to occur via cAMP and PKA (66). Therefore,
we also directly assessed the role of secreted insulin and demonstrated that islets from
mice with a ~50% reduction in glucose-stimulated insulin secretion have a proportional
~50% loss of ERK1/2 activation in response to glucose. Ideally, these studies would be
complemented with experiments using primary islets made acutely deficient in insulin
receptors using conditional gene ablation. It was recently shown that β-cell lines lacking
insulin receptors (but with IGF-1 receptor up-regulation) had impaired activation of PI3kinase and Akt in response to glucose, but intact ERK1/2 phosphorylation remained
(228). Together, these data suggest that both glucose and insulin can activate ERK1/2,
although a large proportion of the effects of glucose can be accounted for by autocrine
insulin signalling. While additional work is clearly required, studies from multiple groups
point to an important role for autocrine insulin signalling in β-cells.
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6.6

Raf-1 function in vitro and its downstream mechanisms

Although ours is the first study to directly examine the consequences of blocking
Raf-1 in primary and transformed β-cells, a possible role for Raf-1 in β-cell fate could be
inferred from several previous studies. For example, over-expression of RKIP, a protein
known to inhibit Raf-1 kinase, prevented proliferation of transformed β-cells, suggesting
the possibility that Raf-1 may be involved in β-cell growth (63). ERK1/2, a well-known
downstream target of Raf-1, has also been shown to participate in pathways controlling
β-cell survival. It has been reported in several studies that acute glucose and PKA
signalling may regulate β-cell growth and survival through ERK1/2 (11, 58, 66). On the
other hand, others have shown that activation of ERK1/2 is required for human islet
apoptosis in response to chronic exposure to high glucose concentrations or Interleukin1β (78). Thus, ERK1/2 signalling is activated in both pro-survival and pro-apoptotic
conditions, but the outcome may depend on the timing and duration of ERK1/2
activation (83). As reported by Longuet et al, ERK1/2 may also regulate insulin
secretion by phosphorylating synapsin I, a protein that is involved in insulin exocytosis
(154, 155). In the present study, we confirm that in both MIN6 cells and isolated mouse
islets, blocking Raf-1 moderately reduces insulin secretion. Overall, our data further
support the concept that ERK1/2 can transmit pro-survival signals and may promote
insulin secretion in β-cells. However, our results with the Raf-1 inhibitor also point to the
presence of important mechanisms downstream of Raf-1 that may not involve ERK1/2.
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Attenuation of Raf-1 kinase activity or ablation of Raf-1 protein levels is known to
cause apoptosis in many cell types (153, 207) including the pancreatic β-cells (229) as
demonstrated for the first time in the present study. The most well known signalling
action of Raf-1 kinase involves the activation of the MEK/ERK1/2 transduction cascade.
However, the generation of mice with whole body Raf-1 gene deletion yet intact
MEK/ERK1/2 activity enabled the identification of multiple downstream effectors other
than MEK/ERK1/2. Specifically, Raf-1 directly interacts with and phosphorylates Bad
(143). Our data in pancreatic β-cells support the observation that Raf-1 can reside at the
mitochondria and deactivate Bad, as previously reported in HEK 293T cells (143, 144).
However, the mechanisms of how Raf-1 translocates to the mitochondria remains
elusive. Wang et al have demonstrated that Bcl-2 proteins shuttle Raf-1 to the
mitochondria (143). Indeed, we have demonstrated that Raf-1 co-immunoprecipitated
with Bcl-2 and Bcl-xL, suggesting a direct or indirect interaction. But it remains unclear
whether such an interaction is required for Raf-1 to translocate to the mitochondria.
Studies using cells devoid of individual or multiple Bcl-2 proteins will be helpful to
elucidate whether Bcl-2 proteins are required for Raf-1 translocation to the mitochondria
in the β-cells.

Additional non-Bcl-2 dependent action of Raf-1 has also been described.
Deletion of the Raf-1 gene was also associated with increased activity of Apoptosis
Signalling Kinase-1 (ASK-1)(141) and mice lacking the ASK-1 gene are resistant to
apoptosis induced by blocking Raf-1 signalling. Raf-1 and ASK-1 have been reported to
interact directly and it has been suggested that Raf-1 catalytic activity is not required for
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inhibition of ASK1-induced cell death (207). Our data were inconclusive on the role of
ASK-1 in β-cells and future studies will be required. On the other hand, our data provide
strong evidence for the notion that Raf-1 acts via both ERK1/2 and Bad in β-cells.
Because Raf-1 is a central hub of numerous pro-survival signalling pathways, it is
conceivable that simultaneous activation of MEK/ERK1/2 pathways and inhibition of
Bad may be required to maximize β-cell survival (141).

6.7

Raf-1 function in vivo

The direct role of Raf-1 in β-cell function in vivo is not known. However, blocking
Raf-1 signalling reduced basal insulin secretion levels in MIN6 cells (229) and glucoseinduced insulin secretion in primary islets (229) and INS-1 cells (230). Inhibiting ERK1/2
signalling also reduced basal insulin secretion in MIN6 cells, suggesting that the effects
of Raf-1 on insulin secretion is mediated partly by ERK1/2 (229). In preliminary data, we
have demonstrated that lack of Raf-1 protein in pancreatic β-cells resulted in increased
fasting blood glucose in Raf-1 knockout RIPCre+/-:Raf-1flox/flox mice compared to control
RIPCre+/-:Raf-1wt/wt mice. RIPCre+/-:Raf-1flox/flox have impaired glucose tolerance,
consistent with the idea that there is a defect in insulin secretion. Although these are
only preliminary data, we did not observe a significant reduction in insulin content in
Raf-1 knockout mice compared to controls, further pointing to a defect in insulin
secretion. To rule out the effect of β-cell mass, it will be imperative to investigate the
architecture and the size of the islets as well as the rate of apoptosis and proliferation of
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β-cells ex vivo. Elucidating the mechanisms of how this occurs is not within the scope of
the present thesis, however, we can speculate that cytoskeleton remodeling may play a
role. Recently, Kowluru et al demonstrated that protein farnesylation via Raf-1/ERK1/2
signalling pathway leads to the activation of Rac1, which is known to be important for
cytoskeleton reorganization, and the consequent exocytotic secretion of insulin (230).
Raf-1 inhibition caused impairment of glucose stimulated insulin secretion in the β-cells
(230). Thus, it will be of interest to examine the protein expression of the SNARE
proteins (syntaxin-1, SNAP-25 and VAMP) in islets from Raf-1 knockout mice compared
to controls. Taken together, the current data and these future studies will help define the
mechanisms of how Raf-1 affects pancreatic β-cell function in vivo.

6.8

Limitations of the study

Although the present study illuminated novel mechanisms of insulin signalling in
the β-cells, there are caveats that come with the use of chemical inhibitors, dominantnegative proteins and the Cre-lox system. The chemical inhibitors may have nonspecific targets. For example, the GW5074 may not only inhibit Raf-1 but also related
proteins like B-Raf and A-Raf at higher concentrations. Because these proteins have
the same downstream substrates it is difficult to isolate the inhibitors’ effects and to
interpret the results accurately. The dominant-negative proteins may also have similar
disadvantages. Raf-151-131-GFP may bind to activated Ras, thereby potentially affecting
multiple downstream pathways. Thus, it will be important in the future to examine the
effects of specific deletion of the Raf-1 gene in β-cells on ERK1/2 activation and
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apoptosis in vitro via siRNA. One other drawback of the study is that the Cre
recombinase itself may have effects on the host cells. Although, it has long been
assumed that the expression of Cre recombinase does not adversely affect the
physiology of the host cells, a growing body of evidence suggests that Cre recombinase
has deleterious effects in some systems (210, 231, 232). For example, experiments in
mouse embryonic fibroblasts have demonstrated effects on cell growth and DNA
damage (231). Experimental evidence from various diabetes laboratories also suggest
that RIP-Cre mice alone display glucose intolerance (210). In the present study, we
addressed the effects of Cre recombinase by limiting each mouse to one Cre
recombinase allele and we employed a specific breeding scheme (see Figure 25) to
obtain the proper ‘Cre-only’ controls. Unfortunately, the expression of Cre recombinase
could be mosaic, thus each animal may still have varying Cre-recombinase expression.
A reporter strain for monitoring Cre recombinase-mediated DNA excisions in mice will
be necessary to address this issue.

There are also limitations of performing mechanistic studies using the
transformed MIN6 cell line. Primary human and mouse islets are ideal experimental
systems, but there is an inherent technical difficulty in obtaining sufficient tissue for
some of the experiments that address the temporal profile of Raf-1 activation or the Raf1/Bcl-2 protein complex. We tried to be efficient in our use of primary islet protein by
cutting the membranes to assess more than one protein. However, in cases where an
antibody’s specificity is not well known or when a protein of interest has various
isoforms, we were only able to assess one protein per membrane. Certain antibodies
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such as cleaved-caspase 3 also require high protein level for detection. Another
technical difficulty is the true levels of insulin in our experiments where islets are
cultured in various concentrations of exogenous insulin because islets themselves
release ‘basal’ insulin constitutively. Indeed, we minimized this by using relatively few
islets in a large culture volume, thereby diluting released insulin. We have also
previously demonstrated our ability to ‘clamp’ insulin levels in our culture systems with a
relatively high degree of accuracy (42, 44). Despite these shortcomings, the present
study does provide a greater understanding of the action of insulin and Raf-1 in β-cell
survival.
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7.

Future Directions

Emerging evidence suggests that Raf-1 kinase is a critical regulator of survival
and proliferation, both key factors in maintaining a functional pancreatic β-cell mass.
Therefore, an understanding of upstream growth factors, such as insulin, that activate
Raf-1 warrant further study to increase our knowledge of signalling transduction
controlling β-cell mass. A more thorough characterization of mice with pancreatic β-cellspecific deletion of Raf-1 will also be important to understand the physiological role of
Raf-1 in β-cell survival, proliferation, and insulin secretion in vivo. It will be of interest to
investigate whether Raf-1 plays a role in the ability of the β-cell to increase mass in
response to pregnancy and in high-fat feeding. Future studies using tamoxifen-inducible
Raf-1 deletion with RIP-Cre-ER mice or Pdx-1-Cre-ER mice will be important to confirm
the preliminary data from the β-cell-specific Raf-1 deletion using RIP-Cre-Lox
recombination model. Future studies may also be directed at determining whether Raf-1
directly or indirectly affects the interactions of Bad, glucokinase, and PKA complex, and
thus, regulates their role in glucose metabolism and insulin secretion. The interaction of
Raf-1 and Bcl-2 protein family members at the mitochondria, where apoptosis and
cellular metabolism converge, highlights the critical role of impaired metabolism, β-cell
dysfunction, and a relative decrease in β-cell mass as major factors causing type 2
diabetes. In conclusion, a better understanding of the multi-functionality of Raf-1 may
provide exciting new information necessary for improving our understanding of β-cell
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biology and possible means to combat the loss of functional β-cell mass that occurs in
both type 1 and type 2 diabetes.
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Figure 30
A

GW5074
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Figure 30. Simplified model of anti-apoptotic signalling of insulin via Raf-1/ERK1/2
and Bad pathways. Activation of the insulin receptor may lead to the following pathways
to promote β-cell survival: 1) signalling through the Raf/MEK and ERK1/2 cascade, 2) the
Bcl-2-mediated translocation of Raf-1 to the mitochondria, where Bad is phosphorylated
and inactivated, 3) signalling via Ca2+ mobilization via NAADP-sensitive intracellular
stores. Green and red circles denote stimulatory and inhibitory phosphorylation
respectively. Many signalling molecules have been omitted for clarity.
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