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ABSTRACT
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Protein tyrosine kinases play an important role in the regulation of various cellular processes

such as growth, differentiation and survival. GTK, a novel SRC-like cytoplasmic tyrosine

kinase, was recently cloned from a mouse insulinoma cell line and the present work was

conducted in order to find a biological function of GTK in insulin producing and neuronal cells.

It was observed that kinase active GTK-mutants, expressed in RINm5F cells, transferred to the

cell nucleus and increased the levels of the cell cycle regulatory protein p27KIP1, reduced cell

growth and stimulated glucagon mRNA expression. Furthermore, wild type GTK induces

neurite outgrowth in the rat adrenal pheochromocytoma PC12 cell line, through activation of the

RAP1-pathway, suggesting a role of GTK for cell differentiation. Studies using transgenic mice,

expressing GTK under the control of the rat insulin 1 promoter, demonstrated a dual role of

GTK for β-cell growth: Whereas GTK increases the β-cell mass and causes enhanced β-cell

proliferation in response to partial pancreatectomy it also induced β-cell death in response to

proinflammatory cytokines and impaired the glucose tolerance in mice treated with the β-cell

toxin streptozotocin suggesting a possible role of GTK for β-cell destruction in Type 1 diabetes.

We have also observed that GTK-transgenic islets and GTK-expressing RINm5F cells exhibit a

reduced insulin-induced activation of the insulin receptor substrate (IRS-1 and IRS-2)-

pathways, partly due to an increased basal activity of these. GTK was found to associate with

and phosphorylate the SH2 domain adapter protein SHB, which could explain many of the

GTK-dependent effects both in vitro and in vivo. In summary, the present work suggests that the

novel tyrosine kinase GTK is involved in various signal transduction pathways, regulating

different cellular responses, such as proliferation, differentiation and survival.
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ABBREVIATIONS
aa: amino acids

CDK: cyclin dependent kinase

ECL: enhanced chemiluminescence

EGF: epidermal growth factor

EGFP: enhanced green fluorescent protein

GSK-3β: glycogen synthase kinase 3β:

ERK: extracellular signal regulated kinase

FAK: focal adhesion kinase

FCS: foetal calf serum

FGF: fibroblast growth factor

GAP: GTPase-activating proteins

GEF: guanine nucleotide exchange factor

IGF: insulin-like growth factor

IL-1β: interleukin-1β
IRS: insulin receptor substrate

INF-γ: interferon-γ
iNOS: inducible nitric oxide synthase

JNK: c-Jun NH2-terminal kinase

MAPK: mitogen-activated protein kinase

MEK : MAPK ERK-activating kinase

NGF: nerve growth factor

NLS: nuclear localisation signal

NO: nitric oxide

PARP: poly(ADP-ribose) polymerase

PCR: polymerase chain reaction

PDK: phosphoinositide dependent protein kinase

PH: pleckstrin homology

PI: phosphatidylinositol

PI3K: phosphatidylinositol 3’ kinase

PLCγ: phospholipase Cγ
PKC: protein kinase C

PTB: phosphotyrosine binding

PTK: protein tyrosine kinases

Px: partial pancreatectomy

RBD: RAP/RAS binding domain

Rip1: rat insulin 1 promoter

SH2/3: SRC homology 2/3

TNF-α: tumour necrosis factor-α
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INTRODUCTION

Type 1 diabetes results from a selective destruction of the insulin producing β
cells and a limited capacity of the remaining cells to regenerate in a

compensatory manner. Stimulating neogenesis, growth or survival could be ways

to increase the β-cell population and possibly cure diabetes. To accomplish this,

however, we need more knowledge of the factors that regulate each of these

processes in the islet β cells. Protein tyrosine kinases (PTKs) play an important

role in the regulation of various cellular responses. In search of PTKs expressed

in pancreatic β cells a novel cytoplasmic SRC-like tyrosine kinase was identified

and subsequently cloned from the mouse βTC-1 cell line [1]. An early study

revealed that GTK, when mutated on two regulatory tyrosine sites within the

carboxy (C)-terminal tail (GTKY497/504F), localised to the cell nucleus and reduced

cell growth in NIH3T3 cells [2], suggesting a role of GTK in the regulation of cell

proliferation or survival.

The overall aim of this thesis was to assess a role of GTK in the regulation of β-

cell growth, differentiation and survival. For this purpose we have generated

transgenic mice expressing GTK under the control of the insulin promoter and

also overexpressed GTK in RINm5F and PC12 cells and studied various signal

transduction pathways and their biological responses.

The specific aims were:

• To determine the kinase activity and subcellular localisation of GTK in

RINm5F cells with special emphasis on the importance of Tyr-497 and Tyr-504

within the C-terminal tail (I).

• To find a possible role of GTK in regulation of growth, survival and hormone

production/release in insulin-producing cells in vitro and in vivo (I, II, III)

•   To elucidate a role for GTK in IRS-signalling in insulin-producing cells (IV)

• To assess a possible role for GTK in rat pheochromocytoma PC12-cell signal

transduction and neuritogenesis (V).
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1 BACKGROUND

1.1 Cell Signalling by Protein Tyrosine Kinases
PTKs are found in all multicellular eukaryotic organisms and commonly function

to transduce signals from the extracellular environment across the plasma

membrane into the interior of the cell (reviewed in ref. [3]). PTKs can be

categorised as belonging to either the receptor or the non-receptor class, by virtue

of whether they possess or lack the receptor-like features of extracellular ligand-

binding and transmembrane domains. Both receptor and non-receptor PTKs can

be further classified into families based on their amino acid (aa) sequence within

the catalytic domain and the presence of common structural domains. The signal

transduction pathways that are stimulated by ligand binding to receptor PTKs can

ultimately induce diverse cellular responses such as growth, differentiation,

migration or survival. The important components of these processes include

binding of a growth factor to the extracellular domain of the receptor, receptor

dimerisation and a subsequent increase in the receptor kinase activity. This event

leads to tyrosine phosphorylation of the receptor itself and a variety of

intracellular substrates. Tyrosine phosphorylation creates docking sites for SH2

(SRC homology 2) or PTB (phosphotyrosine binding) domains of a variety of

signalling proteins and the specificity of the interaction depends on both the

amino acid sequence surrounding the phosphotyrosine, and the amino acid

sequence of the SH2 or PTB domain. A large family of SH2 domain-containing

proteins possess intrinsic enzymatic activities such as kinase activity (e.g. SRC),

phosphatase activity (e.g. SHP2) or phospholipase activity (e.g. PLCγ). Other

families of proteins, the adaptor proteins (e.g., SHC, GRB2, CRK) and docking

proteins (e.g. IRS, FRS2), contain only protein binding domains and utilise these

to mediate interactions that link different proteins involved in signal

transduction. The docking proteins contain an N-terminal membrane targeting

signal and a C-terminal large region that contains multiple binding sites for SH2

domains of signalling molecules.

1.1.1 The SRC-Family of Tyrosine Kinases
The SRC-family of non-receptor PTKs are 52-62 kDa proteins that localise to the

cell membrane where they are capable of binding directly to receptor PTKs and a

variety of other signalling or structural proteins. The SRC-family members share

a similar structure, consisting of a N-terminal unique domain, a SRC homology 3
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(SH3) and SH2 domain, a kinase domain and a short C-terminal regulatory tail

(reviewed in refs. [4, 5]). The 7 N-terminal residues (containing Gly-2 and Lys-7)

are necessary for myristoylation and membrane localisation. The SH3 domain

interacts with proline-rich sequences, whereas the SH2 domain binds

phosphotyrosines at specific sites.

Figure 1. Schematic picture of SRC and GTK. (A) Schematic diagram

illustrating inactive assembled (left) and active (right) SRC kinases (from Young

et al., 2001 [6]) (B) Schematic picture of SRC and GTK showing the functional

domains and the regulatory tyrosines.

Phosphorylation of a conserved tyrosine, near the C-terminus (Tyr-527 in

SRC), by the ubiquitous C-terminal SRC kinase (CSK), represses SRC kinase

activity and dephosphorylation or competition of SH2 domain-binding by

phosphotyrosine-containing ligands, activates it. Loss of the regulatory tyrosine,
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by for instance site-specific mutagenesis, renders SRC continuously active and

transforming. In contrast, phosphorylation of a conserved tyrosine within the

activation loop of the kinase domain (Tyr-416 in SRC) correlates with increased

kinase activity. Tyr-416 in SRC is the major site of autophosphorylation in vitro

and introduction of a Y416F-mutation eliminates its partial transforming activity

and suppresses the ability of SRC to be activated by Tyr-527 dephosphorylation

[7]. The three-dimensional structure of SRC shows that there is an intra-molecular

association of the SH2 domain with the phosphorylated Tyr-527 in the tail.

Moreover, the SH3 domain contributes to the stability of the closed state, through

the interaction of the SH3 domain with the linker that joins the SH2 and catalytic

domains [8, 9]. The SH2 and SH3 domains do not directly block the active site of

the catalytic domain. Instead, the loss of activity is correlated with

conformational changes at the active site that disables it (Fig. 1A). An α helix

(helix C) that borders the active site is rotated outward in the inactive form,

resulting in displacement of a critical glutamate side chain (Glu-310) [6, 8].

1.1.2 The SRC-Related Tyrosine Kinase GTK
In search of tyrosine kinases expressed in insulin producing cells, Öberg-Welsh

and Welsh in 1995, identified and cloned a novel SRC-like tyrosine kinase,

which they named bsk [1]. An almost identical cDNA sequence was subsequently

cloned from mouse mammary tissue and published under the name iyk [10]. For

practical reasons we have renamed bsk/iyk to g t k due to its high sequence

similarity to the gastrointestinal associated kinase (gtk), cloned from rat intestinal

mRNA in 1996 [11]. GTK is closely related to the SRC-family members (Fig.

1B), with for instance 48% aa identity to SRC, and is believed to be the murine

homologue of human FRK/RAK [12, 13] (89% aa identity). Tyr-394 in GTK is

analogous to Tyr-416 in SRC and regarded as the autophosphorylation site,

whereas Tyr-497 and Tyr-504 within the GTK C-terminal tail are putatively

homologous to Tyr-527 in SRC.

It has been suggested that GTK and FRK/RAK represent a subgroup within

the SRC-family or even a group of its own, due to the lack of a complete

myristoylation signal, and a difference in a highly conserved region in the kinase

domain compared to the other SRC-family members. Moreover, FRK/RAK and

GTK contain a putative bipartite nuclear localisation signal (NLS) [14] in the SH2

domain and subcellular fractionation studies have revealed that wild type

FRK/RAK resides predominantly in the nucleus [13]. There are, however, some
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differences between GTK and FRK/RAK. For instance, FRK/RAK completely

lacks a myristoylation signal in the N-terminus, whereas GTK contains a partial

myristoylation signal with a glycine in position 2 (Gly-2). Moreover, GTK

contains an insertion of 7 aa N-terminal of the of the SH3 domain analogous to

SRC, FYN and LYN that is not present in FRK/RAK.

Little is known about the function and regulation of GTK and the other

members of this subfamily but some studies indicate a role of these proteins for

growth and/or differentiation. It has for instance been shown that overexpression

of GTK or FRK/RAK in NIH3T3 cells significantly reduces cell growth and in

case of FRK/RAK this occurred concomitantly with an association with the

retinoblastoma tumour susceptibility gene product pRB [2, 15]. Furthermore,

Berclaz et al. have demonstrated that GTK, although almost completely absent in

invasive mammary carcinomas, is expressed in normal human breast tissue,

indicating that GTK might be a tumour-suppressor gene [16].

The subcellular localisation of GTK and FRK/RAK seems to be important

for its function. For instance, wild type FRK/RAK is predominantly expressed in

the nucleus where it binds pRB during G1 and S phases of the cell cycle and

inhibits cell growth [15]. In contrast, wild type GTK, which is mainly localised to

the cytoplasm, is not capable of reducing cell proliferation in NIH3T3 cells.

Expression of the double-mutated GTKY497/504F, however, decreases NIH3T3 cell

growth due to an increased GTK kinase activity, induced by the Y504F-mutation

and a transfer of GTK into the nucleus induced by Y497F [2]. None of the single-

mutants could affect NIH3T3 proliferation, indicating that both nuclear

localisation and kinase activity was necessary. Moreover, GTK expression in

breast epithelium is mostly cytoplasmic during the proliferative phase of the

menstrual cycle, whereas nuclear staining is observed in the resting stages,

suggesting that GTK must enter the nucleus to exert its growth inhibitory effect

[16].

1.1.3 The SH2 Domain Adaptor Protein SHB
The adaptor protein SHB was originally cloned as a serum inducible gene in the

βTC-1 cell line and contains proline-rich sequences in its N-terminus, a central

PTB domain, several potential tyrosine phosphorylation sites and a C-terminal

SH2 domain [17]. SHB gene expression is under the control of protein tyrosine

kinases [18] and has been found to interact with several receptor PTKs (PDGF-

rec., FGFR-1, T-cell receptor), via its SH2 domain [19, 20]. Upon tyrosine kinase
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activation, SHB associates and forms complexes with several signalling

molecules, such as SRC, p85 phosphatidylinositol 3 kinase (PI3K) and

phospholipase Cγ (PLCγ), resulting in distinct cellular responses in different cells

types [21]. NIH3T3 fibroblasts overexpressing SHB rapidly undergo enhanced

rates of apoptosis upon serum withdrawal [22] and likewise, apoptosis is

increased in SHB-overexpressing β cells when exposed to cytokines [23].

Transgenic mice, in which SHB is overexpressed under the control of the insulin

promoter, exhibit a larger β-cell mass and increased sensitivity to multiple low

doses of streptozotocin [23]. PC12 cells overexpressing SHB display increased

neurite outgrowth in response to nerve growth factor (NGF), fibroblast growth

factor (FGF) and epidermal growth factor (EGF) [24].

1.1.4 TrkA Signalling in PC12 Cells
NGF, a member of the neurotrophin family of growth factors, supports survival

and differentiation of neurons of the peripheral and central nervous system. Upon

NGF binding, the receptor PTK TrkA, undergoes dimerisation and tyrosine

phosphorylation. Tyrosine phosphorylation of the receptor first serves to

stimulate the activity of the Trk kinase domain and secondly, to recruit

cytoplasmic signalling proteins to the receptor, resulting in their tyrosine

phosphorylation or activation (reviewed in refs. [25, 26]). The rat adrenal PC12

pheochromocytoma cell line is commonly used to study NGF signalling [27, 28].

These cells express TrkA and in response to NGF, differentiate with sympathetic

neuron-like characteristics including neurite outgrowth. Signalling molecules

containing SH2 or phosphotyrosine-binding domains, such as the adaptor protein

SHC, fibroblast growth factor receptor substrate (FRS2/SNT), PLCγ and PI3K

interact with activated TrkA and transmit NGF signals. Rapid TrkA-mediated

tyrosine phosphorylation of FRS2 and SHC enables them to recruit the GRB2

adaptor protein in complex with the guanine nucleotide exchange factor (GEF)

SOS, which subsequently activates the small GTPase RAS. RAS recruits the

serine/threonine kinase RAF to the plasma membrane where it phosphorylates

MEK (MAPK ERK-activating kinase), which in turn phosphorylates and

activates the p42/p44 MAPKs (mitogen-activated protein kinase), also known as

ERK1 and ERK2 (extracellular signal regulated kinase) (Fig. 2).
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Figure 2. Simplified diagram showing some transduction pathways activated by

NGF [25, 26, 29, 30].

The RAS-ERK pathway has been suggested to be both necessary and

sufficient for NGF induced differentiation in PC12 cells [31, 32], since expression

of constitutively active forms of RAS, RAF or MEK induce NGF-independent

differentiation, whereas dominant negative forms of these proteins block NGF-

induced neurite outgrowth. It has also been suggested that persistent ERK
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activation is critical for differentiation of PC12 cells, since transient activation of

ERK, induced by agents such as EGF, is insufficient to stimulate neurite

outgrowth [33, 34]. Recent studies have proposed that RAS is responsible for the

initial and transient activation of ERK whereas another small GTPase named

RAP1 mediates the sustained activation [29, 30]. It was also suggested that NGF

induces RAP1 activity through phosphorylation of FRS2, which scaffolds the

assembly of a complex including the adaptor molecule, CRK and the RAP1

specific GEF, C3G [29]. Moreover, NGF and EGF have been shown to stimulate

the phosphorylation of CRKII and its association with another adapter protein,

p130CAS [35] and overexpression of CRKI and CRKII induces NGF-independent

neurite formation of PC12 cells [36]. There is, however, considerable

disagreement over whether and how RAP1 is regulated. Kao et al. have observed

EGF-induced RAP1 activation, consistent with data reported by Bos and

colleagues, but in disagreement with the group of Stork [29, 30, 37]. In contrast,

Bos and colleagues have failed to detect RAP1 activation upon NGF treatment of

PC12 cells [37, 38]. There is no clear explanation for the different experimental

outcomes.

Several studies have also challenged the issue of the sufficiency and

necessity of sustained ERK activation for neuritogenesis. Thus, persistent

stimulation of the RAS-ERK pathway alone is insufficient for growth factor-

induced PC12 cell differentiation [39] and expression of a mutant RAP1 that

blocks the sustained ERK activation does not inhibit neurite outgrowth triggered

by NGF [30]. Moreover, neurite outgrowth promoted by, for instance, c-Jun NH2-

terminal kinase (JNK) [40, 41], SHB [24], SH2-Bβ [42] and p38 MAPK [43, 44]

occurs independently of ERK activity. These findings strongly suggest that

signalling pathways other than the RAS-ERK cascade also contribute to neuronal

differentiation of PC12 cells.

An NGF independent activation of CRK and RAP1 may occur via

extracellular matrix components and focal adhesion kinase, FAK. Integrin or

growth factor-induced activation and autophosphorylation of FAK induce the

complex formation with SRC and this association activates both kinases, which

then act on potential substrates such as tensin, paxillin and p130CAS [45]. The

latter then associates directly with both CRK and C3G and transfers the

CRK/C3G complex to the cell membrane where C3G becomes activated and

consequently induces the activation of RAP1. Interestingly, expression of v-SRC

in PC12 cells induces NGF-independent differentiation [46] and FAK expression
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is upregulated in v-CRK expressing PC12 cells [47]. Moreover, FAK and a

related kinase PYK2, were recently shown to regulate neurite outgrowth induced

by co-stimulation of EGF receptors and integrins by an ERK-independent

pathway [48].

Apart from neuritogenesis, NGF also promotes electrical excitability,

enhances survival and induces a cessation of proliferation. NGF-induced survival

is dependent on PI3K activity and does not require the RAS-ERK pathway [26].

PI3K is composed of an SH2 domain containing regulatory subunit (p85) and a

catalytic domain (p110), which phosphorylates the D-3 position of the inositol

ring of phosphoinositides, and produces PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 in

cells. PI(3,4)P2 recruits and activates AKT [49], whereas PI(3,4,5)P3 recruits and

activates phosphoinositide dependent protein kinase-1 (PDK-1) [50]. AKT, in

turn, when phosphorylated by PDK1 in position Thr-308 and autophosphorylated

in position Ser-473 [51], promotes cell survival by phosphorylating BAD,

Caspase-9, the Forkhead transcription factors and other substrates [52].

1.1.5 Insulin Receptor Signalling
Insulin, a polypeptide hormone produced by the pancreatic β cells, plays a

crucial role in the regulation of energy metabolism. The insulin receptor is a

tetramer, composed of two extracellular ligand binding α-subunits that are each

linked to a β-subunit by disulphide bonds. The intracellular portion of the β-

subunit contains the insulin-regulated tyrosine protein kinase and several

autophosphorylation sites. Although adjacent insulin receptor molecules are

covalently linked, insulin binding modifies the α-subunit dimer, which mediates

trans-autophosphorylation between the β-subunits [53]. Unlike many receptor

PTKs, the insulin receptor binds poorly to Src homology 2 (SH2) proteins,

therefore the insulin receptor substrates (IRS-proteins) and SHC function as

interfaces between the receptor and various SH2-proteins.

IRS-proteins are docking proteins that contain N-terminal pleckstrin

homology (PH) and PTB domains that mediate protein-lipid or protein-protein

interactions and over 20 potential tyrosine phosphorylation sites in the C-

terminus that create SH2-protein binding sites. Distinct genes encode IRS-1 and

IRS-2 and emerging data suggest that, despite certain redundant functions, they

may engage disparate signalling molecules and mediate different responses.
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Figure 3. Simplified diagram showing some transduction pathways activated by
insulin [54-61]).

IRS-proteins undergo rapid and marked tyrosine phosphorylation in

response to insulin or insulin-like growth factors (IGF-1 and IGF-2) and bind

GRB2/SOS, which subsequently activates the RAS-ERK pathway (see above).

The IRS-proteins also bind PI3K, SHP2, FYN, NCK, and CRK [54-58]. PI3K

activation promotes survival by activating AKT, as described above, but also

protein synthesis via activation of p70s6k. Moreover, activation of PDK-1 by

PI3K stimulates protein kinase C (PKC)-ζ , which induces glucose uptake by

translocation of the glucose transporter GLUT-4 to the cell membrane in muscle

and adipose tissue [61]. In muscle and liver, PI3K induces glyconeogenesis via

AKT and its inhibition of glycogen synthase kinase 3β (GSK-3β) [62] (Fig. 3).

Recently, IRS-1 was also found to interact with FAK upon insulin stimulation

leading to tyrosine phosphorylation of IRS-1 and increased PI3K activity [63].

Several lines of evidence indicate that serine phosphorylation of IRS-1 has

an inhibitory effect on insulin signalling by inhibiting IRS-1 tyrosine
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phosphorylation and this may be one mechanism underlying acquired insulin

resistance [64, 65]. This might occur by a negative feedback regulation of IRS-

activity because Ser/Thr kinases downstream of IRS, such as ERK, PI3K, AKT

and PKC-ζ are capable of phosphorylating IRS-1 on serine residues, which

modulates its function [60, 66-68].

The expression of a number of genes encoding key players in insulin

signalling and action has been altered in transgenic or knockout mice [69-71].

Whereas disruption of the IRS-1 gene causes a mild degree of peripheral insulin

resistance, which is compensated for by an increased β-cell mass [72, 73],

inactivation of the IRS-2 gene reduces the number of β cells and causes type 2

diabetes [74]. Double heterozygous mice (IRS-1+/-IRS-2+/-) exhibit reduced insulin

induced PI3K activation, due to an elevated basal activity, and in addition the β-

cell area of these mice is elevated at 4 months of age [75]. A tissue-specific

knockout of the insulin receptor in β cells reduces insulin secretion in response to

glucose, suggesting that insulin signaling is important for glucose sensing by the

pancreatic β cells [76].

1.1.6 The Cell Cycle and the G1 Restriction Point
The fundamental task of the cell cycle is to replicate DNA during S phase and to

distribute the chromosomes equally to two daughter cells during M phase. Cells

respond to extracellular signals, during the G1 phase, by either advancing toward

another division or withdrawing from the cycle into a resting state (G0) (reviewed

in ref. [77]). G1 progression normally relies on stimulation by mitogens and the

decision to divide occurs as cells pass the restriction point in late G1, after which

they become refractory to extracellular growth regulatory signals (Fig. 4). Cyclin

dependent protein kinases (CDKs), which are regulated by cyclin D, E and A,

control the G1-S transition.

The retinoblastoma tumour suppressor protein family (RB), consisting of

pRB, p130/RB2 and p107, controls gene expression mediated by a family of

transcription factors, collectively termed E2F, which transactivate genes whose

products are important for S-phase entry. In the hypophosphorylated form, RB

binds and inactivates E2Fs and its phosphorylation is triggered by cyclin D-

dependent kinases (CDK4 and CDK6) and is accelerated by the cyclin E-CDK2

complex. Cyclin A- and B- dependent kinases probably maintain RB in its

hyperphosphorylated state as the cycle moves on. Cyclin D-, E- and A-dependent

kinases are negatively inhibited by p21CIP1, p27KIP1 and p57KIP2 of which p27 is
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most directly involved in restriction point control. p27 levels are high in

quiescent cells but fall once the cells enter the cell cycle and this turnover is

accelerated by cyclin E-CDK2-mediated phosphorylation.

   
Figure 4. Simplified picture showing the G1 restriction point control [77].

1.2 Type 1 diabetes
Type 1 diabetes results from an autoimmune-mediated loss of the insulin-

producing β cells and affects millions of people worldwide [78, 79]. The aetiology

of Type 1 diabetes is complex but points to the contribution of both

environmental and genetic factors. The process of destruction of β cells is

chronic in nature, often beginning early in life and continuing over many months

or years. At the time of clinical diagnosis, more than 80% of the β cells have

been destroyed, whereas the islets are infiltrated with inflammatory mononuclear

cells (insulitis). Up to date there are few, if any, good ways to cure diabetes

although many researcher are working on different strategies to fight the disease

such as blocking of immune cells, promoting growth, neogenesis and survival of

pre-existing β cells or by introducing new β cells through transplantation.
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1.2.1 β-Cell Destruction in Type 1 diabetes
Considerable progress has been made in understanding the cellular process and

biochemical pathogenic processes of Type 1 diabetes although many questions

still need to be resolved. A simplified model of the autoimmune process is

showed in Fig. 5.

        
Figure 5. Simplified drawing of immune response in Type 1 diabetes [78-82].

The presentation of β-cell-specific autoantigens by antigen-presenting cells

(macrophages or dendritic cells) to CD4+ T helper (Th) cells in association with

MHC class II molecules is considered to be the first step in the initiation of the

disease process. Macrophages secrete interleukin (IL)-12, stimulating the CD4+

Th1 cells to secrete interleukin (IL)-2 and interferon (INF)-γ in which the latter

stimulates other macrophages to release IL-1β, tumour necrosis factor (TNF)-α,

nitric oxide (NO) and free radicals (ROS), which in synergy with INF-γ lead to

β-cell toxicity. During this process, cytokines induce the migration of β-cell

autoantigen-specific CD8+ cytotoxic T cells that bind autoantigen in association

with class I molecules inducing β-cell damage by the release of perforin and

granzyme and Fas-mediated apoptosis [78, 80, 81].
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1.2.2 Proinflammatory Cytokines
There is considerable experimental evidence supporting a role of macrophages as

effector cells in the diabetes process (reviewed in refs. [80, 82]). IL-1β, secreted by

activated macrophages, inhibits glucose-mediated insulin release [83] and, within

a defined time and dose window, exerts a β-cell selective toxic effect, whereas

other cytokines, such as INF-γ and TNF-α potentiate the actions of IL-1β [84, 85].

IL-1β exerts its action by binding to the IL-1 type 1 receptor, which leads to

stimulation of several down stream signalling pathways. IL-1β induced

phosphorylation of IκB results in NFκB nuclear translocation and subsequent

transcription of the inducible nitrite oxide synthase (iNOS) [86]. Activation of

PLC leads to generation of diacylglycerol and subsequent activation of protein

kinase C. Stimulation of sphingomyelinase by IL-1β, which releases ceramide

from membrane sphingomyelin, results in prostaglandin E2 production and

activation of JNK (c-Jun NH2-terminal kinase) and p38 MAPK [82, 87]. Finally,

IL-1β has been shown to activate ERK by a presently unknown pathway [88].

The β-cell selective toxicity of cytokines in the insulitis process has been

suggested to be dependent on endogenous production of NO in amounts

sufficient to kill the iNOS expressing β cells but insufficient to cause paracrine

damage of non-β cells [80, 82, 86]. NO inactivates aconitase and thereby inhibits

glucose oxidation and ATP generation [89] and causes DNA strand breaks, which

may result in an increased nuclear poly(ADP-ribose) polymerase activity and a

concomitant decrease in NAD+ [90, 91]. There are, however, some observations

suggesting that NO production is neither necessary nor sufficient for mediation

of cytokine-induced β-cell destruction and blocking iNOS does not fully protect

β cells from cytokine-mediated inhibition of insulin release or induction of

apoptosis [82]. Additional mediators of cytokine-induced β-cell death may

therefore be necessary, such as free oxygen radical generation or the activation of

other apoptosis-inducing pathways such as the MAPK cascades [88, 92, 93] or the

Fas/FasL system [94, 95].

After cytokine-induced damage, the β cells undergo an initial stage of

impaired function, characterised by decreased insulin release. During this phase,

different repair mechanisms may be activated and depending on the intensity of

the assault and the effectiveness of the repair, the cells may either die or survive

and regain their function [96].



23

1.3 Animal models
1.3.1 The Streptozotocin Model
Experimental diabetes can be induced in animals by injection of Streptozotocin

(STZ). STZ was first discovered as an antibiotic substance, produced by

Streptomyces achromogenes and was later found to be a β-cell specific toxic

substance [97, 98]. The STZ molecule is structurally similar to glucose and has

been suggested to be internalised into the cells via the β-cell specific glucose

transporter GLUT-2 [99]. Inside the cell STZ induces DNA-alkylation [100], which

activates the repair enzyme poly(ADP-ribose) polymerase (PARP) so extensively

that its substrate, NAD+, is critically depleted [101-103]. Since NAD+ is an

important cofactor in energy metabolism and its depletion results in lower ATP,

cells may die from energy loss. Contrary to the cytokine-induced DNA-damage

(see above), STZ-treatment leads to permanent β-cell dysfunction, characterised

by defects in glucose-induced insulin release and impaired nutrient metabolism

[96].

To induce diabetes, mice are either injected intravenously with a single high

dose of STZ or injected intraperitoneally with multiple low doses of STZ. The

single high-dose treatment induces direct β-cell toxicity as described above,

whereas the multiple low-dose treatment causes limited cell death and

inflammation leading to a cellular response that resembles the autoimmune

destruction in Type 1 diabetes in certain strains of mice.

1.3.2 The Partial Pancreatectomy Model
A model that has been useful in studying β-cell growth is the regenerating

pancreas after partial pancreatectomy (Px) [104-106]. Regeneration occurs through

replication of pre-existing differentiated cells and proliferation of ductal

epithelial cells that differentiate to form new pancreatic lobules. A 90% Px has

also been used as a model of diabetes since this large reduction in β-cell mass

results in hyperglycaemia [105]. However, 60% Px preserves normoglyceamia and

normoinsulinaemia in rat [107] but the pancreas still senses a deficit in mass and

regenerates in order to restore it. The mechanism of Px-induced regeneration is

still largely unknown although some genes, such as raf-1, ras and c-myc, have

been shown to be upregulated in this process [108, 109].
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2 METHODOLOGY

The methodology of this thesis is hereby explained in general terms. For more

detailed descriptions, see individual papers.

2.1 Intracellular Events

2.1.1 DNA
PCR. Polymerase chain reaction was used to amplify DNA (I, II). Shortly, DNA

was extracted and 1-2 µg were mixed with nucleotides, polymerase and specific

primers. The principle for a PCR reaction is as follows: the DNA is first

denatured at 95°C, the temperature is then lowered to 40-60 °C for the primers to

anneal to their target sequences and subsequently raised to 72 °C for DNA

polymerisation. The cycle is repeated 25-30 times.

Southern Blot Analysis: The PCR product was verified by Southern blotting (I,

II). Shortly, the PCR reaction was run on an agarose gel, denatured and

transferred to a filter (GeneScreen), which was subsequently UV cross-linked

and hybridised with a [γ-32P]dCTP-labelled probe, which selectively binds the

PCR-product. The filter was then washed, dried and exposed to a radioactive-

sensitive film (autoradiography).

2.1.2 RNA
Northern Blot Analysis. Northern blotting was used to assess expression of

GTK, insulin and glucagon in RINm5F cells (I, II). Total RNA, isolated from

cells using the RNeasy Mini Kit (Qiagen), was run on a denaturing agarose gel.

The RNA was transferred to GeneScreen filters, probed and detected by

autoradiography.

RT-PCR. RT-PCR is a hypersensitive method to assess mRNA levels. In paper I,

RT-PCR was used to determine glucagon mRNA levels in RINm5F cells and in

paper II it was used to assess expression of GTK in transgenic islets. Shortly,

mRNA was isolated and DNAse treated and 1-2 µg was used for cDNA synthesis

as follows: RNA was mixed with nucleotides, RNAse inhibitor, reverse

transcriptase and an oligo(dT)primer recognising the polyadenylated-tail, which
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is present in most mRNAs. The mixture was incubated for 60 min in 42 °C

followed by 5 min in 99 °C and another 5 min in 4 °C. The obtained cDNA was

used for PCR using specific primers and subjected to Southern blotting (as

described above).

2.1.3 Protein
Western Blot Analysis. Proteins were assessed by Western blotting (I, II, IV,

V). Denatured, negatively charged proteins were, run on a SDS-polyacrylamide

gel and transferred to a filter. The filter was blocked in milk or bovine serum

albumin and incubated with specific antibodies, recognising the protein of

interest and peroxidase-linked secondary antibodies, which bind to the primary

antibody. The protein was detected by ECL (enhanced chemiluminescence)

immunoblot detection system.

2.1.4 Subcellular Distribution
The localisation of GTK to different cellular compartments was measured after

subcellular fractionation by differential centrifugation (I). In short, cells were

gently sonicated and centrifuged at 12 000xg to pellet the nuclear fraction. The

supernatant was further centrifuged at 160 000xg. The pellet (membranous

fraction) and supernatant (cytosolic fraction) together with the nuclear fraction

were then subjected to Western blotting (as described above).

2.1.5 Protein Complex Formation

Co-immunoprecipitation. To establish if “protein A” associates with “protein

B” co-immunoprecipitation was used (IV, V). Cells were lysed and the nuclei

removed by centrifugation. “Protein A” was precipitated with specific antibodies

and bound to sepharose beads. The beads were washed, to remove unbound

proteins, and the bound proteins were denatured and subjected to Western

blotting for both proteins.

GST Fusion Proteins. For determination of domain-interactions, fusion protein

experiments were used. GST (glutathion S-transferase) fused to the CRK-SH2

domain was generated in large amounts in E. coli (paper V). PC12 cell lysate was

incubated with the GST-fusion protein, which was immobilized to glutathion-
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sepharose beads and association of SHB to CRK was assessed by Western blot

analysis (as described above).

2.1.6 Protein Activity

In vitro Kinase Assay. The kinase activity of GTK (I, V) and PI3K (IV) was

assessed by an in vitro kinase assay using radioactive ATP. Briefly, the protein

was immunoprecipitated and immobilized to sepharose beads. The beads were

washed and incubated with [γ-32P]ATP and/or an exogenous substrate.

We first studied GTK autophosphorylation (I, V). GTK was

immunoprecipitated, incubated with [γ-32P]ATP for 15 min. and run on a SDS

polyacrylamide gel. The [32P]- incorporation was assessed by autoradiography.

Due to the lack of known substrates for GTK, a GTK peptide containing the

autophosphorylation site of GTK was synthesised and used as an exogenous

substrate (I). GTK was precipitated and the peptide in a dose-dependent manner

was added together with [γ-32P]ATP for 5 min. The supernatant of the in vitro

kinase reaction (containing the peptide) was spotted on a phosphocellulose filter

and the radioactivity was measured by liquid scintillation counting.

The in vitro kinase activity of PI3K was assessed using phosphatidylinositol (PI)

as a substrate. Shortly, PI3K was immunoprecipitated using a phosphotyrosine

antibody (PY20) and incubated with PI and [γ-32P]ATP for 10 min.

Phospholipids were then extracted and separated on silica plates and radioactive

spots were detected with autoradiography and densitometry.

Phosphorylation. Kinases that are activated through phosphorylation can be

assessed studying their degree of phosphorylation. If the phosphorylation sites

are known commercially available phosphospecific antibodies can be used. This

was the case when ERK1/2, AKT, JNK and p38 activity was assessed (II, IV).

The cells were directly lysed in SDS-sample buffer, briefly sonicated and

subjected to Western blotting for the phosphospecific antibody and the amount

was normalised against the total amount of protein.

It is also possible to assess protein phosphorylation by blotting

immunoprecipitated proteins with an anti-phosphotyrosine antibody (4G10). This

method was extensively used in paper I, IV and V.
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GTP-Binding. RAS and RAP are related small GTPases. These proteins cycle

between two conformations induced by the binding of GDP or GTP. GEFs

induce the dissociation of GDP to allow association of the more abundant GTP,

which in turn is hydrolysed to GDP by intrinsic GTPase activity in combination

with GTPase-activating proteins (GAP) [110]. To study the amount of active,

GTP-bound RAP1 (paper V) we used a technique that involves the use of the

GST RalGDS-RBD fusion protein in affinity binding assays. This molecule

contains the binding domain (RBD) of the RAP1 effector RalGDS, which

specifically binds the effector-binding domain of activated GTP-bound RAP and

to a lesser extent RAS [111, 112]. Shortly, PC12 cell lysate was incubated with the

fusion protein immobilised to glutathione sepharose beads and Western blotted

for RAS and RAP.

2.2 Cellular responses

2.2.1 Cells
The cells used in this thesis are mouse NIH3T3 fibroblasts (I), rat RINm5F

insulinoma cells (I, IV), rat pheochromcytoma PC12 cells (V), monkey COS-7

kidney cells (IV) and mouse islet cells (II, IV). To obtain stable clones, cells

were transfected with expression vector containing, wild type, Y394F-, Y497F-,

Y504F or Y497/504F-mutated GTK and a neomycin resistant gene, or with

empty vector as control. The RINm5F cells and the NIH3T3 cells were

transfected using LipofectAMINE™ whereas the PC12 cells were electroporated.

Geneticin-resistant clones were picked and analysed for GTK-expression using

Northern and Western blotting.

Mouse islets were isolated from control and GTK-transgenic mice by (see

below) collagenase digestion and the islets were picked by hand and pre-cultured

in 11.1 mM glucose for 1-4 days before experimentation.

2.2.2 Proliferation

Cell Counting. To assess the proliferation of RINm5F cells, cell countings,

using a Bürker chamber, were performed (I). 30 000 cells were plated on day 0

and the number of cells were counted for 5 consecutive days.
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Cell Cycle Analysis. To establish the fraction of dividing cells we performed cell

cycle analysis (I). Subconfluent cells were trypsinised, fixed in 70% EtOH (-20

°C), RNAse treated and stained with propidium iodide. The fraction of cells in G1

S and G2/M phase was analysed by flow cytometry (FACSort Becton Dickinson).

Thymidine Incorporation/Labelling Index. To assess cell division of single

cells in vivo, autoradiography on tissues from animals injected with radioactive

thymidine was performed (II, III). The animals were injected with [methyl-3H]

thymidine one hour before cervical dislocation and the pancreas was dissected,

fixed, paraffin embedded and sectioned. Proliferating β cells were identified in

sections stained immunohistochemically for insulin and subjected to

autoradiography. The fraction of labelled cells (>5 black silver grains over the

nucleus) was determined and expressed as the labelling index (%).

2.2.3 Cell Viability
Within a specific time- and dose-window IL-1β and INF-γ induce β-cell specific

cell death [82, 86]. Cell viability in insulinoma RINm5F cells (I) and islet cells (II)

expressing GTK in response to these cytokines was assessed as follows: cells

were treated with IL-1β (50 U/ml) and INF-γ (1000 U/ml) for 48 hours after

which cell viability was determined. Necrotic-like and apoptotic-like cells can be

discriminated by their uptake of propidium iodide, appearance of cell nucleus

and size. RINm5F cells were stained with propidium iodide and analysed by flow

cytometry. Small cells with normal or moderately elevated degree of

propidium uptake were considered to be apoptotic since control staining with

annexin V (a phospholipid binding protein with high affinity for

phosphatidylserine exposed at the external surface of apoptotic cells) showed this

population to be annexin-positive. The cells of near-normal size but with strong

staining for propidium iodide were considered to be necrotic.

Flow cytometry requires single cell suspensions but since dissociation of

islet cells may cause artifacts on cell function and viability, we exposed whole

islets to cytokines, stained with Hoechst33342 (bisbenzamide) and propidium

iodide and analysed by fluorescence microscopy [113]. Apoptotic cells were

identified by their highly condensed or fragmented nuclei, which were only

bisbenzamide positive (early apoptosis) or both bisbenzamide and propidium

iodide positive (late apoptosis). Propidium iodide positive cells with intact round

nuclei were regarded as necrotic cells.
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2.2.4 Neuronal Differentiation
The rat PC12 tumour cells extend neurites in response to NGF. To elucidate the

effects of GTK on differentiation of PC12 cells we counted cells with neurites in

the absence and presence of 20 ng/ml NGF (paper V). The percentage of cells

with neurites extending at least two diameters of the cell body was determined.

To assess the impact of the RAP1 pathway for GTK-dependent neurite

outgrowth we performed transient transfections using LipofectAMINE™ of

PC12 cells with an expression vector containing RalGDS-RBD or RAP1-GAP

together with pIRES-EGFP and GFP-positive cells with neurites were counted in

a Zeiss fluorescence microscope.

2.2.5 Insulin Content and Secretion
To assess the role of GTK in insulin secretion and insulin content, islets from

control and transgenic mice were isolated, incubated in 1.7 mM glucose for 60

min followed by another 60 min incubation in 16.7 mM glucose (paper II). The

cells were homogenised in water and insulin was extracted with acidic ethanol.

The insulin released to the media and in the extracts was measured by

radioimmunoassay (RIA).

2.2.6 NO Formation
NO is a small short-lived and highly reactive radical that is produced by the

enzyme nitric oxide synthase (NOS), in a reaction where arginine and oxygen are

converted into citrulline and NO. To estimate the amount of NO formation,

induced by IL-1β and INF-γ (paper II), nitrite (N02
-, a stable metabolic product of

NO) was measured in the incubation medium [114]. The Greiss reagent reacts

with the nitrite and the colour of the product dye is measured

spectrophotometrically at 546 nm against a standard curve of sodium nitrite.

2.3 Animal Models
The Animal Ethics Committees in Uppsala/Umeå have approved all animal

experiments.
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2.3.1 Transgenic Mice
To obtain transgenic mice that express GTK or SHB in β cells, the cDNA of

Y504F-mutated GTK or wild type SHB [23] was placed under the control of the

rat insulin promoter 1 or 2 (Rip1, Rip2), respectively. The DNA was

microinjected into fertilised CBA mouse oocytes and implanted into

pseudopregnant CBA mice, this was performed at the animal care unit at Umeå

University under the supervision of Dr. H. Edlund and Dr. U. Ahlgren.

Incorporation of the transgene into the genome was verified by PCR and

Southern blotting (II, III, IV).

2.3.2 Streptozotocin
To induce diabetes, mice are usually given a single high dose injection of STZ

intravenously (usually 160-200 mg/kg body weight) or five low doses (40

mg/ml) intraperitoneally. The sensitivity to the toxic effect of STZ was

determined in paper III by injecting a lower dose of 120-140 mg/kg

intravenously. Only male mice were used in these experiments due to the

reported sex differences in the hyperglycaemic response to multiple low doses of

STZ [23, 115]. The blood glucose was assessed from blood collected from the tail.

The mice were subjected to an intraperitoneal glucose tolerance test on day 4

after the injection as follows: mice were injected intraperitoneally with 250 µl of

30% glucose, and blood glucose was determined on blood samples collected

from the tail immediately before the glucose injections and after 30, 60 and 120

minutes.

2.3.3 Partial Pancreatectomy
In paper III, 60% Px was performed in order to elucidate the role of GTK and

SHB for β-cell proliferation. Mice were anaesthetised with an intraperitoneal

injection of Avertin and the entire spleenic portion of the pancreas was removed,

keeping the duodenal portion intact. Sham-operated mice were handled as above

but without removal of the pancreas. Intravenous glucose tolerance tests were

performed four days after the surgery. The β-cell labelling index (described

above) was assessed at post-operative day 4 and 14.
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3 RESULTS AND DISCUSSION

3.1 Kinase Activity and Subcellular Localisation of GTK (I)
Phosphorylation of Tyr-527 in the SRC C-terminal tail induces an interaction

with the SH2 domain of the same molecule creating a three-dimensional structure

that impairs phosphotransfer [8]. SH2 domain binding to a phosphorylated

tyrosine requires a specific sequence of three to five aa immediately downstream

of the tyrosine [116] and for Tyr-527 in SRC these are Gln-Pro-Gly [117]. In GTK,

Tyr-504 is located at a position analogous to Tyr-527 in SRC, but since the aa

sequences following Tyr-497 and Tyr-504 are similar, namely Phe-Glu-Thr and

Ser-Asp-Thr respectively [1], it is conceivable that any of these two tyrosines

could be putatively homologous to Tyr-527 in SRC. In order to study the

importance of Tyr-497 and Tyr-504 for GTK kinase activity three mutants have

been generated: GTKY497F, GTKY504F and GTKY497/504F [2]. By assessing GTK

autophosphorylation it was observed that GTKY504F and GTKY497/504F are more

kinase active than wild type GTK and GTKY497F, indicating that Tyr-504 is the

main regulatory tyrosine  (Paper I, Fig. 4). This is in line with previous results

obtained from GTK-mutants immunoprecipitated from the NIH3T3 fibroblast

cell line [2]. To study the ability of GTK to phosphorylate an exogenous substrate

we generated a peptide corresponding to the Tyr-394 autophosphorylation site of

GTK (verified by phosphopeptide mapping, unpublished data), according to

Hansen et al. [118]. Only wild type and the Y497/504F-mutant GTK obeyed

Michaeli-Mentens kinetics over the substrate concentration range studied (paper

I, Fig. 5). GTKY504F and GTKY497F, increased Vmax whereas GTKY497/504F decreased

Km without changing Vmax. These results suggest that both Tyr-504 and Tyr-497

can regulate kinase activity and that simultaneous mutations of both tyrosines

increases the sensitivity of the kinase but reduces its maximal activity compared

with either one of these mutations alone. Since we do not know to what extent

GTK is phosphorylated on Tyr-497 and Tyr-504 in vivo the results obtained from

the in vitro kinase assays have to be interpreted carefully. Nevertheless, the data

suggest that Tyr-504 is the main regulatory tyrosine in GTK and may be

regarded as the Tyr-527 homologue.

The regulatory tyrosine in the tail of most SRC-family members is

phosphorylated by CSK in vivo. We have been unable to show that CSK

phosphorylates GTK (L. Welsh, unpublished data). However a study by Cance et

al., using FRK/RAK fusion proteins, clearly showed that CSK is able to
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phosphorylate the Tyr-527 homologue in the C-terminal tail of FRK/RAK [13].

The surrounding sequence and position of this tyrosine in FRK/RAK is almost

identical to that of Tyr-504 in GTK, with the exception of a cysteine, instead of a

serine, three aa upstream of Tyr-504 in GTK. Such a difference could have an

impact on the ability of CSK to phosphorylate GTK. Clearly, more studies are

required to determine the role of CSK for GTK phosphorylation.

Tyr-394 is the GTK autophosphorylation site (confirmed by

phosphopeptide mapping, L. Welsh, unpublished data) and has been suggested to

be homologous to Tyr-416 in SRC. The Y394F-mutated GTK exhibited a 30%

reduction of the relative in vitro kinase activity compared to the wild type GTK

(Paper IV, Fig. 2), suggesting indeed that Tyr-394 is an important

autophosphorylation site, analogous to Tyr-416 in c-SRC. This analogy suggests

that the Y394F-mutation may suppress the ability of GTK to be activated by Tyr-

504 dephosphorylation [7] and thus it is conceivable that the decrease of kinase

activity of this mutant may be more pronounced under conditions of in vivo

activation.

Most SRC-family members are myristoylated and localise to the cell

membrane. However FRK/RAK, which lacks both a myristoylation and

palmitoylation site localises mainly to the nucleus in COS-7 kidney cells and to

both nucleus and cytoplasm in BT-20 breast cancer cells [13]. GTK, in contrast to

FRK/RAK, contains a partial myristoylation site with a Gly-2 in the N-terminal

tail and it has been demonstrated that rat GTK is myristoylated in vivo and

localises to the membrane [11]. Interestingly, both FRK/RAK and GTK contain a

putative bipartite NLS [14], which is not present in the other SRC-family

members, suggesting that these proteins can be induced to enter the nucleus.

It was observed that wild type GTK only localised to the cell membrane

and cytoplasm in RINm5F cells, whereas all the GTK-mutants could enter the

cell nucleus as well (paper I, Fig. 6). This result is somewhat different from

previous results, which show that the Y504F-mutant is unable to localise to the

nucleus in NIH3T3 cells. The reason for this is not clear but might be explained

by the different GTK-isoforms expressed in these cell types. The NIH3T3 cells

express two GTK-isoforms of 60 and 57 kDa, of which the latter derives from

the 60 kDa isoform. In contrast, the RINm5F cells only express the 57 kDa

isoform. In NIH3T3 cells the Y497F-mutation was found to promote the post-

translational processing and relocalisation of p57 to the nucleus [2]. The means

by which Y497F-mutation promotes the conversion into the 57 kDa isoform is
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presently unclear but is likely to involve proteolysis, perhaps of the N-terminal

myristoylation site. Structural regions, other than the myristoylation site, that

may regulate the subcellular localisation of GTK are the SH2 and SH3 domains,

which can associate with other proteins at membranes or in the cytoplasm and the

NLS, which has to be exposed in order for it to be accessible for binding to

members of the importin family. Endogenously expressed GTK was unable to

translocate to the nucleus in RINm5F cells despite its 57 kDa isoform. A

speculative explanation for this is that the nuclear localisation of GTK is

inhibited by Tyr-497 and Tyr-504 phosphorylation. Thus, mutation of either Tyr-

504 or Tyr-497 might change the configuration of GTK, perhaps by reducing the

binding of the SH2 domain to the C-terminal tail. This might then uncover the

NLS in GTK and subsequently transfer GTK to the nucleus.

3.2 The Effect of GTK on Cell Growth in Vitro (I)
GTKY504F and GTKY497/504F overexpressing RINm5F cells exhibit a reduced cell

growth concomitant with an increased proportion of cells in the G1-phase,

compared to control transfected cells (Paper I, Fig. 1 and 2). The growth

abnormality was likely to be a consequence of altered cell replication rather than

cell degeneration, since cell survival, in the absence of cytokines, was unaffected

by GTK (Paper 1, Fig. 3). This result is partly in line with results obtained from

NIH3T3 cells showing a decreased growth rate of GTKY497/504F expressing cells

[2] and with a study by Liu and co-workers showing reduced colony formation of

NIH3T3 cells expressing wild type FRK/RAK [15]. Growth suppression of

RINm5F cells by GTK, requires increased kinase activity induced by the Y504F-

mutation, since cell growth was unaffected by wild type and Y497F-mutated

GTK. Several pieces of evidence have been presented arguing for nuclear

localisation as partly responsible for the growth-inhibitory effects of GTK and

related kinases. Firstly, GTKY504F did not reduce the proliferation rate in NIH3T3

cells and this was probably due to the inability of this mutant to enter the nucleus

in these cells (see discussion above). Secondly, GTK expression in breast

epithelium is mostly cytoplasmic during the proliferative phase of the menstrual

cycle, whereas nuclear staining is observed in the resting stages, suggesting that

GTK enters the nucleus to exert growth-inhibitory effects [16]. Thirdly, nuclear

localisation of another tyrosine kinase c-ABL, is associated with growth

inhibitory activities [119], whereas cytoplasmic localisation of c-ABL is

associated with transformation [120].
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Growth inhibition by nuclear tyrosine kinases is usually associated with

their interaction with nuclear cell cycle-regulatory proteins and c-ABL and

FRK/RAK have, for instance, been shown to bind the retinoblastoma tumour

suppressor protein pRB [15, 121]. Interestingly, we observed an increased level of

p130/RB2 in GTKY497/504F expressing NIH3T3 cells and elevated levels of the cell

cycle inhibitor p27Kip1 in GTKY504F and GTKY497/504F expressing RINm5F cells

compared to the control cells (paper I, Fig. 7). This is intriguing since RB2

overexpression has been demonstrated to inhibit tumour cell growth [122, 123] and

induce p27 levels in brain tumours [124].

3.3 Role of GTK for Hormone Production and Secretion (I, II)
Reduced proliferation and specific upregulation of RB2 is associated with

differentiation in several cellular systems [125-127] and it was therefore interesting

to study if GTK induced RINm5F cell differentiation. The cellular content of

insulin in these cells is approximately 1% of the content in native rat β cells and

they exhibit low or no responsiveness to glucose [128]. Moreover, the RINm5F

cell line is pluripotent and in addition to insulin, also expresses small amounts of

glucagon and somatostatin [128, 129]. To elucidate if GTK expression altered the

hormone contents in RINm5F cells, we assessed the mRNA levels of insulin and

glucagon, by Northern blotting or RT-PCR. We observed that GTKY504F and

GTKY497/504F expressing cells exhibited a dramatic increase in glucagon mRNA

levels, compared to control cells and GTKY497F expressing cells (Paper I, Fig. 8).

The insulin mRNA levels were slightly lower only in the GTKY497/504F clones.

These results may indicate that GTK induces differentiation of the RINm5F cells

to a more α-cell like phenotype.

To determine if GTK affects hormone expression in β cells we studied

insulin mRNA and protein content in GTK-transgenic and control islets isolated

from 3-month-old mice, but could not observe any differences between the

groups (paper II, Table 1). We also assessed the glucagon mRNA levels in GTK-

transgenic islets, but observed no significant changes compared to the control

islets (unpublished data). This was, however, expected since the GTK-transgene

is expressed exclusively in the insulin producing β cells. GTK-transgenic islets

showed significantly increased glucose-induced insulin release (paper II, Fig. 3)

compared to control islets. However, the altered insulin secretion in vitro could

not be confirmed in vivo when the glucose disappearance rate after an

intravenous glucose challenge was assessed (paper II, Fig.4).
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3.4 Role of GTK in Insulin-induced Signalling through the IRS-
Proteins (IV)
IRS proteins mediate various effects of insulin, including regulation of glucose

homeostasis, cell growth and survival [54-58]. In paper IV we elucidated the IRS-

signalling pathways involving PI3K, AKT and ERK1/2 in GTK-expressing

RINm5F cells and GTK-transgenic islet cells. A 40% reduction in insulin-

induced activation of signal transduction pathways downstream of the insulin

receptor, including IRS-1, IRS-2, PI3K, AKT and ERK1/2 was observed in cells

expressing wild-type and the more kinase active Y504F-mutated GTK. In

addition the results showed an increased association between SHB, IRS-2, and

FAK mainly in the GTKY504F cells. GTKY394F displayed responses insignificantly

altered compared to the control cells indicating that this mutant is less active than

wild type GTK in RINm5F cells, which is in line with the in vitro kinase data

(see above). In GTKwt and GTKY504F expressing RINm5F cells the PI3K

activation was reduced due to increased basal activity, similar to what is

observed in IRS-1-/+IRS-2-/+ cells (Fig. 3) [75]. GTK-transgenic islet cells,

however, showed a strongly perturbed IRS-2 phosphorylation, with elevated

basal levels and a blunted response to insulin, whereas IRS-1 phosphorylation

was moderately affected, indicating that IRS-2 is the main target for GTK in vivo

(Fig. 1). The elevated basal ERK1/2 activation in GTKY504F-expressing RINm5F

cells and transgenic islets (Paper IV, Fig. 5 and Paper II, Fig. 6) is thus likely to

occur via the elevated basal IRS-2 phosphorylation.

High concentrations of insulin can activate IGF-1 receptors in IR-/- muscle

cells [130] and it is therefore possible that a fraction of the insulin-induced

response in these experiments was dependent on IGF-1 receptor stimulation.

It has recently been suggested that negative feedback regulation of IRS-

activity, by for instance ERK, AKT and PKC-ζ [60, 66, 68], is important in insulin

signal transduction. Taking this into account, GTK might in fact be a potent

activator of IRS-signalling in the absence of insulin stimulation and the reduced

responsiveness to insulin in the transgenic islets and the RINm5F clones could

reflect the augmentation of one or more feedback regulatory mechanisms under

these conditions. Consistent with this idea is the increased basal activity of IRS-

2, PI3K, AKT and ERK1/2 and the increased association between SHB and IRS-

2 found in the GTKY504F expressing cells.
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Present and previous findings suggest that GTK may signal via SHB to

exert at least some of its effects. The observation that GTK induces

phosphorylation of SHB and its association with FAK in RINm5F cells is, for

instance, consistent with the findings in GTK-overexpressing PC12 cells (Paper

V) and GTK was found to bind and phosphorylate SHB in transiently transfected

COS-7 cells. Moreover, SHB has recently been shown to induce similar

perturbations in IRS-signalling in β cells and RINm5F cells as GTK, including

reduced insulin-induced activation of IRS-1, IRS-2 and PI3K as well as an

induced complex-formation between SHB, IRS-2 and FAK (Welsh, N. and

Welsh, M., unpublished data). A hypothetical model for the GTK-induced

disturbances in IRS-signalling may be as follows: Kinase active GTK, when

overexpressed in insulin producing cells, associates with and phosphorylates

SHB. This results in the recruitment of other signalling molecules, such as IRS-2

and FAK, to the complex, which induces phosphorylation of IRS-2 and

activation of the downstream RAS-ERK and PI3K-AKT pathways. The

constitutive activation of IRS-2-pathways in GTK-expressing cells induces

negative feedback regulation of IRS-1 and IRS-2 activity by, for instance, ERK,

AKT, and subsequently impairs insulin-induced activation of these pathways. In

summary, the present results suggest that GTK signals to modulate IRS-

signalling pathways in β cells and this might explain the results showing an

increased β-cell mass and increased cytokine-induced islet cell death in GTK-

transgenic mice.

3.5 Role of GTK for β-Cell Growth in Vivo (II, III)
Since GTK has been suggested to be a tumour suppressor we aimed at exploring

the role of GTK for growth of terminally differentiated adult β cells that exhibit a

very low proliferation rate. For this purpose we generated transgenic mice

expressing GTKY504F under the control of Rip1. We observed that GTK-

transgenic mice exhibited a larger β-cell mass, as a consequence of increased

relative β-cell area and a larger pancreas, compared to control mice (paper II,

Fig. 2). Moreover, GTKY504F induced a transient increase in β-cell proliferation 4

days after a 60% pancreatectomy (Px) compared to the corresponding sham

operated mice and Px operated controls (paper III, Fig. 2), suggesting that GTK

induces cell growth of adult β cells under certain conditions. There was,

however, no GTK-dependent increase in the proliferation in sham-operated mice,
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suggesting that the β cells may be activated by some unknown trophic factor for

GTK to exert its proliferative effect. It should be noted, however, that the

regeneration of adult islet cells is extremely low and even a small increase, that

could be difficult to detect by autoradiography, might result in a significantly

increased β-cell mass over a prolonged time span. It is not clear how GTK

induces proliferation but several findings point towards the IRS-2-RAS-ERK

pathway. Firstly, GTK-transgenic islets exhibit increased basal phosphorylation

of IRS-2 (paper IV, Fig. 1), which probably induces the elevated basal ERK

activity also observed in these cells (paper II, Fig. 6). Secondly, IRS-2 knockout

mice are unable to compensate for peripheral insulin resistance by increasing

their β-cell mass suggesting that IRS-2 is important for β-cell growth [74].

Moreover, IRS-2 expression co-localises with insulin in control islets and was

barely detected in non-β cells suggesting that, in the pancreas, IRS-2 is a β-cell

specific protein involved in islet proliferation [74]. Thirdly, genes upstream

regulators of ERK activity such as raf  and ras  have been shown to be

upregulated by Px suggesting that this pathway is involved in Px-induced

pancreas regeneration [108, 109].

How is GTK able to reduce cell growth in some cells and stimulate it in

others?  We presently do not have a definite answer to this question, but there are

some possible explanations that may be considered. Whereas RINm5F cells and

NIH3T3 cells, which are tumour cell lines, have a high proliferation rate in the

absence of GTK, adult islet cells only have the capacity of regenerating 2-3% of

the cells per day [131]. Although GTK might induce RB2- and p27- expression in

β cells, as it did in RINm5F and NIH3T3 cells, this might not have any impact on

β-cell growth since the β cells are likely to express high basal levels of these cell

cycle proteins even in the absence of GTK. As discussed above, GTKY504F was

localised to the nucleus in RINm5F cells but was only present in the cytoplasm

and membrane in NIH3T3 cells [2] (paper I). The subcellular localisation of

GTKY504F in the transgenic β cells is presently unknown but in case it is mainly

expressed in the cytoplasm it is conceivable that GTK could induce growth

stimulatory effects in β cells. This would be in line with c-ABL, which is a

nuclear protein that usually inhibits proliferation but which obtains transforming

ability when localised to the cytoplasm [120]. Studies of GTK in breast epithelium

have shown that the subcellular localisation of endogenous GTK is dependent on

the hormonal state, suggesting that GTK localisation could be regulated and

changed depending on the environment and the stage of cell differentiation.
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Taking this into account it is possible that GTK is directed to the cytoplasm in

response to Px or other stimuli to activate mitogenic signalling pathways.

3.6 Role of GTK for β-Cell Destruction (I, II, III)
Proinflammatory cytokines have been suggested to be important mediators in the

autoimmune destruction of β cells in Type 1 diabetes. IL-1β , secreted by

activated macrophages, exerts β-cell selective toxic effects, whereas INF-γ
potentiates the actions of IL-1β [84, 85]. We have demonstrated that GTKY504F and

GTKY497/504F increase cytokine-induced cell death in insulinoma and islet cells

(paper I, Fig. 3 and paper II, Fig. 5A). Furthermore, GTK-transgenic islets

showed a more pronounced inhibition of glucose-stimulated insulin release in

response to cytokines than the control islets (paper II, Fig. 3). These effects were

probably not dependent on activation of NFκB since there were no detectable

differences in iNOS expression or NO production between the groups (paper II,

Fig. 5B). Although NO has been proven to be an important second messenger for

the cytotoxic effect of IL-1β, there are several observations suggesting that NO

production is neither necessary nor sufficient for cytokine-induced β-cell

destruction. It has for instance been shown that FACS-purified β cells from iNOS

deficient mice are susceptible to cytokine-induced apoptosis [132] and in vivo-

effects of iNOS inhibitors are generally modest, indicating that additional

mediators may be necessary for cytokine-induced β-cell death. IL-1β has

recently been shown to induce activation of p38, ERK1/2 and JNK, all belonging

to the MAPK family, in β cells [87, 88, 92, 93, 133] in an NO-independent fashion.

We therefore studied MAPK activation in islets from GTK-transgenic and

control mice and demonstrated cytokine-induced activation of ERK1/2, p38 and

JNK in both groups. The GTK-transgenic islets contained elevated ERK1/2

activity but lower p38 activity in the absence of cytokines compared to the

control islets (paper II, Fig. 6). When the islets were stimulated with cytokines

the total amount of activated MAPKs was higher in the transgenic islets

compared to the control islets due to increased ERK1/2 activity in combination

with an equal p38 and JNK activity. It is generally believed that activation of

JNK and p38 MAP kinase is associated with promotion of apoptosis (reviewed in

ref. [134]) and specific JNK-inhibitors have been shown to protect against IL-1β
induced cell death [92]. The role of ERK1/2 in cytokine-induced cell death is,

however, controversial because, although ERK1/2 has been suggested to
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contribute to IL-1β induced apoptosis in FACS-purified β cells [93], ERK1/2 is

generally believed to promote survival [135]. Nevertheless, an overall induction of

MAPK activation might be important for the increased sensitivity of the GTK-

transgenic islets to the cytotoxic action of IL-1β  and INF-γ, although other

signalling pathways may be important as well. One such pathway could involve

the focal adhesion protein, PYK2, since we demonstrated elevated PYK2-levels

in the control islets, but not in GTK-transgenic islets following a 24-hour

exposure to cytokines (Paper II, Fig. 7). PYK2 is structurally related to FAK, but

although PYK2 and FAK share many downstream effectors, accumulating

reports have shown that PYK2 mediates signals via pathways distinct from those

of FAK [136]. Different studies have shown both pro-apoptotic as well as survival

effects of PYK2-signalling and it is therefore not yet possible to say what role

PYK2 plays for cytokine-mediated cytotoxicity in β cells. Another possible

explanation for the reduced survival of GTK-expressing β cells when exposed to

different cytotoxic agents could be the perturbed IRS-signalling of these cells

(Paper IV). The IRS-induced PI3K-AKT pathway has been shown to stimulate

survival and it has for instance been shown that pretreatment with insulin or IGF-

1 partially protects against the cytotoxicity of cytokines in neonatal islets [137].

The fact that cytokine-induced activation of AKT in control and GTK-transgenic

islets was equal (paper II, Fig. 6) did, however, not support the view that the

altered viability of the GTK-expressing islets is dependent on a decreased

defence mechanism by the PI3K-AKT pathway.

The susceptibility of GTK-expressing islets to the β-cell specific toxin

STZ was also investigated. It was observed that transgenic mice were more

sensitive to STZ than control mice as assessed by the glucose tolerance three

days after a single subdiabetogenic intravenous injection of STZ (paper III, Fig.

3). Moreover, STZ abolished the proliferative response to pancreatectomy and

eliminated the increased β-cell area in the GTK-transgenic mice (paper III, Fig. 5

and Table 3). Both STZ and proinflammatory cytokines induce DNA damage

leading to PARP activation, depletion of NAD+ and subsequent cell death [90, 102,

103] or impaired function, depending on the intensity of the assault and the

effectiveness of the repair mechanisms [96]. It is thus possible that GTK

aggravates the response to DNA damage, induced by either cytokines or STZ, by

interfering with pathways involved in β-cell viability.
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3.7 Role of GTK for Differentiation (V)
Although the adult pancreas and central nervous system have distinct origins and

function, similar mechanisms control the development of both organs [138]. The

fact that foetal β cells and pancreatic ductular cells express NGF receptors [139]

and that islet morphogenesis is retarded in the presence of an inhibitor of NGF

receptor tyrosine kinase activity [140], supports the hypothesis that neurotrophic

factors could be involved in islet development.

On the basis that GTK inhibits cell growth, induces glucagon expression

and increases the RB2 expression levels in RINm5F cells, we hypothesised that

GTK could be involved in differentiation. We tested this hypothesis by

overexpressing GTK in the rat pheochromocytoma PC12 cell line, which is

commonly employed for studies on neuronal differentiation. Overexpression of

wild type GTK elicited cell neuritogenesis in the absence of NGF and this

response was not accompanied by increased ERK activity (paper V, Fig. 1, 2 and

3). Instead we found several pieces of evidence pointing to the RAP1 pathway as

being responsible for the GTK-dependent neurite outgrowth. Firstly, the RAP1-

activity was elevated in GTK overexpressing cells compared to the control cells.

Secondly, the CRKII adaptor protein, which is upstream of RAP1 was more

phosphorylated and showed increased association with p130CAS and FAK in the

GTK transfected cells compared to the control cells (Paper V, Fig. 7). Thirdly,

GTK-dependent neurite outgrowth was inhibited when the cells were transfected

with RAP-GAP and RalGDS-RBD, inhibitors of the RAP1 pathway (paper V,

Fig. 9).

The NGF-stimulated ERK activity and subsequent neuritogenesis was

similar in control and GTK-expressing cells but we could not detect any

significant NGF-induced activation of RAP1, consistent with reports by Bos and

colleagues [37, 38], but in contrast to studies by Stork and colleagues and Kao et

al. [29, 30]. Neither did we detect any NGF-induced phosphorylation of p130CAS or

CRKII nor any association between the two, in contrast to a report by Ribon et

al. [35].  The reason for this discrepancy is not clear but might be explained by

clonal variations between different PC12 cell lines.

An increased SHB phosphorylation and a direct binding of SHB to the SH2

domain of CRKII was also observed, linking SHB to the RAP1 pathway, in the

GTK overexpressing PC12 cells (paper V, Fig 6 and 7E). It is possible that this

phosphorylation is a consequence of the elevated NGF-independent TrkA

activity, also observed in these cells, since a recent study shows that SHB, when
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overexpressed in PC12 cells, is phosphorylated in response to NGF [24].

However, it is also possible that GTK or a GTK-dependent substrate

phosphorylates SHB independently of TrkA. The finding that GTK associates

with and phosphorylates SHB when expressed in COS-7 cells supports this

theory (paper IV, Fig. 6). The observation that GTK induces SHB-

phosphorylation is interesting since SHB has been found to enhance NGF-

induced neurite outgrowth by a pathway that requires RAP1 but is independent

of ERK [24, 38].

We suggest the following hypothetical model for GTK-induced neurite

outgrowth: GTK associates with SHB and augments SHB and TrkA

phosphorylation. FAK associates with SHB and p130CAS, resulting in elevated

FAK-levels, and thus generates binding sites for the CRKII-C3G complex via the

CRKII SH2 domain. This mediates RAP1 activation, which stimulates some

unknown downstream pathway that induces neurite outgrowth (Fig. 7).

Figure 6. Hypothesised model for GTK-induced neurite outgrowth in PC12 cells.

We have not studied any effectors downstream of RAP1, but interesting

candidates for GTK-dependent neurite outgrowth are AF6, Nore1 and Krit,

which are putative effectors of RAP1. Since GTK was found to be a potent

stimulator of PC12 differentiation future studies assessing a role of GTK for

pancreatic endocrine differentiation will be of great interest.
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3.8 Role of SHB in GTK-Dependent Signal Transduction (IV, V)
Several pieces of evidence suggest that GTK and SHB may share similar

pathways and that SHB most likely is an effector downstream of GTK. First,

transiently expressed GTK and SHB show a strong association in COS-7 cells

and SHB was only phosphorylated when co-transfected with GTK (paper IV,

Fig. 6). Second, GTK seems to phosphorylate and signal via SHB in GTK-

expressing PC12 and RINm5F cells. Third, GTK and SHB exert similar

responses in transgenic mice and insulinoma cell lines. For instance, apart from

both proteins increasing the β-cell mass in transgenic mice and enhancing

cytokine-induced cytotoxicity in insulin producing cells (ref. [23] and paper I and

II), both impair the tyrosine phosphorylation of IRS-1 and IRS-2 and activation

of PI3K in response to insulin (Welsh N. and Welsh M., unpublished data and

paper III). Moreover both GTK and SHB enhance β-cell proliferation after 60%

partial pancreatectomy and increase the susceptibility to the cytotoxic effect of

STZ (paper III).

The interaction between GTK and SHB may be through the proline-rich

region of SHB binding to the SH3 domain of GTK. Moreover, one or more of the

tyrosine phosphorylation sites in SHB may bind the SH2 domain of GTK. Tyr-

333 in SHB is of particular interest since the amino acid sequence following this

tyrosine is similar to that of tyr-504 in GTK, namely Ser-Asp-Pro and Ser-Asp-

Thr respectively [1, 141]. Since phosphorylation of Tyr-504 negatively regulates

GTK kinase activity, by binding to the SH2 domain of the same molecule, it is

possible that SHB may activate GTK by competing with tyr-504 for the binding

to the GTK SH2 domain. Y504F-mutated GTK may, due to its open

configuration, exhibit constitutive association with SHB resulting in increased

SHB phosphorylation.

GTK is likely to signal via other pathways independent of SHB when

localised to the cell nucleus. Consistent with this hypothesis is that SHB, in

contrast to GTK is unable to decrease cell replication of tumour cells cultured in

10% serum [22].
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FINAL CONCLUSIONS
Taken together, these results clearly show that the cytoplasmic SRC-like tyrosine

kinase GTK is involved in regulating various biological responses such as

growth, differentiation and survival.

In summary it can be concluded that:

• The biological function of GTK seems to be dependent on the subcellular

localisation and kinase activity of GTK, which seems to be regulated by

two tyrosines within its C-terminal tail. Tyr-504 is homologous to Tyr-527

in SRC and negatively regulates GTK activity, whereas Tyr-497 regulates

nuclear localisation in certain cell types (I).

• GTK reduces cell growth in tumour cells, is transferred to the nucleus and

increases the expression of the cell cycle regulatory proteins RB2 and/or

p27 (I).

• GTK and SHB increase the β-cell mass in transgenic mice and induce cell

proliferation in adult β cells in response to partial pancreatectomy, possibly

by activating the RAS/ERK pathway (II, III).

• GTK and SHB increase the β-cell susceptibility to proinflammatory

cytokines and STZ, suggesting a role of GTK for β-cell destruction in Type

1 diabetes. (II, III).

• GTK reduces the insulin-induced activation of the IRS-signalling pathways

mainly by increasing the basal phosphorylation of IRS-2 (IV).

• GTK activates the CRKII-p130CAS-RAP1 pathway, perhaps via SHB and

FAK but independent of ERK, which induces differentiation of PC12 cells

(V).

• GTK and SHB associate in COS-7 cells and GTK may phosphorylate and

signal via SHB to induce differentiation, proliferation and cell death in

neuronal and insulin producing cells (III, IV, V).



44

REFERENCES

1. Öberg-Welsh, C. & Welsh, M. (1995). Cloning of BSK, A murine FRK homologe

with a specific pattern of tissue distribution. Gene. 152,  239-242.

2. Öberg-Welsh, C., Annerén, C. & Welsh, M. (1998). Mutation of C-terminal

tyrosine residues Y497/Y504 of the Src-family member Bsk/Iyk decreases NIH3T3 cell

proliferation. Growth Factors. 16,  111-124.

3. Schlessinger, J. (2000). Cell signaling by receptor tyrosine kinases. Cell. 103,
211-25.

4. Brown, M. T. & Cooper, J. A. (1996). Regulation, substrates and functions of src.

Biochim Biophys Acta. 1287,  121-49.

5. Brickell, P. M. (1992). The p60c-src family of protein-tyrosine kinases: structure,
regulation, and function. Crit Rev Oncog. 3,  401-46.

6. Young, M. A., Gonfloni, S., Superti-Furga, G., Roux, B. & Kuriyan, J. (2001).

Dynamic coupling between the SH2 and SH3 domains of c-Src and Hck underlies their

inactivation by C-terminal tyrosine phosphorylation. Cell. 105,  115-26.

7. Kmiecik, T. E. & Shalloway, D. (1987). Activation and suppression of pp60c-src

transforming ability by mutation of its primary sites of tyrosine phosphorylation. Cell.

49,  65-73.

8. Xu, W., Harrison, S. C. & Eck, M. j. (1997). Three-dimentional structure of the

tyrosine kinase c- src. Nature. 385,  595-602.

9. Superti-Furga, G. & Gonfloni, S. (1997). A crystal milestone: the structure of

regulated Src. BioEssays. 19,  447-450.

10. Thuveson, M., Albrecht, D., Zurcher, G., Andres, A. C. & Ziemiecki, A. (1995).

iyk, a novel intracellular protein tyrosine kinase differentially expressed in the mouse

mammary gland and intestine. Biochem Biophys Res Commun. 209,  582-9.

11. Sunitha, I. & Avigan, M. I. (1996). The apical membranes of maturing gut

columnar epithelial cells contain the enzymatically active form of a newly identified

fyn-related tyrosine kinase. Oncogene. 13,  547-559.

12. Lee, J., Wang, Z., Luoh, S.-M., Wod, W. I. & Scadden, D. T. (1994). Cloning of

FRK, a novel human intracellular SRC-like tyrosine kinase-encoding gene. Gene. 138,
247-257.

13. Cance, W. G., Craven, R. J., Bergman, M., Xu, L., Alitalo, K. & Liu, E. T.

(1994). Rak, a novel nuclear tyrosine kinase expressed in epithelial cells. Cell Growth

Differ. 5,  1347-55.

14. Jans, D. A., Xiao, C. Y. & Lam, M. H. (2000). Nuclear targeting signal

recognition: a key control point in nuclear transport? BioEssays. 22,  532-44.

15. Craven, R. J., Cance, W. G. & Liu, E. T. (1995). The nuclear tyrosine Rak

associates with the retinoblastoma protein pRb. Cancer Res. 55,  3969-72.



45

16. Berclaz, G., Altermatt, H. J., Rohrbach, V., Dreher, E., Ziemiecki, A. & Andres,

A. C. (2000). Hormone-dependent nuclear localization of the tyrosine kinase iyk in the

normal human breast epithelium and loss of expression during carcinogenesis. Int J

Cancer. 85,  889-94.

17. Welsh, M., Mares, J., Karlsson, T., Lavergne, C., Breant, B. & Claesson-Welsh,

L. (1994). Shb is a ubiquitously expressed Src homology 2 protein. Oncogene. 9,  19-

27.

18. Lavergne, C., Mares, J., Karlsson, T., Breant, B. & Welsh, M. (1996). Control of

SHB gene expression by protein phosphorylation. Cell Signal. 8,  55-8.

19. Karlsson, T., Songyang, Z., Landgren, E., Lavergne, C., Di Fiore, P. P., Anafi,

M., Pawson, T., Cantley, L. C., Claesson-Welsh, L. & Welsh, M. (1995). Molecular

interactions of the Src homology 2 domain protein Shb with phosphotyrosine residues,

tyrosine kinase receptors and Src homology 3 domain proteins. Oncogene. 10,  1475-83.

20. Lindholm, C. K., Gylfe, E., Zhang, W., Samelson, L. E. & Welsh, M. (1999).

Requirement of the Src homology 2 domain protein Shb for T cell receptor-dependent

activation of the interleukin-2 gene nuclear factor for activation of T cells element in

Jurkat T cells. J Biol Chem. 274,  28050-7.

21. Welsh, M., Annerén, C., Lindholm, C., Kriz, V. & Öberg-Welsh, C. (2000). Role

of tyrosine kinase signaling for β-cell replication and survival. Ups J Med Sci. 105,  7-

15.

22. Karlsson, T. & Welsh, M. (1996). Apoptosis of NIH3T3 cells overexpressing the

Src homology 2 domain protein Shb. Oncogene. 13,  955-61.

23. Welsh, M., Christmansson, L., Karlsson, T., Sandler, S. & Welsh, N. (1999).

Transgenic mice expressing Shb adaptor protein under the control of rat insulin

promoter exhibit altered viability of pancreatic islet cells. Mol Med. 5,  169-80.

24. Karlsson, T., Kullander, K. & Welsh, M. (1998). The Src homology 2 domain

protein Shb transmits basic fibroblast growth factor- and nerve growth factor-dependent

differentiation signals in PC12 cells. Cell Growth Differ. 9,  757-66.

25. Kaplan, D. R. & Miller, F. D. (1997). Signal transduction by the neurotrophin

receptors. Curr Opin Cell Biol. 9,  213-21.

26. Klesse, L. J. & Parada, L. F. (1999). Trks: signal transduction and intracellular

pathways. Microsc Res Tech. 45,  210-6.

27. Greene, L. A. & Tischler, A. S. (1976). Establishment of a noradrenergic clonal

line of rat adrenal pheochromocytoma cells which respond to nerve growth factor. Proc

Natl Acad Sci U S A. 73,  2424-8.

28. Kaplan, D. R. (1998). Studying signal transduction in neuronal cells: the Trk/NGF

system. Prog Brain Res. 117,  35-46.

29. Kao, S., Jaiswal, R. K., Kolch, W. & Landreth, G. E. (2001). Identification of the

Mechanisms Regulating the Differential Activation of the MAPK Cascade by



46

Epidermal Growth Factor and Nerve Growth Factor in PC12 Cells. J Biol Chem. 276,
18169-18177.

30. York, R. D., Yao, H., Dillon, T., Ellig, C. L., Eckert, S. P., McCleskey, E. W. &

Stork, P. J. (1998). Rap1 mediates sustained MAP kinase activation induced by nerve

growth factor. Nature. 392,  622-6.

31. Cowley, S., Paterson, H., Kemp, P. & Marshall, C. J. (1994). Activation of MAP

kinase kinase is necessary and sufficient for PC12 differentiation and for transformation

of NIH 3T3 cells. Cell. 77,  841-52.

32. Klesse, L. J., Meyers, K. A., Marshall, C. J. & Parada, L. F. (1999). Nerve growth

factor induces survival and differentiation through two distinct signaling cascades in

PC12 cells. Oncogene. 18,  2055-68.

33. Marshall, C. J. (1995). Specificity of receptor tyrosine kinase signaling: transient

versus sustained extracellular signal-regulated kinase activation. Cell. 80,  179-85.

34. Traverse, S., Gomez, N., Paterson, H., Marshall, C. & Cohen, P. (1992).

Sustained activation of the mitogen-activated protein (MAP) kinase cascade may be

required for differentiation of PC12 cells. Comparison of the effects of nerve growth

factor and epidermal growth factor. Biochem J. 288,  351-5.

35. Ribon, V. & Saltiel, A. R. (1996). Nerve growth factor stimulates the tyrosine

phosphorylation of endogenous Crk-II and augments its association with p130Cas in

PC12 cells. J Biol Chem. 271,  7375-80.

36. Tanaka, S., Hattori, S., Kurata, T., Nagashima, K., Fukui, Y., Nakamura, S. &

Matsuda, M. (1993). Both the SH2 and SH3 domains of human CRK protein are

required for neuronal differentiation of PC12 cells. Mol Cell Biol. 13,  4409-15.

37. Zwartkruis, F. J., Wolthuis, R. M., Nabben, N. M., Franke, B. & Bos, J. L. (1998).

Extracellular signal-regulated activation of Rap1 fails to interfere in Ras effector

signalling. EMBO J. 17,  5905-12.

38. Lu, L., Annerén, C., Reedquist, K. A., Bos, J. L. & Welsh, M. (2000). NGF-

Dependent Neurite Outgrowth in PC12 Cells Overexpressing the Src Homology 2-

Domain Protein Shb Requires Activation of the Rap1 Pathway. Exp Cell Res. 259,  370-

377.

39. Vaillancourt, R. R., Heasley, L. E., Zamarripa, J., Storey, B., Valius, M.,

Kazlauskas, A. & Johnson, G. L. (1995). Mitogen-activated protein kinase activation is

insufficient for growth factor receptor-mediated PC12 cell differentiation. Mol Cell

Biol. 15,  3644-53.

40. Giasson, B. I., Bruening, W., Durham, H. D. & Mushynski, W. E. (1999).

Activation of stress-activated protein kinases correlates with neurite outgrowth induced

by protease inhibition in PC12 cells. J Neurochem. 72,  1081-7.

41. Heasley, L. E., Storey, B., Fanger, G. R., Butterfield, L., Zamarripa, J., Blumberg,

D. & Maue, R. A. (1996). GTPase-deficient Gα16 and Gα q induce PC12 cell



47

differentiation and persistent activation of cJun NH2-terminal kinases. Mol Cell Biol.

16,  648-56.

42. Rui, L., Herrington, J. & Carter-Su, C. (1999). SH2-B is required for nerve

growth factor-induced neuronal differentiation. J Biol Chem. 274,  10590-4.

43. Morooka, T. & Nishida, E. (1998). Requirement of p38 mitogen-activated protein

kinase for neuronal differentiation in PC12 cells. J Biol Chem. 273,  24285-8.

44. Takeda, K., Hatai, T., Hamazaki, T. S., Nishitoh, H., Saitoh, M. & Ichijo, H.

(2000). Apoptosis signal-regulating kinase 1 (ASK1) induces neuronal differentiation

and survival of PC12 cells. J Biol Chem. 275,  9805-13.

45. Schlaepfer, D. D., Hauck, C. R. & Sieg, D. J. (1999). Signaling through focal

adhesion kinase. Prog Biophys Mol Biol. 71,  435-78.

46. Alema, S., Casalbore, P., Agostini, E. & Tato, F. (1985). Differentiation of PC12

phaeochromocytoma cells induced by v-src oncogene. Nature. 316,  557-9.

47. Altun-Gultekin, Z. F., Chandriani, S., Bougeret, C., Ishizaki, T., Narumiya, S., de

Graaf, P., Van Bergen en Henegouwen, P., Hanafusa, H., Wagner, J. A. & Birge, R. B.

(1998). Activation of Rho-dependent cell spreading and focal adhesion biogenesis by

the v-Crk adaptor protein. Mol Cell Biol. 18,  3044-58.

48. Ivankovic-Dikic, I., Gronroos, E., Blaukat, A., Barth, B. U. & Dikic, I. (2000).

Pyk2 and FAK regulate neurite outgrowth induced by growth factors and integrins.

Nature Cell Biol. 2,  574-581.

49. Franke, T. F., Kaplan, D. R., Cantley, L. C. & Toker, A. (1997). Direct regulation

of the Akt proto-oncogene product by phosphatidylinositol-3,4-bisphosphate. Science.

275,  665-8.

50. Stokoe, D., Stephens, L. R., Copeland, T., Gaffney, P. R., Reese, C. B., Painter,

G. F., Holmes, A. B., McCormick, F. & Hawkins, P. T. (1997). Dual role of

phosphatidylinositol-3,4,5-trisphosphate in the activation of protein kinase B. Science.

277,  567-70.

51. Toker, A. & Newton, A. C. (2000). Akt/protein kinase B is regulated by

autophosphorylation at the hypothetical PDK-2 site. J Biol Chem. 275,  8271-4.

52. Datta, S. R., Brunet, A. & Greenberg, M. E. (1999). Cellular survival: a play in

three Akts. Genes Dev. 13,  2905-27.

53. White, M. F. (1997). The insulin signalling system and the IRS proteins.

Diabetologia. 40 Suppl 2,  S2-17.

54. Avruch, J. (1998). Insulin signal transduction through protein kinase cascades.

Mol Cell Biochem. 182,  31-48.

55. White, M. F. (1998). The IRS-signaling system: a network of docking proteins

that mediate insulin and cytokine action. Recent Prog Horm Res. 53,  119-38.

56. Yenush, L. & White, M. F. (1997). The IRS-signalling system during insulin and

cytokine action. BioEssays. 19,  491-500.



48

57. Ogawa, W., Matozaki, T. & Kasuga, M. (1998). Role of binding proteins to IRS-1

in insulin signalling. Mol Cell Biochem. 182,  13-22.

58. Combettes-Souverain, M. & Issad, T. (1998). Molecular basis of insulin action.

Diabetes Metab. 24,  477-89.

59. Eldar-Finkelman, H. & Krebs, E. G. (1997). Phosphorylation of insulin receptor

substrate 1 by glycogen synthase kinase 3 impairs insulin action. Proc Natl Acad Sci U

S A. 94,  9660-4.

60. Ravichandran, L. V., Esposito, D. L., Chen, J. & Quon, M. J. (2000). Protein

kinase C-ζ phosphorylates IRS-1 and impairs its ability to activate PI 3-kinase in

response to insulin. J Biol Chem.

61. Bandyopadhyay, G., Standaert, M. L., Sajan, M. P., Karnitz, L. M., Cong, L.,

Quon, M. J. & Farese, R. V. (1999). Dependence of insulin-stimulated glucose

transporter 4 translocation on 3-phosphoinositide-dependent protein kinase-1 and its

target threonine- 410 in the activation loop of protein kinase C-ζ. Mol Endocrinol. 13,

1766-72.

62. Summers, S. A., Kao, A. W., Kohn, A. D., Backus, G. S., Roth, R. A., Pessin, J.

E. & Birnbaum, M. J. (1999). The role of glycogen synthase kinase 3β in insulin-

stimulated glucose metabolism. J Biol Chem. 274,  17934-40.

63. Lebrun, P., Mothe-Satney, I., Delahaye, L., Van Obberghen, E. & Baron, V.

(1998). Insulin receptor substrate-1 as a signaling molecule for focal adhesion kinase

pp125FAK and pp60src. J Biol Chem. 273,  32244-53.
64. Tanti, J. F., Gremeaux, T., van Obberghen, E. & Le Marchand-Brustel, Y. (1994).

Serine/threonine phosphorylation of insulin receptor substrate 1 modulates insulin

receptor signaling. J Biol Chem. 269,  6051-7.

65. Hotamisligil, G. S., Peraldi, P., Budavari, A., Ellis, R., White, M. F. &

Spiegelman, B. M. (1996). IRS-1-mediated inhibition of insulin receptor tyrosine kinase

activity in TNF-α- and obesity-induced insulin resistance. Science. 271,  665-8.

66. De Fea, K. & Roth, R. A. (1997). Modulation of insulin receptor substrate-1

tyrosine phosphorylation and function by mitogen-activated protein kinase. J Biol

Chem. 272,  31400-6.

67. Tanti, J. F., Gremeaux, T., Van Obberghen, E. & Le Marchand-Brustel, Y.

(1994). Insulin receptor substrate 1 is phosphorylated by the serine kinase activity of

phosphatidylinositol 3-kinase. Biochem J. 304,  17-21.

68. Li, J., De Fea, K. & Roth, R. A. (1999). Modulation of insulin receptor substrate-1

tyrosine phosphorylation by an Akt/phosphatidylinositol 3-kinase pathway. J Biol

Chem. 274,  9351-6.

69. Lamothe, B., Baudry, A., Desbois, P., Lamotte, L., Bucchini, D., De Meyts, P. &

Joshi, R. L. (1998). Genetic engineering in mice: impact on insulin signalling and

action. Biochem J. 335,  193-204.



49

70. Kadowaki, T. (2000). Insights into insulin resistance and type 2 diabetes from

knockout mouse models. J Clin Invest. 106,  459-65.

71. Withers, D. J. & White, M. (2000). Perspective: The insulin signaling system--a

common link in the pathogenesis of type 2 diabetes. Endocrinology. 141,  1917-21.

72. Araki, E., Lipes, M. A., Patti, M. E., Brüning, J. C., Haag, B., Johnson, R. S. &

Kahn, C. R. (1994). Alternative pathway of insulin signalling in mice with targeted

disruption of the IRS-1 gene. Nature. 372,  186-90.

73. Tamemoto, H., Kadowaki, T., Tobe, K., Yagi, T., Sakura, H., Hayakawa, T.,

Terauchi, Y., Ueki, K., Kaburagi, Y., Satoh, S. & et al. (1994). Insulin resistance and

growth retardation in mice lacking insulin receptor substrate-1. Nature. 372,  182-6.

74. Withers, D. J., Gutierrez, J. S., Towery, H., Burks, D. J., Ren, J. M., Previs, S.,

Zhang, Y., Bernal, D., Pons, S., Shulman, G. I., Bonner-Weir, S. & White, M. F.

(1998). Disruption of IRS-2 causes type 2 diabetes in mice. Nature. 391,  900-4.

75. Withers, D. J., Burks, D. J., Towery, H. H., Altamuro, S. L., Flint, C. L. & White,

M. F. (1999). Irs-2 coordinates Igf-1 receptor-mediated β-cell development and

peripheral insulin signalling. Nature Genet. 23,  32-40.

76. Kulkarni, R. N., Brüning, J. C., Winnay, J. N., Postic, C., Magnuson, M. A. &

Kahn, C. R. (1999). Tissue-specific knockout of the insulin receptor in pancreatic β
cells creates an insulin secretory defect similar to that in type 2 diabetes. Cell. 96,  329-

39.

77. Sherr, C. J. (1996). Cancer Cell Cycles. Science. 274.

78. Kukreja, A. & Maclaren, N. K. (1999). Autoimmunity and diabetes. J Clin

Endocrinol Metab. 84,  4371-8.

79. Tisch, R. & McDevitt, H. (1996). Insulin-dependent diabetes mellitus. Cell. 85,
291-7.

80. Rabinovitch, A. & Suarez-Pinzon, W. L. (1998). Cytokines and their roles in

pancreatic islet β-cell destruction and insulin-dependent diabetes mellitus. Biochem

Pharmacol. 55,  1139-49.

81. Mauricio, D. & Mandrup-Poulsen, T. (1998). Apoptosis and the pathogenesis of

IDDM: a question of life and death. Diabetes. 47,  1537-43.

82. Mandrup-Poulsen, T. (1996). The role of interleukin-1 in the pathogenesis of

IDDM. Diabetologia. 39,  1005-29.

83. Sandler, S., Andersson, A. & Hellerström, C. (1987). Inhibitory effects of

interleukin 1 on insulin secretion, insulin biosynthesis, and oxidative metabolism of

isolated rat pancreatic islets. Endocrinology. 121,  1424-31.

84. Cetkovic-Cvrlje, M. & Eizirik, D. L. (1994). TNF-α and IFN-γ potentiate the

deleterious effects of IL-1β on mouse pancreatic islets mainly via generation of nitric

oxide. Cytokine. 6,  399-406.



50

85. Andersen, N. A., Larsen, C. M. & Mandrup-Poulsen, T. (2000). TNFα and IFNγ
potentiate IL-1β induced mitogen activated protein kinase activity in rat pancreatic

islets of Langerhans. Diabetologia. 43,  1389-96.

86. Eizirik, D. L., Flodström, M., Karlsen, A. E. & Welsh, N. (1996). The harmony of

the spheres: inducible nitric oxide synthase and related genes in pancreatic beta cells.

Diabetologia. 39,  875-90.

87. Welsh, N. (1996). Interleukin-1β-induced ceramide and diacylglycerol generation

may lead to activation of the c-Jun NH2-terminal kinase and the transcription factor

ATF2 in the insulin-producing cell line RINm5F. J Biol Chem. 271,  8307-12.

88. Larsen, C. M., Wadt, K. A., Juhl, L. F., Andersen, H. U., Karlsen, A. E., Su, M.

S., Seedorf, K., Shapiro, L., Dinarello, C. A. & Mandrup-Poulsen, T. (1998).

Interleukin-1β-induced rat pancreatic islet nitric oxide synthesis requires both the p38

and extracellular signal-regulated kinase 1/2 mitogen-activated protein kinases. J Biol

Chem. 273,  15294-300.

89. Welsh, N., Eizirik, D. L., Bendtzen, K. & Sandler, S. (1991). Interleukin-1β-

induced nitric oxide production in isolated rat pancreatic islets requires gene

transcription and may lead to inhibition of the Krebs cycle enzyme aconitase.

Endocrinology. 129,  3167-73.

90. Fernandez-Alvarez, J., Tomas, C., Casamitjana, R. & Gomis, R. (1994). Nuclear

response of pancreatic islets to interleukin-1β. Mol Cell Endocrinol. 103,  49-55.

91. Fehsel, K., Jalowy, A., Qi, S., Burkart, V., Hartmann, B. & Kolb, H. (1993). Islet

cell DNA is a target of inflammatory attack by nitric oxide. Diabetes. 42,  496-500.

92. Ammendrup, A., Maillard, A., Nielsen, K., Aabenhus Andersen, N., Serup, P.,

Dragsbaek Madsen, O., Mandrup-Poulsen, T. & Bonny, C. (2000). The c-Jun amino-

terminal kinase pathway is preferentially activated by interleukin-1 and controls

apoptosis in differentiating pancreatic β- cells. Diabetes. 49,  1468-76.

93. Pavlovic, D., Andersen, N. A., Mandrup-Poulsen, T. & Eizirik, D. L. (2000).

Activation of extracellular signal-regulated kinase (ERK)1/2 contributes to cytokine-

induced apoptosis in purified rat pancreatic β-cells. Eur Cytokine Netw. 11,  267-74.

94. Yamada, K., Takane-Gyotoku, N., Yuan, X., Ichikawa, F., Inada, C. & Nonaka,

K. (1996). Mouse islet cell lysis mediated by interleukin-1-induced Fas. Diabetologia.

39,  1306-12.

95. Zumsteg, U., Frigerio, S. & Hollander, G. A. (2000). Nitric oxide production and

Fas surface expression mediate two independent pathways of cytokine-induced murine

β-cell damage. Diabetes. 49,  39-47.

96. Eizirik, D. L., Sandler, S. & Palmer, J. P. (1993). Repair of pancreatic β-cells. A

relevant phenomenon in early IDDM? Diabetes. 42,  1383-91.

97. Rakieten, N., Rakieten, M. L. & Nadkarni, M. V. (1963). Studies on the

diabetogenic action of Streptozotocin (NSC-37917). Cancer Treat Rep. 29,  91-98.



51

98. Weiss, R. B. (1982). Streptozocin: a review of its pharmacology, efficacy, and

toxicity. Cancer Treat Rep. 66,  427-38.

99. Schnedl, W. J., Ferber, S., Johnson, J. H. & Newgard, C. B. (1994). STZ transport

and cytotoxicity. Specific enhancement in GLUT2- expressing cells. Diabetes. 43,
1326-33.

100. Murata, M., Takahashi, A., Saito, I. & Kawanishi, S. (1999). Site-specific DNA

methylation and apoptosis: induction by diabetogenic streptozotocin. Biochem

Pharmacol. 57,  881-7.

101. Gunnarsson, R., Berne, C. & Hellerström, C. (1974). Cytotoxic effects of

streptozotocin and N-nitrosomethylurea on the pancreatic β cells with special regard to

the role of nicotinamide- adenine dinucleotide. Biochem J. 140,  487-94.

102. Yamamoto, H., Uchigata, Y. & Okamoto, H. (1981). DNA strand breaks in

pancreatic islets by in vivo administration of alloxan or streptozotocin. Biochem

Biophys Res Commun. 103,  1014-20.

103. Yamamoto, H., Uchigata, Y. & Okamoto, H. (1981). Streptozotocin and alloxan

induce DNA strand breaks and poly(ADP- ribose) synthetase in pancreatic islets.

Nature. 294,  284-6.

104. Pearson, K. W., Scott, D. & Torrance, B. (1977). Effects of partial surgical

pancreatectomy in rats. I. Pancreatic regeneration. Gastroenterology. 72,  469-73.

105. Brockenbrough, J. S., Weir, G. C. & Bonner-Weir, S. (1988). Discordance of

exocrine and endocrine growth after 90% pancreatectomy in rats. Diabetes. 37,  232-6.

106. Bonner-Weir, S., Baxter, L. A., Schuppin, G. T. & Smith, F. E. (1993). A second

pathway for regeneration of adult exocrine and endocrine pancreas. A possible

recapitulation of embryonic development. Diabetes. 42,  1715-20.

107. Liu, Y. Q., Nevin, P. W. & Leahy, J. L. (2000). β-cell adaptation in 60%

pancreatectomy rats that preserves normoinsulinemia and normoglycemia. Am J Physiol

Endocrinol Metab. 279,  E68-73.

108. Calvo, E. L., Dusetti, N. J., Cadenas, M. B., Dagorn, J. C. & Iovanna, J. L. (1991).

Changes in gene expression during pancreatic regeneration: activation of c-myc and H-

ras oncogenes in the rat pancreas. Pancreas. 6,  150-6.

109. Silverman, J. A., Kuhlmann, E. T., Zurlo, J., Yager, J. D. & Longnecker, D. S.

(1990). Expression of c-myc, c-raf-1, and c-Ki-ras in azaserine-induced pancreatic

carcinomas and growing pancreas in rats. Mol Carcinog. 3,  379-86.

110. Bos, J. L. (1998). All in the family? New insights and questions regarding

interconnectivity of Ras, Rap1 and Ral. EMBO J. 17,  6776-82.

111. Herrmann, C., Horn, G., Spaargaren, M. & Wittinghofer, A. (1996). Differential

interaction of the ras family GTP-binding proteins H-Ras, Rap1A, and R-Ras with the

putative effector molecules Raf kinase and Ral-guanine nucleotide exchange factor. J

Biol Chem. 271,  6794-800.



52

112. Franke, B., Akkerman, J. W. & Bos, J. L. (1997). Rapid Ca2+-mediated activation

of Rap1 in human platelets. EMBO J. 16,  252-9.

113. Saldeen, J. (2000). Cytokines induce both necrosis and apoptosis via a common

Bcl-2- inhibitable pathway in rat insulin-producing cells. Endocrinology. 141,  2003-10.

114. Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L., Wishnok, J. S. &

Tannenbaum, S. R. (1982). Analysis of nitrate, nitrite, and [15N]nitrate in biological

fluids. Anal Biochem. 126,  131-8.

115. Rossini, A. A., Williams, R. M., Appel, M. C. & Like, A. A. (1978). Sex

differences in the multiple-dose streptozotocin model of diabetes. Endocrinology. 103,
1518-20.

116. Songyang, Z., Shoelson, S. E., Chaudhuri, M., Gish, G., Pawson, T., Haser, W.

G., King, F., Roberts, T., Ratnofsky, S., Lechleider, R. J. & et al. (1993). SH2 domains

recognize specific phosphopeptide sequences. Cell. 72,  767-78.

117. Cooper, J. A., Gould, K. L., Cartwright, C. A. & Hunter, T. (1986). Tyr527 is

phosphorylated in pp60c-Src: Implications for regulation. Science. 231,  1431-1434.

118. Hansen, K., Johnell, M., Seigbahn, A., Rorsman, C., Engström, U., Wernstedt, C.,

Heldin, C.-H. & Rönnstrand, L. (1996). Mutation of a Src phosphorylation site in the

PDGF β-receptor leads to increased PDGF-stimulated chemotaxis but decreased

mitogenesis. EMBO J. 15,  5299-5313.

119. Sawyers, C. L., McLaughlin, J., Goga, A., Havlik, M. & Witte, O. (1994). The

nuclear tyrosine kinase c-Abl negatively regulates cell growth. Cell. 77,  121-31.

120. Van Etten, R. A., Jackson, P. & Baltimore, D. (1989). The mouse type IV c-abl

gene product is a nuclear protein, and activation of transforming ability is associated

with cytoplasmic localization. Cell. 58,  669-78.

121. Welch, P. J. & Wang, J. Y. J. (1993). A C-terminal protein binding domain in the

retinoblastoma protein regulates nuclear c-Abl tyrosine kinase in the cell cycle. Cell. 75,
779-790.

122. Claudio, P. P., Howard, C. M., Baldi, A., De Luca, A., Fu, Y., Condorelli, G.,

Sun, Y., Colburn, N., Calabretta, B. & Giordano, A. (1994). p130/pRb2 has growth

suppressive properties similar to yet distinctive from those of retinoblastoma family

members pRb and p107. Cancer Res. 54,  5556-60.

123. Paggi, M. G. & Giordano, A. (2001). Who is the boss in the retinoblastoma

family? The point of view of Rb2/p130, the little brother. Cancer Res. 61,  4651-4.

124. Howard, C. M., Claudio, P. P., De Luca, A., Stiegler, P., Jori, F. P., Safdar, N. M.,

Caputi, M., Khalili, K. & Giordano, A. (2000). Inducible pRb2/p130 expression and

growth-suppressive mechanisms: evidence of a pRb2/p130, p27Kip1, and cyclin E

negative feedback regulatory loop. Cancer Res. 60,  2737-44.

125. Li, Z. R., Hromchak, R., Mudipalli, A. & Bloch, A. (1998). Tumor suppressor

proteins as regulators of cell differentiation. Cancer Res. 58,  4282-7.



53

126. Paggi, M. G., Bonetto, F., Severino, A., Baldi, A., Battista, T., Bucci, F., Felsani,

A., Lombardi, D. & Giordano, A. (2001). The retinoblastoma-related Rb2/p130 gene is

an effector downstream of AP-2 during neural differentiation. Oncogene. 20,  2570-8.

127. Galderisi, U., Melone, M. A., Jori, F. P., Piegari, E., Di Bernardo, G., Cipollaro,

M., Cascino, A., Peluso, G., Claudio, P. P. & Giordano, A. (2001). pRb2/p130 gene

overexpression induces astrocyte differentiation. Mol Cell Neurosci. 17,  415-25.

128. Praz, G. A., Halban, P. A., Wollheim, C. B., Blondel, B., Strauss, A. J. & Renold,

A. E. (1983). Regulation of immunoreactive-insulin release from a rat cell line

(RINm5F). Biochem J. 210,  345-52.

129. Satonaka, K., Nakamura, T. & Maeda, S. (1992). Multiple hormone secretion and

gene expression in clones isolated from rat insulinoma cell lines. Kobe J Med Sci. 38,
191-203.

130. Baudry, A., Lamothe, B., Bucchini, D., Jami, J., Montarras, D., Pinset, C. & Joshi,

R. L. (2001). IGF-1 receptor as an alternative receptor for metabolic signaling in insulin

receptor-deficient muscle cells. FEBS Lett. 488,  174-8.

131. Swenne, I. (1983). Effects of aging on the regenerative capacity of the pancreatic

B-cell of the rat. Diabetes. 32,  14-9.

132. Liu, D., Pavlovic, D., Chen, M. C., Flodström, M., Sandler, S. & Eizirik, D. L.

(2000). Cytokines induce apoptosis in β-cells isolated from mice lacking the inducible

isoform of nitric oxide synthase (iNOS-/-). Diabetes. 49,  1116-22.

133. Saldeen, J., Lee, J. C. & Welsh, N. (2001). Role of p38 mitogen-activated protein

kinase (p38 MAPK) in cytokine- induced rat islet cell apoptosis. Biochem Pharmacol.

61,  1561-9.

134. Cross, T. G., Scheel-Toellner, D., Henriquez, N. V., Deacon, E., Salmon, M. &

Lord, J. M. (2000). Serine/threonine protein kinases and apoptosis. Exp Cell Res. 256,
34-41.

135. Xia, Z., Dickens, M., Raingeaud, J., Davis, R. J. & Greenberg, M. E. (1995).

Opposing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science. 270,  1326-

31.

136. Avraham, H., Park, S. Y., Schinkmann, K. & Avraham, S. (2000). RAFTK/Pyk2-

mediated cellular signalling. Cell Signal. 12,  123-33.

137. Harrison, M., Dunger, A. M., Berg, S., Mabley, J., John, N., Green, M. H. &

Green, I. C. (1998). Growth factor protection against cytokine-induced apoptosis in

neonatal rat islets of Langerhans: role of Fas. FEBS Lett. 435,  207-10.

138. Lumelsky, N., Blondel, O., Laeng, P., Velasco, I., Ravin, R. & McKay, R. (2001).

Differentiation of embryonic stem cells to insulin-secreting structures similar to

pancreatic islets. Science. 292,  1389-94.



54

139. Scharfmann, R., Tazi, A., Polak, M., Kanaka, C. & Czernichow, P. (1993).

Expression of functional nerve growth factor receptors in pancreatic β-cell lines and

fetal rat islets in primary culture. Diabetes. 42,  1829-36.

140. Kanaka-Gantenbein, C., Tazi, A., Czernichow, P. & Scharfmann, R. (1995). In

vivo presence of the high affinity nerve growth factor receptor Trk-A in the rat

pancreas: differential localization during pancreatic development. Endocrinology. 136,
761-9.

141. Lindholm, C. K., Frantz, J. D., Shoelson, S. E. & Welsh, M. (2000). Shf, a Shb-

like adapter protein, is involved in PDGF-α-receptor regulation of apoptosis. Biochem

Biophys Res Commun. 278,  537-43.



55

ACKNOWLEDGEMENTS

This work was performed at the Department of Medical Cell Biology,
Uppsala University.

Jag vill tacka alla som under de gångna åren har hjälpt och stöttat mig i
mitt arbete och förgyllt min tid vid sidan av forskningen. Jag vill särskilt
uttrycka min tacksamhet till:

Min handledare, Prof. Michael Welsh, för din entusiasm och för din aldrig
sviktande optimism, för ditt oerhörda kunnande inom området samt ditt
tålamod med mig.

Prof. Stellan Sandler, min biträdande handledare,  samt alla övriga
seniora forskare på institutionen för medicinsk cellbiologi för intressanta
diskussioner, konstruktiv kritik och handgriplig hjälp med allt från datorer
till ”labbproblematik”.

Prof. Arne Andersson för att du skapar en social och trevlig atmosfär och
aldrig säger nej till en svängom.

Prefekterna Godfried Roomans och Birger Petersson för ert utmärkta
arbete att leda och hålla ihop institutionen.

Ing-Britt Hallgren, Ing-Marie Mörsare, Eva Törnelius och Astrid Nordin för
all hjälp ni har givit mig närhelst jag har behövt den samt trevligt sällskap
på labb, liksom i fikarummet.

Agneta Bäfwe, Karin Öberg, Birgitta Jönzén, Gun-Britt Lind, Göran Ståhl
och Peter Lindström för er aldrig sinande hjälpsamhet och förmåga att
lösa alla problem som kan tänkas dyka upp.

All personal på djuravdelningen för gott omhändertagande av mina
möss.

All former and present Ph. D. students at the department for creating a
pleasant atmosphere, at BMC and abroad. Special thanks to my
roommates, Cissi, Jonas and Parri, and to everyone that have worked in
”Mickes lab” for pleasant company.

All other students that have passed through the department, for your
enthusiasm and for contributing to a nice atmosphere.

My co-authors from Utrecht, Dr. Kris Reedquist and Dr. Johannes Bos for
fruitful collaborations.



56

Alla mina underbara vänner, särskilt:
Charlotte, för alla lååånga luncher, videokvällar och telefonsamtal.
Partypinglan Cissi, för fart och fläkt och för alla trevliga semestrar med
skidor, fågelskådning, fiske, matfrossande m.m.
Mia, för vänskap i ur och skur och för att du fick mig att överleva ”Natur”-
åren.
Anna W, för en fantastisk universitetsperiod, jag saknar dig…
Johanna W, Johanna A, Helena, Elisabet och Ulf för att ni har gjort varje
torsdag till en fest.
Gänget, för att ni alltid finns där och för att ni påminner mig om att det
finns ett liv utanför BMC.
Majsan, Rebecka, Karin H, Anna K  och Hanna  för lång och trogen
vänskap.
Kören, för sång och fest.
Alla övriga vänner, släkt och bekanta för att ni gör mitt liv spännande
och innehållsrikt.

Mamma  och pappa  för att jag alltid kan lita på ert fulla stöd och
uppmuntran.
Helena, min allra käraste syster, för allt du lärt mig och för att du är en
sådan bra vän.
Johan, lillebror, för din fantastiska humor och för alla gourmetmiddagar.
Mormor för glada tillrop, för din generositet och för alla fantastiska
somrar i Båstad.

Olle, min stora kärlek, mitt allt… för att du finns, för allt du ger mig och för
att jag får älska dig!


	ABSTRACT
	REPORTS CONSTITUTING THE THESIS
	TABLE OF CONTENTS
	ABBREVIATIONS
	INTRODUCTION
	1 BACKGROUND
	1.1 Cell Signalling by Protein Tyrosine Kinases
	1.1.1 The SRC- Family of Tyrosine Kinases
	1.1.2 The SRC- Related Tyrosine Kinase GTK
	1.1.3 The SH2 Domain Adaptor Protein SHB
	1.1.4 TrkA Signalling in PC12 Cells
	1.1.5 Insulin Receptor Signalling
	1.1.6 The Cell Cycle and the G Restriction Point

	1.2 Type 1 diabetes
	1.2.1 ß- Cell Destruction in Type 1 diabetes
	1.2.2 Proinflammatory Cytokines

	1.3 Animal models
	1.3.1 The Streptozotocin Model
	1.3.2 The Partial Pancreatectomy Model


	2 METHODOLOGY
	2.1 Intracellular Events
	2.1.1 DNA
	2.1.2 RNA
	2.1.3 Protein
	2.1.4 Subcellular Distribution
	2.1.5 Protein Complex Formation
	2.1.6 Protein Activity

	2.2 Cellular responses
	2.2.1 Cells
	2.2.2 Proliferation
	2.2.3 Cell Viability
	2.2.4 Neuronal Differentiation
	2.2.5 Insulin Content and Secretion
	2.2.6 NO Formation

	2.3 Animal Models
	2.3.1 Transgenic Mice
	2.3.2 Streptozotocin
	2.3.3 Partial Pancreatectomy


	3 RESULTS AND DISCUSSION
	3.1 Kinase Activity and Subcellular Localisation of GTK ( I)
	3.2 The Effect of GTK on Cell Growth in Vitro ( I)
	3.3 Role of GTK for Hormone Production and Secretion ( I, II)
	3.4 Role of GTK in Insulin- induced Signalling through the IRS-Proteins ( IV)
	3.5 Role of GTK for ß- Cell Growth in Vivo ( II, III)
	3.6 Role of GTK for ß- Cell Destruction ( I, II, III)
	3.7 Role of GTK for Differentiation ( V)
	3.8 Role of SHB in GTK- Dependent Signal Transduction ( IV, V)

	FINAL CONCLUSIONS
	REFERENCES
	ACKNOWLEDGEMENTS

